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We present the observation of peculiar non-monotonic photon energy dependencies of the
count rates and of the rocking curves of parametric down-conversion of X rays into
ultraviolet far from any atomic resonances. The observations cannot be explained by
models that consider only atomic or bond charge responses and suggest that collective
phenomena contribute to the effect. We propose an interpretation that includes nonlinear
interactions with plasmons, which can explain the existence of peaks in this energy range.
Our work implies that nonlinear interactions between x rays and either ultraviolet or visible

radiation can be utilized as a powerful atomic scale probe for collective effects in solids.
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The field of nonlinear interactions between x rays and longer wavelengths has
made a major progress in recent years [1-9]. These processes are interesting, since they
present novel physics involving fundamental aspects of light-matter interactions arising
from the large diversity of the involved wavelengths, and since they can be used to probe
phenomena related to valence electrons at the atomic scale resolution [9, 10]. This is
because the long optical wavelengths interact with the valence electrons and the x rays
provide the high spatial resolution. This effect can be viewed as x-ray scattering from the
optically induced valence charge variations. The photon energy of the scattered X rays is
shifted by the amount that is equal to the photon energy of the longer wavelength wave to
conserve energy. In a typical experiment, the requirement for momentum conservation
(phase matching) is fulfilled by using one of the reciprocal lattice vectors of the nonlinear
crystal. Consequently, the efficiency of the effect is propositional to the absolute square of
the Fourier component of the induced valence charge density corresponding to the selected
reciprocal lattice vector. A series of measurements of these coefficients can be used for the

reconstruction of the microscopic optical response of the valence charges of materials [3].

Most of the valence electronic resonances of materials are in the ultraviolet (UV)
range. Since materials are opaque at those wavelengths, nonlinear interactions between x
rays and longer wavelengths have been observed by using the effect of x ray into UV
parametric down-conversion (PDC) [1-3, 6-8, 11]. This is a second-order nonlinear process
in which a pump photon interacts with the vacuum field in a nonlinear medium, which in
turn leads to the generation of a photon pair, where one photon is an x-ray photon and the
other is a UV photon. The convention is to denote the x-ray photon as the signal and the
UV photon as the idler. The sum of the photon energies of the generated photons is equal
to the photon energy of the pump photon. Since the photon pairs are generated
simultaneously at the same position, the count rates of the emerging x-ray photons depend
on the generation rate of the UV photons. Consequently, although the UV photons are
absorbed in the material, the information on phenomena that are associated with energies
that correspond to UV wavelengths is retrieved by measuring the x-ray photons. The
measurements of the x-ray photons also provide the atomic scale resolution, which is an
inherent property of x-rays arising from their short wavelengths. Hence, PDC of x-rays
into UV can be used as a probe for the microscopic optical response at extremely high

resolution as has been demonstrated by Tamasaku and his colleagues [3].



However, the authors of all the previous papers on x ray and either UV or optical
nonlinear interactions have considered only local responses [1-11]. The interactions have
been viewed as inelastic x-ray scattering from local charge excitations where both atomic
and bond charge responses have been considered [1-7]. In some of the papers the results

have been interpreted as Fano interference between the PDC and Compton scattering [1-3].

In this Letter, we extend the study on nonlinear x-ray optics to include the
interactions with plasmons. We explore the effect of PDC of x rays into UV in a
diamond crystal by measuring the x-ray signal that corresponds to idler photons in
the energy range of 28 - 54 eV where our model predicts peaks in the frequency
dependence of the efficiency of the effect far from any atomic resonances (the binding
energies of electrons in carbon are 12, 16, and 280 eV). We measure the non-monotonic
dependencies of the count rate and of the angular peak positions of the rocking curves on
the signal photon energy, which include the predicted peaks but also show more

unexplained structures.

