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Surface plasmon-enhanced x-ray ultraviolet nonlinear interactions
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We propose and demonstrate a method to manipulate x-ray emission rates and directions by coupling them
to surface plasmon polaritons via x-ray-to-ultraviolet down-conversion in a metal. This mechanism generates
highly correlated photon pairs, each consisting of one x-ray and one ultraviolet photon, enabling fine control
of x-ray angular and spectral characteristics through the ultraviolet photons resonant with the surface plasmons.
Our approach bridges a previously insurmountable gap between x-ray and plasmonic energy and momentum,
enabling the use of engineered plasmonic structures to control x-ray emission. Furthermore, our work unlocks
opportunities to explore plasmonic physics at the microscopic scale with atomic-scale resolution.
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I. INTRODUCTION

Surface plasmon polaritons (SPPs) are surface waves that
propagate along the interface between a metal and a dielectric
[1,2]. They have attracted significant attention due to their
ability to confine and enhance electromagnetic fields at this
boundary [3,4]. Since their discovery, SPPs have been har-
nessed to control and enhance a wide range of linear and
nonlinear optical phenomena [4—6]. Notable examples include
the enhancement of spontaneous emission from quantum
emitters [7—12] and the amplification of nonlinear optical in-
teractions [12—17]. The spectral and directional properties of
SPPs enable strong capability to manipulate light at material
interfaces, leading to the development of groundbreaking op-
tical devices [18-25]. Furthermore, the enhanced interactions
facilitated by SPPs have enabled the advancement of tech-
niques such as superresolution imaging [26-28] and highly
sensitive spectroscopy [26,29-32].

While the field of optics has made remarkable strides in
controlling and manipulating light through SPPs and other
approaches [1,21,33], translating these capabilities to the x-
ray regime presents significant challenges [34].

Efficient coupling between radiation and plasmons re-
quires matching both energy and momentum. In the optical
regime, energy conservation is achieved by matching the sur-
face plasmon resonance frequency with the photon frequency.
Momentum conservation demands matching the wave vec-
tor of the incident light with that of the SPP, a condition
that can be achieved using prisms, gratings, or other optical
structures that allow for precise wave vector engineering of
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the incident radiation [1,2,21,35]. However, coupling x-rays
to SPPs is particularly challenging due to their extremely
high frequency and wave vector, which far exceed the typical
plasma frequency and SPP wave vectors. The absence of
equivalent optical components to those in the optical range
makes the direct matching between the wave vectors of x-rays
and SPPs practically impossible. As a result, and despite the
immense potential to advance fundamental science and enable
applications, such as x-ray microscopy and spectroscopy, ex-
perimental demonstrations in this regime remain unrealized.

Here, we propose and demonstrate an approach to control
the rate and emission angles of x-ray photons by exploiting the
entanglement between x-rays and SPPs in the ultraviolet (UV)
range. We leverage spontaneous parametric down-conversion
(SPDC) of x-rays into longer-wavelength radiation [36—45]
within an aluminum crystal to generate entangled photon
pairs. One photon in each pair is an x-ray photon, while the
other is a UV photon that can couple to surface plasmons
in the crystal, effectively becoming an SPP. While the SPPs
are absorbed within the crystal, the entangled x-ray photons
emerge and can be detected. As we demonstrate, the rate and
emission angle of these x-ray photons are influenced by the
properties of the entangled SPPs. This unique relationship
enables the imprinting of optical excitations onto the angular
and energy spectrum of the x-ray signal, thereby allowing for
precise control over their emission rate and direction.

This process occurs in a distinctive regime: Ultraviolet
photons in the 50-200 nm range excite polaritons whose
effective wavelengths are of similar scale. Importantly, the
penetration depth in this regime is extremely shallow, on the
order of tens of nanometers, often shorter than the corre-
sponding free-space wavelength. As a result, the interaction is
dominated by surface effects, with smaller contribution from
the bulk.

However, for x-rays, whose wavelengths are on the or-
der of an angstrom, the natural physical scale is that of
atomic layers. Consequently, even an extremely short pene-
tration depth spans hundreds of atomic planes. As a result, in
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nonlinear wave mixing processes involving x-rays, as in our
case, longitudinal phase matching becomes essential. Yet
what may seem like a strict constraint turns into a powerful
advantage: The crystal’s reciprocal lattice vectors inherently
provide the mechanism for satisfying the phase-matching
condition, enabling coherent scattering processes that unveil
structural information with atomic-scale precision [38,40,41].

