PRL 119, 253902 (2017)

PHYSICAL REVIEW LETTERS

week ending
22 DECEMBER 2017

Parametric Down-Conversion of X Rays into the Optical Regime

A. Schori,! C. Bomer,” D. Borodin,' S. P. Collins,” B. Detlefs," M. Moretti Sala,* S. Yudovich,' and S. Shwartz"
1Physics Department and Institute of Nanotechnology, Bar llan University, Ramat Gan, 52900 Israel
2European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany
*Diamond Light Source, Harwell Science and Innovation Campus, Didcot OX11 ODE, United Kingdom
4Europecm Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France
(Received 21 August 2017; published 21 December 2017)

We report the observation of parametrically down-converted x-ray signal photons at photon energies that
correspond to idler photons at optical wavelengths. The count-rate dependence on the angles of the input
beam and of the detector and on the slit sizes agrees with theory within the experimental uncertainties. The
nonlinear susceptibility, which we calculated from the measured efficiencies, is comparable to the nonlinear
susceptibility evaluated from the measurements of x-ray and optical wave mixing. The results of the present
Letter advance the development of a spectroscopy method for probing valence-electron charges and the
microscopic optical response of crystals with atomic-scale resolution.
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Nonlinear interactions of x rays and optical radiation can
provide insight into the microscopic structure of chemical
bonds, the valence electron density of crystals, and light-
matter interactions at the atomic-scale resolution [1-11].
The high resolution stems from the short wavelengths of
X rays, whereas the optical fields interact with the valence
electrons. This probe has great potential in the study of
microscopic optical properties of materials. Unfortunately,
the experimental realization of these ideas is very chal-
lenging, and only a few experiments in this direction have
been reported [3-10] since they were proposed almost
50 years ago [1]. The experimental observation of para-
metric down-conversion (PDC) of x rays to optical wave-
lengths has never been reported.

In processes such as x-ray and optical sum-frequency
generation (SFG) and difference-frequency generation
(DFG), x rays and optical waves are mixed to generate
an x-ray wave at a frequency that is equal to the sum or
difference of the two input frequencies, respectively. The
physical mechanism that supports the wave-mixing effect
can be viewed as an inelastic scattering of the input x rays
from an optically modulated charge density [2,5,11,12].
Glover and colleagues reported the first observation of x-
ray and optical wave mixing in a diamond crystal by using
an x-ray free-electron laser and a Ti-Sapphire laser [5]. The
main challenge in observing SFG in other materials is the
low efficiency, which depends linearly on the intensity of
the optical laser. Consequently, the observation of the effect
requires optical intensities that are larger than the radiation
damage threshold of most materials. It is also clear that
SFG can be observed only in optically transparent materi-
als; thus, it is not applicable for a large class of materials
such as metals and superconductors.

It is possible to overcome these challenges by using PDC
of x rays to optical wavelengths. This nonlinear process is
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similar to x-ray and optical DFG, but in x-ray to optical
PDC, the pump photons interact with vacuum fluctuations
to generate correlated x-ray and optical photon pairs [1].

It should be noted that the pertinent effect of x rays into
extreme ultraviolet (EUV) PDC has been applied already
to investigate the optical properties of crystals [3,4,6—10].
By using this approach, the microscopic linear suscep-
tibility of a diamond crystal with a resolution of 0.54 A
has been extracted from the measurements of the PDC for
several atomic planes [4]. The extension of that method to
PDC of x rays to optical wavelengths could lead to a more
powerful probe. For example, it could be utilized for the
investigation of phenomena that are associated with
energies near the Fermi energy of metals or near the
band gap of semiconductors. However, the observation of
this effect is even more challenging. This is because the
photon energies of the generated x-ray signal differ by
only a few eV from the photon energies of the pump and
because the Bragg condition is very close to the phase-
matching requirement of the PDC process. Since Bragg
scattering is many orders of magnitude stronger than the
PDC process, the tail of the Bragg scattering has to be
filtered out stringently. This requires a highly collimated
and monochromatic input beam and a careful design of
the experimental setup.

