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Sammanfattning

Atomspektra har varit ett viktigt forskningsomrade inom fysiken sedan mitten av
1800-talet. Da elektromagnetisk stralning, sasom synligt ljus, ultraviolett- och
rontgenstralning, ar unik for varje grunddmne ger ett observerat spektrum informa-
tion om vilka slags atomer som emitterar stralningen. Exempelvis s& visar spektra
av ett vanligt lysror att ljuset kommer fran kvicksilveratomer och olika &delgaser.
Det som avsldjas av ett spektrum &r dock inte bara dmmnet som utsdnder ljuset.
Spektra innehaller ocksa information om de stralande atomernas omgivning. Genom
studier av atomspektra kan man darfor méta exempelvis temperaturer och tétheter
hos stjarnor och andra objekt som avger stralning.

Denna avhandling behandlar spektroskopiska studier av hogt joniserat volfram.
Volfram &r ett tungt grunddmne som forekommer i méanga tekniska tillimpningar,
ofta i komponenter som behéver vara virmetaliga. Ett omrade dar volfram forvintas
bli betydande ar fusionsforskning. Inom karnfusion forenas atomkéarnor av véte till he-
lium och i processen frigors energi. Karnfusion har darmed potential som energikélla.
Men det ar inte latt att utveckla fusionskraftverk. For att fa i gang fusionsreak-
tioner kriavs namligen temperaturer pa hundratals miljoner grader. Att viarma det sa
kallade plasmat till sidana temperaturer ar en stor utmaning och att konstruera en
reaktor som kan innesluta plasmat ar &nnu svarare. Det &r hir som volfram kommer
in i bilden. Volfram, som har utmérkta virmeegenskaper, kan anvindas som kon-
struktionsmaterial i fusionsreaktorer. Man kan dock férvéanta sig att volframpartiklar
kommer lossna fran véiggarna av reaktorn och blandas med det heta plasmat. De
hoga temperaturerna gor att de flesta av volframatomernas elektroner slits loss och
kvar blir da hogt joniserade atomer. Dessa volframjoner avger mycket ultraviolett-
och rontgenstralning. Studerar man volframspektra fran ett fusionsplasma kan man
darfor uppskatta mangden volfram i plasmat, hur varmt det &r, vad det har for den-
sitet, samt hur plasmat ror sig i reaktorn.

For att volfram ska kunna anvandas for plasmadiagnostik behéver man veta hur
volframjonernas spektra ser ut. I detta arbete har darfor volframspektra studerats
i laboratoriet. Vaglangder och intensiteter hos spektrallinjer har métts och deras
potentiella anvindning inom plasmadiagnostik undersokts. Dessa studier har kom-
pletterats med berdkningar samt méatningar vid ett fusionsexperiment. I avhandlingen
presenteras forslag pa volframspektra for diagnostik under olika plasmaférhallanden.






Abstract

The spectra of highly charged tungsten ions have been investigated using x-ray and ex-
treme ultraviolet spectroscopy. These heavy ions are of interest in relativistic atomic
structure theory, where high-precision wavelength measurements benchmark theoreti-
cal approaches, and in magnetic fusion research, where the ions may serve to diagnose
high-temperature plasmas.

The work details spectroscopic investigations of highly charged tungsten ions mea-
sured at the Livermore electron beam ion trap (EBIT) facility. Here, the EBIT-I and
SuperEBIT electron beam ion traps have been employed to create, trap, and excite
tungsten ions of M- and L-shell charge states. The emitted spectra have been stud-
ied in high resolution using crystal, grating, and x-ray calorimeter spectrometers.
In particular, wavelengths of An = 0 M-shell transitions in K-like Wt through
Ne-like W64t and intershell transitions in Zn-like W44+ through Co-like W47+ have
been measured. Special attention is given to the Ni-like W46+ ion, which has two
strong electric-dipole forbidden transitions that are of interest for plasma diagnostics.
The EBIT measurements are complemented by spectral modeling using the Flexible
Atomic Code (FAC), and predictions for tokamak spectra are presented. The L-shell
tungsten ions have been studied at electron-beam energies of up to 122 keV and
transition energies measured in Ne-like W64t through Li-like W7'*. These spectra
constitute the physics basis in the design of the ion-temperature crystal spectrometer
for the ITER tokamak.

Tungsten particles have furthermore been introduced into the Sustained Sphero-
mak Physics Experiment (SSPX) spheromak in Livermore in order to investigate
diagnostic possibilities of extreme ultraviolet tungsten spectra for the ITER divertor.
The spheromak measurement and spectral modeling using FAC suggest that tungsten
ions in charge states around Er-like W5t could be useful for plasma diagnostics.
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Overview






Chapter 1

Introduction

Radiative properties of atoms and plasmas are strongly linked. Spectroscopic studies
can reveal information about the structure and dynamics of atoms and ions as well as
provide data about the conditions of the ambient environment of the emitting atoms.
Atomic spectroscopy therefore constitutes the basis for astrophysics and many of the
diagnostics of laboratory plasmas.

Spectroscopic investigations of highly charged ions are often conducted in the
ultraviolet and x-ray spectral regions because of the scaling of atomic structure with
various powers of the nuclear charge Z. Atomic physics can therefore be explored in
the study of highly charged high-Z ions, where several interactions affect the energy
level systems [1]. Highly charged ions exist in high-temperature plasmas, such as
those found in stars or nuclear fusion experiments.

Nuclear fusion is the process where light nuclei merge to form a heavier nucleus.
These are the reactions that power the stars and fabricate the chemical elements.
Research on fusion took off after World War II with efforts to create hydrogen bombs.
Already these uncontrolled fusion reactions turned out to be quite challenging to
achieve. As has been learned many times since, to stimulate fusion reactions in
a controlled manner in the laboratory is extremely difficult [2]. A great number
of schemes to confine hot fusion plasmas for power production has been conceived,
most of which are based on magnetic fields for particle containment. This branch of
controlled thermonuclear research is called magnetic confinement fusion (MCF) and
has been a driving force for much of plasma physics research.

The most versatile method to diagnose high-temperature nuclear fusion experi-
ments is plasma spectroscopy. The presence of highly charged ions in fusion plasmas
serve as probes of the plasma conditions. Spectroscopic measurements of the emit-
ted radiation can provide detailed knowledge of the physics of the plasma and its
interactions with the surrounding vessel.



1.1 Magnetic Confinement Fusion

Magnetic fusion is the approach toward a fusion reactor that has received the most
attention over the years !. Several designs utilizing magnetic fields have been in-
vestigated for confinement of hot hydrogen plasmas. Experiments were performed on
toroidal devices already in the 1930s and 1940s in the US and the UK. This eventually
resulted in larger efforts in the 1950s and 1960s when several laboratories dedicated
to fusion energy research were established. In the Culham laboratory in the UK and
at Los Alamos in New Mexico pinch machines were studied, and in Princeton the
stellarator was invented. The stellarator is still today one of the leading contenders
as a fusion reactor. Meanwhile in the Soviet Union, the tokamak device was de-
signed. When its excellent performance was confirmed by British physicists in 1969
the tokamak became the machine of choice and has dominated magnetic fusion re-
search since. In Livermore, so-called magnetic mirror machines were actively pursued
until the mid-1980s [2, 3].

Tokamaks are devices that confine plasmas in toroidal vessels by magnetic fields.
They share properties with the pinch machine, which has a strong current compress-
ing the plasma, and with the stellarator, which has external magnets in a complicated
geometry to contain the plasma [2]. Around the torus there are large coils that gen-
erate a toroidal magnetic field. Together with this field, a weaker poloidal magnetic
field is generated by a large current flowing through the torus. The resulting field lines
have a helical shape following the torus [4]. To keep the plasma away from the wall of
the torus either plasma limiters or divertors are used. A limiter is an outer boundary
that defines the extent of the plasma. Magnetic divertors move the plasma-wall inter-
actions away from the main plasma volume by shaping the poloidal field lines so that
they intersect the wall in a separate chamber. This reduces ion impurities in the main
plasma, and divertors are therefore often implemented in present-day machines. The
toroidal plasma current in a tokamak is driven by electric fields generated by trans-
former action where the plasma torus acts as the second winding. The current not
only generates fields to confine the plasma, it also heats it. This ohmic heating can
raise the temperatures to a few keV, which is not enough for favorable fusion condi-
tions, requiring temperatures above 10 keV. Additional heating is therefore necessary,
and this is accomplished by particle beams or electromagnetic waves [4].

In the last few years fusion science has ignited with the advent of several large
magnetic fusion facilities. In Greifswald, Germany, the Wendelstein 7-X stellarator
is under construction, which will investigate the feasibility of the stellarator device
as a reactor. A still larger project is the International Thermonuclear Experimental
Reactor (ITER)2. The ITER tokamak is an international effort that has been under
way since 1985. The project now includes the US, the Russian Federation, the EU,
China, the Republic of Korea, India, and Japan. The tokamak is currently being built

IThe other branch of fusion research is inertial confinement fusion (ICF) where the most common
schemes utilize high-power lasers to compress fuel capsules to achieve fusion burn. The largest ICF
effort is the National Ignition Facility (NIF) in Livermore, which has fusion ignition on the agenda
for 2012.

2Due to the risk of bad publicity with a project title containing thermonuclear, the full name is
often dropped and ITER is said to instead be latin for The Path.
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in Cadarache, France and is expected to be completed around 2020. The physics goal
of the project is to achieve burning deuterium-tritium plasmas with a power output of
around 500 MW during 400 s discharges, corresponding to a fusion gain of Q = 10 [5].
To achieve this, ITER will be much larger than present-day tokamaks with a plasma
volume of 180 m®. The major radius (distance from tokamak center to magnetic
axis) will be R = 6.5 m. ITER will have 18 toroidal magnets and 6 poloidal coils in
addition to the center solenoid. The coils are superconducting and the vacuum vessel
is therefore enclosed in a large cryostat [6]. The plasmas will have temperatures of
around 25 keV [5] and be contained in a vacuum vessel with a first wall made of
copper, beryllium, carbon, and tungsten [7]. These are therefore elements that can
be expected to be found in the ITER plasmas as impurity ions. The divertor will
likely be radiatively cooled with nitrogen and various noble gases. In addition to
these elements it is also possible that ions from mid-Z elements from the structural
parts of the vacuum vessel (such as Al, Cr, Fe, Ni, and Zn) can be released into
the plasmas [7]. The heat and plasma impurities, including the helium ash, will be
exhausted through the ITER divertor. It will consist of three targets (inner, outer,
and dome) and will be located at the bottom of the vessel. The plasma strike point
surfaces will initially be made of carbon fiber-reinforced carbon composite (CFC),
and later replaced with tungsten targets. The ITER divertor will be made up of 54
divertor cassettes [6], see Fig. 1.2.

Figure 1.1: Drawing of the ITER tokamak [6]. Note the physicist to the right.



1.2 Fusion Plasma Spectroscopy

The most versatile method to diagnose high-temperature plasmas is probably that of
spectroscopy. Magnetic fusion plasmas are largely optically thin [8] and the emitted
radiation therefore offers a convenient way to assess the conditions of the plasmas.
Consequently, spectroscopic systems are part of the diagnostics suites at most fu-
sion experiments. The many spectroscopic techniques used in magnetic fusion can
be divided into two categories: active and passive spectroscopy. Active spectroscopic
techniques are those that measure the response to a disturbance posted on the plasma,
such as the injection of particle or laser beams. Some of these methods include the
Motional Stark Effect (MSE) for safety factor measurements (twist of the magnetic
field around a torus) [9], Li-beam diagnostic for current profile measurements using
the Zeeman effect [10], and charge exchange recombination spectroscopy for ion tem-
perature and flow velocity measurements [11]. Passive spectroscopy encompasses the
more traditional techniques and include emission ultraviolet and x-ray spectroscopy.
These fields will likely become more important as the temperatures of fusion plasmas
increase and the electromagnetic radiation shifts toward higher energies.

One of the main objectives of passive spectroscopy at fusion facilities is the mon-
itoring of the ion impurity contents of the plasmas. Broad-band spectrometers can
detect the characteristic line radiation from partly stripped ions from which particle
species and concentrations can be inferred. In turn, this provides information about
the origins of the ions, which can be critical for the operation of the devices. Impurity
diagnostics of fusion plasmas are often performed in the ultraviolet or extreme ultra-
violet regions, where a multitude of transitions from few-times ionized low- and mid-Z
elements is present. A widely used spectrometer for this purpose is the SPRED (Sur-
vey Poor Resolution Extended Domain) ultraviolet instrument [12]. However, when
tokamaks get larger and hotter plasmas are achieved, the presence of line radiation
from low-Z impurities will mainly be at the edges of the plasma and in the divertor.
In the hot core plasmas these ions will burn out and low-Z ions can therefore not be
monitored by line emission spectroscopy.

The radiation from ions is characteristic of the temperature of a plasma in local
thermodynamic equilibrium. Electrons are mainly responsible for the excitation and
ionization of ions and the study of the charge balance of an appropriate element can
thus give the electron temperature of the plasma. However, plasmas in tokamaks are
often not in equilibrium because particle transport can alter the distribution of ions.
This means that ionization and excitation of an ion do not necessarily occur at the
same location. If the ionization balance is known for a given temperature, deviations
from this distribution can therefore reveal particle transport.

In magnetic fusion plasmas the natural line widths are typically much smaller than
the Doppler broadening determined by the thermal motions of the emitting ions [8].
High-resolution measurements of spectral line widths can thus be used to determine
ion temperatures. The Doppler broadening of a line is determined by

AN T
= _ 7 10754/ —
A 7.7 10 M

where A\ is the full width at half maximum (FWHM) of a gaussian profile at
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wavelength A, T is the ion temperature, and M the atomic mass [8]. Determination
of ion temperatures using x-ray spectroscopy was pioneered by Bitter et al., who
performed the first measurements at the Princeton Large Torus (PLT) [13]. Well
known from cosmology, the related spectroscopic technique of Doppler shifts can be
used to measure bulk ion velocities in tokamaks and other fusion plasmas.

The intensities of certain spectral lines are sensitive to the electron densities. This
is particularly true for lines originating from metastable levels, which are long lived
and thereby have higher probabilities for getting quenched by electron collisions before
decaying radiatively. Metastable levels can only decay by electric dipole forbidden
transitions and, since these transitions scale favorably with the nuclear charge Z,
highly charged ions can often provide suitable systems for density measurements. A
frequently used atomic system for density diagnostics is the heliumlike ion. The n =1
to n = 2 transitions (commonly referred to as Ko transitions) have wavelengths in
a narrow region and can therefore often be observed simultaneously. The so-called
resonance transition w (1s? 1Sy - 1s2p 'Py), intercombination transition y (1s 1S -
1s2p 3P1) and forbidden transition z (1s? 'Sy - 1s2s 3S;) make up a density-sensitve
spectral signature. The lines are labeled w, y, and z according to the standard notation
of Gabriel [14]. The radiative lifetimes for the upper levels are very different and the
level populations are thus strongly dependent on the electron density. Observations
of the line ratios can therefore serve to measure densities. The heliumlike system also
has the advantage of having dielectronic satellite lines nearby from doubly excited
lithiumlike ions, which also can be used for electron density measurements [11].

There are several additional features of atomic spectra that can be utilized for
diagnosing fusion plasmas, and a multitude of experimental schemes, both active and
passive, exist to extract the information from the radiating ions. It is important to
select suitable lines when performing plasma spectroscopy, as there can be more than
one mechanism responsible for a spectral feature, for instance broadening of spectral
lines. Also the choice of working radiation that spectroscopic system are based on
must be chosen wisely. For instance, as mentioned earlier, lighter elements will burn
out in the hot core of future high-temperature plasmas. Spectroscopic diagnostics
then need to rely on high-Z elements for probing the interiors of the fusion plasmas.
Enter tungsten.

1.3 Tungsten Spectroscopy

Tungsten is considered to be a leading candidate material for plasma-facing compo-
nents in magnetic fusion devices. Discovered in 1758 by A. F. Cronstedt?, tungsten,
or wolfram, is a high-density metal with the lowest vapor pressure and highest melt-
ing point (3422 °C) of all the non-alloyed metals [16]. Tungsten has the chemical
symbol W, atomic number Z = 74, and is located among the transition elements in
the periodic table.

The reason why tungsten is such an attractive material for magnetic fusion appli-
cations is mainly the low erosion yield from plasma particles [17]. The plasma-facing

3Tungsten was also discovered in 1781 by Carl Wilhelm Scheele and, in pure form, in 1783 by
José and Fausto D’Elhuyar [15]



surfaces in a tokamak receive very high heat loads. Not only must the wall material
be able to withstand physical sputtering of particles, but it also needs to be insensitive
to chemical erosion that hydrogen and impurity ions can cause the surfaces.

Despite the qualities of tungsten, the usage of high-Z elements in high-temperature
plasma experiments has long been considered risky as the likelihood of contamination
of the plasma is high. With too large quantities of high-Z ions in a plasma the
emitted radiation poses a threat of cooling the plasma enough to prevent it from
reaching fusion burn conditions. Whereas low-Z ion impurities get fully stripped in
a high-temperature plasma (and thereby only contribute to radiation losses through
bremsstrahlung), high-Z elements, such as tungsten, will not get fully stripped even
at the highest temperatures envisioned in future fusion devices, and will hence emit
line radiation. Still, as plasma experiments reach higher temperatures, the usage of
high-Z materials as plasma-facing components seems necessary. Several machines
have already installed tungsten parts and others are in the process. Much motivation
is due to the design of the ITER divertor, where the plasma strike point targets will
be made of tungsten. With the implementation of tungsten parts in fusion devices the
impurity ions will likely follow. However, the ever-present radiation from tungsten
ions can also be beneficial. The ions can serve as intrinsic probes to relay information
about the state of the plasma.

Figure 1.2: ITER divertor cassette [6]. The target plates will be made of
tungsten in the second phase of the project.

The possibilities of utilizing tungsten ions to diagnose plasmas are vast. Ap-
plications include particle transport, plasma rotation, ion temperature, and electron
density measurements. In order to realize the diagnostic possibilities of highly charged
tungsten ions, accurate spectroscopic data must be available. X-ray spectra of tung-
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sten have been studied for almost a century, see e.g. Ref. [18] and references therein.
The spectra of few-times ionized tungsten have mainly been studied in the ultraviolet
using sliding spark discharges, see e.g. [19-27]. Several spectroscopic measurements
of higher charge states of tungsten have been performed on laser-produced plasmas,
see e.g. [28-31].

Tungsten ions were first studied in fusion devices in the 1970s when it was re-
leased into the plasmas from the limiters of the Oak Ridge ORMAK and Princeton
Large Torus (PLT) tokamaks [32-34]. Strong emission was observed between 30 and
70 A and attributed to complex n = 4 to n = 4 transition arrays from many charge
states around thirty times ionized tungsten. Sugar and Kaufman later evaluated
the data and suggested the radiation to mainly originate from Ag-like W27+ [35].
These spectral features were replicated in plasmas at the TEXT tokamak, where
tungsten was injected by laser blow off. The analysis by Finkenthal et al. [36] indi-
cated that the emission bands around 50 A are mainly due to transitions from ions
lower than Pd-like W. In the early 1990s tungsten was again injected into the TEXT
tokamak [37-39] for detailed investigations of Ag-like W27*, Pd-like W28+ and Rh-
like W29+, Additional investigations of the tungsten spectra at fusion experiments
have been performed after injection at the ASDEX Upgrade tokamak [40] and, more
recently, at the LHD device [41] and the NSTX spherical torus in Princeton [42].

The most ambitious tungsten project on a tokamak is the ASDEX Upgrade toka-
mak in Garching, Germany. Starting out with a tungsten divertor, the interior of
ASDEX Upgrade has successively been covered with tungsten, see e.g. [43,44]. Sev-
eral spectroscopic investigations of tungsten have been performed, e.g. [40,45]. Among
many measured lines a soft x-ray feature at 7.93 A [45] has received much attention.

Several spectroscopic studies of highly ionized tungsten have also been carried
out at electron beam ion traps (EBITs). At Livermore, highly charged tungsten
has been studied by Beiersdorfer, who measured the neonlike tungsten spectrum in
1992 [46,47]. Three years later, Elliott et al. made a high-precision measurement
of one of the resonance lines in Ni-like W46t to investigate its possible use for x-
ray lasers [48]. Studies also include EUV spectra around 50 A [49] and soft x-ray
spectra around 6 A [131]. Also the EBIT at the National Institute for Standards
and Technology in Gaithersburg, Maryland has been employed for several tungsten
measurement. These include EUV measurements of W3°% through W46+ and W54+
through W%+ by Ralchenko et al. [50,51], and an x-ray measurement of nickellike
and cobaltlike tungsten using an x-ray calorimeter [52]. A recent measurement from
the NIST EBIT include soft x-ray wavelengths of W%+ through W%+ by Gillaspy et
al. [563]. The Berlin electron beam ion trap has specialized on tungsten measurements
of relevance to fusion research [54]. Several studies have been reported, see e.g. [55-58].

There is additional work on tungsten spectra reported, see e.g. the recent data
compilation by Kramida and Shirai [59]. Also on the theory side several papers
have been published. Still, the radiative data on tungsten is far from complete. As
calculations of atomic structure improve in accuracy and the encounter of tungsten
ions in fusion plasmas can be expected to increase, there are certainly needs for high-
precision spectroscopic data of highly charged tungsten ions.
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Chapter 2
Facilities

The work reported in this dissertation has been performed at two research facilities:
the electron beam ion trap (EBIT) facility and the Sustained Spheromak Physics
Experiment (SSPX) facility at the Lawrence Livermore National Laboratory (LLNL)
in Livermore, California.

2.1 Livermore EBIT Facility

The Livermore EBIT facility is where the electron beam ion trap was invented. The
first device was dubbed EBIT and was originally developed with the purpose of pro-
ducing x-ray spectra from highly charged ions in support of the x-ray laser program
in Livermore [60]. EBIT is based on the electron beam ion source (EBIS) and was
designed by Levine and Marrs in 1985 - 1986. A few years later a second device was
constructed, the EBIT-II, which has since moved to the Lawrence Berkeley National
Laboratory. EBIT was rebuilt in the early 1990s to extend its operating parameters
with electron-beam energies up to around 200 keV. The new device was dubbed the
SuperEBIT electron beam ion trap. This machine can now be converted between Su-
perEBIT and EBIT and these two devices thereby cover a wide range of electron-beam
energies [61,62].

The EBIT project has proven very successful for x-ray spectroscopy and has over
the years resulted in several important contributions to atomic physics. In addition,
the spectroscopy program has provided a multitude of data for applications in fields
such as astrophysics and plasma physics, see e.g. [5,63-65]. Several electron beam ion
traps have been built at locations all over the world, many which are based on the
Livermore design. Because of this, the original device is now referred to as EBIT-I
and the term EBIT has become the designation for the type of machine.

The main features of an EBIT are the electron gun assembly, the trap, and the
electron-beam collector. These are displayed in Fig. 2.1, where the major compo-
nents have been labeled. Below follows an overview of the EBIT-I [66,67] and Su-
perEBIT [68] electron beam ion traps.

The electron beam starts out from the electron gun assembly, which consists of
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Figure 2.1: Drawing of EBIT-I from Ref. [69]. This image is also the logo of
the Livermore EBIT facility.

a gun (cathode) and an anode. The gun is grounded in EBIT-I and biased to high
negative voltages in SuperEBIT. The gun is heated to emit electrons from its concave
surface. This thermal emission of electrons is extracted from the cathode by the anode
electrode located just above. The anode voltage thereby determines the electron-
beam current. Around the cathode is the so-called bucking coil located with the
purpose to eliminate magnetic fields at the gun surface and thereby reduce the velocity
components of the electrons in the directions perpendicular to the beam axis. Above
the electron gun assembly is the beam accelerated toward the drift tube assembly,
which is a series of three circular electrodes defining the ion trap.

The drift tube assembly consists of the bottom, middle, and top drift tubes. These
are biased to relatively low voltages, typically up to 400 V, to create a potential well
along the electron-beam axis. The trapping of ions and their interaction with the
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electron beam occur in a 2 cm region inside the middle drift tube. The depth of the
potential well is chosen based on the element of study. Heavy elements are generally
better confined in a shallow trap!, whereas lighter ions need a deeper trap to avoid
getting pushed out by heavier elements. The whole drift tube assembly is biased to
high positive voltages up to around 30 kV. This voltage, in addition to the middle drift
tube potential and the electron space charge of the trap, is what determines the kinetic
energy of the electrons when they interact with the trapped ions. In SuperEBIT, the
high negative potential that the cathode floats at must also be added to determine
the energy of the electrons when they reach the trap. The drift tube assembly and
the potential wells of the trap are illustrated in Fig. 2.2. The middle drift tube has
six radial view ports to which spectrometers, solid-state detectors, and ion injection
systems can be connected.

The x-ray emission rate from the electron-ion interactions in the trap is propor-
tional to the electron current density and it is therefore of importance to have a high
electron density in the trap [62]. This is achieved by compressing the beam with
a strong magnetic field. Around the drift tube assembly a pair of superconducting
Helmholtz coils is located. In a Helmholtz geometry, two identical coils are placed on
a common axis separated by a distance that equals the coil radius. When the same
current is supplied through the coils the generated magnetic field is nearly parallel
and homogeneous in the area around the common axis. The Helmholtz coils at the
Livermore EBITs produce a 3 T field at a coil current of 160 A. This strong magnetic
field ensures that the electron beam is compressed to a high (around 1011712 cm=3)
and uniform electron density in the trap region. The cross section of the electron
beam is therefore very narrow in the trap region, typically around 60 pm. The space
charge of the electron beam makes a radial trap for the ions.

After the small trap volume the electron beam continues through the top drift tube
toward the electron collector located above. The collector consists of an electrode
and a magnet. The field of the collector magnet is in the opposite direction to the
Helmholtz field and serves to expand the electron beam radially so that it will intersect
the inner walls of the electrode and terminate. A lot of energy is thereby deposited
to the collector and for this reason external cooling is required. A reservoir of liquid
nitrogen (LNg) is therefore surrounding the collector.

The superconducting Helmholz coils also need to be cooled given the heat gener-
ated by the large current. Around the coils flows liquid helium (LHe), keeping the
magnet at 4 K. The LHe also keeps the drift tubes cold, making the walls of the trap
act as cryopumps. Around the LHe reservoir is a shield of LNs.

There are several methods to introduce ions into the EBIT trap. For most gaseous
elements a ballistic gas injection system works well. Atomic and simple molecular
gases, such as carbon dioxide, nitrogen, and the noble gases, are introduced this
way. These gases are often used for wavelength calibration of spectra and for evap-
orative cooling of trapped ions; see below. More complex molecules such as iron
pentacarbonyl, Fe(CO)s, and trimethylaluminum (TMA) are also commonly used.
The neutral atoms or molecules stream through a nozzle controlled by a thermo valve

1S0 long as the element is lighter than tungsten, which exists in the EBITs as an impurity
originating from the electron gun.
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Figure 2.2: EBIT drift tube assembly. Radial view ports through the middle
drift tube allow for x-rays to be observed. The geometries of the drift tubes
are chosen to fit the direction of the magnetic field lines from the Helmholtz
coils. The drawing to the right illustrates the potential wells of the trap. Figure
courtesy of P. Beiersdorfer.

into the EBIT vacuum chamber [70].

Other substances are injected into the EBITs by means of sublimation. Sublima-
tion injectors essentially consist of a container of material connected to one of the
ports of EBIT. In order to increase the vaporization of material some bottles need
external heating, which is provided by wrapping heater tapes around the containers.
For some of the work reported in this dissertation, tungsten hexacarbonyl, W(CO)g,
has been injected into SuperEBIT by sublimation.

Solid elements can be introduced into the trap by employing a laser-ablation sys-
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tem [71]. This relatively new method works by having a Q-switched Nd:YAG laser
strike the surface of a target and sputter off particles. This vaporized material shoots
away from the target surface and through collimation slits into EBIT. Due to the
magnetic fields surrounding the trap, only neutral particles reach the beam as elec-
trons and ions get deflected. This injection method works well for certain elements
whereas it has proven less useful for others. This is not yet well understood.

Another common method of injection for metals is the MeVVA source. The Metal
Vapor Vacuum Arc (MeVVA) is located at the top of EBIT and works by sputtering
ions off from an electrode using high-voltage discharges. These pulses of low charge
state ions are accelerated into EBIT through the collector. One of the big advantages
with the MeVVA is that the timing of the ion injection is well controlled. A bundle of
ions can, for instance, be introduced into the trap at the beginning of every trap cycle.
These ions will become successively ionized and a large fraction of them reach the
maximum charge state energetically available. The charge state distribution therefore
typically becomes peaked. At the end of the cycle the trap is emptied and replenished
with fresh ions and a new cycle begins. This controlled temporal injection is similar to
the laser injection, where the number and timing of laser shots easily can be set. This
contrasts to the continuous injection methods of the gas and sublimation injectors,
where neutral atoms constantly are supplied to the trap. In these cases, the charge
state distributions often have a larger spread between charge states.

Low-Z ions are often injected continuously into the trap using the gas injector
for evaporative cooling of high-Z ions in the trap. This method is very effective in
lowering the temperature of the ions and confining them for longer periods of time
in the trap. Low-Z ions equilibrate with the high-Z ions in the trap until they have
approximately the same temperature. However, ions with low charge states escape
the trap much easier and thus carry away kinetic energy from the trap, resulting in
cooling of the high-Z ions [72].

2.2 SSPX Spheromak Facility

The Sustained Spheromak Physics Experiment (SSPX) was an Innovative Confine-
ment Concept (ICC) project in Livermore. The spheromak was in operation from
1999 to 2007 with the mission to examine the feasibility of the spheromak concept
as a fusion reactor. Specifically, the goal of SSPX was to investigate magnetic field
generation and energy confinement [73,74]. Spheromaks are magnetic confinement de-
vices with several attractive features, of which the most appealing is that the plasma
is confined primarily using self-generated fields seeded by small, simple solenoidal
magnets. There is no need for large, high field, torus-linked coils, which is a big
advantage over the tokamak and stellarator devices. Spheromaks are also smaller in
size than the conventional fusion machines. These are useful properties for a reactor
as it makes it cheaper both to construct and maintain. Albeit the engineering aspects
of a spheromak might be advantageous, the physics of spheromak plasmas is most
complicated.
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Figure 2.3: Drawing of SSPX displaying the cross section of the spheromak.
Figure courtesy of H. S. McLean.

Figure 2.3 displays a drawing of the cross section of the SSPX spheromak where
the major components are labeled. The plasma itself, often called a spheromak, is
confined within the so-called flux conserver, a 12 mm thick container of copper with a
100 pm coating of tungsten on its plasma-facing surfaces to reduce sputtering [74,75].
The 1 m diameter flux conserver is separated at the mid-plane to allow for access of
diagnostic instrumentation. The flux conserver is surrounded by the vacuum vessel,
which keeps SSPX at background pressures around 108 Torr.

The plasmas are created with the spheromak injector, which comprises the upper
half of SSPX. The injector consists of a magnetized coaxial gun with an inner elec-
trode (cathode), and an outer electrode (anode). A few seconds before a discharge is
initiated the coils in the gun are turned on to let magnetic fields diffuse through the
flux conserver, whereupon hydrogen gas is puffed into the region between the elec-
trodes using fast gas valves. A formation capacitor bank is then discharged and gun
currents of around 500 kA supplied to the electrodes. [76]. This causes the hydrogen
gas between the electrodes to break down and create a plasma, which is ejected from
the gun region toward the main volume of the flux conserver. When the plasma has
expanded to occupy the flux conserver some of the field lines near the injector will
reconnect and form closed magnetic field lines. The plasma thereby gets confined in
a toroidal spheromak plasma with a major radius of R = 0.31 m and minor radius of
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a = 23 cm. A sustainment capacitor bank is arranged as a constant current power
supply to maintain the spheromak plasma [74].

Typical SSPX plasmas lasted 4 ms and achieved electron temperatures around
100 - 200 eV. Some of the SSPX peak performance parameters include electron tem-
peratures above 500 eV, plasma durations of 9 ms, and toroidal plasma currents
around 1 MA [77].

The SSPX spheromak was a well diagnosed experiment [78]. The instrumental
suite included a Thomson scattering system, H-alpha array, magnetic coils [78], and a
Doppler spectrometer [79]. A layout of the diagnostics is shown in Paper I. Initially, a
SPRED instrument [12] was used to measure impurity ions in the ultraviolet range. In
2006 this instrument was replaced with the high-resolution extreme ultraviolet Silver
Flat Field Spectrometer (SFFS). The SFFS was connected to a beam line tangential to
the magnetic axis of the spheromak. The line-integrated data therefore covered both
the cooler edges as well as the hotter plasma at the center. The SFFS spectrometer
is described in Chapter 3.

Figure 2.4: The SSPX spheromak in Livermore. At the right is the SFFS
spectrometer.
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Chapter 3

Instrumentation

The experimental investigations reported in this dissertation have been performed
using two grating spectrometers, two crystal spectrometers, and two x-ray calorimeter
spectrometers. The characteristics of these instruments are described in this chapter.

3.1 Grating Spectrometers

Grating spectrometers are useful instruments for the study of extreme ultraviolet
(EUV) and soft x-ray spectra. Grating instruments have been employed at tokamak
facilities since the 1970s and have often been the main instrument for plasma impurity
monitoring. At EBIT facilities, these spectrometers were first used a little over a
decade ago, then with focus on atomic astrophysics.

The reason why the soft x-ray and EUV ranges are so useful for plasma diagnostics
is that many strong atomic transitions fall in this range. The L-shell emission from
few-times ionized low-Z elements such as carbon and oxygen, which are common
impurities in magnetic fusion plasmas, produce many strong lines in the EUV; see
e.g. Paper VIII. K-shell emission from these elements can be observed in first order in
the soft x-ray or in higher orders in the EUV. Other common plasma impurity species
such as titanium, iron, and nickel have strong M-shell transitions that fall in the
EUV. Also high-Z elements, such as tungsten, have much emission in the EUV and
soft x-ray regions originating from a wide range of charge states. Grating reflectivities
are low for high-energy photons and grating spectrometers for the short-wavelength
EUV and soft x-ray regimes are therefore operated at grazing incidence.

3.1.1 Silver Flat Field Spectrometer

The Silver Flat Field Grating Spectrometer (SFFS) is a grazing-incidence EUV in-
strument also known as the Long Wavelength Extreme Ultraviolet Spectrometer
(LoWEUS) depending on which facility it is fielded at. The SFFS was originally
designed to be used for laboratory astrophysics measurements at the Livermore elec-
tron beam ion traps. A description of an early version of the instrument is given by
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Beiersdorfer et al. in Ref. [80]. The spectrometer has since been upgraded and also
used at the SSPX spheromak; see Paper I and Ref. [81], and the NSTX tokamak in
Princeton [42,82].

The spectrometer employs spherical gratings with a radius of curvature of
R = 5.6 m. For the measurements reported in this dissertation a Hitachi grat-
ing with an average groove density of 1200 lines/mm has been used [83]. The grating
has a gold-covered surface of 30 mm groove length by 50 mm groove distance and
is blazed for a grazing angle of 3.2°. When the spectrometer is used at an EBIT it
does not need an entrance slit as the electron-beam width is sufficiently narrow to
act as a line source. However, for use at SSPX or NSTX, which are extended light
sources, slit apertures of widths 100 and 30 um have been used. The slits are placed
at a distance of 237 mm from the grating, which also is the distance of the detector
to the grating. Various liquid nitrogen cooled charge-coupled device (CCD) cameras
have been used as detectors. At SuperEBIT and SSPX, see Fig. 3.1, a Photometrics
back-illuminated 1024 by 1024 pixel CCD was used (with 25 pm pixel size), and
at EBIT-I and NSTX measurements have been carried out using back-illuminated
Princeton Instruments cameras with 1300 by 1340 pixel chip sizes (with 20 pum pixel
size).

Figure 3.1: The Silver Flat Field Spectrometer at SSPX. The SFFS is con-
nected to a tangential beam line to the spheromak, which is approximately 2 m
from the spectrometer.

The detector can be translated along the optical axis to adjust the focus. The
detector mount is connected to a bellows so that it can be moved along the dispersion
direction to cover the 20 - 450 A range, i.e. the whole EUV region and parts of
the soft x-ray range. Depending on camera position, bandwidths of 100 - 200 A are
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achieved. For such broad wavelength coverage the focus necessarily varies across
the camera. This is illustrated in Fig. 3.2, where an oxygen spectrum in the 18 -
158 A interval is shown, acquired at EBIT-I at an electron-beam energy of 2.1 keV.
The short wavelength side of the spectrum (H-like O viir and He-like O viI) has
a resolution of around 0.2 A FWHM whereas the lines around 130 A (Li-like O V1
and Be-like O V) have line widths of around 0.4 A. This good resolution over such a
broad spectral range makes the SFF'S spectrometer an excellent instrument for plasma
impurity diagnostics.
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Figure 3.2: Oxygen spectrum taken with the SFFS at EBIT-I at an electron-
beam energy of 2.1 keV. The first four orders of the K-shell resonance lines
are shown together with some high-n series in lithiumlike and berylliumlike
oxygen. Also shown at the short wavelength side are K-shell lines from carbon
and nitrogen ions.

Paper X and Chapter 6 describe measurements of few-times ionized tungsten per-
formed with the SFFS at the SSPX spheromak.

3.1.2 Gold Flat Field Spectrometer

The Gold Flat Field Spectrometer (GFFS) is a very high resolution soft x-ray and
EUV spectrometer at the Livermore EBIT facility; see Fig. 3.3. The spectrometer
was designed for high-precision QED [84] and hyperfine-structure [85] measurements
and for investigations of atomic spectra for the interpretation of astrophysical data
obtained with space-based instruments [86]. The design has proven so successful that
a similar spectrometer has been built for use on laser-produced plasmas at the Jupiter
Laser Facility in Livermore [87,88] and one is presently being constructed for NSTX,
where it will study spectra of interest for plasma diagnostics and astrophysics.
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Figure 3.3: The Gold Flat Field Spectrometer at SuperEBIT.