II. THEORY OF DOWN CONVERSION OF X-RAY
PHOTONS INTO SURFACE PLASMON POLARITONS

In our scheme, an x-ray pump at frequency w, gener-
ates entangled photon pairs via SPDC, consisting of a signal
photon at frequency w, and an idler photon at w;, satisfying
w, = wy + w;. We refer to the x-ray photon as the signal and
the longer-wavelength photon as the idler. When the idler
frequency approaches the surface plasmon resonance and its
in-plane momentum matches that of the SPP, strong coupling
occurs, and the idler forms an SPP. In our setup, this mo-
mentum matching is achieved by adjusting the sample angle
relative to the x-ray source.

Because the SPP must satisfy a specific dispersion rela-
tion, determined by the dielectric properties of the interface,
the allowed momentum and energy of the idler are tightly
constrained. Through conservation laws, these constraints are
directly transferred to the entangled x-ray photon, effectively
imprinting the SPP dispersion onto its emission angle. Thus,
the angular distribution of the x-ray photons is not arbi-
trary, but dictated by the resonance conditions of the SPP.
This process can be described using a macroscopic quantum
electrodynamics approach, which quantizes the macroscopic
Maxwell’s equations in a medium [46,47]. We employ this
approach to calculate the count rate of the detected x-ray
signal photons using

Iy = (0]a}a,)0), 6]

where &I and a; are the creation and annihilation operators for
the signal mode at the output of the crystal and are related to
the corresponding electric field operators Ej and E; via the
Poynting theorem. |0) represents a vacuum state for both the
signal and idler modes. Note that Eq. (1) here does not vanish
since the signal field annihilation operator at the output of
the nonlinear crystal is proportional to the idler field creation
operator, integrated over the interaction SPDC length (see the
Supplemental Material [48]).

We begin by describing the theoretical model and writing
the vectorial wave equation for the electric field operator,
E, (7, w,),fora lossy, dispersive, and inhomogeneous medium
with a current source, f,,, oscillating at a frequency w,, where
u =s,i stands for signal/idler and (7, w,) is the position-
dependent permittivity:

2
V XV x E,(F, 0,) — et 0,)E,(F, 0,)
C
= —iwu 0 ]u(F, 0,)- )

This equation accounts for linear and nonlinear interac-
tions, as well as loss and quantum noise contributions, and
applies to both signal and idler photons/polaritons. However,

for the signal, we can employ the slowly varying envelope
approximation, as shown in the Supplemental Material [48].

To model the down-conversion of x-rays into long-
wavelength radiation in absorbing media, we adopt a
Langevin approach that introduces noise current operators
]A'N,u to preserve the commutators [47]. These noise operators
are added to the nonlinear current operators JA'NL,M, which
couple the signal and idler electric field operators through
a nonlinear coupling coefficient. The total source current in
Eq. (2) is therefore j, = ]NL ut ]Nu (see the Supplemental
Material [48]).

The signal and idler electric fields are then found by solv-
ing Eq. (2). As the absorption length of the idler’s electric
field is comparable to or shorter than its wavelength, the
contribution of the weak nonlinear interaction to the idler’s
propagation is negligible compared to that of the Langevin
noise. In this case, the vacuum fluctuations of the idler electric
field are proportional to the imaginary part of the Green’s
function, G(r, r’, ), that solves Eq. (2) (see the Supplemental
Material [48]).

In the Supplemental Material [48], we show that the solu-
tion of Eq. (2) for the signal electric field relies on the strongly
absorbed idler electric field. It then follows that the signal’s
count rate [Eq. ((1) is related to the abovementioned Green’s
function via

d*q; ho?
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where the integration boundaries for w; and ¢, are deter-
mined by the energy width of the analyzer and the angular
acceptance of the detector, respectively. L is the interaction
length for coherent SPDC, estimated from the width of the
Bragg diffraction curve of the crystal. k;(w;) is the idler wave
vector in the crystal. The transverse wave vectors g j=p.s,i (for
pump, signal, and idler) satisfy transverse momentum conser-
vation g, = gy + g;. The term Ak, ; describes a longitudinal
mismatch along the z axis that includes only the pump and
signal contributions. It is given by Ak, =k, .(qp, wp0) +
ks, (qs, wp,0 — w;) — G, where k,, ; and k; ; are the longitudinal
pump and signal wave vectors, respectively, and G is the recip-
rocal lattice vector used for phase matching. The contribution
of the longitudinal idler wave vector, et is accounted by
the Green’s function and thus included in the interaction’s
longitudinal phase matching also (see the Supplemental Ma-
terial [48]). C(qs, gp, ;) is a prefactor, which accounts for
the propagation angles of the pump and signal photons and
includes the nonlinear coupling coefficient of jy; .

