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High-resolution spectra emitted by laboratory plasmas provide invaluable diagnostic tools
for the measurement of plasma properties. To be implemented, they require a large amount
of atomic data and transition rates, which are available in several spectral codes. In this
paper we present a new feature added to the CHIANTI code, which allows us to calculate
the Zeeman splitting of spectral lines in the presence of a magnetic field with known
intensity and orientation. When combined with the CHIANTI database and software to
calculate level populations and line emissivities, this new feature returns the emissivities
in all four Stokes parameters, that can be utilized for the measurement of the magnetic
field inside laboratory plasma chambers, along with other plasma parameters. This new
feature can be applied to the analysis of the emission of laboratory plasmas created in
different devices.
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1. Introduction

Plasmas are ubiquitous in the Universe, and host a number of processes that regulate the
physics of many astrophysical bodies, including nuclear fusion. Artificial plasmas created
in the laboratory have played a fundamental role in the development of modern physics,
by providing laboratory-controlled environments in which theories could be tested,
experiments could be carried out, and atomic and plasma parameters could be measured.
Over the years, several devices and techniques have been developed to produce and
maintain, under controlled conditions, various types of plasmas: gas discharge plasmas,
laser-produced plasmas, Z-pinch plasmas and magnetic confined plasmas. Very recently,
plasmas have found applications, even far from scientific laboratories, in industrial
production and medicine, opening new perspectives and requiring new solutions.
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The measurement of the physical properties of plasmas is of critical importance for
understanding, monitoring and controlling the conditions created inside a laboratory
plasma chamber, as well as determining the presence and amount of impurities. For
example, a complete knowledge of the plasma properties inside an electron cyclotron
resonance ion source (known as ECRIS, Geller (1976)), commonly employed to feed
particle accelerators, will provide the key for a better comprehension of plasma formation
and heating required to fully control the ion flows, currently optimized by adopting
approximate semiempirical relations.

Among the laboratory plasma diagnostics, emission spectroscopy (ES) in the X-ray
and visible ranges has been widely applied thanks to its being a non-invasive method
which leaves the plasma to be studied unperturbed. At typical low resolution of R =
A/AA ~ 10*73, ES is mainly limited to characterize the electron component of plasmas.
The building of a new generation of instruments with very high resolution in the visible
(3000-8000 A, R ~ 10*; Kronholm ef al. (2020)), UV (700-4000 A, R ~ 10*; Giarrusso
et al. (2020)) and in the X-ray domain (0.2-12 keV, R ~ 10°; Barret et al. (2016)) allows
the application of ES to the analysis of spectral line profiles deriving further plasma
quantities and atomic data. In Giarrusso et al. (2018) we discussed (i) the importance
of high-resolution spectropolarimetry to correctly interpret the non-isotropic spectral
emission signed by the presence of confining or self-induced magnetic fields (Fujimoto
& Iwamae 2008); and (ii) the advantage of échelle spectrographs, able to cover in a single
exposure a very large wavelength range (370011 000 A, Leone e7 al. (2016)), as opposed
to monochromators (Kronholm et al. 2020) which are able to cover a few hundred A
wavelength interval if equipped with two-dimensional detectors.

However, the diagnostic use of these high-resolution spectra requires the availability of
an unprecedented amount of high-accuracy atomic data, transition rates and software that
allow us to predict plasma emission as a function of the relevant plasma parameters. In
addition, as laboratory plasmas are strongly magnetized, accurate measurements of the
magnetic field strength and orientation are also required to fully characterize and control
the plasma status, as well as to correctly interpret the plasma emission.

In response to this need, several spectral codes have been developed to provide the data
and software to calculate emissivities from optically thin plasmas, e.g. the atomic data
and analysis structure (ADAS, Summers (2004)), FLYCHK (Chung et al. 2005), AtomDB
(Smith ez al. 2001), SPEX (Kaastra, Mewe & Nieuwenhuijzen 1996) and CHIANTI (Dere
et al. 1997, 2019). While not complete, each of these spectral codes provides both the
atomic data and the radiative and collision rates necessary to calculate plasma emissivities
for a number of ions of many elements, as well as software to perform the calculations,
interact with the atomic data and carry out plasma diagnostics.

In the present work we aim at upgrading the CHIANTI spectral code with software
programs able to predict the spectral signatures of the Zeeman effect as a function of
magnetic field magnitude and orientation (inclination angle and azimuth) relative to the
line of sight (i.e. the direction of spectra acquisition), providing the emissivities in all
four Stokes parameters. We chose to upgrade CHIANTI because of its completeness, free
availability and its frequent upgrades that allow this code to include the most up-to-date
atomic data and transition rates available in the literature in a timely manner.