In this Letter, we describe measurements of the x-ray
signal generated during the process of PDC for idler
photons at optical wavelengths. We use a highly collimated
monochromatic beam and a high-resolution multibounce
crystal analyzer to measure PDC at energies that corre-
spond to various optical wavelengths in the range of 280—
650 nm for several phase-matching conditions. We evaluate
the nonlinear susceptibility from the measured efficiencies
and find a reasonable agreement with the theory and with
the results of SFG [5].
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FIG. 1. (a) Phase-matching scheme. The indices p, s, and i
represent the pump, signal, and idler, respectively; G is the
reciprocal lattice vector; and the angles 0, 6;, and 0, 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 scattering plane of the analyzer is normal to the
scattering plane of the diamond. S; and S, are the slits before the
analyzer and before the detector, respectively.

Since x-ray wavelengths are comparable to the distance
between the atomic planes, we use the reciprocal lattice
vector for phase matching [12,13], as we depict in Fig. 1(a).
In this Letter, we refer to the x-ray photons as the signal
photons and to the optical photons as the idler photons. We
denote 0, 0, and 0; as the angles with respect to the atomic
planes of the pump, the signal, and the idler, respectively.

The k vectors of the pump, the signal, and the idler are k o

lgs, and Ei, respectively. Note that G is the reciprocal lattice
vector orthogonal to the atomic planes. The energy con-
servation implies that w, = @, + ®;, where we denote ,,,
w,, and w; as the angular frequencies of the pump, the
signal, and the idler, respectlvely The phase matchlng

condition can be written as k +G = k + k Since
the idler k vector is much smaller than the k vectors of
the pump and the signal, the phase-matching angles of the
PDC x-ray signal are very close to the Bragg angle.
Consequently, the tail of the elastic scattering is not
negligible, and the separation of the PDC x-ray signal
from the elastic requires narrow filters for energy resolution
and slits for angular resolution.

Under the assumptions of undepleted pump approxima-
tion, lossless medium, and slowly varying envelope
approximation (SVEA), the coupled wave equations
describing the PDC process in the frequency domain can
be described as [13—-15]

8;; = —«ka; expliAk.z],
Oa;
(;lzl = —k*a, exp[—iAk,z]. (1)

where ¢ is the speed of light in vacuum. The signal count
rate is calculated numerically, where the integration is taken
over the solid angle of the detector and the bandwidth of the
analyzer. We note that the acceptance angle of the detector
restricts the bandwidth due to the one-to-one relation
between the angle of propagation and the wavelength of
the generated x-ray signal, which is imposed by the
requirement for exact phase matching in the directions
parallel to the surface of the crystal.

We conducted the experiments described below at beam
line ID-20 of the European Synchrotron Radiation Facility
and at beam line 116 of Diamond Light Source [16]. The
schematic of the experimental system is shown in Fig 1(b).
The average input power is ~1 x 10" photons/s and its
polarization is horizontal. The nonlinear crystal is a diamond
crystal with dimensions 4 mm x 4 mm x 0.8 mm, and the
scattering plane is horizontal. We use the reciprocal lattice
vector normal to the C(220) atomic planes in a Laue
geometry to achieve the phase-matching condition. We use
a multibounce Si crystal analyzer and two variable slits in
front of and behind the analyzer, which we denote as §;
and S, to filter out the tail of the elastic diffraction. The
analyzer scattering plane is in the vertical direction, which
is normal to the scattering plane of the diamond crystal.
We measure the PDC x-ray signal with an avalanche
photo-diode. All experimental data are corrected for
relative intensity fluctuations via measurements from a
reference detector positioned upstream from the nonlinear
medium.

