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Abstract

The electric quadrupole (E2) and magnetic octupole (M3) ground state transitions in Ni-
like W46+ have been measured using high-resolution crystal spectroscopy at the Livermore electron
beam ion trap facility. The lines fall in the soft x-ray region near 7.93 A and were originally ob-
served as an unresolved feature in tokamak plasmas. Using flat ADP and quartz crystals the
wavelengths, intensities, and polarizations of the two lines have been measured for various elec-
tron beam energies and compared to intensity and polarization calculations performed using the

Flexible Atomic Code (FAC).
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I. INTRODUCTION

The lowest excited levels of nickellike high-Z systems are the (3s23p°®3d; /23d§ Jo481/2) =32
levels. These decay to the (3s23p®3d'?);_y ground state via a magnetic octupole (M3) and
an electric quadrupole (E2) transition, respectively. The populations of metastable levels,
from which electric-dipole forbidden transitions originate, are density sensitive and therefore
these transitions typically do not occur in dense plasmas. However, in the spectra from
low-density sources such as tokamaks and electron beam ion traps (EBITs), electric-dipole
forbidden transitions can in fact be among the strongest lines, especially from high-Z ions
where their transition probabilities are higher.

Magnetic octupole transitions were first observed by Beiersdorfer et al. in 1991 in nickel-
like thorium and uranium ions [1] at the Livermore electron beam ion trap facility, and have
later been studied by Trébert et al. [2-4] in nickellike xenon and neighboring ions. Electric
quadrupole lines have been observed in many low-density laboratory plasmas, see e.g. [5-7].

An unresolved Ni-like W%+ ion feature has previously been observed at 7.93 A in the
ASDEX Upgrade tokamak by Neu et al. [8-10] and was interpreted as the E2 line. Based on
calculations, Loch et al. [11] and Ralchenko et al. [12, 13] have suggested that this feature
was actually a blend of the M3 and E2 lines. Ralchenko calculated the line positions, line
intensities, and density dependences of the lines [13]. Ralchenko et al. also observed the
unresolved line in the NIST EBIT using a 4-pixel x-ray calorimeter spectrometer [12]. The
feature has also been observed in the Livermore SuperEBIT using a 36-pixel x-ray calorimeter
array [14].

Several authors have calculated the two line positions, for example Aggarwal et al. [15],
Fournier [16], Safronova et al. [17], Zhang et al. [18], and Ballance et al. [19]. Other calcu-
lations are limited to the E2 transition [20-23].

In the present study the x-ray feature at 7.93 A has been resolved and shown to consist
of the two electric-dipole forbidden transitions. The lines were studied using high-resolution
spectroscopy at the Livermore EBIT facility and the measurement yields wavelengths with
an uncertainty of about 0.6 mA.

The intensities of the two lines have been studied at several electron beam energies, and
the excitation energy dependence on the relative intensities in the 3.3 keV to 5.4 keV beam

energy interval has been investigated using two flat-crystal spectrometers. The measured



line ratios at nearly constant electron density show that the energy has little effect on the
relative intensities. However, calculations performed using the Flexible Atomic Code (FAC)
show that the density dependence is very strong for plasmas of interest in magnetic fusion
research.

Furthermore, as the emitted radiation in an EBIT is anisotropic and polarized, the relative
polarizations of the two lines as a function of the electron excitation energy could be studied.
It is shown that both the M3 and the E2 lines have very little polarization, indicating that

the level population mechanisms are mainly from cascades.

II. EXPERIMENTAL SETUP

The measurements were performed using the SuperEBIT electron beam ion trap at the
Lawrence Livermore National Laboratory [24, 25]. In an EBIT the atomic element of interest
is injected into an electron beam with a density around 10''7'2 cm=3, where the atoms
are ionized and excited by unidirectional electron collisions. The freshly produced ions
are then trapped in a small region of the electron beam by a combination of electrostatic
potentials and strong magnetic fields. The atomic charge state distribution of the trapped
ions is determined by the electron beam energy, ionization and recombination cross sections,
charge exchange, and various trap parameters, such as drift tube voltages and trap cycle
length. In the trap the ions have little kinetic energy and no overall direction of motion;
hence the Doppler effect does not limit the spectroscopic resolution or causes any line shift.
The electron beam determines the volume in which the ions are produced, excited, and
confined. This narrow spatial region defines the extent of the light source which can be
spectroscopically imaged without the need for a spectrometer entrance slit.

