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Anomalous nonlinear X-ray Compton scattering
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X-ray scattering is typically used as a weak linear atomic-scale probe of matter. At high intensities, such as produced at
free-electron lasers, nonlinearities can become important, and the probe may no longer be considered weak. Here we report the
observation of one of the most fundamental nonlinear X-ray-matter interactions: the concerted nonlinear Compton scattering
of two identical hard X-ray photons producing a single higher-energy photon. The X-ray intensity reached 4 x 10%° W cm~2,
corresponding to an electric field well above the atomic unit of strength and within almost four orders of magnitude of
the quantum-electrodynamic critical field. We measure a signal from solid beryllium that scales quadratically in intensity,
consistent with simultaneous non-resonant two-photon scattering from nearly-free electrons. The high-energy photons
show an anomalously large redshift that is incompatible with a free-electron approximation for the ground-state electron
distribution, suggesting an enhanced nonlinearity for scattering at large momentum transfer.

of electrons and their momentum distribution*. Elastic

X-ray scattering forms the basis of atomic-scale structural
determination’®, whereas inelastic Compton scattering* is often
used as a spectroscopic probe of both single-particle excitations
and collective modes’. Linear Compton scattering from weakly
bound electrons (that is, when the inelastic energy transfer is large
compared to the relevant binding energies) is described well by the
impulse approximation (IA), which treats the electrons as quasi-
free®. In this limit, the spectrum of the Compton-scattered photons
at a given momentum transfer is a direct probe of a material’s
ground-state momentum distribution.

At high intensities, such as those generated by X-ray free-
electron lasers (XFELs), nonlinear X-ray-matter interactions can
become important’°. For elastic X-ray scattering in crystals the
second-order nonlinearity has been considered theoretically as
originating from the classical anharmonic motion of a periodic
collection of nearly-free electrons in a strong field”'. For
free electrons, nonlinear scattering was described semiclassically
within the framework of quantum electrodynamics (QED) by
Brown and Kibble half a century ago'. The dynamics of the
interaction and the scattering rate depend strongly on the
Lorentz-invariant quantity 1 = eE/(m.cw). This dimensionless
field-strength parameter represents the root-mean-square (r.m.s.)
transverse momentum (normalized to m,c) imparted to the electron
by a classical electromagnetic wave of r.m.s. field strength E and
angular frequency w; here e is the elementary charge, m, the electron
rest mass and ¢ the speed of light.

Previous experiments have investigated the interactions of
electrons with high-intensity (~10'" W cm™) optical radiation in

>< -ray scattering is primarily sensitive to the spatial position

the relativistic regime, n ~ 1 (that is, when the velocity of the
electron quivering in the field becomes relativistic). They include the
generation of harmonics from plasma electrons® and multiphoton
Compton scattering from a beam of ultrarelativistic free electrons in
a near head-on collision geometry*'.

To approach this relativistic regime with hard X-rays requires
intensities of ~10* Wcm™?, well beyond what is at present
achievable. Nonetheless, concerted two-photon scattering processes
can be observable from solid targets at orders of magnitude less
intensity, on the basis of perturbative scaling. For n <1, a free
electron will undergo anharmonic motion with the nth harmonic
contribution to the induced current j,,, ~ n""j,, and thus the cross-
section for nonlinear scattering will scale as o™ ~ n*~?rZ, where
1o is the classical electron radius. Models that treat the solid as
a collection of free electrons have been successful in describing
perturbative nonlinear X-ray-matter interactions, including non-
resonant X-ray second-harmonic generation (XSHG; ref. 16) and
the (optically modulated) X-ray susceptibility in X-ray—optical sum
frequency generation®. The efficiency in the case of (elastic) phase-
matched XSHG in diamond was measured to be 6 x 107" for peak
fields of ~10'* W cm*—in agreement with the free-electron-like
model in a periodic medium'.

