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Theoretically predicted red shifts of the Cu Ko emission from partly populated M-shell ionic states have been studied in
experiments performed at the LULI2000 kJ-ns laser facility. The X-ray spectra were recorded by using three spherically
bent crystal spectrometers providing a very high spatial (ox = 7 um) and spectral (A/AL = 3100) resolution. The spatially
resolved profiles of Ka lines are characterized by red shifts due to a strong overlap of X-ray lines emitted from low
charge states at the initial phase of the laser-matter interaction.

Detailed theoretical interpretation of the spectra based on multi-configuration Hartree-Fock simulations provided the
population factors of each charge state of 3s and 3p subshells. The advanced diagnostic presented here provides a
vehicle for studying the hot and/or dense plasmas in transient environments and gives important information about hot
electrons induced X-ray line emission.
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1. Introduction

Laser driven plasmas represent unique systems for investigation of diverse phenomena occurring in extremely hot and
dense environments such as stars or planet interiors. Among numerous techniques used for studies of these plasmas, the
X-ray emission spectroscopy (XES) is very effective and provides unique possibilities for their characterization!!-!,
When a high-power laser heats the plasma, ions start to emit X-rays. The type of lines emitted as well as their intensity
give important information about the plasma itself. The wavelengths of bound-bound transitions characterize the emitting
elements and their ionization state, while the spectral distribution (line shapes) and line intensity ratios allow determining
the plasma bulk temperature and the electron density via various methods (Stark broadening, dielectronic recombination,
etc).

Consequently, XES is used in many fields of physics.

An important application of this technique is the inertial confinement fusion (ICF) science where a Deuterium-Tritium
(DT) capsule is compressed in order to initiate fusion reactions and create a large amount of nuclear energy®. In this
context, XES is set up to monitor X-rays generation and hot electrons (HE) impact on the target. These electrons have
critical effects in fusion sciences due to their non-Maxwellian distribution. In indirect drive approach, HE may preheat
the cold fuel thus inhibiting its desired compression'®). In direct drive schemes, the role of HE can be positive or negative
in dependence on conditions of HE generation (quantity, timing, and energy spectrum). In some approaches, e.g. in the
shock ignition scheme, the moderate energy HE may deposit their energy in denser part of the plasma at surfaces of the
fuel capsules, thus increasing their compression and improving the laser-target coupling. In this context, the mechanisms
and parameters of the HE generation are intensively studied®!%. XES is also one of the most unique techniques to study
matter irradiated by X-ray Free Electron Laser (XFEL). Here the high-resolution spectroscopy can be used to precisely
characterize the kinetics of dense matter as well as atomic physics phenomenal!!-!4],

These applications demonstrate a need for precise diagnostics that are able to:
- Resolve and interpret the fine spectral features induced by HE,
- Investigate X-ray emission from highly transient environments such as those met in solid matter heating.

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
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We report here on detailed studies of the Ka. » lines emitted from hot and dense plasmas. These transitions are usually
induced by HE and are present in the initial phase of the laser-matter interaction.

The interpretation of this emission is extremely demanding due to non-stationary environmental conditions and plasma
kinetics. Even in experiments with ns lasers, the atomic physics involved in the HE induced emission from the start-up
phase is strongly out-of-equilibrium. These conditions challenge atomic physics!>"l.

We will demonstrate the potential of high-resolution spectroscopy to describe the expansion of non-equilibrium plasmas
during the first picoseconds of their lifetime. Within this period, the spatial extension of the plasma characterized by the
bulk electron temperature 100-200 €V is estimated to approximately 100 pm above the original target surfacel'®), its
lateral extent (typically at the level of 1 mm) depends on energy of HE produced. Particularly this region is of paramount
interest in this study.

For this purpose, Cu M-shell charge states emission (with the valence electron in M-shell) is selected as these states only
exist for bulk electron temperature lower than approximately 200 eV. This temperature is too low to ionize the inner-
shell of mid-Z elements, and, consequently, X-ray lines are mostly induced by HE.

The article is organized as follows.

Section II presents the experimental details used to study the copper (Z = 29) plasma generated by the NANO2000 kJ-
laser at the very beginning of the laser-plasma interaction.

Section III presents M-shell charge states Cu spectra and data analysis.

Section IV discusses the impact of the results for further studies.

2. Experiment

The NANO2000 Nd:Glass kJ-laser delivered a 750 J pulse in 1.5 ns at A = 1.054 um which was focused to a 15 pm
diameter spot on 9-pum-thick Cu 99.5% foil, leading to a peak intensity / approximately equal to 2x10'® W.cm,

The experimental scheme is shown on Figure 1.
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Figure 1: a. Scheme of the experimental setup includes two FSSR-2D spectrometers covering a large bandwidth from Ka to Ly lines and one FSSR-
1D with a narrow bandwidth centered on M-shell copper charge states. b. Scheme of the setup from the top showing the main diagnostic angle of view.

