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The experimental investigation of matter under extreme densities and tem-
peratures, as in astrophysical objects and nuclear fusion applications, con-
stitutes one of the most active frontiers at the interface of material science,
plasma physics, and engineering. The central obstacle is given by the rigorous
interpretation of the experimental results, as even the diagnosis of basic
parameters like the temperature T is rendered difficult at these extreme con-
ditions. Here, we present a simple, approximation-free method to extract the
temperature of arbitrarily complex materials in thermal equilibrium from
X-ray Thomson scattering experiments, without the need for any simulations
or an explicit deconvolution. Our paradigm can be readily implemented at
modern facilities and corresponding experiments will have a profound impact

on our understanding of warm dense matter and beyond, and open up a
variety of appealing possibilities in the context of thermonuclear fusion,
laboratory astrophysics, and related disciplines.

The study of matter at extreme conditions (temperatures of
T-10*-10%K and pressures of P-1-10*Mbar) constitutes one of the
most fundamental challenges of our time'. Such warm dense matter
(WDM)*? is ubiquitous throughout our Universe* and naturally occurs in
anumber of astrophysics objects® such as giant planet interiors®®, white
and brown dwarfs*™°, and the outer layer of neutron stars". On Earth,
WDM can nowadays be realized experimentally at large research facil-
ities using different techniques®, and particularly advantageous photon
properties are offered by x-ray free electron lasers such as LCLS, Eur-
opean XFEL, or SACLA” ™, This opens up enticing new possibilities for
laboratory astrophysics', the discovery of novel materials”'®, and hot-
electron chemistry’. Consequently, a number of experimental
breakthroughs”"*?°"* have been reported over the last years. A parti-
cularly important application is given by inertial confinement fusion
(ICF)***, which promises a potential abundance of clean energy in the
future. In the currently most well-developed realization, the fuel capsule
traverses the WDM regime on its path towards ignition®.
Unfortunately, the rigorous diagnosis of such experiments is
rendered demanding by the extreme conditions. Indeed, even basic

properties such as the temperature, that can be considered as well-
known in many other experiments, cannot be directly measured at
WDM conditions and have to be inferred from other observations”.
In this regard, the X-ray Thomson scattering (XRTS) technique® has
emerged as a promising method of diagnosis. Yet, the actual infer-
ence of the temperature from an experimentally measured XRTS
signal is substantially hampered by three major obstacles. Firstly, the
theoretical modelling of the dynamic structure factor S(q, £) [with q
being the wave vector corresponding to the momentum transfer in
the scattering process and E being the energy shift] of a real WDM
system constitutes a challenge**?. In practice, one usually has to rely
on approximations, such as the Chihara decomposition**°, or time-
dependent density functional theory®. In addition to their unknown
accuracy, state-of-the-art simulations are computationally demand-
ing, which makes them impractical for parameter optimization, and
prevents their application to complex materials. Secondly, the
experimentally measured XRTS signal is given by the convolution of
S(q, E) with the combined source and instrument function (SIF) R(E):
I(q, E)=5(q, E) ® R(E)*>. Therefore, important features may be
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smeared out, and the direct usage of the detailed balance relation on
the scattered signal®S(q, - E) = S(q, E)e* (with the inverse tempera-
ture §=1/kgT) is not always possible. Thirdly, the experimental signal
is always afflicted by statistical noise. This may further camouflage
physical features, and usually prevents deconvolution.

In this work, we present a complete and straightforward solution
to all three obstacles. Specifically, we propose to analyse the two-sided
Laplace transform [cf. Eq. (1)] of the measured XRTS signal, £[/(q, E)],
which gives us direct and unbiased access to the temperature of the
probed system in thermodynamic equilibrium. To highlight the flex-
ibility and practical value of our methodology, we apply it to three
representative XRTS experiments: (i) the pioneering observation of
plasmons in warm dense beryllium by Glenzer et al.**; (ii) the study of
isochorically heated aluminium by Sperling et al.**, which has resulted
in an ongoing controversy***’ regarding the nominal temperature of
T=6¢eV; and iii) a recent XRTS experiment with warm dense graphite
by Kraus et al.”, where standard interpretation models have resulted in
uncertainties of 50% with respect to the temperature. Our method
works well in all three cases and, in this way, substantially reduces
previous uncertainties.

