N

N

Toward using collective x-ray Thomson scattering to
study C—H demixing and hydrogen metallization in
warm dense matter conditions
D. Ranjan, K. Ramakrishna, K. Voigt, O. Humphries, B. Heuser, M.
Stevenson, J. Liitgert, Z. He, C. Qu, S. Schumacher, et al.

» To cite this version:

D. Ranjan, K. Ramakrishna, K. Voigt, O. Humphries, B. Heuser, et al.. Toward using collective
x-ray Thomson scattering to study C-H demixing and hydrogen metallization in warm dense matter
conditions. Physics of Plasmas, 2023, 30 (5), pp.052702. 10.1063/5.0146416 . hal-04308514

HAL Id: hal-04308514
https://hal.science/hal-04308514
Submitted on 27 Nov 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04308514
https://hal.archives-ouvertes.fr

AUTHOR QUERY FORM

AIP

N\~

Z=. Publishing

Please provide your responses and any corrections
Journal: Phys. Plasmas
by annotating this PDF and uploading it to AIP’s

eProof website as detailed in the Welcome email.

Article Number: POP23-AR-00178

Dear Author,

Below are the queries associated with your article; please answer all of these queries before sending the proof back to AIP.

Article checklist: In order to ensure greater accuracy, please check the following and make all necessary corrections before returning your

proof.

1. Is the title of your article accurate and spelled correctly?

2. Please check affiliations including spelling, completeness, and correct linking to authors.

3. Did you remember to include acknowledgment of funding, if required, and is it accurate?

Location in

Query / Remark: click on the Q link to navigate

article to the appropriate spot in the proof. There, insert your comments as a PDF annotation.

AQ1 Please check that the author names are in the proper order and spelled correctly. Also, please ensure that each
author’s given and surnames have been correctly identified (given names are highlighted in red and surnames
appear in blue).

AQ2 Please provide the publisher name for Ref. 9.

AQ3 Please verify the page number in Ref. 24, as we have inserted the required information.

AQ4 Please provide the complete details for Ref. 31.

AQ5 Please provide the report number for Ref. 55.

AQ6 We were unable to locate a digital object identifier (doi) for Ref(s). 12. Please verify and correct author names and|

journal details (journal title, volume number, page number, and year) as needed and provide the doi. If a doi is nof}
available, no other information is needed from you. For additional information on dof’s, please select this link: http://
www.doi.org/.

Please confirm ORCIDs are accurate. If you wish to add an ORCID for any author that does not have one, you may do so|
now. For more information on ORCID, see https://orcid.org/.

D. Ranjan - 0000-0002-8641-4794

K. Ramakrishna - 0000-0003-4211-2484
K. Voigt - 0000-0001-8090-2626

O. S. Humphries - 0000-0001-6748-0422
B. Heuser - 0000-0001-6363-1780

M. G. Stevenson-

J. Lutgert - 0000-0002-2593-573X

Z. He - 0000-0001-5416-456X

C. Qu-



http://www.doi.org/
http://www.doi.org/

S. Schumacher - 0000-0002-1846-0000
P. T. May - 0009-0003-4989-8704

A. Amouretti-

K. Appel - 0000-0002-2902-2102

E. Brambrink-

V. Cerantola - 0000-0002-2808-2963
D. Chekrygina - 0000-0002-7337-2337
L. B. Fletcher - 0000-0002-7120-7194
S. Gode-

M. Harmand - 0000-0003-0713-5824
N. J. Hartley - 0000-0002-6268-2436
S. P. Hau-Riege - 0000-0001-7331-6485
M. Makita - 0000-0003-1513-9198

A. Pelka-

A. K. Schuster - 0000-0001-5489-5952
M. Smid-

T. Toncian - 0000-0001-7986-3631
M. Zhang-

T. R. Preston - 0000-0003-1228-2263
U. Zastrau - 0000-0002-3575-4449

J. Vorberger - 0000-0001-5926-9192
D. Kraus - 0000-0002-6350-4180

Please check and confirm the Funder(s) and Grant Reference Number(s) provided with your submission:
Helmholtz Association, Award/Contract Number VH-NG-1141

Helmholtz Association, Award/Contract Number ERC-RA-0041

Helmholtz Association, Award/Contract Number VH-NG-1338

Bundesministerium fiir Bildung und Forschung, Award/Contract Number

Sdchsisches Staatsministerium fiir Wissenschaft und Kunst, Award/Contract Number

Fusion Energy Sciences, Award/Contract Number FWP 100182

Laboratory Directed Research and Development, Award/Contract Number DE-AC02-76SF00515
Lawrence Livermore National Laboratory, Award/Contract Number DE- AC52-07NA27344

GSI Helmholtzzentrum fiir Schwerionenforschung, Award/Contract Number GSI-URDK2224

Please add any additional funding sources not stated above:

Thank you for your assistance.