&4 1s the Fourier transform of the mentioned Green’s func-
d2g;
@
position along the crystal’s surface and §; is the idler wave

vector parallel to the crystal’s surface. The Green’s function
84(z, 7, w;) includes two contributions: one describing the
field in an infinite homogeneous medium with the metal’s per-
mittivity, & (w;), and the other describing the field reflected
from the interface at z = 0.

tion G(r, ¥, w;) = e4rP=g (z,7, w;), where p is the
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Detector
Bent crystal analyzer

FIG. 1. The experimental setup. A monochromatic x-ray pump
beam illuminates the aluminum crystal at an incidence angle 6,,
generating signal photons and either idler photons or polaritons. The
angles are measured relative to the atomic planes (dashed lines); the
indices p, s, and i stand for the pump, signal, and idler, respectively.
A spherically bent crystal analyzer tuned to the signal frequency
collects the x-ray signal photons and images them onto the detector.
The inset shows a side view of the phase matching diagram with the
idler (red) and the reciprocal lattice vector (blue) included.

Since the imaginary part of the Green’s function is pro-
portional to the vacuum fluctuations of the idler field, Eq. (3)
indicates that the x-ray signal intensity depends directly on
the vacuum fluctuations of the long-wavelength idler electric
field. According to the fluctuation dissipation theorem, these
fluctuations increase with the absorption of the idler field,
reaching a maximum when fw; =~ hwspr, where SPR stands
for surface plasmon resonance. Consequently, from energy
conservation, the signal count rate is expected to peak at an
energy of fiw; = hwpump — fiwspr, and the difference in the
momentum of the pump and signal x-ray photons, g, — g,
follows that of an SPP. Thus, we can alter x-ray pump angle,
for example, simply by fixing the detector angle for the x-ray
signal photons and tuning the analyzer to pass different signal
energies, fiws, corresponds to different idler energies (fiw; =
hw, — hw,). The SPP dispersion relation, g;(w;), will thus be
imprinted into the angular profile of the pump x-ray photons.

The boundary conditions of the layered problem are incor-
porated in the count rate equation [Eq. (3)] via the Green’s
function solution for the idler electric field, g,,. This solution
for the Maxwell’s equations includes the Fresnel reflection
coefficient for a p-polarized electric field, which accounts for
the boundary condition at the interfaces between the layers
(see the layered geometry of Fig. S1 in the Supplemental
Material [48]). In Sec. I F of the Supplemental Material [48],
we show in detail how the thin oxide layer affects the Fresnel
reflection coefficient, and thus the spectrum of the detected
x-ray SPDC signal.

III. EXPERIMENTAL SETUP AND PROCEDURE

The experimental setup is depicted in Fig. 1. We used a
monochromatic pump beam to illuminate aluminum crystal.
The pump photon energy was 9.978 keV for the results shown
in Fig. 2 and 10.029 keV for those in Fig. 3. To facilitate the
detection of weak SPDC signals emitted over a wide angular
range, we employed a spherically bent crystal analyzer and a

2D pixelated x-ray detector. The aluminum crystal, analyzer,
and detector were arranged in a Rowland circle geometry in
the x—Z plane. This configuration provided both a large col-
lection angle of about 6x 10~ sr and a total energy resolution
of 1.5 eV FWHM.

We chose high-purity polycrystalline aluminum as our
sample, motivated by its relatively high SPR frequency.
For metals, the SPR condition is roughly given by wspg ~
Wplasma/ /2, which for aluminum yields a resonance near
10 eV [49]. This choice enhances the signal-to-noise ratio
in our experiment, as we measure signal photons that are
approximately 7-25 eV below the photon energy of the input
beam. Given the energy resolution of our experimental setup,
we could efficiently filter out noise from Bragg diffraction and
Compton-scattered beams, effectively separating the SPR-
enhanced peak from the elastic peak at energy /iw,. To detect
down-converted x-ray signal photons, we used a near-Bragg
geometry, where the signal photons emerge from the same
surface of the crystal that the pump photons enter. This is also
the surface along which the plasmon polaritons propagate.
We denote 6, and 6, as the propagation angles of the pump
and signal, respectively, with respect to the atomic planes as
described in the inset in Fig. 1.