Results

Concept

Let us consider the two-sided Laplace transform of the dynamic
structure factor:

£IS(q, E)= / dE e S(q,E). M

In thermodynamic equilibrium, Eq. (1) corresponds to the inter-
mediate scattering function, F(q, 7) = £[S(q, E)], evaluated at imagin-
ary times t=-iht € —iA[O, A1, which naturally emerges in Feynman'’s
powerful path integral representation of statistical mechanics®*,
F(q, 7) is symmetric around 7= /2 [cf. Fig. 1b)]; see the Methods Sec-
tion. This directly implies that knowledge of S(q, £) gives straightfor-
ward access to the actual temperature of the system by solving the
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Fig. 1| Demonstration of the temperature diagnostics from an XRTS signal.
Panel a shows synthetic results for the dynamic structure factor (solid purple)
in atomic units [a.u.] of a uniform electron gas®’ (with a narrow Gaussian ion
feature around £ = 0) at the metallic density of r,=r/ag =2 (with 7 being the
average electronic separation) computed for the electronic Fermi tempera-
ture T=12.53 eV, and for half the Fermi wave number*’ g = 0.5g; = 0.91A™%. The

simple one-dimensional integral in Eq. (1), and subsequently locating
the minimum in F(q, 7) at §/2.

An additional obstacle is given by the fact that the XRTS technique
does not allow for measurements of S(q, £), but its convolution with
the SIF R(E). While the latter is typically known with high precision, the
deconvolution of the measured intensity is generally rendered
unstable by the statistical noise. Our concept completely circumvents
this obstacle by instead exploiting the convolution theorem of the
Laplace transform £]...]:

(5@, E) ® R(E)]

cis(q,E)= = e @

In practice, we thus compute the two-sided Laplace transform of
the experimentally measured intensity, which is very robust with
respect to noise. A detailed investigation of the impact of experimental
noise onto F(q, 7) is beyond the scope of the present work and will be
pursued in future works. The impact of the SIF is then completely
removed by the denominator of Eq. (2), which also can be computed in
a straightforward way. The accurate determination of the SIF for every
shot or experiment should therefore be of paramount importance;
indeed it is feasible through source monitoring during the experiment
at modern XFEL facilities. As a result, we get the unbiased temperature
of any given system from the experimentally measured XRTS signal
without the need for theoretical or computational models, and without
any bias from the broadening due to the SIF.

Synthetic data

To demonstrate our methodology, we show synthetic data in Fig. 1. In
panel a), we show the XRTS intensity based on a uniform electron gas
model®*° (with an additional sharp elastic peak around £=0) at a
metallic density (Wigner-Seitz radius r, = (3/4nne)1/ 3 =2, with n.being
the electron density; this is close to both beryllium and aluminium) at
the electronic Fermi temperature of 7=12.53 eV and half the Fermi
wave number, i.e., ¢=0.91A"\, In particular, the solid purple curve
shows S(q, £), and the dashed curves have been obtained by convol-
ving the latter with Gaussian instrument functions of different realistic
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dashed curves have been convolved with a Gaussian SIF with the width
o=1.67eV (blue), 60=3.33 eV (red), and 0=7.41eV (green). Panel b shows the
corresponding evaluation of the two-sided Laplace transform of the respec-
tive XRTS signals (solid), and SIFs (dotted). Dividing the former by the latter
gives the exact curve of F(q, 7) [solid purple] corresponding to the decon-
volved dynamic structure factor S(q, E).
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widths, 0. With increasing o, the synthetic profiles become broader,
and the plasmon peaks around E=+25eV are smeared out. It is
important to note that the convolved curves do not fulfill the afore-
mentioned detailed balance relation between positive and negative
energies, so that a direct extraction of the given temperature from
such a dataset is not possible.

Let us next consider the corresponding evaluation of the different
ingredients to Eq. (2), which are shown in Fig. 1b). The solid purple line
corresponds to the actual imaginary-time intermediate scattering
function F(q, 7) = L[S(q, £)], which has a minimum at 7=f/2; see the
vertical dashed purple line. Evaluating the two-sided Laplace transform
of the convolved curves give the solid blue, red, and green curves,
which noticeably deviate from the exact F(q, 7). This is a direct con-
sequence of the broadening due to the SIF R(E), leading to a violation
of detailed balance. Evidently, considering the minimum of the Laplace
transform of the convolved signal leads to a substantial overestimation
of the temperature (i.e., an underestimation of the inverse tempera-
ture f), as can be seen particularly well in the case of 0=7.41eV
(vertical dashed green line).