The GFFS utilizes an R = 44.3 m varied space groove grating with an average
groove density of 2400 lines/mm. The spherical grating is gold covered and mounted at
a grazing angle of about 2° to SuperEBIT [86]. The GFFS can field both CCD cameras
and micro channel plate (MCP) detectors. In this work Princeton Instruments CCD
detectors were used. These cameras have pixel sizes of 20 ym and arrays of 1300
by 1340 pixels. As the spectrometer operates without any imaging slit, the CCD
resolution allows for upper estimates of the electron-beam width. For instance, the
lines in the neon spectrum shown below have line widths of approximately 3.5 pixels,
which correspond to an electron beam narrower than 70 gm. To minimize mechanical
vibrations, and thus broadening of spectral lines, the GFF'S is mounted on a stabilizing
system, where the grating and detector rest on a compressed-air bearing [86].

Figure 3.4 displays a spectrum of highly charged neon in the 9 - 15 A interval. This
is a 45 minute exposure from SuperEBIT where neon gas was injected to a 8.25 keV
electron beam. The Lyman series in H-like Ne X and the K series in He-like Ne 1X are
shown up to n = 4 and 6, respectively. As the detector is located far from the grating,
the focal field is nearly flat and the resolution is very uniform across the detector,
approximately 15 mA, corresponding to resolving powers R = \ /AN between 600 and
1000. The GFFS can be set up to operate from just below 10 A to around 120 A.
With a CCD detector the GFFS bandwidth in the short-wavelength regime is about
5 A, whereas the coverage is roughly 10 A for the long wavelengths.
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Figure 3.4: Neon spectrum taken with the GFFS at SuperEBIT at an
electron-beam energy of 8.25 keV. The resonance series in He-like Ne 1X and
H-like Ne X are shown together with Li-like Ne vIiI satellite lines.

The GFFS has been used for high-precision wavelength measurements of An = 0
M-shell transitions in highly charged tungsten ions in the 19 - 25 A interval at Su-
perEBIT. This work is described in Paper IV and Chapter 5.

3.2 Crystal Spectrometers

Crystal spectrometers have proven very powerful for plasma diagnostics on toka-
maks. Since measurements of the Doppler broadening of the He-like Fe?** line w
were performed on the Princeton PLT tokamak by Bitter et al. in 1978 [13], crystal
spectrometers have been used for ion-temperature measurements on many magnetic
fusion experiments. Crystal spectrometers have also been the instruments of choice
for high-precision measurements of x-ray wavelengths on electron beam ion traps. At
Livermore, a variety of spectrometer types have been implemented, from cylindri-
cally bent crystals operated in the von Hamos and Johann geometries to broadband
and high-resolution flat-crystal instruments. This dissertation includes measurements
performed at SuperEBIT using two of these flat-crystal spectrometers.
A crystal diffracts radiation according to Bragg’s law,

n\ = 2dsinf

where n is the diffraction order, A the wavelength, d the crystal lattice spacing, and
0 the Bragg angle, measured from the face of the crystal. The type of crystal and
its cut determine the 2d spacing and thereby the available wavelengths that can be
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diffracted. The resolving power R of a crystal spectrometer can be expressed as

A 1

R = N A—etanG
where Af is the angular resolution. The resolving power is thus determined by the
Bragg angle and the angular resolution. The spectral resolution increases as the
Bragg angle approaches 90° or when the angular resolution decreases. The angular
resolution is a combination of the source width (or spectrometer entrance slit), the
detector resolution, the spectrometer geometry, and the intrinsic resolution of the
crystal.

3.2.1 Blue Spectrometer

The Blue spectrometer at the Livermore EBIT facility was built to measure Fe L-shell
spectra. The spectrometer design is clever in that it allows for the use of two crystal
and detector systems in the same vacuum chamber. This means that two adjacent
or separated wavelength bands can be measured using the same EBIT viewport. If
used in conjunction with the sister instrument - the Orange spectrometer - very broad
spectral coverage can be achieved; up to 9 A for wavelengths below 21 A [89].

The spectrometer employs long flat crystals that are positioned close to the en-
trance port of the instrument and can be operated at Bragg angles up to 58°. For the
work reported in the dissertation, an 11 cm long, 1.2 cm high ammonium dihydrogen
phosphate (ADP) crystal was used with a 2d spacing of 10.640 A at the (101) plane.

Both the Blue and the Bradley II spectrometer (see below) make use of Ordela
single wire position-sensitive proportional counters (PSPCs) as detectors. The PSPCs
are filled with P-10 gas (90 % argon 10 % methane), which flows through the detector
at a rate of approximately 1 mm3s~'. The detector is located 25.4 cm from the
crystal [89]. The PSPCs are controlled and read out using a CAMAC multi-parameter
data acquisition system developed for spectroscopic applications [90].

The 2s1 /5 - 2p3 2 transitions in F-like W+ through Li-like W™'* have been mea-
sured with the Blue spectrometer and are reported in Paper IIT and in Chapter 4. The
spectrometer has furthermore been used to measure the wavelengths and relative in-
tensities and polarizations of the electric dipole forbidden transitions in Ni-like W46+ :
see Paper VII and Chapter 5.

3.2.2 Bradley II Spectrometer

The high-resolution flat-crystal spectrometer at the Livermore EBIT facility is dubbed
Bradley II. In order to achieve very high spectral resolution the spectrometer is de-
signed to operate at large Bragg angles. The significant difference from its predecessor,
the Bradley I, is that the crystal is positioned at the back of the vacuum chamber,
approximately 93 cm from the electron beam. This increase of the spectrometer ge-
ometry decreases the spectral range and allows for very large Bragg angles to be
attained, up to 85° [91]. For the measurement reported in this work a quartz crystal
with a 2d spacing 8.350 A was used at an angle of 72°.
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Just as the Blue spectrometer, the Bradley II has its optical plane perpendicular
to the direction of the electron beam. Crystals are sensitive to polarization and
have different reflectivities in the directions parallel and perpendicular to the electron
beam. This property can be used to measure the relative polarization of lines using
two crystals. The reflectivity also depends on the Bragg angle of the crystal, and the
large Bragg angles achieved with the Bradley II therefore are associated with high
reflectivities [91].

The Bradley II instrument has been used in conjunction with the Blue spectrom-
eter to measure the relative line intensities and polarization of the magnetic-octupole
and electric-quadrupole transitions in nickellike tungsten. This measurement is re-
ported in Paper VII and in Chapter 5.

3.3 X-ray Calorimeter Spectrometers

X-ray calorimeters are also known as microcalorimeters and quantum calorimeters.
These relatively new instruments are gaining popularity in x-ray spectroscopy. The
first x-ray calorimeter used at an EBIT facility was developed in Livermore; see e.g.
Refs. [92-94] and consisted of a single heat absorber. In 2000, the Livermore EBIT
group started a collaboration with the NASA Goddard Space Flight Center (GSFC).
At GSFC x-ray calorimeters are developed for x-ray satellite missions. Three gener-
ations of multi-pixel NASA instruments have been implemented in Livermore, where
they have been utilized for numerous laboratory astrophysics and atomic physics
measurements.

The benefits of x-ray calorimeters are the broad spectral coverage in addition to
good spectral resolution. Although having high resolving powers, crystal spectrom-
eters are limited in bandwidth. Solid-state detectors, on the other hand, cover wide
energy ranges but often have poor resolution. X-ray calorimeters are also unique in
other ways. For instance, since the detectors are energy dispersive! the spectral lines
are uniquely determined by the photon energies; the concept of orders does not exist.
For spectral surveys this is often a good property as high-order lines otherwise can
interfere with the spectral features of interest. X-ray calorimeters are also insensitive
to polarization. For measurements on an EBIT this can be important because the
unidirectional electron beam makes EBIT a highly polarized light source.

3.3.1 XRS Spectrometer

The second generation of GSFC x-ray calorimeters at the Livermore EBIT facility is
known as the X-Ray Spectrometer (XRS) or XRS/EBIT to distinguish it from its sis-
ter instrument onboard the Astro-E2/Suzaku x-ray observatory 2. The XRS detector
consists of a 6 x 6 array of silicon thermistors where 28 HgTe heat absorbers and four
Bi absorbers are attached. Each pixel element has an area of 624 x 624 ym? [95]. The
XRS has an approximate energy resolution AE = 6 eV at 6 keV and AE = 60 eV

1X-ray calorimeters are sometimes called non-dispersive instruments to separate them from the
more common wavelength-measuring spectrometers.
2This instrument failed shortly after launch in 2005.
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at 60 keV, and a dynamic range of 100 eV up to 100 keV [96]. It was in operation
at SuperEBIT from 2003 to the fall of 2007 when it was replaced as the main x-ray
calorimeter instrument by the ECS spectrometer; see below.
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Figure 3.5: XRS spectrum of highly charged bismuth measured at SuperEBIT
at F = 116 keV.

The large number of heat absorbers allows for good counting statistics. When
the counts from the individual pixels are added strong signals are achieved, especially
when data from several run days are added. A good example of this is shown in
Fig. 3.5, where An = 0 L-shell transitions in highly charged bismuth ions are dis-
played. These ions were studied with the XRS at SuperEBIT at an electron-beam
energy of 116 keV [97]. The spectrum displays the electric dipole (E1) 2s;/5 - 2p3/2
and the magnetic dipole (M1) 2p; /9 - 2p3/, transitions in F-like Bi"* through Li-
like Bi®0*. These transitions have also been studied in highly charged tungsten ions;
see Paper IIT and Chapter 4.

The usefulness of the XRS as a broadband plasma diagnostic is illustrated with
Fig. 3.6, where K-shell emission from several low-Z ions are observed. Line widths
are around 6.5 eV FWHM. In this spectrum, Lyman and K series of hydrogen- and
heliumlike oxygen, sodium, silicon, phosphorus, sulfur, chlorine, argon, and potas-
sium ions are observed. K-shell lines are often used for energy calibration of x-ray
calorimeter data as the transition energies are well known from both theory and ex-
periment [98].

The XRS spectrometer has measured M-shell transition energies in Zn-like W44+
through Co-like W47+ see Paper V and Chapter 5.



Chapter 3. Instrumentation 27

2500 | | | | | |

Si
2000 L

1500+ L

Counts

1000 -

500— =
0 LAL;A len“, Ju.‘\./‘j.lnhlnum.‘ln ﬁ

500 1 000 1 500 2000 2500 3000 3500 4000
X-ray energy (eV)

Figure 3.6: XRS spectrum of low-Z ions observed at SuperEBIT.

3.3.2 ECS Spectrometer

The EBIT Calorimeter Spectrometer (ECS) is the latest x-ray calorimeter in Liver-
more. The instrument has succeeded the role of the XRS as the main diagnostic of
EBIT plasmas.

Similar to the XRS spectrometer, the ECS instrument is made up of a 6 x 6
array with 32 heat absorber elements. Eighteen of these are used for measurements
in the 50 eV through 12 keV spectral interval with a quantum efficiency of 95 % and
a spectral resolution of 4.5 eV at 6 keV. The other 14 pixels cover the 300 eV through
100 keV interval, and have a quantum efficiency of 32 % at 60 keV and a resolution
of 33 eV; see Paper II and Ref. [99].

Tungsten spectroscopy of charge states isoelectronic to germanium through tita-
nium has been carried out with the ECS spectrometer at EBIT-I. This is described in
Chapter 5. The ECS has furthermore been used to measure L-shell transition energies
in Mg-like W92+ through Li-like W't ions at SuperEBIT; see Chapter 4.
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Chapter 4

L-shell Tungsten

Future magnetic fusion devices, such as the ITER tokamak, will have sufficiently high
temperatures for the tungsten charge state distributions to peak at the L-shell ions.
The minimum energy to remove the 3s electron in sodiumlike tungsten is 7.1 keV, and
energies in excess of 19.6 keV are required to reach the K shell [100]. According to the
calculations by Gu reported in Ref. [101] and shown in Figs. 4.1 and 5.8, Ne-like W64+
has a fractional abundance of more than 10 % in the electron temperature interval
between 12 and 33 keV. This wide temperature range in addition to the relatively
simple spectrum make neonlike tungsten valuable for diagnostics of tokamak plasmas.
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Figure 4.1: Tungsten charge balance for electron temperatures between 15
and 45 keV. Calculations by Gu [101].

L-shell tungsten spectra are proposed as the core plasma diagnostic of the ITER
tokamak. The current design of the core imaging x-ray spectrometer (CIXS), which
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will be the main instrument for measurements of ion-temperature profiles of the cen-
tral ITER plasmas, is based on the 2p3 /5 - 3d5 /o transition in Ne-like W64+ [101]. Due
to the large plasma volume of ITER, charge exchange recombination spectroscopy,
which is used in many present-day tokamaks for ion-temperature measurements, is
not feasible because it is difficult for diagnostic neutral beams to penetrate into the
central plasma. X-ray spectroscopy of highly charged tungsten ions therefore offers
an attractive option.

The strong resonance lines in Ne-like W64t have previously been measured at
EBIT-I using high-resolution crystal spectroscopy [46,47], and recently by Bieder-
mann et al., who observed some of the neonlike through siliconlike tungsten lines
at the Berlin EBIT [57]. Dielectronic and radiative recombination lines have fur-
thermore been observed at the Berlin EBIT [58] and at the Tokyo EBIT [102] using
low-resolution germanium solid-state detectors.

The L-shell tungsten spectra have been investigated at Livermore. Here, Su-
perEBIT was employed to create and excite these highly charged ions, which were
studied at electron-beam energies around 23.5, 51, 103, and 122 keV. The ECS spec-
trometer surveyed the L-shell emission from 0.5 keV up to 14 keV, thereby covering
both the n = 2 - n” = 2 intrashell transitions at x-ray energies between 1 and 2 keV,
and the n = 2 - n” = 3 transitions between 8 and 12 keV. High-resolution spectra
of the 2s; /5 - 2p3/5 transitions were studied with the Blue crystal spectrometer; see
Paper III. An overview of the L-shell emission is displayed in Fig. 4.2. This spectrum
is from the ECS spectrometer taken at a beam energy of 51 keV.
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Figure 4.2: Measured SuperEBIT tungsten spectrum with the ECS spectrom-
eter at an electron-beam energy of 51 keV.

To aid the line identification of the measured spectra the transition energies and
line emissivities of the tungsten ions were calculated using the FAC code [103]. Spectra
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were calculated for electron-beam energies of 25, 50, 100, and 125 keV and densities of
1 x 10'2 em™3. Included configuration state functions for the L-shell ions are listed in
Table 4.1. Configuration state functions used for the calculations of the M-shell ions,
which were calculated with the frozen-core approximation, are listed in Paper IV.

Table 4.1: Configuration state functions for the tungsten L-shell ions used in the
FAC calculations. n =3,4,5.1=0,1, ..., n - 1.

Ne-like WOF  F-like WO O-like W8T N-like WO7F
1522s522pf 1522s22p° 1s22s522p? 1s22s522p3
1s22s22p°nl 1522s2pf 1522s2p° 1s522s2p*
1522s2pSnl 1s22s22pnl  1s22pS 1s22p®
152s22pSnl 1522s2p°nl 1522s22p3nl 1522s22p?nl
1s22pfni 1s22s2p*nl 1s2 2s 2p3nl
152s22p¢ 1s22p°nl 1s22p*ni
152s22p°nl 152s22p? 1s2s%2p*
152s2pSnli 152s2pf 1s2s2p°
1s2s22p*nl 1s2p®
1s2s2p°nl 1s2s22p3nl
1s2pSnl 1s2s2pinl
1s2p°nl
C-like W8T B-like W Be-like W°F  Li-like W7IT
1522s522p? 1522s522p 152252 1s%2s
1s22s2p? 1522s2p? 1522s2p 1s22p
1s22p? 1s22p3 1s22p? 1s2nl
1s22s22pnl 1s22s2nl 1s22snl 15252
1s22s2p?nl 1s22s2pnl 1s22pnl 1s2s2p
1s22p3nl 1s22p2nl 1s2s22pnl 1s2p?
1s2522p3 152522p? 1s2s2p?nl 1s2snl
152s2p* 152s2p3nl 1s2p3nl 1s2pnl
1s2p® 1s2p*nl 1s2s2nl
1s2s22p?nl 1s2s22pnl 1s2s2pnl
1s2s2p>nl 1s2s2p3nl 1s2p?nl
1s2p*nl 1s2p3ni

4.1 Intrashell Transitions

The An = 0 intrashell x-ray transitions in F-like W%* through Li-like W7'* have
been measured with the Blue crystal spectrometer and the ECS x-ray calorimeter.
The measurements with the crystal spectrometer cover the 2s;,5 - 2p3/, transitions
and are reported in Paper III. The ECS data extend the spectral coverage and also
include the 2p; /5 - 2p3/, transitions.
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4.1.1 Atomic Spectroscopy

Resonance transitions in few-electron ions provide good opportunities for high-
precision measurements and theoretical predictions. Previously, the 2s;,5 - 2p3/2
transition has been measured in Li-like Bi®?* [104] and Li-like U8%* [105]. The mea-
surement of this spectral transition in Li-like W'+ therefore provides isoelectronic
data for high-Z ions. Such studies are important in atomic theory because the energy
level structures of high-Z multi-electron ions are functions of nuclear-charge depen-
dent QED and relativistic effects, as well as electron correlation. The measurement
reported here covers resonance transitions from lithiumlike up to fluorinelike tungsten
and thus provides benchmark data for future high-precision calculations.

The n = 2 - n” = 2 intrashell transitions were measured with both the Blue crystal
spectrometer and the ECS x-ray calorimeter spectrometer. The good counting statis-
tics and wide energy coverage of the ECS allowed for the determination of additional
line positions and improvements on some of the 2s; /5 - 2p3 /o transitions also observed
with the crystal spectrometer. The 2p;,; - 2p3/o transitions around 1400 eV were
observed; however, only a few of these M1 transitions could also be measured as most
of them were blended prohibiting a clear determination of the transition energies.

For the ECS measurement 14 of the 36 heat absorber elements were used. The
detector temperature was set to the higher operating point of 65 mK in order to also
cover the n = 2 to n - 3 transitions at higher photon energies. This also meant,
however, that the spectral resolution was lowered, and line widths of around 7 eV
were achieved. The voltage response for absorbed photons is slightly different for
each pixel and the recorded signals were therefore voltage corrected before adding the
data. Spectra were acquired over a two-week period and drifts in the electronics were
noticed to cause line shifts below 0.2 eV. The spectrometer was energy calibrated with
K-shell emission from hydrogen- and heliumlike oxygen, aluminum, and argon ions. A
systematic energy shift was noticed and corrected for. The resulting calibration curve
is believed to be accurate to within 0.5 eV. ECS spectra were acquired at electron-
beam energies around 23.5, 51, 103, and 122 keV. The data from each energy have
been summed to form a data set. These are displayed in Fig. 4.3.

Synthetic spectra were calculated using FAC to support line identifications. These
spectra were modeled at electron-beam energies of 25, 50, 100, and 125 keV at an
electron density of 1 x 10'2 em™3. The lines profiles were set to 7 eV FWHM,
corresponding to the instrumental resolution of the ECS spectrometer. The charge
balances were estimated based on the number of counts in the strong resonance lines
and the calculated line emissivities. The lines from carbonlike and berylliumlike
tungsten were blended and the fractional abundances of these ions were therefore
interpolated. The estimated charge balances are shown in Fig. 4.4. The calculated
spectra are displayed together with the experimental spectra in Fig. 4.3. The 2s; /5 -
2py/3 spectral signatures are well reproduced by the calculations. The M1 transitions
around 1400 eV appear less intense than the experimental data. The calculations
show that these lines are strongly blended.

Line Ne-1 is a 2-electron 1-photon electric-dipole transition only observed in the
23.5 keV spectrum. The calculations show that there are additional neonlike tungsten
lines just below 1900 eV; however, they are blended with the much stronger oxygen-
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Figure 4.3: Tungsten An = 0 L-shell transitions. Left: Experimental spec-
tra from SuperEBIT using the ECS spectrometer. Right: Synthetic spectra
calculated using FAC.

and fluorinelike resonance lines.

Fluorinelike tungsten was observed in all data sets.
difficult to measure in the crystal data as it is possibly blended with the He-like Si
line w. The influence of the silicon in the ECS spectra is likely small. Still, the
statistical uncertainty has been doubled to account for any small shifts. Line F-2 at
1388.9(5) eV is an M1 transition and the line position was determined in the 23.5 keV
spectrum as the line was blended with nitrogenlike tungsten in the other data sets.
Here the statistical uncertainty was doubled as well.

There are three E1 oxygenlike tungsten lines. O-1 was measured with the crystal
spectrometer. Here, this line is blended with the strong carbonlike tungsten line C-1
prohibiting a determination of the line position. O-2 blends with neonlike tungsten in
the 23.5 keV spectrum, and the line position is therefore averaged with the other data
sets. O-3 at 1829.0(9) eV is measured in the 23.5 keV spectrum as it is not resolved
in the other data sets. The statistical uncertainty has been doubled. There are also

The strong F-1 line was
124
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Figure 4.4: Estimated tungsten charge balance.

two M1 2p; /5 - 2p3/2 oxygenlike tungsten transitions observed that were too blended
to determine their positions with any accuracy.

The two strong N-like W67* E1 transitions N-1a and N-1b could not be resolved
with the ECS spectrometer. The average line position from all four data sets is
1841.5(5) eV, which is in good agreement with the crystal data. Line N-2 is deter-
mined in the 23.5 keV spectrum as it is blended with Be-1 at higher beam energies.
Although the calculations suggest the Be-like W7°F line not to be present at 23.5 keV,
the statistical uncertainty has nevertheless been doubled. One M1 2p, /5 - 2p3/o ni-
trogenlike tungsten line is also observed but its energy was not measured, as it is
blended.

The C-1 line is blended with the O-1 line in most data sets. However, the feature
is narrow in the 122 keV spectrum and the calculations indicate that the oxygenlike
line only has a small contribution. The line position is therefore determined in the
122 keV spectrum and the statistical uncertainty doubled. Line C-2 is an E2 2p,/; -
2p3/o transition. The 51, 103, and 122 keV data sets give an average line-position
value of 1429.7(5).

The two strong B-like W7 lines B-1a and B-1b, which are resolved in the crystal
data, are blended in the ECS spectra. An average line position from all data sets give
a line position of 1768.9(5) eV, in good agreement with the crystal measurement. The
much weaker E1 transition B-2 is observed at 1654.0(6) eV in the 103 keV spectrum.
A weak boronlike M1 line is also observed around 1463 eV, but the observed feature
is an overlap with an M1 nitrogenlike line and the line position cannot be determined.
Line B-3 is a 2-electron 1-photon E1 transition that was measured in the 103 keV
data set.

Be-1 is measured in the 122 keV spectrum. It has a shoulder from N-2 and the
statistical uncertainty has therefore been doubled.

The transition energy of Li-1 is the average value from the 103 and 122 keV
spectra. The good counting statistics allows for the determination of the line position
to within 0.5 eV, corresponding to an uncertainty of 0.03 %.

All measured line positions with the ECS spectrometer agree with the crystal
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spectrometer data within the experimental error bars except line F-1. This line was
only resolved in one of the crystal spectrometer data sets. There were trace amounts
of silicon in the trap; however, the abundance of He-like Si'4* is expected to be very
low and any overlap of the Si w line with F-1 should be very slight.

Table 4.2: Tungsten An = 0 L-shell transition energies. Experimental data from the
ECS x-ray calorimeter spectrometer and the Blue crystal spectrometer. Theoretical
energies from FAC. Units in electronvolts.

Line  Lower level Upper level ECS Blue FAC

B—S (281/22131/2)1/2 (2822p3/2)3/2 11925(6) 1191.6
F-2 (28 2p1/22p3/2)3/2 (2822p1/22p§/2)1/2 13889(6) 1389.8
c2 (282 2p1/2) (25%2p1 /923 /2)2 1429.7(5) 1430.4
Ne-1 (25 2p1/22p3/2381/2) (2822p1/22p§/23p1/2)0 15707(8) 1573.2
B-2 (28 2p1/2)1/2 (251/22p1/22p3/2)3/2 16540(6) 16546
N-2 (28 2p1/22p3/2)3/2 (281/2213?/221)%/2)5/2 17339(8) 1734(1) 1735.6
Be-1  (25?)g (281/22p3/2)1 1741.4(6) 1741(1) 1744.2
B—la (28 2p1/2)1/2 (2S1/22p1/22p3/2)1/2 1767(1) 17697
B—lb (25 2p1/2)1/2 (281/22p1/22p3/2)3 1769(1) 1772.0
C1 o (25%207 )0 (251/22P252P5/2)1 1802.0(8) 1801(2) 1804.4
01 (2 22101/22]@3/2)2 (2812203 1,203 )2 1806(2) 1808.8
0-3 (252202 4202 5)o0 (25172203 2D )1 1829.0(9) 1833.3
N-la (2 p1/22p3/2>3/2 (251/2213?/2219:2,)/2)1/2 1840(2) 1842.9
N-1b (2S 2p1/22p3/2)3/2 (281/221)%/221)%/2)3/2 1842(2) 1844.7
F-1 (2 22p1/22p3/2)3/2 (28172203 1,208 )12 1866.5(5) 1871(2) 1870.7
02 (2522p?,2p2 ), (2512202 15203 o)1 1890.8(5) 1891(2) 1894.0

4.1.2 Fusion Plasma Diagnostics

The strong 2s;,5 - 2p3 o transitions suggest that the lines may be of interest for
fast time-resolved charge-balance measurements. To investigate this possibility the
tungsten spectra were modeled under tokamak-like conditions. Using FAC, the line
emissivities were calculated for all the charge states with fractional abundances above
1 %, as shown in Fig. 4.1, for electron temperatures of 15, 25, 35, and 45 keV. The
spectra were calculated for n, = 1 x 10'* cm ™2 and the line widths set to correspond
to the Doppler broadening. Here, the ion temperatures were assumed equal to the
electron temperatures. The line widths at £ = 1800 eV vary from 1.25 eV to 2.17 eV
FWHM. Level population mechanisms include collisional excitation and deexcitation,
radiative cascades, and autoionization. Dielectronic recombination is included to
the lowest levels of the daughter ion for all charge states above Al-like W6'*. The
calculated spectra are displayed in Fig. 4.5, where the charge states of the strong lines
are indicated.
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Figure 4.5: Theoretical spectra of tungsten modeled at n, = 1 x 10'* cm=3.

The spectral region between 1700 and 1900 eV contains several strong lines from
the intrashell tungsten transitions. At each temperature, many charge states are
present. In addition, the strong lines are resolved and, hence, this region should be
suitable to infer the tungsten charge balance of a high-temperature tokamak plasma.
This, in turn, could give information on the electron temperature and plasma trans-
port. Even relatively small amounts of tungsten may be useful for diagnostics as these
highly charged ions radiate plenty. For instance, each Li-like W't ion radiates more
than 900 photons/s in the 2s; /5 - 2pg/o transition at a temperature of 35 keV. If the
concentrations of tungsten are sufficiently high, the L-shell spectra may even allow
for fast time-resolved measurements.
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4.2 Intershell Transitions

The n = 2 to n = 3 transitions in highly charged tungsten ions are of special interest
since they constitute the physics basis of the CIXS crystal spectrometer that will
measure the ion temperatures of ITER plasmas. It is especially the high fractional
abundance of the neonlike charge state and the fact that tungsten will be an indigenous
element in ITER plasmas that make this such an attractive diagnostic. Neonlike
spectra have been studied extensively in tokamak plasmas for elements up to europium
(Z = 63), see e.g. [106-109]. Ne-like W54+: however, is not yet that well known. It
has previously been measured by Beiersdorfer at EBIT-I [46,47] and by Biedermann
et al. at the Berlin EBIT [57].

4.2.1 Atomic Spectroscopy

Neonlike ions have 36 singly excited 2{3!” energy levels. This makes the neonlike spec-
trum comparatively simple as only a few resonance transitions are readily observable.
Among these strong x-ray lines are seven E1 transitions, dubbed 3A through 3G, and
five E2 transitions, labeled E2L, E2M, E2U, E2S, and E2T. The transition from the
lowest excited level (2p3/23s;/2)2 proceeds to the ground state via an M2 transition.
This transition is energetically very close to the 3G line, which originates from the
sister level of the same configuration, (2p3/23s1/2)1. The second strong feature in the
neonlike spectrum is the 3D transition from the (2p3/23ds,2):1 level.

Table 4.3: Theoretical transition energies, transition probabilities and line emis-
sivities of Ne-like W%t calculated using FAC. Emissivities are calculated for
ne =1 x 10 cm™3 and T. = 25 keV.

Line Lower level Upper level AE (eV) A(s71) e (s7lion1)
M2  (2s%2p%), (25°2p7 52D3 /5 381/2)2 8293.4  4.12 x 107 90
3G (2s22p%), (2522p7 )52P3 )5351/2)1 8302.0 1.50 x 10 339
E2L  (2s22p%), (25°2p7 52D3 /5 3D1/2)2 8444.2  9.21 x 10! 72
E2M  (2s22p%) (2s?2p? /22p§ /23D3/2)2 8834.6 9.22 x 101‘1 17
3E (2s22p%) (25°2p7 52D /5 3d3/2)1 8990.1 7.84 x 103 31
3D (2s%2p%), (2s22p§/22pg/23d5/2)1 9120.6 2.88 x 10'® 732
3F (2s22p%) (2s22p1/22p§/23sl/2)1 9683.8 3.65 x 10'3 51
3B (2s%2p%), (281/220%3p1 /2 )1 10316.8 6.81 x 104 81
3C (2s22p%) (2522p1 /22p3 jo3dsja)1 104040 1.49 x 10" 231
3A (2s22p%) (281/22p%3p3/2)1 10705.9  4.55 x 1014 44
4D (2?2p%)0  (28°2p7 52p5 p4d5/p)1 119509 9.77 x 10' 101
4C (2s22p%) (2572p1/22p3 p4d3/0)1 132954 6.31 x 10 39

The ECS x-ray calorimeter observed the n = 2 to n = 3, 4 spectra in the 8 -
14 keV x-ray interval at electron-beam energies around 23.5, 51, and 103 keV. The 7 -
13 keV interval was energy calibrated with K-shell emission from highly charged iron
and krypton ions. The signals from each of the 14 pixels used for the measurement
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was voltage corrected to account for the slightly different thermal response of the heat
absorbers. The data at each beam energy have been added to form a data set.

The measured lines were identified with the theoretical spectra calculated using
FAC. Theoretical transition energies and line emissivities from Si-like W69F through
Li-like W'+ were compared with the experimental spectra. Calculated energies and
transition probabilities for the observed Ne-like W64 lines are listed in Table 4.3.

All data sets are dominated by the neonlike tungsten spectrum. The observed
Ne-like WO lines are listed in Table 4.3 and labeled in Figs. 4.6 and 4.7. The
23.5 keV spectrum is displayed in Fig. 4.6, where also the expected coverage of the
CIXS instrument is indicated. The strong lines are labeled according to charge state.
In addition to the neonlike tungsten lines, the observed features are mainly from
sodium-, magnesium-, aluminum-, fluorine-, and oxygenlike tungsten ions. The lines
from these adjacent ions, though, are all much weaker than neonlike tungsten.
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Figure 4.6: Tungsten intershell spectrum measured with the ECS spectrom-
eter at SuperEBIT at an electron-beam energy of 23.5 keV. The approximate
region covered by CIXS is indicated by the shaded area. The stronger lines
are labeled by charge state and the Ne-like W% lines according to transi-
tion. Lines E2L and 3A are blended with F-like W%+ and O-like W% lines,
respectively.

The E = 103 keV data set reveals all the L-shell tungsten charge states. The ECS
spectrum is shown in Fig. 4.7, where it is divided in two sections for clarity. Here, the
fluorine-, oxygen-, and nitrogenlike tungsten lines are quite strong. The higher charge
states show mainly between 10 and 12 keV. At yet higher x-ray energies two An = 2
neonlike tungsten transition are observed, lines 4D and 4C from the (2p3/24ds/2)1
and (2p;/24ds)2)1 levels to the ground state.
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Figure 4.7: Tungsten L-shell spectrum measured with the ECS spectrometer
at SuperEBIT at F = 103 keV. The stronger lines are labeled by charge state
and the Ne-like W54t lines according to transition. Lines E2L and 3A are
blended with F-like W%+ and O-like W% lines, respectively. Top: The 8 -
10 keV interval includes the region around 3D proposed for the CIXS instru-

ment. Bottom: The 10 - 14 keV range include all the L-shell spectra.

4.2.2 Fusion Plasma Diagnostics

The CIXS crystal spectrometer will be one of the main diagnostics of the ITER
core plasmas. The objectives of the instrument are to establish ion and electron
temperature profiles and toroidal and poloidal rotation velocities. Tungsten is chosen
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as the working radiation and therefore underlies the design of CIXS, which is described
in Ref. [101]. One of the main reasons for selecting the tungsten L-shell emission is
because tungsten is the only indigenous high-Z element in ITER. Even the high
temperatures expected in the center plasmas will not be enough to strip tungsten
of its electrons, cf. Fig. 4.1, and thus tungsten ions will serve as intrinsic probes of
the core conditions. CIXS will focus on the spectral region around the 3D line in Ne-
like W54+ and the neighboring lines from adjacent charge states. This region therefore
allows the tungsten charge balance to be inferred in addition to Doppler broadening
measurements for ion temperature profiles and the Doppler shift measurements for
velocity determinations.
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Figure 4.8: Line emissivities of tungsten calculated at n, = 1 x 10'* cm™3

and T, = 25 keV.

Theoretical spectra of highly charged tungsten ions have been calculated for toka-
mak plasmas in the spectral region from 7 keV to 14 keV. Line intensities as func-
tions of electron temperature are necessary to know in order to establish accurate
ion-temperature profiles. The spectra of Si-like Wt through Li-like W™t were
calculated for plasma densities of n, = 1 x 10" cm ™ and electron temperatures be-
tween 15 keV and 45 keV. Excitation mechanisms include electron impact, radiative
cascades, autoionization, and dielectronic recombination for charge states above Al-
like WOlF. Figure 4.8 displays the calculated line emissivities between 8 and 12 keV
at T. = 25 keV. The neonlike tungsten ion line emissivities are listed in Table 4.3.



Chapter 5

M-shell Tungsten

This chapter reports on M-shell tungsten spectra. This includes not only the spectra
from ions with an n = 3 valence electron, but also spectra from those ions with only
a few electrons in the n = 4 shell, which have strong transitions to n = 3, such as
e.g. copper- and zinclike tungsten ions.

5.1 Intrashell Transitions

Paper IV reports on a high-precision measurement of the 3s;/5 - 3p3/2 lines in Na-
like W63* and Mg-like W92+, and the 3p1/2 - 3d3/2 lines in Al-like WO+ and Si-
like W59+, The measurement also includes corresponding transitions in ions down to
K-like W2 in the 19 - 25 A soft x-ray region. A measured spectrum of tungsten is
shown in Fig. 5.1 together with nitrogen and oxygen K-shell reference spectra. These
spectra display filtered data from one run day with the SuperEBIT electron beam ion
trap at an electron-beam energy of 23.5 keV using the Gold Flat Field Spectrometer
(GFFS). By adding data from four days, 20 An = 0 transitions from K-like W5°* to
Ne-like W54+ could be identified and measured.

5.1.1 Atomic Spectroscopy

The resonance lines from ions with only one or a few electrons outside the last closed
shell are of interest in atomic structure theory as they provide good test systems
for atomic modeling. Several authors have calculated the 3s; /5 - 3ps/o transition in
sodiumlike ions, which only have one valence electron outside the filled L shell. Such
calculations need experimental verification and most 3s; /5 - 3p3/2 lines in sodiumlike
ions up to Xe**t have been measured. For higher-Z ions, however, not that many
measurements exist. Especially, there are no previous high-precision measurements
reported that could guide theory for sodiumlike ions between Cs*4t and Pt67+.

The new Na-like W%+ wavelength measurement is shown in Fig. 5.2 together with
earlier high-Z measurements in the sodium isoelectronic sequence. The measurements
are compared with ab initio calculations by Kim and Cheng [110], Johnson et al. [111],

43
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Figure 5.1: Nitrogen, oxygen, and tungsten spectra from one run day at
SuperEBIT with the GFFS.

Baik et al. [112], Kim et al. [113], Seely et al. [114], and Blundell [115], and semi-
empirical calculations of Ivanov and Ivanova [116], Kim et al. [113], and Seely et
al. [114,117]. All data points are normalized to the theory of Seely et al. [114]. Note
that the wavelengths calculated by Kim and Cheng [110], Johnson et al. [111], and
Blundell [115] have been interpolated.

Most of the previous 3s;/3 - 3p3/2 measurements in high-Z sodiumlike ions have
been performed on electron beam ion traps. Tribert et al. measured Xe**t on
SuperEBIT [118], Cowan et al. studied Pt57* on EBIT-II [119], Gillaspy et al. made
use of the NIST EBIT to study Hf6!*, Ta%* W63+ and Au%®t [53], and Beiersdorfer
et al. measured Pb71* [120] and UB'* [121] on SuperEBIT and EBIT-I. Seely et
al. studied laser-produced plasmas for the measurement of Cs?*** at the Rochester
OMEGA laser [122] and of Gd®** at the Livermore Nova laser [114]. Seely et al. have
also reported a measurement of Xe*3% [114,124]. Another high-precision measurement
of Pb7'* was performed with the Unilac accelerator at GSI, Darmstadt by Simionivici
et al. [123]. Together with the measurements of Pt, Pb, and U, the new W data point
map out the high-Z dependence on the sodiumlike resonance transition.
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Figure 5.2: Measured and calculated 3s; /5 - 3p3/2 transitions in high-Z sodi-
umlike ions. Theory from Refs. [110-117], where numbers from Refs. [110,111]
are off the scale. Values for Refs. [110,111,115] are interpolated. Experimental
data from Paper IV and Refs. [53,114,118-123]. All data are normalized to
calculations by Seely et al. [114].

