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The Stark broadening of a Be II line (1s>3d?D — 1s%4f 2F, 467.339 nm) under a magnetic field is evaluated
with the divertor plasma of ITER in mind. The electron and ion perturbers are treated in the impact and static
approximations, respectively. The perturbation term due to the magnetic field is included in the static approxima-
tion. The results show that the Stark broadening comes to be significantly large when the density is higher than
10?! m=3, and the ion temperature would be overestimated if the Stark broadening is not taken into account.
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1. Introduction

The divertor impurity monitor diagnostics of ITER
[1], the so-called DIM, consists of several UV-visible spec-
trometers, and is responsible for measuring emission lines
of impurity ions in the divertor region, and the measured
data will be utilized for the plasma control, device protec-
tion, physical research, and so on.

Because a beryllium- or other low Z material-coating
is considered for the divertor and the first wall plates in
the current ITER design baseline, those impurity atoms are
expected to be introduced into the divertor plasma. On the
other hand, since the requirements for DIM include the ion
temperature (7;) measurement, the use of emission lines of
these impurity ions may be considered. More specifically,
DIM is supposed to use the Doppler broadening of those
beryllium ion lines for the measurement of Tj.

Regarding beryllium ions, some Be Il and Be Il lines
are expected to have high emissivities in the UV-visible
wavelength range based on the results of SOLPS-ITER
[2], which is a plasma boundary code package based on
the plasma and neutral transport codes, i.e., B2.5[3] and
EIRENE [4], respectively.

For accurate T; measurements, it is necessary to con-
sider other effects on the emission line profile besides
Doppler broadening. Firstly, there is an effect caused
by magnetic fields. The magnetic field strength in ITER
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plasma is typically 5T, and so emission lines would split
into some components due to the Zeeman effect. The split-
ting width depends on the field strength and on the quan-
tum state regarding the angular momentum of the upper
and lower levels of the transition. When the splitting width
is comparable to the Doppler broadening width, the Zee-
man effect could contribute to the observable broadening
width.

Secondly, the SOLPS-ITER calculation indicates the
electron density of the divertor plasma could exceed
10*' m~3 near the target plates [5] where T; is a few eV
or lower. In such high density conditions, it is possible
that the Stark broadening also influences the evaluation of
the broadening width for the 7; measurement. We here
attempt to calculate the Stark broadening for a Be Il line
(1s*3d°D - 15?4 ?F, 467.339nm) with a fixed magnetic
field of 5T and quantitatively evaluate their influence on
the T; measurement. This line was chosen because of the
structure of the upper and lower energy levels, which was
expected to be highly affected by the Stark broadening.

It is noted that we focus on an emission line of the
beryllium ion in this paper, but it is highly likely that ITER
will not use beryllium. Even so, the method used in this
study is universal and can be applied to any other ions with-
out any difficulty.

2. Calculation Method

We adopt the same calculation method used in Ref. [6]
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for the Stark broadening, i.e., ion and electron contribu-
tions are treated as the static and impact approximations,
respectively, and the convolution of these profiles is re-
garded as the observable line profile.

For the impact approximation, the data found in Ref.
[7] are adopted, where the line profile is approximated by
the Lorentz function and is represented by the full width at
half maximum (FWHM). The width is assumed to be pro-
portional to the perturbers density, and its proportionality
coefficient is given for respective lines. The FWHM for the
present Be I line is approximated by 0.508 x (1. /10%*) nm,
where 7. is the electron density and in m~>. The electron
temperature is assumed to be 1000 K [7].

For the static approximation, a distribution function of
the electric field strength as a collection of microfields cre-
ated by ions is considered. The Holtsmark distribution [8]
is used for the present calculation. The perturbers are dom-
inated by protons and its density is assumed to be equal
to that of electrons. We assume an isotropic plasma so
that the resulting electric field distribution is also isotropic.
The difference from the condition in Ref. [6] is that there
exists a magnetic field which is oriented in a specific di-
rection and makes the system axisymmetric with respect
to the magnetic field.

We calculate the emission line profile in the presence
of an electric field E of a certain direction and strength,
together with a fixed magnetic field B, and superpose the
line profiles by scanning the strength and direction of the
electric field to obtain the line profile to be observed.

The Hamiltonian H under a magnetic field and an
electric field can be written as

H=Hy-pu-B-E-d, (1)

where Hj is the non-perturbed Hamiltonian, u is the mag-
netic moment of the atom, and d is the electric-dipole mo-
ment. When we take the quantization axis z in the direc-
tion of B, and denote the direction of E as &, Eq. (1) can be
rewritten as

H = Hy—ugB(gLL; + gsS ;) — Edg, ()

where B = |B|, E = |E|, ug is the Bohr magneton, g; (= 1)
and gs (= 2) are the orbital and spin g-factors, respectively,
L, and S, are the z-axis components of the orbital and spin
angular momentum quantum numbers, and dg is the ¢ di-
rection component of d.