Here we report the observation of anomalous nonlinear
X-ray Compton scattering from solid beryllium. We measure the
concerted scattering of two hard X-ray photons with energies
around 9keV into a single higher-energy photon red-shifted
from the second harmonic. The number of scattered high-energy
photons varies quadratically with the FEL intensity, as expected
for a second-order nonlinear process, and is well above the
measured background. The signal is emitted in a non-dipolar
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Figure 1| Experimental set-up. a, The XFEL beam with photon energy near 9 keV (green) was incident on two 1-mm-thick Be targets oriented at an
incidence angle of 45° located in a He environment. The first target was placed in the ~100 nm XFEL focus (high-intensity interaction region), and a
second identical target was placed well out of focus (low-intensity interaction region). This set-up allowed the simultaneous measurement of the signal
and background, as the X-rays are transmitted largely unattenuated by the Be. The average pulse energy of the FEL fundamental on the target was varied
using Si attenuators. The weaker residual FEL second harmonic and third harmonic (generated in the undulator) were significantly rejected by the focusing
mirrors before reaching the target. Scattered radiation from the two interaction regions was collected over a wide solid angle using arrays of four 2D
detectors (each detector comprising 140 k pixels covering ~14° x 14° centred at 131°, 117°, 103° and 89° in the polarization plane for the high-intensity arc,
which owing to experimental constraints was rotated by —5° relative to the low-intensity arc). During all measurements 250-um-thick Zr foils were placed
directly in front of the detectors. This significantly attenuated the scattered photons near the FEL fundamental while largely transmitting photons with
energies just under the Zr K-edge (~18 keV). By varying the incident photon energy from 8.8 to 9.8 keV, the Zr filter acts as an integrating spectrometer for
resolving the energy loss in the two-photon Compton signal, @) (wo, ). b, Calculated angular distribution of the free-electron nonlinear second-harmonic
emission generated by a free electron at rest. In the perturbative regime (normalized vector potential 7~ 2 x 10~3), the emission is peaked at a scattering
angle of 6 ~130° and includes a finite scattering into the FEL polarization direction 6 =90°. ¢ Calculated emission pattern for low-intensity linear scattering
(dipole emission), which has a negligible scattering contribution into the polarization direction.

pattern. However, the photon spectrum shows an anomalously
large redshift in the nonlinearly generated radiation compared
to the free-electron theory and to the simultaneously measured
linear scattering from the weak residual FEL second harmonic
generated by the undulators™. Our observations are incompatible
with kinematics for the ground-state electron distribution in the
impulse approximation. This additional redshift suggests a novel
nonlinear scattering mechanism involving bound-state electrons,
despite an X-ray energy of approximately two orders of magnitude
above the 1s binding energy.

