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We present the first collective x-ray scattering measurements of plasmons in solid-density plasmas.
The forward scattering spectra of a laser-produced narrow-band x-ray line from isochorically heated
beryllium show that the plasmon frequency is a sensitive measure of the electron density. Dynamic
structure calculations that include collisions and detailed balance match the measured plasmon
spectrum indicating that this technique will enable new applications to determine the equation of
state and compressibility of dense matter.
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Accurate measurements of the physical properties of
dense matter including temperature, density, and ion-
ization state are important for understanding and mod-
eling high-energy density science experiments [1, 2] .
Therefore, new and precise techniques [3–7] that make
use of x rays to penetrate dense or compressed mate-
rials are broadly applicable in the dense matter com-
munity, e.g., [8, 10–17]. Recently, spectrally-resolved x-
ray scattering has been demonstrated in dense plasmas
[18] allowing accurate measurements of the electron ve-
locity distribution function, temperature, and ionization
state. These scattering experiments have been performed
in backscatter geometry, where the scattering process
is non-collective and the spectrum shows the Compton
down-shifted line that is broadened by the thermal mo-
tion of the electrons, thus providing the temperature with
high accuracy.

In addition to the Compton scattering feature from in-
elastic scattering by free and weakly bound electrons, the
non-collective scattering spectrum exhibit the unshifted
Rayleigh scattering component from elastic scattering
by tightly bound electrons. The latter occupy quantum
states deep in the Fermi sea that can not be excited due
to the Pauli exclusion principle. These electrons become
available for inelastic scattering by x rays and contribute
to the Compton feature by excitation and ionization. The
intensity ratio of the inelastic Compton to the elastic
Rayleigh scattering component can hence be a sensitive
measure of the ionization state [18, 19]. In isochorically
heated matter where the ion density is known a priori,
the ionization state also provides a measurement of the
electron density. However, in many high-energy density
physics experiments, definite measurements of material

properties such as the equation of state and the optical
response, i.e., the reflectivity, transmission, and conduc-
tivity, require investigations of dynamically compressed
matter or shocked materials. In these conditions, a direct
accurate measurement of the electron density has not yet
been demonstrated.

In this letter, we present the first observations of plas-
mons in the warm dense matter regime. The measure-
ments have been performed in well-characterized solid
density beryllium targets that have been heated isochori-
cally with a broad-band x ray source into a weakly degen-
erate strongly coupled (nonideal) dense plasma state. In
these conditions, forward scattering of the narrow-band
Ly−α x-ray line at 2.96 keV accesses the collective scat-
tering regime and measures the characteristic plasmon
peak associated with the collective plasma (Langmuir)
oscillations [20]. The measured spectra are fit with a
theoretical form factor S(k, ω) that includes collisional
damping of plasmons [21, 22] with a Mermin ansatz [6, 7]
thus accounting for weak degeneracy effects. The experi-
ment shows that the frequency of the plasmon resonance
that is down-shifted from the incident probe radiation by
∆EPl " 28 eV is an accurate measurement of the elec-
tron density. The experimental results for the density
are consistent with radiation-hydrodynamics calculations
and with densities inferred from the ionization balance
determined by earlier backscatter measurements.

The experiments have been performed employing 27
laser beams of the Omega laser facility [23]. Figure 1
shows a schematic of a scattering target consisting of a
600µm diameter 300µm long solid beryllium cylinder, a
1 mm-long hollow beryllium cylindrical extension, and 4
mm-long Au shields attached on the sides. The central
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FIG. 1: Experimental setup for collective x-ray forward scat-
tering is shown along with the k-vector diagram and the x-ray
probe spectrum .

beryllium cylinder is coated with 1µm thick silver, which
we directly illuminate from all sides with twenty 351-
nm pump laser beams with a total laser energy of EL =
10 kJ in a 1-ns long square pulse producing 3-4 keV Ag
L-shell radiation. Radiation-hydrodynamic simulations
with the code LASNEX [24] indicate that these x rays
heat the bulk beryllium isochorically and homogeneously
to electron temperatures of order of the Fermi energy.
The calculations show that at the end of the 1 ns-long
heating pulse a weakly degenerated solid-density plasma
with electron densities of ne = (2 − 3) × 1023cm−3 and
temperatures of Te = (10−15) eV is produced across the
inner 400-µm diameter of the Be cylinder.