In § 2 we summarize the main features of the CHIANTI spectral code, in § 3 we describe
how Zeeman splitting has been implemented in CHIANTI and in § 4 we present examples
of CHIANTI synthetic spectra to show the magnetic field diagnostic possibilities provided
by this update.
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2. The CHIANTI spectral code

The CHIANTI spectral code consists of a database of atomic data and transition
probabilities and a suite of computer programs, which allow one to calculate the emissivity
of optically thin plasmas in the 0.01-1000 MK temperature range (approximately 1 eV to
~80 keV) and to carry out spectroscopic diagnostics from optically thin spectra. First
released in 1997 (Dere et al. 1997), CHIANTI has been primarily designed to analyse
the emission of solar and solar-like stellar upper atmospheres, under the assumption
of optically thin plasmas. Since its first release, CHIANTI has undergone eight major
upgrades, the most recent of which was in 2019 (Dere et al. 2019), and its applications have
gone far beyond the boundaries of the physics of the solar and stellar upper atmospheres.
In fact, CHIANTI software and data have been applied to all astrophysical plasmas found
in objects ranging from comets to galaxies, as well as to laboratory plasmas. The code
is optimized for spectral range 1-2000 A, but data are available to calculate line and
continuum emission from solar and stellar atmospheric plasmas also at visible and infrared
wavelengths.

The CHIANTI atomic database includes data for almost all the ions of the elements
lighter than Zn (atomic number Z < 30). Special care has been placed in multiply
ionized systems, as these are the ones that emit the bulk of the lines populating solar
and stellar spectra. The data included in CHIANTI consist of energy levels, atomic
level identification parameters, Einstein coefficients for spontaneous emission, as well
as electron—ion collisional excitation rate coefficients. Also, data to calculate satellite
line emission is included. Proton—ion excitation rate coefficients are also included for a
number of important ions. Photoexcitation from a background source can also be taken
into account in the calculations.

Originally, line emission was computed in CHIANTI by evaluating the level populations
of emitting ions under the Collisional-Radiative model. However, very soon the
availability of calculations providing electron—ion excitation rate coefficients and Einstein
coefficients for transitions between levels in excited configurations has allowed the code to
include electron—ion excitation between highly excited levels, as well as radiative cascades,
extending the validity of CHIANTI emissivities to density ranges suitable for laboratory
plasmas.

Data and software to calculate continuum Bremsstrahlung, free-bound and two-photon
emission from all the ions in the database are included, and they are particularly important
for the X-ray range.

The CHIANTI spectral code also includes a complete database of ionization
and recombination rates for all the elements between H and Zn. The processes
taken into account are direct collisional ionization, excitation—autoionization, radiative
recombination and dielectronic recombination. Due to its focus on coronal plasmas,
where charge exchange phenomena are negligible, this process is not included. Also,
photoionization from a background source is not included. Thus, while the CHIANTI
software calculates line emissivities assuming ionization equilibrium, data are available to
model time-dependent ionization.

The CHIANTI software consists of tools that allow one to calculate line and continuum
emission with user-defined electron densities and temperatures of isothermal plasmas;
in case of multithermal plasmas CHIANTI allows users to carry out calculations at
constant pressure or through a user-provided plasma distribution with temperature (e.g. the
differential emission measure (DEM)). The plasma chemical composition can be either
chosen by the user from a number of different sets provided by the team (that describe
different sets of solar photospheric or coronal abundances), or directly provided by the

https://doi.org/10.1017/50022377820001051 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377820001051

4 M. Giarrusso, E. Landi, G. Del Zanna and F. Leone

user through a simple ASCII file, which makes it easy to adapt CHIANTI calculations
to any type of laboratory plasma composition. Also, a suite of programs to analyse data
and measure the plasma electron temperature, electron density and DEM is included in
CHIANTL

All CHIANTI calculations are carried out neglecting the effects of the magnetic field;
in this work, we introduce spectral line splitting due to the Zeeman effect.

3. Introducing the Zeeman splitting in CHIANTI

Spectra from magnetized plasma need to be analysed by taking into account the effect
of the magnetic field B, which removes the degeneracy of atomic energy levels. Indeed
the presence of B lets each atomic level (described by the total angular momentum J,
the total orbital angular momentum L and the total spin angular momentum S) split into
2J + 1 sublevels identified by the magnetic quantum number M, (which ranges from —J
to +J). As a consequence, if the field intensity is weaker than the internal atomic one,
spectral lines usually split into a series of Zeeman components. Under the L-S coupling
scheme, using subscript u and d to refer to the upper and lower level of the transition,
respectively, the Zeeman components are called T components when AM = M; — M,, =
0, blue-shifted components o, for AM = +1 and red-shifted components o, for AM = —1
(see Landi Degl’Innocenti & Landolfi (2004), for details).