Three Johann spherical crystal spectrometers (FSSR) *!7! were implemented in this experiment.
The two different configurations offer diverse combination of the spectral and spatial resolution.



In 1D configuration, the detector is placed on the Rowland circle and provides the best spectral resolution attainable.
However, this geometry is constrained by the strictly defined crystal-detector distance and cannot always be applied due
to geometrical restrictions of the target chamber.

In 2D configuration, the detector is placed outside the Rowland circle in the position fulfilling focal condition in the
sagittal plane that is decisive for achieving the optimum spatial resolution. Consequently, this geometry is more
convenient but if the source size is large (as in this experiment), the spectral resolution is reduced.

Dispersion planes of all crystals were placed parallel to the Z-axis.

Two FSSR-2D using quartz (223) crystals (2d = 2.024 A) were set up from both sides and tangentially to the target (¥ =
0 + 1°). These spectrometers provided spatial resolution along axis of the plasma plume expansion (Y).

The 2D spectrometers covered the wavelength bandwidth 1.39 < A (A) < 1.56. This allowed to record all X-ray lines
within the spectral range from Cu Ko (Akai=1.5406 A, Akar=1.5444 A) to Ly (Ayazn=1.4253 A, ALya1n=1.4307 A).
This provides a survey of the plasma emission from a cold to heated target material with the bulk electron temperatures
T. at the level of 1-2 keV.

The quartz (502) crystal (2d = 1.624 A) of the spectrometer used in FSSR-1D configuration provided the spatial
resolution d= 7 um and the ray-traced spectral resolution /A1 = 3100!'8). To achieve the maximum spatial resolution,
the source-crystal SC = 178 mm and crystal-detector CD = 142 mm distances were chosen corresponding to a
magnification of M = 0.8. The spectrometer observed the emission at the angle of ¥ = 45° to the target and covered the
wavelength range 1.526 < A (A) < 1.550.

The spatial resolution was provided in the XY plane, which allowed to record lines emitted along the target surface by
low ionization Cu states').

To achieve the highest possible spatial and spectral resolution, Kodak AA-400 photographic film was used as detector.
The spectra were scanned with an Epson V700 scanner providing a 4800 dpi (= 5.30 pm/px) resolution adequate to the
film grain size.

3. Spectral analysis

3.1 Atomic physics processes

Hot electrons induced lines are commonly used to diagnose hot and dense plasmas.

The mechanisms of HE generation (e.g. parametric instabilities such as Stimulated Raman Scattering, Two-Plasmon
Decay or Resonant Absorption) and transport in dense plasmas are reviewed in several recent paperst20-23],

For moderate intensities, the HE temperature can be roughly estimated as a function of the laser wavelength A and the
pulse intensity I via the empirical Beg's scaling relation!?*!:

Thot ~215(A*[pm]1,[108 W. cm—z])§ keV (3.1)

For a typical NANO2000 pulse, the hot electron temperature T is approximately equal to 50 keV.

In comparison, a Cu K-shell electron has an ionization threshold in the range of energies 11.57 (Cu®®*) > E; (keV) > 8.979
§{Cel;1)c;e, hot electrons can ionize the core inner-shells of Cu atoms as described by:

K2LBM* + ej,, > K'LBM* + 2e~ (3.2)

This unstable (autoionizing) atomic state leads to emission of Ka photons by filling the inner-shell vacancy:

KIBMXN' > K2L'MXN' + hvy, (3.3)

The Ka radiation can be used to diagnose the plasma evolution from the start-up phase of the laser-matter interaction, as
HE are usually generated also in the period of the rising laser pulse.

We note that the non-radiative Auger effect is minor for mid-Z elements as copper (cf. branching factor > 0.4)!!3!,

3.2 Spectral structure



The spectrum shown in Figure 2 was recorded with the FSSR-1D. The structure of the spectral profile emitted from the
center of the focal spot is not governed by well-defined spectral peaks but by an overlap of X-ray lines emitted from
different M-shell charge states. Because of the overlap of many line, the minimum effective spectral resolution
determined by the width of the Koy structure is (MAM), =~ 1050.

Due to the lateral HE propagation inside the cold material, which results in line emission from neutral to weakly ionized
atoms, the extent of the Ko, > emission is larger compared to the rest of the spectrum.

The M-shell is divided in three subshells (3s, 3p and 3d)!'!.

The 3d-shell emission (corresponding to ions with valence electron in the 3d-subshell) is overlapped with the Ka, line of
the Cu II (Cu'*) charge state.