In the experiment, we measured the signal at the detector
by varying both the crystal and detector arm angles. The crys-
tal analyzer angle was tuned to select idler photon energies in
the range of 6-25 eV for detection. This is achieved by tuning
the analyzer to angles corresponding to lower photon ener-
gies of the signal, following the energy conservation relation
hog, = ho, — ho;.

IV. COMPARING THE EXPERIMENTAL RESULTS
AGAINST THE THEORY

First, we scanned the sample angle in the vicinity of the
Bragg condition and collected the corresponding SPDC sig-
nal. Figure 2(a) displays a colormap of the measured signal
intensity as a function of idler energy and the pump angle
deviation from the Bragg angle, using phase matching with
the reciprocal lattice vector normal to the (0, 0, 4) planes.
Figure 2(b) shows the corresponding simulation, calculated
from Eq. (3).

As observed in Fig. 2(a), the measured pump angle of
maximum intensity has a relatively sharp transition around the
SPR energy, fiwspr. Two distinct intensity branches can then
be observed below ~ 10 eV and above ~ 15 eV in agreement
with our theoretical predictions in Fig. 2(b). The observed
angular dependence of the pump beam is a key signature of
plasmonic systems and has been observed in other types of
measurements [1,17,50]. In our work, this phenomenon arises
from phase matching for the SPDC, where, near the SPR
resonance, it is governed by the SPP dispersion, while away
from resonance, it is determined by normal dispersion.

Next, we plot the signal spectrum by integrating the inten-
sity in Figs. 2(a) and 2(b) over the pump angle for each idler
energy. Both theory and experiment indicate that the highest
signal intensity occurs at the SPR frequency and gradually de-
creases for optically radiative modes, i.e., for idler frequencies
higher than the bulk plasmon resonance frequency, fiwgpr ~
15.8 eV. The observed angular and energy dependence of the
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FIG. 2. SPDC of x-rays into UV plasmon polaritons in aluminum, obtained using 9.978 keV pump photons and the reciprocal lattice vector

normal to the (0, 0, 4) atomic planes. (a) Experimental results and (b) QED simulation of the signal intensity as a function of the idler photon
energy and the deviation of the pump angle from the Bragg angle. The black dots represent the transverse momentum conservation condition,
for the pump angle (relative to the Bragg angle), assuming, for simplicity, that the idler follows the SPP dispersion at an aluminum-air interface.
It is evident that phase matching is still possible in the energy range between the bound and radiative modes where the intensity of the full
QED simulation drops. Panels (c) and (d) show the signal intensity as a function of the idler photon energy. (c) Dots represent experimental
results and (d) line represents simulation. (c) The horizontal error bars represent the experimental energy uncertainty, which corresponds to the
total energy resolution. The vertical error is smaller than the point size.

x-ray photons provides clear experimental evidence for the
existence of SPPs and their coupling to the x-ray photons.
We note that in the simulations we observed a second peak,
which is located near the bulk plasma resonance energy. This
feature arises from a completely different mechanism. At the
bulk plasma resonance, the real part of the metal’s permittivity
approaches zero, causing the SPDC count rate to diverge, as
predicted by Eq. (3). However, this divergence is suppressed
by the short coherence length of the SPDC interaction, which,
as discussed in the discussion below, is no larger than 60 nm.
Following the observation of SPDC of x-ray photons into
SPPs from the (0, 0, 4) atomic planes, we sought to verify
that this enhancement near the SPR was not a coincidental
feature of a particular reflection or pump energy. To that end,
we performed measurements for the Al(1, 1, 1) and Al(0, 0, 2)
reflections at a pump photon energy of 10.029 keV. As shown
in Fig. 3, similar SPDC behavior was observed, confirming

the robustness of the effect across multiple crystallographic
orientations.

To further confirm that the enhancement is independent of
detector alignment, we conducted measurements at different
detector angles. Here, we fixed the pump angle at a detuning
of 0.19° from the Bragg condition and performed a scan
over the detector arm’s angle to collect the SPDC signal. The
experimental spectra for Al(1, 1, 1) and Al(0, 0, 2) are shown
in Figs. 3(a) and 3(b), respectively, while the corresponding
simulations based on Eq. (3) are presented in Figs. 3(c) and
3(d), respectively.

As shown in the experimental spectra in Figs. 3(a) and 3(b),
an enhancement appears at a signal energy /iwspgr = 10.6 eV
below the pump energy of 10.029 keV. This observation is
consistent with the observation for the Al(0, 0, 4) atomic
planes using a pump energy of 9.978 keV, as demonstrated
in Fig. 2.