.

J_ID: PHPAEN DOI: 10.1063/5.0146416 Date: 2-May-23 Stage: Page: 1 Total Pages: 9

PROOF COPY [POP23-AR-00178]

Physics of Plasmas ARTICLE pubs.aip.org/aip/php

, Toward using collective x-ray Thomson scattering
, to study C-H demixing and hydrogen metallization
. in warm dense matter conditions

5 Cite as: Phys. Plasmas 30, 000000 (2023); doi: 10.1063/5.0146416 @ 1 @
6 Submitted: 13 February 2023 - Accepted: 23 April 2023 - U
7 published online: 0 Month 0000 View Online Export Citation CrossMark

9
AQ1 10 D.Ranjan,"*? @ K. Ramakrishna,®> @) K. Voigt,"* @ O. S. Humphries,"®> @) B. Heuser,"* ® M. G. Stevenson,?

n J. Lutgert? @ Z. He,"** @ C. Qu,2 S. Schumacher,” @ P. T. May,” ® A. Amouretti,” K. Appel,® (® E. Brambrink,®
12 V. Cerantola,” @ D. Chekrygina,® @) L. B. Fletcher,” ) S. Gode,®> M. Harmand,” ® N. J. Hartley,”
13 S.P. Hau-Riege,'° @® M. Makita,” @) A. Pelka,' A. K. Schuster,”* @ M. Smid,' T. Toncian,' @ M. Zhang,""

T. R. Preston,” @) U. Zastrau,® @) J. Vorberger,! ) and D. Kraus'*

15 AFFILIATIONS

16 'Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrae 400, 01328 Dresden, Germany

17 ZInstitut flr Physik, Universitat Rostock, 18051 Rostock, Germany

18 >Center for Advanced Systems Understanding (CASUS), Helmholtz-Zentrum Dresden-Rossendorf (HZDR), 02826 Gorlitz, Germany
19 “Technische Universitat Dresden, 01069 Dresden, Germany

20 °European XFEL GmbH, 22869 Schenefeld, Germany

21 6Shanghai Institute of Laser Plasma, 201800 Shanghai, China

22 7Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie, Sorbonne Université, 75005 Paris, France

23 ®scientific Computing Department, Rutherford Appleton Laboratory, Science and Technology Facilities Council, Harwell Campus,
24 Didcot OX11 0QX, United Kingdom

25 9SLAC National Accelerator Laboratory, Menlo Park, California 94309, USA
26  '°Lawrence Livermore National Laboratory, Livermore, California 94550, USA
27 Institute of Physical Science and Information Technology, Anhui University, Hefei 220601, China

28 2 Author to whom correspondence should be addressed: d.ranjan@hzdr.de
29 PElectronic mail: dominik kraus@uni-rostock.de

ABSTRACT

30 The insulator-metal transition in liquid hydrogen is an important phenomenon to understand the interiors of gas giants, such as Jupiter and
31 Saturn, as well as the physical and chemical behavior of materials at high pressures and temperatures. Here, the path toward an experimental
32 approach is detailed based on spectrally resolved x-ray scattering, tailored to observe and characterize hydrogen metallization in dynamically
33 compressed hydrocarbons in the regime of carbon-hydrogen phase separation. With the help of time-dependent density functional theory
34 calculations and scattering spectra from undriven carbon samples collected at the European x-ray Free-Electron Laser Facility (EuXFEL), we
35 demonstrate sufficient data quality for observing C-H demixing and investigating the presence of liquid metallic hydrogen in future experi-
36 ments using the reprated drive laser systems at EuXFEL.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0146416