Under these conditions, the collective scattering regime
for plasmon measurements has been accessed by forward
scattering of the chlorine Ly−α line at the x-ray energy
E0 = 2.96 keV. The Ly−α line has been produced by
illuminating a 12.5µm-thick saran (C7 H8 N Cl3) foil
with 7 delayed backlighter beams with a total energy of
3.5 keV. A long hollow cylinder was chosen for mount-
ing the saran foil to achieve close proximity of the x-
ray backlighter source to the beryllium plasma under in-
vestigation; a solid angle of dΩ ≈ 8 × 10−2 has been
achieved. Using the empirical conversion efficiency of
η = ELy−α/ELaser = 3 × 10−3 from Ref. [25] and by
taking into account the solid angle, detector integration
time, and transmission through the cylinder walls we es-
timate 1014 Cl Ly−α x-ray probe photons at the sample.
Together with the cross section for collective scattering
and scattering length of l = 400µm we obtain a scatter-
ing fraction of σnel = 2 × 10−3 and 2 × 1011 scattered
photons for single-shot scattering experiments.

The scattered x rays have been collected through a hole
in the center of the Au shields with a gated crystal spec-
trometer. This geometry results in forward scattering
at an average scattering angle of θ = 40◦. A 400µm-
diameter hole was chosen to restrict the detector view
to the central homogeneously heated beryllium plasma.
The shields prevent detection of the direct chlorine emis-
sion from the foil and of photons scattered by shock waves
that compressed the outer ∼ 100µm beryllium by the end
of the 1-ns heating pulse.

A graphite (HOPG) crystal in the mosaic focusing
mode [18] has been applied to disperse the scattered ra-
diation onto a gated microchannelplate detector with a
temporal resolution of ∼ 100 ps. The HOPG crystal pro-
vides high reflectivity [26] allowing temporally-resolved
measurements of the scattering spectra with a total de-
tection efficiency of 10−7 providing 2×104 detected pho-
tons in a single shot. Further, the spectral resolution
of the graphite crystal is 500. Combined with the nar-
row spectral bandwidth of the Cl Ly−α line that shows
negligible dielectronic satellite contributions [cf. Fig. (1)]
we achieve an effective spectral resolution of 7 eV. This
is sufficient to spectrally resolve the plasmons whose
spectral shift slightly exceeds the plasma frequency of
ωp = (nee2/ε0me)1/2 " 20 eV for our conditions.

For conditions where the frequency of the scattered
radiation is close to the incident radiation frequency, i.e.,
for small momentum transfers, the scattering vector k is
approximated by the relation

k = |k| = 4π
E0

hc
sin(θ/2). (1)

In this experiment, we have focused the backlighter
beams onto the saran foil in one spot with an effective
diameter of ∼ 80µm achieving spatial coherence [5] for
the range of scattering angles of 25◦ < θ < 55◦ predom-
inantly probing k-vectors with k = 1010m−1. This scat-
tering geometry, the Cl Ly−α x-ray probe energy, and
the plasma parameters result in collective x-ray scatter-
ing (e.g. Refs. [12]) from fluctuations characterized by
wavenumbers, k with

α =
1

kλS
> 1. (2)

Here, λS is the screening length in the plasma that will
approach the Debye length for a classical plasma and the
Thomas-Fermi length for full degeneracy. In our con-
ditions of a weakly degenerate dense plasma, we calcu-
late the screening length at an effective temperature that
correctly includes the high density (degenerate) and low
density (classical) limits [5] resulting in α = 1.6. In this
regime, the scattered light spectrum shows collective ef-
fects corresponding to scattering resonances off ion acous-
tic waves and off electron plasma waves, i.e. plasmons.

Figure 2 shows the measured scattering spectrum at
t = 0.7 ns. Also shown are synthetic scattering profiles
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FIG. 2: (a) Experimental scattering data are shown along
with the theoretical fit. (b) Comparison of the plasmon spec-
trum with calculations for three different densities indicating
that the spectrum is best fit for ne = 3× 1023cm−3.

that represent a convolution of the theoretical form fac-
tor S(k, ω) [5–7, 18, 27], calculated for the range of k-
vectors of the experiment, with the spectral resolution
of 7 eV. In Fig. 2(a) the ion feature is observed as an
elastic scattering peak at E0 that is not resolved in this
experiment; the spectral width is determined by the ex-
perimental resolution and the intensity is sensitive to the
frequency-integrated structure factors S2

ei(k)/Sii(k). On
the lower-energy wing of the ion feature, down-shifted in
energy from E0 by ∆Epl " 28 eV we observe a strong
plasmon resonance. On the higher-energy wing of E0

with the same frequency shift, the data show a weak
up-shifted plasmon signal. Compared to the intensity
of down-shifted plasmon, the intensity is reduced by the
Bose function e!∆ω/kBT reflecting the principle of detail
balance. The intensity ratio of these plasmon features is
thus sensitive to the temperature. In the present experi-
ment, the signal to noise ratio only allows us to deduce an
upper limit of Te < 25 eV. We therefore concentrate on
the spectrum of the red-shifted plasmon data to provide
accurate characterization of the plasma conditions.