The photons that are generated via the PDC process obey energy and momentum

conservation (phase matching). The energy conservation equation can be written in the
form of ha, =ha, +ha, where p, s, and i refer to the pump, the signal, and the idler
respectively. Since the x-ray wavelengths are comparable to the interatomic distances,
phase matching is achieved by using the reciprocal lattice vector é [12]. The k-vectors of
the pump, signal, and idler waves satisfy the phase-matching equation Il<p+(l3zll<s+ll<i,

where k denotes the wave vector of the corresponding photon.

We first describe a simple theory that includes the interactions with plasmons and
that predicts the existence of peaks far from atomic resonances. We consider a classical
model for the nonlinearity that includes excitations of plasmons in the nonlinear medium.
The nonlinear signal can be calculated by solving the wave equation with the nonlinear
current density as the source term. Consequently, the efficiency of the PDC process is
proportional to the absolute square of the nonlinear current density and the information that
is encoded in the nonlinear current density can be reconstructed from the measurement of
the efficiency of the PDC.

The nonlinear current density can be found as a second-order perturbation of

electron motion [13]:
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where 0, is the unperturbed charged density, ,0](1) is the charge density modulated by the

j-th frequency, and VE”) is the n-th order velocity at the j-th frequency. The model consists

the equation of motion of an electron with the restoring force and the equation of

continuity for the signal and idler waves [4, 14]:
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where M, is the effective electron mass,  is the electron electric charge, B; is the

magnetic field, E j is the electric field strength of the corresponding wave, and @, denotes

the resonance frequency. We assume that the motions of electrons at the signal and pump
frequencies are free, since their photon energies are well above any electronic binding
energy in the nonlinear medium. At the idler frequency we include the restoring force term,
since its corresponding photon energy is on the order of the binding energies of the valence

electrons. We solve the system of Eq. 2 together with the Maxwell equations [15]. Note,
A
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r
that we take the Gauss’s law in the form V-E = as in Ref. 14. Our calculations result

in the following expression for the envelope of the nonlinear current density
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where ;(él)(a),) is the Fourier component of the linear electric susceptibility that

correspond to the reciprocal lattice vector G at the idler frequency, and é is the
polarization vector of the corresponding wave. We estimate ;(((;1) (a),) for idler energies
below 35 eV from the experimental data [16] and for higher idler energies we use the

values calculated by Henke et al. [17]. The plasma resonance hwplasma is calculated by



using the well-known expression for the plasma frequency o, = /M , and equals 31
mego

eV for diamond. In our calculations we use the plasma resonance energy of 34 eV due to

the dispersion of plasmons in the [110] direction [18]. The expression in Eq. 3 predicts a

nonlinear resonance at a frequency, which is equal t0 @ = w,, = /®} ... + @ - In Ref. 4

plasma

the authors took @, to be equal to the band transition of a diamond crystal for the

correction of the nonlinear current density. Since in real crystals there is more than one
resonance associated with band transitions, we use the resultant nonlinear current density

in the following form

I =WIN P WLIN 4)
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where W, are weight coefficients and JSTL are the nonlinear current densities from Eq. 3

that corresponds to the j-th resonance [19]. Weight coefficients indicate the contribution of
the corresponding resonance to the resultant process. In the current calculation the best fit
with the experimental result is obtained when the weight coefficients are equal. The reason
for this is still an open question that should be addressed with a more comprehensive

theory.

Figure 1 shows calculations of the spectrum of the resultant nonlinear current
density calculated by using Eq. 4 and include resonances at 5.5 eV, 7.4 eV, 12 eV, 14.4
eV, 16 eV, 20 eV, and 24 eV, which are associated with band transitions in a diamond
crystal as described in the literature [20, 21]. The simulation shows that the PDC signal

depends strongly on the photon energy of the idler when it is near @, . Each spectral

feature represents nonlinear interactions between the band transitions and bulk plasmons
[19]. This dependence cannot be explained by any theory that does not include non-local
interactions. We note that a recent work by Lucchini and colleagues the measurements of
absorption on a polycrystalline diamond sample shows the absence of resonant transitions
in this photon energy range [22]. The arrows point at the spectral regions where the peaks

were experimentally observed. The discussion on that will be provided later in the text.

