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ABSTRACT

We present a Stark-Zeeman spectral line-shape model and the associated numerical code, PPPB, designed to provide fast and accurate line shapes
for arbitrary atomic systems for a large range of plasma conditions. PPPB is based on the coupling of the PPP code—a Stark-broadened spectral
line-shape code developed for multi-electron ion spectroscopy in hot dense plasmas—and the MASCB code developed recently to generate
B-field-dependent atomic physics. The latter provides energy levels, statistical weights, and reduced matrix elements of multi-electron radiators
by diagonalizing the atomic Hamiltonian that includes the well know B-dependent term. These are then used as inputs to PPP working in the
standard line-broadening approach, i.e., using the quasi-static ion and impact electron approximations. The effects of ion dynamics are
introduced by means of the frequency fluctuation model, and the physical model of electron broadening is based on the semi-classical impact
approximation including the effects of a strong collision term, interference, and cyclotron motion. Finally, to account for polarization effects, the
output profiles are calculated for a given angle of observation with respect to the direction of the magnetic field. The potential of this model is
presented through Stark-Zeeman spectral line-shape calculations performed for various experimental conditions.

© 2021 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/10.1063/5.0058552

. INTRODUCTION

Measurements of magnetic fields are important in many studies of

light, (ii) additional splitting according to the value of the magnetic
quantum number m, and (iii) bending the colliding charged-particle

laboratory or space plasmas. Among other methods, spectroscopic
measurements are often used in plasmas to infer (i) temperatures from line
intensity ratios and Doppler broadening, (ii) electron densities from Stark
broadening, and (iii) magnetic field strengths from distinct line-shape
features. Spectroscopic diagnostic techniques are based on comparing
observed and modeled spectra, so implementing them reliably requires
accurate calculations of emission or absorption spectra, implying the use
of analytic methods and computer codes of differing complexity and
applicability limits. Line-shape modeling in plasmas has a long history,’
but the existence of intense magnetic fields in astrophysical objects (e.g.,
white dwarfs) and various types of plasmas created in the laboratory (e.g,
magnetic- and inertial-confinement fusion devices) has revived interest in
atomic-physics developments for such extreme conditions.

The presence of magnetic fields increases the complexity of line-
shape calculations in plasmas. A magnetic field has three essential effects
on Stark-broadened spectral lines: (i) partial polarization of the emitted

trajectories into a helical path around the magnetic lines of force. These
effects have been studied both theoretically and experimentally for
several decades since the initial work of Nguyen-Hoe et al.” Different
methods have been either developed for or extended to magnetized
plasmas, such as numerical simulations® © and various theoretical
models.” ' Most of these are based on simplifying assumptions
depending on the relative importance of the Stark and Zeeman effects, a
measure of which is given by the ratio 7 between their respective average
energy shifts.” For example, for hydrogen and with the normal electric

13
field strength Fy = e/r? and r, = (ﬁ) , where e is the elementary

charge and N, (cm™>) is the electron density, T is given by
T=515%10"'nNZ?* /B, (1)

where 7 is the principal quantum number (PQN) and B (T) is the
magnetic field strength. The line profile coincides with the pure Stark
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profile if 7 > 1 and deviates progressively as 7 decreases. When 7 ~ 1,
a profile broadened by the combined Stark-Zeeman (SZ) effect is
an intricate function of N, and B. Such cases are found in (i)
low-n hydrogen line series emitted in tokamak edge regions where
N,~10"cm™, T, ~ 1 eV, and Bis a few teslas or (ii) white dwarfs, where
the signature of intense magnetic fields (over a few hundred teslas) is
observed at higher densities (N, ~ 10'” cm ™). In laser-produced plasmas
(T, between 100 eV and 1 keV and N, between 10*! cm ™ and 10** cm ™),
high magnetic fields of over a few hundred teslas are generated and can
have a strong effect on the emission of highly ionized atoms.'”'® These
conditions require the Stark and Zeeman effects on line broadening to be
treated simultaneously.

The goal of the present work is to present the main features of the
SZ line-shape code PPPB through various applications related to
strongly magnetized plasmas.

1. ATOMIC PHYSICS IN PRESENCE OF MAGNETIC
FIELDS

The atomic data necessary for an SZ calculation are usually
generated by atomic-physics codes free of any external field. In
practice, we use the Cowan-Hartree-Fock atomic-structure code,"”’
the multiconfiguration Dirac-Fock code (MCDF),” the Flexible
Atomic Code (cFAC),”"** or homemade codes for neutrals. In its
original form, PPPB was designed to solve the problem within the
approximation of a strong or weak magnetic field. The energy levels,
statistical weights, and reduced dipole matrix elements were gener-
ated externally, and the Zeeman contribution to the Hamiltonian was
introduced in PPPB neglecting the quadratic contribution.

