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* Dear colleagues, dear friends,...



* a pleasure and a high honor for me to open the first session...



* Unfortunately, partly virtual



* Glad to see your faces, but unfortunately (?) due to a technical problem you cannot see mine....



* <span style="color:red">Krzysztof Dzi'erzega, Franciszek S'obczuk,and Bartl'omiej Pokrzywka</span>



Introduction

Plasma density effects result in complex atomic phenomena,
including spectral line broadening and delocalization of higher
excited levels.
The resulting ionization potential depression and line merging
manifest themselves spectroscopically via “disappearance” of
discrete spectral lines.

Various approaches to this problem
E.g., see [Dappen et al., 1987, Rogers and Iglesias, 1992,
Tremblay and Bergeron, 2009, D’yachkov, 2016, Lin et al., 2017,
Alexiou et al., 2018, Koubiti and Sheeba, 2019].

A comprehensive approach should accurately model the entire
spectrum of a spectroscopic series, i.e., the shapes of the
individual discrete lines and a smooth transition to the free–bound
continuum, preserving the oscillator strength density.



Some are *virtually* present at this conference...



Line merging :: an example

Wall-stabilized arc [Wiese et al., 1972]. The last observed discrete
line is clearly a function of the plasma density.



* Half a century ago



* &epsilon;, &zeta;, &eta;... 



Line merging :: astrophysical examples

Spectra of various star types [Morgan et al., 1978]. Note the
Balmer series merging into the recombination continuum.



* Higher n's: about 20



High-n transitions

High-n (Rydberg) transitions are challenging for lineshape
calculations:

Number of states⇒ matrix dimension ∼ n2

Computational time ∼ n6

Especially prohibiting for simulations

A fast yet accurate approach is needed.



* Next talk by Joel Rosato about accuracy of simulations



Quasi-contiguous (QC) approximation :: static shape
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Static Stark effect of Ly9

Intensities of the π and σ components form two parabolae, which,
on average, can be substituted with a simple rectangular shape.



* The "width" of the rectangle is proportional to the electric field, area – to the line intensity.



QC approximation :: quasistatic shape

Apply a microfield distribution W(F):

I(ω) = I(0)nn′

∫ ∞

h̄ω/αn

W(F)dF
2αnn′F/h̄

≡ I(0)nn′Lqs(ω) ,

where αnn′ =
3ea0
2Z (n2 − n′2) is the static-Stark-effect coefficient.

With the reduced detuning ω̄ = ω/∆0, ∆0 ≡ αnn′F0
h̄ , we obtain for

ideal plasma:

Lqs(ω̄) =
1
π

∫ ∞

0
cos(ω̄x) exp(−x3/2)dx.

[Stambulchik and Maron, 2008]; also corrections due to plasma
non-ideality.



* All the details of the atomic system and plasma properties are "packed" inside &Delta;<sub>0</sub>.



* F<sub>0</sub> is the Holtsmark field (typical plasma field, about Z/r2 or Zn<sup>2/3</sup>).



QC-FFM

Frequency-fluctuation model (FFM)
[Talin et al., 1995, Calisti et al., 2010, Bureeva et al., 2010]
postulates that field fluctuations cause a “diffusion” of the
quasistatic intensity distribution with a typical frequency

ν =
〈v〉
〈r〉 =

√
kT
m∗p

(
4πNp

3

)1/3

.

Instead of the quasistatic lineshape Lqs(ω̄), the dynamic one is

L(ν̄; ω̄) =
1
π
< J(ν̄; ω̄)

1− ν̄J(ν̄; ω̄)
,

where

J(ν̄; ω̄) =
∫ Lqs(ω̄′)dω̄′

ν̄ + i(ω̄− ω̄′)
, ν̄ ≡ ν/∆0 .



* Elegant new formulation (also drawing parallels with Dicke effect)



* Again normalizing to &Delta;<sub>0</sub>



QC-FFM

Applying FFM to quasi-contiguous lineshape, for ideal
one-component plasma one gets:

L(ν̄; ω̄) =
1
π
< J(ν̄; ω̄)

1− ν̄J(ν̄; ω̄)
,

where

J(ν̄; ω̄) =
∫ ∞

0
dτ exp

[
−τ3/2 − i(ω̄− iν̄)τ

]
.

A universal expression, the computation time independent of n, n′.
Moreover, the larger n− n′, the better accuracy.

[Stambulchik and Maron, 2013]; straightforward extension for
multi-component non-ideal plasmas.



QC-FFM :: line merging

The approach (closely following [Griem, 1997]):

Calculate bound–bound (BB) n` → nu shapes for a series of
nu until FWHM exceeds |Enu − Enu+1| (the “Inglis–Teller”
reasoning [Inglis and Teller, 1939])⇒ the last discrete nm;

Assume the free–bound (FB) begins at (Enm + Enm+1)/2;

Convolve the FB continuum with the last (n` → nm) BB
lineshape;

Sum up.

The oscillator strength density is preserved



By construction, the resulting lineshape has no irregularities – the function itself and its derivative are smooth.



QC-FFM :: line merging

[Wiese et al., 1972]
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QC-FFM reproduces the spectra very accurately, including fine details.



New experiments

The benchmark data [Wiese et al., 1972] are half a century old...

