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Measurement of turbulent velocity and bounds for thermal diffusivity in laser shock compressed
foams by x-ray photon correlation spectroscopy
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Experimental benchmarking of transport coefficients under extreme conditions is required for validation of
differing theoretical models. To date, measurement of transport properties of dynamically compressed samples
remains a challenge with only a limited number of studies able to quantify transport in high pressure and
temperature matter. x-ray photon correlation spectroscopy utilizes coherent x-ray sources to measure time
correlations of density fluctuations, thus providing measurements of length and timescale-dependent transport
properties. Here, we present a first-of-a-kind experiment to conduct x-ray photon correlation spectroscopy in
laser shock compression experiments. We report measurement of the turbulent velocity in the wake of a laser
driven supersonic shock and place an upper bound on thermal diffusivity in a solid density plasma on nanosecond
timescales.

DOI: 10.1103/lff9-f3c1

I. INTRODUCTION

Transport in materials at high pressure and tempera-
ture influences a plethora of phenomena ranging from the
growth rate of hydrodynamic instabilities in inertial fusion
experiments [1] to melting and rotational dynamics in plan-
etary cores [2,3]. However, there is a simultaneous lack of
experimental verification of such transport properties and
disagreement between theoretical predictions of transport
properties as highlighted by several authors [4,5]. Experi-
ments are therefore required to constrain theoretical models
for transport in dense plasmas.

While experimental measurements of differing transport
properties have been performed for statically compressed
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samples [6–8] there are a limited number of studies of
dynamically compressed materials. Furthermore, transport
coefficients from static compression experiments are unlikely
to be relevant to dynamic compression experiments due to
strong temperature dependence of transport properties. Re-
cently, an investigation into thermal conductivity in driven
high energy density matter at a material interface revealed
the existence of anomalously suppressed thermal transport at
the material boundary, so-called interfacial thermal resistance
[9]. Additionally, interface tracking approaches such as those
of Allen et al. [9] and Jiang et al. [10] require extensive
comparison to simulation to recover transport properties and
so are model-dependent. This motivates dynamic experiments
that aim to characterize transport properties in bulk materials,
rather than at interfaces.

X-ray photon correlation spectroscopy (XPCS) is an estab-
lished diagnostic deployed at synchrotrons [11–13] and x-ray
free electron lasers (XFELs) [14–16] and is the x-ray analog
of dynamic light scattering [17]. Although previous experi-
ments have performed XPCS on high pressure materials in a
diamond anvil cell [18–20], here we present a first-of-a-kind
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experiment deploying XPCS on a dynamic compression ex-
periment. When a coherent x-ray beam scatters from a sample,
a speckle pattern is produced on the far field diffraction pat-
tern. XPCS aims to recover dynamic properties of materials by
linking the measured time evolution of the speckle’s intensity
fluctuations to density fluctuations. This is done through ex-
pressing the second order intensity-intensity autocorrelation
function, g(2)(q,�t ), as a function of density fluctuations
through the Siegert relation [21]

g(2)(q,�t ) = 〈I (q, t )I (q, t + �t )〉t

〈I (q, t )〉2
t

= 1 + β|F (q,�t )|2,
(1)

where I (q, t ) is the intensity recorded at the scattering
wavevector q at time t , β is the speckle visibility and F (q,�t )
is the intermediate scattering function. The operator 〈·〉t refers
to performing an ensemble average through an average over
t , assuming an ergodic system. For a photon deflected by an
angle θ , the momentum change of the photon is

h̄|q| = h̄q = 4π h̄

λ
sin

(
θ

2

)
, (2)

where λ is the x-ray wavelength. F (q,�t ), also referred to as
the density-density autocorrelation function or the intermedi-
ate scattering function, is defined as [22]

F (q,�t ) = 〈nq(t + �t )n−q(t )〉t

〈nq(t )n−q(t )〉t
, (3)

where nq is the spatial Fourier transform of the electron den-
sity. Given that F (q, 0) = 1, it is evident from Eq. (1) that

β(q) = g(2)(q, 0) − 1 = 〈I (q, t )2〉t

〈I (q, t )〉2
t

− 1 = var(I )

I
2 , (4)

where I and var(I ) are the mean and variance of I (q, t ). This
approach is effective if a detector is able to resolve inten-
sity fluctuations on the timescale of �t and is deployed at
synchrotrons and XFEL facilities to study dynamics down
to the microsecond timescale, limited by detector readout
time. However, for an application of XPCS to subnanosecond
timescales, necessary for a laser shock experiment, a modified
implementation of the previous approach also known as x-ray
speckle visibility spectroscopy (XSVS) [23–25].