The Zeeman Hamiltonian reads as

Hy = .uBB(Lz + gssz)) (2)

where Bis the magnitude of the magnetic field in the z direction, yp is
the Bohr magneton, g; = 2.002 319 2 is the anomalous gyromagnetic
ratio for the electron spin, and L, and S, are the projections of the
total orbital and spin angular momenta of the atom, respectively.
For sufficiently weak B-field values, the off-diagonal matrix ele-
ments of H that connect states of different values of the modulus J

R T
of the total angular momentum of the system, J — L + S, are
negligible compared to the contributions of the Coulomb and
spin-orbit interactions. The contribution of the magnetic field to the
energy can be calculated as a perturbation. The following expression
of the diagonal matrix element of H; for the state |y J] M) was
retained in PPPB:

<V]M|(Lz+gssz)|y]M> =gﬂM> (3)

where g,; is the Landé factor of the level y J."” For magnetic fields
sufficiently strong to disrupt the coupling between the orbital T and
spin S momenta, L,and S, are easily evaluated for a state |y L S m; m).
The strong-field approximation through the following expression was
then retained:

<y L Smymg|(Lz+gsS)ly LS my mg) =my+ gms. (4)

One can consider the weak- and strong-field approaches to be no
longer valid when the magnetic field and the spin-orbit contributions
are of the same order of magmtude In thls intermediate case, the
whole Hamiltonian E L.S+ Ug B ( T+ gs S ) must be diagonalized.

RESEARCH ARTICLE scitation.org/journal/mre

For the one-electron configuration, the critical B-field value B,
(T) at which both contributions must be considered at the same level
in the Hamiltonian is estimated as™’

B z e\ et 5)
‘ n hc) pgh®’

where Z* is the effective charge given by Slater’s rule, i.e., Z* = Z - o,
where o is the screening constant.”* Table I gives the values of B, for
some H-like (Z* = Z) and Li-like (Z* = Z - 20, with 0;,= 0.85) ions of
interest, with radiative transitions from n = 2 assumed.

To go beyond the aforementioned weak- and strong-field ap-
proximations, the atomic-physics code MASCB has been developed
to generate B-field-dependent atomic-physics quantities. MASCB
follows the usual approach in which the N-electron atomic Hamil-
tonian H is divided into two parts: a separable part in which electrons
are supposed to be independent in a central potential, and a corrective
part that is treated using perturbation theory. In this framework,
multi-electron atomic states appear formally as a combination of
Slater determinants. This means that the matrix elements of H, J,
and J, must be calculated, and the eigenvectors of these operators
obtained after diagonalization are the eigenstates of the atomic
system. After identifying the useful (i.e., restricted; see Refs. 25 and 26,
for instance) Slater determinant belonging to a set of configurations,
matrix elements are calculated using the Condon rules summarized in
classical textbooks.”*”” The restriction of the Slater determinant set
involves considering just one possible value of M (eigenvalue of J,)
that is common to all states of a set of configurations. The subsequent
calculations of transition matrix elements coupling states of different
M make use of the Wigner-Eckart theorem and of operator J, or J_
when needed. After treating a list of configurations sequentially, it is
still possible to diagonalize the atomic Hamiltonian on the basis of the
states belonging to all of the considered configurations, which is just
the method known as superposition of configurations.

The description is non-relativistic, i.e., based on the Schrodinger
equation, but it incorporates the main relativistic corrections to the
central-field potential.'” This central potential—from which mono-
electronic energies and orbitals are obtained self-consistently—is
built in the framework of the optimized effective potential.”**’

After the primary treatment of an isolated atom, one diago-
nalizes the part of the Hamiltonian describing the interaction with the
magnetic field. This part reads (in SI units)

N
e’B?
Hp=Hz+ o Zrtz sin%6;, (6)
e i

TABLE I. Critical values of magnetic field at which spin-orbit interaction is of same
order of magnitude as magnetic interaction. Estimations are for hydrogen-like and
lithium-like ionization stages of elements of interest in this work.
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Element B, (T)
H-like Li-like
H(Z=1) 0.78 .
C(Z=6) 10° 270
Si (Z =14) 30 X 10° 18 X 10°
Ar (Z =18) 80 X 10° 55 X 10°
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where Hy is the linear Zeeman term [Eq. (2)] and the second term is the
quadratic term. Here, r; and 0; are the usual polar coordinates of electron
iin a system in which the polar axis is along the B axis, i.e., the z axis.””

Note that the quadratic term of Hy introduces mixing among
states of different #, making the matrix of infinite order. Therefore, the
eigenvalues are necessarily approximated by those of a truncated
Hamiltonian matrix for Hp, truncated because this matrix is limited
to a preselected set of configurations. For a given value of the magnetic
field, it is then necessary to check whether adding more configurations
changes the eigenvalues of interest significantly. For hydrogen or
helium atoms, this method has been shown to yield sufficiently ac-
curate results.”’ Figure 1 shows how the quadratic terms affect the
Balmer-series lines of hydrogen (up to H — ¢ corresponding to the
radiative transition from n = 7 to n = 2)"""* for plasma conditions
relevant to white-dwarf atmospheres.” We compare the SZ profiles
obtained with and without the quadratic B-field effects for three
magnetic-field values: B = (a) 100 T, (b) 500 T, and (c) 1 kT. The
calculations were performed over the entire Balmer series at once,
accounting for Stark coupling between upper levels with different
PQNs. Note that our atomic-structure calculation is performed in a
configuration interaction mode in which the mixing is introduced by
the quadratic term; this point is crucial for proper consideration of
this term.