Interested in new experiments that would

Extend to higher densities;

Use direct diagnostics of plasma ne, Te;

Also measure Ti.

Thomson scattering (TS) for accurate plasma diagnostics.



* Higher densities inevitably preclude DC plasma regime in the lab



* E.g., laser-produced plasma



Thomson scattering

The power scattered by plasma as a function of ω ≡ ωs −ωL is

dPT(ω)

dΩ
dω ∝

dσT

dΩ
ST(k, ω) dω ,

where dσT/dΩ = r2
e (1− sin2 θ cos2 ϕ) is the free-electron TS

cross-section and ST(k, ω) is the total spectral density function:

ST(k, ω) dω = Se(k, ω) dω + Si(k, ω) dω

≈
∣∣∣∣ 1
1 + α2W(xe)

∣∣∣∣2 exp(−x2
e )√

π
dxe

+ Zα4
∣∣∣∣ 1
1 + α2 + α2ZTe/TiW(xi)

∣∣∣∣2 exp(−x2
i )√

π
dxi .

Here, α = (kλD)
−1, xe,i = ω/(kve,i), ve,i the electron (ion) thermal

velocity, Z the ion charge, λD the Debye length, W(x) the plasma
dispersion function [Salpeter, 1960, Evans and Katzenstein, 1969].



* A primer on TS



* Proportional also to N<sub>e</sub>, plasma size, etc



Thomson scattering

The ion component

is narrow, occurs in the central part of the scattering
spectrum, and so is easily separable;

depends on the Te/Ti ratio and can be used to measure the
ion temperature provided Ne and Te are already known.



* But there is a catch...



2-color Thomson scattering

A major experimental challenge

However, the ion component overlaps with the Rayleigh scattering
(RS) signal, which inherently accompanies TS in partially ionized
plasmas.

To separate the TS and RS contributions, and then to determine
Ti, applied was the 2-color Thomson scattering (2CTS) method
using two probe lasers of significantly different wavelengths and
leveraging the different wavelength dependences of RS and TS
[Sobczuk et al., 2021].



* Since we observe lines of the *neutral* H, the plasma cannot be fully ionized (in fact, it's ionized rather weakly...)



Experimental setup

Experimental setup (a) and typical images of TS spectra at 355 nm
(b) and 532 nm (c) and of plasma emission spectra (d).
[Dzierżęga et al., 2021]

The emission and TS spectra were averaged over 10,000 and
50,000 laser shots, respectively.



* The hard work by Krzysztof Dzi'erzega and Franciszek S'obczuk



* Large number of averages of TS measurements was due to a very low energy of the probe pulses to avoid plasma heating by the inverse bremsstrahlung.



* t = 350 ns



* back mirror to check for opacity ( – N. Konjevic)



2CTS analysis :: electron component
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Typical TS spectra recorded on the plasma axis for two probe
lasers of 355 nm (a) and 532 nm (b). Solid lines: the best fit with
the electron spectral density function

S̃e(ω) ≡ [Se(k355, ω) + Se(k532, ω)] ∗ finstr(ω).



* full circles are fitted data as corresponding to the electron part of the TS spectrum. n<sub>e</sub> and T<sub>e</sub> are 1.9(17) 1/cc and 16020 K, respectively.



* t = 180 ns



2CTS results

Delay (ns) Ne (1023 m−3) Te (K) Ti (K)

60 4.548 +0.142
−0.052 19590 +330

−250 19300 +1500
−1400

180 1.903 +0.084
−0.060 16020 +270

−230 15300 +1500
−1400

350 0.977 +0.067
−0.078 14110 +500

−550 15500 +2800
−2800

500 0.543 +0.015
−0.028 10670 +300

−440 6800 +780
−970

600 0.273 +0.013
−0.025 7680 +540

−740 5030 +860
−1100

700 0.118 +0.019
−0.027 5900 +270

−520 3200 +2000
−2300

The experimentally determined values of Ne, Te, and Ti were used
in the line-shape modeling.



High accuracy: 



* 1–3% for N<sub>e</sub> and T<sub>e</sub>



* 10–20% for T<sub>i</sub>)



Comparison of theory and experiment
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The calculations reproduce the measured spectra very well, in
particular, the phenomenon of line merging below the Balmer limit
seen at the higher densities.



Except for the 700-ns delay, where resonance and VdW broadening effects are not negligible, and the central part of H-beta.



Conclusions

Plasma density effects manifest themselves in various atomic
phenomena, including merging of the discrete and continuous
spectra.
The quasicontiguous frequency-fluctuation method (QC-FFM)
was used to model entire hydrogen Balmer series – discrete
lines and photorecombination continuum.
Laser-induced hydrogen plasma was precisely diagnosed
using two-color Thomson scattering (2CTS) technique,
inferring Ne, Te, and Ti.
The theoretical spectra are found to be in good agreement
with experimental ones, including higher-density data where
discrete lines were observed to merge forming a continuum.
The calculational model can be applied to spectra of
hydrogen-like ions or Rydberg series of any species, providing
efficient density diagnostic of laboratory and space plasmas.



I would like to thank S. Alexiou, A. V. Demura, Y. Maron, and especially C. A. Iglesias for providing valuable comments



Thank you for your attention!
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