The experiment was conducted on the GALAXIES beamline at the SOLEIL
synchrotron facility [23, 24]. The experimental setup is shown in Fig. 2. We use a
monochromatic beam of 9.995 keV using the Si(111) reflection of the beamline double

crystal monochromator. We use the reciprocal lattice vector normal to the C(220) atomic
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planes of a diamond crystal for the phase matching in reflection (Bragg) geometry. We
select the photon energy of the signal by using the beamline Rowland circle RIXS
spectrometer. The instrument consist of a spherically bent Si(555) crystal analyzer with a
curvature radius of one meter and a hybrid-type pixelated 2D MERLIN detector. We
estimate that the photon energy resolution of the receiving optics is about 0.5 eV. We use
an adjustable iris in front of the analyzer to reduce the background radiation along with
spatial filtering of the detector image. Typical iris diameter during the measurements was

about 5 mm.

The first experimental step is to verify that we observe PDC by confirming that the
phase-matching conditions are satisfied. We measure the rocking curves of the x-ray signal
that correspond to various idler photon energies as we show in Fig. 3. The peak positions
of the rocking curves are slightly shifted from the solutions of the kinematic phase-
matching equation as we observe also in the simulations. This is because the rocking
curves include a large number of the vacuum fluctuation modes with different weights that
are determined by the strength of the nonlinearity and the boundary conditions at the
various modes as discussed in Ref. 7. The inset in Fig. 3 shows the comparison between
the experimentally observed peaks and that obtained in the simulations. The difference
between the estimated offset from Bragg and measured is about 0.01 deg. We note that the
difference between the calculated and measured shifts is smaller than the width of the

curves (about 0.02-0.03 deg). The phase mismatch Ak,L, , where L, is the absorption

S

length, at all measured peaks of the PDC rocking curves is about 0.1, which is much
smaller than 2n. As we expect, the peak position shifts farther apart from the Bragg angle
as the idler photon energy increases. These are clear indications that the rocking curves in

Fig. 3 constitute conclusive evidence that we observe PDC.

Next, we explore the dependencies of the signal count rates and the rocking curve
peak positions on the photon energy of the idler and show that as predicted by our theory,
the dependencies are not monotonic in the energy range of 28-54 eV, which is far from any
atomic resonances. For this purpose we measure rocking curves similar to those shown in
Fig. 3 for photon energies of the signal in this range in steps of 1 eV. In Figs. 4(a) and 4(b)
we plot the measured count rates at the peaks of the rocking curves (power spectrum) and
relative positions of rocking curve peaks with respect to the angle of elastic scattering as a
function of the photon energy of the idler. In the measured power spectrum we see two

spectral features above the monotonic decrease of the signal intensity around 36 eV and
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around 42 eV as predicted by the model we described above. The existence of this non-
monotonic dependence of the power spectrum on the idler photon energy, indicates that the
underlying physical mechanism for the nonlinear interactions must include origin that is
not from atomic interactions since the structures are obtained far from any atomic
resonances. According to the theory we have derived above, it can be explained by
including interactions with plasmons. A marginal feature around 47 eV is not present in the
simulations. This might indicate the contribution of interband transitions in the diamond
crystal with higher energies. The corresponding energy of this transition should be around
32-33 eV. Since the feature is very small, the weight coefficients from Eq. (4)

corresponding to that transition should be also very small.