Two-electron systems, i.e. ions having two valence electrons outside the last
closed shell, such as heliumlike, magnesiumlike, and zinclike ions, are already much
more complicated than the one-electron systems. Especially the structure of high-
Z ions, where strong relativistic and quantum-electrodynamic (QED) effects add to
electron-correlation contributions are challenging systems. Spectroscopic measure-
ments of the 3s? - 3s, /23P3/2 transition in high-Z magnesiumlike ions have been
performed by Triibert et al. for Xe*2* on SuperEBIT [118], by Seely et al. for Cs*3+
at OMEGA [122], for Hf%%+ Tab'* W62+ and Au®"* by Gillaspy et al. at the
NIST EBIT [53], by Beiersdorfer and Wargelin for Pb7%* at EBIT-I [120], and by
Chen et al. for U%F on EBIT-I [125]. Available wavelength calculations for high-
Z magnesiumlike ions have widely disparate predictions, as seen in Fig. 5.3, where
the measurements of the 3s? - 3s; /23P3/2 transition, including the new data point on
Mg-like W%2F are compared to ab initio calculations by Cheng and Johnson [126],
Marques et al. [127], Zou and Froese Fischer [128], and Shorer et al [129], and the
semi-empirical calculations of Ivanova et al [130]. The wavelengths by Refs. [128-130]
have been interpolated. It is clear that additional measurements are required to guide
atomic theory, especially for magnesiumlike ions between Cs*** and W62+,
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5.1.2 Fusion Plasma Diagnostics

The core plasmas of ITER will have electron densities of 10'* cm™3 and electron and
ion temperatures in the 10 - 30 keV interval. As demonstrated by the ionization-
balance calculations by Gu reported in Ref. [101], sodiumlike and magnesiumlike
tungsten ions are abundant in this range. These calculations are done for electron
densities of 104 cm~2 and include charge states from nickellike to heliumlike tungsten.
A similar diagram is displayed in Fig. 5.4, where all charge states with fractional
abundances above 1 % in the 10 - 30 keV interval are shown. In this temperature
interval both M- and L-shell tungsten ions are abundant. However, only the M-shell
ions radiate significantly at wavelengths above 10 A. The L-shell ions emit most of
their energy in n = 2-n’ =2 and n = 2 - n’ = 3 transitions, but even so, these short-
wavelength transitions are much weaker than the M-shell transitions. Furthermore,
the An = 0 transitions are the strongest lines in the spectra of highly charged M-shell
tungsten ions. This makes the 10 - 60 A soft x-ray interval that the Livermore GFFS
spectrometer can cover very interesting for plasma spectroscopy. Calculated line
emissivities in this spectral region for plasmas with T, = 20 keV and n, = 104 cm ™3
are shown in Fig. 5.5. Especially the 19 - 25 A interval has strong spectral lines
from several charge states, and is therefore promising for diagnosing ITER plasmas in
the 10 - 30 keV temperature range. For diagnostics of plasmas with somewhat lower
temperatures, the wavelength region of 30 - 40 A could be useful as the 3p3/2 - 3ds/2
emission from several tungsten ions fall in this range.

The tungsten emission from tokamak plasmas have been modeled with FAC and
is shown between 15 and 30 A in Fig. 5.6. The spectra are calculated for thermal
equilibrium at an electron density of n. = 1 x 10" cm™2 and temperatures 7T of
10, 20, and 30 keV. Charge states from Ca-like W54t to Ne-like W%+ have been
included in fractional abundances similar to Fig. 5.4. The included configuration
state functions for the ions are listed in Paper IV. The line profiles are modeled with
Gaussian distributions with line widths corresponding to the Doppler broadening (the
ion temperatures are assumed identical to the electron temperatures). Line widths
will thus vary from about 13 to 22 mA FWHM. A spectrometer with a resolving power
of greater than 2000 is therefore required to measure the ion temperatures. This is
comparable to the achievable resolution with the GFFS. However, the line widths
measured with the GFFS are limited by the electron-beam width of SuperEBIT.
On a tokamak, however, imaging slits are required and slit widths of around 10 pym
together with a smaller pixel-size CCD detector would probably decrease the line
widths. The spectral coverage is also sufficiently wide to observe the emission from
several charge states. This would allow for measurements of the charge balance or
of the tungsten abundance. A spectrometer similar to the Livermore design would
therefore work very well for diagnostics of high-temperature fusion plasmas.
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Figure 5.5: Calculated spectra of M-shell tungsten ions in the 10 - 60 A soft
x-ray range for an electron temperature of T, = 20 keV and density of n, =
1 x 10" ¢cm™3. The 3p; /5 - 3d3)» line in Si-like WO has a line emissivity of
just above 20 000 photons/s/ion.

5.2 Intershell Transitions

The ions around nickellike tungsten have strong M-shell transitions. In particular,
the intershell x-ray transitions connecting the 3d subshell between 2000 and 2500 eV
are very intense. Many of these transitions have been studied previously, both on
EBITs [52,57,65,131,132] and on laser-produced plasmas, see e.g. [28-31,133-135].
These transitions have also been observed at the ASDEX Upgrade tokamak [45] and
can be expected to be a common feature in future tokamak plasmas.
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Figure 5.6: Calculated soft x-ray spectrum of tungsten at n, = 1 x 10 cm—3

for T. = 10, 20, and 30 keV.

5.2.1 Atomic Spectroscopy

Paper V reports on broad-band spectra of Zn-like W44+ through Co-like W47+ mea-
sured at SuperEBIT with the XRS spectrometer. Spectra were studied in the 1500 -
3600 eV x-ray range and transitions with upper levels including n = 8 were measured.
The work identified several new lines and improved the accuracies of previously mea-
sured transition energies.

An extension of the work presented in Paper V has been performed at EBIT-I
using the ECS spectrometer [136], with the purpose to study the An = 1 transitions
of higher charge states than reported in Paper V. Here, the tungsten was supplied
to the EBIT-I trap using a sublimation injector containing tungsten hexacarbonyl,
W(CO). The tungsten gas was injected at low pressures (around 5- 9 x 10~8 Torr) to
the trap. The ions were stored in cycles of two minutes before the trap was emptied
in order to improve the charge balance, which typically shifts toward lower charge
states when ions are supplied continuously to the trap. To favor the storing of highly
charged ions, the trap voltage was set to only 50 V. In addition, neon gas was injected
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to the trap at 5 x 10~8 Torr to provide evaporative cooling of the heavy tungsten
ions. The much lighter neon ions equilibrate with the tungsten ions but, due to the
lower charge, are not as deeply trapped. Neon ions that leave the trap carries away
energy and thereby cool the trapped tungsten ions. The neon also served to provide
energy-calibration lines for the tungsten spectra. Dedicated calibration spectra were
also taken with both neon and argon. Data were acquired at electron-beam energies
from 4.0 keV up to 6.5 keV. With beam currents of 110 mA the electron densities
were estimated to be around 4 x 10'? cm™3.

To support line identification of the EBIT data, the M-shell spectra of tungsten
ions isoelectronic to germanium, W42*, through titanium, W°2*, were calculated
using the FAC code [103]. Synthetic EBIT spectra of Zn-like W*2* through Co-
like W47t are presented in Paper V. For the EBIT-I data, the calculated spectra
were modeled with 4.5 eV line widths, corresponding to the experimental resolution
of the ECS spectrometer. The spectra of Ga-like W*3+ through Fe-like W48+ have
also been calculated for tokamak plasmas, which are presented in Paper VI. The
structure and spectra of the six tungsten ions are calculated and transition energies,
oscillator strengths, and transition probabilities are tabulated. The line emissivities
are also listed for plasmas of densities n, = 1 x 10 cm™3 and electron temperatures
chosen about 50 % higher than the peak abundance temperature for each charge state,
according to the charge-balance calculations by Piitterich et al. [137].

5.2.2 Fusion Plasma Diagnostics

The large number of transitions from several charge states centered around the nick-
ellike tungsten spectrum provides good charge balance and ion abundance diagnostic
possibilites. Especially the 3ds/, - 4f5/, transitions are suitable for plasma spec-
troscopy since these are strong and the individual charge states are relatively easy
to separate. This is illustrated in Fig. 5.7, where the 2000 - 2500 eV spectral inter-
val is displayed. The experimental spectrum is from the recent ECS measurement
on EBIT-I at an electron-beam energy of 6.5 keV. The figure also shows calculated
M-shell spectra of Ge-like W*2* through Ti-like W2+ modeled at the EBIT plasma
parameters, n, = 4 x 102 cm™3 and E = 6.5 keV with 4.5 eV FWHM line widths,
corresponding to the resolution of the ECS spectrometer. The charge balance is esti-
mated from the calculated line emissivities and the measured intensities of the strong
lines. No lines from Zn-like W4t or Ga-like W*3* were resolved and the relative
abundances of these ions are interpolated between the inferred Ge-like W*2+ and Cu-
like W45+ fractional abundances. The estimated charge balance is shown in Fig. 5.8,
where the abundances are presented relative to the nickellike tungsten abundance.
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Figure 5.7: 3d - 4f transitions in Ge-like W#?* through Ti-like W52F. Top:
Measured spectrum at EBIT-I with the ECS spectrometer at an electron-beam
energy of 6.5 keV. Middle: Synthetic spectrum calculated using FAC. Bot-
tom: Calculated spectra using FAC.

5.3 El-Forbidden Transitions in Ni-like W

Excited levels that are the lowest above ground and that have a total angular momen-
tum J that differs from that of the ground level by more than 1 A or have the same
parity than the ground level are metastable. These levels can have large populations
due to radiative cascades. The levels can only radiatively decay via electric dipole (E1)
forbidden transitions and are therefore sensitive to collisional quenching. However,
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if the plasma density is sufficiently low, then El-forbidden transitions can compete
as a depopulation mechanism with the collisional decay. This is especially true for
high-Z systems, because the transition probabilities for these radiative multipoles are
strongly dependent on the nuclear charge.

Forty-six times ionized tungsten is isoelectronic to nickel and is predicted to be
one of the most abundant tungsten charge states in tokamak plasmas. According
to calculations by Piitterich et al. [137], the ion has a fractional abundance of more
than 10 % over the 3 - 7 keV electron-temperature interval. This is typical temper-
atures at which present-day tokamaks operate at and what the ITER tokamak will
have during ohmic plasmas. Nickellike high-Z ions have a ground configuration of
3s23p%®3d1Y with the first excited levels being (3d5/2481/2)3,2. These levels can only
decay radiatively through magnetic-octupole (M3) and electric-quadrupole (E2) tran-
sitions, respectively. The nickellike system is thus analogous to the closed-shell ions
isoelectronic to helium and neon, whose lowest levels decay through magnetic-dipole
(M1) and magnetic-quadrupole (M2) transitions, respectively [138].

The first magnetic-octupole transitions were observed in the spectra of Ni-
like Th®2* and U%* ions at EBIT-1 in 1991 by Beiersdorfer et al. [138]. The
same transition has later been studied in Ni-like Xe20t, Cs?"*, and Ba?®* ions at
EBIT-I and SuperEBIT in 2005 - 2007 by Trébert et al. [139-141].

The E2 and M3 lines have attracted much attention in the nickellike tungsten
spectrum. The lines were first observed as an unresolved feature at the ASDEX
Upgrade tokamak by Neu et al. [45] and interpreted as the E2 transition. Still, the
intensity of the line could not be explained by theory [43,137,142]. Loch et al. [143]
and Ralchenko et al. [52,144] suggested that the feature could be a blend of the E2
and M3 lines. The unresolved feature has also been observed at the NIST EBIT [52]
and at SuperEBIT; see Paper V.

The wavelengths, or corresponding energy levels, of the two tungsten transitions
were first calculated by Zhang et al. in 1991 [145] and have been followed by predic-
tions from Fournier in 1998 [146], Aggarwal et al. in 2000 [147], Safronova et al. in
2006 [148], Ballance and Griffin in 2006 [149], and Ralchenko et al. in 2006 [52].
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5.3.1 Atomic Spectroscopy

Described in Paper VII is a measurement at SuperEBIT where the two electric dipole-
forbidden Ni-like W46+ lines have been resolved. The tungsten lines were measured
with the Blue and the Bradley II crystal spectrometers for electron-impact excitation
energies from 3.3 to 5.4 keV. The wide wavelength coverage of the Blue spectrometer
was used to determine the wavelengths of the lines. Figure 5.9 shows K-shell lines from
sodium and aluminum that were used for wavelength calibration. A high-resolution
spectrum obtained with the Bradley II spectrometer is displayed in Fig. 5.10, which
shows the two tungsten lines for an electron excitation energy of 4.2 keV.
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Figure 5.9: Broad band crystal spectrum showing the Lyman series of H-
like Na X1 and the Ko lines of He-like Al X1I together with dielectronic satellite
lines of Li-like Al XI.

The wavelengths of the lines have been calculated using the FAC code, written by
Gu [103]. FAC has also been used in the calculations by Ralchenko et al. [52,144] and
Safronova et al. [65]. In addition, the polarization and intensities of the lines were
modeled with FAC for various plasma conditions. Previously, Ralchenko had studied
the line intensities using the NOMAD code [144].

5.3.2 Fusion Plasma Diagnostics

The unresolved tungsten feature has been utilized at the ASDEX Upgrade tokamak
to infer tungsten concentrations for plasmas in the 2.1 - 5.5 keV electron-temperature
interval [137,150]. Yet, resolving the line into its two constituents allows for additional
diagnostic possibilities.

As lines that originate from metastable levels are sensitive to electron collisions
they are well suited for density diagnostics, as noted in e.g. Refs. [151,152]. The
density dependence and population mechanisms of the E2 and M3 lines in nickellike
ions were studied by Beiersdorfer et al. in 1991 [138]. For nickellike tungsten, den-
sity effects on the M3 line intensity was first discussed by Loch et al in 2006 [143].
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Figure 5.10: High-resolution spectrum of the tungsten E2 and M3 lines mea-
sured at SuperEBIT at an electron-beam energy of 4.2 keV.

Calculations of the density dependence on four electric dipole-forbidden transitions
in Ni-like W46T were later presented by Ralchenko [144], who suggested that the E2
and M3 line ratios could be used as tokamak density diagnostics.

To investigate the plasma-diagnostics potential of the lines, the intensities were
measured at several electron excitation energies at SuperEBIT. Very little variation
on the relative intensities was observed suggesting the line pair to be insensitive to
electron temperature. This is also confirmed by the FAC calculations, shown in Pa-
per VII. The FAC calculations demonstrate however, as expected for El-forbidden
transitions, that the relative line intensities are very much sensitive to electron den-
sities. This was also noted by Ralchenko [144], who pointed out that the relative line
intensities change in the density interval of typical tokamak plasmas.

The wavelength separation of the two lines was measured to be 9.3(2) mA, which
is sufficient for the line profiles to be utilized for ion-temperature measurements. The
intensity and Doppler broadening of the two lines have been calculated for tempera-
tures from 1 - 7 keV, as shown in Fig. 5.11, where the lines are modeled with Gaussian
profiles. The ion temperatures have been assumed equal to the electron temperatures.
The two lines are excellent candidates for measurements of both the electron density
and ion temperature of tokamak plasmas.
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Chapter 6

Spheromak Spectroscopy

Spectroscopic investigations of tungsten ions in high-density magnetic fusion plas-
mas are relevant for the diagnostics development of the ITER divertor. Tungsten
is planned as plasma-facing material for the divertor targets, and sputtering from
the surfaces will therefore introduce tungsten ions in the divertor plasmas. The ex-
pected temperatures of the main divertor volume will be from 25 to 100 eV, with
peak electron temperatures around 150 eV close to the X point [153].

The Sustained Spheromak Physics Experiment (SSPX) facility provided a suitable
radiation source to simulate tungsten emission from ITER divertor plasmas. The
SSPX spheromak had typical electron densities of 10~ ¢cm™2 and temperatures
around 100 eV. These high-density magnetic fusion plasmas therefore matched the
expected divertor conditions well. Tungsten existed as an intrinsic impurity in the
SSPX spheromak, because the copper flux conserver was spray coated with a 100 pm
layer of tungsten [154]. To utilize SSPX plasmas for tungsten spectroscopy the spectra
from other impurity ions had to be known. An extensive effort to measure impurity
ions in the 60 to 450 A interval was performed using the Silver Flat Field Spectrometer
(SFFS); see Paper L.

Low-Z ions were abundant in the SSPX plasmas. The EUV spectra were usually
dominated by boronlike, berylliumlike, and lithiumlike oxygen ions; see Papers I
and VIII. Carbon and nitrogen ions were occasionally observed but usually only
from relatively weak lines. Certain SSPX experiments injected boron nitride covered
probes [155] into the spheromak, which caused nitrogen and boron to be released into
the plasmas. The Ka lines of heliumlike boron were studied at 60 A and used to
estimate the plasma parameters of SSPX; see Paper VIII.

Of the mid-Z elements only titanium and copper were found in the SSPX plasmas.
The copper ions originated from the walls of the flux conserver, whereas titanium ions
were introduced by a gettering system. To confirm the identification of titanium lines,
measurements were performed where the titanium features were studied in connection
with titanium gettering. This work is reported in Paper IX.

To investigate the feasibility of tungsten EUV spectra for ITER divertor diagnos-
tics an injection experiment of tungsten hexacarbonyl was performed at SSPX. This
is described in Paper X. A special sublimation injector was constructed and mounted

o7



o8

on one of the diagnostics port, which allowed for the injection of tungsten during
the hydrogen prefilled phase before each discharge. By changing the amount of in-
jected material and study how the spectra changed, tungsten candidate lines could
be identified.
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Figure 6.1: Calculated Er-like WO spectra at n, = 10*® cm™3.

The tungsten measurements were supported by spectral modeling using the Flex-
ible Atomic Code (FAC) [103]. The few-times charged tungsten ions expected in
low-temperature divertor plasmas are difficult to model and calculated wavelengths
are therefore believed to only be accurate to within 20 A. Synthetic spectra have been
calculated for n, = 10 and 10'® ecm~3. Figure 6.1 shows Er-like W viI calculated
at n, = 10'® cm™3. The relative line intensities are very similar to those spectra
calculated at n. = 10'* cm™3, which are displayed in Paper X. The spectrum of
Er-like W8t has potential for diagnostics due to its closed-shell structure. The ion
will likely be abundant in the ITER divertor and the spectrum is relatively simple.
The transitions between 200 and 300 A could, for instance, be used to infer tungsten
concentrations. From the calculated line emissivities of Tm-like W VI it seem that the
two 5d - 5f transitions with wavelengths just below 400 A might be sensitive to elec-
tron temperature. The experimental and theoretical investigations indicate that EUV
spectroscopy of tungsten could be a valuable diagnostic for ITER divertor plasmas.
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Figure 6.2: Plasma discharge at the SSPX spheromak during the tungsten
experiment.
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Comments on papers

In addition to the measurements reported in this dissertation, I have performed several
EBIT measurements where the data sets are not yet analyzed. These measurements
include determination of x-ray transition energies in M-shell platinum and uranium
ions, and in L-shell bismuth ions. Data not yet evaluated also include EUV spectra of
tungsten and nickel. As a certified EBIT operator I have assisted other researchers on
their projects. This has often included operating the SuperEBIT and EBIT-I electron
beam ion traps and helping out with measurements.

I have furthermore worked as a visiting researcher at the Princeton Plasma
Physics Laboratory. The work in Princeton focused on EUV spectroscopy at the
NSTX tokamak, where my main project was a tungsten injection experiment.

Paper 1

This paper describes the EUV grating spectrometer used at the SSPX spheromak.
The design of the instrument and some examples of its use are discussed. I performed
the measurements reported and wrote the text for the paper.

Paper 11

The paper describes some recent measurements using x-ray calorimeter spectrometers
at the Livermore EBIT laboratory. I have been involved in some of the measurements
reported and I provided one of the figures in the paper.

Paper II1

The 2s1 /2 - 2p3 /2 transitions in F-like WO through Li-like W' have been measured

with a crystal spectrometer at the SuperEBIT electron beam ion trap. I helped run
the experiment and FAC calculations and assisted with the manuscript.
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Paper IV

The wavelengths of n = 3 to n = 3 transitions in K-like W% through Ne-like W64+
have been measured using a high-resolution grating spectrometer at the SuperEBIT
electron beam ion trap. Twenty wavelengths between 19 and 25 A were measured and
compared to calculations using the FAC code and theoretical predictions along the
sodium and magnesium isoelectronic sequences. I was in charge of the measurement,
collected most of the data, performed the FAC calculations and the analysis, and
wrote the manuscript.

Paper V

The transition energies of M-shell tungsten ions were measured using an x-ray
calorimeter at the SuperEBIT electron beam ion trap. I was in charge of the exper-
iment and acquired most of the data. I did the calculations and analysis and wrote
the paper.

Paper VI

This manuscript is in preparation and reports on theoretical calculations on six
tungsten spectra. Presented data include transition energies, oscillator strengths,
transition probabilities, and line emissivities for M-shell transitions in Ga-like W43+
through Fe-like W48+, T have performed the calculations and written the manuscript.

Paper VII

Two strong electric-dipole forbidden x-ray transitions have been studied using two
crystal spectrometers at the SuperEBIT electron beam ion trap. The measurements
include wavelengths, relative intensities, and relative polarizations of the two tung-
sten lines. Atomic calculations and plasma modeling complement the measurements.
The potential of the lines for diagnostics of tokamak plasmas is discussed. I ran
the experiment, collected most of the data, was responsible for the data analysis,
performed the calculations, and wrote the paper.
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Paper VIII

This paper gives an overview of the spectroscopic efforts at the SSPX spheromak. The
experimental setup is described and some results are presented. Data are compared
with calculations and the plasma parameters of SSPX are estimated. I performed the
measurements and analysis, and wrote the manuscript.

Paper IX

Titanium was injected into the SSPX spheromak using a gettering system to support
line identifications in EUV spectra. I was in charge of the measurement and collected
the data. I am furthermore responsible for the analysis and writing of the manuscript.

Paper X

This paper describes injection of tungsten hexacarbonyl into the SSPX spheromak.
The similarities of SSPX plasmas with ITER divertor plasmas were utilized to sim-
ulate tungsten emission from I'TER. The measurement was then complemented with
calculations. The possibility of using tungsten EUV spectroscopy for diagnostics of
the ITER divertor is discussed. I collected and evaluated the data, performed the
spectral modeling, and wrote the paper.
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The silver flat field spectrometer (SFFS) is a high-resolution grazing-incidence diagnostic for
magnetically confined plasmas. It covers the wavelength range of 25-450 A with a resolution of
AN=0.3 A full width at half maximum. The SFFS employs a spherical 1200 lines/mm grating for
flat-field focusing. The imaging is done using a backilluminated Photometrics charge-coupled
device camera allowing a bandwidth of around 200 A per spectrum. The spectrometer has been used
for atomic spectroscopy on electron beam ion traps and for plasma spectroscopy on magnetic
confinement devices. Here we describe the design of the SFFS and the spectrometer setup at the
sustained spheromak physics experiment in Livermore. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2965776]

I. INTRODUCTION

Plasma spectroscopy is an important diagnostic for labo-
ratory plasmas studied in magnetic confinement fusion. In
these high-temperature plasmas, the extreme ultraviolet
(EUV) interval 25-400 A of the electromagnetic spectrum is
a regime where a multitude of prominent lines from plasma
impurities fall. The EUV includes L-shell transitions from Be
through CI and M-shell transitions from mid-Z ions such as
Ti, Fe, and Cu.

There has been a number of different spectrometers used
for EUV diagnostics on magnetic fusion devices. In fact,
extreme ultraviolet and vacuum ultraviolet (400—1200 A)
spectrometers are standard instruments on most magnetic fu-
sion experiments.2 One of the most frequently used spec-
trometer designs is the survey poor resolution extended do-
main (SPRED) spectrometer, an instrument employing up to
three different gratings with a total wavelength coverage
from 100 up to 1700 A with a resolution from 0.4 to 3 A.*°
The benefit of this instrument is the wide spectral coverage.
However, the poor resolution can make line identifications an
uncertain process. Another often used spectrometer is the
soft x-ray multichannel spectrometer designed for the
5-340 A range with AN=0.08 A using a 600 lines/mm
grating.6 Additional examples of EUV spectrometers on
magnetic confinement devices include the grazing—incidence
time resolving spectrometer that covers 15-360 A with a
wavelength resolution AN=0.7 A;7’8 the EUV spectrometers
(10-130 A and 50-500 A) at the LHD stellarator with A\
=0.08 and 0.24 A, respectively;g’]0 and the x-ray and ex-
treme ultraviolet spectrometer (XEUS) at the NSTX toka-
mak, employing a 2400 lines/mm grating for the 6—65 A
range with AN=0.1 A."!

aﬂComributed paper, published as part of the Proceedings of the 17th Topical
Conference on High-Temperature Plasma Diagnostics, Albuquerque, New
Mexico, May 2008.

YAlso at Atomic Physics Division, Lund Institute of Technology, P O Box
118, SE-221 00 Lund, Sweden. Electronic mail: clementson@lInl.gov.
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Flat field gratings, such as the gratings used on the
SPRED (toroidal grating), XEUS (spherical), and LHD spec-
trometers (spherical), are attractive dispersive elements since
they both diffract and focus the radiation to a plane, allowing
for the use of planar electronic detectors, such as charged-
coupled device (CCD) cameras or multichannel plates, en-
abling wider wavelength coverage without loss of spectral
focus.

Here, we present a sister instrument to the XEUS spec-
trometer for use on high-temperature fusion plasmas. The
spectrometer known as the silver flat field spectrometer
(SFFS) is a high-resolution grazing-incidence instrument
with a reflective grating. With its wide wavelength coverage,
the SFES is designed for greater flexibility than the XEUS
spectrometer. As several other instruments employed at mag-
netic fusion energy facilities,'> the SFFS was designed at the
Livermore EBIT facility,13 originally for use on electron
beam ion traps. An earlier version of the spectrometer used
on EBIT is described in Ref. 14. The adaption we describe
here has proven to be an important diagnostic for spheromak

CCD camera aperture slit

i .13.375.. -
125}
1

FIG. 1. SFFS outline. Top and side views. Dimensions in inches.
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FIG. 2. (Color online) SSPX diagnostics suite. The SFFS EUV spectrometer is shown in the upper right corner, approximately 2 m from the SSPX vacuum

vessel. Blueprint courtesy of H. S. McLean.

plasmas at the sustained spheromak physics experiment
(SSPX) facility.”> The SFFS spectrometer was recently
moved to the NSTX tokamak in Princeton.

Il. SPECTROMETER DESIGN

The silver spectrometer is a compact grazing-incidence
spectrometer employing a spherical Hitachi grating (of the
same type the XEUS and LHD spectrometers use) (Refs. 16
and 17) with an average groove density of 1200 lines/mm.
The incident radiation impinges the grating around the blaze
angle of 3.2°. The grating, originally intended for use on
laser-produced plasmas, is mechanically ruled and aberration
corrected, designed to produce a flat focal field in the
50-250 A wavelength range. The gold covered surface of
30 mm groove length and 50 mm groove distance has a ra-
dius of curvature of 5649 mm.'®'” The grating holder sits on
a rotation table to enable matching of the incidence angle
with the blaze angle, and is built to allow easy change of
grating, e.g., the 2400 lines/mm XEUS grating.

Using a Klinger motorized linear stage and a bellows the
CCD detector can be translated to cover the spectral range
25-450 A with a bandwidth of about 200 A per image. The
detector used at the SSPX spectrometer setup was a backil-
luminated Photometrics CCD camera. The CCD array is
made up of 1024 X 1024 pixels, each 25 um in length, thus
covering an area of 1 in. square. This large photon collection
area enables the wide bandwidth of the spectrometer which,
together with the high resolution, makes the SFFS a useful

Downloaded 31 Oct 2008 to 128.115.27.11. Redistribution subject

diagnostic. In order to reduce photon noise the CCD detector
is cryogenically cooled with liquid nitrogen and operated at a
temperature around —100 °C. The spectral background of the
images thus mainly results from plasma bremsstrahlung,
stray light from the spectrometer, readout noise, and high-
energy cosmic rays impinging on the CCD. The CCD chip is
uncoated and thus reflects optical photons, thereby preferen-
tially selecting higher energy radiation such as ultraviolet
and x-ray photons. Schematic views of the SFFS design are
shown in Fig. 1.
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FIG. 3. SSPX shot 18360. SSPX emission above 100 A is rich of line

radiation, mainly from O IV-O VI. Some of the prominent oxygen lines are
labeled.
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10F538-3 Spectrometer on the SSPX spheromak

TABLE 1. SFFS measured linewidths (FWHM) from SSPX shot 18360
using a 100 wm slit.

Spectrum Transition N (A) AN (A) N AN
O VI 2s5-4p 115.9 0.35 331
O VI 2p-4d 129.9 0.28 464
O VI 25-3p 150.1 0.27 556
oV 25%-253p 172.2 0.30 574
O VI 2p-3d 173.0 0.34 509
oV 2s2p-253d 192.8 0.37 521

lll. SPHEROMAK SPECTROSCOPY

The SFFS has been used for plasma diagnostics and
atomic physics research on the SSPX spheromak. The SSPX
facility at Lawrence Livermore National Laboratory is an
experiment with its main purpose to investigate magnetic
field buildup and energy confinement.'® The spheromaks are
confined within a cylindrical flux conserver with diameter of
1 m and height of 0.5 m." The flux conserver is made of
tungsten-coated copper walls with a separation at the mid-
plane for diagnostic access.”® The plasma discharges last a
few milliseconds and achieve electron temperatures from
about 10 eV up to over 500 eV,'® and electron densities in
the range of 10'3—10'5 cm™. The SSPX diagnostics suite
includes a Thomson scattering system, a CO, laser interfer-
ometer system, magnetic probes, and an ion doppler
spectrometer,20 which together with the SFFS make the
SSPX spheromak a well-diagnosed experiment. A layout of
the SSPX diagnostics suite, including the location of the
SFFS, is shown in Fig. 2.

With a field of view through the magnetic axis at the
midplane of the toroidal spheromak plasmas, the SFFS sight
line covered plasma regions of varying density and tempera-
ture. Due to the short SSPX discharges, the CCD camera
recorded time-integrated images. Thus the spectra are both
spatially and temporally integrated. The SFFS performed
measurements during a multitude of SSPX experiments
with different operating conditions, such as discharge
lengths, electron temperatures and densities, and impurity
concentrations.

From a diagnostics port of SSPX, the radiation entered
the SFES grating chamber roughly 2 m away through an
imaging slit. Widths used were 34 and 100 um. The low-
conductivity slit together with other apertures in the beam
line reduced the stray light in the spectrometer and the gas
load on the differentially pumped system. The pressure in
SSPX during a discharge can rise to the millitorr range,
while the pressure of the SFFS grating chamber was held in
the 1077 Torr range by two turbomolecular pumps.

The SSPX plasmas have a multitude of line emission
above 100 A where O Iv—0 VI are the dominating spectra in
most discharges. Figure 3 shows a typical spectrum of the
100-200 A range (SSPX shot 18360), where a 100 um slit
was used. The wavelength resolution varies across the grat-
ing, with a measured linewidth around 0.3 A full width at
half maximum (FWHM). The resolving power, A/AN, for
this shot is given for some of the lines in Table I. Spectra

Rev. Sci. Instrum. 79, 10F538 (2008)

such as that from shot 18360 are useful for collisional-
radiative modeling verifications. Modeling of the oxygen
EUV emission from SSPX plasmas is presented by Wilcox
et al. in this issue.”’

The main purpose of the SFFS spectrometer at the SSPX
spheromak was to identify impurity ions present in the de-
vice. We have successfully identified a multitude of impurity
ions using spectral lines from He-like B 1v at 60 A up to W
lines above 400 A. Identified emission lines also include
those from Ti, Cu, N, and C. With relatively low-
temperature, high-density plasmas the SSPX spheromak was
a good testbed for atomic physics, providing spectra not
readily attained in other devices. As an example, the SFFS
was used for tungsten spectroscopy by injecting tungsten
hexacarbonyl into the machine. Furthermore, the high instru-
mental resolution has permitted electron density and tem-
perature measurements using line intensity ratios.”> The
SFES has thus proven to be a very useful diagnostic for this
kind of magnetic confinement experiment.
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Abstract. We have used the EBIT Calorimeter Spectrometer (ECS), aratwrimeter instrument built by the calorimeter
group at the NASA/Goddard Space Flight Center, to make a&tyanf measurements since its installation at Lawrence
Livermore National Laboratory’s EBIT facility. These imcle measurements of charge exchange between neutral giis and
and L- shell ions, measurements of the X-ray transmissiriericy of optical blocking filters, high resolution measunents

of transition energies for high-Z, highly charged ions, anéasurements of M and L-shell emission from highly charged
tungsten following on earlier measurements of L-shell gBldr results will see application in the interpretationta spectra
from the Jovian atmosphere and of the diffuse soft X-ray femknd, in tests of QED, and in diagnosing inertial and mégne
confinement fusion plasmas. These measurements augmeitiugraboratory astrophysics, atomic physics, and catiitn
measurements made using earlier versions of NASA's mitwdoseter spectrometer.

Keywords: X-ray, X-ray spectroscopy, calorimeter, astrophysicDQE
PACS: 32.30.R},95.30.Dr

X-ray calorimeters built at the NASA/Goddard Spacethe microcalorimeter instruments at the LLNL EBIT fa-
Flight Center have been used at Lawrence Livermoreility.
National Laboratory’s (LLNL) Electron Beam lon Trap  EBIT was invented at LLNL and was built and devel-
(EBIT) facility beginning in 2000 [1, 2, 3]. Since then, oped as a tool to make high-accuracy measurements of
three different versions of the NASA/GSFC calorime- atomic structure [13, 14, 15]. The main components of
ter instrument have operated at LLNL, the most recenEBIT are an electron beam, a trap region, and a beam
being the EBIT Calorimeter Spectrometer (ECS) [4, 5].collector. The electron beam is used to radially trap, ion-
The ECS consists of 32 silicon thermister pixels, 18 af-ize, and excite ions. lons are trapped axially by three drift
fixed with 8 um thick HgTe absorbers for measurementstubes. Once the beam passes through the trap region, it is
in the 0.05 to 12 keV band, and 14 affixed with 106 collected by a collector electrode. Details of the opera-
thick HgTe absorbers for measurements covering the 0.8on of EBIT can be found elsewhere [16].
to 100 keV band. The &m pixels have an energy reso- Charge exchange (CX) recombination is the radia-
lution of ~ 4.5 eV (FWHM) at 6 keV with 95% quantum tionless transfer of one or more electron from a neu-
efficiency, and the 10Qum pixels have a resolution of tral atom or molecule to an ion. X-rays are produced
33 eV (FWHM) at 60 keV with a QE of 32% (see [5] from CX when the transferred electron radiatively de-
for more details). Because of its high spectral resolutioncays. CX takes place in celestial and laboratory sources.
broad bandwidth, high quantum efficiency, and the factOwing to the fact that relatively little laboratory data ex-
that the energy resolution does not depend on the size @$t, and in many cases CX spectral signatures are not
the X-ray source, the ECS and its predecessors have beell known, the diagnostic capability of CX emission
come the “workhorse" spectrometers at the LLNL EBIT has not been fully realized. To address this problem,
facility. They have been used to measure absolute exEBIT and the ECS have been used to measure the X-
citation cross sections [6, 7], line energies [8], spectrakay spectral signatures of CX recombination. At EBIT,
signatures of charge exchange recombination [9, 10], irX-ray emission from charge exchange is produced us-
lifetime measurements [11], in a variety of laboratory as-ing the magnetic trapping mode [17]. In this mode, the
trophysics experiments, and to measure the transmittanadectron beam is turned off and the ions are trapped radi-
of optical blocking filters [12]. Here we give a brief de- ally by the magnetic field of the superconducting mag-
scription of a few of the more recent measurements usinget usually used to compress the electron beam. Neu-
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FIGURE 1. Comparison of direct excitation to charge exchange pradlspectra of L-shell sulfur ions. Both spectra were
measured with the EBIT Calorimeter Spectrometer. Someen$tionger lines are labelled. See [10] for a complete detfmni of
the measurement. (Color online)

tral material, introduced in the trap region using a bal-

listic gas injector, then interacts with the ions, CX oc- 3 2000 1
curs and X-rays are produced. Because the beam is notZ,
present in the magnetic mode, the ions are no longer lo- @
calized to the 6Qum electron beam diameter and there-
fore represent an extended source of X-ray emission. The
ability of the NASA/GSFC microcalorimeter to mea- 0 t 7 7 7
sure high-resolution spectra from extended sources with- 1500 1600 17E°° 1880 1900 2000
out a degradation in energy resolution, and to measure nerey (e, : )
time-resolved spectra, make it perfectly suited to mea-

sure the spectral signature of CX reactions produced
in EBIT. Several CX measurements have been com-
pleted using the NASA/GSFC microcalorimeter instru-
ments [9, 18, 19]. Recently, we have used the ECS to
measure the CX signature of L-shell ions of sulfur. Be-
cause t_hese transitions fall in the energy band below 500 gooo 5100 2000 2300 2400 2500
eV, their measurement is largely facilitated by the rela- Energy (eV)

tively thin thermal blocking filters employed by the ECS. , , , ,
Figure 1 shows a comparison of the direct excitation
spectrum and the spectrum produced by CX. These spec-g
tra are being used to interpret the X-ray emission from >
the aurora of Jupiter and also of the soft X-ray back-
ground [10, 20].