The first step in the investigation of PDC of x rays into
optical radiation is to measure the spectrum of the x-ray
signal by scanning the angle of the analyzer crystal. This
measurement is used to characterize the dependence of the
spectrum of the x-ray signal at a specific offset of the pump
angle from the Bragg angle and to explore the possible
range of photon energies that can be measured. As an
example, Fig. 2 shows the spectrum for a pumping beam at
11 keV, where the phase-matching deviation from the
Bragg angle is 43 mdeg and the deviation of the detector
angle from the Bragg diffraction is —37 mdeg. The sharp
peak on the left corresponds to the elastic scattering, and
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FIG. 2. X-ray signal count rate as a function of the analyzer
detuning from the photon energy of the input beam. The sharp
peak on the left corresponds to the elastic scattering, and the
broad peak is the PDC signal (see text for further details). The
solid line is a guide for the eye.

the broad peak is the PDC signal. We observe the broad
PDC peak only near the phase-matching condition. The
PDC peak position shifts when we vary the angles and
vanishes when the angles are off the phase-matching
angles. Since we measure the hard x-ray signal (at about
11 keV), and since the deepest electronic level of carbon is
at ~280 eV, our observation cannot be attributed to x-ray
fluorescence. The measured PDC spectrum corresponds to
idler wavelengths (energies) in the range of about 60—
400 nm (3-21 eV). Since the separation between the elastic
signal and the PDC signal is pronounced, we conclude that
the background reduction that the analyzer provides is
adequate for the measurement of the x-ray signal of PDC
into optical wavelengths. The peak is observed at 7.1 eV,
where the efficiency of the PDC is the largest. This
corresponds to a photon energy above the band gap of
the diamond crystal, where the density of states of the
valence electrons is probably the highest.

Next, to further support the evidence, we measure the
dependence of the x-ray signal of the PDC process on the
angular deviation from phase matching. The importance of
this measurement is the ability to calculate the Fourier
component of the nonlinear susceptibility from the peak of
the rocking curve. Figure 3 shows the signal count rate as a
function of the pump-deviation angle from the phase-
matching angle. The zero of the horizontal axis corresponds
to a pump deviation from the Bragg angle of 12 mdeg,
which corresponds to the phase-matching angle. The
photon energy is 9 keV, and the offset of the detector
angle from the Bragg diffraction is 41 mdeg. The small
peak on the left is the residual elastic, and the peak centered
at 15 mdeg is the PDC signal. This observation of a peak,
which is broader than the elastic peak but much narrower
than inelastic effects, near the phase-matching condition
strongly supports that the effect we observe is indeed PDC
of x rays to optical wavelengths. The theoretical curve is
obtained from numerical simulations based on Eq. (2), and
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FIG. 3. X-ray signal count rate as a function of the pump-
deviation angle from the phase-matching angle. The idler central
wavelength is ~550 nm (~2.2 eV). The blue dots are the

experimental results, and the solid red line is calculated from
theory and scaled to the peak of the rocking curve.

it is normalized with respect to the experimental PDC peak
by a factor of 1.24. The difference between the positions of
the calculated and the measured peak, which is only 6 mdeg,
is mainly because of the acceptance angle of the detector
and the analyzer bandwidth (~1 eV), which introduce
uncertainties into the values we use in our calculations.
These results, together with the dependence of the density
of states of the vacuum modes on the angles and frequen-
cies, are the reasons for the deviation of the theoretical peak
from the phase-matching value.

Finally, the phase-matching equations have two possible
solutions for the angle of the detector, and we expect to be
able to observe them experimentally. Indeed, the two
solutions are clearly seen in Fig. 4, which shows the signal
count rate as a function of the deviation of the angle of the
detector with regards to the normal to the crystal surface
from the Bragg angle (blue dots). The solid red lines are the
simulations, which are obtained by using Eq. (2). The two
peaks on the left and on the right of the central peak
correspond to the PDC signal. The central peak is the
residual elastic scattering. The deviation of the angle of the
pump from the Bragg angle is 21 mdeg. The photon energy
is 9 keV. The idler central energies in Figs. 4(a)—4(c) are
~2.2, 3.3, and 4.4 eV, respectively. The results of the
numerical simulations are scaled to the heights of the peaks
of the experimental rocking curves. The ratio between the
count rates of the first and the second PDC solution is
smaller for higher idler energies in both the experiment and
the numerical simulation, and it is a consequence of the
product of the nonlinear current density and the density of
states. The measured angular separation between the two
solutions in panels (a) and (b) agrees remarkably with the
simulations. The small difference in the angular separation
between the experimental results and the simulations in
panel (c) can be attributed to the bandwidth of the analyzer
crystal (~1 eV) and to the proximity to the band gap of
diamond (~5.5 eV), which is not considered in our theory.