The quadratic terms give rise to additional structures in the line
shapes and to a global shift that increases with the PQN. For higher
magnetic fields, the Zeeman components from different PQNs merge
so that the line series resembles a complex set of indiscernible lines.
Inferring the B-field from those lines is no longer possible.

Also, using the Inglis-Teller limit™ to measure the electron
density can overestimate the latter if Zeeman effects are not

RESEARCH ARTICLE scitation.org/journal/mre

considered in the calculation. For example, the largest PQN given by
the Inglis-Teller limit is nearly 7 for an electron density of 10'” cm™>.
The SZ Balmer series verifies this limit for a magnetic field of the order
of 100 T, but the lines emitted for large quantum numbers start to
merge as the B-field increases. For B = 500 T, the lines resolved last
correspond to the H, transitions, i.e., from the upper level of n = 6;
using this level as the largest PQN to infer the electron density would
give N, ~2.7 X 10" cm ™ instead of N, = 10*” cm™ as calculated. For
B =1 KT, the lines resolved last correspond to the H, transitions,
i.e,, from the upper level of n = 5; therefore, the corresponding inferred
electron density would be N, = 10*® cm™, an order of magnitude
higher than the correct value.

I1l. HELICAL TRAJECTORIES

Another difficulty to overcome in magnetized plasmas is that
charged particles follow helical trajectories, and this gyromotion of
electrons and ions around the magnetic lines of force may alter the
dynamics of the plasma particles. Recent studies in strongly coupled
magnetized plasmas—i.e., when the Coulomb interaction exceeds the
kinetic energy of the particles—have reported a strong influence of the
helical trajectories on the transport properties.’”” A significantly
curved trajectory will also change the emitter—perturber interaction
dynamics. Of particular current interest are the electric microfield
statistical properties in the case of strongly magnetized plasmas,
whereby the SZ broadening mechanisms of spectral line shape could be
affected.

The effect of helical trajectories on the emitter—perturber
interaction can be estimated from the ratio of the Debye length

5500

Wavelength (A)

FIG. 1. Stark-Zeeman (SZ)-broadened Balmer-series lines for N, = 10" em™, T, = 5 eV, and B = (a) 100 T, (b) 500 T, and (c) 1 kT with (solid) and without (dashed) quadratic

terms. The direction of observation is transverse to the B-field direction.
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TABLEII. Electron density N, and critical B-field By, for electrons in plasmas of interest (with values of magnetic field commonly

measured in these plasmas).

Magnetized plasmas N, (cm™) B, (T)
Tokamak edge plasmas (B ~ a few teslas) 10'3 1
White dwarf (B ~ 100 T to 1 kT) 10" 100
Laser plasmas (B < 500 T) 10%° 32 % 10°
Imploded targets (B ~ a few kiloteslas) 10* 100 X 10°

Ap = 45;‘;2 S to the Larmor radius r; = \'kgTmc?/ZeB, where m, T,
and Z are the particle mass, temperature, and charge, respectively.
When the Larmor radius is of the same order as the Debye length, the
perturber gyration occurs on the same time and length scales as those
of the Coulomb interaction. Above a critical B-field By, which cor-
responds to Ap/r; = 1, the helical trajectories must then be accounted
for. By way of illustration, values of the critical B-field for electrons in
magnetized plasmas of interest are summarized in Table II.

Recent studies of how B-fields influence electron trajectories in
hydrogen plasmas have been performed in the context of magnetic fusion
and white dwarfs.”* "' It has been shown that introducing helical tra-
jectories reduces the characteristic duration of the perturbation to the
order of the inverse of the Larmor frequency, i.e., 7y = 271/w; = 2mm,c/eB,
which results in line-shape narrowing. Such results suggest a modifi-
cation of the electron collision operator generally used to describe the
electronic Stark effect in line-shape modeling, as will be seen in Sec. IV C.

Regarding how helical trajectories affect the interaction between
the radiator and ionic perturbers, investigations of the statistical
properties of ionic microfields using classical molecular dynamics
(MD) simulations have been performed for short-pulse laser ex-
perimental conditions in which magnetic fields of a few thousand
teslas have been measured.” It has been shown that the modification of
the ionic field distribution function W(F) by the magnetic field is
negligible, and Deutsch®” drew the same conclusion: “The low-
frequency component of the electric microfields is seen to be rig-
orously unaffected by magnetic field in a thermal plasma,” but to
conclude: “in presence of a very strong magnetic field (- - -) the slow
electrons are to be added to the ionic part of the low-frequency
component.” Very recent MD simulations*” in the context of high-B-
field generation using laser—plasma interactions'’ have shown that
the helical trajectories of the electrons along the B-lines of force may
affect the distribution of the electrons around the ions and thus may
indirectly affect the ionic microfield distribution functions; however,
such results are preliminary and more investigations are required.