SuperEBIT was operated in its low-energy mode, which is similar to the EBIT-I de-
vice [26], at six beam energies from 3.3 keV up to 8.6 keV, to provide data for different
electron collision energies (Cu-like W% has an ionization potential of 2414.1 eV, while
Ni-like W4T ionizes at 4057 eV [27]). From a vial containing the crystalline compound
tungsten hexacarbonyl, W(CO)g, the sublimated material was injected into EBIT as a gas
through one of the ports surrounding the trap. Using two of the other drift tube ports,
trimethylaluminum (TMA), Aly,(CHj)e, using a ballistic gas injector, and sodium gas, using

a sublimation injector, were introduced into the trap in order to provide reference wavelength



lines.
The soft x rays were measured using two flat crystal spectrometers. A crystal diffracts

radiation according to the Bragg law
n\ = 2d sin 0

where n is the diffraction order, A the wavelength, d the crystal lattice spacing, and 6 the
Bragg angle, i.e. the angle of incidence measured from the crystal surface. From Bragg’s

law the crystal resolving power R can be determined
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Here A6 is the the angular resolution of the spectrometer, which is limited by a combination
of the source width, crystal structure, and detector resolution. For a given crystal and
detector, large resolving powers can therefore be achieved at either large Bragg angles or at
great distances between the source and crystal.

The first crystal spectrometer used here was a broadband instrument designed by Brown
et al. [28]. The instrument employs long, flat crystals in a vacuum environment. For this
measurement an ammonium dihydrogen phosphate (ADP) (101) crystal with a 2d-spacing
of 10.640 A [29] was positioned at a nominal Bragg angle of 48°. An ORDELA 1100 XF
position-sensitive proportional counter fed data to a CAMAC data acquisition system that
was controlled by KMAX software [30]. The ADP crystal, at a distance of 38 cm from the
electron beam, diffracted the radiation to the proportional counter located 25.4 cm from
the crystal rotation axis. The optical plane was perpendicular to the electron beam. The
resolving power R was about 1450. A spectrum obtained at an electron beam energy of
5340 eV shows the two tungsten lines together with the aluminum calibration lines, see
Fig. 1.

The second spectrometer was a very-high resolution flat-crystal instrument [31] equipped
with a quartz (1010) crystal, and employing the same ORDELA detector. The crystal has a
2d-spacing of 8.350 A [32] and was positioned about 93 cm from the trap. The detector again
was 25 cm from the crystal, which was set up at a Bragg angle of 72°. The spectrometer
achieved a resolving power R of almost 5000. This is more than sufficient to fully resolve
the two electric-dipole forbidden tungsten lines, as shown in Fig. 2.

Conversion factors used are he = 12398.42 A.eV = 8065.5410 eV-cm and 1 Ry =
13.60569 eV.



III. ANALYSIS
A. Wavelengths

The broadband spectrometer was used to determine the line positions for the M3 and
E2 lines. The spectra acquired at the Bragg angle of 48° were wavelength calibrated using
theoretical K-shell lines of He-like AI''* (w 1s® 'Sy - 1s2p 'Py at 7.75730 A and z 1s? 'S, -
1525 3S; at 7.87212 A) by Drake [33] and the Ly-v lines of H-like Na'%* (8.02107 A weighted
average) by Garcia and Mack [34], cf. Fig. 1. Based on wavelength measurements of He-
like O%F [35] and He-like Ar'S* [36], the He-like Al''* reference lines are believed to be
accurate to 0.5 mA. The Bragg angle versus channel position dispersion was derived from
a calibration spectrum and applied to a spectrum containing the tungsten lines together
with the K-shell aluminum lines. There were small shifts of the observed Al z and Al w
lines in this spectrum from the theoretical wavelengths, and the dispersion was adjusted
to account for the observed average shift of the two reference lines. The uncertainties in
anchoring the wavelength scale to the aluminum reference lines are estimated to be the
maximum wavelength difference of the aluminum lines inferred from the calibration relative
to the reference wavelengths, as well as the statistical uncertainties in the line positions of
Al z and Al w. The wavelength dispersion uncertainty was evaluated for each line as a
function of the distance from Al z. These uncertainties were added in quadrature with the
counting statistics to give error bars of the measured line positions. The uncertainty in the
splitting of the two tungsten lines is dominated by counting statistics, which, when added
with the dispersion uncertainty, results in an error bar of 0.2 mA. In addition to the tungsten
lines, the wavelength of the unresolved Li-like AI'%F lines ¢ (1s*2s 2S; 5 - 1s2s2p ?P3/2) and
r (1s%2s %Sy - 1s282p 2Py /) was determined. The measured wavelengths of the lines are

listed in Table I together with theoretical predictions.