In our experiments, the maximum intensity was
~4 x 10® Wcem™. This corresponds to a peak electric field of
~5x 10" V.em™" which is within almost four orders of magnitude
of the quantum-electrodynamic critical field**?, yet still well in the
perturbative regime (1~ 2 x 107°). The strong X-ray fields were
produced in the ~100 nm focus of the linearly polarized, ~1.5 m],
50fs, Linac Coherent Light Source XFEL, using the Coherent
X-ray Imaging (CXI) instrument®. The incident X-ray energy was
tuned in the range fiw, = 8.8-9.75keV. Two solid Be targets were
arranged at a 45° incidence angle (see Fig. 1), one at the X-ray
focus and the other downstream of the focus where the intensity
is low. We chose beryllium because it is a low-Z material with a
relatively low photoionization cross-section, favourable ratio of
Compton to elastic linear cross-sections” and high melting point.
The effective target thickness (1.4 mm) is considerably smaller
than the linear absorption length of the fundamental (7.3 mm for
9keV), such that >80% of the beam is transmitted. The angular
distribution of the scattered radiation was detected using multiple
two-dimensional (2D) pixel array detectors® arranged in an arc
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with radius ~20cm covering observation angles from 80°-135°
in the XFEL polarization plane and approximately +7° out of
the polarization plane (see Fig. 1). The detectors have a coarse
intrinsic energy resolution of a few keV, which we use to distinguish
between a single (lower-energy) photon near the FEL fundamental
and a (higher-energy) photon near the second FEL harmonic. We
cannot differentiate between a single higher-energy photon and the
pile-up of two lower-energy photons that deposit the same energy
into a single pixel during a single shot. To sufficiently reduce the
probability of pile-up, we strongly attenuate scattered photons near
the fundamental by placing 250-um-thick Zr foils directly in front of
the detectors (see Methods). This highly chromatic filter transmits
(~10%) X-rays just under the Zr K-edge (hwyx =17.996 keV), while
attenuating photons around 9keV and just above 18keV each by
about seven orders of magnitude (see Methods). Note that owing to
the strong chromaticity of the filter coupled with the coarse energy
resolution of the detectors, we do not rely on the detectors alone
to extract spectral information about the high-energy photons.
Instead, we vary the FEL fundamental photon energy and exploit
the contrast in the transmission near the Zr absorption edge to
discriminate higher-energy photons that have been redshifted by
at least 2hw, — hwy. The overall background was simultaneously
characterized with a nearly identical configuration placed well out
of focus, at a significantly lower FEL intensity but with a comparable
number of incident photons (see Fig. 1). Additional background
originates from the linear scattering of the FEL second harmonic
that is produced in the undulators®. This is substantially reduced
before reaching the target by the low reflectivity of the focusing
mirrors for photon energies above 11keV (ref. 26). The scattering
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Figure 2 | Scattering signal as a function of the FEL fundamental pulse energy and scattering angle. a, Detected signal for FEL fundamental pulse energies
ranging from 10 to 100% of the full beam (colour coded) at an incident photon energy of 9.25 keV. Each interaction region has four detectors centred at the
scattering angle indicated above each plot. The plots show the number of photons per pixel per shot within a 0.25 keV energy bin. The histograms were
individually recorded for each FEL pulse and averaged over ~170,000 shots. The detected photons are distributed in peaks near the FEL fundamental and
the Zr K-edge (18 keV). The resolution of the detector is limited to a few keV and the energy scale is only approximate, such that the detectors are used
solely to distinguish the low- and high-energy photons (see Methods). The signal from the high-intensity interaction region (top row) shows a substantial,
nonlinear change with the FEL fundamental pulse energy in the higher-energy photon peak, corresponding to n=2 Compton scattering with a redshift of at
least 0.5 keV. The peak is substantially broadened compared to the corresponding peak in the low-intensity signal (bottom row) which originates from n=1
Compton scattering of residual FEL second-harmonic photons (18.5 keV) with the same minimum redshift. In addition, near 90° (right column), where the
dipole emission pattern of linear scattering is highly suppressed, we measured a significant increase in the high-energy photon signal relative to the
low-intensity interaction as well as to the FEL fundamental (at 9.25 keV). The intensity of the FEL fundamental was varied using silicon absorbers before
focusing the beam. The effect of the attenuators on the transmission of the residual FEL second harmonic is comparably small (73% at the highest
attenuation). Note that the detector signal on any single shot is sparse, and the probability of detecting two photons in a given pixel is negligible.

b, Integrated high-energy photon signal as a function of the FEL fundamental pulse energy for the detectors near 90°. Red represents the signal originating
from the high-intensity interaction, blue from the low-intensity interaction and grey is the low-intensity signal multiplied by a factor of 100 for ease of
comparison. The dotted line shows a quadratic fit as a function of FEL intensity for the high-intensity signal, as is expected for a second-order nonlinear
perturbative effect. The signal from the low-intensity interaction varies only slightly, consistent with linear scattering of the residual FEL second harmonic
and weak attenuation by the Si filters. The horizontal error bars indicate the spread in FEL pulse energy (after post-process filtering) and the vertical error
bars indicate one standard deviation from counting statistics, which for the blue and red data points on this scale are smaller than the marker size.
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Figure 3 | Dependence of nonlinear Compton scattering on sample position relative to the FEL focus. a, Histograms of the detector observing the
high-intensity interaction region positioned at an observation angle of 90° for different sample positions with respect to the nominal FEL focal plane. The
FEL beam was unattenuated and the fundamental photon energy for this scan was 8.8 keV. Each histogram is averaged over ~60,000 shots. The effective
sample length (at 45°) is 1.4 mm. The high-energy photon signal varies strongly with the sample position whereas the ~8.8 keV signal from the
high-intensity region and the overall low-intensity signal (over the whole energy range) remain practically constant. Note that the detectors at the other
observation angles show a similar behaviour. b, Integrated high-energy photon signal versus the sample position for the high-intensity interaction (red)
compared to the peak at the low-intensity (fixed sample) interaction (blue, grey is multiplied by a factor of 10 for clarity).

of the residual second FEL harmonic was measured to be negligible
in comparison to the nonlinear signal; no significant scattered third
FEL harmonic was detected.