The first term gives diagonal elements of H which cor-
respond to the level energies without perturbation fields,
and the matrix elements due to the second term are ob-
tained by the conventional method to deal with the Zeeman
effect [9].

For evaluating the matrix elements due to the elec-
tric field perturbation, i.e., (L/M| — Ed¢|L’J'M"),we first
rewrite the eigenstates |[LJM) in the coordinates with the
quantization axis in the & direction. Such an operation
can be made by the coordinates rotation [9] denoted by R,
which turns the z-axis in the E or the &-axis direction.

“X

Line-of-sight

Fig. 1 Euler rotation for turning the quantization axis (z-axis)
into the &-axis direction by first rotating 6, around the
z-axis and then 6, around the y’-axis which is the new y-
axis after the first rotation. The definition of observation
vectors ey and ey are also shown: The former is in the x-
z plane and is perpendicular to the line-of-sight, and the
latter is on the y-axis.

Following the Euler rotation formalism, the rotation R
can be realized by first rotating 6, around the z-axis and
then 6, around the new y-axis, i.e., y’-axis in Fig. 1. The
resulting state [LJ M) can be expressed as

|[LIM)s = D(R)|LIM), 3)

where D(R) is the operator for the rotation R. With the use
of the inverse operator D(R™"), Eq. (3) can be rewritten as

ILIM) = D(R™")ILIM); 4)
= Z \LIm)eD) (R™Y) 5)
= D ILIm)eDip (R), (©)

where D(W{L(R‘l) expresses the matrix elements of D(R™Y)
for the case when the total angular momentum quantum
number is J and is called the Wigner function. The last line
is derived with the relation of D) (R™") = D',"(R)[10].
Matrix elements of the third term in Eq. (2) can be then
rewritten as

(LIM| - Ed|L' ' M") )
=—E Y Dy (RD (RXLImledelL'J'm'):  (8)

=—E Y Dy (RDS (RXLImIdIL'J'm'),  (9)

where the self-evident relation

(LImlede|L' T'm'ye = (LIm|d|L' J'm'), (10)
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is used.

Now all the matrix elements are obtained and we
can calculate the perturbed energy levels by diagonaliz-
ing Eq.(2). In general, the degeneracy is resolved and
the magnetic sublevels come to have different energy val-
ues. Each eigenstate is obtained as a linear combination
of unperturbed states where the coefficients correspond to
the eigenvector elements derived in the diagonalization of
Eq. (2).

Such calculations are performed for the upper and
lower states of the transition, and the wavelengths of the
resolved line components are obtained as the differences
between the upper and lower level energies.

Next, the intensity of each line component is consid-
ered. The line intensity is proportional to the square of
the electric dipole moment corresponding to the upper and
lower state combination. By giving the wavelengths and
intensities for respective lines, the entire spectrum is syn-
thesized as a sum of all the line components.

In this calculation, we must be aware that the observ-
able line intensities depend on the angle between the line-
of-sight and the magnetic and/or electric field because each
resolved line component is polarized. We assume that the
line-of-sight is in the x-z plane and has an angle ¢ with
z-axis as shown in Fig. 1. The observable line intensity is
obtained as a sum of two linearly polarized components
which are perpendicular to each other.

The basis vectors corresponding to the direction of the
two linear polarization components are here called the ob-
servation vectors. One observation vector is chosen so as
to be parallel to the y-axis, and the other is in the x-z plane
and perpendicular to the line-of-sight as shown in Fig. 1.
The former and latter observation vectors are denoted ey
and ey, respectively.

The line intensity of a transition from |u) to |I) states
is here represented by the square of the matrix component
of the corresponding electric dipole moment as

I=le-du, (11)

where e stands for ey or ey, and d is the electric dipole
moment. Their scalar product e - d can be expanded in the
spherical coordinates as

e-d=—ed_|+eydy—e_1d;. (12)
The coefficients e.; and ej can be expressed as

ey =7, (13)

es] = F—(a xif), (14)
where @, 3, and 7y are the x-, y-, and z-axis components of
the observation vector e. In the present case, @« = y = 0,
and 8 =1 foreg and @ = cos ¢, B = 0, and y = sin¢ for

ey. We here assume to observe the plasma from an upper
port with a line-of-sight looking down on the divertor at an

angle of 30 degrees from the vertical to the toroidal direc-
tion, i.e., ¢ is approximately 60 degrees. In the following
calculations we will use this value for ¢.