Tungsten is being employed as an internal coating
for magnetic _fusion _devices and yviII be the material (2’500 2600 2700 2800 2900 3000
used for the divertor in the International Thermonuclear Energy (eV)

Experimental Reactor (ITER). As a result, it will be

present in many fusion plasmas. At the temperature oFIGURE 2. Broadband spectrum of M-shell transitions in

the higher energy devices, several middle charge state \@o- and Ni-like W. The spectrum is divided into three pieces

ions will be present. Accurate knowledge of the emissiorfor easier viewing. The lines are labeled according to thier

line wavelengths and excitation cross sections are crucig]'29€ state, i.e. Ni-3 is from Nickel-like 48" This spectrum

for tapping the W X-ray spectra of its full diagnostic was measured with the XRS/EBIT spectrometer, the second
i X . eneration NASA/GSFC calorimeter in operation at LLNL

potential. To provide benchmarks for atomic codes useghy].

to model these spectra, the ECS is being used to measure

X-ray emission from both M-shell and L-shell inter-

and intra-shell transitions. Figure 2 shows a broadband The NASA/GSFC calorimeters have also been used to

spectrum of X-ray emission from M-shell transitions in henchmark atomic codes used to interpret spectra from

Ni-like W4* and Co-like W+ [21]. high-density, laser-produced plasmas and inertial con-
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200

2p.-3d, o= 18 keV bottom figure, the “picket-fence” structure is easily seen
and the emission from several different charge states is
easily resolved. A detailed description of this experiment
and the theoretical study can be found in [8].

In addition to the L- and M-shell transitions in high-
Z ions, measurements of the transition energies of K-
2p,-3d, Epean = 10.1 keV/ shell emission from high-Z ions have also been mea-
sured using the ECS. For example, the high-energy pixels
50 have been used to measure the emission from helium-like
Xe®%+ and hydrogenic X&* (see figure 6 of Porter et al.,
in these proceedings). The high resolution and QE of the

vy

‘;500 5500 0500 11500 12500 13500 high energy pixels made it possible to measure the transi-
tion energies to high accuracy, and to resolve some lines
/ \ for the first time. The results of these measurements have
e P ETYY s A been used to distinguish among different calculations of
2 150 Eqeam = 18 keV Na QED contributions to the transition energies [23].
8 10 The utility of the ECS-EBIT combination goes beyond
§ yToSec P measurements of atomic physics parameters and labora-
£ % e < ?r o tory astrophysics studies. It has also been used to mea-
0 Buoneue AT PAYVYY. s dans sure the absolute X-ray transmittance of thin filters [8].

9800 10000 10200 10400 10600 Many spectral diagnostics employ thin filters of either
Phaton enargy (eV) pure metals or metalized plastic to filter out unwanted ra-
diation or to provide energy calibration fiducials created

FIGURE 3. High re_solution spectra of L-shell transitions in by absorption edges. Because the X-ray transmittance of
highly charged gold ions. The top figure was measured_at -anhese filters is enerav dependent. proper analvsis of the
electron beam energy of 18 keV and shows strong emlssmﬁ gy dep » Prop Yy

from Si-like AUBS* to Ne-like A% . The middle figure was detected radiation requires an accurate knowledge of the
measured at an electron beam energy of 10.1 keV and corfransmittance as a function of energy. Although manu-
tains emission from several lower charge states between Fdacturers often do an excellent job of determining thick-
like AuS3" and Ar-like A6P™*. The bottom figure shows an ness, the quoted uncertainty in the thickness often trans-
expanded view of the 9800 to 10600 eV band [8]. lates to an error in transmittance larger than required to
achieve experimental goals, and most manufacturers do
. . not provide X-ray transmittance data. We have developed
finement fusion plasmas. Gold hohlraums are often emy gystem to measure the absolute transmittance of thin
ployed as targets for inertial confinement fusion studfijters. In our method we translate the filter in and out of
ies. In these studies, electron temperatures in the 1asgfe ine of sight of the X-ray radiation from EBIT to the
plasma interaction region have been predicted as high 85cs. By dividing the strength of the X-ray line radiation
30 keV and Thomson scattering experiments have megneasured with the filter in by the spectrum with the filter
sured temperatures as high as 50 keV, although with higl;t the absolute filter transmission is determined. As an
uncertainty owing to the fact that the average ionizationgyample, Figure 4 shows the results of a measurement of
state of gold ions is not well known. Gold L-shell radi- {he transmittance of an aluminized lexan filter manufac-
ation is produced in plasmas with elect_ron temperatureg e by the Luxel corporation. To span the energy range
in the SQ—SO keV band. If resolved, this radiation Cre-from below the carbon edge to above the aluminum edge,
ates a “picket-fence” spectral structure where each line O%-ray radiation produced by K-shell transitions in B, C,
“post”is produced by a different charge state. In the pasty o, and Ne were used, as well as L-shell transitions in
uncertainties in the calculations have made it very chaly,aon-like Kr. The advantage of using the ECS as a detec-
lenging to unambiguously determine which charge statgy i that its high energy resolution and broad bandwidth
produced which line feature. To address this problem, we ke it possible to easily determine the X-ray transmit-
have used the calorimeter and the LLNL EBIT to mea-iance at several discrete X-ray energies simultaneously:;
sure the line energies of the L-shell _transmons in h'ghl_yhence, the transmittance as a function of energy can be
charged gold ions. For these experiments, gold was inganidly determined. The total time required to determine
jected using the laser ablation injection system [22], andpe complete X-ray transmittance across the 200 to 2000
the energy scale was calibrated using K-shell emission,, energy band for the Luxel filter was 6 hours.
from Ar, Ni, and Ge. Figure 3 shows the spectra mea- ere we have shown the large range of measurements
sured at 18 keV, one at 10.1 keV, and also an expandeghade possible by the ECS and the previous NASA/GSFC
view of the region with the strongest line emission. In the 5 |orimeter instruments operated at the LLNL EBIT fa-
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cility. The ECS will continue to be employed as one of F.S., Gu, M. F,, and Kahn, S. MAgtrophys. J., 618, 1086
the primary spectrometers used daily at LLNL. (2005).
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Spectroscopy of 2s,,—2p3, transitions in W* through W71*
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A high-resolution flat-crystal spectrometer was used on the SuperEBIT electron beam ion trap to measure the
energies of the 2sy,—2p3, transitions in lithiumlike through fluorinelike tungsten. These transitions are
strongly affected by energy shifts due to quantum electrodynamics (QED). SuperEBIT was run at an electron
energy of 103.2+0.5 keV and an electron beam current of 150 mA to generate the respective charge states;
hydrogenlike aluminum and neonlike krypton were used as calibration elements. The spectra were analyzed
with and the results compared to calculations based on the flexible atomic code. Good agreement was found.
The measurements yielded line positions with a precision of 1-2 eV, which test QED calculations to 5%—10%.

DOI: 10.1103/PhysRevA.80.052504

I. INTRODUCTION

Spectral studies of ions of heavy elements provide data
that are invaluable in a variety of fields including atomic
physics, astronomy, and high-temperature plasma diagnos-
tics. In atomic physics, transition energies provide a test of
the predictions of quantum electrodynamics (QED) as well
as a handle on the nature of multielectron atomic structure.
The QED contribution to the 2s;,—2p3), transition has been
measured for high-Z elements such as thorium, uranium, and,
more recently, lead [1-4] and for mid-Z elements such as
xenon [5]; additional experiments are being planned as well
such as those on the GSI storage ring [6]. QED processes are
generally more pronounced with higher charge, since the ef-
fects scale as Z*. However, QED plays a large role in deter-
mining the transition energies of all of these heavy ions. The
present work, which focuses on the 2s;,,—2ps), transitions in
highly charged tungsten ions, proceeds to fill uncharted ter-
ritory in mid-to-high-Z elements, i.e., the region in atomic
number between Xe (Z=54) and Pb (Z=82) for which no
measurements exist.

Measurements of tungsten have recently become signifi-
cantly more important due to the start of construction of the
ITER tokamak, where tungsten plasma-facing components
and high electron temperatures, on the order of 25 keV, pos-
sibly reaching as high as 30-40 keV under certain operating
conditions [7,8], are expected to produce highly ionized
tungsten within the plasma. In fact, line radiation of L-shell
tungsten ions may serve as a diagnostic of the ion tempera-
ture and the bulk velocity of the plasma core, where such
highly charged ions are predicted to exist. Moreover, plasma
energy losses can become significant due to radiation, so
there has been research on the intensities and energies of the
tungsten emissions, mostly in the euv and vuv, covering
charge states from W% and below [9-16]. These investiga-
tions have been important both for tokamak and Z pinch
plasmas [17,18]. None of these works, however, have fo-
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cused on QED effects. An exception is the recent measure-
ment of 3-3 transitions in sodiumlike tungsten and neighbor-
ing ions with lower charge (W*-W°®*)  These
measurements achieved an accuracy sufficient to constrain
QED calculations at the 10% level [19].

The overall objective of the work described in this paper
is to measure with high resolution the 2s,,,—2pj3), transitions
of highly ionized tungsten L-shell ions, identify the spectral
lines, and compare the measured energies to theoretical val-
ues. We find that these transitions are the strongest lines in
the x-ray spectrum of open L-shell tungsten ions. The QED
contribution is expected to be about 17 eV for the 2s;,
—2p3), transition of Li-like tungsten [20]; since our measure-
ment has an accuracy of about 1 eV, it provides a gauge of
the QED contribution at the 6% level.

II. EXPERIMENTAL SETUP

The SuperEBIT electron beam ion trap at the Lawrence
Livermore National Laboratory (LLNL) [21] was used to
make these measurements in a Doppler-shift free, tungsten
dominated environment. An electron beam ion trap employs
a set of drift tubes and uses the space charge effect of the
electron beam to create an electrostatic potential trap to con-
fine the ions to be studied. A 3 T axial magnetic field is used
to further confine the ions. Due to the possible buildup of
impurities in the trap, the axial well is emptied at a given
frequency to purge all confined ions. For these measurements
the electron beam energy was set to 103.2*=0.5 keV and the
timing cycle was chosen to produce the best tungsten charge
balance, which was found to be 27 s. Beam currents were
maintained around approximately 150 mA. Tungsten was in-
jected into the trap with a metal vapor vacuum arc. There
were trace amounts of argon and silicon in the trap; these
elements acted as low-Z cooling ions and provided x-ray
calibration lines. At these machine parameters, the 2-2 tran-
sitions of tungsten are the most significant emission seen, as
illustrated in the spectrum recorded with the EBIT x-ray
calorimeter spectrometer (ECS) in Fig. 1. The ECS [22,23]
has an energy resolution of approximately 5 eV across the
energy range 0.5-15 keV. It does not have the resolution of a
crystal spectrometer, but it is an exceptional survey diagnos-
tic.

©2009 The American Physical Society
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FIG. 1. Spectrum of tungsten from SuperEBIT recorded with the
EBIT calorimeter spectrometer (ECS). Transitions between levels
of principal quantum number n are labeled.

The crystal spectrometer we employed for the present
measurement used a 11-cm-long, 1.2-cm-wide flat ammo-
nium dihydrogen phosphate (ADP, 2d=10.640 A) crystal 38
cm from the electron beam and set to a central Bragg angle
of #=39°. X rays were detected with an ORDELA model
1100XF position-sensitive proportional counter placed at a
distance of 25 cm from the crystal. The detector was filled
with 760 Torr P-10 gas (90% argon, 10% methane). The
detector’s vacuum window consisted of 4 um polyimide
coated with 200400 A aluminum. Further descriptions of
the spectrometer are available in [24,25]. The crystal reflects
x rays based on their wavelengths, A, following Bragg’s law,
n\=2d sin(6), where n is the order of reflection. The posi-
tion on the detector, thus, can give precise wavelength infor-
mation. The spectrometer was operated with a chamber pres-
sure on the order of 10~7 Torr, which is a factor of 10*
higher than the ambient EBIT chamber pressure. This pres-
sure gradient is maintained using a 5076 A thick polyimide
filter. The detector is connected to an event-mode-type data
acquisition system [26].

The spectrometer was calibrated initially with a 1.69 mCi
3Fe source, which allowed setting the gates of the data ac-
quisition system to remove background noise; the >>Fe
source was also used to set the proper detector voltage. Spec-
tral lines from hydrogenlike aluminum and neonlike krypton
generated in SuperEBIT were used to get a calibration of the
energy scale as detailed in the next section. Due to possible
drifts in the spectrometer, data from each day were analyzed
separately and errors were increased to account for possible
drifts.

III. CALIBRATION

The energy calibration of the crystal spectrometer was
accomplished by the injection of tri-methyl aluminum
(TMA) and krypton gas into the trap. The results of the alu-
minum calibration are shown in Fig. 2. The spectrum also
shows lines from silicion, an intrinsic impurity. The intensity
of the silicon emission was too low for both the He-like w
and z lines, corresponding to the transitions 1s;,,2p5,— 152
and 1s,,,2s,,,— 1%, respectively, to provide an accurate cali-
bration; however, the w line was located where it was ex-
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FIG. 2. Spectrum of hydrogenlike aluminum recorded on Su-
perEBIT with the flat-crystal spectrometer. Additional lines from
heliumlike silicon are marked as well. These lines are used for
wavelength calibrations.

pected. Neonlike krypton has the four strong, well known
lines 3F, 3D, 3C, and 3A within the region of interest. These
lines correspond to the transitions from the upper configura-
tions 2s22p],22p§/23s1/2, 2322p%,22p§/23d5/2, 2s22p|/22p§,2
3d;,, and 2s1,2p%3ps,, respectively, to the ground state
2522p°. There are numerous other krypton lines in the region
as well, mostly from fluorinelike krypton; however, these
lines were overly blended to use for calibration. The krypton
measurement is shown in Fig. 3. Since each x-ray energy is
directly related via Bragg’s law to a unique angle on the
detector face, the calibration curve was calculated as a rela-
tion between angle and channel number.

Due to the geometry of the flat crystal and detector ar-
rangement, the curve of angle versus channel number is ex-
pected to be a weak quadratic polynomial. The energies of
the aluminum lines were set to the values given in [27]. The
spectral fitting procedures assumed that the widths of the two
Lyman alpha lines were identical, since the linewidth in our
case was almost exclusively determined by the detector res-
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FIG. 3. Spectrum of neonlike krypton recorded on SuperEBIT
with the flat-crystal spectrometer. Unlabeled lines are mostly from
fluorinelike krypton. The neonlike krypton lines are used for wave-
length calibrations.
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FIG. 4. Spectrum of the 2,,—2p3), transitions of tungsten re-
corded on SuperEBIT with the flat-crystal spectrometer. The lines
are labeled using the isoelectronic notation from Table I.

olution. The krypton line energies were taken from [28]; and
we again fitted them with equal widths. To test this, all lines
were also fit individually, but none of the fits suggested an
asymmetric detector response, and all lines had equal widths
unless they were blended with other lines. The statistical
errors for the line centroids in channel number and the pub-
lished uncertainties for the energies of the krypton and alu-
minum calibration lines yielded an error box, the area of
which was taken as the inverse weight of the point. Due to
the large error bars on the krypton reference lines, the high-
est justifiable order of the fitting polynomial was 1 (linear).
The calibration curve was found to be

\ = 10.640 sin(45.76 + 0.03
—C %X 0.003227 = 1.836 X 107), (1)

where C is the detector channel number and the units are
angstroms.
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IV. RESULTS AND ANALYSIS

Tungsten data from five run days were analyzed. No no-
ticeable drift in the line and, thus, spectrometer position was
found. The spectra were, therefore, summed; the resulting
spectrum is shown in Fig. 4. Line positions, however, were
obtained by taking each individual day’s data, assuming
equal widths, and finding the average centroid by weighting
the results by the number of counts in the line of each day.
Using the flexible atomic code (FAC) [29] and published
references, the transitions giving rise to these peaks were
identified. FAC is a self-contained fully relativistic code ca-
pable of calculating various atomic characteristics such as
atomic levels, autoionization, and electron impact excitation.
FAC calculates the atomic levels, which were used in this
paper, by solving the Dirac-Coulomb Hamiltonian and in-
cluding QED effects such as retardation and recoil; vacuum
polarization and self-energy effects are implemented using a
screened hydrogenic approximation.

Unfortunately, the intrinsic silicon impurities in the trap
blended with two nitrogenlike tungsten peaks near 1840 eV
and the fluorinelike tungsten peak. The fluorinelike tungsten
peak was only resolvable for one of the run days, when the
silicon admixture to the plasma was negligible. Hence, that
value was taken and has been listed in Table I. From the
calibration data, it was seen that the contribution from line z
of He-like silicon to the nitrogenlike peaks was around 25
counts per day, which ended up being approximately 17% of
the total line area. Due to the presence of two nitrogenlike
peaks and uncertainties in the actual number of silicon w
counts, deconvolution was not possible and the error bars on
the nitrogenlike transitions had to be widened to account not
only for their overlap but also for the blend with the silicon
peak. Further uncertainties were approximated by analyzing
the individual run days’ data for deviations from a perfect
Gaussian line profile.

The lithiumlike line was situated outside of the calibrated
interval. The uncertainty in the inferred energy of this line

TABLE 1. Summary of measured tungsten lines and comparison with theoretical values. Errors and theoretical source are shown. All

energies are in eV, intensities in arbitrary units, and Einstein coefficients in s~

1

Measured value Theoretical® Amplitude Ay (units of 1013) Transition Stage
1697.34+1.03  1695.9956",1697.6  16.904 +1.63 0.7988 (152251)2) je1 0= (1522p3)2) j23 Li
1733.55+1.20  1735.5 24.444+1.64 0.294 (152252202 ,2p310) jo3p = (152281 02p3 2p3 ) s N-1
1741.08+1.25 1743.8 30.824+1.66 1.156 (152252) ;o— (15225122P32) 1o Be
1766.62+139  1769.4 25.946+1.72 1.283 (1522522p112) s1/2— (152251 2P 122P372) J-1 B-2
176871140  1771.2 37.127+1.74 1.173 (1522522p 1 2) s12— (152251 92p122P372) 132 B-1
1801.07+1.60  1803.9 48787+ 1.72 1.266 (1522522p2 ) jo— (152251,2P352p32) 1 C
180591 +1.63  1808.4 29777+ 1.66 1.020 (15225%2p% 203 2) oo = (152251 22p% 293 ) y2 0O-1
1840.44+1.90  1842.6 17.977+1.63 1.091 (1522522p7,2p312) j3n— (1522510270293 ) ge1s. - N2
1841.84+1.88  1844.1 14.614£2.98 2.023 (1522523 ,2p312) jozin— (15 231,22,)],22,;3/2), N-3
1871.16=2.10  1869.9 N/A® 2232 (15225223 223 2) s — (15%25122p7 1 2P% ) 1=/ F
1891.01+2.25 18933 17.977+1.63 1.886 (15225%2p7 ,2p3)5) jea = (15225192P7 22P30) s=1 0-3

“Calculations performed using FAC.
Value from Kim e al. [20].
“Data were only available from one day, so comparing this count rate to that of the other transitions is not possible.
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was increased by the uncertainty given by extrapolating the
calibration curve, approximately 0.12 eV.

The data are summarized in Table I along with theoretical
predictions and the line identifications. All uncertainties
stated refer to one standard deviation; the 95% confidence
interval is found by multiplying the given errors by approxi-
mately 1.96.

The observed tungsten lines were identified based on sev-
eral criteria. First, since the SuperEBIT trap is filled with a
low-density plasma, most observed lines are from transitions
connecting to the ground state. Second, the most likely tran-
sitions are selected based on the FAC calculated transition
energies and transition probabilities. Furthermore, extensive
studies, both experimental and theoretical, of the line inten-
sities have been made for uranium and thorium [1,30], and
the strong lines expected in tungsten are presumed to not
differ much from those in thorium and uranium, although
their relative positions may move and are, in fact, seen to
interchange. The previous research on thorium suggests the
existence of a third oxygenlike line within this transition
band at approximately 20% the intensity of the strong line.
Calculations place that line around 1832 eV with an Einstein
coefficient of 6.5X10'2 s7!; this line cannot be resolved
from the background with sufficient certainty; however, it
does appear to exist visually at the predicted location.

The tungsten line intensities were obtained by analyzing
the heights above background as found from the summed
data. Comparing the measured relative line intensities within
an ionization stage with the Einstein coefficients as calcu-
lated by FAC show good agreement, which indicates that
direct electron-impact excitation is the dominant line forma-
tion mechanism for these dipole-allowed transitions. The two
nitrogenlike lines near 1840 eV, unfortunately, are blended,
so their relative intensity measurements are not certain. The
fluorinelike line intensity was only seen in one run day, so its
intensity could not be extrapolated to the full run period. The
constants that were used here in order to convert wavelength
and energy are h=6.626 068 96 X 107 J s, c
=2.997 924 58 X 10® m/s, and e=1.602 176 487 X 107" C.

V. SUMMARY AND DISCUSSION

The line positions of the resonance lines in lithiumlike
through fluorinelike tungsten have been measured. This work

PHYSICAL REVIEW A 80, 052504 (2009)

has extended the lithiumlike isoelectronic sequence, which
has only a single valence electron, into the region of atomic
number between xenon (Z=54) and lead (Z=82), where no
data were available. The 2s,,,—2p5,, line position is affected
by a QED contribution of about 17 eV. Our measurements
are sensitive to 6% of this effect. Providing data in this range
of atomic number is even more important for the beryllium-
like to fluorinelike charge states of tungsten. For these ionic
states no highly accurate theoretical calculations are yet
available and electron-electron correlations strongly affect
the energy levels, as discussed in a recent review by Cheng
et al. [31]

The knowledge of the energies of the tungsten 2sy),
—2p3) lines is very important for diagnostics of hot plasmas.
As our line survey has shown in Fig. 1, these are the bright-
est x-ray lines from open L-shell tungsten ions. These lines
appear at high electron temperatures, and similarly high ion
temperatures in a thermal plasma significantly broaden the
lines. At 30-40 keV ion temperature, which is not unrealistic
in the ITER tokamak, the linewidths will be approximately 2
eV. Because different charge states exist in different albeit
neighboring locations in the plasma, measurement of the
281/—2p3 spectrum of tungsten can yield temperature val-
ues at different locations in the plasma. Furthermore, the
shift in the position of the line is a diagnostic for plasma
rotation [32]. The data presented in this paper can serve as a
basis for using these lines as a diagnostic tool.
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Wavelength measurement of n = 3 to n = 3 transitions in highly charged tungsten ions
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3s1/2-3p32 and 3p;j;-3d3, transitions have been studied in potassiumlike W+ through neonlike
WO jons at the electron-beam ion trap facility in Livermore. The wavelengths of the lines have been measured

in high resolution relative to well-known reference lines from oxygen and nitrogen ions. Using the high-energy
SuperEBIT electron-beam ion trap and an R = 44.3 m grazing-incidence soft-x-ray spectrometer, the lines
were observed with a cryogenic charge-coupled device camera. The wavelength data for the sodiumlike and
magnesiumlike tungsten lines are compared with theoretical predictions for ions along the isoelectronic sequences.

DOI: 10.1103/PhysRevA.00.002500

I. INTRODUCTION

Multielectron ions of high-Z elements are of interest in
atomic structure theory [1]. Accurate modeling of these
systems needs to include electron correlation and relativistic
effects in addition to quantum electrodynamic (QED) correc-
tions [2,3]. Relativistic and QED effects are strongly dependent
on the nuclear charge Z, which makes highly charged heavy
ions suitable for investigations of high-order QED effects [4].
However, the problem of accurately calculating the structure
of highly charged ions becomes challenging as the number of
electrons increases. Among many-electron systems, ions with
only a few valence electrons outside the last closed shell are
the simplest, and those high-Z ions isoelectronic to sodium and
magnesium thus represent useful stepping stones for testing
QED calculations in multielectron systems.

The 3sy/2-3p3,> resonance transition along the sodium iso-
electronic sequence has been calculated by several authors. For
instance, Ivanov and Ivanova used a model potential method
and extrapolated experimental data to high-Zions [5]. Kim and
Cheng calculated the wavelengths for a few high-Z ions using
Dirac-Fock wave functions [6]. Johnson et al. performed rela-
tivistic many-body perturbation theory (RMBPT) calculations
[7] from which Seely and Wagner calculated semiempirical
wavelengths [8]. Predictions were also given by Kim et al.
after investigating relativistic electron-correlation energies [2].
Baik at al. performed single-configuration Dirac-Fock calcu-
lations [9], whereas Seely et al. calculated multiconfiguration
Dirac-Fock (MCDF) wavelengths [10]. Blundell added QED
corrections to RMBPT calculations and studied the resonance
transition for a few selected high-Z ions [11]. Theoretical
wavelengths for the resonance line of magnesiumlike spectra
include results of MCDF calculations by Cheng and John-
son [12], relativistic random-phase approximation (RRPA)
calculations by Shorer er al. [13], relativistic perturbation
theory using a model potential by Ivanova et al. [14], MCDF
calculations of Marques et al. [15], relativistic configuration-
interaction (RCI) calculations by Chen and Cheng [16], and
multiconfiguration Dirac-Hartree-Fock (MCDHF) of Zou and
Froese Fischer [17].
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Up to xenon (Z = 54), the 3s1/-3p3» line has been
measured for most ions isoelectronic to sodium, but for
higher Z rather few measurements are reported [10,18-23].
Experimental high-precision wavelengths for the correspond-
ing transition in magnesiumlike high-Z ions are even less
common [18,19,22]. Chen et al. measured the 3s1,2-3p3/2
transition in P-like through Na-like U at the Livermore EBIT-I
electron-beam ion trap and found excellent agreement with
RCI calculations [24]. Recently, Gillaspy ef al. measured
the 3si/2-3p3j2 and the 3sy,5-3p;,, transitions in Na-like
high-Z ions, including tungsten, together with the 3s1,2-3p3/2
transition in Mg-like and the 3p;/;-3d3,, transition in Al-
and Si-like ions, at the electron-beam ion trap facility at
the National Institute of Standards and Technology [25]. The
measured 3sy/2-3p3/ line positions, however, did not have the
accuracies required to differentiate between theories.

In the present paper, the wavelengths of the 3s;/2-3p3/2 and
3p1/2-3d3 > resonance transitions in Na-, Mg-, Al-, and Si-like
W ions are measured in high resolution, together with the
equivalent transitions from lower-charge states down to K-like
W3, The measured tungsten spectra have been analyzed
using theoretical spectra calculated by using the flexible
atomic code (FAC) [26]. The FAC-calculated 3s1/2-3p3/2 wave-
lengths are compared with results from the general-purpose
relativistic atomic structure program (GRASP2) [27,28]. The
measured line positions of the sodium- and magnesiumlike
resonance transitions are evaluated with calculated wave-
lengths from several codes, including a recent result from RCI
calculations [29].

II. THEORY

The structure and spectra of calciumlike W>*+ through
fluorinelike W%+ ions have been calculated using FAC v.1.1.1
[26,30]. FAC is a relativistic configuration-interaction program
for computation of atomic radiative and collisional processes.
The one-electron wave functions are derived using a modified
Dirac-Fock-Slater method. QED effects are taken into account
using hydrogenic approximations for the self-energy and vac-
uum polarization. The Breit interaction is treated in the zero-
energy limit for the exchanged photon. Continuum processes
are calculated using the distorted-wave approximation. The
ions have been modeled with K-shell cores. Autoionization
has been included for all charge states lower than neonlike
from all levels to the ground and low-lying configurations

©2010 The American Physical Society
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TABLE I. Configuration state functions used in the FAC calculations with K-shell core. [ =0,1, ..., n — 1;I* =s,p;n =3,4,5;n* =4,5.
F-like W65+ Ne-like Wo+ Na-like W&+ Mg-like WO+
2522p° 2522 p° 2522 p°nl 2522 p°3inl
252p° 2522 p°nl 2522 p°3inl 2522 p33131nl
2522 p*nl 252 pnl 252 p®3inl 252p®313inl
252p°nl
2p°nl
Al-like W'+ Si-like WO+ P-like W%+ S-like W28+
2522 p®3131nl 25%2p®313131nl 25%2p®3131313131 2522 p®313131313131
2522 p33s23131 2522 p33s2313131 2522 p®31*31*31*3In*1 2522 p®31*31*31*31*3In*1
2522 p331*31*31*n*l 2522 p>31*31*31*31*n*1 2522p33s23pnl 2522p33s23p*nl
252p®3s23131 252 p®3s52313131 252p®3s23pinl 252p®3s23 pinl
252 p®31*31*31*n*l 252p031*31*31*31*n*l
Cl-like W37+ Ar-like W36F K-like W3+ Ca-like W3*F

2522 p®31313131313131 2522 p®31*31*31*31*31313131 2522 p®31*31*31*31*3131313131 2522 p®31*31*31*31*313131313131
2522 pO30*31*31*31*31*3In*l 2522 pC31*31*31*31*31*31*3In*l  2s5*2pO30*31*31*31*31*31*31*3In*l 2522 p®31*31*31*31*31*31*31*313In*1
2522p33s23p°nl 2522p33523pnl 2522 p33523 p®3dnl 2522 p33523p®3d>nl
252p®3s23p°nl 252p®3s23 ponl 252 p®3s523 p°3dnl 252p®3s23p©3d*nl

of the daughter ion. Configuration state functions used in
the FAC calculations are listed in Table I. In addition, the
An = 0 M-shell transitions in K-like W3 through Ne-like
WO jons have also been calculated with GRASP2 [27,28].
GRASP is a multiconfiguration Dirac-Fock code for relativistic
atomic calculations. The Breit interaction, self-energy, and
vacuum polarization are added perturbatively. The program
was run in the extended average level (EAL) calculation
mode, where the radial wave functions are obtained from an
average configuration approximation. Included configuration
state functions are tabulated in Table II. The theoretical
3s1/2-3p3/2 wavelengths from FAC and GRASP2 are compared
with experimental line positions in Fig. 1. High-precision
calculations of the sodiumlike 3si/,-3p3;> line have been
performed by Sapirstein et al. [29]. Here, the transition energy
has been calculated by using the RCI and RMBPT codes and

TABLE II. Configuration state functions used in the GRASP2
calculations with filled K shell (Ne-like W) and L shell (Na- through
K-like W).

Ne-like W%+ Na-like WO Mg-like W2t Al-like W' Si-like W60+

2522 p® 3s 352 35s%3p 3523 p?
25%2p°3s 3p 3s3p 3523d 3523p3d
2s22p°3p  3d 3s3d 3s3p? 35%3d>
2522p°3d 3s3p3d 3s3p?
252p®3s 3s3p?3d
252p°3p 3s3p3d?
252p®3d

P-like W+ S-like W%+ Cl-like W¥+ Ar-like W2+ K-like W+
3s%3p3 3523 p* 3523p° 3523 p° 35%3p°3d
3s23p®3d  3s*3p33d  3s23p*3d  3s?3p°3d  3s°3p°3d?
3s3p* 3s3p° 3s3p° 3s3p®3d  3s3p°3d?
3s3p°3d 3s3p*3d 353p°3d

equals 537.51 eV, including electron-correlation energy. To
this energy, corrections for mass polarization (—0.01 eV) and
QED effects (—4.42 eV) have been added, resulting in a total
energy of 533.08(4) eV, where the uncertainty is estimated to
be mainly caused by the neglect of two-loop Lamb shifts and
negative energy states. This transition energy corresponds to a
wavelength of 23.258(2) A.

III. MEASUREMENT AND ANALYSIS

The experiment employed the SuperEBIT electron-beam
ion trap at the Lawrence Livermore National Laboratory
[31,32]. Tungsten was supplied to the trap using a metal
vapor vacuum arc (MEVVA) injector, which injects few-times
ionized tungsten into SuperEBIT. Trapped by electric and
magnetic fields, the ions reached higher charge states under
the bombardment by a narrow (<60 pum) electron beam of
energy 23.5 keV and beam currents around 55 mA.

The spectrometer employed for the measurement was a
very high-resolution soft-x-ray grating spectrometer [33]. The

—
-150
Ne-1 Na-1 Mg-2  Al-2 Al-3 Al-4 Si-2 P-3 S-4
Line

FIG. 1. (Color online) Differences between theoretical 3s;/,-
3p3/2 FAC and GRASP2 wavelengths and observed line positions in
highly charged tungsten ions. Experimental uncertainties are marked
with dashed lines.
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FIG. 2. Wavelengths of the Na-like through Si-like W resonance
lines in the four data sets. The solid lines display the average
wavelengths. Dashed lines represent the statistical and line-blend
error bars, and the long-dashed lines show the final wavelength
uncertainties.

instrument uses a 2400 lines/mm spherical R = 44.3 m grating
operated at a grazing angle of 2°. The flat-field images were
recorded using a cryogenically cooled Princeton Instruments
charge-coupled device (CCD) detector. The back-illuminated
CCD chip is made up of 1300 x 1340 pixels, each of size

TABLE III. Measured positions of the Na-like WS+ 3s; ,-3p3»
transition, error contributions, and average wavelength. Wavelengths

inA.

PHYSICAL REVIEW A 00, 002500 (2010)

TABLE IV. Measured positions of the Mg-like WS* 3s;,-3p3»
transition, error contributions, and average wavelength. Wavelengths

inA.

Data set 1 2 3 4
Wavelength 22.7377 22.7391 22.7379 22.7299
Statistics 0.0016 0.0015 0.0023 0.0015
O w statistics 0.0023 0.0036 0.0039 0.0027
Line blend 0.0023 0.0026 0.0017
Reference 0.0006

Dispersion 0.0022

Result 22.735 £ 0.004

20 x 20 um?. The spectrometer was set up to cover the 18.5—
26.5 A soft-x-ray band. The instrument was not in best focus
because of constraints placed on its use by other experiments
before and after.

Nitrogen and carbon dioxide gases were supplied to the trap
by a gas injector to provide accurate reference wavelengths in
first order. A second-degree polynomial dispersion function of
wavelength versus detector channel position was determined
by using the theoretical line positions of N VII Ly-« and Ly-8,
N vi KB, O viil Ly-«, and O vil Ko (w and z). The H-like
wavelengths are taken from Garcia and Mack [34], the He-like
Ko lines from Drake [35], and the He-like KB transition from
Vainshtein and Safronova [36]. The wavelengths of the He-like
jons are believed to be accurate to better than 0.6 mA [37]. The
present measurement is thus similar to the measurement of the
2s1/2-2p1)2 Li-like UY* where the O VI lines were used as
reference lines in second order [38—40].

Tungsten spectra were acquired during four days. The
half-hour and one-hour exposure CCD images were rotated to
correct for a slight tilt in the alignment of the CCD camera
before the cosmic-ray and stray-light counts were filtered
out, keeping only single-photon counts. The data from each
day were added and analyzed separately. The 3si,2-3p3/2
transitions in Na- and Mg-like W and the 3p;/;-3d3/> in
Al- and Si-like W were of sufficient strength so that they
could be analyzed in each of these data sets. The wavelength
dispersion determined from the nitrogen and oxygen spectra
was applied to these tungsten spectra and anchored to the
position of line w from He-like O viII, which showed in
each spectrum, because oxygen existed in the trap as an
impurity. The inferred line positions from all the data sets

TABLE V. Measured positions of the Al-like WO'* 3p; ,-3d5,
transition, error contributions, and average wavelength. Wavelengths

inA.

Data set 1 2 3 4 Data set 1 2 3 4
Wavelength 23.2556 23.2568 23.2562 23.2466 Wavelength 20.7544 20.7608 20.7581 20.7533
Statistics 0.0015 0.0015 0.0022 0.0016 Statistics 0.0021 0.0025 0.0034 0.0021
O w statistics 0.0023 0.0036 0.0039 0.0027 O w statistics 0.0023 0.0036 0.0039 0.0027
Reference 0.0006 Reference 0.0006

Dispersion 0.0031 Dispersion 0.0017

Result 23.253 £ 0.005 Result 20.756 £ 0.004
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TABLE VI. Measured positions of the Si-like W 3p; »-3d5,,
transition, error contributions, and average wavelength. Wavelengths

inA.

Data set 1 2 3 4
Wavelength 20.2681 20.2708 20.2730 20.2673
Statistics 0.0021 0.0029 0.0030 0.0018
O w statistics 0.0023 0.0036 0.0039 0.0027
Line blend 0.0031 0.0093 0.0049
Reference 0.0006

Dispersion 0.0026

Result 20.270 £ 0.005

(see Fig. 2) were averaged to give the resulting wavelengths
in Tables III, IV, V, and VI. The uncertainties in the four
line positions were evaluated in each data set. The uncertainty
associated with the counting statistics of each line was added
to the statistical uncertainty in the O w reference-line position.
The Mg- and Si-like W lines were not fully resolved, and
the additional line-position uncertainties were estimated by
fitting the lines separately (resonance line plus blending
line) and blended (one centroid) and taking the wavelength
difference as the line-blend error. These errors were added in
quadrature with the statistical uncertainties. The resulting line-
position uncertainties from the data sets were then averaged.
To this average, the uncertainty in the theoretical reference
wavelengths was added in quadrature, followed by the linear
addition of the dispersion uncertainty in the calibration poly-
nomial. The contributions to the line-position uncertainties are
listed in Tables III-VI. Here, the statistical uncertainties for
the lines are listed with the statistical uncertainties of the O w
reference line. The reference-line error is the the uncertainty
of the theoretical wavelengths used for the calibration, which
have been validated by measurements to agree within about
0.6 mA [37]. The dispersion error is the uncertainty in the
linear term in the dispersion function multiplied by the distance
between each line and the O w position used to anchor the
dispersion.