IV. PPPB: A STARK-ZEEMAN LINE-SHAPE CODE

The spectral line-shape code PPPB has been designed to provide
SZ-broadened line shapes for wide ranges of density, temperature, and
magnetic field."* It is based on the PPP code, a Stark-broadened spectral
line-shape code*** developed some years ago for multi-electron ion
spectroscopy in inertial-confinement-fusion plasmas.'*"’

Line shapes are usually modeled by working in the “standard”

quasi-static ion/impact electron limit. The line-shape function is given by

I(w) = jjwmﬂ(w, F)) dF,, @)

where w is the photon frequency and I(w, F;) is the electron-
broadened line profile for a given value of the microfield F; follow-
ing the static ion microfield distribution function W(F;). The field-
dependent profile reads as

I(w,F;) = %ReTr{dT liw—iL(F;) + ¢ (w)] ™! pd}, (8)

where L(F;) = [H,(F,), I] is the Liouville operator associated with the
B-field-dependent Hamiltonian of the emitter Hy, p is the emitter
density operator, d is the emitter dipole operator, and ¢(w) is the
electron-broadening operator (see Sec. I'V C).

A peculiarity of the Zeeman effect is a quantization axis imposed
by the magnetic field. This implies that the emission is polarized,
following the selection rules for the dipole radiation—AJ =J' — J =0,
+1 (J/ =J=0not allowed), g = AM = M’ - M = %1 (0., polarizations),
and g = AM = 0 (7 polarizations)—assuming that the magnetic field is
in the z direction. Because the symmetry is broken, integrating over
the ionic microfield implies considering the three spatial directions

separately. One defines ?H and F, as the ionic microfields parallel
and perpendicular to the direction of the magnetic field, respectively.
If 6 is the angle between the magnetic and electric fields, then we have
Fy=FuandF, = F;/1 - y?, with y = cos 0. Therefore, the line profile
given by Eq. (7) is written as

1 (% +1
Iy (0) = EJO WE [ 1,0 Fop) dudr 9)

where I (w, F;, u) represents the g-polarized line profile emitted by an
ion in an external magnetic field and in a static ion field F;.

The emission profile observed in the line of sight of the observer
is given by

I{w,a) =1 (w)cos? () + I, (w)sin? (), (10)

where a is the angle between the line of sight of the observer and the
direction of B, and

I (w) = Iy (w) + I1 (w), (11)
1(@) = Ip(@) +3 (T (@) + L (@), (12)

where I_;(w), Io(w), and I,;(w) are the g-polarized components given
in Eq. (9) with g = -1, 0, +1, respectively.

Calculating the integrand in Eq. (9) involves inverting and
multiplying matrices in the complex domain. In principle, this cal-
culation must be done for every static ion microfield point and for
every frequency point in the line shape I(w). This is the most time-
consuming task in a line-shape code, therefore computer power and
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efficient algorithms are essential to make complex emitter line-shape
calculations practical.

A. Static profile and Stark-dressed transitions

The PPPB code performs block diagonalization of the resolvent in
Eq. (8), afforded by the selection rules of the atomic matrix elements. It
performs an eigendecomposition of the resolvent in the {f, u}-dependent
bases (see Refs. 14, 44, and 48 for more details):

Iy (w) = ZW}”ZW;G) Im
f H

X Kdj|M g1 =L (f, M)]‘IM}WQPO», (13)

where M, is the matrix that diagonalizes the Liouville operator L:
M}}#L( frwMyy =L (f,u). The integrations over F; and u are
replaced by (i) a two-point integration weight, used for the sum-
mation over the discrete ionic field intensities f, and (ii) a Gauss—
Legendre quadrature weight, used for the angle summation.”’ The
number of microfields necessary to describe the static distribution
function well is r; ~ 50, and a value of n, ~ 30 is enough for good
convergence in the angle summation.

In the PPPB code, the static microfield distribution functions are
either estimated from classical MD simulations’’ or by the Adjustable
Parameter EXponential (APEX) model.”"”” The latter is computa-
tionally fast and suited for both weakly and strongly coupled plasmas.
Note that the Hooper static-field distribution function is used for the
calculations involving neutral emitters.”” Accordingly, those models
do not depend on B and consider the plasma that surrounds the
emitter, isotrope.