XSVS calculates F (q,�t ) by measuring a decrease in
the speckle visibility or speckle contrast (β) when two pulses
separated by some time, �t , are used to probe the sample.
If �t is less than the detector readout, the detector captures
the summed intensity of the two scattered pulses, I (q, t )
and I (q, t + �t ). One can show that speckle visibility of the
summed intensities, β(q,�t ), follows [26]

β(q,�t ) = β0

2
(1 + |F (q,�t )|2), (5)

where β0 is the speckle contrast expected from a single pulse
scattering from a static sample. Eq. (5) is only valid for two

pulses of equal intensity that are perfectly spatially over-
lapped. Under more realistic conditions, Sun et al. [25] find
that

β(q,�t ) = β0[r2 + (1 − r)2 + 2r(1 − r)μ|F (q,�t )|2],
(6)

where r = I1/(I1 + I2), I1 and I2 are first and second the probe
intensities, respectively. μ is the degree of spatial overlap.
μ varies from 0 to 1 corresponding to the two pulses being
completely mismatched to being perfectly overlapped, respec-
tively.

II. EXPERIMENTAL SETUP AND METHODS

We have performed a proof of concept experiment at the
Matter at Extreme Conditions (MEC) endstation at the Linac
Coherent Light Source (LCLS) [27], using the two bucket
mode operation [28] as shown in Fig. 1. To produce highly co-
herent speckle patterns, we utilize the LCLS self-seeded beam
mode of operation at a central x-ray energy of 8.2 keV result-
ing in a high spectral bandwidth, E/�E ≈ 10−4 [29]. MEC’s
two nanosecond drive lasers are focused onto a sample con-
sisting of a 5 µm plastic ablator, and then a 0.15 µm gold layer
to prevent preheat from x-rays and hot electrons, followed by
12.5 µm of Parylene D as a pusher, see inset of Fig. 1. This
rapid ablation of the interaction foil launches a shock into the
target, a 600 µm tall 0.5 g cm−3 trimethylolpropane triacrylate
(TMPTA) foam. The foam is held within a 25 µm Kapton
cylinder. The focused intensity is 11 TW cm−2 over a laser
spot of 300 µm in a 10 ns flat top pulse. TMPTA foams are
chosen due to both their application in inertial fusion energy
(IFE) [30] as well as their strong scattering cross-section in
the small angle x-ray scattering domain. The LCLS beam is
focused down to a σ = 10 µm diameter spot 400 µm from
the ablator using a stack of beryllium compound refractive
lenses (CRL). In addition to the primary XPCS diagnostic,
the properties of the shocked plasma were characterized by
velocity interferometry (VISAR) [31], x-ray diffraction [32],
and x-ray Thomson scattering [33].

Utilizing two bucket mode, LCLS can provide two pulses
separated by multiples of 350 ps [28,34]. Due to shot-to-shot
fluctuations in pulse intensities, we need to be able to charac-
terize these two pulses on a single-shot basis. As indicated by
Fig. 1, before the interaction point, luminescence from a 5 µm
thick iron foil is recorded by a fast photodiode. This acts as
a transmissive, nondisruptive, single-shot energy monitor for
the two x-ray pulses. Figure 2(a) shows a measurement of the
two pulses, separated by 1050 ps. We characterize the pulse
intensity ratio by taking a probability distribution of x-ray
only shots where, unlike laser driven shots, the signal is able
to be reliably characterized. Figure 2(b) shows the distribution
of pulse intensity ratios: for �t = 700 ps r = 0.297 ± 0.081
while the ratio for �t = 1050 ps is r = 0.218 ± 0.062.