37 1. INTRODUCTION After 30 years and over 5000 confirmed exoplanets,” it is now increas-
38 The first confirmed discovery of an exoplanet in 1992 and then ~ ingly important to understand how planetary systems form and
39 the discovery of an exoplanet around a Sun-like star by Mayor and evolve. A large number of discovered exoplanets lie in the range of

40 Queloz” opened the floodgates for the detection of exoplanets, leading masses of gas giants like Jupiter and Saturn and ice giants like Uranus
41 to multiple dedicated missions to look for exoplanets across the galaxy. and Neptune, with the ice giants dominating the population.*”
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Physics of Plasmas

Studying these large bodies in our Solar System continues to enhance
our understanding of the formation and evolution of planetary sys-
tems in general.

Various probe missions afforded us extensive data and improved
our understanding of the planets by exploring the upper layers and
space around them. The interiors of these astrophysical bodies can be
constrained using the measurements of their physical properties, but
establishing the internal structure and their bulk composition requires
a better understanding of the behavior of the chemical species at high-
pressure and high-temperature conditions. The thermal energies at
planetary interior conditions are at the same order of magnitude as the
energies stored in the chemical bonds, resulting in expected complex
chemical processes including phase transitions, species separation, and
demixing.”” The chemical composition and potential chemical pro-
cesses taking place inside these planets are essential for creating better
models and understanding their thermal, magnetic, and electrical
properties.”

The deep planetary conditions are at the low-temperature end of
the warm dense matter (WDM) regime. WDM describes the transi-
tion region between cold condensed matter and high-temperature
plasmas.”'” One of the materials with great interest in research at
WDM conditions is metallic hydrogen. It was first predicted by
Wigner and Huntington'' that solid molecular hydrogen would trans-
form into metal at high pressures. A pressure-induced liquid-liquid
phase transition from molecular hydrogen to a metallic phase is rele-
vant to planetary interiors and therefore has been widely
researched.”” '* The transition is referred to as plasma phase transi-
tion, which, depending on temperature, is predicted to either be an
abrupt first-order phase transition or a continuous transition to the
metallic state.” "’

Theoretical and experimental studies of metallic hydrogen have
significantly contributed to the current understanding of planetary
evolution. Jupiter and Saturn are predicted to have an interior domi-
nated by liquid metallic hydrogen, which is in contrast to the proper-
ties of the insulating, molecular form present in the outer layers.” This
highly condensed metallic hydrogen in the interior of gas giant planets
is expected to be responsible for the strong dynamo that drives their
exceptionally strong magnetic fields.'® Uranus and Neptune are most
often modeled to be made of three layers: a rocky core consisting of sil-
icates and iron, an “icy” shell that contains a mixture of water, meth-
ane, and ammonia, and a gaseous envelope dominated by hydrogen
and helium."” ' In the high-pressure and high-temperature environ-
ment of these icy-giant planets, it is predicted that methane will form
polymeric hydrocarbon chains®”* and, deeper toward the core, will
dissociate into carbon in the form of diamond and metallic
hydrogen.” >

Transcribing the physics of WDM state requires consider-
ation of highly interacting particles. Coupling and quantum effects
are not perturbations in the WDM regime, but are as strong as the
thermal energy. The complex interplay of competing forces is a
reason that the precise theoretical modeling to adequately portray
the physics is very difficult.”*"** To test the models, dedicated lab-
oratory experiments need to be performed. The so-far applied
experimental methods are mostly based on cryogenic liquid hydro-
gen as the initial material and include static compression
approaches using diamond anvil cells’” " and various dynamic
compression techniques.'**

Stage: Page: 2 Total Pages: 9
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In addition to the challenges of compressing hydrogen to metalli-
zation conditions using the above-mentioned methods, the complexity
of cryogenic sample environments to start with high-density hydrogen
from the beginning also limits diagnostic capabilities. The measure-
ment of electrical conductivities for liquid H, and D, dynamically
compressed by high-velocity impactors driven by a gun has provided
the first pioneering insight.”” In more recent approaches, the insula-
tor-metal transition of hydrogen has been characterized by determin-
ing the surface reflectivity of the compressed sample. While there has
been progress using a surface reflectivity method, there are notable dis-
crepancies in the P-T conditions where hydrogen metallization was
observed.”™ Indeed, systematic uncertainties of the approach arise
from the fact that the reflecting interface is often in direct contact with
a material containing the sample, which may induce additional chem-
istry and changes in the electronic structure. Therefore, techniques
capable of accessing the interior of the sample and probing the bulk
volume are preferable but difficult to realize experimentally. The high
electronic densities of WDM make it opaque to optical probes, and
therefore, hard x-rays of keV energy are required to access the bulk
volume.