This procedure leads to the concept of the Stark spectral
components emitted by a set of dressed two-level radiators, i.e., the
Stark-dressed transitions (SDTs). These are characterized by two
complex numbers, i.e., the generalized intensity a,x + ic s and the
generalized frequency f,x + iy

The static g-polarized profile is then described by a sum of
rational fractions that are generalized Lorentzian spectral compo-
nents of the line:

Mgk

Z k(0= fak) + aqkVqk

o (w-— fq,k)z + y;,k

Iig(w) = , (14)

where ng ;. = ny X n, X n, X ngis the number of SDTs, which is also
proportional to ng and 7., the numbers of ground and upper selected
energy levels, respectively, that define the studied atomic system.

B. Frequency fluctuation model: stochastic
mixing of SDTs

The quasi-static approximation is useful, but it is well known
that a quasistatic treatment of the ion perturbation can lead to large
errors for plasma conditions that yield substantial microfield fluc-
tuations.”* Depending on the time scale of the line emission, the
fluctuations of the microfields produced by the moving ions have to be
accounted for. This is the most difficult part of the line-broadening
problem due to the stochastic behavior of the microfields.”

In PPPB, the ion dynamics that produce microfield fluctuations
are modeled using the frequency fluctuation model (FEM).'*>°

RESEARCH ARTICLE scitation.org/journal/mre

This is based on the assumption that an atomic system perturbed
by a fluctuating microfield behaves like a set of SDT's that are subject
to a stationary Markov mixing process induced by the field fluctu-
ation. This results in an effective exchange between two-level tran-
sitions following a Poisson process with the fluctuation rate of v; = v/
r;, where vy, is the ion thermal velocity and r; = (% N3 is the
mean distance between the ions, assuming an ionic density N;.

Working in the Liouville space of the SDTs, the SZ line shape
accounting for the ion dynamics and polarization is written as

1N, e\l
Id,q(a)):Re;Zz(Dd,kI(wl—Ld—zF+1W) Dy > pgs  (15)
kj

where L% is the Liouville operator involving the transition frequencies
of the SDTs, Dy ; = rq+/T +icj/a; are the matrix elements of the
dipole moment for the SDTs in the ¢ polarization state
<ré = zk“q,k)> and pyj = agj/ry is the instantaneous probability of
state j in the g polarization state. I' is defined as the diagonal matrix of
inverse lifetimes with T}; = v,6;, and W is the matrix of transitions
rates between different states, such as W = v;p 1.

The particular form of W avoids matrix inversion. According to
Ref. 56, defining the quasistatic propagator

G (2) = (z—iL*~ir)" (16)

that has only diagonal matrix elements, the total propagator can be
written as

G (2) =G (2)-iG'(2) - W - G (2), (17)

and introducing the previous expression in Eq. (15), we obtain
2 Z (aqyk-*—icq,k)/r;
kvit+y, ;o +i (0 — wgi)
I44(w) =—1Re ok .
/A z Agk / e
1- Vi kv,+yqyk+i(a)— Wgk)

This expression is used to calculate the SZ line shape along the line of
sight given by Eqs. (10)-(12).

(18)

C. Electron broadening operator

The physical model of electron broadening used in PPPB is based
on a semi-classical impact approximation including the effects of a
strong collision term’” and interference.”” It is supposed that the
emitter interacts with the plasma by binary collisions considering
independent pseudo-electrons. The Debye length represents an upper
cutoff beyond which the electrons do not collide. Moreover, the
pseudo-electrons move at constant velocities along straight trajec-
tories. A lower cutoff is introduced to avoid the Coulomb divergence
atshort distances. Using perturbation theory up to second order in the
emitter—electron interaction, the Maxwell-average operator is
given by

4 2m, < h

2
®(80) = =Ny 2 ) R-R(Cy+ G(Aw), (19)

m,
-

where Aw is the frequency detuning from the line center, R is the

(emitter) electron position operator operating in the subspace of

PQN #n,and C, is the n-dependent strong collision term, with C, = 1.5,
C;=1.0,C4 =0.75, C5 = 0.5, and C, = 0.4 for n > 5.
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There are many ways to estimate G(Aw) (see Ref. 16 and the
references therein). We use the semi-classical GBK model ™

1 (®e™ w2\ [ Aw® + w?
A =_ E— ithy = | — —<, 2
G(aw) 2jy 5 dewithy <ZZ> <EHkBTe> (20)

where the cutoff frequency w, is linked to the upper cutoff p,,.x = v/,
given in Eq. (15) in Ref. 57, and vy, = (KT/m.)"? is the average thermal
velocity. From the line center to w,, the collision operator is essentially
frequency independent, limiting the impact regime.