B. Intensities

Line intensities were studied as a function of electron impact excitation energy using the
broadband and high-resolution spectrometers. Both instruments measured at electron beam
energies from 3.3 keV to 5.4 keV. In addition, the broadband spectrometer measured at a

beam energy of 8.6 keV. The observed relative intensities of the two lines are shown in Fig. 3.



C. Polarization

The emitted radiation can be divided into two polarization components, one with the
electric field vector in the z direction parallel to the electron beam, and one with the electric

field in the plane perpendicular to the beam axis.
I=1 I + 7 n

Diffracting crystals have different reflectivities in the direction parallel to the beam, R, and
the direction within the dispersion plane, R . The observed intensity can then be expressed
as

Iops = Ry I+ R 1y

The relative reflectivity R = R, /R) for ADP crystals has been calculated by Henke et al. [29]
to be Rapp = 0.06. This reflectivity is very small because the Bragg angle is close to 45°,
where only parallel polarized light gets reflected. The reflectivities are functions of photon
energy or, equivalently, of Bragg angle and can in general be modeled as R = |cos™(20)],
where 1 < m < 2 depending on whether the crystal can be considered perfect (m = 1) or
mosaic (m = 2) [37]. As there exist no published data on the quartz reflectivity, Ryuqare. is
taken to be the geometric mean of the extreme cases with m = 1 and m = 2. The quartz
relative reflectivity at 72° is thus taken to be Rgyer. = 0.73. Using this method for the
ADP crystal gives a reflectivity of 0.03, which is quite close to the value by Henke et al.
This indicates that the geometrical mean of the perfect and mosaic models makes a good
estimate, which, as we show below, does not contribute a significant error to the analysis.
The two tungsten lines are closely spaced so the reflectivities are practically the same.

The measurements were carried out at an observation angle perpendicular to the electron

beam. The polarization P at this angle can be expressed as

Iy -1
p— L
I |+ I
i.e. as the relative difference of the intensity of the radiation with electric field in the beam
parallel direction and the beam perpendicular direction. The relative polarization of two

lines can be measured when observed with two spectrometers. Using
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as shown in Ref. [38], the polarization of the M3 line can be expressed in terms of the
polarization of the E2 line. The polarization of line E2 is taken to be a constant 5 % in the
interval observed, as the calculations indicate (see below). The appropriateness of choosing
the geometric mean of the two limiting models for the quartz crystal reflectivity was assessed
by studying the effects of this choice on the inferred polarization of the M3 line. Modeling
the reflectivities as either perfect or mosaic resulted in changes of less than 0.02 for the
inferred polarization. The largest contributions to the polarization uncertainties are from
the statistics of the line intensities, giving error bars of up to 0.08. The uncertainties from
the crystal reflectivities and the observed line intensities have been added in quadrature to
estimate the polarization uncertainty. The inferred M3 polarization versus beam energy is

shown together with the theoretical predictions in Fig. 4.

IV. THEORY

The spectrum of Ni-like W%+ was calculated using the Flexible Atomic Code,
FAC v.1.1.1. FAC is a fully relativistic program for atomic structure calculations and spec-
tral modeling [39]. The nickellike system was modeled using configuration state functions
consisting of 3s23p%3d'°, 3s23p®3d°nl, 3s23p°3d'°nl, and 3s3p°3d'°nl with n = 4 and 5
and [ = 0,1, ..., n-1. The K and L shells were held closed in the structure calculation. To
model the observed emission of the two electric-dipole forbidden lines, the intensities needed
to be corrected for the crystal reflectivities, the line polarizations, and the anisotropic emis-
sion distributions from the EBIT plasma. These effects are taken into account by using the
correction factor

1-R

G(E) = |1+ - PE)| - A(E)

where P(E) and A(E) are the calculated line polarization and anisotropy, respectively. The
calculated intensities of the M3 versus E2 line at the EBIT experimental conditions are

shown in Fig. 3 together with observed line ratios. The theoretical polarization is shown as



a function of electron excitation energy in Fig. 4. To assess the effects of cascades on the
line polarizations a five-level model of the nickellike ion was studied with direct excitation
(DE) as the only population mechanism.

Excluding polarization, the structure calculation was extended to n = 6, and the M3
and E2 line emissivities were studied as a function of electron density, see Fig. 5. These
additional calculations were done for temperatures around 4 keV, which is the temperature

when the nickellike tungsten abundance is expected to peak [23].

