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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 ionization
state are important for understanding and modeling 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 materials are broadly ap-
plicable in the dense matter community, e.g. [8–17].
Recently, spectrally resolved x-ray scattering has been
demonstrated in dense plasmas [18] allowing accurate
measurements of the electron velocity distribution func-
tion, 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 motion of
the electrons, thus providing the temperature with high
accuracy. In addition to the Compton scattering feature
from inelastic scattering by free and weakly bound elec-
trons, the noncollective scattering spectrum exhibits the
unshifted Rayleigh scattering component from elastic
scattering by tightly bound electrons. The intensity ratio
of the inelastic Compton to the elastic Rayleigh scat-
tering 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 ioniza-
tion state also provides a measurement of the electron
density.

However, in many high-energy density physics experi-
ments, definite measurements of material properties such
as the equation of state and the optical response, i.e., the
reflectivity, transmission, and conductivity, require inves-
tigations of dynamically compressed matter, e.g., using
shock waves. In these conditions, a direct accurate mea-
surement 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 measurements
have been performed in well-characterized solid-density
beryllium targets that have been heated isochorically with
a broadband x-ray source into a weakly degenerate
strongly coupled (nonideal) dense plasma state. In these
conditions, forward scattering of the narrow-band chlorine
Ly� � x-ray line at 2.96 keV accesses the collective
scattering 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; !� that includes collisional
damping of plasmons [21,22] with a Mermin ansatz
[6,7], thus accounting for weak degeneracy effects. The
experiment shows that the frequency of the plasmon reso-
nance that is down-shifted from the incident probe radia-
tion by �EPl ’ 28 eV is an accurate measurement of the
electron 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
600 �m diameter 300 �m-long solid beryllium cylinder, a
1 mm-long hollow beryllium cylindrical extension, and
4 mm-long Au shields attached on the sides. The central
beryllium cylinder is coated with 1 �m thick silver, which
we directly illuminate from all sides with 20 351-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 the order of the Fermi energy. The calcu-
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lations 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� � 1023 cm�3 and temperatures
of Te � �10–15� eV is produced across the inner 400 �m
diameter of the Be cylinder.

In these conditions, the collective scattering regime for
plasmon measurements has been accessed by forward scat-
tering of the chlorine Ly� � line at the x-ray energy E0 �
2:96 keV. The Ly� � line has been produced by illumi-
nating a 12:5 �m-thick saran (C2H2Cl2) foil with 7 back-
lighter beams of 3.5 kJ laser energy, delayed by 0.5 ns.

A long hollow cylinder was chosen for mounting the
saran foil to achieve close proximity of the x-ray back-
lighter source to the beryllium plasma under investiga-
tion; a solid angle of d� � 8� 10�2 has been achieved.
Using the empirical conversion efficiency of � �
ELy��=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 estimate
1014 Cl Ly� � x-ray probe photons at the sample.
Together with the cross section for collective scattering
and scattering length of l � 400 �m we obtain a scattering
fraction of �nel � 2� 10�3 and 2� 1011 scattered pho-
tons 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. With this geometry we observe forward scatter-
ing at an average scattering angle of � � 40�. A
400 �m-diameter hole was chosen to restrict the detector
view to the central homogeneously heated beryllium
plasma. The shields prevent detection of the direct chlorine
emission from the foil and of photons scattered by shock

waves that compressed the outer �100 �m 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 radiation
onto a gated microchannel plate detector with a temporal
resolution of �100 ps. The HOPG crystal provides high
reflectivity [26] allowing temporally resolved measure-
ments of the scattering spectra with a total detection effi-
ciency of 10�7 providing 2� 104 detected photons in a
single shot. Further, the spectral resolution of the graphite
crystal is 500. Combined with the narrow spectral band-
width of the Cl Ly� � line that shows negligible di-
electronic satellite contributions [cf. Fig. 1] we achieve
an effective spectral resolution of 7.7 eV. This is suffi-
cient to spectrally resolve the plasmons whose spectral
shift slightly exceeds the plasma frequency of !p �

�nee2=�0me�
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 � jkj � 4�
E0

hc
sin��=2�: (1)

In this experiment, we have focused the backlighter beams
onto the saran foil in one spot with an effective diameter of
�80 �m achieving spatial coherence [5] for the range of
scattering angles of 25� < �< 55� predominantly probing
k vectors with k � 1010 m�1. This scattering geometry,
the Cl Ly� � x-ray probe energy, and the plasma parame-
ters result in collective x-ray scattering (e.g., Ref. [12])
from fluctuations characterized by wave numbers, k with

 � �
1

k�S
> 1: (2)

Here, �S 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 condi-
tions of a weakly degenerate dense plasma, we calculate
the screening length at an effective temperature that cor-
rectly includes the high density (degenerate) and low den-
sity (classical) limits [5] resulting in � � 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. For this data the background radiation from brems-
strahlung is of the same order as the scattering signal. Also
shown are synthetic scattering profiles that represent a
convolution of the theoretical form factor S�k; !� [5–
7,18,27], calculated for the range of k vectors of the
experiment, with the spectral resolution of 7.7 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 experimental resolution
and the intensity is sensitive to the frequency-integrated
structure factors S2

ei�k�=Sii�k�. On the lower-energy wing

 

FIG. 1 (color). Experimental setup for collective x-ray forward
scattering is shown along with the k-vector diagram and the
x-ray probe spectrum.
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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 nearly 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�@�!=kBT ,
reflecting the principle of detail balance. The intensity ratio
of these plasmon features is thus sensitive to the tempera-
ture. In the present experiment, 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 redshifted
plasmon data to provide accurate characterization of the
plasma conditions.