043226-4



SURFACE PLASMON-ENHANCED X-RAY ULTRAVIOLET ...

PHYSICAL REVIEW RESEARCH 7, 043226 (2025)

(@ 1400 o (b) e
. 1200 \\ 4000 |
— \ r— \
£9 1000 | g3 \
52 800 '"'\;H £ & 3000 "‘T
- -
= § 600 \ = § 2000 ot HR
£ 2 400 \ g2 "'stw
ws \ 20°3. 1000 \
@ 20 M o M
10 15 20 25 10 15 20 25
Idler energy [eV] Idler energy [eV]
() 4000 (d)
5000
> — >
.*z; § 3000 g) § 4000
O 5 [T
£ 2 2000 e 3000
35 T 5 2000
c c £ c
v ‘5 1000 o0
= & = 1000
10 15 20 25 10 15 20 25
Idler energy [eV] Idler energy [eV]

FIG. 3. Experimental [panels (a) and (b)] and simulated [panels (c) and (d)] signal spectra for the Al(1, 1, 1) and Al(0, O, 2) atomic planes,
obtained using 10.029 keV pump photons. The horizontal error bars in panels (a) and (b) represent the experimental energy uncertainty, which
corresponds to the total energy resolution. The vertical error is smaller than the point size. See the text for additional details.

The similarity between the experimental spectra of the
Al(1, 1, 1) and AI(0, O, 2) reflections [Figs. 3(a) and 3(b)]
arises due to the common pump angle deviation and the
similarity of the reciprocal lattice vector used for those
measurements This similarity is well captured in the corre-
sponding QED simulations [Figs. 3(c) and 3(d)], which also
reveal a second, weaker feature near the bulk plasma energy, a
signature that is faint but discernible in the experimental data
as well.

Taken together, Figs. 2 and 3 exhibit good qualitative
agreement between experiment and theory near the surface
plasmon resonance. Both clearly demonstrate that SPDC is
enhanced when the signal photon energy falls below the pump
energy by an amount corresponding to SPR energy, in accor-
dance with the theoretical predictions.

In the experimental spectra presented in Figs. 3(a) and 3(b),
the SPR-related peaks appear on top of a slowly decreasing
background, originating from the residual tail of the Bragg-
diffracted signal that was not fully suppressed by our setup
and analysis. Nevertheless, the SPR-induced enhancement re-
mains unambiguous.

The measured peak widths are slightly broader than pre-
dicted, primarily due to uncertainties in beam bandwidth,
analyzer resolution, and beam divergence. In addition, crystal
mosaicity plays a key role. Although not precisely mea-
sured, the observed Bragg curve widths of 0.17°-0.21°
suggest low crystalline quality and a coherence length no
greater than ~60 nm. This short coherence length reduces

the efficiency of bulk SPDC, which is more sensitive to
interaction length than surface generation [17] and ex-
plains the relatively weak enhancement near the bulk plasma
frequency.

Further deviations between experiment and theory stem
from uncertainties in the optical parameters used. While
the thickness of the oxide layer varies across studies,
it typically ranges from 1.2 to 5 nm [51-53], and its
properties deviate from those of bulk alumina due to its
amorphous and inhomogeneous nature. The dielectric con-
stants of ultrathin aluminum oxide films remain poorly
characterized in the literature. A detailed discussion of their
influence on the SPR and SPDC enhancement is provided
in Sec. IE of the Supplemental Material [48]. Importantly,
these uncertainties affect only secondary features and do
not alter the primary prediction: The surface plasmon-
mediated enhancement of the x-ray SPDC signal is robust and
clearly observed.

V. CONCLUSIONS

In conclusion, we have presented a method for control-
ling x-ray flux and emission angles through entanglement
with longer-wavelength photons, which efficiently interact
with surface plasmons. Although the entanglement cannot be
directly measured, since the SPP cannot emerge from the
crystal, the strong correlation between the SPP and the entan-
gled x-ray photon persists. As a result, the rate and emission
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angle of the x-rays are controlled by the properties of the
SPP.

Enhanced surface control would allow greater precision
in regulating the emitted signal count rate and emission an-
gles. This can be achieved through nanofabrication techniques
commonly used in metamaterials and nano-optics [16,50].
Furthermore, as x-rays are highly sensitive to local fields
with atomic-scale resolution, our method opens frontiers
for studying the effects of nanofabrication on local fields
in a noninvasive manner. This information, currently inac-
cessible, could significantly enhance the understanding of
nanostructure functionality and offers valuable insights into
their optimization.
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