Furthermore, when a magnetic field B is present the emission is not isotropic, i.e.
the strength and shape of spectral lines depend on the magnetic field orientation with
respect to the line of sight. As reported in Giarrusso (2019), Zeeman 7T components,
always linearly polarized along the magnetic field direction, are absent when observed
along B and reach their maximum intensity when observed perpendicularly to the
field. Zeeman o components are circularly polarized (reaching their maximum intensity)
when observed along the field, and are linearly polarized (reaching their minimum
intensity) when observed perpendicularly to B, and are elliptically polarized when
observed at an arbitrary angle with respect to B. So, synthetic spectra for plasma
diagnostics need to take into account not only the magnitude |B| of the field, but also
the value of inclination angle (0) and azimuth (x) of B with respect to the line of
sight.

Polarization can be described through the Stokes parameters I, Q, U, V. Stokes
I represents the sum of the intensities of the observed Zeeman components. In the
following, Stokes Q is related to the linear polarization degree in the direction parallel
and perpendicular to B, Stokes U refers to linear polarization at £45° with respect to the
field direction and Stokes V indicates the circular polarization. The signs of Q, U and V
are shown in figure 1. If the instrument’s spectral resolution is not high enough to resolve
the individual Zeeman components, the measurement of the Stokes parameters obtained
through a polarimeter provides tools to reconstruct the field’s strength and orientation as
well as to correctly interpret the observed spectrum.

The introduction of Zeeman splitting in CHIANTI (version 8, Del Zanna et al. (2015))
is based on equations reported in Landi Degl’Innocenti & Landolfi (2004). By fixing a
value of |B| (expressed in G), 6 and x (both in degrees), the procedure determines the
wavelength A and the intensity .# of each Zeeman components, as well as the Stokes
parameters. First, the Landé g-factors of the two levels

L JUADESEH D) — LL+ 1)
g=1+ 20U+ 1) 3.1
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FIGURE 1. (c,d,e) Definition of Stokes Q, U and V signs. (a,b) Signs of Stokes Q, U and V,
for emission detected along the field direction (6 = 0°, x undefined) and orthogonally to the
magnetic field (0 = 90°) for x = 0° (a) and x > 0° (D).
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and the M;-values of the (2J + 1) different sublevels are derived. Results are combined
with the Larmor frequency v, to determine

2 VL
A=A — 4 ?(guMJ“ — 8gaMy,), (3.2)

where A is the rest wavelength of the line in the absence of magnetic field and c is the
speed of light.

The intensity of each Zeeman component integrated over the solid angle is

L4 1\
s=sphan ) A=3( 0 Sy, (3.3)
— i, Ja —q

where %, represents the intensity of the unsplitted line given by CHIANTI in absence
of B and S/**(M,,, M,,) is the relative strength of the component, with ¢ = —AM equal
to —1,0, +1 for o, m, o,, respectively. The matrix represents the 3-j symbol (Messiah
(1962); Shore & Menzel (1968), see appendix A).
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FIGURE 2. Magnetic field direction with respect to the line of sight (yp) for the here discussed
line profile Fe XXIV 8194.0889 A observed at (a) & = 0° (x undefined), (b) & = 45° and y = 0°,
(c)0 =90°and x =0° (d) 0 = 30° and y = 50°.

Zeeman Stokes 1 [0 U \4 1 (0] U \4
component A (A) 1073 1073 1073 1073 103 1073 1073 103
0 = 0°, x undefined, figure 3 0 =45°, x = 0°, figure 4
op 81914767 1.55 0.00  0.00 —1.55 1.16  —-0.39  0.00 —1.09
op 8192.5216 4.64  0.00 0.00 —4.64 348 —1.16 0.00 —3.28
B! 8193.5665 0.00 0.00  0.00 — 1.55 +1.55 0.00 —
b1 8194.6113 0.00 0.00  0.00 — 1.55 +1.55 0.00 —
oy 8195.6562 4.64  0.00 0.00 +4.64 348 —1.16 0.00 +3.28
oy 8196.7011 1.55 0.00  0.00 +1.55 .16  —0.39  0.00 +1.09
6 =90°, x =0°, figure 5 6 = 30°, x = 50°, figure 6
op 8191.4767 0.77 —0.77 0.00 0.00 1.35 +40.03 -0.19 —1.34
op 8192.5216 2.32 —-2.32  0.00 0.00 4.06 +40.10 —-0.57 —4.02
B! 8193.5665 3.10 +3.10 0.00 — 0.77 —0.13 +40.76 —
bl 8194.6113 3.10 +3.10 0.00 — 0.77 -0.13 +40.76 —
oy 8195.6562 232 —2.32 0.00 0.00 4.06 +40.10 —-0.57 +4.02
oy 8196.7011  0.77 —0.77 0.00 0.00 1.35 +0.03 —-0.19 +1.34