The collective properties of the electrons are usually assumed to
occur in a time that corresponds to the inverse of the electron plasma
frequency w, = \/4nNe*/m,. However, if any process reduces the
characteristic duration of the perturbation, the correlation can be
considered lost. This is the case, for example, for high-# series lines of
hydrogen, studied for plasma conditions relevant to magnetic fusion
and gas discharges experiments, where the line widths are larger than
the plasma frequency.” It is also the case for plasmas with high
density (N, > 10" cm™) but relatively low temperature (T, = 1 eV).
Because of the large number of electrons in the Debye sphere, the
correlation is lost when the electron configuration changes, i.e., when
the electrons move. We use the inverse time corresponding to a
configuration change, w, = 271/7,, where the characteristic time of the
interaction is 7, = r,/vy,. Moreover, as mentioned in Sec. I1], it has been
shown that introducing helical trajectories reduces the characteristic
duration of the perturbation to the order of the inverse of the Larmor
frequency. In this case, a cutoff at w; = eB/m,c should be used.”’
Finally, for non-degenerated systems, an additional cutoff at fre-
quency g, between the states & and a' has also been retained."
Hence, the cutoff frequency w, in Eq. (20) has been modified in PPPB
to account for electron-electron correlations and helical trajectories.
Here, we have w. = max(wp, @e, @p, Wag)-

How the Larmor frequency variation influences G(Aw) is shown
in Fig. 2 for conditions relevant to white-dwarf atmospheres (Lyman-
alineatN,=10" cm™, T, =5eV,and B =100, 500, and 10° T). G(Aw)
calculated for B =100 T is superposed on the non-magnetized results
because w, is larger than w; for these plasma conditions. For higher

RESEARCH ARTICLE scitation.org/journal/mre

B-field values, the cutoff is at the Larmor frequency. As the B-field
value increases, the value of G(Aw = 0) decreases as well as the de-
rivative of this function. The impact region is then extended. Such
results lead to a reduction of the SZ linewidth with increasing B."’

The impact limit G(Aw = 0) is generally used in PPPB. It has been
checked that for multicharged ions, this approximation affects only
the wing of the lines for values of w of the order of or larger than v,/
(rw = hn*lZmvy, being the Weisskopf radius).

V. SELECTED APPLICATIONS

In this section, we present different examples of applications in a
broad band of plasma conditions encountered in dense gas jet dis-
charges and laser-produced plasma experiments in which strong,
controlled, static magnetic fields could be generated, as for example by
the capacitor—coil target technique.”’ * In this technique, two
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FIG. 3. SZ Lyman-« line profiles of C VI, using the weak-field (dashed) and intermediate-
field (solid) approximations for B= 100 T, N, = 5 X 10" em™>, T, = 100 eV. The short-
dashed line corresponds to the pure Stark profile.
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FIG. 2. G(Aw) calculated for hydrogen Lyman-a line at N, = 10" cm™3and T, = 5eV for 367.40 367.50 367.60 367.70
different B-field values that modify the cutoff frequency w,: B = 100 T (short-dash), photon energy (eV)
B =500 T (dot-dash), and B = 1 KT (double-dot-dash). For comparison, the G(Aw) ‘
functions are shown for the non-magnetized case (solid line). FIG. 4. As Fig. 3 but for B =500 T.
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parallel disks linked by a coil are irradiated by a high-power nano-
second laser: escaping hot electrons charge the target, giving rise to a
strong current passing through the coil, and this strong current
generates sub-nanosecond-duration B-fields of strength up to 1 kT.

A. Lyman-« lines of hydrogen-like carbon in dense
laser-produced plasmas subjected to strong external
magnetic fields: A need to account for intermediate
B-fields

We investigate the SZ effect on the C VI Lyman-« line at 367.55 eV
in a dense laser-produced plasma subjected to a strong external
magnetic field. For the selected plasma conditions (N, = 10"°~10%° ¢cm™
and T, = 100 eV), the Stark broadening is less than 0.02 eV, and the fine
structure of the line—corresponding to a splitting of 0.05 eV—can be

1.0

0.8+

0.6

0.4+

0.2

= T T T T
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Wavelength (nm)
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seen. Such lines are interesting because under a magnetic field of the order
of a few hundred teslas, the Zeeman splitting is sufficiently strong to
prevail over the Stark broadening effect and moreover, none of the weak-
or strong-field approximations are valid. Calculation of the atomic
physics in the intermediate-B-field approximation is required.

Figures 3-5 show the SZ-broadened polarized profiles for three
different B-fields. They are calculated using atomic data generated
within the weak-field approximation (black line) or within the
intermediate-field approximation (MASCB, red line). For the sake of
clarity, the m components are plotted with negative intensities. The
pure Stark profiles (dotted black line) are also plotted to show the
modification due to the Zeeman effect on those lines. For B =100 T,
both approximations give largely the same Zeeman splitting and the
profiles are mostly identical. For B = 500 T, the weak-field approx-
imation starts to be critical and differences appear in the SZ line
shapes. For B = 10° T, the Zeeman splitting being of the order of
magnitude of the spin-orbit interaction, the weak-field approxi-
mation gives a drastically different B-field signature on the spectrum
compared to the intermediate approximation. Using the latter, one
can see a global blue-shift of the lines and different structures. In the
limit of strong fields, e.g., B ~ 10* T, it has been checked that the
spectra calculated with the intermediate-B-field approximation tend
to those calculated with the strong-field approximation, in which the
spin-orbit interaction is neglected.