For the weaker tungsten lines, the analysis was done
after the four data sets had been summed (see Fig. 3). As
with the individual data sets, the wavelength dispersion was

500 L
381727 3P32
400+ Mg-2 L
3Py - 3d3,, Na-1

«» 3004 L
€
=
3
© 200 r

100 . f

K
0 Ju

25

Wavelength (A)

FIG. 3. Soft-x-ray spectrum of highly charged tungsten measured
with an R = 44.3 m grazing-incidence spectrometer at the Livermore
SuperEBIT electron-beam ion trap. The spectrum represents the
coadded data from four run days.
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FIG. 4. (Color online) Theoretical soft-x-ray spectrum of highly
charged tungsten. The spectrum is modeled with a resolution of
40 mA FWHM at an electron energy of 23.5 keV and a density
of 5x 10" cm™. The charge balance is inferred from the best
agreement with the spectral data in Fig. 3 and is shown in Fig. 5.

anchored to the O w line position. To identify the lines, a
synthetic spectrum was calculated for an electron energy of
23.5 keV and an electron density of 5 x 10'! cm™3. This
spectrum is shown in Fig. 4, where the lines are modeled
with an instrumental resolution of 40 mA full width at
half maximum (FWHM). The tungsten charge balance was
estimated from the measured number of counts in the observed
lines and the corresponding calculated line emissivities. The
resulting charge balance relative to the sodiumlike tungsten
ion is shown in Fig. 5. The uncertainties in the abundances
are difficult to estimate. For the ions with only a single line,
the uncertainties are based on the statistics of the measured
line intensities. For ions with several observed lines, the errors
are estimated from both the counting statistics and the
spread of the number of ions derived from each individual
line. Comparison of the experimental and theoretical spectra
allowed for the identification of lines from potassiumlike
through neonlike tungsten. Although no calciumlike lines were
observed, the abundance of Ca-like W>** was set equal to
that of K-like W>>* to account for the maximum possible
influence of line blends. To estimate line-blend effects, the
centroid of each line was fitted in the theoretical one-charge
state spectrum and in the synthetic spectrum where lines from
allions were present. The wavelength differences were taken as
the blend errors. These uncertainties were added in quadrature

N
1
T

Relative abundance (ny,)

0 T T T T T T T T T T
K Ar Cl S P Si Al Mg Na Ne

Tungsten charge state

FIG. 5. (Color online) Inferred tungsten charge state distribution
in SuperEBIT at an electron-beam energy of E, = 23.5 keV. The
charge state fractions are normalized to that of Na-like W&,
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TABLE VII. Experimental and theoretical tungsten wavelengths in A. The lines are labeled according to charge state (cf. Fig. 3). Theory

from FAC, GRASP2, and RCI [29] calculations.

Key Transition Experiment FAC GRASP2 RCI
K-1 (3523p%3d312)3/2-(35%3 1 233 3332 19.184(8) 19.143 19.078
Cl-1 (3573p7,3p32)3/2-3523p123p3 33212 19.62(1) 19.570 19.442
Ar-1 (3s?3p%)0-(3s23p1123p323d3 201 19.679(7) 19.636 19.607
S-1 (35?33} ,3P32)2-(3s*3p123p3x3d3 )1 19.752(8) 19.702 19.592
Cl-2 (353p7,3p32)3/2-3523p123p3 33 )2)3)2 19.814(9) 19.786 19.726
Cl-3 (35231 )3P32)32-(353p1 233233 10)s 2 19.867 19.789
S-2 (35231 )3P3 )2-(353p1 233 5 3d310)2 19.883 19.755
(35231 1,3P3 )0-(3523p123p3 n3d3 )1 19.922 19.852
P-1 (3523} )3P32)32-(353p1 233233032 19.916 19.789
(35231 )3P32)32-(353p1 23 p323d30)1 12 19.942 19.846
S-3 (35?33 ,3P3 2)2-(35%3p1 23 P32 3d310)s 20.147(6) 20.116 20.006
Si-1 (3523} 1))o-(3523 p1123d3 ) 20.270(5) 20.229 20.200
p-2 (3523} )3p32)32-(353p1 233233 )s 2 20.319(5) 20.285 20.187
K-2 (3523 p3d310)3/2-(3523p1123p3 235 )5 2 20.552(7) 20.536 20.575
Al-1 (3523p1)2)1/2-(3523d32)3) 20.756(4) 20.721 20.637
Ne-1 (2572p3 ,2p3 53812125723 .23 3 P312)0 21.085(6) 20.969 20.975
Mg-1 (35123 p1/2)1-(351/23d3)2), 21.372(6) 21.360 21.622
Al-2 (3523 p1)2)1/2-(35123P123P3/2)1 2 22.543(4) 22.506 22.430
Mg-2 (352)0-(351/23p3/2)1 22.735(4) 22.701 22.755
Si-2 (3573 p},)0-(35123P3 23 P32 22.793(5) 22.766 22.764
Al-3 (3523 p1/2)1,2-(351/23P1,23P3)2)3)2 22.961(6) 22.950 22.855
Na-1 3s512-3p3)2 23.253(5) 23.237 23.245 23.258(2)
S-4 (3s73p3},3P%2)2-(35123p1 1,332 23.35(1) 23.345 23.247
P-3 (3573p7,3p3/2)3/2-(35123P1 12303 2)s12 24.042(9) 24.038 23.997
Al-4 (3523 p1/2)1/2-(351/23P1/23P32)3)2 24.78(1) 24.770 24.814

218 with the statistics of each line and O w and the reference-line
219 uncertainty, followed by a linear addition of the dispersion
220 uncertainty. All identified lines are listed in Table VII with

Kim et al. [2] Blundell [11] Gillaspy et al. (NIST EBIT) [25]
T ---- Kimetal. (se) [2] - -~ Seely etal. (se) [8,10] = Cowan et al. (EBIT-) [20] [
---- Baik et al. [9] = This work (SuperEBIT)
-0.002 T T T T
70 72 74 76 78 80

Atomic number Z

FIG. 6. (Color online) (color online) Observed 3s),,-3p3/, line
positions of Na-like high-Z ions [20,25] compared to theoretical line
positions given by Kim et al. [2], Baik et al. [9], and Blundell [11] and
to semiempirical (se) values by Kim et al. [2] and Seely et al [8,10].
‘Wavelengths are normalized to the theory by Seely et al. [10]. Note
that the wavelengths by Blundell have been interpolated. Calculations
from Johnson et al. [7], Ivanov and Ivanova [5], and Kim and Cheng
[6] are off the scale. Observed values are from measurements at the
NIST EBIT [25], the Livermore EBIT-II [20], and the Livermore
SuperEBIT (this work).

experimental wavelengths and theoretical line positions from
FAC and GRASP2. The three lines CI-3, S-2, and P-1 have
been identified in the theoretical model. However, because the
line positions overlap, a determination of these experimental
wavelengths is not possible.

0.004
g 0.0024 r
g Present measurement
= B i r
<
2 S
< 0.000
J - Zou and Froese Fischer [17] |
Gillaspy et al. (NIST EBIT) [25]
= This work (SuperEBIT)
-0.002 T T T T
70 72 74 76 78 80

Atomic number Z

FIG. 7. (Color online) Observed 3s2-3s; 123 P32 line positions of
Mg-like high-Z ions compared to theoretical line positions by Zou
and Froese Fischer [17]. Wavelengths are normalized to the theory by
Marques et al. [15]. Note that wavelengths by Zou and Froese Fischer
have been interpolated. Predictions from Cheng and Johnson [12],
Shorer et al. [13], and Ivanova et al. [14] are off the scale. The
experimental data are from the NIST EBIT [25] and the Livermore
SuperEBIT (present work).
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Constants used are hc = 12398.42 A eV = 8065.5410
eVem and 1 Ry = 13.60569 eV.

IV. SUMMARY AND CONCLUSION

The measurement yields wavelengths for 20 soft-x-ray
An = 0 M-shell lines in highly charged tungsten ions between
19 and 25 A (see Table VII and Fig. 3). Lines from
potassiumlike W3+ to neonlike W%+ are measured in high
resolution and identified using theoretical spectra calculated
using FAC(cf. Fig. 4). Comparisons with FAC and GRASP2
calculations are made for the 3s;/2-3p3/> transitions in K-like
W33 through Ne-like W% ions (see Fig. 1). The comparison
shows that our FAC calculations on average do a better job in
reproducing the measured values than our GRASP2 calculations.
Both do poorly for the neonlike line (cf. previous work on
the 2sy/2-2p3» transitions in Li-like Th3%* and U2* [39,40]).
Overall, the theoretical wavelengths are too short, but not
consistently.

Several calculations have been made for the resonance line
in sodiumlike ions, and the observed 3s1,2-3p3,» tungsten line
position is compared with these in Fig. 6, where sodiumlike
ions with 70 < Z < 80 are shown. The experimental
wavelength of 23.253(5) A agrees well with the ab initio
calculations by Kim et al. [2], Blundell [11], and the recent
ab initio value by Sapirstein et al. [29]. The latter comparison
is shown in Table VII. The calculations by Kim et al. [2]
and Blundell [11] are also in good agreement with the high-

PHYSICAL REVIEW A 00, 002500 (2010)

precision measurement of Na-like P+ by Cowan et al. [20]
performed at the Livermore EBIT-II electron-beam ion trap.

A comparison between measurements and theory of the
magnesiumlike resonance line displayed in Fig. 7 shows that
the measured Mg-like W%+ wavelength of 22.735(4) does not
agree with available theoretical predictions. This contrasts with
the measurement by Gillaspy et al. [25], whose larger error
bars show consistency with the two calculations. We note that
the predictions from the MCDF [12], RRPA [13], and model-
potential relativistic perturbation theory [14] codes are off the
scale and, therefore, not shown in Fig. 7. Magnesiumlike ions
are more difficult to calculate with accuracy, and additional
high-precision measurements of the 352-3s, /23p3/2 transition
in high-Z ions are needed to guide theory.
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Abstract

The M-shell x-ray emission of highly charged tungsten ions has been investigated at the
Livermore electron beam ion trap facility. Using the SuperEBIT electron beam ion trap and a
NASA x-ray calorimeter array, transitions connecting to levels of the ground configurations in
the 1500-3600 eV spectral range of zinc-like W*** through cobalt-like W*™* have been
measured. The measured spectra are compared with theoretical line positions and emissivities

calculated using the FAC code.

PACS numbers: 32.30.Rj, 31.30.J—, 52.70.La

1. Introduction

Tungsten is gaining interest in fusion engineering as a
plasma-facing material in magnetic confinement devices, see
e.g. [1-3]. Some present-day tokamaks are already operating
with tungsten surfaces or are currently installing tungsten
parts [4]. The ITER tokamak, now under construction in
Cadarache, France, will have a tungsten divertor.

The use of tungsten in magnetic fusion experiments
will introduce trace amounts of tungsten ions into the
high-temperature, low-density plasmas. Tungsten ions that
enter into a tokamak will not become fully stripped even
in the hot core, resulting in strong x-ray emission over a
wide range of temperatures. Provided the spectra are well
understood, the tungsten ions can serve as diagnostics for
plasma parameters [5, 6]. For instance, the ion temperatures
of the ITER core plasmas will likely be measured using the
Doppler broadening of L-shell tungsten lines [7].

Forty-six times ionized tungsten ions have 28 electrons
arranged in a filled M-shell structure (unlike Ni 1 with
a ground configuration of 3323p63d‘3‘/23d§/24s2) and are
therefore abundant over a large temperature range in
high-temperature plasmas. This renders the nickel-like
tungsten spectrum important for diagnostic purposes. The
tungsten M-shell spectra of nickel-like and neighboring
charge states have been extensively investigated, see for
example [5, 8-29]. Further references can be found in the

I Also at Department of Physics, Lund University, SE-221 00 Lund, Sweden.

2 Present address: Space Sciences Laboratory, University of California,
Berkeley, CA 94720, USA.

0031-8949/10/015301+08$30.00

Kramida and Shirai review of atomic data for tungsten
ions [30].

In recent years, Neill et al [13], Safronova et al [16, 17]
and Ralchenko et al [20] have measured M-shell tungsten
spectra on electron beam ion traps. Safronova et al and
Ralchenko et al used x-ray calorimeter spectrometers for
broadband spectral surveys. X-ray calorimeters (also known
as quantum calorimeters or microcalorimeters) provide lower
spectroscopic resolution than crystal spectrometers; however,
the higher throughput and the very broad spectral coverage
make these novel spectrometers very useful for the study of
atomic spectra. Measurements of high-Z ions that have several
transition bands particularly benefit from x-ray calorimeters.
For instance, high charge states of Au were recently observed
at the Livermore SuperEBIT, enabling line identifications and
charge balance modeling [31]. In this paper, we report on
the application of an x-ray calorimeter array at SuperEBIT
to derive spectral line positions of M-shell x-ray transitions of
W4 through W#7+,

2. Experimental set-up

The measurements were carried out using the SuperEBIT
electron beam ion trap at the Lawrence Livermore National
Laboratory. SuperEBIT was operated in a low-energy
configuration, making it similar to EBIT-I [32], at electron
beam energies close to 3.3, 4.0 and 4.1 keV. These energies
are of interest for the study of nickel-like tungsten, which is
created from copper-like tungsten at 2414.1 eV and ionizes to
cobalt-like at 4057 eV [33].

1 © 2010 U.S. Government  Printed in the UK
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Table 1. Configuration state functions included in the structure
calculations. n =4, 5, 6 for Zn, Cu and Co, n = 4-8 for Ni;
n*=56,1=0,1,..,n—1;I*=s,p.

Zn Cu Ni Co
323p03d04inl  3s3p03dnl  3s?3p°3d'0  3s23pS3d°
3s23p>3d!°
3s3p®3d'°
3s23p®3d°414141 3s23p®3d°4141 3s23p®3d?nl  3s23p®3dinl
3s23p03d°4/*4l* n*l  3s*3p®3d°4l*n*l 3s23p°3d°ni
3s3p®3d°nl
3s23p°3d!°4/414] 3s23p°3d'%4141  3s?3p°3d'%nl 3s23p°3donl

3s23p°3d'°4/*4l*n*l 3s23p>3d°41*n*l 3s23p*3d'%nl

3s3p°3d'°nl

3s3p®3d'0414141 3s3p®3d'04/41 3s3p®3d'%nl 3s3p°3d°nl
3s3p®3d'%4r*4* n*l  3s3p®3d'%4/*n*l 3s3p°3d'°nl
3p®3d'nl

The tungsten ions were injected into the SuperEBIT
trap using one of two methods: Metal Vapor Vacuum Arc
(MeVVA) injection and sublimation injection. Most of the
data were acquired using the faster sublimation injection. For
this method, sublimation of tungsten hexacarbonyl, W(CO)s,
occurred in a vial attached to one of SuperEBIT’s six radial
vacuum ports. Once in a gaseous form, W(CO)¢ molecules
freely entered the trap region through the port. As tungsten
carbonyl molecules continuously fill the trap, the charge
state distributions typically consist of several tungsten ions.
Alternatively, the MeV VA injector discharges bunches of low
charge state ions into the trap from a tungsten cathode, located
at the top of SuperEBIT, once every trap cycle. As a result, the
EBIT plasmas have a more peaked charge state distribution.
Sodium metal was also sublimated and injected as a neutral
gas, which, together with low-Z plasma impurities, provided
reference spectra for energy calibration.

The x-ray emission was recorded with a NASA X-ray
Spectrometer (XRS) x-ray calorimeter [34-36] developed at
the Goddard Space Flight Center. The XRS spectrometer is
a medium-resolution energy-dispersive instrument for soft
and hard x-rays made up of an array of HgTe and Bi
heat absorbers. For this measurement, 23 of the HgTe pixel
elements were used. The resolution of 6.5eV full-width at
half-maximum equals a resolving power E/AE = 230-550
for the spectral interval of interest. The data from the pixel
elements were corrected for individual voltage drifts and then
added together.

3. Calculations and spectral modeling

Transition energies of zinc-like through cobalt-like tungsten
were calculated using the fully relativistic atomic physics
package FAC v1.1.1 [37]. Keeping the K and L shells closed,
energy levels and transition energies were calculated for the
M and N shells. Table 1 lists the included configuration state
functions.

Collisional-radiative models were constructed for the
spectra of the four tungsten ions. The plasmas were modeled
with electron beam energies of 3.3 and 4.1keV at an electron
density of 5x 10" cm™3. Electron impact excitation and
deexcitation were included as well as autoionization for the

100 ‘ ‘ ‘
Zn-like W***
50 H
0 A M}L er AAJJL A L A A I
Cu-like W**
TKI)
5 50 - H
(2}
c
S
o
) Jb\u\m M | LA |
> Ni-like W*®*
s
%
5 50 A L
0 Jlk M A ;J\ )\ Ly il ; 4
Co-like W*'*
50 H
hadh AJ |
1500 2000 2500 3000 3500
Energy (eV)

Figure 1. Calculated tungsten spectra at an excitation energy of
4.1keV. The assumed line width is 6.5 eV.

Cu- and Zn-like charge states. The calculated spectra for an
excitation energy of 4.1keV and line widths of 6.5eV are
shown in figure 1.

4. Experimental tungsten spectra

The spectra analyzed comprise tungsten hexacarbonyl
injection data obtained at beam energies close to 3.3, 4.0 and
4.1keV, and MeV VA injection data obtained at an electron
beam energy of 4.1keV. The 4.1keV carbonyl spectrum
was energy calibrated with the (3s%3p®3d!®),-
(3s°3p®3d3 /23dg 24p1/2)1 Ni-like W line, which has been
accurately measured at EBIT-I by Elliott et al [27], and with
K-shell emission from low-Z elements (Na, Si, CI, Ar and K)
with transition energies calculated by Garcia and Mack [38],
Drake [39] and Vainshtein and Safronova [40]. Ni-like W line
positions determined from this spectrum were then used as
reference lines in the other spectra. Conversion factors used
were hc = 12398.42 AeV = 8065.5410eV cm.

The broadband XRS spectra are dominated by Ni-like W
lines with upper levels of n =4, 5, 6, 7 and 8. Lines from the
lower charge states are often blended. Energies of the Co-like
lines were derived from the 4.1 keV MeVVA spectrum, and
the Cu- and Zn-like line positions were derived from 3.3
and 4.0keV spectra. As far as a position of a given line
was measured more than once, the results were averaged. An
overview spectrum covering the 1-4keV spectral band at a
beam energy of 4.0keV is shown in figure 2. The 3.3keV
spectrum, divided into three energy regions, is shown in
figure 3, and the 4.1keV spectrum, also divided, is shown in
figure 4. The high-n transitions in Ni-like W were measured
in the 4.1keV spectrum and are shown in figure 5. This
spectrum also shows lines from impurity ions.
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Figure 2. SuperEBIT XRS spectrum recorded at an electron beam
energy of 4.0keV.
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Figure 3. SuperEBIT XRS spectra recorded at an electron beam
energy of 3.3keV.

The measured lines are listed in tables 2-5 together
with the theoretical line positions calculated using FAC.
Most measured features have very good counting statistics
and the spectroscopic accuracy is then limited by the
calibration uncertainty, which varies from 0.3 to 0.5eV. The
total uncertainty of the line positions consists of the errors
associated with the counting statistics and the energy scale
added in quadrature. Only features that are dominated by
transitions from one charge state are listed, and some features
that are too broad or not fully resolved have been omitted. For
the somewhat weaker or broader features the error bars have
been doubled. The XRS is energy dispersive and measures
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Figure 4. SuperEBIT XRS spectra recorded at an electron beam
energy of 4.1 keV.
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Figure 5. High-n transitions of Ni-like W** recorded at an electron
beam energy of 4.1 keV.

photon energies, but corresponding wavelengths are also
listed in the tables.

In the following, we discuss the results obtained for each
of the four charge states of tungsten we have investigated.

4.1. Zn-like W**

The Zn-like lines are the weakest of the four charge
states investigated. Seven lines are identified and listed
in table 2. Line Zn-3 and one of the Zn-4 transitions
are two-electron one-photon decays. Neill et al [13]
observed these lines and assigned Zn-3 to be a line of
Ga-like W and Zn-4 to be a resonance line from the
3d3 /23d2 /24s24f5 /2 configuration. As pointed out by Kramida
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Table 2. Zn-like W** line positions measured with the NASA XRS spectrometer. Theoretical energies are from the present FAC
calculations. ¥Mandelbaum et al [24], Y Neill et al [13], Y*Neu et al [14], T Tragin et al [25], #' Zigler et al [12]. *Comments on previous

measurement are given in table 6.

Key Transition Theory Experiment Prev. Exp.
lower level upper level AE (eV) AE (eV) X (A) A (A)
Zn-1 (3s23p®3d'%4s?), (3s23p°3d§/23d2/24524p,/2)1 1688.1 1688.4(8) 7.3433(35) 7.33%/(3)’”*]
7.34%¢
Zn-2 (3s?3p°3d'%4s?), (3sz3p"3d‘3‘/23d§/24sz4f7/2)1 2082.6 2082.2(4) 5.9545(11)
Zn-3 (3s23p®3d'%4s?), (3s23p53d§/23d§/24s1/24p3/24d3/2)1 21413 2139.7(8) 5.7945(22) 5.7928V*2
Zn-4 (3s?3p°3d!%4s?), (3sz3p"3d§/23d§/24s1/24p3/24d5/2)1 2150.6 2156.4(16) 5.7496(42) 5.7676N*3
(3s23p®3d'%4s?), (3823p63d§/23d§/24824f5/2)1 2159.0 5.7471V
Zn-5 (3s23p®3d'%4s?), (3s23p63d§/23d§/24325f7/2)1 2750.2 2750.3(10) 4.5080(16) 4.507;21):"5
4.5094"
Zn-6 (3s23p®3d'%4s?), (3s23pf’3d§/23d§/24326f7/2)1 3107.9 3107.8(5) 3.9895(6) 3.990251)T
3.988
Zn-7 (3s23p®3d'%4s?), (3sz3p63d§/23d§/24526f5/2)1 3171.0 3171.2(6) 3.9097(7) 3.90925])T
3.909

Table 3. Cu-like W#* line positions measured with the NASA XRS spectrometer. Theoretical energies are from the present FAC
calculations. ¥Mandelbaum et al [24], Y Neill et al [13], Y*Neu et al [14], T Tragin et al [25], #' Zigler et al [12]. *Comments on previous

measurement are given in table 6.

Key Transition Theory Experiment Prev. Exp.
lower level upper level AE (eV) AE (eV) A (A) A (A)
Cu-1 (3s3p®3d'%4s; )12 (3sz3p"3dg/23d§’/24sl/24p1/2)3/2 1707.3 1707.4(6) 7.2616(26) 7.262(3)M
7.26N¢
(3523p63dg/23d§/2451/24p1/2) 172 1708.4 7262(3)M
7.26M¢
Cu-2 (3s*3p®3d'%4s; )12 (3sz3p63d§/23d§/24sl/24p3/2)3/2 1752.6 1751.9(8) 7.0771(32) 7.075(3)M*6
Cu-3 (3s3p%3d'%4s; )12 (3sz3p"3dg/23dg’/24sl/24p3/2)1/2 1797.6 1799.7(8) 6.8892(31) 6.896(3)M
(3523p63dg/23d§/2451/24p3/2)3/2 1801.4 6884(3)M
(3s°3p%3d"%4p3 )3 (3573p3d3,3dS p4s104d30) 12 1803.8
Cu-4 (3s?3p®3d'%4s, 5)1 (3523p63d§/23d§/24sl/24p3/2)1/2 1817.2 1816.6(10) 6.8251(38) 6.827(3)M
(3s?3p®3d'%4p; 5)32 (3sz3p63d§/23d§’/24p§/2)1/2 1818.4 6.816(3)M*7
Cu-5 (3s?3p®3d'%4s, 5)1 (3sz3p63d§/23d§/24s1/24f7/2)3/2 2094.9 2094.8(5) 5.9187(14) 5.9127V+8
(3s23p(’3d‘3‘/23d§/24s1/24f7/2)1/2 2097.7 5.9127V+8
Cu-6 (3s?3p®3d'%4s, 5) 1 (3sz3p63d§/23d§’/24s1/241“5/2)1/2 2168.6 2167.5(4) 5.7201(11) 5.7240N*°
(3523p"3d§/23d§/24s1/24f5/2)3/2 2169.8 5.7191V+10
Cu-7 (3s?3p®3d'%4s, 5) 1 (3s23p(’3d‘3‘/23d§/24s1/25f7/2)1/2 2780.5 2783.0(8) 4.4551(13) 4.457(5)T 1
(3523p"3d‘3‘/23d§/24s1/25f7/2)3/2 2783.1 4.457(5)"1
4.458Z1*11
Cu-8 (3s?3p®3d'%4s, 5)1 (3sz3p°3d§/23d§’/24s1/25f5/2)1/2 2843.4 2845.1(4) 4.3578(6) 4.359(5)"
(3s23p"3d§/23dg’/24s1/25f5/2)3/2 2844.7 4.359(5)"
4.3587%!
Cu-9 (3s?3p®3d'%4s, 5)1 (3sz3p°3d‘3‘/23d§/24s1/261“7/2)1/2 3150.7 3152.5(5) 3.9329(6) 3.933(2)7*12
(3s23p(’3d‘3‘/23d§/24s1/26f7/2)3/2 3151.9 3.933(2)7*12
3.9327!
Cu-10 (3s?3p®3d'%4s, 5)1 (3sz3p63d§/23d§/24s1/261“5/2)3/2 3214.7 3215.8(5) 3.8555(6) 3.856(5)"
(3523p63d§/23d2/24s1/26f5/2)1/2 3215.0 3.856(5)"

and Shirai [30], the two lines should be two-electron
one-photon decays to the ground state. Kramida and Shirai
suggest the lines to be from 3d3 /23dg’ 12481/24p3/24d3 2. Here,
the FAC collisional-radiative model suggests that one of
those lines instead is from 3d§/23d§/24s1/24p3/24d5/2. The
calculations also suggest the Zn-4 line to be blended with
two two-electron one-photon resonance decays in Cu-like
\%% (from upper level (3Sz3p63d§/23dg/24p3/24d3/2)3/2 at
2155.2 and 2158.3eV). Zn-3 possibly blends with two

Ga-like transitions (3d'%4s%4p;/,-3d3 ,3d$ ,4574p1 24fs)2),
and Zn-5 possibly blends with a Ge-like line
(3d'%4s%4p] ,-3d3 ,3dS ,4s74p] ,5f5).  The error  bars
of the energies associated with Zn-3, Zn-4 and Zn-5 have
therefore been doubled.

4.2. Cu-like W+

Ten Cu-like features are reported in table 3. The lines
are measured in the 3.3 and 4.0keV spectra. Cu-8 is
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Table 4. Ni-like W** line positions measured with the NASA XRS spectrometer. Theoretical energies are from the present FAC
calculations. #Butzbach et al [43], Klapisch et al [23], ¥ Mandelbaum et al [24], Y Neill et al [13], ¥*Neu et al [14], ®Ralchenko et al [20],
T'Tragin et al [25], ¥ Wyart et al [44], ?'Zigler et al [12], #*Zigler et al [11]. *Comments on previous measurement are given in table 6.

Key Transition Theory Experiment Prev. Exp.
lower level upper level AE (V)  AE (eV) x(A) A (A)
Ni-1 (3sz3p°3d§/23d§/24p|/2)1 (3sz3p"3d§/23d§/26d3/2)0 1487.0 1488.2(4) 8.3312(22) 8.326(11)%
Ni-2 (3s3p°3d'%), (3523p63d§/23d§/24sl/2)3 1562.2 1562.9(3) 7.9330(15) 7.930(5)%
(3s73p°3d} ,3d3 ,4s1/2)2 1564.1 7.930(5)%
7.93N¢
Ni-3 (3s%3p°3d'%), (3523p63d§/23d§/24sl/2)2 1630.0 1629.8(3) 7.6073(14) 7.607(6)%
Ni-4 (3s?3p°3d'%), (3s?3p°3d3,,3d3 ,4p3/2) 1764.8 1764.6(3) 7.0262(12) 7.028(3)M
7.030(4)%
7.024(5)%?
7.028K+13
Ni-5 (3s23p°3d'%), (3s23p63d§/23d§/24p3/2)] 1829.4 1829.6(4) 6.7766(15) 6.779(3)1
6.785(5)22
6.775(5)
6.779%+14
Ni-6 (3s?3p°3d'%), (3s73p7 ,3p3,3d %451 2), 2017.4 2015.4(3) 6.1518(9) 6.155(4)*
6.154(5)%%
Ni-7 (3s%3p°3d'%), (3523p63d§/23d§/24f7/2)1 2112.6 2112.2(3) 5.8699(8) 5.867V+15
5.872(2)%
5.871(3)%*
5.8715(8)%
Ni-8 (3s23p®3d'%) (3sz3p63d§/23d§/24f5/2)1 2181.4 2179.7(4) 5.6881(10) 5.690”*“;
5.691(2)
5.689(3)12
5.6913(8)
Ni-9 (3s?3p%3d'%), (3s73p1/23p3,3d'%4s, )1 2323.6 2320.3(6) 5.3435(14)
Ni-10 (3s23p®3d'%) (3523pf/23p§/23d“’4d3/2)1 2361.8 2360.7(7) 5.2520(16) 5.2509M*17
5.255(2)7
Ni-11 (3s23p®3d'%) (3sz3pf/23p§/23d'04d5/2)1 2386.0 2384.2(4) 5.2002(9) 5.1963V*18
5.203(2)7
5.203(3)F
Ni-12 (3s*3p%3d'%), (3s73p7 ,3p3,3d'0417)2), 2554.7 2553.0(4) 4.8564(8) 4.857(2)"
4.857"
Ni-13 (3s23p®3d'%) (3s1,23p°3d"%4p, ), 2655.0 2651.3(4) 4.6764(7) 4.680(2)"
Ni-14 (3s?3p°3d!%), (3523p1/23p§/23d“’4d3/2)1 2678.6 2673.7(6) 4.6372(10) 4.638(2)"
Ni-15 (3s%3p°3d'%), (3s123p%3d!%4p; ), 2765.6 2760.7(5) 4.4910(8) 4.493(2)"
Ni-16 (3s%3p°3d'%), (3s73p°3d} ,3d3 ,5f72)1 2814.9 2816.1(3) 4.4027(5) 4.406(2)"
4.403(2)%
4.4092]*]9
Ni-17 (3s?3p°3d'%), (3523p63d§/23d§/25f5/2)1 28717.3 2878.2(3) 4.3077(4) 4.309(2)8
4.309(2)"
4.311%!
Ni-18 (3s%3p°3d'%), (3sz3p%/23p§/23d105d5/2)1 3183.9 3182.7(4) 3.8956(5) 3.895(2)"
Ni-19 (3s%3p%3d'%), (3s?3p°3d3 ,3d3,6f7,2)1 3195.5 3196.8(3) 3.8784(4) 3.877()T
3.878(2)%
3.879%!
Ni-20 (3s?3p°3d'%), (3523p63d§/23d§’/26f5/2)1 3258.9 3259.9(3) 3.8033(4) 3.803(2)"
3.800(2)%
3.803%!
Ni-21 (3s?3p°3d'%), (3s23p63d‘3‘/23d§/27f7/2)1 3424.4 3426.0(4) 3.6189(4) 3.618(2)f
Ni-22 (3s%3p°3d'%), (3s73p1/23p3,3d'%5d32) 3482.7 3480.9(7) 3.5618(7) 3.551(2)7
Ni-23 (3s?3p%3d'%), (3s?3p°3d3 ,3dS , 7f5/2)1 3488.9 3490.2(4) 3.5524(4) 3.551(2)7
Ni-24 (3s23p®3d'%) (3523p"3d‘3‘/23d§/28f7/2)1 35725 3574.1(5) 3.4690(5) 3.469(2)"
Ni-25 (3s3p°3d'%), (3523p%/23p§/23d‘°6d5/2)1 3600.9 3600.0(6) 3.4440(6) 3.445(2)T%0
Ni-26 (3s?3p°3d'%), (3s73p°3d3 ,3dS ,852)1 3637.7 3639.5(6) 3.4066(6)




Phys. Scr. 81 (2010) 015301

J Clementson et al

Table 5. Co-like W#™* line positions measured with the NASA XRS spectrometer. Theoretical energies are from the present FAC
calculations. X Klapisch et al [23], ¥ Mandelbaum et al [24], ¥ Neill et al [13], " Tragin et al [25]. *Comments on previous measurement are
given in table 6.

Key Transition Theory Experiment Prev. Exp.
lower level upper level AE (eV) AE (eV) 1 (A) A (A)
Co-1 (3s23p°3d},3d30)s2  (3523p°3dY,3d2 h4s1/2)0)2 1604.9 1607.6(4)  7.7124(19)
(3523p63d§/23dg/2451/2)7/2 1608.0
Co-2  (3323p3di,3d3,)s,  (323p°3d 3 hdsi )52 1614.5 1617.2(10)  7.6666(47)
(3s3p°3d,3d2 y451/2)32 1616.0
(3523p$/23p§/23d10)3/2 (3523p63dg/23d§/24d3/2)5/2 1618.2
(3823p63d§/23dg/2)3/2 (3523p63dg/23d§/2451/2)7/2 1619.7
Co3  (3s83p%3di,3d3,)se  (3523p03d3,3d3 14812090 1685.9 1686.8(5)  7.3503(22)
Co4  (373p%3di,3d3)s2  (3573p°3d3,3d3,,4p12)72 1783.0 1783.8(8)  6.9506(31)  6.949(3)"
6.949%
(353p°3d,3d3,,4p12)32 1783.1 6.949(3)"
6.949%
Co-5 (s3p%3di,3d3)s,  (3523p°3dY ;342 ,4ps )7 1810.1 1812.4(8) 6.8409(30)  6.844(3)M
6.844K
(3s23p°3d4 32 ,4p3 )50 1810.5 6.844(3)"
6.844
Co6  (373p%3d{,,3d3)s2  (3573p°3d,3dY)4p30)s. 1816.5 1820.6(8)  6.8101(30)
(3s23p%3d? 3 1 4p32)3 1820.3 6.806(3)M+2!
6.806%
Co7  (3s83p3di,3d,)sn  (3523p1,3p3,03d1 533 pds10)7 2060.8 2062.4(10)  6.0116(29)
(353p ,3p3 530,303 pds12)s2 2064.3
Co8  (373p%3di,3dY)s2  (3573p7,3p33d3 533 pdsin)sn 20727 2072.9(10)  5.9812(29)
Co-9  (3323p%3di,3d3)s,  (323p°3d,3d! ,4f5)s2 2131.1 2137.1(10)  5.8015(27)
(3s3p°3d,3d2 ,4f5.2)72 2133.6
(3Sz3p$/23p;/23d10)3/2 (3523p%/23pg/23d§/23d§/24f5/2)1/2 2133.7
(35231 ,3p3 038,33 465 0)5  2134.9
(3s23p%3d,3d3,)s2  (3s23p03dd ,3d2 46 2)s2 2135.6
(52307 ,3p3,3d 1005 (3523p7 533,303,303 p4Es )32 2135.9
(3823p63d§/23d§/2)5/2 (3523p63d§/23dg/24f7/2)7/2 2137.7
Co-10  (3s23p3d,3d3)s,  (3s23p°3d,3dt,487,0)s2 21435 2146.9(10)  5.7750(27)
(3s3p°3d,3d2 ,4672)32 2145.1 5.7744N<2
Co-11 (3Sz3p63d§/23d§/2)5/2 (3523p63d§/23d‘5‘/24f7/2)5/2 2153.5 2156.8(4) 5.7485(11) 5.7531%3
(3s23p%3dt 3! ,4172)7)2 21554 5.7482V+23
(352311)63(13‘/23d2/24f5/2)5/2 2158.0
(3Sz3p63d§/23d2/2)3/2 (3523p63dg/23d§/24f7/2)5/2 2158.2
Co-12 (3s23p%3di,3d3)s,  (323p°3d3 ,3d5,45/0)s2 2220.8 227.1(4)  55671(10)  5.5811V+4
(3s3p°3d3,,33,4F72)52 2225.0 5.5713V425
(353p°3d3,,3d3,4f52)72 22275 5.5686/*2
(353p°3d3, 33 ,4f52)52 22284 5.5641V27
Co-13  (3s23p%3df,3d3,)s,  (3s23p%3di,3d! ,567,0)5 2887.0 2800.3(5)  4.2897(7)  4.289(2)T*
(3s3p°3d,3d2 ,5612)72 2888.5 4.289(2)7+28
Co-14 (3s23p63d§/23d§/2)5/2 (3523p63dg/23d§/25f5/2)3/2 2954.0 2957.9(4) 4.1916(6) 4.192(2)%
(3s23p°3d3 ,3d3,552)7/2 2955.3 4.192(2)7*®
(3s73p°3d3 33 ,55)2)s)2 2955.5 4.192(2)T>

possibly blended with a Ga-like resonance transition (from
the 3d§/23d2/24p1/25f5/2 configuration), and hence, the error
bar has been doubled.

4.3. Ni-like W40+

Twenty-six nickel-like tungsten lines are identified and listed
in table 4. They were mostly measured in the 4.1keV
spectrum, although many are average line positions from
several spectra. Ni-1 is a weak N-shell transition, whereas
the other observed lines are M-shell transitions. Ni-2 is made
up of two energetically close dipole-forbidden transitions
(cf [41]); a magnetic octupole and an electric quadrupole
transition. These lines have recently been resolved with

high-resolution crystal spectrometers [42]. The Ni-9 line
position has been predicted by [11, 30], but has not previously
been observed (here it is one of the weakest lines). A
previously doubly classified line observed by Tragin et al [25]
(also discussed in [30]), is resolved in this work, Ni-22 and
Ni-23. As noted by Kramida and Shirai [30], the previously
doubly classified line Ni-25 [25] should be dominated by the
(35?3p°3d'%)o—(35?3p7 ,,3p3 ,3d'°6ds ), transition.

4.4. Co-like W4T+

The features from cobalt-like tungsten were all measured in
the 4.1 keV MeV VA spectrum and are listed in table 5. Co-like
W has many transitions and only the dominating transitions
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Table 6. Comments on the selection of the lines from previous work (PW) and earlier line assignments.