We measure the scattered photons as a function of scattering
angle and FEL fundamental intensity (Fig. 2). The intensity was
varied using silicon attenuators placed before the focusing mirrors.
For this measurement, the incident photon energy was 9.25keV,
such that the observed higher-energy photons (transmitted through
the Zr filter) are redshifted by at least 500eV from the second
harmonic, which is large compared to the 1s binding energy of Be
(112 eV). The measured high-energy photon signal from the high-
field interaction region shows a significant dependence on the FEL
pulse energy (Fig. 2a top row) whereas the low-intensity signal is
nearly independent of pulse energy (Fig. 2a bottom row). In addition
there is a substantial high-energy photon signal in the ~90° obser-
vation direction for the high-field interaction. The higher-energy
photons show a quadratic pulse-energy dependence (Fig. 2b) that
is consistent with an n=2 second-order perturbative process. For
the low-intensity interaction region the signal is nearly independent
of the incident FEL fundamental pulse energy, and there is relatively
low scattering near 90°. This is consistent with # =1 linear Compton
scattering from the residual FEL second harmonic, considering the
nearly constant transmission of ~18keV photons through the Si
attenuators. As further evidence of a nonlinear interaction, the n=2
signal shows strong dependence on the positioning of the sample
relative to the focal plane, as shown in Fig. 3 (measured at the
maximum incident pulse energy, and at an incident photon energy
of 8.8keV). The higher-energy photon signal is strongly reduced
when the sample is translated on the order of its thickness through
the focus, confirming that the dominant nonlinear scattering occurs
from the high-intensity region close to the focal plane.

The energy of scattered photons from a single free electron
can be deduced through kinematical considerations. Consider
the concerted scattering of n photons each with energy @ and
momentumk (A=c¢ =1) from a free electron of initial momentum p,

4

into a single photon (w/,k]). Energy and momentum conservation
lead to the generation of a single photon with energy

. Kn
na)—l—]’m—e

) (w,0)= -
14+ (% + "7) (1—cos6)

(1

where K, =nk —k is the n-photon momentum transfer and
cosf =k-K /(ww!). For our parameters, (n ~ 2 x 107%),
ponderomotive effects are expected to contribute negligibly to
the kinematics as the ponderomotive energy, n’m./2=0.6eV <K w.
Equation (1) also describes the n=1 linear scattering from bound
electrons in the IA. In the IA the bound electrons act as if they had
initial momentum p, with an kinetic energy p*/(2m,), as opposed to
its binding energy, with probability given by the modulus squared
of the Fourier transform of its wavefunction®.

If the IA were to hold for nonlinear scattering, equation (1) would
also be valid for n > 1. Thus, for our parameters we would expect
the kinematics for n-photon nonlinear scattering for weakly bound
electrons to be to a very high degree the same as for the linear (n=1)
scattering of a single photon with n times the energy, that is, )]
(w=naw,,0) (such as from the harmonics produced in the undulator
by the FEL process). Nonetheless, nonlinear n-photon processes
could be distinguished from the linear case as the rate and angular
distribution of nonlinear scattering depend strongly on both the ra-
diation field strength and the order n of the process®. As the nonlin-
ear cross-section for free electrons in the perturbative regime scales
as 0™ ~n*72, the scattering signal would scale with the incoming
intensity as I" (quadratically for an n=2 process). In addition, the
differential cross-section would show an angular emission distinctly
different from that given by the Klein-Nishina formula® for linear
Compton scattering: for the n=2 perturbative process, the photons
scattered from free electrons initially at rest are expected to be emit-
ted in an asymmetric quadrupole-like pattern peaked at an angle of
~130° (in the backward direction, see Fig. 1b)'**. Importantly, it
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Figure 4 | Dependence of the high-energy photon signal on the FEL fundamental photon energy. Angular-resolved signal integrated over the
higher-energy photon peak of each detector at 100% FEL transmission for the high-intensity interaction region (a) and the low-intensity interaction region
(b). The transmission contrast of the 250-um-thick Zr filters for photons just above (T=1x10"7) compared to just below (T=10%) the K-edge (at