To remove the bias due to R(E), we have to compute the
denominator L[R(E)] of Eq. (2), which is shown by the respective dot-
ted curves. Indeed, dividing the solid lines by the dotted lines in Fig. 1
b) recovers the true F(q, 7)—and, therefore, the actual value of the
temperature 7—for all cases. We stress that our methodology works
over the entire range of wave vectors q, including the collective and
single-particle regimes. In particular, no explicit resolution of a distinct
sharp and narrow plasmon peak in the experimentally measured
intensity is required.

Beryllium experiment

As a first practical application of our diagnostic methodology, we re-
examine the pioneering observation of plasmons in warm dense ber-
yllium by Glenzer et al.** in Fig. 2. Panel a) shows the measured XRTS
signal (green) together with the instrument function R(E) (blue) and a
theoretical Mermin model* that has been used in Ref. 34 to infer the
nominal temperature of Ti,oqe1=12+2€V. Panel b) shows the tem-
perature as it has been computed from our method both from the
convolved signal (green) and by additionally taking into account the
instrument function via Eq. (2) (blue). It is important to note that, in
actual experiments, one only has the intensity over a finite range of
energies, E € [Ein, Emax]- We thus truncate the integration boundaries
of L[S(q,E)® R(E)] at+x, and the corresponding results converge
around x 2 30 eV despite the substantial noise in the experimental data.

We extract a temperature of T=14.8+1.5eV from the experi-
mental data, which is close to the value of Ti,04e1 =12 +2 eV (dashed red
line and shaded area) that has been inferred from the theoretical
Mermin model in Ref. 34. At the same time, we note that the higher
temperature from our model-free diagnosis is consistent with the
hydrodynamic simulations employed in the original Ref. 34. Moreover,
it very plausibly fits to the XRTS signal shown in Fig. 2a), as the red
curve noticeably underestimates the averaged tail for £z 40 eV (solid
black). For completeness, we note that not deconvolving with the SIF
would result in the spurious temperature of T=21.1eV, see the green
line in Fig. 2b). Finally, the corresponding results for Eq. (2) with and
without the correction due to R(E) are shown in panel c¢), which illus-
trates the robustness of the Laplace transform with respect to noisy
input data.

Aluminium experiment

As a second example, we consider the experiment with isochorically
heated aluminium by Sperling et al.*® in Fig. 3. This case has the con-
siderable advantage that deconvolved data for S(q, £) are available, see
the black curve in panel a); the green and blue curves show the mea-
sured XRTS signal and SIF, respectively. In the original publication,
Sperling et al.* have found a temperature of T= 6 eV based on a detailed
balance evaluation of S(q, £). Indeed, the corresponding red curve that
has been obtained as Spg(q, £) = S(q, ~E)e 7% is in excellent agreement
to the deconvolved data in the range of £ <20 eV; the final peak around
E=30¢eV is likely absent from the negative energy range due to its
vanishing amplitude in the deconvolved $(q, £). On the other hand, the
original interpretation of the XRTS data has subsequently been dis-
puted by independent groups on the basis of time-dependent density
functional theory calculations and a model exchange-correlation ker-
nel that has been constructed for the case of a uniform electron gas®**".
Specifically, these works have postulated substantially lower tempera-
tures in the range of 7=0.3 -2 eV, and hitherto no decisive conclusion
had been reached.

In Fig. 3b), we show the results of our temperature diagnostic as a
function of the integration range x. Specifically, the black crosses show
our evaluation of Eq. (2) taking into account the SIF, and the green
diamonds have been obtained without this correction. Evidently, the
broadening of the XRTS signal by the SIF plays a decisive role in this
data, and leads to a five fold increase in the respective temperature. For
the properly corrected data, we find a temperature estimate of
T=6.5+0.5eV, which confirms the previous estimation by Sperling
et al.”*. We also directly compute F(q, 7) from the deconvolved data for
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Fig. 2 | Temperature diagnosis of warm dense beryllium. a XRTS measurement
by Glenzer et al.** (green), theoretical Mermin model (also taken from Ref. 34)
giving Tioder =12 £ 2 eV (red), SIF R(E) (blue), and averaged tail for £>40eV
(black); b convergence of our model-free temperature diagnosis with respect to
the integration boundary x of £[S(q, E)] with (blue) and without (green) correcting