The theoretical form factor S�k; !� represents the fre-
quency shift, !pl, and width, 	, of the plasmon as deter-
mined by the plasmon dispersion relation and by damping
processes, respectively. The former can be approximated
for small values of k, i.e., large values of �, by a modified
Bohm-Gross [28] relation

 !2
pl � !2

p 	 3k2v2
th�1	 0:088ne�

3
e� 	

�
@k2

2me

�
2

(3)

with the thermal velocity, vth �
�����������������
kBT=me

p
and the thermal

wavelength �e � h=
���������������������
2�mekBT
p

. In Eq. (3), the first term
represents the well-known contribution from electron os-
cillations [20], where a first degeneracy correction is in-
cluded using a fit function to the Fermi integral [29]. The
last term is due to quantum diffraction of the electrons [30].

The last term depends only on the scattering geometry
and the x-ray probe energy resulting in a constant shift of
�E � 4 eV for our conditions. This contribution com-
bined with the electron oscillations accounts for most of
the measured shift. Therefore, the plasmon spectrum pro-
vides a sensitive measure of the electron density leaving
the temperature sensitive term as a small correction of the
order of the diffraction term.

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 pro-
cesses, the Bose function, and the range of finite k-vector
values. The best fit of the experimental data is obtained
with the parameters: ne � 3� 1023 cm�3 and Te � 12 eV

when including electron-ion collisions in S�k; !� with a
dynamic collision frequency of 
ei � 0:28 Ry � 9�
1014 s�1. The latter is calculated with first-order perturba-
tion theory, i.e., the Born approximation, and included into
S�k; !� with a Mermin ansatz [6,7]. The theoretical profile
for the electron density of ne � 4:5� 1023 cm�3 yields a
plasmon spectrum that overestimates the frequency shift
not accounting for the full width of the measured plasmon.
On the other hand, a density of ne � 1:5� 1023 cm�3

results in a spectrum without a resonance feature not con-
sistent 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, respectively.
Also shown are the results from radiation-hydrodynamics
simulations [24] along with the density inferred from the
measured ionization balance assuming isochoric heating
[18]. In the latter case, an ionization state of Z � 2:3 has
been measured resulting in ne � �Z=A��6� 1023 cm�3 �
2:8� 1023 cm�3 with mass density � � 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
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FIG. 3 (color). Plasma parameters from collective x-ray scat-
tering and radiation-hydrodynamics calculations are shown. The
dashed curve shows the electron density for solid-density ber-
yllium for Z � 2:3 measured previously in backscattering.

 

Plasmon
scattering

Best fit
ne = 3 x 1023 cm-3

Te = 12 eV
with collisions

In
te

n
si

ty

0

3
Ion feature
[elastic scattering]

Detailed
balance

Energy  (keV)
3.02.9

1

2

Best fit of Plasmon:
ne = 3 x 1023 cm-3

In
te

n
si

ty

0

2

Energy  (keV)
2.962.90

ne =
4.5 x 1023 cm-3

2.92 2.94

ne = 1.5 x 1023 cm-3 E

)b)a

FIG. 2 (color). (a) Experimental scat-
tering data are shown along with the
theoretical fit. (b) Comparison of the
plasmon spectrum with calculations for
three different densities indicating that
the spectrum is best fit for ne � 3�
1023 cm�3. The dashed curve represents
a calculation for a density of ne � 3�
1023 cm�3 that is neglecting collisions.
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beryllium. We find excellent agreement between the plas-
mon data and the density inferred from the ionization state
while the radiation-hydrodynamics calculations only mar-
ginally agree with the data due to approximations in the
calculation of Z [18]. In general, determining the electron
density from the frequency shift of the plasmon is a robust
diagnostics procedure; she shift determined with the
Mermin approach agrees with results obtained with the
random phase approximation [5] or with static local field
corrections [9] to better than 1%.

Besides information on plasmon frequency and electron
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 tempera-
tures calculated by the hydrodynamic simulations. Ran-
dom phase approximation calculations do not take into
account collisions and result in plasmon widths that are
too narrow. A calculated plasmon spectrum in the random
phase approximation is shown as a dashed curve in
Fig. 2(b) for a density of ne � 3� 1023 cm�3. Collisions
account for an additional broadening of approximately
5 eV for our conditions. This difference is even larger for
scattering spectra calculated for a single scattering angle.

Moreover, the intensity of the ion feature is sensitive to
the ion-ion and electron-ion structure factors and conse-
quently to the electron and ion temperatures. For the fit
shown in Fig. 2, the relative intensities are calculated using
a quantum interaction potential [31] and equilibrium tem-
peratures of Te � Ti � 12 eV. For this purpose we em-
ployed hypernetted-chain calculations in the two-
component plasma approximation [32] that are resulting
in small electron-ion correlations for the values of k of the
present experiment. In this regime, the structure factors
approach the one-component plasma result [9].

Generally, inferring the temperature from the damping
of the plasmons relies on calculations of the collision
frequency and is therefore dependent on the specific theo-
retical approximation [7]. As there are no independent tests
of the various models [33] presently available, this experi-
mental method will provide such a test by determining
independently the electron temperature simultaneously
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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