hwk =17.996 keV) was used for a coarse measure of the photon energy loss. The FEL fundamental photon energies range from hiwo =8.84-9.75 keV,
corresponding to 2hwo — hawg =—0.68 to +1.5 keV. The transparent grey curves show the kinematic edges where the scattered photon energy ho' = hwg
for an electron initially at rest (equation (1) with p=0) for the n=2 nonlinear process in a and the linear Compton scattering in b, respectively. The
low-intensity signals show a cutoff near the kinematic edge that increases with increasing observation angle, which is consistent with equation (1) for n=1
linear Compton of the FEL second harmonic and the finite momentum distribution of the solid in the impulse approximation (IA). There is no corresponding
cutoff in the high-intensity scattering signal up to the highest incident photon energy of 9.75 keV. At this photon energy the expected Compton shift in the
impulse approximation at 90° is centred around 717 eV (for both n=2 nonlinear scattering of 9.75keV and linear scattering of 19.5 keV); therefore, the
photon energy of the nonlinear signal w’,(wg,#) has an anomalous additional redshift of at least 780 eV to be transmitted through the Zr foil. Note that the
9.75keV signal is averaged only over 30,000 shots, whereas the 8.8 keV and 9.25 keV signals are averaged over 160,000 shots and all other signals over

60,000 shots). The histograms used to generate Fig. 4 can be found in the Supplementary Information.

would have a finite emission along the FEL polarization (90°) where
the linear scattering (dipole emission, Fig. 1c) is strongly suppressed.

Although we do not solely rely on the detector for detailed
spectral information, the broadening of the nonlinear n=2 signal
in Fig. 2 suggests that the IA may not hold at high intensity. To
further test the IA at high intensity, we vary the incident FEL
fundamental photon energy from 8.84 to 9.75keV and use the Zr
K-edge as an integrating spectrometer (see Methods). This allows
us sensitivity to scattered photons near the K-edge (that is, those
with redshift A, > 2w, — wy). If the IA were to hold true, the second-
order scattered photon energy w), is centred about wy for an incident
photon energy of w, =9.28 (9.59) keV at the minimum (maximum)
detection angle of 82° (138°) according to equation (1). The low-
intensity signal (@] (2w, 0) = wy, Fig. 4b) shows a strong energy
and angle dependence with a cutoff that is consistent with linear
Compton scattering of the FEL second harmonic from the loosely
bound electrons in Be. However, the nonlinear signal ) (w,,0) at
high intensity (Fig. 4a) shows no evidence of a cutoff, even up to the
highest incident fundamental photon energy of w, =9.75 keV. This
corresponds to a minimum redshift of A, > 1.5keV. Note that at
0 =90° the predicted Compton shift n=2 for the process is centred
at ~700 eV in the free-electron limit (equation (1))—thus, there is
substantial nonlinear scattering at an additional redshift of at least
800 eV that is absent in the linear signal.

The observation of scattered photons with an additional redshift
of this magnitude requires that significant momentum must be
exchanged with the medium. The minimum required momentum
transfer is comparable to the typical momentum of a 1s electron of
Be (pi;=Z/a,=15keV/c, where a, ~ 0.5 A is the Bohr radius and
Z =4 is the atomic number of Be) but considerably less than the
momentum of a primary photoelectron (~100keV/c). In addition,
kinematics rules out non-sequential processes involving blueshifted

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

single-photon Compton scattering from a primary photoelectron.
This suggests either a process with preferential nonlinear scattering
from bound electrons, beyond the IA, where the missing momentum
is carried in the final state by the recoil of the medium, or nonlinear
two-photon scattering from secondary plasma electrons following
photoionization within the same FEL pulse.