T [keV1]

x [eV]
for the instrument function. The dashed line depicts the nominal value of Tiodel
and has been included as a reference. The shaded areas depict the respective
uncertainty range; ¢ corresponding results for the imaginary-time intermediate
scattering function F(q, 7), with the vertical lines indicating the position of the
minimum.
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Fig. 3 | Temperature diagnosis of warm dense aluminium. a XRTS measurement
by Sperling et al.”* (green), deconvolved dynamic structure factor (black), detailed
balance estimation of S(q, £) using the nominal value for the temperature of
T=6¢eV (dashed red), and the SIF (blue); b Convergence of the temperature
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diagnostics with respect to the integration boundary x of £[. .. ] of the deconvolved
data (red) [with the boundary b being shown on the top abscissa], and Eq. ((2)) with
(black) and without (green) taking into account the effect of the SIF R(E). The
shaded areas depict the respective uncertainty range.
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Fig. 4 | Temperature diagnosis of warm dense graphite. a XRTS measurement by
Kraus et al.” (green) and possible SIFs R;(E) (blue) and R,(E) (dashed black) shown
on a semi-logarithmic scale; b Convergence of our model-free temperature
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diagnosis with respect to the integration boundary x with (blue and black) and
without (green) taking into account any SIF. The shaded areas depict the respective
uncertainty range.

S(q, E) via Eq. (1). The results are shown as the red squares, where the
upper integration range is denoted as b shown on the top abscissa.
From panel a), it is clear that the integration only makes sense for
|E| $20 eV, as no significant signal exists in the deconvolved data for
E<-20eV. This analysis gives us a temperature of T=6+0.5eV, and
thereby further substantiates our calculation. Therefore, our present
analysis strongly suggests that the temperature estimation in the ori-
ginal Ref. 35 is not an artefact due to the numerical deconvolution, as
the direct interpretation of the XRTS signal via Eq. (2) gives the same
outcome.

Graphite experiment

As the final example, we re-examine the recent experiment on warm
dense graphite by Kraus et al.”’” in Fig. 4. In this case, accurate data is
available over three orders of magnitude in the measured XRTS signal
(green). In addition, the solid blue and dashed black curves show two

different models for the SIF. In fact, this uncertainty regarding the true
R(E) has led to an uncertainty in the temperature of -~ 50% based on the
applied approximate Chihara models in Ref. 27.

The outcome of our temperature diagnostic is shown in Fig. 4 b).
The green curve has been obtained without any correction due to R(E),
leading to the biased temperature of T=21.2 + 0.2 eV; this is very close
to the value of T=21.1eV given by Kraus et al.”’ based on the Chihara
decomposition. Using the narrow function Ri(E) to compute the
denominator in Eq. (2) leads to the blue curve, with an estimated
temperature of 7;=18.2+ 0.45 eV. Using the broader R,(E) (truncated
at £+90eV, as the constant asymptotes given in Ref. 27 are clearly
unphysical and would lead to a divergent £[R,(E)]) for the correction
gives the black curve, resulting in a second estimate of
T»=16.4+0.35eV. Evidently, the main source of uncertainty in the
interpretation of this experiment is given by the unclear shape of the
instrument function, which we estimate by AT=+2eV. In particular,
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this error bar is an order of magnitude larger than the corresponding
uncertainty due to the statistical noise in the intensity. We therefore
highlight the importance to accurately determine R(£) in future
experiments. At the same time, we note that our analysis suffers sub-
stantially less severely from this drawback compared to the original,
Chihara model-based interpretation. Since the existence and precise
shapes of the wings in the instrument function are not known, we use
the temperature deduced from the narrow function R;(E) as a basis for
our final estimate for the temperature, which is given by T=18 + 2 eV.