The 3p and 3s shell emission is emitted at shorter wavelengths. The overlap is weaker and several peaks can be well
distinguished.
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Figure 2: Spectrum recorded with the FSSR-1D and the reconstructed integrated profile. The emission of all M-shell charge states is divided in three
sub-structures, 3d, 3p and 3s.

Figure 3 shows a survey spectrum obtained with one of the FSSR-2D. In addition to the clearly visible M-shell structure
(marked by letter M in the Figure), the emission from all L-shell charge states is present. H-like emission was absent in
spectral records because the maximum plasma temperature is too low to reach a sufficiently high population of this
ionization state. The electron density is also too small to make such emission observable.

The survey spectra monitor the reproducibility of shots.
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Figure 3: Spectral record of the FSSR-2D. The profile shows the emission of all M-shell and L-shell charge states.

Figure 4a presents the spatially resolved lineouts (in steps of 21 pm) from the spectrum taken with FSSR-1D.

Due to the angle of observation (¥ = 45°), the area between -42 and 0 Pm corresponds to the emission from the cold
target. In the same time, the spectrum is spatially asymmetric with respect to the line of sight integration along different
volumes of the plasma plume, (cf. Figure 1b).

Figure 4b shows a selected part (from 7 to 35 pm) of the spectrum resolved in steps of 7 um. These lineouts demonstrate
the capability of our diagnostic to describe the evolution of the M-shell structure. The area presented here is located at
the edge between the cold and the hot material. At the position 0 um (the same as the one on Figure 2), primarily Ka
lines are visible above a weak emission from partially ionized atoms. At the position 42 um, all the M-shell structure is
well visible illustrating the temperature gradient.

Two dashed lines plotted in Figure 4 show the position of the cold Ka; (A = 1.5406 A) and Ka lines (A = 1.5444 A).
The spatially dependent red shift of these two lines reaches its maximum at the highest population of 3d-shell ionization
states, which generate this shifted emission.

The application of a very high spatial and spectral resolution spectrometer is the only way to identify this phenomenon

due to the very small energy variation of the 3d-shell Ka peaks.
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Figure 4: a. Spatially resolved spectrum recorded using FSSR-1D in steps of 21 pim. Between -42 and 0 pim (along the target), only the emission of 3d-

shell states is visible. Emission from the plasma plume shows higher ionization states and variations in ionic fractions. Dashed lines represent the

position of the cold Ka lines that shift to the red in the hot material.



b. Zoom of the emission from the plasma plume with the spatial resolution of a single detector pixel between 7 and 35 i from the focal spot centre.

This red shift, as well as the structures overlap, can be explained by the electronic screening effect. It causes the
frequency shift of the emission from different charge states. However, inside the M-shell, this effect is very weak.

The screening effect calculated in Ref. 25 for a 2p-shell electron (involved in the Ka emission) interacting with another
electron from the same sub-shell is 02 2, = 0.3495. It leads to a distinct separation between lines from different charge
states as seen in Figure 3 in the L-shell emission area.

In contrast, for 3s and 3p-shell electrons, the screening constants are about an order of magnitude lower®!,

Figure 5 shows the wavelength shift of M-shell charge states Ka lines calculated with the Cowan’s atomic structure
codel?®,
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Figure 5: LSJ-split Hartree-Fock calculation of the M-shell charge states Ka; and Ka, lines wavelengths.

For 3d-shell charge states, a red shift occurs. It can be explained by the fact that FAC and Cowan includes configuration
interaction (CI) and intermediate coupling (IC) together with angular momentum coupling (spin-orbit ect.) creating
extremely complex structures. For example, with an open-3d shell configuration as the ones calculated here, the Ka line
is a complex of more than 10 000 lines. Due to the very weak electronic screening of 3d-shell electrons, the effects of CI,
IC and momentum coupling counterbalance it and creates the red shift.

Indeed, in the model!®! describing the screening between 2p electron and 3d electron predicts a value of Gz, 3¢ = 0.0007.
This very low value becomes negligible due to the effects mentioned above.

We note that both Flexible Atomic Code and Cowan’s atomic physics codes predict this behavior!?%?7!. In addition,
Doppler effect cannot cause the observed red shift. Due to our experimental configuration, the lines can only be unshifted
(in optically thin plasmas observed parallel to the target surface) or blue-shifted due to the plasma expansion velocity
component in the direction of spectra observation.

Also, only the 3d-shell structure is shifted whereas in contrast to the unshifted Ne-like emission.

Figure 6 represents an example of the plasma plume emission (integrated between distances of 42 and 63 um). The solid
pink curve is a fit calculated with the Cowan’s atomic physics code coupled to a module of the MARIA code®® using a
Voigt profile adapted to the spectrometer spectral resolution. The other curves are the separated contributions from each
subshell charge states.