Before leaving the interaction chamber, the x-ray beam is
terminated by a 1 mm wide tungsten block to avoid exposing
the XPCS detector to direct illumination. The scattered signal
travels through a 200 µm silicon filter, reducing the scattered
signal by a factor of 14.5 [35] which allows simultaneous
recording of XPCS data and collection of more photon-hungry
diagnostics in chamber diagnostics such as x-ray Thomson
scattering and x-ray diffraction. The scattered x-rays travel to
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FIG. 1. Experimental layout. 1: The LCLS beam, 2: CRL focusing stack, 3: Fe foil, 4: Fast photodiode, 5: MEC drive lasers, 6: TMPTA
foam target with the surrounding Kapton cylinder, 7: HAPG dispersive crystal, 8: ePix 100 detector capturing x-ray Thomson Scattering, 9:
VISAR, 10: Beamblock, 11: ePix 100 detector capturing x-ray speckle pattern, 12: Pair of ePix10k quads capturing x-ray diffraction.

the XPCS detector, an ePix 100, placed d = 4.6 m away from
the sample to record small angle x-ray scattering. The large
sample to detector separation allows for the speckles to be
large enough to be resolved on 50 µm pixels. The estimated
speckle size is S = λd

σ
≈ 70 µm where λ = 1.51 Å for

8.2 keV photons.

III. RESULTS

A. Quantification of plasma properties

1. VISAR analysis

VISAR is fielded as both a pressure measurement and to
time the XFEL beam to probe after the shock has passed the x-
ray probe volume. Figure 3 shows the breakout time recorded
from foams of differing heights. A linear fit is used to obtain a
shock speed of US = 10.9 ± 0.4 km s−1.We calculate pressure
following Paddock et al. (2023) [36], who showed that the
principal Hugoniot for TMPTA foams can be adequately mod-
eled by a homogeneous plastic equation of state. We therefore
map the shock speed to a particle velocity of UP = 6.4 ±
0.2 km s−1 using Hyades generated QEOS tables for TMPTA
[37]. Using the Rankine-Hugoniot equations, we infer a pres-
sure of P = P0 + ρ0USUP = 34 ± 2 GPa and a compression
ratio of ρ/ρ0 = US/(US − UP ) = 2.4 ± 0.2, which implies a
mass density of ρ = 1.2 ± 0.1 g cm−3. To ensure we probe
the foam after the shock has passed, the first x-ray pulse is
timed to arrive ∼40 ns after the laser ablation has started and is
focused 400 µm above the interaction foil, see inset of Fig. 1.

2. X-ray Thomson scattering

X-ray Thomson scattering is capable of characterizing
dense plasma states by measuring the dispersion of an x-ray
probe after it travels through a plasma. Sheffield et al. (2010)
[38] define the scattering cross section for photons with initial
photon momentum h̄q0 and scattered momentum h̄q1 (with
momentum transfer q = q1 − q0) and scattered energy h̄ω in
solid angle 
 as

d2σ

d
dω
= σT

|q1|
|q0|S(q, ω), (7)

where σT is the Thomson cross section, q = |q| and S(q, ω) is
the dynamic structure factor, itself the time Fourier transform
of the intermediate scattering function, defined in Eq. (3).
The back-scattered spectrometer consists of a highly annealed
pyrolytic graphite (HAPG) spherically bent crystal (51.7 mm
radius of curvature) that spectrally disperses and focuses the
scattered x-rays onto an ePix100 detector. Noncollective scat-
tering is observed at 166◦ (q = 8.2 Å−1), see Fig. 1. S(q, ω)
can be written as a combination of elastic scattering due to
electrons tightly bound to ions, Sii(q, ω), and inelastic scat-
tering due to free electrons, See(q, ω). Paddock et al. (2023)
[36] utilize streaked optical pyrometry to directly measure the
temperature of laser shocked TMPTA foams and find that a
foam shocked to 44.4 GPa is heated to 0.6 eV. The foams used
in Paddock et al. have a lower initial density, 0.26 g cm−3,
than in our experiment so we expect that at 34 GPa foams we
would reach a shocked temperature of T � 0.6 eV. This T pre-
cludes a temperature measurement from noncollective x-ray
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FIG. 2. Luminescence of an iron foil used as a transmissive pulse
intensity diode. (a) Example of a two bunch mode separated by 1050
ps corresponding to r = 0.24. (b) Probability distribution of fitted r’s
for �t = 700 ps and �t = 1050 ps two bucket separations.