Discussion

In this work, we have presented a highly accurate methodology for the
temperature diagnosis of matter at extreme densities and tempera-
tures in thermal equilibrium based on XRTS measurements. In parti-
cular, our paradigm does not depend on any model. Therefore, it
is free from approximations, and the negligible computation cost
makes it highly suitable for the on-the-fly interpretation of XRTS
experiments at modern facilities with a high repetition rate, such as the
European XFEL". Moreover, it is very robust with respect to the noise
of the measured intensity, and completely circumvents the crucial
problem of the deconvolution with respect to the combined source
and instrument function R(E). The presented practical application of
our technique has given new insights into the behaviour of different
materials in the WDM regime, and has substantially reduced previous
uncertainties. From a methodological perspective, the present proof-
of-principle study opens up the way for the systematic development of
our approach into a flexible standard framework for XRTS diagnostics.
Future works will include the discussion of spatial gradients, the role of
temporal evolution, and the summation over multiple scattering
angles contributing from an extended probe volume, which are
important e.g. for the diagnosis of fuel capsules in ICF experiments*.
An additional important item for future investigation is given by the
de-facto dependence of the wave vector* on the energy loss, q =q(£),
which can likely be neglected for XRTS experiments, but becomes
more important for lower energy probe lasers, for example in the
context of optical Thomson scattering. Our framework has clear
ramifications for the impact of the source and instrument function on
the interpretation of the XRTS signal and, in this way, will guide the
development of future experimental set-ups.

A key strength of our approach is given by the fact that it is com-
pletely model-free and therefore can be straightforwardly applied to
arbitrarily complex materials. For example, critical challenges on the
path towards achieving high energy gain in ICF implosion experiments
are the mitigation of hydrodynamic instabilities and achieving high fuel
compression**. This requires an improved understanding of radiation
transport and hence material opacities along the implosion pathway to
improve predictive capabilities of implosion simulations as key infor-
mation such as the ionization state at high compression are highly
controversial***¢, This highlights the importance for accurate and
robust temperature measurements in complex ablator materials at
warm dense matter conditions, which will be enabled by our technique.

Similarly, our idea will boost the burgeoning field of laboratory
astrophysics, which is concerned with the study of highly complicated
material mixtures at the conditions encountered in planetary
interiors*’.

Finally, we note that XRTS measurements contain a wealth of
additional physical information about properties such as the density
and the conductivity*®°. In this regard, accurate knowledge of the
temperature can be used to inform and appropriately constrain
existing forward modelling approaches, which, in turn, give access to
other parameters. Moreover, we envision the extension of our present
framework beyond the temperature, and the direct, model-free
extraction of other observables such as quasi-particle excitation
energies seems to be promising®.

Methods

Symmetry of the imaginary-time intermediate scattering
function

The symmetry of the imaginary-time intermediate scattering function
F(q, 7) directly follows by inserting the detailed balance relation of
S(q, E) into Eq. (1) from the main text®,

F@.1)= / " dES(q, Fretr
= / T dES@ ) {etrre o) 3
0
=F@,B-1.

The final relation F(q, 7) = F(q, 8 - 7) can then easily be verified by
evaluating the second line of the above equation for 7= — 1.

Data availability

The Laplace transform data, as well as the synthetic spectra shown in
Fig. 1, have been deposited in the Rossendorf data repository
(RODARE) under accession code https://rodare.hzdr.de/record/2003.

References

1. Hatfield, P. W. et al. The data-driven future of high-energy-density
physics. Nature 593, 351-361 (2021).

2. Graziani, F., Desjarlais, M.P., Redmer, R., Trickey, S.B., editors.
Frontiers and Challenges in Warm Dense Matter. International
Publishing: Springer (2014).

3. Bonitz, M. et al. Ab initio simulation of warm dense matter. Phys.
Plasmas 27, 042710 (2020).

4. Fortov, V. E. Extreme states of matter on Earth and in space. Phys-
Usp. 52, 615-647 (2009).

5. Bailey, J. E. et al. A higher-than-predicted measurement of iron
opacity at solar interior temperatures. Nature 517, 56-59 (2015).

6. Liu, S.F. et al. The formation of Jupiter’s diluted core by a giant
impact. Nature 572, 355-357 (2019).

7. Brygoo, S. et al. Evidence of hydrogen-helium immiscibility at
Jupiter-interior conditions. Nature 593, 517-521 (2021).

8. Kraus, R. G. et al. Measuring the melting curve of iron at super-Earth
core conditions. Science 375, 202-205 (2022).

9. Kritcher, A. L. et al. A measurement of the equation of state of
carbon envelopes of white dwarfs. Nature 584, 51-54 (2020).

10. Becker, A. et al. Ab initio equations of state for hydrogen (H-REOS.3)
and helium (He-REOS.3) and their implications for the interior of
brown dwarfs. Astrophys. J. Suppl Ser. 215, 21 (2014).

1. Gudmundsson, E. H., Pethick, C. J. & Epstein, R. I. Structure of
neutron star envelopes. Astrophys J. 272, 286-300 (1983).