TAaBLE 1. Wavelengths and Stokes intensities (expressed in photons cm ™2 sr~! s™!) of Zeeman

components, as given in the CHIANTI output, of the line FeXXIV 8194.0889 A obtained by
CHIANTI for |B| = 5 T and different values of the inclination 6 of the field with respect to the
line of sight and azimuth x. Figures 3—6 report the associated Stokes profiles.
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FIGURE 3. Plots of Stokes parameters of the line Fe XXIV 8194.0889 A obtained by CHIANTI
for |[B| =5 T and 6 = 0° (x is undefined) when it splits in four & components only. Panel (a)
Stokes 1, (b) Stokes Q, (c) Stokes U, (d) Stokes V. Stokes Q and U are both null due to the
absence of T components. See table 1 to read the Stokes intensities.

The quantities .7, .%,, and ., allow us to derive the emissivity in Stokes parameters

I = % |:f7[ sinZ @ + @(1 + cos? 9):| s 3.4)
0= % |:jn - @} sin® 0 cos(2y), (3.5)
U= l [ﬂn — M] sin®@sin(2y), (3.6)

2 2
V=1[5, - 7,]cosb. (3.7)

4. Example

As examples of the CHIANTI output, we here discuss a case in the visible range, i.e.
the iron line Fe XXIV A, = 8194.0889 A from the transition 1s*6s%S;,, — 1s* 6p 2P,

as well as the UV emission of the iron line Fe X 1y = 1689.0179 A from the transition
3s*3p*3d*Fs;, — 35> 3p* 3d *F,. For both we calculated the line profiles in isothermal
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FIGURE 4. Plots of Stokes parameters of the line Fe XXIV 8194.0889 A obtained by CHIANTI
for [B|=5T, x =0° and 6 = 45° when it splits in four o and two 7 components. Panel (a)
Stokes 1, (b) Stokes Q, (c) Stokes U, (d) Stokes V. See table 1 to read the Stokes intensities.

approximation for electronic temperature 7, = 107 K and with constant electronic density
N, =10%cm™.

For the Fe XXIV line, by setting |[B| = 5 T we first computed a spectrum along the field
direction (6 = 0°, x is undefined) (case a), and spectra with null azimuth angle (x = 0°)
at 0 = 45° with respect to B (case b) and perpendicularly to the field (6 = 90°) (case c).
Finally we calculated the spectrum for an arbitrary orientation of the field with respect
to the line of sight, i.e. 6 = 30° and x = 50° (case d). The four cases are illustrated
in figure 2. Results of Stokes parameters obtained by CHIANTI are listed in table 1
and shown in figures 3 to 6 where profiles are plotted assuming a spectral resolution
R =100000. As expected for case a (figure 3), the line splits in a doublet (Stokes /,
panel (a)) that we can interpret as the o components circularly polarized (Stokes V,
panel (d)) at their maximum intensity (compare with the analogous intensities of the other
cases listed in table 1). Stokes Q and U are null due to the absence of the linearly polarized
T components.

In case b, Stokes I (figure 4, panel (a)) results from the superposition of = components
linearly polarized along the field direction (Stokes Q, panel (b)) and o components
elliptically polarized due to linear (Stokes Q) and circular (Stokes V, panel (d))
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FIGURE 5. Plots of Stokes parameters of the line Fe XXIV 8194.0889 A obtained by CHIANTI
for |B| =5T, x =0°and 0 = 90°. Panel (a) Stokes I, (b) Stokes Q, (c¢) Stokes U, (d) Stokes V.
See table 1 to read the Stokes intensities.

polarization. Stokes U is null again, since no linear polarization degree at 45° with respect
to the field orientation is present.

Panel (a) of figure 5 shows the spectrum observed perpendicularly to the field direction
(case ¢). The line appears unsplitted, but the presence of Zeeman effect can be detected
by analysing Stokes Q (panel (b)). In this case, the m components linearly polarized along
B appear at their maximum intensity (compare with the other cases, table 1), while the o
components, linearly polarized orthogonally to the field, reach their minimum intensity.
As a consequence, the Stokes U and V parameters are null, see panels (c¢) and (d).