Figure 4b shows that, in the low-intensity interaction, there is a
weak contribution to the scattering for redshifts above the kinematic
edge for an electron initially at rest. This is consistent with the
bound-state contribution to the linear n =1 Compton scattering
background from the FEL second harmonic. Note that the linear
Compton profile in beryllium has been measured with extremely
high resolution in the momentum transfer out to more than
1.5 atomic units using similar X-ray photon energies®. In those
studies, details of the conduction band structure as well as a
contribution from the 1s core electrons are evident. Importantly,
the linear scattering from Be is described well in the free-electron,
impulse approximation.

The predominance of the large redshift in the n =2 scattering
shown in Fig. 4a, however, suggests that any bound-state
contribution at high intensity must involve breakdown of the
free-electron approximation from the ground-state momentum
distribution and a new scattering mechanism. As the Compton
redshift is a consequence of energy and momentum conservation,
this anomalous redshift indicates that the two-photon scattering
cross-section has enhanced contributions from large momentum
transfer events, such as those associated with bound electrons.

The interaction term in the light-matter Hamiltonian is given by
Hi, = (e/m) A-p+¢e*A?/2m, where A is the vector potential opera-
tor and p the electron momentum operator. Diagrams for the lead-
ing second-order processes in H;,, are shown in Fig. 5, correspond-
ing to mixed terms in A - p and A*. There are two types of processes
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Figure 5 | Anomalous two-photon bound-state Compton scattering mechanism. Schematic showing the leading-order diagrams for the concerted
scattering of two photons with momentum k (red oscillating line) from N-electron many-body ground state of the medium, |N;; 0) into a higher-energy
scattered photon with momentum k’ (blue oscillating line), a free electron with momentum p; and the (N —1)-electron ionized medium with
centre-of-mass momentum gy, IN=Tg; g¢). a, In this process one photon from the field creates a single intermediate electron in the continuum with
momentum p* and the ionized medium. A second photon scatters from the intermediate electron within the intermediate-state lifetime, producing the
final-state photon. b, In this process a photon from the field first scatters from the N-electron density, producing a higher-energy photon and transferring a
portion of the final-state momentum to the medium, but otherwise leaving it in its ground electronic state |N®i: g*). The medium then absorbs the second
photon within the intermediate-state lifetime, producing the final-state electron and transferring the remaining momentum to the medium. Not shown are
diagrams where the intermediate state consists of bound electronic excited states of the medium.

leading to the same final state that differ in their intermediate states:
an intermediate-state free electron (Fig. 5a) and an intermediate
scattered photon (Fig. 5b). Recently, Hopersky et al. have consid-
ered theoretically resonant nonlinear sequential processes involving
anomalous X-ray scattering from excited atoms where the first pho-
ton produces either a real excited atomic state (bound-bound)*>*
or an excited ion (bound-free)*”*. Our results suggest that even far
from resonance the virtual processes corresponding to the diagrams
shown in Fig. 5 can be important.

Consider the scattering from a 1s electron of a single atom.
Inspection of Fig. 5 shows that the generalized two-photon double
differential cross-section (do®/dw,d$2) will scale as a product
of single-photon differential cross-sections (photoionization and
Compton) and an intermediate-state lifetime. The process in Fig. 5a
is expected to dominate when the total momentum transfer is
similar to the typical 1s electron momentum—that is, for low-energy
intermediate electron states where the A - p matrix element coupling
ground and intermediate states is large. The process in Fig. 5b
will dominate at larger momentum transfers, where the energy
difference w), — w, is small and the intermediate-state lifetime is
large. This would lead to a broad spectrum of scattered photons
spanning the range of photon energies between the fundamental
and near the second harmonic. For scattered photon energies near
wx (where the filter transmission is maximum), we estimate the
total cross-section for the 1s electron to be order-of-magnitude
comparable to that of a free electron.

Alternatively for the missing momentum to be supplied by an
initial hot electron, it needs to have a component of its kinetic energy
along K, 1’pf/2m > 156 eV. Although we cannot completely rule
out this process, we note that, for a thermal distribution, this would
to lowest order produce a Gaussian broadened, but not shifted
spectrum with a half-width at half-maximum of \/2In(2)kT /mK,,
requiring a plasma temperature kT > 320eV (3.7 x 10°K) to
broaden to 18 keV for w=9.75 keV and 6 =90°. For comparison we
expect kT ~110eV at the highest X-ray pulse energies, assuming
a photoionization cross-section of 6.9batom™" and a fully ionized
and thermalized plasma develops within the focal volume during
the pulse.