Evaluation of Eq. (11) requires the spherical compo-
nents of the electric dipole moment

(Udgu, (15)

with ¢ = 0, 1. As derived above, an eigenstate under ex-
ternal field perturbations is understood to be a linear com-
bination of unperturbed states. Here, |/) and |u#) can be ex-
pressed by unperturbed lower state |/,.) and upper state |u)
as

=" Ci, (16)
ey = > Chlu), (17)
where C! and C" are the elements of the eigenvectors ob-

tained by the diagonalization of Eq. (2). The term (I|d,|u)
is then rewritten as

Uiduy = 7 CLCU0 1y ). (18)
Now we write the basis states |//) and |u}) explicitly as
1)y = Ly Ji M), (19)
sy = 1LoJ2Mp). (20)

In this case, with a help of the Wigner-Eckart theorem and
the Racah algebra, each component in Eq. (18) can be writ-
ten as [11]

ldgluyy = (LiJyMldglLaJ, M>)
— (_1)(]1—M1)+(S+1+L1+J2) \/(2]1 + 1)(2.]2 + 1)

Ji 1 ) L Ji S
X( My, q M, ){ LoL 1 }<L1||d||L2),
2D

where (---) and {-- - } are the 3-j and 6-j symbols, respec-
tively. The last factor in Eq.(21), which is called the re-
duced matrix element, is related to the line strength S’ as

SI
(Lilld|L2) = +ag \[ S+l (22)

where qg is the Bohr radius and S’ is in the atomic units.
The positive and negative signs correspond to the cases
Ly =L+ 1and L, = L, — 1, respectively. Equation (11)
can be now evaluated, and each line component for a given
combination of B, E, and e is obtained.

By performing such calculations for all combinations
of magnetic sublevels in the upper and lower levels, and for
ey and ey, the intensities of all observable emission line
components are obtained for a given combination of B and
E. For evaluation of the Stark broadening, a weighted in-
tegral following the Holtsmark distribution should be per-
formed with respect to the electric field strength. Further-
more, since the electric field can be oriented in any direc-
tion, integration over all directions must be also performed.
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Fig. 2 Examples of calculated spectra of the Bell line
(1s%3d %D — 1s%4f °F, 467.339 nm) for four different per-
turber density cases when 7; = 1 eV.

It is noted that if the perturbation is only the electric
field, the difference in the observable intensity of the po-
larization component due to the direction of the electric
field relative to the line-of-sight is averaged out, so it is not
necessary to integrate for the electric field direction and
simply take the sum of emission intensities of the 7 and o
lights. However, because isotropy cannot be assumed due
to the presence of a fixed magnetic field, it is necessary to
integrate for all directions for the electric field.

Finally, the obtained spectrum is convoluted with the
impact approximation broadening and the desired emission
line profile with the Stark broadening in a magnetic field is
obtained.

3. Results and Discussion

Figure 2 shows the spectra calculated for some dif-
ferent perturber density values. The thin lines show the
spectra calculated with the method discussed in the previ-
ous section. The cross symbols show the convolution of
the spectra with the Doppler broadening of 1 eV. Here, we
give each data point a random error following the Poison
distribution considering that fitting will be later performed
with the Gaussian function to derive T;.

It can been seen that the line is divided into three main
peaks. The central peak and the two lateral peaks corre-
spond to the 7 and o components of the Zeeman split line,
respectively. The intensity ratio of the n and o~ compo-
nents is mainly determined by the angle between the line-
of-sight and the magnetic field, which is about 60 degrees.

Assuming a simple 7; measurement, the central peak
is fitted with a single Gaussian, and 7; is determined from
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Fig. 3 Density dependence of T; derived via fitting of calculated
spectrum with a single Gaussian function.

its width. Figure 3 shows the results for cases of 7T; = 1,
2,5, 10, and 20 eV. It is readily noticed that the evaluated
T; increases with the density especially in the range where
the density is higher than 10> m=3. This is considered to
be an effect of the Stark broadening. The error is evalu-
ated as the root mean square of the difference between the
measured and the fitted data. It is also seen that the ob-
tained temperature error increases with increasing density
because the shape of the emission lines is no longer well
represented by a single Gaussian.

It should be noted that even when the density is lower
than 10?2 m=3, T; obtained by fitting is higher than the as-
sumed temperature value. This is caused by the splittings
of emission line components due to the Zeeman effect.

In summary, we have studied the Stark broadening in a
magnetic field for a beryllium ion emission line. When the
electron density exceeds 102! m™3, which is a possible con-
dition in the ITER divertor plasma, it has been confirmed
that the Stark broadening becomes significant so that the
ion temperature measurement can be affected.
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