Thomson scattering, either from imaginary time correlation
function thermometry [39] due to the broad source function or
through fitting to a model for S(q, ω) [40] due to the plasma
being Fermi degenerate, � = TF

Te
> 5.2. Ionization however

can still be recovered by considering the ratio of inelastic,

FIG. 3. Shock breakout time for foams manufactured to different
heights. An aluminium flash coating is added to the end of the target
such that the VISAR reflectivity drops when the shock breaks out.

Ii(q), to elastic scattering, Ie(q):

Ii(q)

Ie(q)
= Z f

∫ ∞
0 See(q, ω)dω

| fI (q) + Q(q)|2 ∫ ∞
0 Sii(q, ω)dω

= Z f See(q)

| fI (q) + Q(q)|2Sii(q)
, (8)

where Z f is the number of free electrons (valence and ion-
ized), fI (q) is the ionic form factor, and Q(q) describes the
screening cloud of electrons that surround the ions. In the non-
collective regime, the approximation that Sii(q) = See(q) ≈ 1
and Q(q) ≈ 0 holds [40–42] and therefore

Ii(q)

Ie(q)
� Z f

| fI (q)|2 . (9)

This applies to single species plasmas; for mixtures one finds
that mean ionization is [43]

Z f = Ii(q)

Ie(q)

∑
a,b

√
wawb fa(q) fb(q), (10)

where f j and w j are the ionic form factor and concentration
of species j, respectively. Figure 4(a.1) shows x-ray Thomson
scattering data 42 ns after the laser drive begins. The elastic
and inelastic scattering contributions are separated allowing
for a calculation of Z f . Figure 4(a.2) indicates an increase
in Z f after the shock reaches the probe volume 37 ns after
laser drive. While we note that Z f increases after the shock,
we do not expect that inelastic x-ray scattering significantly
degrade contrast in the small angle x-ray scattering regime as
Ii(q) → 0 with small q.

3. X-ray diffraction

X-ray diffraction can be used qualitatively to show den-
sification of the foam in the wake of the shock. The x-ray
diffraction signal is corrected for the polarization of the
XFEL, attenuation of the filters over the detector and for
solid angle for each pixel before being azimuthally inte-
grated. Figure 4(b.1) shows a comparison between the x-ray
diffraction signal for ambient and shocked, probed 40 ns
after the laser drive commences, samples. Under shock,
a broad scattering peak emerges at q = 2.11 ± 0.18 Å−1,
indicative of an amorphous/liquid structure at higher
compression.

The ambient and shocked signals have significant contri-
butions from the Kapton wall encapsulating the targets and
so powder x-ray diffraction of a foam sample was carried out
to reveal a single amorphous peak at q = 1.27 ± 0.31 Å−1;
see the Supplemental Material for details [44]. Figure 4(b.2)
shows a comparison between a powdered x-ray diffrac-
tion of an ambient sample and the change in signal under
shock,

�I (q) = IShocked(q)/IShocked
0 − IAmbient(q)/IAmbient

0 , (11)

where I0 is the probe intensity taken from the x-ray gas mon-
itor. Despite the shift of the amorphous peak between the
powdered TMPTA and the shocked foam, we cannot provide
a measurement of mass density due to the low q coverage and
the inability to rigorously subtract the ambient contribution. If
one attributes the shift in peak from 1.27 Å−1 to 2.11 Å−1 to
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FIG. 4. X-ray diffraction and x-ray Thomson scattering are used to diagnose plasma conditions. (a.1) Noncollective x-ray Thomson
Scattering separated by elastic and inelastic contributions. A Gaussian line shape is used to model both contributions. (a.2) Time series of Zf .
The shaded red region shows the derived Zf for the ambient foam and its associated standard deviation across 7 x-ray only shots. (b.1) X-ray
diffraction shows a clear indication of the shock compressing the foam with the appearance of an amorphous peak at q = 2.11 ± 0.18 Å−1.
(b.2) Comparison between ambient powder x-ray diffraction and the change in signal under shock reveals a shift of an amorphous peak to
higher q. The powder x-ray diffraction data is interpolated to match the spacing of the LCLS data. For the raw data, see the Supplemental
Material [44].

uniform compression, mass density in the bulk TMPTA would
increase by a factor of (2.11 Å−1/ 1.27 Å−1)3 = 4.48. This is
too high to be reasonable for a single shock at 34 GPa. We
therefore can conclude that the shift in the peak is too great to
be solely down to uniform compression of an ambient phase;
the TMPTA must undergo a phase change. The x-ray diffrac-
tion analysis reveals compression predicted from VISAR
does not arise from pore collapse alone but also through
a change in the structure of the bulk TMPTA making up
the foam.