12. Falk, K. Experimental methods for warm dense matter research.
High Power Laser Sci. Eng. 6, €59 (2018).

13. Tschentscher, T. et al. Photon Beam Transport and Scientific
Instruments at the European XFEL. App. Sci. 7, 592 (2017).

14. Bostedt, C. et al. Linac Coherent Light Source: The first five years.
Rev. Mod. Phys. 88, 015007 (2016).

15. Pile, D. First light from SACLA. Nat. Photo. 5, 456-457 (2011).

16. Takabe, H. & Kuramitsu, Y. Recent progress of laboratory astro-
physics with intense lasers. High Power Laser Sci. Eng. 9, e49
(2021).

17. Lazicki, A. et al. Metastability of diamond ramp-compressed to 2
terapascals. Nature 589, 532-535 (2021).

18. Kraus, D. et al. Formation of diamonds in laser-compressed
hydrocarbons at planetary interior conditions. Nat. Astron. 1,
606-611 (2017).

19. Brongersma, M. L., Halas, N. J. & Nordlander, P. Plasmon-
induced hot carrier science and technology. Nat. Nanotechnol.
10, 25-34 (2015).

Nature Communications | (2022)13:7911


https://rodare.hzdr.de/record/2003

Article

https://doi.org/10.1038/s41467-022-35578-7

20. Knudson, M. D. et al. Direct observation of an abrupt insulator-
to-metal transition in dense liquid deuterium. Science 348,
1455-1460 (2015).

21. Kraus, D. et al. Nanosecond formation of diamond and lonsdaleite
by shock compression of graphite. Nat. Commun. 7, 10970
(2016).

22. Dias, R. P. & Silvera, I. F. Observation of the Wigner-Huntington
transition to metallic hydrogen. Science 355, 715-718 (2017).

23. Celliers, P. M. et al. Insulator-metal transition in dense fluid deu-
terium. Science 361, 677-682 (2018).

24. Zylstra, A. B. et al. Burning plasma achieved in inertial fusion. Nature
601, 542-548 (2022).

25. Betti, R. & Hurricane, O. A. Inertial-confinement fusion with lasers.
Nat. Phys. 12, 435-448 (2016).

26. Hu, S. X., Militzer, B., Goncharov, V. N. & Skupsky, S. First-principles
equation-of-state table of deuterium for inertial confinement fusion
applications. Phys. Rev. B. 84, 224109 (2011).

27. Kraus, D. et al. Characterizing the ionization potential depres-
sion in dense carbon plasmas with high-precision spectrally
resolved x-ray scattering. Plasma Phys. Control. Fus. 61,
014015 (2018).

28. Glenzer, S. H. & Redmer, R. X-ray Thomson scattering in high energy
density plasmas. Rev. Mod. Phys. 81, 1625 (2009).

29. Dornheim, T., Groth, S., Vorberger, J. & Bonitz, M. Ab initio Path
Integral Monte Carlo Results for the Dynamic Structure Factor of
Correlated Electrons: From the Electron Liquid to Warm Dense
Matter. Phys. Rev. Lett. 121, 255001 (2018).

30. Chihara, J. Difference in X-ray scattering between metallic and non-
metallic liquids due to conduction electrons. J. Phys. F: Metal Phys.
17, 295-304 (1987).

31. Ramakrishna, K., Cangi, A., Dornheim, T., Baczewski, A. &
Vorberger, J. First-principles modeling of plasmons in alumi-
num under ambient and extreme conditions. Phys. Rev. B. 103,
125118 (2021).

32. Doppner, T. et al. Temperature measurement through detailed
balance in x-ray Thomson scattering. High Energy Density Phys. 5,
182-186 (2009).

33. Kremp, D., Schlanges, M., Kraeft, W.D. Quantum Statistics of Non-
ideal Plasmas. Heidelberg: Springer (2005).

34. Glenzer, S. H. et al. Observations of Plasmons in Warm Dense
Matter. Phys. Rev. Lett. 98, 065002 (2007).

35. Sperling, P. et al. Free-Electron X-Ray Laser Measurements of
Collisional-Damped Plasmons in Isochorically Heated Warm Dense
Matter. Phys. Rev. Lett. 115, 115001 (2015).