The theoretical form factor S(k, ω) represents the fre-
quency shift, ωpl, and width, γ, of the plasmon as deter-
mined by the plasmon dispersion relation and by damp-
ing processes, respectively. The former can be approxi-
mated for small values of k, i.e. large values of α, by a
modified Bohm-Gross relation

ω2
pl = ω2

p + 3k2v2
th(1 + 0.088neΛ3

e) +
(

!2k2

2me

)2

(3)

with the thermal velocity, vth =
√

kBT/me and the ther-
mal wave length Λe = h/

√
2πmekBT . In Eq. (3), the first

term represents the well-known contribution from elec-
tron oscillations [20], the second term takes into account
the propagation of the oscillation due to the thermal pres-
sure [28]. The third term includes the Fermi pressure,
thus taking into account degeneracy effects [29], and the
last term is the Compton shift.

The Compton shift accounts for the fact that during
the scattering process, the incident photon transfers the
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FIG. 3: (a) Plasma parameters from collective x-ray scat-
tering and radiation hydrodynamics calculations are shown.
The dashed curve shows the electron density for solid-density
beryllium for Z = 2.2 measured previously in backscattering.

momentum !k and the energy !ω = (!k)2/2me to the
electron. This quantity depends only on the scattering
geometry and the x-ray probe energy resulting in a con-
stant Compton shift of ∆EC = 4 eV for our conditions.
The Compton shift combined with the electron oscilla-
tions accounts for most of the measured shift. Therefore,
the plasmon spectrum provides a sensitive measure of the
electron density leaving the temperature sensitive term
as a small correction of the order of the Compton energy.

Figure 2(b) shows the sensitivity of the plasmon spec-
trum to the electron density. These calculations use the
full theoretical form factor taking into account damping
processes, the Bose function, and the range of finite k-
vector values. The best fit of the experimental data is ob-
tained with the parameters: ne = 3×1023cm−3 and Te =
12 eV when including electron-ion collisions in S(k, ω)
with a collision frequency of νei = 0.2 Ry= 5× 1014s−1.
The latter is calculated with first order perturbation
theory, i.e., the Born approximation, and included into
S(k, ω) with a Mermin ansatz [6, 7]. The theoretical
profile for the electron density of ne = 4.5 × 1023cm−3

yields a plasmon spectrum that overestimates the fre-
quency shift not accounting for the full width of the
measured plasmon. On the other hand, a density of
ne = 1.5 × 1023cm−3 results in a spectrum without a
resonance feature not consistent with experiment. This
comparison shows that the data yield the local density
with high accuracy; an error bar of 20 % is obtained in
the present experiment.

Figure 3 shows the density and temperature inferred
from the plasmon frequency shift and width, repectively.
Also shown are the results from radiation-hydrodynamics
simulations [24] along with the density inferred from the
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measured ionization balance assuming isochoric heating
[18]. In the latter case, an ionization state of Z = 2.2 has
been measured resulting in ne = (Z/A)ρ 6×1023cm−3 =
2.8 × 1023cm−3 with mass density ρ = 1.85 g/cm−3

and atomic number of A = 9 for Be. This value is
close to Z = 2 delocalized electrons per ion expected
for cold beryllium. We find excellent agreement between
the Plasmon data and the density inferred from the ion-
ization state while the radiation-hydrodynamics calcula-
tions only marginally agree with the data due to approx-
imations in the calculation of Z [18]. In general, deter-
mining the electron density from the frequency shift of
the plasmon is a robust diagnostics procedure; she shift
determined with the Mermin approach agrees with re-
sults obtained with the random phase approximation [5]
or with static local field corrections [9] to better than
1 %.

Besides information on plasmon frequency and elec-
tron density, we find that the plasmons are damped by
electron-ion collisions. Dynamic form factor calculations,
which include collision effects as well as detailed balance
fit the plasmon and the ion feature spectra for electron
temperatures calculated by the hydrodynamic simula-
tions. Random phase approximation calculations that
do not take into account collisions result into plasmon
widths that are too narrow. Moreover, the intensity of
the ion feature is sensitive to the ion-ion and electron-ion
structure factors and consequently to the electron and ion
temperatures. For the fit shown in Fig. 2, the relative in-
tensities of the peaks are reproduced with calculations
using quantum potentials and with Te = Ti = 12 eV.

Generally, inferring the temperature from the damp-
ing of the plasmons relies on calculations of the collision
frequency and is therefore dependent on the specific the-
oretical approximation [7]. As there are no independent
tests of the various models [30] presently available, this
experimental method will provide such a test by deter-
mining independently the electron temperature simulta-
neously with plasmon measurements.

In summary, we have demonstrated a novel x-ray scat-
tering technique on plasmons that allows accurate mea-
surements of plasma conditions and the optical properties
in warm dense matter. We find that the theoretical form
factor fit the measured plasmon spectra, in particular the
frequency shift and the spectral width when including
collisions. The plasma conditions inferred from the scat-
tering data are in agreement with independent ionization
balance measurements and hydrodynamic simulations.
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