B. Analysis of coherent x-ray speckle patterns

1. Determination of speckle contrast

To conduct XSVS, the contrast of the speckle pattern needs
to be extracted. This is done by noting that in a speckle pattern
the number of photons detected at a pixel position, is expected
to follow a � distribution [45]

P(k|k, β ) =
(

1
β

) 1
β
(

k
k

) 1
β
−1

exp
(
− k

kβ

)
�(β−1)

, (12)

where k is the mean photon count in a region of interest. This
definition of β can be shown to be consistent with Eq. (4) by
taking moments of Eq. (12); see the Supplemental Material
[44]. In practice, P(k|k, β ) is a continuous distribution and
does not fit the pixelated data well and so we employ a discrete
� as defined in Chakraborty et al. (2012) [46]. Similarly, the
Poisson-� distribution, commonly used in XSVS literature
[47,48], is not suitable as we are not in the sparse photon
limit.

Figure 5 demonstrates our approach to extracting contrast
from the speckle patterns. Contrast at a scattering vector q is
defined by taking eight radial regions and eight azimuthal re-
gions for 0.006 < q < 0.013 Å−1 and fitting photon statistics
of those regions of interest to the discretized � distribution
with β(q) defined as the mean of the β’s fitted in each region
of interest for a q ∈ [q − dq, q + dq] and errors defined by
taken from the standard deviation across the azimuthal sam-
ples. Figure 5(c) plots the extracted contrast for an ambient
TMPTA foam and after the passage of the shock for �t = 700
ps. One observes that the contrast is high, especially for high
q, and that there is a reduction for samples under motion (i.e.
shocked). This is to be expected and forms the basis for our
calculation of |F (q, τ )|2.
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FIG. 5. Analysis of XPCS Data: (a) Partially annular region of interest highlighted. (b) Photon statistics in the highlighted region fitted to
the discrete � distribution. (c) Comparison of β(q) for an ambient and shocked foam for �t = 700 ps.

2. Model for |F(q,�t )|2

To extract transport properties from XSVS data, a model
for |F (q, τ )|2 is required. While low shear rates [25,49] have
been studied, in the wake of a shock traversing a foam, one
expects a turbulent flow [50,51]. We therefore employ the
theory of Yin et al. [52] that describes XPCS in the case of a
multi-scale turbulent flow. This assumes isotropic turbulence
thus F (q, τ ) only depends on q = |q|:

|F (q,�t )|2 = exp

[
−

(
v0�t

σ

)2
]

exp[−(δv q �t )2]

× |F (q,�t )Plasma|2, (13)

where v0 is the average particle velocity and δv is the turbulent
velocity. |F (q,�t )Plasma|2 describes the density fluctuations
on a microscopic scale. Mithen et al. (2011) [53] argue that
for length-scales that satisfy λsq < 0.43, where λs is the
plasma screening length, a hydrodynamic description for den-
sity fluctuations can be used. For a degenerate system, λs ≈
1

kF
= 0.8Å, where kF is the Fermi wavevector, so qmaxλs =

0.013Å−1 × 0.8Å = 0.001 and we are justified using this as-
sumption. We further simply Mithen’s model by assuming that
time evolution of density perturbations is solely influenced
from thermal diffusivity, see the Supplemental Material [44],
giving

|F (q,�t )Plasma|2 = exp(−2DT q2�t ), (14)

where DT is thermal diffusivity. To distinguish between
turbulence and diffusivity, Eq. (13) requires that we have mea-
surements of |F (q,�t )|2 over a range of scattering vectors
and for more than one time separation.