B. Lithium-like isoelectronic CIV,NV,and OVIn =4 to
n =5 lines subjected to strong external magnetic fields

Measurements of Stark-broadened profiles of the n =4ton =15
transitions for lithium-like isoelectronic sequences have been reported in
Ref. 64. They were observed in a gas-liner pinch discharge, where
the plasma conditions of 10'® cm™ < N, < 2.8 X 10'® em™ and 8.6 eV
<T,.< 17 eV were diagnosed independently by Thomson scattering. The
spectrometer resolution was sufficiently high to resolve the Stark-
broadened profiles well, and the width of the apparatus profile was
3%, 25%, and 43% of the Stark-broadened CIV,N V,and O VIn=4to

T T T T T
248 250 252 254 256
Wavelength (nm)

FIG.6.SZ C IV n=4ton="5 polarized line profiles for N, =2 x 10" cm=, T=10eV, B=0(dot), B=100T (solid), B=200 T (dash), B= 300 T (dot-dash), and B =500 T (double-
dot-dash): (a) & components; (b) 7= components. The experimental results™ are plotted with solid plus signs.
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FIG. 7. Comparisons of SZ-broadened n = 4 to n = 5 line transitions for C IV (solid), N V (dash), and O VI (dot-dash) at B=500 T, N, =2 X 10" cm™, T, = 10 eV: (a) o

components; (b) 7 components.

n = 5 transition linewidths, respectively. Furthermore, the width of the
corresponding Doppler profiles was below 0.1% in all cases. The ex-
perimental setup described in Ref. 64 provided a benchmark for models.
We have investigated the effects of strong B-fields on those lines.

SZ calculations are challenging here because the number of fine-
structure energy levels, the line transitions, and the Stark coupling
between energy levels increase with the PQN. For the present cal-
culations, levels belonging to # = 4, 5 and 6 have been considered. In
total, 154 fine-structure energy levels associated with the upper
(initial) levels and 32 fine-structure energy levels associated with the
lower (final) ones are then accounted for, and over 1200 electric-
dipole-allowed transitions are accounted for in the calculations
(including An # 0).

Figure 6 shows the modifications of the calculated CIV n = 4 to
1 = 5 line shapes under magnetic fields up to B = 500 T for N, = 2 X 10"
cm ™ and T, = T; = 10 eV. In both subfigures, the pure Stark-broadened
line profile, ie., the B = 0 calculation, is plotted together with the
measured one to illustrate the very good agreement between PPP and the
experimental data (taken from Ref. 64). The Zeeman patterns of the
n =4 to n =5 line transitions show interesting features because the line
shapes corresponding to the o components present two distinguishable
peaks that split as the B-field increases, whereas the SZ line shapes
corresponding to the 77 components do not really vary with B-field values.

A similar tendency is seen for the SZ line shapes of lithium-like
nitrogen and oxygen. Figure 7 shows the SZ effect on the o and 7
components of the CIV, N V,and O VI n =4 to n = 5 transitions.

By recording experimentally the ¢ and 7 components simul-
taneously, it is possible to characterize the polarization degree of the
different SZ emission lines:

P(w) = ;n(w) —Io(w) @1)

() +Io(w)

Figure 8 shows the polarization degree calculated for the C IV
n =4 to n = 5 transitions for different B-field values. As the 7 and ¢
components present very different line profiles, the variation of the
polarization degree reaches 70%. This case is very favorable for

inferring the magnetic field because the Zeeman patterns are observed
well among the Stark broadening. Nevertheless, for cases in which the
Zeeman patterns tend to be masked by other broadening mecha-
nisms, polarization degrees of a few percent can still be measured
experimentally.”

Figure 9 shows the o and 77 SZline shapes of the O VIn=4ton=>5
transitions calculated for a magnetic field of B=100 T and convolved
with a Lorentzian apparatus profile with a full width at half maximum
of 0.18 nm, corresponding to the detection system used in Ref. 64.
Accounting for this additional broadening, the o components are no
longer resolved and show a profile similar to that of the 7 components.
A measurement of the B-field from the Zeeman patterns would be
unreliable, whereas it would still be feasible using the corresponding
polarization degree that gives 5% at the center of the line. Comparing
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FIG. 8. Polarization degree of C IV n = 4 to n = 5 lines for N, = 2 X 10"® cm™,

To=10€V,B=100T (solid), B=200 T (dash), B=300 T (dot-dash), and B=500 T
(double-dot-dash).
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the observed and calculated polarization degree can then in principle
be used as a diagnostic tool to infer the magnetic field even if the
Zeeman patterns are masked.