The measured efficiency is proportional to the absolute
square of the Fourier component of the nonlinear
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FIG. 4. X-ray signal count rate as a function of the deviation of the detector angle from the residual elastic wave for various idler center
photon energies: (a) 2.2-eV idler (~550 nm), (b) 3.3-eV idler (~400 nm), and (c) 4.4-eV idler (~300 nm). The blue dots are the
experiential results. The narrow peaks at the center in each of the panels correspond to the residual elastic wave. The peaks to the left and
right correspond to the x-ray signal of the PDC for the two solutions of the phase-matching equations. The zero is the angle of the
residual elastic wave. The solid red lines are calculated from theory and scaled to the peaks of the rocking curves.

susceptibility, which corresponds to the selected reciprocal
lattice vector. We estimate the Fourier component
corresponding to the reciprocal lattice vector normal to
the C(220) atomic planes of the nonlinear susceptibility by
fitting the results of the numerical simulations to the heights
of the peaks of the curves in Figs. 3 and 4(a). After
subtracting the DC component of the PDC rocking curve,
we find that the nonlinear susceptibility for an idler energy

of ~22 eV (~550 nm) is y{3, =2x 1077 m/V. The

nonlinear susceptibility is calculated using the relation

7P =-0.5ix/g, \/[coses cos;(cep)’n;/2hw ,0,0,], where

n; is the refractive index at the idler wavelength. We note
that this result is comparable to the nonlinear susceptibility

)(E?ll) = 8 x 107!® m/V, which was obtained in the x-ray

and optical mixing experiment [with an x-ray beam at
8 keV and an optical beam at 1.55 eV (800 nm)] [6]. Since
the susceptibility is proportional to the Fourier component
of the charge density of the valence electrons, the mea-
surements of the efficiencies for various reciprocal lattice
vectors can be used for the reconstruction of the charge
density of the valence electrons [4].

Before concluding, we discuss several important exper-
imental aspects. We note that, while the full measurement
of PDC of x rays into the optical regime should include the
measurement of the optical radiation, the measurement of
the x-ray photons is sufficient for retrieving microscopic
information on the valence electron charge density in a
manner similar to PDC of x rays into EUV [4]. In fact, for
materials that are opaque at optical wavelengths, the visible
radiation is not measureable. Moreover, the numerical
simulations that agree with the observations of the x-ray
signal predict that the PDC optical idler count rate is 2
orders of magnitude weaker than the optical fluorescence
we measured in the experiment (there is no x-ray fluores-
cence since the deepest electronic binding energy in carbon
is ~280 eV). The expected idler count rate is much weaker

than the signal count rate because of the large ratio between
the x-ray and optical wavelengths, which leads to a high
ratio between the density of states of the x-ray and the
density of states of the optical wavelengths. In addition, the
optical radiation is highly suppressed by internal reflection.

Since the photon energy of the pump can be chosen to be
high above the electronic resonances and since the gen-
eration and absorption rates of the optical photons are very
small, the perturbation of the measured state by x rays into
optical PDC is expected to be negligible. This property is
essential for measurements of ground states of systems
where even small quanta of absorbed light can excite or
change the properties of the sample.

In conclusion, we report the observation of the x-ray
signal of phase-matched PDC corresponding to optical
idler photons at several wavelengths in the range of 280—
650 nm. The PDC signal is well above the background, and
the separation from the elastic is pronounced. The widths of
the rocking curves and the absolute count rates are in
agreement with theory. The deviations between the calcu-
lated and measured peak positions of the PDC x-ray signal
rocking curves are within the uncertainties due to the
precision of the motors and the analyzer bandwidth. Our
results advance the possibility to use x rays into optical
PDC as a new tool to probe microscopic valence charge
densities and optical properties of materials on the atomic
scale. This novel tool can be used to test and improve the
understanding of condensed-matter physics.
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