While the experimental observed structures of the power spectrum indicate clearly
on the nonlinear interactions with the plasmons, the detailed comparison with the theory
requires the full simulation of the PDC process since the count rate of the signal depends
not just on the nonlinearity but also on the refractive index and the absorption, which are
also photon energy dependent. We simulate the PDC process by solving the coupled
slowly varying envelope wave equations in the Heisenberg-Langevin model [25] together
with the model for the nonlinearity described above. The count rate is calculated by
integration the solution for the signal over the photon energies and the solid angle of the
experimental detection system. The results of the simulation are shown in the inset of the
Fig. 4(a) where the arrows point at the positions of the measured spectral features. We note
that most of the features from the calculated nonlinear current density appear in the
measured power spectrum. The measured features are wider than predicted by the
simulations and some of the spectral features that are predicted by our model are not
resolved in the experiment due to the measurement resolution. The simulation also predicts

a much higher enhancement of the PDC efficiency near «,, than the efficiency that we

observe in the experiment. This is probably because of losses that are associated with the
plasmon interactions and that we do not consider in our simulation. The selection rules for
the nonlinear interactions are also needed to take into account to improve the agreement
between the experiment and the theory. In addition, we believe that a comprehensive
model that includes a band structure calculation is required for a better description of the

effect.

In Fig. 4(b) there is a distinct sharp change in the curve at 45 eV, which is also seen
in the inset that shows the rocking curves of the signal at the corresponding points.
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Interestingly, the comparison with Fig. 4(a) indicates that at the same photon energy there
is a small dip in power spectrum. Such a feature does not appear in the simulation and

requires further investigations.

In conclusion, we have observed experimentally non-monotonic photon energy
dependencies of PDC of x rays into UV far from any atomic resonances. These results
cannot be explained by theories that consider only atomic or bond charge responses.
We have proposed and described an explanation for the photon energies
dependencies in the measured range by adding interactions with bulk plasmons to the
classical model for x-ray nonlinearity. While the main idea of strong photon energy
dependencies near the nonlinear plasmon is clearly shown in the experimental results, there
are still some fine structures in the measured photon energy dependencies that call for a
more comprehensive model that includes multiple resonances and the effect of the crystal
field. We note that while PDC is a nonlinear effect, its efficiency depends linearly on the
intensity of the input beam since it interacts with the vacuum field, which provides the UV
fields that is mixed with the input x-ray field. Consequently, PDC experiments can be
conducted with storage ring based synchrotrons as we have demonstrated in this work. The
experimental results and the theory we described indicate on an unexplored field of
nonlinear interactions between x rays and plasmons and open the possibility for the
development of a novel technique that will be used as a probe with atomic-scale resolution

for collective excitations in crystals.

This work was supported by the Israel Science Foundation (ISF), grant
number 201/17. We acknowledge SOLEIL synchrotron for the provision of
synchrotron facilities (Proposal No. 20160046).
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FIG. 1. Calculated nonlinear current density including the interactions with bulk
plasmons in diamond. The arrows indicate the spectral regions where we observe the

peaks in the experiment.
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2D detector

SR Diamond

Spherically bent
analyzer crystal

FIG. 2. (Color online) (a) Phase-matching scheme where the indices p, s, and i stand for
pump, signal, and idler respectively. The dashed line indicates the Bragg diffraction
direction. (b) Experimental setup. The synchrotron radiation (SR) illuminates a diamond
crystal, which is tuned to an angle satisfying the phase-matching conditions. The PDC
signal is collected by a bent crystal analyzer, which images the beam at the selected energy

onto a two-dimensional detector.
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FIG. 3. (Color online) Rocking curves of the PDC signal for corresponding idler
photon energies at 25 eV, 28 eV, 30 eV, and 32 eV. The dashed lines are guides for

the eye. The inset shows the comparison between the experimental data and

simulations.
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FIG. 4. (Color online) Experimental results showing the spectral dependencies on the
idler photon energy of (a) the efficiency of the PDC and (b) the peak position of the
signal beam. In (a) the arrows point at the photon energies at which the theory that
includes the interaction with plasmons predicts peaks. The inset presents the

simulation of the PDC process and the arrows point at energies that correspond to the
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position of the measured spectral peaks. In (b) the inset shows the rocking curves of
the PDC at the photon energies near the sharp change in the peak position as a

function of the idler photon energy.
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