Case d refers to the emission detected from an arbitrary direction with respect to the
field orientation. As shown in figure 6 there is no null Stokes parameter, meaning that
mixed profiles are observed.

Stokes O, U and V profiles are obtained through a polarimeter coupled to the
spectrograph. High-resolution spectropolarimetry, largely applied to study astrophysical
plasmas as well as to determine stellar magnetic field strength and geometry (see e.g.
Catanzaro et al. 2016; Leone et al. 2017), has been proposed for the diagnostic of
magnetized laboratory plasmas in the visible range (Giarrusso et al. 2018; Giarrusso 2019).

The use of a spectrograph only allows to acquire the line intensities, i.e. Stokes [ profile
if the plasma is magnetized which differs in shape from the spectrum of a non-magnetized
plasma. In this regard, for the Fe X line in the ultraviolet range we compared the emission
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FIGURE 6. Plots of Stokes parameters of the line Fe XXIV 8194.0889 A obtained by CHIANTI
for [B] =5 T, x =50° and 6 = 30°. Panel (a) Stokes I, (b) Stokes Q, (c) Stokes U, (d)
Stokes V. See table 1 to read the Stokes intensities.

expected in absence of B with the ones in presence of magnetic fields [B| = 0.5 T and 5 T,
both observed along the field direction (§ = 0°, x undefined) and perpendicularly to the
field (8 = 90°, x = 0°). Results are shown in figures 7 and 8, respectively, where profiles
are plotted adopting R = 20 000.

5. Conclusions

Emission spectroscopy will have a fundamental role in characterizing the ion
emission of laboratory plasmas. By means of high-resolution échelle spectrographs,
covering thousands of A in a single exposure, plasma spectroscopy is ready to
provide measurements of a large number of plasma parameters such as velocity fields,
element abundances and thermal properties. In addition, the full Stokes high-resolution
spectropolarimetry will make it possible to study the magnetic field structure inside of
the laboratory plasma chamber as well as the phenomena of magnetic reconnection and
annihilation.

The inclusion of the Zeeman effect in CHIANTI represents the first fundamental
step towards a three-dimensional characterization of the magnetic field geometry and
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FIGURE 7. (a,b) Stokes I profiles of the iron line Fe X 1689.0179 A as observed along the
field direction (8 = 0°, x undefined), computed by CHIANTI in presence of a magnetic field
(a) |B| = 0.5T and (b) 5 T. Blue and red marks show the wavelength positions of the blueshifted
and redshifted o components, respectively. (¢) Comparison between the line profiles above and
the one expected in absence of magnetic fields.

element-by-element distribution in laboratory plasmas. To achieve the final result, further
very difficult steps are necessary:

(1) integrate the COdice per la Sintesi Spettrale nelle Atmosfere Magnetiche (see Stift,
Leone & Cowley (2012), for the last COSSAM version) into CHIANTTI to compute
the emitted plasma spectrum in the four Stokes parameters in the more realistic case
of inhomogeneous plasmas along the line of sight, with varying element abundances,
magnetic field strength and direction, and plasma parameters;

(i1) develop inversion techniques to recover the three-dimensional plasma conditions
from the observed plasma spectrum (Leone ef al. 2017; Stift & Leone 2017a,b);
and

(iii) enhance the polarization signal across line profiles with coadding techniques (Semel
et al. 2009; Scalia et al. 2017).
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FIGURE 8. (a,b) Stokes I profiles of the iron line Fe X 1689.0179 A as observed perpendicularly
to the magnetic field (6 = 90°, x = 0°), computed by CHIANTTI in presence of (a) |B| = 0.5 T
and (b) 5 T. Blue and red marks show the wavelength positions of the blueshifted and redshifted

o components, respectively. (¢) Comparison between the line profiles above and the one expected
in absence of magnetic fields.
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Appendix A

The relative strengths of the Zeeman components are expressed through the 3-j symbols
(§ 3). These quantities, due to the coupling of angular momenta in two quantum systems,
can be computed through the Racah formula (1942); for integer or half-integer values a, b,
¢, o, B, y as follows:

(a b C)z(_l)a—h—yx\/mxpxz(__l)l A1)

a By T’

with
(a+b—-—c)la—b+c)l(—a+b+0)!
(@a+b+c+1)!
F=J@a+a)la—a)lb+plb—-Plc+y)c—p)! ’

T=tW(c—-b+t+a)lc—a+t—PB)la+b—c—la—t—a)lb—1t+p)!
(A2)

Aa,b,c) =

for all integers ¢ giving non-negative factorials. The 3-j symbol is not null only if the
conditions « + 8 + ¢y = 0 and |a — b| < ¢ < a + b are both satisfied.
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