Key Reference Comment
* Mandelbaum et al [24] Average X of a broad feature. PW assigned several transitions to feature.
2 Neill et al [13] Average X from five line lists. PW assigned the line to Ga-like W.
*3 Neill et al [13] Average X from three line lists. PW has different assignment.
4 Neill er al [13] Average A from four line lists.
S Tragin et al [25] PW assigned feature blended with Ge-like W line.
Zigler et al [12]
*6 Mandelbaum et al [24] PW assigned several transitions to feature.
7 Mandelbaum et al [24] PW assigned two transitions to feature.
8 Neill et al [13] Average X from seven line lists.
*9 Neill et al [13] Average X from three line lists.
*10 Neill et al [13] Average A from seven line lists.
*11 Tragin et al [25] PW assigned feature blended with Ga-like W line.
Zigler et al [12]
*12 Tragin et al [25] PW assigned two transitions to feature.
*13 Klapisch et al [23] PW has no line assignment.
*14 Klapisch et al [23] PW has no line assignment.
*15 Neill et al [13] Average X from ten line lists.
*16 Neill et al [13] Average X from ten line lists.
17 Neill et al [13] Average X from five line lists.
*18 Neill et al [13] Average ) from ten line lists.
*19

*20
*21
*22
*23
*24
*25
#26
*27
*28

*29

Zigler et al [12]
Tragin et al [25]
Mandelbaum et al [24]
Neill et al [13]
Neill er al [13]
Neill er al [13]
Neill e al [13]
Neill er al [13]
Neill et al [13]
Tragin et al [25]
Tragin et al [25]

PW assigned two transitions to feature.
PW assigned two transitions to feature.
PW assigned two transitions to feature.
Average X from five line lists.

Average A from five line lists.

Average A from seven line lists.
Average X from five line lists. PW has different assignment.
Average X from eight line lists.
Average X from six line lists.

PW has no line assignment.

PW has no line assignment.

in each feature are tabulated. The error bars for some of the
weaker features have been doubled. Co-4 blends with two
transitions at slightly lower energy giving the line a shoulder.

According to our FAC calculations, previous
identifications for Co-12 [13, 30] are not correct. The
2225.0eV transition is misidentified in [13] and the
identifications for the 2225.0 eV and the 2228.4 eV transitions
seem to be interchanged in [30].

5. Summary

The M-shell spectra of Zn-like through Co-like W ions have
been measured using an x-ray calorimeter spectrometer at
the SuperEBIT electron beam ion trap. Spectra were studied
at excitation energies 3.3, 4.0 and 4.1keV and show strong
line emission in the 1500-3600eV soft x-ray range. Line
positions determined in our measurement are generally in
good agreement with previous measurements when available
and have significantly higher accuracies. Some of our lines
have similar positions and error bars to those found earlier, but
have been assigned to different transitions. This is likely to be
due to the higher electron densities of the earlier experiments.
A few lines, however, disagree with the work of Neill er al
[13], although their measurements were performed at similar
densities to ours. In addition, many lines have been presented
which have been identified for the first time.

Relativistic atomic structure and collisional-radiative
calculations have been performed using the FAC atomic
physics code. Theoretical spectra are presented for Zn-like

W4 through Co-like W**. Very good agreement is
established between calculated and observed spectra.
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Theoretical spectra of Ge-like through V-like W ions
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Abstract

The atomic structure and spectra of ten tungsten ions have been calculated
using the Flexible Atomic Code (FAC). In particular, the ions isoelectronic
to germanium through vanadium have been investigated and the calculations
yield energy levels, spectral line positions, transition probabilities, and line
emissivities. These multi-electron heavy ions are of importance in nuclear
fusion research where their spectra could provide diagnostics on magnetically
confined plasmas
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1. Introduction

Tungsten is being implemented in magnetic fusion experiments as an
erosion-resistant material on surfaces expected to receive high heat loads.
Small amounts of tungsten sputters off these plasma-facing surfaces and en-
ters into the plasmas. Energies in excess of 80 keV are required to strip
the last of the seventy-four electrons from tungsten [1]. The core plasmas of
present-day tokamak experiments have typical temperatures of a few keV,
and tungsten particles that enter into these high-temperature plasmas will
therefore ionize to M-shell charge states. Future machines, such as the ITER
tokamak, will operate at temperatures around 25 keV [2, 3, 4, 5] and, con-
sequently, the tungsten ionization balance will peak at the L-shell charge
states. The tungsten emission from tokamaks could provide useful diag-
nostics of plasma parameters that are not otherwise easily assessable. For
instance, it is likely that the ion temperatures of the ITER core plasmas will
be measured by using the Doppler broadening of tungsten L-shell lines [5].
The M-shell line emission of tungsten can provide diagnostics for plasmas in
current fusion experiments or in the initial ohmic phase of ITER.

M-shell spectra of highly charged tungsten ions have been observed at
the ASDEX Upgrade tokamak [6, 7] and studied at electron beam ion traps
at the Lawrence Livermore National Laboratory [8, 9, 10] and the National
Institute of Standards and Technology [11], and at Z-pinches at the University
of Nevada, Reno [9].

This paper presents ab initio atomic data on ten tungsten ions from
germaniumlike W*2* through vanadiumlike W°'*, i.e. all the ions having
ground configurations with 3ds/2, 4s1/2, and 4py/; valence electrons. The
structure and dynamics are calculated by using the fully relativistic Flexible
Atomic Code (FAC) [12, 13]. The atomic structure of these ions have been
modeled up to n = 6 with closed K and L shells. The calculations yield energy
levels, transition energies, wavelengths, oscillator strengths, and transition
probabilities. The spectra have been calculated using collisional-radiative
models, and autoionization for the germaniumlike through copperlike ions
has been included. Line emissivities for the strong lines in a typical tokamak
plasma are presented.

There have been several theoretical studies on M-shell tungsten, see e.g. [6,
7, 8,9, 10, 11, 14, 15] of which the most comprehensive set of data is
presented by Fournier, who modeled the spectra of Rb-like W3+ through
Co-like W47+ [15]. In particular, the structure of Ni-like W46+ has been



extensively investigated by several authors using the codes RELAC [15],
GRASP [16], DFS [17], RMBPT [18], Cowan [18], GRASP92 [19], and R-
matrix [20]. The 106 energy levels with 3(4]” configurations calculated with
FAC are listed with values from the seven previous calculations and compared
to high-resolution measurements in Table 2.

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

2. Structure calculations

The atomic structure and spectral modeling are performed by using the
Flexible Atomic Code, FAC v1.1.1 [12, 13]. FAC is a fully relativistic package
based on the Dirac equation for calculations of various atomic radiative and
collisional parameters.

FAC calculates the atomic structure by diagonalizing the relativistic Hamil-
tonian which, in atomic units, can be written

N N
H=Y Hp@i)+> —
i=1 ey i

where Hp(i) describes the one-electron Dirac Hamiltonian. QED effects
are included with the Breit interaction in the zero energy limit for the ex-
changed photon, and hydrogenic approximations for self-energy and vacuum
polarization effects. The configuration state functions ® consist of antisym-
metric sums of products of N one-electron Dirac spinors ¢.m

o _ ( Pnn(r)an(e’d)’U) )
nkm ian(r)X—KT’L(e’ ¢7 U)

where Y., is the spin-angular function. The radial orbitals, P, and Q..
are obtained using a Dirac-Fock-Slater method. The atomic state functions
1 are then constructed by summation of the configuration state functions of
the same symmetry

¢ = Zbuq)u

with b, being the mixing coefficient, which are derived by diagonalizing
the Hamiltonian.



Line emissivities usually peak at energies higher than the temperature for
which the abundance of the radiating ion is largest, and therefore the spectra
are modeled at electron temperatures approximately 50 % above the peak
abundance temperature. The charge balance for highly ionized tungsten has
been calculated by Piitterich et al. [21]. The calculated line emissivities are
listed in the tables where all transitions having emissivities larger than 1 %
of the strongest line have been included. The full spectra are shown in Fig. 1,
2, 3, 4 with a resolution of 2 eV full width half maximum. All spectra are
modeled at n, = 10" cm™3.

3. Summary

The atomic structure and spectra of the ten tungsten ions isoelectronic
to germanium, W2+, through vanadium, W®'*  have been calculated and
modeled under tokamak plasma conditions. The work extends the database
on highly charged tungsten ions relevant to tokamak plasma diagnostics from
that of Fournier [15]. M-shell lines with An = 0, 1, 2, and 3 are calculated
and presented together with some weaker N-shell transitions in the 1 - 4 keV
x-ray range. The calculated wavelengths compare well with measurements,
see e.g. the tungsten data compilation by Kramida and Shirai [22].
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Explanation of tables

Table 1. Configuration state functions
Configuration state functions used in the modeling of each ion.

n  principal quantum number, n = 4, 5, 6

n* principal quantum number, n* =4, 5

[ electron angular momentum, [ =0, 1, ..., n - 1
[* electron angular momentum, [* = s, p

Table 2. Comparison of energy levels in Ni-like W46+
Energies of the atomic state functions with 314/’ configurations.
Present FAC calculations compared with results
from the RELAC [15], GRASP [16], DFS [17], RMBPT [18],

Cowan [18], GRASP92 [19], and R-matrix [20] codes, and experiment
energy levels.

Table 3. Energy levels in Ga-like W+

Energy levels to which the radiative transitions of Table 4 connect.

Index energy level number

Configuration electron configuration in jj coupling

J total electronic angular momentum in 7
Energy energy in electron volt (eV)



Table 4. Radiative transitions in Ga-like W43+

Radiative transitions in the Zn-like W** spectrum for
lines in the 1 - 4 keV x-ray interval with intensities higher
than 1 % of the strongest line.

i, k  lower and upper energy level index, respectively,
as defined in Table 3
AE  transition energy in electron volt (eV)
A wavelength in angstrom (A)
gf weighted absorption oscillator strength, g = 2J + 1
Ay;  transition probability from level k to level i in per second (s™!)
€line  line emissivity in photons per ion per second (ion~'s™!)

Table 5. Energy levels in Zn-like W4+

Energy levels to which the radiative transitions of Table 6 connect.

Index energy level number

Configuration electron configuration in jj coupling

J total electronic angular momentum in A
Energy energy in electron volt (eV)

Table 6. Radiative transitions in Zn-like W44+

Radiative transitions in the Zn-like W** spectrum for
lines in the 1 - 4 keV x-ray interval with intensities higher
than 1 % of the strongest line.

i, k  lower and upper energy level index, respectively,
as defined in Table 5
AE  transition energy in electron volt (eV)
A wavelength in angstrém (A)
gf  weighted absorption oscillator strength, g = 2J + 1
Ay;  transition probability from level k to level i in per second (s™')
€line  line emissivity in photons per ion per second (ion~'s™!)



Table 7. Energy levels in Cu-like W%+

Energy levels to which the radiative transitions of Table 8 connect.

Index energy level number

Configuration electron configuration in jj coupling

J total electronic angular momentum in A
Energy energy in electron volt (eV)

Table 8. Radiative transitions in Cu-like W%+

Radiative transitions in the Cu-like W**+ spectrum for
lines in the 1 - 4 keV x-ray interval with intensities higher
than 1 % of the strongest line.

i, k  lower and upper energy level index, respectively,
as defined in Table 7
AE  transition energy in electron volt (eV)
A wavelength in angstrém (A)
gf  weighted absorption oscillator strength, g = 2J + 1
Ay;  transition probability from level k to level i in per second (s7!)
€line  line emissivity in photons per ion per second (ion~'s™!)

Table 9. Energy levels in Ni-like W46+

Energy levels to which the radiative transitions of Table 10 connect.

Index energy level number

Configuration electron configuration in jj coupling

J total electronic angular momentum in #
Energy energy in electron volt (eV)

10



Table 10. Radiative transitions in Ni-like W46+

Radiative transitions in the Ni-like W*6* spectrum for
lines in the 1 - 4 keV x-ray interval with intensities higher
than 1 % of the strongest line.

i, k  lower and upper energy level index, respectively,
as defined in Table 9
AE  transition energy in electron volt (eV)
A wavelength in angstrom (A)
gf weighted absorption oscillator strength, g = 2J + 1
Ay;  transition probability from level k to level i in per second (s™)
€line  line emissivity in photons per ion per second (ion~'s™!)

Table 11. Energy levels in Co-like W4T+

Energy levels to which the radiative transitions of Table 12 connect.

Index energy level number

Configuration electron configuration in jj coupling

J total electronic angular momentum in A
Energy energy in electron volt (eV)

Table 12. Radiative transitions in Co-like W47+

Radiative transitions in the Co-like W™ spectrum for
lines in the 1 - 4 keV x-ray interval with intensities higher
than 1 % of the strongest line.

i, k  lower and upper energy level index, respectively,
as defined in Table 11
AE  transition energy in electron volt (eV)
A wavelength in angstrom (A)
gf  weighted absorption oscillator strength, g = 2J + 1
Ay;  transition probability from level k to level i in per second (s71)
€line  line emissivity in photons per ion per second (ion~'s™!)
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Table 13. Energy levels in Fe-like W4+

Energy levels to which the radiative transitions of Table 14 connect.

Index energy level number

Configuration electron configuration in jj coupling

J total electronic angular momentum in A
Energy energy in electron volt (eV)

Table 14. Radiative transitions in Fe-like W4+

Radiative transitions in the Fe-like W** spectrum for
lines in the 1 - 4 keV x-ray interval with intensities higher
than 1 % of the strongest line.

i, k  lower and upper energy level index, respectively,
as defined in Table 13
AE  transition energy in electron volt (eV)
A wavelength in angstrom (A)
gf  weighted absorption oscillator strength, g = 2J + 1
Ay transition probability from level k to level i in per second (s71)
€line  line emissivity in photons per ion per second (ion~'s™!)

12



Explanation of figures

Figure 1. Zn-like W+

The 1 - 4 keV spectrum of zinclike W XLV at an electron
temperature of 3180 eV. Spectral resolution is 2 eV fwhm.

Figure 2. Cu-like W47

The 1 - 4 keV spectrum of copperlike W XLvI at an electron
temperature of 3550 eV. Spectral resolution is 2 eV fwhm.

Figure 3. Ni-like W46+
The 1 - 4 keV spectrum of nickellike W XLVII at an electron
temperature of 4250 eV. Spectral resolution is 2 eV fwhm.
Figure 4. Co-like W'+
The 1 - 4 keV spectrum of cobaltlike W XLVIII at an electron
temperature of 5180 eV. Spectral resolution is 2 eV fwhm.

Figure 5. Fe-like W+

The 1 - 4 keV spectrum of ironlike W XLIX at an electron
temperature of 5830 eV. Spectral resolution is 2 eV fwhm.

13



Table 1: Configuration state functions

Zn-like WHF

Cu-like WHF

Ni-like W#6F

Co-like W#+

3523p®3d1%4inl 3523p%3d1nl 3523p®3d10 3523p%3d°
3523p°3d10
353p%3410
3523p53d°414141 3523pf3d°414l 3523p53d°nl 3523p53d®nl
3s23p83d°4l*4l*nl  3s23p83d°4l*nl 3523p°3dnl
353p%3dnl
3523p°3d10414141 3523p°3d104141 3s523p°3d'%n1  35%23p°3d°nli
3s23p°3d1040*4l*nl  3523p°3d1041*nl 3523p*3d'O0nl
353p°3d0nl
3s3p03d10414141 353p83d104141 353p%3d0nl 3s3p%3dnl
3s3p03d1041*4l*nl  3s3p®3d04l*nl 353p°3d'Onl
3p%3d'0nl
Fe-like W3+ Mn-like W5+ Cr-like W59F  V-like WPTF
3523p%3d® 3523p%3d" 3523p%3d° 3523p83d°
3523p53d7nl 3523p®3dSnl 3523p%3don*l  3s23p®3din*i
3523p°3d° 3523p°3d® 3523p®3d” 3523p53dS
3523p>3d®nl 3523p°3d"nl 3523p®3dSn*l  3s23p>3dn*i
353p83d° 353p53d® 353p%3d” 353p63d°
353p83d®nl 3s3p®3d7nl 3s53p83dSn*l  3s3p3don*l
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Table 3: Energy levels in Ga-like W43+

Index Configuration J  Energy (eV)
0 3523p63dw4324p1/2 1/2 0.0

1 3s23p%3d'%4s, ;p4p? /2 1/2 96.7

2 3s23p°3d'°4s4ps s 3/2 98.1

3 3523p63d104s1/24p1/24p3/2 3/2 181.2

4 3523p63d104s1/24p1/24p3/2 5/2 189.9

5 3523p63d104s1/24p1/24p3/2 3/2 202.3

6 3523p63d104s1/24p1/24p3/2 1/2 205.3

7 3s23p3d'04s%4ds 5 3/2 259.5

8  3s23p®3d'°4s%4ds o 5/2 273.3

11 3s23p°3d'04sy )54p3 /2 1/2 303.0
12 3523p63d10451/24p§/2 3/2 307.2
14 35%3p53d 045, /0dpy j24ds - 5/2 341.6
19 35%3p53d'04s; /0dp1 j24ds 2 5/2 374.0
20 3s23p93d04sy /24py 24ds o 3/2 374.0
24 3523p63d10451/24p3/24d3/2 5/2 439.9
34 3523p93d04sy j2dp3/24ds o 1/2 465.5
35 3523p03d04sy /24p3/24ds o 3/2 466.7
687  3s23p%3d'04525d;3,, 3/2 1010.1
689 3523p®3d %45, ;94p1 /25p3)2 3/2 1023.4
690  3523p®3d %45, ;94p1 /25p3/2 1/2 1026.6
692 3523p®3d %45, 94p1 /25p3)2 3/2 1031.6
706 3523p®3d104sy 54p1 /25d3)0 3/2 1104.0
3751 3s23pf3d'%45%6p, o 1/2 1329.1
3754 35%3pf3d'045%6d3,, 3/2 1394.2
3756 3823p63d10451/24p1/2651/2 1/2 1397.0
3761 3s?3pf3d 045265 o 5/2 1440.2
3767 3s23pf3d'%45%6g; /o 7/2 1465.7
3778 3523p63d10451/24p1/26d5/2 3/2 1493.1
3791 3823p63d10451/24p1/26f5/2 7/2 1533.4
3794 3523p63d10451/24p1/26f7/2 5/2 1535.1
3796 3s%3pS3d 045 54p1 /26 f7/2 7/2 1535.5
7797 3523p§3d§ /23dg /24524p§ /2 5/2 1603.6
7798 3s23pS3d3 /23dg /24524p§ /o 3/2 1670.6
7799 3s23pS3d; /Qsdg /24324;91 /24p3/2 7/2 1695.6
7800 3s?3pS3d; /23dg /24524])1 /24p3/2 3/2 1698.5
7802  3s?3pS3d; /23dg /24524])1 /24p3/2 9/2 1700.6
7803 3523p€f3d§/23d§/24524p1/24p3/2 3/2 1702.6
7804  3s?3pS3d; /23dg /24s24p1 /2432 5/2 1703.0
7805  3s23pS3d; /23d§ /24s24p1 /24p3/2 1/2 1703.2
7806 3523p63d§/23dg/24524p1/24p3/2 7/2 1704.5
7807  3s?3pS3d3 ,3dS ,4524p1 /2432 1/2 1759.6
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Table 3 — Energy levels in Ga-like W43 continued

Index Configuration J  Energy (eV)
7808 3s73p°3d3 ,3d3 1,457 Apy j24ps 3/2 1763.7
7809 3s73p°3d3 ,3d3 45> APy jadps 5/2 1764.3
7810 3s3p°3d3),3d7 457 4p1 j24ps 2 7/2 1766.7
7811 35°3p03d3 ,3ds 1,45 Ap1 jadps o 1/2 1768.4
7812 35°3p03d3 ,3ds 1,45 Ap1 j2dps o 5/2 1770.3
7813 3s73p°3d3 ,3d} ), 45°Ap1 j2dps o 3/2 1771.0
7816 3523p63d§/2Sdg/2451/24p%/24p3/2 3/2 1794.5
T818  3s73p°3dyy3ds 5 451/24P7 15 4P 1/2 1796.0
7825 3523p63d§/23d§/2451/24p%/24p3/2 3/2 1807.9
7846 35°3p°3dy,,3dy 1,45 Ap1 jodds 3/2 1874.2
7854 3s73p°3dy ,3d3 45> Apy jadds 3/2 1878.5
7855 35°3p03dy,3ds 1,454y jadds 7/2 1878.7
85T 3s73p°3dy ), 3d5 o457 4p1 j2dds 5/2 1879.7
7858 35°3p03d3,,3d3 1pds124D1 /2405 1/2 1884.5
7861 35°3p°3dy,3dy pds124p1 /2405 3/2 1892.7
7863 3s73p°3dy,,3d3 451 /04p1 /245 ) 1/2 1893.3
7869 3s?3p°3dy,,3d5 5457 4p1 j2dds 1/2 1900.6
7883 35°3p03d3 ,3ds 1,457 Ap1 jadds o 3/2 1915.6
7884 35°3p03d3 ,3ds 1,45 Apr jaddy o 5/2 1918.6
7885  3s23pY3d3 /23dg /24324;71 24ds )0 1/2 1925.9
7888 3s73p03d3 ,3d} )45 Apy jadds o 3/2 1937.6
7894 3s73p°3d3 ,3d7 5457 4p1 j2dds 3/2 1943.5
7808 35°3p03d3 ,3dS 1,457 Ap1 jadds /o 5/2 1946.0
7907 35°3p°3d3,3dy 1,45 Aps jaddy o 1/2 1957.1
T911  3s73p°3dy,3d3 )45 Aps pdds o 1/2 1959.7
7930  3s?3pS3d; /23dg /24524])3 24d3 )5 1/2 1969.4
7951 3s73p°3d3 53dS 5451 /24p1 /24P3 1/2 1977.9
7956 35°3p03d5 ,3ds p4s1/24P1 /2403 1/2 1980.8
8039 35°3p°3dy,,3d3 pds124p1 jodps addssy  3/2 2042.4
8090  3s23pS3d; /23dg Jods1/24D1/24p3 2455 1/2 2059.1
8092 3s73p°3dy,3d3 o451 04p1 j2dpsjadds s 3/2 2059.5
8095 3s?3pS3d; /23dg Jo481/24p1/24p324d3 2 1/2 2060.4
8105  35°3p°3d3,,3d3 pds124p1 jodps adds sy 1/2 2062.8
8106  35°3p; 5315 53d"04s%4p7 3/2 2062.8
8111 3s73p°3dy,3d3 ;451 /04p1 j24psjodds o 3/2 2066.3
8113  3s?3p%3d; /23dg Jo481/24p1j24p324ds 2 1/2 2066.8
8116  3s?3pS3d; /23dg Jo481/24P1 )24D3/24d5 2 3/2 2067.9
8120 35°3p°3d3,,3d3 pds124p1 jadps adds sy 3/2 2068.7
8124  3s%3p53d3 ,3d; p4ds1/24p1/24D3 24d5 2 1/2 2071.8
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Table 3 — Energy levels in Ga-like W43 continued

Index Configuration J  Energy (eV)
8147 3523p63d§/23d§/24s1/24p1/24p3/24d5/2 1/2 2078.8
8161 3823p63d§/2Sdg/2481/24p1/24p3/24d5/2 3/2 2084.3
8168 3823p63d§/23dg/24$1/24p1/24p3/24d5/2 3/2 2085.7
8169 3523p63d§/23d§/2451/24p1/24p3/24d5/2 1/2 2085.9
8171 3523p63d§/23dg/2481/24p1/24p5/24d5/2 3/2 2087.7
8209 3523p63d§/23dg/2481/24p1/24p3/24d5/2 3/2 2105.6
8211 3523p63d§/2Sdg/24s1/24p1/24p3/24d5/2 1/2 2106.9
8232 3s3p°3d3 37 p451/24p1 /24p324dz 2 3/2 2117.5
8241 3523p63d2/23dg/2451/24p1/24p3/24d3/2 3/2 2120.5
8243 3823p63d§/23dg/2481/24p1/24p‘3/24d3/2 1/2 2121.1
8255 3s23pS3d3 /23d§ Jod81/24D1 /2432455 1/2 2125.4
8257 3323p63d§/23dg/2451/24p1/24p3/24d5/2 1/2 2126.6
8258 3523}763(1%/23612/2451/24[)1/24p3/24d5/2 3/2 2127.3
8265 3523p63d2/23dg/2451/24p1/24p3/24d3/2 1/2 2130.5
8266 3523p"3d§/23d‘5’/24s1/24p1/24p3/24d3/2 3/2 2131.0
8275 3523p63dg/23dg/2451/24p1/24p3/24d5/2 3/2 2135.0
8201  3s73p°3d3 ,3d 5 45%4p1 /24 52 3/2 2140.3
8295 3523p63d§/23dg/24524p1/24f5/2 1/2 2140.5
8307 3523p63dg/23dg/2451/24p1/24p3/24d5/2 1/2 2142.8
8308  3s23p%3d; /23d§ /24324;93 24152 3/2 2142.9
8311 35°3p°3dyy3dy pds1 /2405 5 4dy 3/2 2143.3
8324  3s?3p%3d3 /23d§ o451/24P1 /24D3/24d5 2 1/2 2146.0
8377 3523p63dg/23dg/2451/24p1/24p3/24d3/2 3/2 2154.8
8407 3523p63d§/23dg/2451/24p1/24p‘;/24d5/2 3/2 2160.4
8415 3523p63d§/23dg/24s1/24p1/24p3/24d5/2 3/2 2161.3
8446 35°3p°3dy y3d3 pds1 /245 5 ddy 3/2 2170.3
8447  3s?3pS3d; /23dg /24524p3 12472 1/2 2170.7
8486 3523p§/23p§/23d104524p1/24p3/2 1/2 2182.0
8502 3523p63d§/23dg/24sl/24p§/24d3/2 3/2 2185.9
8504 35°3p°3d3 53d3 o 4p1 2413 1/2 2186.6
9009 35231)%/23p§/23d104824p1/24d3/2 7/2 2306.9
9132 3s73p} ,3p3 )3 047 4py j2dds 1/2 2334.9
9147 3523pf/23p§/23d104324p1/24d5/2 3/2 2336.9
9224 3523pf/23p§/23d1“4524p1/24d5/2 1/2 2349.2
9253 3s%3p? /23p§ /23dm451 24p1/24p3 /2 3/2 2354.4

11806 3s°3p°3dy 53d3 1o 45°4p1 /25 fr /0 1/2 2716.9

11808 3s°3p°3dy 53d3 1o 45°4p1 /25 fr /0 3/2 2718.1

12028 3523p§3d2/23dg/24s24p1/25f5/2 1/2 2777.9

12033 3523p°3d§ 23d‘5’ 24524p1/25f5/2 3/2 2781.2
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Table 3 — Energy levels in Ga-like W43 continued

Index Configuration J  Energy (eV)
12038 3523p°3d3 33 1,451 /247 5032 12 2786.0
14464 3523p3 ,3p3 ,3d 4524, /50l 1/2 3088.7
14473 35°3p7 )33 5 3d" 045 4dpy /25d5 /o 3/2 3089.7
18686 3523p63d§/23dg/24s24p1/26f7/2 3/2 3062.1
18687 3s%3p°3d] ,3d3 ,45%4py 126 fr2 1/2 3062.2
18884  3s23pS3d3 /23d§ /24824])1 /2652 1/2 3124.8
18894 3s23p53d3 ,3dC ,4524p, 1565/ 3/2 3126.7
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Table 4: Radiative transitions in Ga-like W43+

i k AE (eV) X (A) gf Agi (571 €rine (lon~ts71)
1 706 1007.30  12.3085 2.90 x 10~' 3.19 x 10'2 43
0 687 1010.14  12.2739 2.20 x 107! 244 x 102 281
0 689 1023.44  12.1144 8.18 x 1072  9.30 x 10! 53
24 3767 1025.77  12.0869 5.55 x 107! 3.17 x 10'? 42
0 690 1026.57  12.0775 9.90 x 1072 2.26 x 10'2 102
0 692 1031.59  12.0188 1.55 x 10~! 1.78 x 10'2 167
7 3751 1069.67  11.5909 5.69 x 1072 1.41 x 10'? 113
20 3794 1161.12  10.6780 4.22 x 10~% 4.11 x 102 49
19 3796 1161.49  10.6746 6.38 x 1071 4.67 x 102 41
7 3761 1180.76  10.5004 5.47 x 107! 5.52 x 10'? 154
6 3756 1191.72  10.4038 4.35 x 1072 1.34 x 10'2 98
14 3791 1191.74  10.4036 7.52 x 107! 5.79 x 102 41
5 3756 1194.73  10.3776 5.45 x 1072 1.69 x 10'? 123
6 3778 1287.84  9.6273  1.56 x 107! 2.81 x 10'2 40
0 3754 1394.20 8.8929 1.34 x 107! 2.83 x 102 83
5 7806 1502.28  8.2531  1.38 x 107*  1.69 x 10° 57
1 7797 1506.97  8.2274  2.68 x 107*  4.40 x 10° 321
4 7802 1510.72  8.2070  4.55 x 10~*  4.51 x 10° 242
3 7799 1514.40  8.1870  3.40 x 107*  4.23 x 10° 156
4 7806 1514.67  8.1856  2.24 x 107*  2.78 x 10° 95
5 7810 1564.48  7.9249 1.81 x 107*  2.40 x 10° 48
2 7804 1604.86  7.7256  2.97 x 107*  5.54 x 10° 56
7 7869 1641.10  7.5549  8.10 x 1073 4.74 x 10! 108
7 7883 1656.10  7.4865  1.02 x 107! 3.04 x 10'? 84
7 7884 1659.11  7.4729  1.18 x 10~t 2.35 x 102 103
12 7930 1662.18  7.4591  4.59 x 1073 2.75 x 10! 97
2 7809 1666.21  7.4411 1.20 x 10~ 2.40 x 10'? 55
7 7885 1666.44  7.4401  6.60 x 1072 3.98 x 102 168
8 7894 1670.14  7.4236  1.61 x 107! 4.88 x 10'2 39
2 7811 1670.27  7.4230 1.02 x 107! 6.19 x 102 46
0 7798 1670.59  7.4216  1.38 x 107! 4.17 x 10'2 503
2 7812 1672.19  7.4145 1.71 x 10~t 3.46 x 102 41
8 7898 1672.69  7.4123 244 x 107! 4.95 x 10'2 38
2 7813 1672.89  7.4114  2.00 x 10~' 6.08 x 10'? 94
6 7854 1673.25  7.4098 520 x 1072 1.58 x 10'2 40
12 7956 1673.53  7.4086 3.73 x 1072 2.27 x 10'2 239
11 7951 1674.85  7.4027  4.09 x 1072 2.49 x 10'2 316
34 8295 1674.99  7.4021  6.75 x 1072 4.11 x 10'? 42
11 7956 1677.73  7.3900 3.12 x 1072 1.90 x 10'2 200
7 7888 1678.12  7.3883  4.78 x 1072 1.46 x 10'? 46
35 8324 1679.23  7.3834  6.51 x 1072 3.98 x 10'? 39
6 7838 1679.24  7.3834 2.08 x 1072 1.27 x 10'2 60
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Table 4 — Radiative transitions in Ga-like W43+t continued

i k AE (eV) X (A) of A 571 €line (fon—Ts71)
4 7855 1688.83 7.3414 4.85 x 102 7.50 x 10T 44
4 7857 1689.85  7.3370  4.60 x 1072 9.51 x 10! 106
3 7846 169299  7.3234 1.83 x 1072 5.70 x 10! 51
7 7907 1697.61  7.3035  7.74 x 1072 4.84 x 10'? 293
1 7816 1697.87  7.3024 1.07 x 10~' 3.36 x 102 68
5 7869 1698.31  7.3005 4.19 x 1073 2.62 x 10! 60
0 7800 1698.55  7.2994 1.06 x 10~' 3.31 x 10'2 373
1 7818 1699.30  7.2962  1.38 x 10°' 8.63 x 102 46
7 7911 1700.22  7.2923  4.05 x 1072 2.54 x 102 248
14 8039 1700.74  7.2900 1.67 x 10~' 5.23 x 10'2 57
0 7803 1702.61 7.2820 2.14 x 107! 6.74 x 102 515
0 7805 1703.16  7.2797  1.40 x 10! 8.79 x 10'2 582
7 7930 1709.95  7.2508 1.66 x 1072 1.06 x 10'? 373
1 7825 1711.18  7.2455 1.79 x 10~! 5.67 x 102 48
3 7861 1711.51  7.2441  1.16 x 107' 3.67 x 102 39
3 7863 1712.11  7.2416 243 x 1072 1.55 x 102 49
0 7807 1759.64  7.0460 5.36 x 102 3.60 x 10! 44
0 7808 1763.70  7.0298  2.52 x 1072 8.52 x 10! 173
5 7930 1767.15  7.0160 3.25 x 1073 2.20 x 10! 78
6 7956 177549  6.9831  6.46 x 1073 4.42 x 1011 46
5 7951 1775.62  6.9826  6.75 x 1073 4.62 x 10! 58
7 8486 1922.57  6.4489  1.64 x 1072 1.31 x 102 115
19 9147 1962.93  6.3163  2.15 x 10~! 8.99 x 10'2 54
14 9009 1965.26  6.3088  5.60 x 10~! 1.17 x 10'3 50
1 8106 1966.15  6.3059  3.38 x 10~' 1.42 x 10 83
6 8486 1976.77  6.2721  6.72 x 1072 5.70 x 10'2 501
5 8486 1979.78  6.2625 1.63 x 10! 1.39 x 103 1219
0 8039 2042.37  6.0706 8.44 x 1072 3.82 x 102 41
2 8377 2056.65 6.0285  8.78 x 1072 4.03 x 10'? 43
0 8090 2059.10 6.0213  1.96 x 10~* 1.81 x 103 181
0 8092 2059.47 6.0202 7.73 x 1072 3.56 x 10'2 49
0 8095 2060.44 6.0174 623 x 1072 5.74 x 10'2 52
0 8105 2062.82 6.0104 1.70 x 10~* 1.57 x 1013 181
0 8111 2066.27 6.0004 7.12 x 10~' 3.30 x 10'3 812
0 8113 2066.84 5.9987 2.72 x 10~' 2.52 x 103 314
0 8116 2067.95 5.9955 3.53 x 10~! 1.64 x 10'3 369
0 8120 2068.74 5.9932 576 x 10°' 2.67 x 10'3 636
0 8124 2071.75 59845 1.99 x 10~! 1.85 x 10'3 207
2 8446 2072.15  5.9834  1.10 x 10~! 5.11 x 102 46
2 8447 2072.53 59823 3.88 x 107! 3.62 x 103 116
0 8147 2078.76  5.9643 1.06 x 10~' 9.96 x 10'2 93
0 8161 2084.33 59484  6.62 x 1072 3.12 x 102 46
0 8168 2085.70  5.9445 877 x 1072 4.14 x 102 61
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Table 4 — Radiative transitions in Ga-like W43+t continued

i k AE (eV) X (A) of A 571 €line (fon—Ts71)
0 8169 2085.92 59439 1.59 x 10~T 1.50 x 10™3 139
0 8171 2087.65 59380 1.67 x 10~! 7.89 x 10'2 134
0 8209 2105.63 5.8882 249 x 10~! 1.20 x 10'3 227
0 8211 2106.85 5.8848 892 x 1072 8.59 x 10'2 75
0 8232 211753  5.8551 9.04 x 10~' 4.40 x 10'3 913
0 8241 2120.51  5.8469 1.13 x 10! 5.49 x 10'2 59
0 8243 2121.07 5.8454 7.54 x 1072 7.36 x 10'2 57
0 8255 212540 5.8334 1.86 x 10~! 1.82 x 10'3 160
0 8257 2126.58  5.8302 1.80 x 10! 1.77 x 10'3 171
0 8258 212729 5.8283 1.76 x 10~' 8.66 x 10'2 152
0 8265 2130.50 5.8195 801 x 10! 7.89 x 10'3 832
0 8266 2130.97 5.8182 5.03 x 10~! 2.48 x 10'3 468
0 8275 213497 58073 840 x 10! 4.15 x 10'3 860
0 8291 2140.29  5.7929 3.64 1.81 x 10 3804
0 8295 2140.48  5.7923 947 x 10! 9.42 x 10'3 973
0 8307 2142.83 5.7860 5.51 x 10~' 5.49 x 10'3 559
0 8308 214293  5.7857 1.53 x 10! 7.64 x 10'2 88
0 8311 2143.32  5.7847 3.70 x 10! 1.84 x 10'3 295
0 8324 214598 57775 529 x 10~' 529 x 10'3 511
0 8377 2154.78 5.7539 1.25 x 10~! 6.28 x 10'2 66
0 8407 2160.43  5.7389  1.08 x 10! 5.47 x 10'2 58
0 8415 2161.27 5.7366 1.10 x 10~' 5.56 x 10'2 65
0 8446 2170.28  5.7128  1.82 x 107! 9.28 x 102 83
0 8447 2170.66  5.7118 1.95 x 10~' 1.99 x 10'3 64
0 8502 2185.86 5.6721  8.69 x 1072 4.50 x 102 44
0 8504 2186.59  5.6702 7.29 x 1072 7.56 x 10'2 39
0 9132 2334.88 53101 4.19 x 10~* 4.95 x 103 127
0 9147 2336.94  5.3054 1.21 7.19 x 103 430
0 9224 2349.15 52778 325 x 10! 3.89 x 10'3 84
0 9253 2354.36  5.2662 2.50 x 10~' 1.51 x 103 41
0 11806 2716.89  4.5635  4.68 x 10~' 7.49 x 10'3 250
0 11808 2718.08  4.5615 1.06 8.51 x 1013 688
0 12028 2777.86 4.4633 526 x 10°! 8.81 x 10'3 255
0 12033 2781.22  4.4579 1.22 1.02 x 10 723
0 12038 2786.03  4.4502 1.14 x 10~' 1.92 x 1013 43
0 18686 3062.11  4.0490 5.31 x 10~' 5.40 x 10'3 315
0 18687 3062.22  4.0488 2.60 x 10~' 5.29 x 103 140
0 14464 3088.74  4.0141 2.21 x 10~' 4.57 x 1013 46
0 14473 3089.75 4.0128 4.93 x 10~! 5.10 x 103 115
0 18884 3124.81  3.9677 2.28 x 107! 4.84 x 103 110
0 18894 3126.72  3.9653  4.27 x 107! 4.53 x 1013 213
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Table 5: Energy levels in Zn-like W44+