As a further development of pioneering experiments using laser-
based x-ray sources, the advent of x-ray free-electron lasers has
matured enough to provide revolutionary capabilities in the diagnosis
of dynamically compressed matter, mainly created by high energy
lasers producing compression waves on nanosecond timescales.
Methods applied include spectrally resolved x-ray Thomson scattering
(XRTS) that can access the electron temperature and density, the ioni-
zation state, and plasmon features. The plasmon feature is sensitive to
frequency-dependent electron—ion collision processes, which are
related to the electrical conductivity.””

In this work, we present high-resolution x-ray scattering mea-
surements obtained in the collective regime from undriven carbon
samples in comparison with theoretical predictions using the time-
dependent density functional theory (TDDFT).”® Furthermore, the
possibility of observing the C-H demixing and hydrogen metallization
via plasmon scattering under high pressure and high temperature is
investigated with the help of experiments including a rep-rated ener-
getic shock driver.

Il. X-RAY THOMSON SCATTERING

X-ray Thomson scattering is an established diagnostic method
for characterizing WDM.™”"’ The particular experimental setup used
illuminated sample by a linearly polarized x-ray free-electron laser in
the horizontal plane. The incident wave vector ko is described with
ko = 2mEy/hc. The scattered radiation is observed at the scattering
angle 0 along the direction of the scattered wave vector kg above the
sample by a spectrometer. The scattering vector k is defined by k = kg
— ko. For small momentum and energy transfers from the incident x-
ray photon to the electron (hw < hiwy, where w, denotes the fre-
quency of the incident radiation), the magnitude of the incident wave
vector is close to the scattered wave vector, ky ~ k,, and the absolute
value of the scattering vector k can be determined by

E 0
k = k| = 4n—sin (—)
he 2
The collective and non-collective regimes are distinguished by
the scattering parameter o = 1/k/s, where Ag is the plasma screening