V. SUMMARY

The nickellike tungsten feature at 7.93 A previously observed at the ASDEX Upgrade
tokamak [8-10], the NIST EBIT [12], and the Livermore SuperEBIT [14] has now been fully
resolved and shown to consist of two components: the electric-dipole forbidden ground state
transitions M3 at 7.9374(7) A and E2 at 7.9280(6) A. The theoretical wavelengths from our
FAC calculations agree very well with the measured positions. The only other calculation
that has such good agreement is the relativistic many-body perturbation theory (RMBPT)
by Safronova et al. [17]. However, we note that the measured separation of 9.3(2) mA agrees
better with other calculations [15, 16, 18]. An especially good match is achieved by the
R-matrix calculation by Ballance et al. [19], who predicted a separation of 9.28 mA.

The M3 and E2 lines originate from the two lowest excited levels (3ds/2481/2).7=32. The
calculations show that the direct excitation is not the main population mechanism of the
levels, but rather cascades, cf. Fig. 4. This causes the two close-lying lines to have very little
polarization. The calculations, which include cascades from levels as high as n = 5, show that
the E2 line has a nearly constant linear polarization of only 5 % over a large energy interval,
which is significantly less than what would be expected with direct excitation only. The
cascade population of the M3 level has the opposite effect, resulting in larger polarization
than what electron impact excitation alone would cause. The measured polarization of
the M3 line hovers around zero, appearing a bit smaller than the predicted values, which
range between -5 and -10 %. Nickellike tungsten ionizes to cobaltlike tungsten at energies of
4057 eV and above, and then recombination can populate the M3 and E2 levels in addition
to the direct excitation and cascade population mechanisms. Recombination, however, is not

included in our model. Nevertheless, both the measured polarization and relative intensity



values agree rather well with the calculations.

Electric-dipole forbidden lines are frequently used as plasma diagnostics, especially as
a diagnostic for the electron density [40-42]. As indicated by our calculations, the two
tungsten transitions can be used as a density diagnostic in plasmas of densities in the 10'? -
10 em™3 range. This interval coincides very well with plasmas of interest in magnetic
fusion research, as illustrated in Fig. 5. For such plasmas the temperature dependence on
the relative line intensities is very weak, whereas the density dependence is strong, allowing
one to make a rather robust measurement of the electron density.

The thermal line broadening in a tokamak plasma is smaller than the wavelength separa-
tion of the line pair. Doppler widths range from 1.5 mA at an ion temperature of 1 keV up
to 4.0 mA at 8 keV. Spectrometers with resolving powers of 10000 or higher may therefore
be used to determine the ion temperature from the two lines in this range.

High-resolution observations of the Ni-like W46 line pair could be a valuable diagnostic
of magnetically confined plasmas, especially for those plasmas in which tungsten occurs as
an indigenous trace element. The ITER tokamak, currently under construction, will have
core temperatures in the 3 - 5 keV range during the initial ohmic phase. This is the interval
in which W4T ions are abundant in the core [23, 43, 44]. Diagnostics observing the M3 and

E2 lines may thus play an important role on ITER.
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TABLE I: Comparison of measured and calculated line positions of the tungsten M3 and E2 lines.
Wavenumbers and energies, where reported (from levels and transitions), have been converted to

wavelengths.

Ni-like W46+

M3 E2
Experiment (A) Theory (A) Experiment (A) Theory (A)
7.9374(7) 7.9368 ¢ 7.9280(6) 7.9270°
7.94883" 7.93921°
7.9449¢ 7.9354¢
7.9404 7.930¢
7.938¢ 7.929¢
7.9477F 7.93807
7.946119 7.936839
7.94205"
7.91478°
7.9307
7.944%

Li-like A110+

Experiment (A) Theory (A)
q 7.8473(6) 7.8460"
r 7.8479'

@This work (FAC), *Aggarwal et al. (GRASP) [15], “Fournier (RELAC) [16], “Ralchenko et al. (FAC) [12],
¢Safronova et al. (RMBPT) [17], /Zhang et al. (DFS) [18], 9Ballance et al. (R-matrix) [19], "Dong et al.
(GRASP) [20], ‘Safronova (Cowan) et al. [17], /Safronova et al.(FAC) [21], ¥Piitterich et al. (GRASP) [23],

Vainshtein and Safronova (1/Z expansion) [45].
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FIG. 1: Spectrum from the broadband spectrometer at a beam energy of 5340 eV showing the M3

and E2 lines of Ni-like W46+ together with the K-shell lines of heliumlike and lithiumlike aluminum.
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FIG. 5: Calculated emissivity ratio of the M3 and E2 lines in a Maxwellian plasma for the tem-

peratures listed. Typical EBIT and tokamak core densities are indicated by the shaded regions.
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