A more complete measurement of the nonlinear Compton-
scattered spectrum would allow us to distinguish the relative
contributions to the scattering from the nonequilibrium plasma
and the bound-state contributions at high intensity. We note that
the bound-state processes that we propose should be enhanced
near resonance or by phase-matching. If this new contribution to
the inelastic scattering is confirmed it would have implications

6

for measuring structure and dynamics at high intensity in that it
represents a previously unconsidered scattering mechanism with the
opportunity for combining atomic-scale structural sensitivity with
chemical specificity for low-Z atoms.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

X-ray pulses with a photon energy tuned from 8.8 to 9.8 keV and ~0.5% bandwith
(full-width at half-maximum) were focused to a nominally ~100 nm spot using
Kirkpatrick-Baez focusing mirrors (depth of focus: ~0.2 mm). The pulses had
energies of up to ~1.5 mJ on target and an averaged pulse duration of ~50 fs
(envelope), which leads to a focused peak intensity of 4 x 10*° W em ™ (n~2x 107°
for 9keV). The precise pulse duration and focal size could not be measured. A
1-mm-thick polycrystalline piece of high-purity solid beryllium (Materion PF-60,
with >99% beryllium content and a low level of heavy impurities) oriented at an
angle of 45° was used as target. Despite the small X-ray cross-sections for scattering
and photoionization in Be (attenuation length of 7.3 mm for 9 keV photons*), the
photon flux is sufficiently high such that the interaction ultimately leads to plasma
formation and irreversible damage in a single shot. The sample was stepped to a
fresh spot each shot. Scattered photons were detected each shot at 120 Hz using
CSPAD 140 K 2D pixel array detectors (PADs; ref. 28) located at observation angles
~80°-135° (see Fig. 1). The detectors were substantially shielded from scattering of
the FEL fundamental by 250-um-thick zirconium filters positioned directly in front
of the detector (suppression of the 9 keV signal by approximately seven orders of
magnitude while transmitting 10% of the signal just below the Zr K-edge at

17.996 ke V). We obtain single-photon counting statistics owing to the sparse signal
in combination with the 140,000 pixels of each detector. This allowed spatial
discrimination of pixels that exceed a particular photon count rate (such as from
powder diffraction of the polycrystalline Be). The probability for photon pile-up in
the detector at full beam intensity was decreased to ~10~* counts/pixel/shot (three
orders of magnitude below the measured signal), by a combination of the Zr filter
and post-detection software masking of any pixel that (on average) measured a rate
of fundamental photons exceeding 10~ counts/shot. The CSPAD detectors have a

coarse energy resolution (few keV), from which the approximate energy deposited
by a photon into each pixel could be deduced. We used Cu fluorescence and the
scattering signal of the FEL fundamental and second harmonic for a coarse
analog-to-digital unit (ADU) to photon energy conversion. For spectral
measurements, we use the variation in transmission around the Zr K-edge as an
integrating spectrometer. Here, we essentially use the detectors as counters that are
capable of separating the high-energy photons from those near the FEL
fundamental. In addition, by varying the fundamental photon energy, we are able
to discriminate higher-energy photons with a minimum energy loss relative to
twice the fundamental. The harmonic content in the FEL beam (generated

in the undulator) at hard X-ray energies is <0.1% (second harmonic) and <2%
(third harmonic) compared to the fundamental power*. The FEL harmonics

were suppressed before reaching the sample by grazing incidence focusing

mirror reflections (low reflectivity for energies above 11 keV; ref. 26), leading to at
least seven orders of magnitude fewer photons on the target relative to the FEL
fundamental. We measured the maximum background from linear scattering

of the second FEL harmonic to vary from 4 x 10~® photons/shot/pixel near

90° to 4 x 1077 photons/shot/pixel near 135° and no significant third

FEL harmonic.
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