36. Dornheim, T. et al. Effective Static Approximation: A Fast and Reli-
able Tool for Warm-Dense Matter Theory. Phys. Rev. Lett. 125,
235001 (2020).

37. Mo, C., Fu, Z., Kang, W., Zhang, P. & He, X. T. First-Principles Esti-
mation of Electronic Temperature from X-Ray Thomson Scattering
Spectrum of Isochorically Heated Warm Dense Matter. Phys. Rev.
Lett. 120, 205002 (2018).

38. Dornheim, T., Moldabekov, Z. A. & Vorberger, J. Nonlinear density
response from imaginary-time correlation functions: Ab initio path
integral Monte Carlo simulations of the warm dense electron gas. J.
Chem. Phys. 155, 054110 (2021).

39. Dornheim, T., Moldabekov, Z., Tolias, P., Bohme, M., Vorberger, J.
Physical insights from imaginary-time density-density correlation
functions. arXiv. 2022;2209.02254. 2209.02254.

40. Dornheim, T., Groth, S. & Bonitz, M. The uniform electron
gas at warm dense matter conditions. Phys. Rep. 744,

1-86 (2018).

41. Holl, A., Redmer, R., Ropke, G. & Reinholz, H. X-ray Thomson scat-
tering in warm dense matter. Eur. Phys. J. D - Atomic, Mol. Opt. Plas.
Phys. 29, 159-162 (2004).

42. Chapman, D. A. et al. Simulating x-ray Thomson scattering signals
from high-density, millimetre-scale plasmas at the National Ignition
Facility. Phys. Plas. 21, 082709 (2014).

43. Crowley, B. J. B. & Gregori, G. Quantum theory of Thomson scat-
tering. High Energy Density Phys. 13, 55-83 (2014).

44, Landen, O. L. et al. Yield and compression trends and reproduci-
bility at NIF*. High Energy Density Phys. 36, 100755 (2020).

45. Kraus, D. et al. X-ray scattering measurements on imploding CH
spheres at the National Ignition Facility. Phys. Rev. E. 94,

011202 (2016).

46. Bethkenhagen, M. et al. Carbon ionization at gigabar pressures: An
ab initio perspective on astrophysical high-density plasmas. Phys.
Rev. Res. 2, 023260 (2020).

47. Georg, R. B., Halliday, A. N., Schauble, E. A. & Reynolds, B. C. Silicon
in the Earth’s core. Nature 447, 1102-1106 (2007).

48. Sperling, P. et al. Electrical conductivity calculations in isochorically
heated warm dense aluminum. J. Phys. B: Atom. Mol. Opt. Phys. 50,
134002 (2017).

49. Witte, B. B. L. et al. Observations of non-linear plasmon damping in
dense plasmas. Phys. Plas. 25, 056901 (2018).

50. Harbour, L., Dharma-wardana, M. W. C., Klug, D. D. & Lewis, L. J. Pair
potentials for warm dense matter and their application to x-ray
Thomson scattering in aluminum and beryllium. Phys. Rev. E. 94,
053211 (2016).

Acknowledgements

This work was partly funded by the Center for Advanced Systems
Understanding (CASUS) which is financed by Germany’s Federal Minis-
try of Education and Research (BMBF) and by the Saxon Ministry for
Science, Culture and Tourism (SMWK) with tax funds on the basis of the
budget approved by the Saxon State Parliament. The work of T. Déppner
was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract No. DE-AC52-
07NA27344. The PIMC calculations for the synthetic UEG data were
carried out at the Norddeutscher Verbund fiir Hoch- und Hochstleis-
tungsrechnen (HLRN) under grant shpO0026 and on a Bull Cluster at the
Center for Information Services and High Performance Computing (ZIH)
at Technische Universitat Dresden.

Author contributions

To.D. developed the idea, created all figures, substantially contributed
to the analysis, and wrote substantial parts of the ms. M.B. and J.V.
contributed to the development of the idea and to the analysis, and
contributed to writing the ms. D.K., Ti.D., T.R.P., and Z.A.M. contributed
to the analysis and to writing the ms.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Tobias Dornheim.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2022)13:7911


https://arxiv.org/abs/2209.02254
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-022-35578-7

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:7911


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Accurate temperature diagnostics for matter under extreme conditions
	Results
	Concept
	Synthetic data
	Beryllium experiment
	Aluminium experiment
	Graphite experiment

	Discussion
	Methods
	Symmetry of the imaginary-time intermediate scattering function

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