Each ionization state is treated separately, and its corresponding intensity is fitted with a population factor f; providing
the spectral distribution.

k) (k) 4 (k K
lo =Sk fi 207950 AP0 (w0, 0(7) (3.4)
where index (k) indicates the considered ionization state (k = 0, 1, ..., 28). The index j corresponds to the upper state and i

to the lower state level of the relevant transition,
gjis the statistical weight, Aji the radiative decay rate, ¢ji the line profile and w;j the line frequency.
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Figure 6: Spatially integrated spectrum observed in the central part of the plume between 42 and 63 im. The pink curve shows the best fit. The other
curves show the contribution from each subshell. The O-like contribution at the very left-hand part of the spectrum is also included.

The first lines emitted inside the plasma are induced by 3d-shell states, i.e. the low-ionization ones.

All 11 charges states of the 4s- and 3d-shell emit in a very narrow spectral range. Therefore, the intensity of this
component is high and its shape is well defined.

The 3d-shell emission calculation includes three different configurations per charge state:

[Ar]3d*4s?
[Ar]3d**14s?t
[Ar]3d**?
The 3d and 4s shells have very close and overlapping energy levels which is of paramount importance for precise
calculation of Ka lines. Neglecting the 4s-shell in the calculation would lead to distorted results.

The 3p-shell ionization states generate a broad spectrum with low intensity compared to 3s- and 3d-shells.

Table 1 gives the fitted population factors f; of 3p and 3s-subshells. These factors correspond to the intensity considered
for each charge state distribution to obtain the best fit (the pink curve on Figure 6).

Error bars are determined by finding the limit for which the fit varies significantly. This operation is repeated for each
charge state.

The determination of the 3d-subshell factors is possible but burdened with too high errors and are not included in this
paper. Indeed, 10 different charge states emits almost at the same frequency making extremely approximate any fit.

Table 1: Fitted population factor f; of different charge states from the 3p and 3s subshells.

Charge states Population factor fi

XX 8.48x10! + 1.27x10!
XIX 4.32x10% £ 1.30x10?
Xvil 1.08x10% £+ 1.08x107
Xvii 4.32x107 £2.16x1073
XVI 4.63x107 £2.32x1073
XV 4.63x10* £ 4.63x10°
X1v 7.71x10* £ 3.86x10*
Xin 7.71x107 £ 1.54x10°
X1 9.25x10* + 1.39x10*
XI 7.71x10° £2.31x10°




The fit presents a very good correlation with experimental results. However, slight discrepancies can be observed mainly
on the Ko, peak. Fitted population factors are averaged and do not reflect the charge states population at a precise point
inside the plume due to time and line of sight integration. This explains these differences.

The population factor of the Cu XX charge states is much higher than the other ones in the table. The reason for this
consists in the plasma kinetics as illustrated in Figure 7. This graph presents calculations from the FLYCHK code!?! for
different bulk temperature conditions.
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Figure 7: FLYCHK simulation of copper charge state distribution as a function of the plasma bulk temperature. The transition between M and L-shell
can only be reached for high-temperature plasmas.

Charge state distribution evolves quickly within the temperature Tpux = 0-100 eV, which shows that the temperature
gradient along the line of sight is negligible for this application as 3d and 3p-shell charge states exist in the plasma for
very low bulk temperatures only.

Between Thux = 100-200 eV, the distribution reaches a limit for Cu'®*. This state corresponds to the Ne-like (Cu XX)
isoelectronic structure 7s? 2s? 2p°® and to the M-shell charge state limit. The Cu L-shell ionization threshold (Ei. = 1.697
keV) requires the high-temperature plasma to be crossed. It explains the saturation and the very high population factor
for this charge state.

4. Conclusion

The highly resolved spectral emission from the plasma regions with strongly overlapping K-shell lines was analyzed by
means of high-resolution X-ray spectroscopy based on application of spherically bent diffraction crystals.

The border area between the cold and the hot material was distinctly identified. The obtained spectra represent a high
precision data set suitable for comparison of the experiment with the theory and hydro-simulations. This diagnostic gives
a unique opportunity to study in detail X-ray lines induced by HE in transient environments.

Demonstrated analysis of 3p- and 3s-shell states emission, which resulted in determination of their population factors,
represents a promising way to study the plasma temperature during its transient evolution. This is of primary importance
for the initial phase of laser-solid interaction where the bulk electron temperature stays low.

The results presented here confirm previous theoretical predictions of the red Ka line shifts induced by the 3d-shell
charge states. According to our knowledge, the high-precision experimental validation of these predictions has not been
provided yet.

This counter-intuitive result may provide a new diagnostic tool for quantification of the HE generation and transport
during the laser-matter interaction.
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