Index Configuration J  Energy (eV)
0 3523p53d104s2 0 0.0

1 3323p63d1“451/24p1/2 0 86.2

2 3323p63d1“451/24p1/2 1 93.2

3 3523p%3d'04s1 94ps o 2 186.2

5 3s23p3d'04sy 94ps)0 1 203.7

7 3523p®3d'4ps ;94ps 2 2 292.4

9 3523p%3d'04sy 94ds 5 2 348.4
11 3s%3p53d'04sy jodds o 2 371.7
13 3523p°3d'%4p3 0 403.2
16 3s23p53d'%4p, j24ds 3 466.2
21 3s23p83d04s; 04 f7/2 3 539.4
22 3523p83d04ps 9dd; s 2 543.7
25 3s23p°3d04ps 94d; s 3 553.5
84 35°3p°3dy 533 545 4p1 2 2 1618.7
85 3523p63d§/23d§/24324p1/2 3 1619.7
86 3s°3p°3d3 ,3d3 n4s*Apy o 2 1684.7
87 3s73p%3d3 ,3dS 5 45°Apy /o 1 1688.1
90 3s73p°3d3 535 545> Aps o 4 1718.4
91  3s*3p3d} /23d§ /24524;03 /2 2 1720.4
92 35°3p°3d3,3d3 y4s*4ps o 1 1722.0
93 3823p63d§/23dg/24524p3/2 3 1723.3
97 3s73p%3d3 ,3dS 545 Aps o 1 1785.8
98  3s73p°3d3 ,3d7 545 Aps o 3 1785.9
105 3s73p°3d ,3d2 Jod81/24p1/24p32 2 1812.0
118  3s%3p93d3 /23d§ 481724124372 3 1869.6
124 35*3p03d; ,3d3 457 4d3 ) 2 1878.8
125 3s23p03d5 ,3d3 y4s1/24p1j24ps 0 3 1879.0
126 3s73p°3d5 ,3d5 ;451 /04p1 j2d4pssa 2 1879.7
133 35*3p°3d; ,3d3 /457 4ds 2 1 1892.7
136 3s73p°3ds,,3ds o 4s°4ds 3 1896.3
138 3523p03d; ,3d3 457 4ds 2 2 1897.8
139 3523p°3dg,,3d3 pds1/24p5 0 1905.8
144 35*3p°3dy,,3d3 pds1/24p5 2 1917.2
191 3523p03d3 ,3dS 457 4d3 ) 0 1986.0
214 3s73p°3d3 37 y451/24D5 ), 0 2001.2
202 3s5°3p°3d3 ,3dS 1,451 /04p1j0ddsy 1 2075.1
208 35°3p} ,3p3 ),3d 045 4p s 2 2076.7
303 3s?3pS3d] /23d§ /24524f7 /2 1 2082.6
308 3s%3pP3d3 ,3dS o451 0dps edds s 1 2085.4

27



Table 5 — Energy levels in Zn-like W44+ continued

Index Configuration J  Energy (eV)
327 3823p63d§/23d55’/2451/24p3/24d3/2 1 2091.0
344 3s?3p53d; /23d§ Jod81/24p3/24d5 5 1 2103.2
392 3s 3p‘3d? /230 15405 5 1 2139.9
394 3s”3p°3d3 35y 451 /04D 0ddssy 1 2141.3
414 35*3p°3d3 ,3d3 Jod81/24p3/24d5 5 1 2150.6
418 3523p°3d3 53dS 451 /24P 0dds s 1 2151.0
448 35*3p°3d3 ,3d5 y4574 f5 0 1 2159.0
484 3523p63d§ /23dg Jads1/04p3/24d5 70 1 2171.1
489  3s?3pS3d3 /23dg Jods1/24p3/24d5 75 1 2172.9
508 3823p63d§/23d§/2451/24p3/24d5/2 1 2178.8
535 3s?3p°3d3 ,3dS ,4p3 1 2192.5
544  3s%3p? /23p§ /23d104324p3 /2 0 2200.1
555 3523p6_3d§ /234 5 4P3 5 1 2204.6
630 3s23pS3d3 /23d§ Jods1/04p1 24 52 1 2240.1

1021 3s%3p? /23p§; /23d104s24d3 /2 3 2335.6
1098 3s73p7 ,3p3 /5 3d' 45 4d; o 1 2353.5
1189 3523p%/23p§/23d10451/24p§/2 1 2370.8
2159 35°3p3 ,3p5 )5 3d s j24ps jpddy s 2 2525.5
2224 35°3p3 ,3p3 5 3d 45?4 fr )2 2 2532.3
2945 3sq,23p®3d104s%4p, 1 2624.8
4806  3s23p1/23p3 /23d104s24 fs/2 2 2821.6

11470 3s23p53d'%4s; 55p32 1 1041.0

11476 3s23p53d'%4s, 55d3,- 2 1117.7

11488  3s23p53d %451 /55 f7/2 3 1203.1

11699 3s23pS3d %45, /5651 /2 0 1422.9

11703 3s23p53d'%4s; 26p32 1 1473.7

11708 3s23p53d'04s, 56ds5,- 2 1519.5

11713 3s23p83d %45 /56 f5 2 3 1559.2

11715 3s23p53d'%4s; 56 f7/2 3 1561.1

12148 3s°3p%3dy 53d3 o451 /04p1/25d3/s 1 2748.8

12154 3s°3p°3dy ,3d3 54575 f7/o 1 2750.2

12276 3523p63d§ /2348 154575 f5)2 1 2811.6

12289 3823p63d§/23d§/2451/24p1/25d3/2 1 2819.2

13626  3s?3p? /23p§ /23d104525d5 /2 1 3121.3

13911 3s°3p7 533 5 3d" 0455 fr/o 2 3199.9

15691 3s°3p°3dy 53d3 ,45°6 f7/2 1 3107.9

15817 3523p63d§/23d§/24526f5/2 1 3171.0

17820  35%3p? ,3p3 ,3d'04s%6d;5 1 3517.3
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Table 6: Radiative transitions in Zn-like W44+

i k AE (eV) X (A) gf Api 571 €ine (fon~Ts7T)
2 11476 1024.48  12.1022 3.80 x 10~T 3.46 x 10™? 269
0 11470 1041.05  11.9096 1.25 x 10~' 1.96 x 10'2 181
11 11715 1189.34  10.4246 5.96 x 10~' 5.23 x 10'2 131
9 11713 1210.76  10.2402 6.52 x 10~' 5.93 x 102 63
5 11699 1219.16  10.1696 5.24 x 10~2 3.38 x 102 250
5 11708 1315.78  9.4229  2.21 x 10~' 3.33 x 102 110
0 11703 1473.71 84131 6.71 x 1072 2.11 x 10'2 72
7 98 1493.47 83017 4.70 x 107*  6.49 x 10° 146
5 91 1516.69  8.1747 1.50 x 10~*  2.99 x 10° 71
5 93 1519.53  8.1594 1.21 x 10~* 1.74 x 10° 62
2 84 152551 81274 879 x 107°  1.78 x 10° 78
2 85 1526.49  8.1222  3.10 x 10~*  4.47 x 10° 391
3 90 1532.22  8.0918 4.09 x 10~*  4.63 x 10° 297
1 84 153257  8.0900 1.36 x 107*  2.78 x 10° 122
3 93 1537.06  8.0663  1.97 x 107*  2.89 x 10° 104
5 98 1582.18  7.8363 1.73 x 107*  2.69 x 10° 60
2 86 1591.43  7.7907 1.29 x 10~*  2.84 x 10° 122
1 86 1598.50  7.7563  8.99 x 107®  1.99 x 10° 85
3 118 168344  7.3649 1.49 x 10~' 2.61 x 10'? 61
0 87 1688.07  7.3447  1.36 x 10°' 5.59 x 10'2 1865
3 124 1692.63  7.3249  5.68 x 1072 1.41 x 102 61
3 125 1692.75  7.3244  1.83 x 10~' 3.25 x 10'? 61
3 126 1693.48  7.3213  1.61 x 10~' 4.00 x 10'? 61
5 139 1702.07  7.2843 246 x 1072 3.10 x 10'? 152
3 133 1706.51  7.2654  1.04 x 1072 4.39 x 10! 62
3 136 1710.05  7.2503  6.63 x 1072 1.20 x 10'? 62
3 138 1711.60  7.2438  5.52 x 1072 1.40 x 10'? 173
2 105 1718.77  7.2135  9.17 x 1072 2.35 x 10'? 71
0 92 1722.01  7.2000 2.30 x 107' 9.85 x 10'2 1492
3 144 1731.03 7.1625 2.28 x 107! 5.93 x 10'? 65
13 392 1736.67  7.1392  1.08 x 10~! 4.73 x 10'2 81
5 101 178222  6.9567 8.21 x 10~* 1.13 x 10! 130
0 97 1785.84  6.9426  2.68 x 1072 1.24 x 10'2 703
5 214 179742  6.8979  3.31 x 1073  4.63 x 10! 178
2 191 1892.73  6.5505 1.38 x 1073 2.15 x 10! 247
25 2224 1978.81  6.2656  1.35 x 10~' 4.57 x 10'? 98
11 1098 1981.74  6.2563  2.48 x 10~! 1.41 x 103 146
22 2159 1981.77  6.2562 1.62 x 10~' 5.51 x 10'? 62
2 208 1983.51  6.2507  4.25 x 10~! 1.45 x 103 160
21 2159 1986.14  6.2425 1.90 x 10~'  6.50 x 10'? 73
9 1021 1987.21  6.2391  5.58 x 10~!' 1.37 x 103 7
21 2224 199297 62211 1.09 x 10~' 3.75 x 10'? 80
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Table 6 — Radiative transitions in Zn-like W44t continued

i k AE (eV) X (A) ef Api 571 €ine (fon~1s7h)
5 544  1996.40  6.2104 1.32 x 10T 2.28 x 10 1667
11488 13911 1996.87  6.2089  3.22 x 10~' 1.12 x 103 88
0 292 2075.15  5.9747  3.05 x 10°' 1.90 x 103 649
0 303 2082.57  5.9534  7.74 x 10~!  4.86 x 10'3 1844
0 308 2085.35  5.9455  1.86 x 10! 1.17 x 103 390
0 327 2090.99  5.9295 543 x 1072  3.43 x 10'2 62
0 344 2103.23  5.8949 215 x 10~' 1.38 x 10'3 403
0 365 2124.57  5.8357  1.69 x 10~' 1.10 x 103 309
0 392 2139.87  5.7940 1.16 x 10~' 7.70 x 10'2 132
0 394 2141.32  5.7901 1.57 1.04 x 10 3431
0 414 215058  5.7651  6.36 x 1071 4.25 x 10'3 1374
0 418 2151.04 5.7639 1.38 x 1071 9.26 x 10'2 269
1 630 2153.92  5.7562 1.57 1.05 x 10 58
0 448 2158.98  5.7427 2.69 1.81 x 10 5787
0 484 217112  5.7106  4.59 x 1072 3.13 x 102 65
0 489 2172.86  5.7060  4.33 x 1072 2.96 x 10'2 64
0 508 2178.77  5.6906  1.61 x 10~' 1.11 x 103 283
0 535 219247  5.6550 2.93 x 10°' 2.04 x 103 496
0 555 2204.63  5.6238  6.68 x 1072 4.70 x 10'2 79
5 2224 232860 53244 1.81 x 107! 8.52 x 102 182
0 1098 2353.47 5.2682 825 x 10~' 6.61 x 10'3 686
16 4806 2355.41  5.2638  3.80 x 10~! 1.83 x 10'3 70
0 1189 2370.77 52297 212 x 107! 1.73 x 103 80
0 2945 2624.83  4.7235  4.24 x 1071 4.22 x 1013 80
0 12148 2748.78  4.5105 1.58 x 10~1 1.72 x 103 169
0 12154 2750.19  4.5082  5.15 x 10~! 5.63 x 103 590
0 12276 2811.57  4.4098  7.87 x 10~' 9.00 x 10'3 908
0 12289 2819.19 43979  1.98 x 10! 2.28 x 103 157
0 15691 3107.86 3.9894  4.10 x 10~' 5.73 x 10'3 476
0 13626 3121.26 3.9722  3.40 x 10~1 4.79 x 103 152
0 15817 3171.04 3.9099 3.69 x 10~' 5.37 x 10'3 401
0 17820 3517.26 3.5250 1.79 x 10! 3.21 x 103 61
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45+
. -like W
levels in Cu

Table 7: Energy

J Energy (eV())
= 0.
nfiguration 1/2
Index §;3p63d10451/2 1/2 g;g
0 3 63d'%4p, /5 3/2 1o,
1 3s°3p ) 349.5
2 3s23p°3d"dpyy 3/2 3710
3523p°3d'04dy 5 5/2 32.2
1 3523p°3d'04ds /5 5/2 77
; 8523p°3d.04fs /> 72 5477
. 3823p63d104f742 452 5/2 161?;9
23p03d3 533 545 3/2 '
7 35°3p°3d; ), 2 1
23p°3d3 1,35 4 5/2 oo
5o 03y /53d5 /5 451/24p1 /2 2 16596
9 3823p63di/23d5 2481/24p1 /2 5/2 LooRT
1 3523p63d§/23dg/2451/24p1/2 3/2 1T
13 3823p63dg/23d§/2451/24p1/2 5/2 1707.3
14 3s23p g/z 5/ 451/94p12 3/ 1708.4
23p°3d353d3 5451, 1/2
15 3s%3p 3/ 6 4s, 24p1 /2 1736.8
23p°3ds5 535 5451/ 5/2
16 3s23p 328 451 /24p3 )2 1737.0
23,634 2305 5451, 3/2
18 3s23p 3275 451 /24p3 )2 1737.5
23 63d,; 23Cl5/2 / 7/2
198 pﬁgdzi/ 35 /451/24p3 2 2 1S
200 3s78p 3y 305 Asiodpyp 1/ 1752.6
23p°3d3,3d3 3/2
2L 8 p63d4 3d3 5451/24ps 2 2 L797.6
24 3523[)63&%/23(16 2451/24P3/2 1/2 1801.4
26 3823p63dg/23dg/2451/24p3/2 3/2 18017
27 3823p63dg/z3d§/2481/24p3/2 7/2 18172
28 3s9p 3y 305, ds104psn 1/ 1909.8
23p63d3/23d5/2 5/2
31 382 03d3 53d3 1y4p1 /24P 2 19107
56  3s23p 3270 4py2dpss 3/ 1911.4
3p°3d3 5 3d3 5 4p1 3/2
57 332 pﬁgdi/ 3d2 45, 94ds 2 5 1920.8
o8 3823p63d2/23dg/2481/24d5/ 2 5/2 19208
64 3s23p 3/2°°5/ 4s194d5, 3/ 1932.6
23p03d3 ,3d3 54 1/2
05 35 p63d4 3d3 5451 /24d5 2 2002.6
67 35730 593, 301045° 3 2002.7
97 3823p63dg/23d§;24p§/2 1/2 2083.4
111 3s*3p! 3/2 A3 p4s1 )24 2 T/ 2089.4
3 23p63d3/23 5/2 1/2
Mo s 03d3,3d3 5 4p3/24ds 2 2 20905
151  3s23p 3/2 d3 ,4ps addss 3/ 2094.9
35%3p°3d3,,3d3 3/2
152 8 -1 5 Ag 24L.)c7/2 2095.1
*3p°3d3 ), 3d3 5451, 3/2
158 3s p2 3/2 3d'%4s1 54p1 2
159 35°3p7 5305
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Table 7 — Energy levels in Cu-like W% continued

Index Configuration J  Energy (eV)
163 3573p°3dy,3d3 451704 f70 1/2 2097.7
168  3s23p%3d3 /23dg odp3saddyyy  3/2 2102.7
174 3s?3p°3d3,3ds o 4p3/24ds s 3/2 2109.3
190 35°3p°3d3,,3d2 p4psjadds /s 3/2 2137.0
205 3s°3p°3d3 ,3dS o dpsjoddsss  3/2 2155.2
206 3s23p®3d3 /23dg odp3saddyyy  1/2 2155.7
209 3s23p®3d3 /23dg odp3saddysy  3/2 2158.3
218 3s3p°3d3,3dS p4s1 04 50 1/2 2168.6
222 3s°3p°3d3,3dS pds1 24 50 3/2 2169.8
238 3s°3p°3d3 ,3dS o dpsjodds s 3/2 2178.6
248 3s23p®3d3 /23dg oAp3saddsyy  3/2 2188.4
251 3s%3p; 43P )53d' %451 /04ps 0 5/2 2192.2
256 3s%3p} 53p3 )53d' %451 24ps 0 1/2 2197.0
262 3s5°3p°3d3,3dS o 4psjaddsss  3/2 2209.8
264 35°3p3 ,3p5 53d 41 24P 0 1/2 2222.4
417 3s?3p? /23p§ /23d1°451 s2ddyn 172 2351.4
437 35°3p} ;y3p5 53" s1 jodds sy 3/2 2370.0
441 3s73p7 ,3p3 53d 041 jodds sy 1/2 2373.8
442 3573p7 ),3p3 p3d sy jodds sy 3/2 2375.3
454 35%3p123p} /23d104sl s2dprs 172 2414.3
662 3s23p? /23p§ /23(110451 s24f7/2  5/2 2541.3
663 353p7 53p353d' %5104 70 3/2 2541.5
773 351/23p°3d 0451 /04p1 2 3/2 2638.3
781 35°3p1/a3py53d s j0dds s 3/2 2663.0
907 35°3p1/23p353d 4124 52 5/2 2833.2
909 35°3p1/23p353d 4s1 24 52 5/2 2835.4

1302 3s23p®3d1%5p, s 1/2 1016.2
1303 3523p®3d'%5p; /o 3/2 1063.7
1304 3s23p®3d'°5dy o 3/2 1135.4
1307 3s23p®3d'5f7 /o 7/2 1220.3
1310 3s23p%3d%6sy o 1/2 1449.7
1314 35%3p®3d'°6d; 5/2 1548.5
1315 3s%3p®3d'06 ;o 5/2 1587.3
1316 3s%3p®3d'06f7 ), 7/2 1589.2
1448 35%3p°3d3 ,3d3 45195 772 1/2 2780.5
1451 3s%3p°3dy ,3d2 jp4s1/25 772 3/2 2783.1
1542 3s3p°3d3 ,3d8 /y4s1/95f52  1/2 2843.4
1543 353p°3d3 ,3d5 p451/95 52 3/2 2844.7
1912 35°3p; ,3p3 ,3d" sy 95d5 2 1/2 3150.2
1917 3s23p? ,3p3 53d 0451 95d5/2  3/2 3154.7
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Table 7 — Energy levels in Cu-like W% continued

Index Configuration J  Energy (eV)
1954  3s73p] /23p§ /23d10451 /2572 5/2 3231.2
2460 3573p°3d3 ,3d2 45126 70 1/2 3150.7
2461 3s3p°3dy 33 ;45126 f70  3/2 3151.9
2582 3s73p03d3,3dS 45126 50 3/2 3214.7
2583 3s23pS3d3 ,3dS o451 /96 50 1/2 3215.0
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Table 8: Radiative transitions in Cu-like W45+

i k AE (eV) X (A) of A (571 €line (ion~Ts™1)
6 7 1010.01  12.2756 7.81 x 10~°  5.76 x 10° 206
0 1302 1016.17 122011 2.05 x 107! 4.60 x 10'2 247
1 1304 1037.82  11.9466 3.04 x 10~' 3.55 x 10'2 179
0 1303 1063.73  11.6556 1.88 x 107! 2.31 x 10'2 241
4 1316 1218.18  10.1778 8.90 x 10~! 7.16 x 10'2 80
3 1315 123776  10.0169 6.02 x 10~ 6.67 x 10'2 66
2 1310 1250.77 9.9126  9.85 x 1072 3.34 x 10'? 114
2 1314 1349.55  9.1871  3.11 x 107! 4.10 x 102 67
1 8 1516.36  8.1765 2.64 x 107*  6.58 x 10° 416
1 9 153454  8.0796  7.10 x 107°  1.21 x 10° 294
2 18 1537.86  8.0621  1.77 x 10~*  3.03 x 10° 54
2 20 1538.63  8.0581 1.78 x 107*  2.28 x 10° 104
1 11 1541.98  8.0406  2.39 x 10~*  4.11 x 10° 67
0 7 1547.67  8.0110 2.79 x 10~*  4.82 x 10 1726
2 28  1602.77  7.7356  2.97 x 107*  4.14 x 10° 205
1 14 1608.27  7.7092 227 x 107*  4.25 x 10° 57
0 8 161395 7.6820 1.78 x 107*  5.02 x 10? 318
0 13 1698.73  7.2987 257 x 1072 8.04 x 10" 379
0 15 1707.30  7.2620 1.63 x 107! 5.14 x 10'2 1427
0 16 1708.40  7.2573  8.61 x 1072 5.45 x 10'2 857
2 56 1710.85  7.2469  1.92 x 10°' 4.06 x 102 74
2 57 171176  7.2431  1.14 x 10°'  3.62 x 102 64
4 145 171240  7.2404  2.67 x 1072 4.25 x 10! 91
2 58 171248  7.2400 7.42 x 1072 2.36 x 10'2 103
2 64 1721.93  7.2003 4.82 x 1072 1.03 x 102 75
2 65 1721.94  7.2002 2.08 x 1072  6.69 x 10! 76
2 67 173373  7.1513  1.64 x 1072 1.07 x 102 267
0 19 1736.99  7.1379  1.24 x 107! 4.07 x 10'2 513
0 21 173813  7.1332 1.54 x 10°' 1.01 x 10 517
4 174 173826  7.1326 1.28 x 10~' 4.19 x 102 82
3 158 174543  7.1034  8.60 x 1072 2.84 x 102 71
0 24 175257  7.0744  2.09 x 10°'  6.97 x 102 740
3 168 1753.17  7.0720 1.57 x 10! 5.22 x 10'2 100
0 26 1797.62  6.8971  5.14 x 1073  3.61 x 10! 179
0 27 1801.43  6.8825 2.88 x 1072 1.01 x 102 302
2 97 1803.82  6.8734  4.62 x 1073 3.26 x 10! 410
0 31 1817.19  6.8228  2.32 x 1072  1.66 x 102 229
2 111 181842 6.8182 1.71 x 1072 1.23 x 102 353
1 97 1905.14  6.5079  6.53 x 10~* 5.14 x 10° 65
2 251 1993.28  6.2201  3.00 x 10! 8.63 x 102 63
1 159 1997.50  6.2070  3.87 x 10~' 1.67 x 103 68
2 256 1998.07 6.2052 220 x 10~! 1.91 x 103 166
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Table 8 — Radiative transitions in Cu-like W45+ continued

i k AE (eV) X (A) of Api (571 €line (ion~1s7T)
4 437 1999.00 6.2023 4.14 x 10T 1.79 x 10™® 136
0 96 2002.59  6.1912  3.53 x 10°' 1.54 x 10 396
6 662 2003.65 6.1879 5.5 x 10~! 1.50 x 10'3 423
5 663 2009.24 6.1707 6.76 x 1072 2.96 x 102 152
1307 1954 2010.87  6.1657 4.72 x 10~! 1.38 x 10'3 75
2 264 2023.50 6.1272  6.11 x 1072 5.42 x 10'2 1232
0 151 2089.44  5.9339 5.08 x 1072 4.81 x 10'2 54
0 152 2090.51  5.9308 1.16 x 10~* 5.49 x 10'2 124
0 158 2094.94  5.9183 1.58 7.52 x 1013 1876
0 163 2097.71  5.9104 1.04 9.97 x 103 1293
0 168 2102.68 5.8965 3.86 x 10~' 1.85 x 10 354
0 174 2109.31 5.8780  4.05 x 10°* 1.96 x 10 385
0 190 2137.04 5.8017 1.35 x 10°' 6.67 x 10'2 130
0 205 215520 5.7528  7.73 x 10°' 3.90 x 10 871
0 206 2155.72  5.7514  1.86 x 10~' 1.87 x 10" 199
0 209 215835  5.7444 1.55 7.85 x 1013 1743
0 218 2168.60 5.7172 3.78 3.86 x 104 4236
0 222 2169.76  5.7142 4.65 2.38 x 1014 5242
0 238 217858  5.6911  1.40 x 10~' 7.20 x 10'2 136
0 248 2188.43 56654 1.63 x 1071 8.47 x 10'2 141
0 262 2209.85 5.6105 3.87 x 10°' 2.05 x 10 353
1 454 2316.72  5.3517 297 x 1072 3.46 x 102 315
2 662 234240  5.2930 1.99 x 107! 7.90 x 102 224
2 663 234256  5.2927  2.21 x 1072 1.31 x 102 67
0 417 235140 5.2728 1.85 x 1071 2.21 x 103 69
0 437 2370.04  5.2313 1.34 8.14 x 1013 617
0 441 237380 5.2230 5.38 x 107! 6.58 x 10 306
0 442 2375.32 52197 2.14 x 107! 1.31 x 1013 97
2 907 2634.26  4.7066  2.47 x 1071 1.24 x 103 71
2 909 2636.48 4.7026 3.78 x 10~! 1.90 x 10'3 62
0 773 263829  4.6994  5.36 x 107! 4.05 x 10 178
0 781 266295 4.6559  1.71 x 10°' 1.32 x 10" 53
0 1448 2780.50  4.4591  5.10 x 10~' 8.55 x 10 360
0 1451 2783.11  4.4549 1.11 9.30 x 1013 801
0 1542 2843.41 4.3604  6.17 x 10~' 1.08 x 104 455
0 1543 2844.69  4.3584 1.37 1.20 x 10 928
0 1912 3150.21  3.9357 2.41 x 10°' 5.19 x 103 74
0 2460 3150.67 3.9352 2.71 x 10°' 5.83 x 10 181
0 2461 3151.94 3.9336  5.38 x 10°' 5.80 x 10 347
0 1917 3154.74  3.9301  3.94 x 10°' 4.26 x 10 89
0 2582 3214.74  3.8567 4.87 x 107! 5.46 x 10 288
0 2583 3215.02 3.8564 2.52 x 10°' 5.65 x 10 165
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Table 9: Energy levels in Ni-like W46+

Index Configuration J  Energy (eV)
0 3s523p53d™ 0 0.0

1 3s3p°3d3),3d2 pds1/s 3 1562.1

2 3s73p°3d;53d3 545170 2 1564.1

4 3s73p°3d5,3d5 545170 2 1630.0

8 3s3p°3d3 ,3d84p12 1 1728.7
11 3823p63d§/23dg/24p3/2 1 1764.8
14 3s%3p°3d3,,3d8 ) Apss 1 1829.4
35 3s73p7)y3p5 p3d sy )0 1 2017.4
50 3523p63d§/23dg/24f7/2 1 2112.6
58 3s23p°3d3)53dSdfse 1 2181.4
71 3s73p] )y3p3 )53d 0dds s 1 2386.0
84 35237 3] p3d" 4 )y 2 2554.7
87  3s123p%3d 0 4p, )5 1 2655.0
90 35%3py23p4 p3d 0ddyyy 1 2678.6
94 351/23])63d104p3/2 1 2765.6
141 3s°3p°3d5,,3dS p5ds/s O 2800.1
152 3s?3p°3dy 532 55f7/2 1 2814.9
172 3s°3p°3d5 ,3d5 55052 1 2877.3
195 3s°3p3 ,3p5 53d"05ds /5 1 3183.9
286 35°3p°3d3),3d: n6frs2 1 3195.5
326 3s%3p®3d3,,3dS 6 52 1 3258.9
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Table 10: Radiative transitions in Ni-like W46+

i k AE (eV) X (A) gf Agi (57 €ine (lon~ts71)
8 141 1071.37 11572 7.70 x 1072 3.84 x 10™2 231
0 1 1562.15  7.9368 6.05 x 1071  9.15 x 10® 532
0 2 1564.07  7.9270 2.76 x 107*  5.86 x 10° 4686
0 4 1629.99  7.6064 1.93 x 107*  4.46 x 10° 1359
0 8 1728.69  7.1722 143 x 107!  6.17 x 102 4204
0 11 1764.83 7.0253 2.58 x 107! 1.16 x 103 3574
0 14 182945  6.7771 2.66 x 1072  1.29 x 10'2 570
0 35 201740 6.1458 3.58 x 107! 2.11 x 103 1722
0 50 2112.57  5.8689 1.98 1.28 x 10 5149
0 58 2181.36  5.6838 5.89 4.05 x 10 13257
0 71 2386.03 5.1963 1.16 9.52 x 1013 1748
0 84 2554.73  4.8531 9.61 x 1073  5.44 x 10! 348
0 87 2655.04 4.6698 4.28 x 107!  4.37 x 103 335
0 90 2678.60 4.6287 1.62 x 107!  1.68 x 103 171
0 94 2765.65 4.4830 1.31 x 107! 1.44 x 103 133
0 152 281490 4.4046 8.91 x 107! 1.02 x 10 1469
0 172 2877.30  4.3090 1.11 1.33 x 10 1769
0 195 3183.88 3.8941 4.18 x 10~' 6.13 x 103 303
0 286 319547  3.8800 4.11 x 107!  6.07 x 103 571
0 326 325894 3.8044 3.80 x 107! 5.84 x 1013 502
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: 47+
Table 11: Energy levels in Co-like W

b J  Energy (eV())

x  Configuration ] Y
IndeO 3323p°3d§/23d5’/2 gg o
S TS 3/2 149.6
ot ot oy 9/2 1604.9
5 3323p63d§/23d§/2451/2 Y i
6 3823p63d§/23d§/2451/2 s o
7 3523p63d§/23d§/2481/2 o e
8 3323p63d§/23d§/2481/2 s oars
9 3523p63d§/23d§/2481/2 7/2 L6700
10 3323p63d§/23dg/2451/2 s it
11 3323p63dg/23d§/2451/2 5/2 o
12 3523p63dg/23d5’/2481/2 o o
14 3823p63d§/23dg/2481/2 oo o
15 3523p63d§/23dg/2481/g s R
16 3823p63d§/23dg/2481/2 s o
18 3323p63d§/23d§/24p1/2 i e
25 3523p63dg/23dg/24p1/2 i b
26 3323p63d§/23dg/24p1/2 i o
28 3823[)63(12/23(12/24])1/2 o i
20 357335, 303,4p1 2 7/2 1783.0
32 3323p63d§/23d§/24p1/2 i o
33 3523p63d§/23dg/24p1/2 7/2 i
36 3523p63d§/23d§/24p3/2 i .
37 3323p63d§/23d§/24p3/2 s e
38 3323p63d§/23d‘5‘/24p3/2 s o
39 3323p63d§/23d§/24p3/2 i o
41 3323p63d§/23d§/24p3/2 o -
42 3523p63d§/23d§/24p3/2 o .
47 3523p63d§/23dg/24p3/2 e o
48 3578p"3dy 303, 4ps5 3/2 1875.0
49 3523p63dg/23d§/24p3/2 o -
50 3573phady 35, 4ps2 3/2 1884.3
52 3523p63d§/23dg/24p3/2 Y -
55 3323p63d§/23dg/24p3/2 s e
08 e BB s 7/2 2038.3
102 3523pf/2Spg/23d§/23dg/zjsl/2 i S
100 880y 30,50y 23d?/2481/2 3/2 2046.8
110 3523p%/23p§/23d3/23dg/2 S1/2 s e

124 3s%3p? ,3p3 ,3d3 ,3d2 451 )2
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Table 11 — Energy levels in Co-like W47+ continued

Index Configuration J  Energy (eV)
125 3573p3 ;5305 53d3 533 jy4s1/0 B/2 2064.3
126 35°3p°3d5,3d3 4ds s 5/2 2067.8
128 3s73p7 533 /93ds553d3 o451/ 3/2 2072.7
155 35°3p°3d3,,3d2 1,4 f5/ 5/2 2131.1
160 35°3p°3d3,,3ds 54 f5/ 7/2 2133.6
161 3s”3p°3dy,,3d3 14 5/ 3/2 2135.6
164 35°3p°3d3,,3d2 1,4 f7/ 7/2 2137.7
170 3s23p%3d3 /23d§ o4 fry2 5/2 2143.5
172 35°3p°3d3,,3d2 1,4 f7/ 3/2 2145.1
174 3s°3p°3d3,,3d3 04 f7 /0 5/2 2153.5
175 35°3p°3dy,3d3 04 f7 /0 7/2 2155.4
178 35°3p03d3,,3d2 h4f5/ 5/2 2158.0
179 3s?3p°3dy 53d3 54772 7/2 2164.3
186 35°3p°3d3,3d2 p4f5/2 5/2 2192.8
187 3s%3p°3d3,3d3 )4 5/ 7/2 2194.8
200 3s23p®3d3 /23d§ o4 fry2 7/2 2205.2
205 3s3p°3d3 ,3d3 94 572 7/2 2208.7
206 3s°3p°3d3 ,3d2 54 f5/0 5/2 2209.1
207 3s5°3p°3d3 ,3d2 1,4 f5 /0 7/2 2209.1
222 3s5°3p°3d3 ,3d3 04[50 3/2 2220.8
227 3s23p®3d3 /23(12 o4 fry2 5/2 2225.0
228 3s23p®3d3 /23dg 124 f5/2 7/2 2227.5
229 3s°3p°3d3 ,3d2 154 f5 /0 5/2 2228.4
230 35°3p°3d3 ,3d3 1,4 70 3/2 2230.5
234 35°3p3 53p3 )53d5 533 ) 4p32  5/2 2241.5
239 35°3p3 y3p3 5305 53d3 )0 4p3/2  5/2 2252.6
284 3s%3p7 53p3 5355305 ;5 4d5 0 5/2 2404.7
286 35°3p3 ,3p3 5345 53d3 )y4d5 2 3/2 2406.7
287 35733 53p3 5345 533 )4d3s2 5/2 2407.2
201 35%3p3 ,3p5 53d3 53d3 4ds 2 T/2 2408.6
205 35°3p3 53p3 )53ds5 53d3 jpddssn  T/2 2415.3
302 3s%3p7 53p3 935 5305 ;p4dssn  3/2 2422.3
306 3s°3p3 ,3p3 )53d5 53d3 )y4d5 /2 5/2 2432.5
307 35°3p3 43P )53d5 533 ) 4ds 2 T/2 2433.2
309 35°3p3 53p3 53ds5 533 jp4ds 2 T/2 2443.0
387 3s°3p3,3p3 )35 53d3 ;)4 52 1/2 2583.3
388 3s°3p3,,3p3 5345 53d3 )04 52 5/2 2584.6
380 3s5°3p3 ,3p3 5345 53d3 )04 52 3/2 2585.5
400 3s%3p? ,3p3 53d3 ,03dS pdfre 5/2 2599.4
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Table 11 — Energy levels in Co-like W47+ continued

Index Configuration J  Energy (eV)
106 351/23p°3d] 1,3 1,451 /2 5/2 2604.8
452 3123930 1,32 1, 4p1 /2 7/2 2690.0
45T 351/23p°3d 33 )41 /2 3/2 2699.8
467 3823p1‘/23p§/23d§/23dg/24d3/2 5/2 2724.7
854 35%3p°3d3,3d2 ,5ds 2 5/2 2817.1
902 35%3p°3d3,3d2 ,5ds 2 5/2 2878.6
905  3s23p°3dy ,3d2 5 fs )2 3/2 2880.9
907  3s23p®3ds /23d§ /25 f7/2 5/2 2881.1
919 3823pé3d§/23d§/25f7/2 5/2 2887.0
920 35%3p°3d} 5302 5 fr /o 7/2 2888.5
980  35%3p03d3 5302 55 fs /o 7/2 2047.7
994 3s23p°3d3 ,3d2 5 fs )2 3/2 2954.0
998 35%3p3d3,,3d2 5 fs o 7/2 2955.3

1000 35%3p3d3 5302 5 fs > 5/2 2955.5
1956 35%3p53d3,3d2 6 f7 /> 7/2 3286.2
2003 35%3p°3d3 32,65/ 3/2 3353.8
2095 3523p°3d3 ,3d3 6 fs 2 7/2 3354.4
2096 3s%3p53d3,,3d3 1,6 f5 /2 5/2 3354.5
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Table 12: Radiative transitions in Co-like W47+

i k AE (eV) X (A) gf Ari 571 €ine (fon~Ts7T)
38 854 1000.60 12.3910 3.85 x 10~T 2.79 x 102 66
32 902 1095.64  11.3162 2.96 x 10~' 2.57 x 102 112