(1)
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157 length: =1 corresponds to the collective scattering regime, and o detector along with a bent Si-111 crystal spectrometer downstream of 210
158 < 1 is characteristic for non-collective scattering. As o is dependent transmitted x-rays to measure the source spectrum.”’ 211
159 on k, different regimes can be accessed by varying the incident x-ray For the analysis of the forward spectrometer, pixel values with 212
160 energy E, and/or the scattering angle 0. Here, the focus is on collective less than a nominal threshold associated with a clear single photon hit 213
161 scattering to resolve plasmon oscillations of the electrons. were truncated to zero for reducing the noise. Pixel noise in high gain 214
162 The obtained spectra can, then, be compared to models of the corresponds to ~290 eV, allowing us to identify single photon counts 215
163 dynamic structure factor S(k, ), which describes the scattering of ~ with only Poisson noise. Several thousand two-dimensional detector 216
164 radiation from charge density fluctuations. Theoretically, the dynamic images were, then, summed up to derive a lineout. Figure 1 illustrates 217
165  structure factor can be obtained by the inversion of the total electronic the forward scattering spectrum from a 10 um thick diamond sample. 218
166 dielectric function e(k, ®). This expression is equivalent to the total The plasmon feature, in this case collective excitations of valence band 219
167 electron density response function y(k, ®)."" The dynamic structure electrons, is usually downshifted by ~30 eV with respect to the elastic 220
168 factor is obtained using the fluctuation-dissipation theorem, " peak.” Using the monochromator allows the plasmon feature and the 221
i . substructures to be clearly resolved, which would have been smeared 222
S(k, ) = — Im[y(k, »)]. ) out with pure SASE. . 223
e 1 — eh/keTe The forward scattering angle and the XFEL photon energy result 224
169 For an advanced study of the sample properties, dynamic in an absolute value of the scattering vector of ~0.94 A" .applying Eq 225
170 structure factor predictions can be extracted from state-of-the-art (1). This wave number was, ther}, used as nput for generating synthetic 226
171 ab initio methods. For the study, time-dependent density func- spectra from TDDFT slmlﬂat%ons. In Fig. %’ the plasmon feature 227
172 tional theory (TDDFT) simulations™” were performed. At ambient obtained from the experiment is compared with the TDDFT simula- 228
173 conditions, the linear-response TDDFT calculations were per- tions convolved with the experimental instrument function. The syn- 229
174 formed using the full-potential linearized augmented-plane wave thetic spectrum shows reasonable agreement with the experimental 230
175 code implemented in Elk** using bootstrap,”” a long-range data, reproducigl(g thg de‘tailed features, except the surface plasm(?n fea- 231
176 exchange-correlation (XC) kernel for TDDFT as implemented in ~ tureat~25 eV,” which is not cpvered b.y the b}ﬂk nature of the simula- 232
177 the Elk code. The response functions at high-pressure and high- ~ tions. The total energy resolution obtained using the monochromator 233
178 temperature conditions are evaluated using the adiabatic local ~ With 100 um HAPG cry; Stfﬂs is ~5eV. As the 100 um HAPG crystals 234
179 density approximation for TDDFT in yambo'® applying the have more depth broadening than the 40 um HAPG crystals that were 235
180 Kohn-Sham"’ orbitals evaluated by Quantum ESPRESSO."’ The used in the backward scattering setup of the same experiment, by using 236
181 simulations were performed for a system size ranging from 64 to the 40 um HAPG crystals in tl}e forward scagcering setup could bring 237
182 256 atoms consisting of C, H, CH, CHs, and C;H in a supercell down the totjal spectral resglutlon to ~3eV.” Solely using the SASE 238
183 using a 2x2x 2 k-point mesh. The Perdew-Burke-Ernzerhof mode results in ~20 eV, which smears out all substructures of the plas- 239
184 (PBE)"’ XC functional is used in all the calculations. mon feature and results in overlap with the elastic scattering peak. The 240
lower signal due to the monochromator has been compensated by tak- 241
185 lIl. RESULTS ing a larger number of shots cumulatively. 242
186 The exp.erimental da.ta presented here were obtained at the High- IV. DISCUSSION 243
187 Energy-Density (HED) instrument of the European X-ray Free- . o
188 Electron Laser Facility (EuXFEL).”” The setup used was typical for The obtained results suggest the applicability of the method pre- 244
189 in situ x-ray diagnostics of laser-driven shock waves at XFEL facilities sented for observing C-H demixing and hydrogen metallization under 24>
190 combining spectrally resolved x-ray scattering in both forward and
191 backward geometries with x-ray diffraction, and only the drive laser s ik
192 was not yet available. The details of the setup together with an analysis pai
193 of the backward scattering data have been described by Voigt et al.”! i Elastic Scattering
194 For demonstrating the forward scattering capabilities, 10 um thick dia- &
195 mond samples were probed by x-ray pulses with a photon energy of 3.
196 ~6000 eV, focused to <10 um spot sizes using beryllium compound 8107
197  refractive lenses. A monochromator was used to reduce the energy %‘ Plasmon Feature
198 bandwidth to ~1eV, from originally ~20eV corresponding to the S
199 self-amplified spontaneous-emission (SASE) bandwidth. Both the I
200 spectrometers used cylindrically bent Highly Annealed Pyrolytic 3 104
201 Graphite (HAPG) crystals with 80 mm radius of curvature, albeit the E
202 crystals used in the forward scattering setups had coating thickness of =
203 100 um compared with 40 um in the backward direction.”* The back- < Diamond
204 ward scattering setup had a JUNGFRAU detector’” at 155, to study x- 1075560 5980 6000 6020 6040
205 ray Raman spectroscopy from different samples.”’ The forward scat- photentencgyleV]
. . . 54 .
206 tering signal was QSRS an ePix100 detector™” at 1?' Dark Jmagfes FIG. 1. Forward x-ray scattering spectrum from diamond, normalized to the maxi-
207 were taken as an average of 1200 frames (corresponding to a 2min mum of the elastic signal peak. Spectra were obtained by averaging over 18000
208 10 Hz acquisition) per gain mode. The setup also included an ePix100 shots using the x-ray beam in the SASE configuration along with a monochromator.
209 detector for x-ray diffraction (XRD) and an Andor Zyla 5.5 sCMOS The plasmon feature is presented on a linear scale in Fig. 2.
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FIG. 2. Measured plasmon feature (orange) from Fig. 1 in comparison with the cal-
culated plasmon feature (blue) after convolution with the instrument function.
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FIG. 3. Calculated spectra for CH in mixed state (orange) and demixed state (blue)

for the scattering vector of k=0.94 A~". The demixed state plasmon is a combina-

tion of the characteristic carbon (red dotted) and metallic hydrogen (black dotted)
features.