3. Calculation and interpretation of |F(q,�t )|2

To extract |F (q,�t )|2 a comparison needs to be made
between the contrast of a shocked sample and a stationary
sample. For a stationary sample probed by two pulses, the only
degradation in contrast from β0 is due to spatial overlap and
pulse intensity mismatch. It follows from Eq. (6) that

β0(q) = βAmbient(q)

r2 + (1 − r)2 + 2r(1 − r)μ
. (15)

Substituting β0 into Eq. (5) we get

|F (q,�t )|2 = 1

2r(1 − r)μ
[(r2 + (1 − r)2 + 2r(1 − r)μ)

× βShocked(q,�t )

βAmbient(q)
− r2 − (1 − r)2]. (16)

The spatial overlap, μ, is found to be the value that mini-
mizes the parameter

δ =

√√√√[
v

(fit)
0 − UP

σUP

]2

+
[

σ
(fit)
v0

v
(fit)
0

]2

, (17)

where vfit
0 is the fitted transit velocity from Eq. (13), UP is

the particle velocity inferred from VISAR and σ is the error
associated with both velocities when |F (q,�t )|2 is fitted to
Eq. (13). We find μ = 0.60 for �t = 700 ps separation and
μ = 0.84 for �t = 1050 ps separation; see the Supplemental
Material for details [44]. Now that intensity ratios and spatial
overlap have been characterized, F (q,�t ) can be recalculated
using Eq. (16). Care is taken to ensure that conditions in
the two shots are consistent. Drive energies and probe times
were similar for both 700 ps and 1050 ps shots: 76.8 J and
40.25 ns and 77.6 J and 41 ns for 700 ps and 1050 ps shots,

FIG. 6. |F (q, �t )|2 calculation at �t = 700, 1050 ps. Best fits
are found by modeling |F (q, �t )|2 to the isotropic turbulence model
defined in Eq. (13).
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FIG. 7. Analysis of the fits of |F (q, τ )|2 to the isotropic turbu-
lence model gives predictions for δv and bounds for DT . (a) Mote
Carlo sampling of fits of the isotropic turbulence model to the XSVS
data. (b) Histogram of recovered thermal diffusivities having as-
sumed different turbulent velocities.

respectively. A transmissive x-ray spectrometer [54], see the
Supplemental Material [44], is used to ensure spectral quality
which shows a narrow seeded spike for both shots. Figure 6
shows the intermediate scattering function at two times over a
range of scattering vectors; a fit using the isotropic turbulence
model is provided. To extract DT and δv, the decay constant,
C = 2(DT �t + δv2�t2), is found for 700 ps and 1050 ps
separation. Monte Carlo sampling of Fig. 6 reveals that the
decay of |F (q,�t )|2 is dominated by the turbulent velocity
term, as illustrated by Fig. 7. This allows us to only place
upper bounds on the thermal diffusivity.

Figure 7 demonstrates that δv can be calculated to be 477 ±
112 m s−1, whereas DT � 3 × 10−4 cm−2 s−1.

To compare this to literature, the Stanton Murillo transport
model for electron thermal conductivity predicts that for a
CH system at a density of 1 g cm−3, DT < 3 × 10−2 cm2

s−1. which is a significantly less restrictive bound than that
found in our experiment. However, due to the T 5/2 scaling of
thermal conductivity in a plasma, it is not expected that we
have an exact match to a theory without a robust temperature

measurement. To gain a better sensitivity for DT , experiments
at higher q could be performed [52]—however, this may suffer
from poor signal to noise and so it would have to be a high rep-
etition experiment. As for turbulent velocity, a parameter scan
carried out by Davidovits et al. (2022) [51] on the turbulence
left in the wake of shock traversing a porous medium predicts
the empirical relation

δv ≈ 0.52 (RPore/45 µm)1/3AUS, (18)

where RPore is the pore radius and A is the average Atwood
number in the preshocked region. This empirical formula
predicts for our shocked foams, RPore ≈ 1 µm and A ≈ 0.5,
US = 10.9 km s−1 will generate a turbulent wake with δv ≈
800 ms−1. However, it is important to point out that [51]
looked at pores of larger radius, R > 23 µm, at lower densities,
ρ = 0.05 g cm−3 and at higher Mach numbers, M > 12 —
for reference, we expect our laser drive to produce M ≈ 5.5
shocks, assuming ambient cs ≈ 2 km s−1. Despite these dis-
crepancies, turbulent velocities found in this empirical model
are of a similar order of magnitude to our experiment.

Our experimental platform thus offers a novel opportunity
to leverage the MEC’s high x-ray brightness, double bunch
structure and drive lasers to diagnose transport and submicron
scale flow characteristics of laser shock compressed materials.
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