C. Ar K-shell emission in strongly magnetized plasmas

The design of a novel all-optical platform for magnetizing laser-
driven cylindrical implosions at the OMEGA facility and their charac-
terization through x-ray line emission has recently been proposed.”**”
The experimental scheme combines the laser-driven MagLIF configu-
ration for the implosion of low-density gas-filled cylindrical targets”* with
laser-driven seed B-fields.”” A B-field exceeding 10 kT over the entire
compressed core is predicted by the MHD code GORGON.*””” For the
referred conditions, Ar K-shell spectra are expected to be observed thanks
to the high-quality spectroscopic data for Ar K-shell emission lines—
with a spectral resolution of E/AE ~ 1800—already obtained in inertial-
confinement-fusion experiments.”"””

a)

normalized intensity

T T T T T =
3130 3135 3140 3145 3150
photon energy (eV)

Three spectral properties of dopant atoms can be exploited to
infer a unique measurement of the core electron temperature and
density as well as the local B-field: (i) the Stark-broadened line shapes,
which depend strongly on the electron density, (ii) the relative in-
tensity distribution of K-shell lines and associated satellites, which are
sensitive to the electron temperature and density, ” and (iii) the
expected compressed B-field, which is indeed strong enough to induce
significant splitting, broadening, and polarization effects on the
K-shell emission spectra.’”

We have investigated the SZ-broadened line shapes of Ar K-shell
x-ray transitions in hydrogen- and helium-like ions, i.e., Ly, (2p — 1s),
Lyg 3p — 1s), Ly, (4p — 1s), and Lys (5p — 1s) in H-like Ar and He,
(1s2p — 1s%), Heg (1s3p — 1s%), and He, (1s4p — 1s%) in He-like Ar.
Here, a tracer amount of Ar in a deuterium plasma was considered, and a
grid of plasma densities from N, = 3 X 10* cm > to 3 X 10**cm > and a
grid of B-field values from 10 to 80 KT were used. Because the Stark-
broadened line shapes depend weakly on the electron temperature, only a

b)

normalized intensity
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FIG. 10. Calculations of (a) Ar He-a and (b) He-f3 SZ spectral lines for No =5 X 10% cm~3, T, =2keV, B=0 (solid), B= 20 kT (dash), and B=40 kT (dot-dash). A convolution with
an instrumental resolution of E/AE = 1800 is performed, and the observation is parallel to the magnetic field.
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representative value of 2 keV was chosen. Such detailed SZ line shapes
were used in the NLTE atomic kinetics code ABAKO”” to compute
synthetic x-ray emission spectra.'”"’

In Fig. 10, the SZ line shapes of the Ar He-a and He-f3 calculated
for two B-fields values (B = 20 and 40 kT) are compared to the
corresponding Stark-broadened profiles (B = 0). The Doppler and
instrumental resolution of E/AE = 1800 is accounted for. As shown in
the figure, the He-« line is more sensitive than the He-f line in terms
of Zeeman splitting. The same tendency has been seen for the Ar H-
like Lyman lines. As the PQN increases, the Stark broadening in-
creases and masks the Zeeman patterns.

A possible way to measure the plasma parameters from the
synthetic spectra would be as follows. By measuring different
emission lines simultaneously, one could characterize the plasma
density and temperature from the f lines through the Stark broad-
ening. For the found plasma parameters, one could adjust the B-field
value needed to reproduce the extra B-field-induced broadening
observed in experimental « lines. Although the He-« lines suffer from
re-absorption for such plasma conditions, the latter occurs in the
center of the line. As the Zeeman effect splits the lines, one can expect
that the sigma components will be poorly re-absorbed, thereby
making the B-field diagnostic still feasible.

VI. CONCLUSION

Atomic structure can be used to characterize magnetized
plasmas because hydrogen and multi-ionized-atom line emissions
broaden and become polarized under strong B-fields. In this paper,
the main features of the SZ line-shape code PPPB were presented
through various applications related to strongly magnetized plasmas
encountered in either astrophysics or the laboratory. PPPB allows
calculations over a wide range of plasma conditions and is sufficiently
fast to provide line shapes for use in radiation transport codes. The
Zeeman effect in intermediate coupling is accounted for by the
atomic-physics code MASCB that generates B-field-dependent
atomic-physics quantities. Investigations of hydrogen line series in
highly magnetized astrophysical plasmas have shown that the qua-
dratic Zeeman terms give rise to additional structures and to a global
shift that increases with the PQN. In high-energy-density plasmas,
measuring gigagauss (10> T) magnetic fields using Zeeman-
broadened lines from highly charged ions has been proposed,””
and investigating how the quadratic terms affect the SZ line shapes
emitted from highly charged ions may be very important because
those lines are used as diagnostic tools.

Another interesting study is how helical trajectories affect
charged particles produced in the presence of strong B-fields. The
gyromotion of ions and electrons may alter the dynamics of the
plasma particles and thus their interaction with the plasma emitters.
The present version of the code accounts for this effect by using a
cutoff at the Larmor frequency in the electron broadening operator.
The effects of anisotropy and screening on the electronic and ionic
microfield properties must be investigated to improve the corre-
sponding models in line-shape codes.
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