246 high-pressure, high-temperature conditions. In previous experiments,
247 polystyrene (CH) samples were dynamically compressed at the Linac metallic hydrogen. With the experimentally demonstrated spectral res- 282
248 Coherent Light Source showing C-H phafe separation on nanosecond olution of ~3 eV possible using the 40 um HAPG crystals, and a sepa- 283
249 timescales using in situ x-ray diffraction.”*”” Frydrych et al.™ used a ration between the peaks of ~6-8eV, C-H phase separation and 284
250  similar experimental setup to determine the degree of species separa- hydrogen metallization can be observed using the demonstrated setup 285
251 tion in a dynamically compressed polystyrene sample to WDM condi- in future experiments adding a rep-rated drive laser. 286
252 tions from spectrally resolved forward and backward x-ray scattering Additional TDDFT dynamic structure factor calculations were 287
253 data. At pressures of the order of ~150 GPa and temperatures around performed on pure H and C, as well as other C-H mixtures (CH, 288
254 ~6000K, the carbon transforms into nanometer-sized diamonds. CHs, and C;H) at different scattering vectors to obtain the respective 289
255  Measured diffraction lineouts provide indirect evidence for nearly plasmon peaks and plasmon dispersion shifts. Figure 4 shows the plas- 290
256 complete C-H separation (REF—under way), where the isolated mon energy shifts for varying k-values for each species. The obtained 291
257 hydrogen would be expected to be in a liquid metallic state. However, results show that the separation between the features of the fully dem- 292
258 as XRD does not provide a signal from the weakly scattering hydrogen, ixed components as shown in Fig. 3 is larger at smaller scattering 293
259 and reflectivity measurements from the compression fronts remain
260 elusive due to the ongoing chemical reaction,” so far there is no direct a5
261 evidence for the presence of liquid metallic hydrogen in these experi- —~—C —e— H —e— CH —e CH; CH  —+— XRTS
262 ments. Due to its sensitivity to electronic structure and bulk conductiv-
263 ity, the high-resolution forward scattering method described here can _
264 overcome these limitations and clarify the state of hydrogen in dynam- >
265 jcally compressed C-H mixtures. £ 4o
266 To test the sensitivity with the achieved spectral resolution, <
267 TDDFT calculations of the plasmon structures for C, H, and CH at _5
268 conditions of P ~ 150 GPa and T ~ 6000 K were performed on ionic g 7.04 eV
269 configurations obtained from density functional molecular dynamics @351
270 (DFT-MD) simulations performed using VASP.””*" For consistency, ° savey
271 the TDDFT calculations of the dynamic structure factor were per- 2
272 formed at the k-vector magnitude of ~0.94 Afl, i.e., the same as the K
273 forward scattering in the experiment. The spectral contributions of all & 5ol
274 three species were convolved with the experimentally obtained instru-
275 ment function.”' The results are depicted in Fig. 3 and show a single
276 peak with an almost Gaussian shape for a fully mixed CH sample. For 0.00 0.25 0.50 0.75 1.00 1.25 1.50
277 fully demixed CH, a culmination of two distinctly shifted plasmon fea- k 1A
izz Elli)rL?lS)lef—r;;lk t}slterutcvt\ﬁrese}l)“;iat;e:l(zn;fol?i?lﬁr lesn:fg;er:ﬁ?fis fz:'lizilrrllftei FIG. 4. Calcylated plasmqn energy shift for varipus species using .the peak posit!on

: of a respective plasmon in the forward scattering spectrum at different scattering
280 from the collective excitations of the diamond valence band, while the vectors k. Plasmon shift in an experimental XRTS data at ambient conditions taken
281 peak at lower energy shifts represents the plasmon feature of liquid from Ref. 55 is also displayed for comparison.
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