0 5 1604.91  7.7253  6.99 x 107°  7.81 x 10% 1165

1 11 1604.92  7.7252  2.67 x 107%  4.97 x 10° 93

0 6 1608.03 7.7103 831 x 10~* 1.17 x 100 815

1 12 1613.55  7.6839 1.07 x 107*  2.01 x 10° 65

0 7 161452  7.6793  1.95 x 107*  3.67 x 10° 696

0 8 1615.99  7.6723  3.17 x 107*  8.99 x 10° 343

2 126 1618.19 7.6619 7.08 x 1073 1.34 x 10! 227

1 14 1618.70  7.6595 9.41 x 107°  2.68 x 10° 68

1 16 1619.74  7.6546  4.96 x 10~*  7.05 x 10° 304

0 9 1634.29 7.5864 1.07 x 107*  6.20 x 10° 118

0 10 1670.95  7.4200 2.87 x 107*  4.35 x 10° 280

0 12 1680.32  7.3786  1.79 x 10=*  3.65 x 10° 118

0 14 1685.47  7.3561 1.37 x 107*  4.22 x 10° 108

0 15 1685.90 7.3542 452 x 107*  5.58 x 10° 589

0 18 1700.37  7.2916  1.55 x 1073 2.44 x 100 129

0 25 1766.52  7.0185  3.51 x 1072 5.94 x 10! 341

0 26 1767.01  7.0166 1.24 x 10°' 2.79 x 10'2 670

0 28 1775.37  6.9836  3.41 x 1072 1.16 x 102 210

0 29 1776.99  6.9772  1.70 x 10~'  3.87 x 10'2 711

0 32 1783.01  6.9537  3.99 x 107! 6.89 x 10'2 1756

0 33 1783.09  6.9533  1.66 x 107! 5.72 x 102 689

2 234 179191  6.9191 214 x 107! 4.98 x 10'2 94

2 239 180295 6.8767 3.10 x 10°% 7.29 x 10'? 226

1 47 1806.38  6.8637  4.30 x 1072 1.01 x 102 66

1 49 1808.28  6.8565  1.85 x 10! 6.54 x 102 69

0 36 1810.14  6.8494  3.44 x 10~' 6.11 x 10'2 1089

0 37 1810.53  6.8480  3.20 x 107! 7.59 x 102 623

1 50 1814.51  6.8329  4.35 x 1072  1.04 x 102 81

0 38 1816.45  6.8256  3.24 x 10! 7.73 x 102 779

1 52 1817.49  6.8217  1.99 x 10~' 7.14 x 10'2 83

0 39 181892  6.8164  1.37 x 1072 2.46 x 10! 160

0 41 182029  6.8112 2.84 x 107! 1.02 x 103 596

1 55 1820.44  6.8107 4.21 x 10°' 1.01 x 10%3 116

0 42 1837.84  6.7462  4.04 x 1072 1.48 x 102 256

0 48 1874.33  6.6149  3.26 x 1072 6.22 x 10'! 105

0 58 1890.35  6.5588  3.17 x 1072 6.14 x 10! 110

0 102 203831  6.0827 844 x 10~' 1.90 x 10'3 422

0 109 204537  6.0617 222 x 107! 6.71 x 10'2 176

0 110 2046.83 6.0574 1.79 x 10~! 8.13 x 10'2 92

0 124 2060.79  6.0164 1.77 x 10~' 4.07 x 10'2 153
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Table 12 — Radiative transitions in Co-like W47+ continued

i k AE (eV) X (A) of Api 571 €ine (fon~1s7h)
0 125 2064.34 6.0060 4.75 x 10°T 1.46 x 10™ 270
0 128 207270 5.9818 3.13 x 10~! 1.46 x 10'3 337
0 155 2131.08 5.8179 6.75 x 1072 2.22 x 10'2 7
0 160 2133.61 5.8110 4.94 x 1072 1.22 x 10'2 89
2 387 2133.66 5.8109 223 x 10°! 2.20 x 10'3 7
2 388 213493 58074 541 x 107! 1.78 x 10'3 150
0 161 213559  5.8056 1.15 x 10~' 5.70 x 10'2 78
2 389 213586 5.8049 521 x 10~! 2.58 x 10'3 156
0 164 2137.72 57998  4.76 x 1072 1.18 x 102 162
0 170 214349 57842  1.35 x 1071  4.48 x 102 146
0 172 214512  5.7798 1.52 7.60 x 103 672
2 400 2149.73  5.7674  3.04 x 10°' 1.01 x 10'3 69
0 174 2153.51  5.7573 2.58 8.65 x 1013 1134
1222 2153.99  5.7560 4.13 x 10! 2.08 x 103 144
2 406 2155.12  5.7530 1.98 x 10~' 6.66 x 10'2 68
0 175 215544  5.7522 4.32 1.09 x 104 1891
0 178 2158.00 5.7453  9.14 x 10~' 3.08 x 10'? 431
1 227 2158.19  5.7448 2.72 9.16 x 103 536
1 229 2161.68 57355 9.99 x 10~' 3.38 x 103 328
1 230 2163.76  5.7300 2.74 1.39 x 10 298
0 179 216429 5.7286  7.59 x 10~' 1.93 x 10'? 403
0 186 2192.77  5.6542 2.01 x 10°' 6.99 x 10'2 115
0 187 2194.77 5.6491  2.15 x 10°1 5.62 x 102 143
0 200 220523  5.6223  4.68 x 1072 1.23 x 10'2 66
0 205 2208.72 5.6134 222 x 107! 5.88 x 102 143
0 206 2209.11 5.6124 1.14 x 10°1 4.03 x 102 62
0 207 2209.11 5.6124 293 x 10°! 7.77 x 102 175
0 222 2220.76  5.5830 4.91 2.63 x 10 1818
0 227 222496 5.5724 2.87 1.03 x 10 602
0 228 222747 55662  1.57 x 1071 4.23 x 10 6121
0 229 222845  5.5637 777 2.79 x 10 2708
0 230 2230.53  5.5585 1.05 5.66 x 103 121
0 284 2404.66 5.1560 7.08 x 10°' 2.96 x 10'3 181
0 286 2406.69 5.1517 8.92 x 10~' 5.61 x 103 201
0 287 2407.23  5.1505 4.51 x 10~' 1.89 x 103 111
0 291 2408.58  5.1476  4.64 x 10~' 1.46 x 103 150
0 295 241531  5.1333 1.08 3.40 x 1013 275
0 302 242226 5.1185 6.19 x 10~' 3.94 x 103 133
0 306 2432.48  5.0970 1.20 5.12 x 103 265
0 307 2433.22  5.0955 1.36 4.36 x 1013 331
0 309 244298 5.0751 2.72 x 10~! 8.82 x 10'2 107
0 452 2690.03  4.6090 1.03 4.06 x 1013 145
0 457 2699.76  4.1791  5.89 x 10~' 4.65 x 10'3 85
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Table 12 — Radiative transitions in Co-like W47+ continued

i k AE (eV) X (A) of Api 571 €ine (fon~1s7h)
0 467 272475 45503 472 x 1007 2.53 x 101 74
0 905 2880.94 43036 3.25 x 107! 2,92 x 103 78
0 907 2881.09 4.3034 3.13 x 107! 1.88 x 103 70
0 919 2886.98 4.2946  9.97 x 10~! 6.01 x 103 276
0 920 2888.54  4.2923 1.67 7.54 x 103 478
0 980 2047.75  4.2061  4.40 x 10~! 2.07 x 103 89
0 994 2954.00  4.1972 1.05 9.89 x 103 286
0 998 2955.28  4.1954 1.79 8.46 x 103 490
0 1000 2955.51  4.1950 1.34 8.48 x 103 368
0 1956 3286.18 3.7729  6.83 x 107! 4.00 x 103 159
0 2093 3353.76  3.6969  3.66 x 107! 4.46 x 103 81
0 2095 3354.44  3.6961  4.93 x 107! 3.01 x 103 102
0 2096 3354.47  3.6961 3.73 x 10~ 3.03 x 103 77
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Table 13: Energy levels in Fe-like W48+

Index Configuration J  Energy (eV)
0 3s73p°3d; ,3d3 4 0.0
1 35°3p°3d3,3d3 2 8.9
2 3s°3p°3d;,3d3 0 28.4
3 3s73p°3d3 5343, 3 65.2
4 35°3p°3d3 ,343 ), 2 4.7
5 3s3p°3d3 5343, 1 80.0
6 3s3p°3d3 5343, 4 80.2
9 3523pf/23p§/23d§/23dg/2 4 426.9

10 35°3p3 ,3p3 53d5 532, 2 437.0
11 35°3p3 ;5305 /53d5 533, 3 453.1
35 3s73p°3d; 53d3 451/ 5 1656.2
36 3s5°3p03dy ,3d3 54512 4 1659.9
37 3573p°3d3 ,3d2 451/ 2 1670.4
38 35°3p%3dy 53d3 pds1 /o 1 1671.8
39 3s73p°3d; 53d3 451/ 3 1677.4
40 3s73p°3d; 53d3 451/ 2 1679.6
A1 3s73p°3d3 ,3d3 5451/ 4 1722.1
43 35°3p°3d3 53d3 pds1 /0 5 1729.1
49 3s73p°3d3 ,3d3 451/ 6 1737.4
52 3s73p°3d3 53d3 54510 5 1739.3
5T 3523p°3d3 3d3 ,4p) /2 4 1750.5
58 3523p°3d3 33 1,4 2 5 1752.3
63 35°3p°3d3,3d3 4p1 /o 2 1771.2
64 3573p°3d3 533 5 4p1 /0 3 1772.3
75 3s73p%3d3 533 5 4p1 /2 3 1816.6
76 3s%3pS3d3 /23d§ Jodp1/2 4 1817.4
7T 3s73p°3d3 )p3d5 5 4p1 /2 5 1824.0
78 3s73p°3d3 533 5 4p1 /0 4 1824.7
79 3s23p°3d3 ,3d5 4P /o 2 1827.1
81 3s73p°3d3 533 5 4p1 /2 2 1827.7
83 35°3p°3d3 ,3d3 ,4p1 /2 3 1831.7
86 3s%3p°3d3 ,3d3 5 4p1 /2 1 1832.8
87 3s73p%3d3 ,3d3 5 4p1 /2 5 1833.5
89 3s73p°3d3 533 5 4p1 /2 4 1839.2
90 3s73p°3d3 533 5 4p1 /2 3 1840.1
91  3s23p%3d3 /23d§ J24P1/2 3 1844.5
92 35°3p°3d3 ,3d3 4p1 /o 2 1845.4
94 35%3p®3d3 ,,3d3 ,4ps 2 5 1860.9
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Table 13 — Energy levels in Fe-like W48+ continued

Index Configuration J  Energy (eV)
95 3s%3p°3d; /23d§ Jodp1/2 2 1862.0
96 35°3p°3dy .32 5432 3 1864.7
97 35°3p°3d3 ,3d3 14p1 /o 1 1865.1
98 3s73p°3d3 532 5 4ps /2 4 1865.1

101 35*3p°3d; ,3d2 /) 4p3/2 2 1874.8
102 3s°3p°3d3,,3d2 54ps /o 3 1874.9
104 3573p°3d3,3d3 4P/ 1 1878.6
105 3s?3p°3dy53d3 5 4p32 4 1881.9
106 35*3p°3d;,3d2 /) 4p3/2 2 1882.7
107 35*3p°3d; ,3d2 ), 4p3/2 3 1884.4
108 3s°3p°3d3,,3d2 5 4p3 /o 1 1887.8
123 35°3p03d5 ,3d2 ,4ps o 3 1929.4
126 3s?3p°3d3 5 3d;5 5 4p32 4 1933.9
127 35*3p°3d3 ,3d2 /,4p3/2 5 1934.5
131 3s*3p°3d3 ,3d3 4P/ 4 1938.0
136 3s%3pS3d3 /23d§ Jo4P3/2 3 1942.0
137 3s?3p°3d5 53d35 5 4p3)2 4 1942.9
140 35°3p°3d3 ,3d2 1,43 o 5 1943.8
144 35*3p°3d3 ,3d3 /) 4p3/2 4 1949.6
146 3s°3p°3d5 ,3d3 5 4ps /o 5 1950.7
212 3523pz /23p§ /23d§ /23d§ sz 5 2069.9
222 3523;% /231;;g /23d2 /23di jadsin 3 2078.6
224 3523p5 /23pg /23012 /23di ke 4 2078.8
229 3323p% /23pg /23d2 /sti jadsiya 2 2080.8
234 3573p7 53D 53d3 53d3 pdsie 3 2082.7
237 3573p7 ),3p3 53d3 5 3d3 pdsi e 5 2086.1
242 35%3p] ,3p3 935 )5 3d5 o412 4 2090.1
279 3s23p} 533 53d3 5305 pds1y2 4 2112.0
285 3s°3p°3d3 ), 3d3 5 Ady 4 2114.9
287 3s5°3p3 ;53D )30y 9 3d3 jpdsi2 3 2115.6
288 35°3p3 58P )p3d5 5 3d3 jpdsie 3 2116.2
299  3s23p®3d /23dg Joddsyo 2 2124.7
387 3s°3p°3d3,3d2 1,4 f5 0 4 2181.3
390 3s°3p°3d3,3d2 o4 70 2 2182.2
394 3s%3p°3dy),3d2 )4 7/ 3 2183.9
396 3s23p®3ds /23dg Jodfs/2 3 2184.1
398 3s23p%3ds; /dig Jodfrr2 5 2185.2
400 3s73p%3d3 ,3d2 547/ 4 2190.7
403 3s23p53d3 ,3d3 44 f5 2 3 2191.8
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Table 13 — Energy levels in Fe-like W48+ continued

Index Configuration J  Energy (eV)
405 35°3p°3dy 533 4 fryo 4 2192.2
413 35°3p°3d3 33 1,4 f5)2 5 2193.8
415 35°3p°3d3 53d3 4 fr /0 1 2195.0
420 3s73p%3d3 ,3d3 54 s/ 4 2197.6
422 3s73p°3d3 533 547/ 5 2199.2
424 3s73p°3d3 ,3d3 o4 7/ 2 2199.4
425 3s23p%3d; /23dg Jodfry2 4 2201.1
426 35°3p°3d353d3 4 fr /0 2 2203.7
427 3s73p%3d3 533 547/ 3 2204.2
431 3s73p°3d3 533 547/ 5 2206.1
437 3s73p°3d3 33 54 7/ 3 2210.1
442 35°3p°3d3,3d3 4 fr )0 1 2219.7
456 35°3p°3d3 53d3 /4 f5 /0 5 2239.1
478 3s73p°3d3 533 ;54 s/ 4 2246.0
483 35°3p°3d3 ,3d3 1,4 f5)0 5 2247.5
489 3s23p%3d3 /23d§ Jolfs/2 5 2249.4
534 3s*3p°3d3 ,3d3 4 fry0 3 2262.7
541 3s°3p°3d3 ,3d2 154 f5 3 2265.7
544 3s°3p°3d3 ,3d2 54 7/ 4 2266.8
547 3s°3p°3d3 ,3d3 o4 70 4 2268.2
548 3s73p°3d3 ,3d3 4S5/ 5 2268.3
552 3s3p°3d3 3d3 04 f5/0 3 2269.1
553 3s°3p°3d3 ,3dz3 54 7/ 4 2270.9
562 3s°3p°3d3 ,3dz 154 f5 /0 5 2274.1
563 3s°3p°3d3 ,3ds3 o4 7/ 4 2274.4
567 3s3p°3d3 ,3ds 47/ 2 2276.0
573 3s23p®3ds /23(1‘; Jodfs/2 1 2279.3
574 3s°3p°3d3 ,3d23 154 f5 2 2280.2
576 3s°3p°3d3 ,3ds o4 7/ 3 2281.1
579 3s23p®3d3 /23dg Jolfs/2 3 2282.4
580 3s23p®3d3 /23dg1 Jodfry2 2 2282.7
582 3s*3p°3d3 ,3d3 04 /0 1 2283.7
584 3s5°3p3 ,3p3 )53d5 533 ;5 4p32 4 2285.1
590 3s5°3p3 53p3 )53d5 534 ;432 4 2287.6
597 3s°3p°3d3,3d3 54 5/ 3 2291.8
602 352Spf/g3p§/23d§/23d§/24p3/2 2 2294.5
605 3s3p3 53p3 933 3d5 ;4p3s2 4 2301.8
606 3s°3p°3d3 ,3d3 5 4[5/ 1 2302.9
650  35%3p? ,3p3 ,3d3,03d8 043/ 4 2325.9
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Table 13 — Energy levels in Fe-like W48+ continued

Index Configuration ; ; g Energ3214(§gi
792 352Bpf/Q3p§/23d3/23di/24d5/2 B
795 3s23p3,3p3 ,3d1 /23di 45y 3 24350
798 3s23p3,3p3 ,3d] /23di sy 4 24410
807  3523p3,3p3 534 /23di Joddsyy 5 214051
809  3s23p3,3p3 534, /23di A5y 3 24465
820  3s523p3,3p3 534, /23di Jodds s 4 2728
822 3s23p3,,3p3 ,3d1 /23di Joddsy 2 24551
828  3s23p3,,3p3 ,3d] /23di sy 4 2071
830 3523p§/23p§/23d§/23di/24d5/2 5 2459.0
831 3523p3,3p3 534, /23(1451 45y 5 24500
833 3523p%/23p§/23d§/23di/24d5/2 3 2462.6
837 3523pf/23p§/23d‘31/23di/24d5/2 2 2465.7
843  3s23p3 ,3p3 ,3d] /23di Joddsyy 3 2657
849 3s23p3,3p3 ,3d] /23di Joddsyy 3 2160.1
861 3s23p? /23pg /23d§ /23(1451 sodds;2 5 2481.7
865 3s23p3,3p3 ,3d1 /23di sy 4 2817
869  3s23p3,3p3 ,3d1 /23di oAdsyy 5 24840
871 3323p§/23p§/23d§/23di/24d5/2 3 2606.7

1109 35%3p? ,3p3 ,3d3 /23di oAfr2 3 20067
1115 3523p§/23pg/23d§/23di/z4f7/2 5 2070
1129 3s23p? ,3p3 ,3d3 /23di Johfrn 4 20112
1133 3523p§/23p§/23d§/23di/24f7/2 2 2613.6
1135 3s23p2 ,3p3 534 /23di oAfsn 3 20130
1201 35%3p? ,3p3 533 )3d3 A f7/0 4 2014
1427 3sy/53p°3d5 ,3d2 ) 4p1 2 5 2742.9
1445 3sy/53p°3d5 ,3d2 ) 4p1 2 3 2745.4
1447 3s123p03d5,3d3 /2419411 /2 4 2759.0
1469 3523py /23p 5345 23d3p4dsyz 5 27500
1494 35?3 ;533 533 3d1 ,4ds/s 4 2770.7
1495 3523y /o33 53d3 ,3d3 ,ddss 5 20T
2389 3s23p°3d3 ,3d3 5 f7)2 5 2955.7
2391 3s23p°3d3 ,3d3 5 f7)2 4 2551
2423 35%3p®3ds /23dg /25172 5 2973.8
2444 3523p63d§/23dg/25f7/2 5 2974.7
2447 3s23p03d3 .32 55 7/ 3 2077
2456 3s23p°3d3 .33 5 f7 )2 1 3029.7
2502 3s23p°3d3 ,3d2 55 f7)2 4 00T
2596 35°3p°3d3,3d2 55 f5 0 5 3030.8
2597 3523p53d3 432,552 4 :
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Table 13 — Energy levels in Fe-like W48+ continued

Index Configuration J  Energy (eV)
2606 35°3p°3d3 ,3d2 55/ 3 3031.9
2611 3523p°3d3 ,3d1 5 fs 4 3033.7
2633 3s23p°3d3 ,3d1 5 fs 2 3 3043.0
2634 3823p63d§/23d§/25f5/2 2 3043.2
2696 3s23p°3d3 ,3d1 5 fs 2 1 3063.6
5368 3s23p°3d1 5302 6 fr/2 5 3369.9
5369 3s23p°3d1 5302 6 fr/2 4 3370.3
5426 3s23p°3d1 ,3d2 16 fr )2 5 3389.2
5654  3s%3p®3d3 /23d§ /2652 5 3446.4
5659 3s23p°3d3,,3d2 6152 3 3447.2
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Table 14: Radiative transitions in Fe-like W48+

i k AE (eV) X (A) gf Ak (571 €ine (lon~1s71)
1 36 1650.93  7.5100 3.22 x 10°%  4.23 x 10° 88
2 40 1651.21  7.5087 1.99 x 107*  4.70 x 10° 42
0 35 1656.20  7.4861 2.74 x 107%  2.96 x 10° 638
6 49 1657.14  7.4818 9.74 x 107°  8.93 x 108 37
6 52  1659.05  7.4732 9.75 x 107* 1.06 x 100 127
0 36 1659.87  7.4695 9.50 x 10~* 1.26 x 100 264
1 37 1661.41  7.4626 1.21 x 1074 2.91 x 10° 58
11 285 1661.79  7.4609 2.07 x 1072 2.76 x 10! 242
1 38 1662.81  7.4563 3.20 x 107* 1.28 x 100 102
0 37 1670.36  7.4226 1.89 x 1074  4.58 x 10° 91
1 40 1670.63  7.4214 247 x 107*  5.98 x 10° 54
0 39 1677.40  7.3915 3.27 x 107%  5.70 x 10° 219
10 299 1687.70  7.3463 9.62 x 1073 2.38 x 10! 69
9 285 1688.03 7.3449 1.04 x 1072 1.43 x 10! 125
3 64 1707.06  7.2630 7.58 x 10~* 1.37 x 100 36
0 41 1722.08  7.1997 1.68 x 107*  2.40 x 10° 48
0 43 1729.06  7.1706 3.99 x 107*  4.70 x 10° 133
0 49 173736 7.1364 6.06 x 107*  6.11 x 10° 253
0 57 1750.51  7.0828 1.99 x 1073 2.94 x 100 93
0 58 1752.32  7.0754 7.75 x 107*  9.39 x 10° 68
1 63 1762.29  7.0354 1.89 x 1073 5.09 x 1010 47
1 75 1807.69  6.8587 4.11 x 1072 8.33 x 10'! 80
0 75 1816.64  6.8249 5.55 x 1072 1.13 x 102 109
0 76 1817.39  6.8221 4.54 x 1072 7.23 x 10! 175
1 79 1818.18  6.8191 2.38 x 1072 6.84 x 10'! 50
1 81 1818.71  6.8171 1.84 x 1072 5.30 x 10! 42
1 86 1823.83  6.7980 1.17 x 107! 5.65 x 102 101
0 77 1824.04  6.7972 3.67 x 1072 4.82 x 10! 217
0 78 1824.72  6.7947 3.29 x 107! 5.28 x 102 520
1 90 1831.11  6.7710 1.55 x 10~' 3.23 x 102 219
0 83 1831.66  6.7690 2.45 x 10~' 5.09 x 102 349
0 87 183351  6.7621 5.91 x 107! 7.83 x 102 955
1 91 1835.60  6.7544 1.68 x 107! 3.52 x 102 200
1 92 1836.48  6.7512 2.01 x 10~ 5.90 x 10'? 208
2 97 1836.72  6.7503 1.35 x 10~!' 6.57 x 102 130
0 89 1839.18  6.7413 6.77 x 1072 1.10 x 10'? 200
0 90 1840.06  6.7380 2.58 x 1072 5.41 x 10! 37
11 605 1848.66  6.7067 3.35 x 10~! 5.52 x 102 227
1 95 1853.07  6.6908 1.94 x 1072 5.78 x 10! 64
1 96 1855.73  6.6811 2.31 x 10~! 4.92 x 10'? 160
10 602 1857.54  6.6746 2.11 x 10~! 6.33 x 102 35
9 584 185823  6.6722 4.32 x 10°! 7.19 x 10'2 95
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Table 14 — Radiative transitions in Fe-like W48+ continued

i k AE (eV) X (A) of Api (571 €line (lon~1s7T)
2 108 1859.44 6.6678 1.67 x 10~T 8.33 x 10™2 100
9 590 1860.77  6.6631 2.62 x 10~' 4.37 x 10'2 48
0 94 1860.87  6.6627 1.87 x 10~! 2.55 x 10'? 520
6 137 1862.65 6.6563 4.94 x 10°' 8.26 x 10'2 40
6 140 1863.54 6.6532 3.82 x 10~! 5.23 x 10'2 82
3 123 1864.15  6.6510 3.33 x 10~' 7.17 x 10'2 36
0 96 1864.68  6.6491 1.18 x 10~! 2.55 x 102 83
0 98 1865.13  6.6475 6.91 x 10! 1.16 x 10'3 532
1 101 1865.86 6.6449 1.84 x 10! 5.55 x 102 138
4 136 1867.33  6.6396 1.33 x 10°' 2.88 x 10'2 46
3 126 1868.67  6.6349 2.82 x 107! 4.74 x 102 45
6 144 1869.36  6.6325 3.75 x 10°' 6.32 x 10'2 43
1 104 1869.70  6.6312 2.84 x 10! 1.44 x 103 129
6 146 187048  6.6285 4.14 x 1072 5.72 x 10! 43
11 650 1872.80  6.6203 1.98 x 1072 3.34 x 10! 103
1 106 1873.75  6.6169 6.53 x 1072 1.99 x 102 112
0 102 187492  6.6128 3.44 x 107! 7.50 x 102 343
1 107 187542  6.6110 5.12 x 1072 1.12 x 102 75
0 105 1881.85 6.5884 4.83 x 1072 8.24 x 10! 210
0 107 1884.37  6.5796 1.43 x 10~' 3.14 x 102 212
0 127 193449  6.4091 4.09 x 1072 6.04 x 10! 41
0 131 1938.04 6.3974 2.56 x 1072 4.63 x 10! 36
0 212 2069.92  5.9898 1.11 1.87 x 103 265
1 229 2071.81 59843 2.89 x 10! 1.08 x 103 42
1 234 2073.71 59789 5.73 x 10~! 1.53 x 10'3 90
0 222 207857 5.9649 1.51 x 10~' 4.05 x 10'2 55
0 224 2078.76  5.9643 1.13 x 10~' 2.35 x 10'2 55
0 237 2086.11  5.9433 3.00 x 10~' 5.14 x 10'2 100
0 242 2090.13 5.9319 6.11 x 10~* 1.29 x 103 135
1 287 2106.66 5.8854 2.23 x 10! 6.13 x 102 46
0 279 2112.04 5.8703 3.31 x 10~' 7.12 x 10'2 106
0 288 2116.21 5.8588 5.93 x 10°' 1.65 x 10 202
1 390 217323 57051 2.12 x 10! 8.69 x 102 51
10 1133 2176.42  5.6967 5.71 x 10! 2.35 x 10'3 35
10 1135 2176.62  5.6962 4.89 x 10~! 1.43 x 10'3 42
9 1109 2179.83  5.6878 1.33 3.92 x 1013 39
9 1115 2180.76  5.6854 7.71 x 10~' 1.45 x 10%? 107
0 387 2181.32 5.6839 1.22 x 10~' 2.80 x 102 49
0 394 218392 5.6771 7.84 x 107! 2.32 x 1013 176
0 396 2184.07 5.6767 5.58 x 10°' 1.65 x 10 134
9 1129 2184.29  5.6762 8.36 x 10°' 1.92 x 103 82
0 398 2185.24 5.6737 3.81 x 10°! 7.17 x 10'2 177
1 415 2186.10 5.6715 859 x 10~! 5.94 x 10'? 127
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Table 14 — Radiative transitions in Fe-like W48+ continued

i k AE (eV) X (A) of Api (571 €line (lon~1s7T)
6 552 2188.84 5.6644 3.11 x 10°T 9.23 x 10™2 41
1 424 219044 5.6603 6.23 x 10! 2.59 x 10'3 100
0 400 2190.65 5.6597 4.43 x 10~' 1.02 x 10%? 112
11 1201 219125  5.6582 7.96 x 10~! 1.84 x 10'3 62
2 442 2191.33  5.6580 1.59 1.10 x 10™ 173
0 403 2191.80 5.6567 1.54 x 10~' 4.59 x 10'2 37
0 405 219220  5.6557 1.19 2.75 x 103 280
0 413 2193.84 5.6515 1.17 x 107! 2.23 x 10'2 72
1 426 2194.71  5.6492 1.06 4.41 x 1013 145
1 427 219525  5.6478 1.22 x 107! 3.66 x 102 35
3 534 219749  5.6421 6.95 x 10°' 2.08 x 10 66
0 420 2197.58  5.6419 1.38 3.21 x 1013 295
0 422 2199.19  5.6377 2.80 5.35 x 103 596
3 541 2200.51  5.6343 7.23 x 107! 217 x 10%? 93
0 425 2201.09 5.6328 1.32 3.07 x 1013 284
1 437 2201.14  5.6327 3.74 1.12 x 104 489
4 567 2201.32  5.6323 1.17 4.91 x 1013 7
3 544 2201.54  5.6317 1.36 3.17 x 1013 72
3 547 2203.00  5.6280 2.09 4.89 x 1013 105
5 582 2203.77  5.6260 9.82 x 10~' 6.90 x 10 48
3 552 2203.83  5.6259 9.76 x 10~! 2.94 x 10'? 131
0 431 2206.09 5.6201 3.34 6.42 x 1013 679
4 576 2206.39  5.6193 2.26 6.82 x 1013 150
4 579 220771  5.6160 1.73 5.23 x 103 153
4 580 2208.05 5.6151 9.04 x 10°' 3.82 x 103 35
3 563 2209.17  5.6122 2.03 4.79 x 1013 237
3 576 2215.83  5.5954 847 x 10°! 2.58 x 10'? 57
0 456 2239.15  5.5371 3.49 x 10°' 6.90 x 10'2 100
0 478 224596  5.5203 9.87 x 1072 2.40 x 10'2 40
0 483 224749  5.5166 3.92 x 10°' 7.81 x 102 117
0 489 224944  5.5118 1.30 x 10~* 2.60 x 102 52
1 541 2256.79  5.4938 3.72 x 10! 1.17 x 10'3 51
1 552 2260.12  5.4857 4.84 x 10~! 1.53 x 10'3 68
0 534 226272 5.479%4 1.08 3.42 x 1013 108
0 541 2265.74  5.4721 1.83 5.83 x 1013 251
1 567 2267.04  5.4690 1.75 7.79 x 1013 122
0 547 2268.23  5.4661 8.87 x 10~' 2.20 x 103 47
0 548 2268.33  5.4659 1.53 3.11 x 1013 290
0 552 2269.06  5.4641 5.11 1.63 x 10 726
1 573 2270.32  5.4611 3.02 2.25 x 104 335
0 553 2270.91  5.4597 8.99 2.23 x 104 1586
1 574 227120  5.4590 4.16 1.86 x 104 422
1 576 227211  5.4568 3.02 9.68 x 1013 213
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Table 14 — Radiative transitions in Fe-like W48+ continued

i k AE (eV) X (A) of Api (571 €line (lon~1s7T)
1 579 227343  5.4536 6.92 2.22 x 10™ 648
0 562 2274.11 54520 1.97 x 10  4.02 x 10™ 3503
0 563 227441  5.4513 4.16 1.04 x 10™ 513
2 606 2274.56  5.4509 4.27 3.19 x 104 403
1 582 227479 54504 9.73 x 10! 7.28 x 10'3 50
0 576 2281.06 5.4354 5.74 x 10°' 1.85 x 10 41
1 597 228280  5.4312 1.72 5.57 x 1013 197
0 792 2436.44  5.0888 6.17 x 10°' 1.44 x 10'? 91
1 809 2437.53  5.0865 9.25 3.41 x 1013 74
0 795 243861  5.0842 1.79 6.60 x 1013 192
0 798 2441.03 5.0792 8.30 x 10~' 2.39 x 10'? 96
0 807 2445.13  5.0707 4.26 x 10~' 1.00 x 10 65
1 822 2446.20 5.0684 4.83 x 10! 2.51 x 103 38
0 820 2452.78  5.0548 1.04 3.02 x 1013 109
1 837 245361 5.0531 6.39 x 10! 3.34 x 10'3 41
0 828 2457.15 5.0459 8.25 x 107! 2.40 x 103 82
0 830 2457.83  5.0445 1.08 2.57 x 1013 117
0 831 245897  5.0421 4.55 x 10°' 1.09 x 10 56
0 833 2460.06 5.0399 3.64 x 10°' 1.36 x 10 38
1 849 2460.15 5.0397 6.36 x 10~! 2.39 x 10'3 48
0 843 2465.70  5.0283 6.93 x 10°' 2.61 x 10%? 65
1 871 2476.46  5.0065 8.72 x 10! 3.31 x 10'3 60
0 861 2480.62  4.9981 1.61 3.91 x 103 171
0 865 2481.66 4.9960 6.20 x 10~' 1.84 x 10'? 60
0 869 2483.95 4.9914 2.33 x 10°' 5.68 x 10'2 50
0 1427 2727.19  4.5462 1.27 3.72 x 1013 84
0 1445 2742.89  4.5202 9.37 x 10~' 4.37 x 1013 62
0 1447 274540  4.5161 6.39 x 10~* 2.32 x 1013 39
0 1469 275897  4.4939 4.77 x 10~' 1.43 x 10%? 38
0 1494 2770.22  4.4756 5.96 x 10°' 2.21 x 103 42
0 1495 2770.66  4.4749 5.68 x 10°' 1.72 x 10%® 38
2 2456 2951.61  4.2006 5.82 x 10~' 7.34 x 103 42
0 2389 2954.75  4.1961 7.14 x 107! 2.46 x 103 77
0 2391 2955.73  4.1947 8.41 x 10~' 3.54 x 10%? 98
0 2423 2964.98  4.1816 8.37 x 10~' 2.90 x 103 89
1 2447 2965.76  4.1805 1.03 5.64 x 103 85
0 2444 2973.77  4.1693 1.19 4.15 x 1013 138
0 2592 3029.75  4.0922 5.42 x 10°' 2.40 x 103 40
0 2596 3030.65  4.0910 1.99 7.20 x 1013 244
0 2597 3030.77  4.0909 4.44 x 1013 110
0 2606 3031.91  4.0893 1.43 8.16 x 1013 159
0 2611 3033.67 4.0869 7.04 x 10°' 3.12 x 10%® 55
1 2633 3034.00 4.0865 9.78 x 10~! 5.58 x 10'? 63
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Table 14 — Radiative transitions in Fe-like W48+ continued

i k AE (eV) X (A) of Api (571 €line (lon~1s7T)
1 2634 303426 4.0861 842 x 10°T 6.73 x 10°° 59
2 2696 303523  4.0848 7.89 x 10~! 1.05 x 10™ 53
0 5368 3369.86 3.6792 4.91 x 107! 2.20 x 10" 45
0 5369 3370.34 3.6787 5.51 x 107! 3.02 x 10" 55
0 5426 3389.24  3.6582 4.93 x 107! 2.23 x 10" 44
0 5654 3446.43  3.5975 5.03 x 107! 2.36 x 10" 44
0 5659 3447.21  3.5966 5.84 x 107! 4.30 x 10" 57
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X-ray spectroscopy of E2 and M3 transitions in Ni-like W

J. Clementson,” P. Beiersdorfer, and M. F. Gu'
Lawrence Livermore National Laboratory, Livermore, California 94550, USA
(Received 10 November 2009; published 25 January 2010)

The electric quadrupole (E2) and magnetic octupole (M3) ground-state transitions in Ni-like W** have been
measured using high-resolution crystal spectroscopy at the LLNL electron-beam ion trap facility. The lines fall
in the soft x-ray region near 7.93 A and were originally observed as an unresolved feature in tokamak plasmas.
Using flat ammonium dihydrogen phosphate and quartz crystals, the wavelengths, intensities, and polarizations of
the two lines have been measured for various electron-beam energies and compared to intensity and polarization
calculations performed using the Flexible Atomic Code (FAC).

DOI: 10.1103/PhysRevA.81.012505

I. INTRODUCTION

The lowest excited levels of nickellike high-Z systems
are the (3s23p63d§/23d§/24s1/2)113,2 levels. These decay to
the (3523p%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 ef al. in 1991 in nickellike thorium and uranium
ions [1] at the LLNL electron-beam ion trap facility, and they
were later studied by Tribert 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.,
Refs. [5-7].

An unresolved Ni-like W** ion feature was previously
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 LLNL 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
calculations 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 LLNL EBIT facility, and the

“Also at Department of Physics, Lund University, SE-221 00 Lund,
Sweden.; clementson @lInl.gov.

tPresent address: Space Sciences Laboratory, University of
California, Berkeley, California 94720, USA.

1050-2947/2010/81(1)/012505(6)

012505-1

PACS number(s): 32.30.Rj, 32.70.Fw

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 — 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.

The emitted radiation from an EBIT is in general both
anisotropic and polarized. By using two crystal spectrometers
the relative polarizations of the two lines could be studied as
a function of electron-excitation energy and compared to the
predicted polarizations calculated with FAC. It is shown that
both lines have very little polarization.

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
101712 ¢m™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 cause 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 device [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

©2010 The American Physical Society
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of 2414.1 eV, while Ni-like W** jonizes at 4057 eV [27]).
From a vial containing the crystalline compound tungsten hex-
acarbonyl, W(CO)g, the sublimated material was injected into
SuperEBIT as a gas through one of the ports surrounding the
trap. Using two of the other drift tube ports, trimethylaluminum
(TMA), Al,(CHj3)g, 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

ni = 2dsiné,

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 as

A

R=— = —tand.

AL Af
Here A0 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
either at 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,

600

Alw

400+

Counts

2004

0 T ¥
7.7 7.8 7.9 8.0
Wavelength (A)

FIG. 1. Spectrum from the broadband spectrometer at a beam
energy of 5340 eV showing the M3 and E2 lines of Ni-like
W** together with the K -shell lines of heliumlike and lithiumlike
aluminum.
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FIG. 2. Spectrum from the high-resolution spectrometer at a
beam energy of 5350 eV showing the M3 and E2 lines of Ni-like
WA+

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 hc = 1239842 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 Al''* (w 152 'Sy—152p! P,
at 7.75730 A and z 15% 'Sp—15253S) at 7.87212 A) by Drake
[33] and the Ly-y lines of H-like N a'0t (8.02107 A weighted
average) by Garcia and Mack [34], cf. Fig. 1. Based on
wavelength measurements of He-like 0% [35] and He-like
Ar!'®t [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 Al'%* lines
q (1522s251/2—1s2s2p2P3/2) and r (1s22s251/2—1s2s2p2P1/2)
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TABLE I. Comparison of measured and calculated line positions
of the tungsten M3 and E2 lines. Wave numbers 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¢
7.940¢ 7.930¢
7.938¢ 7.929¢
7.9477" 7.9380°
7.946118 7.93683¢
7.94205"
7.91478!
7.9301
7.944%
Li-like AI'0* Experiment (A) Theory (A)
q 7.8460'
r 7.8473(6) 7.8479'
2This work (FAC).

®Aggarwal et al. (GRASP) [15].
“Fournier (RELAC) [16].
dRalchenko et al. (FAC) [12].
¢Safronova et al. (RMBPT) [17].
fZhang et al. (DFS) [18].
€Ballance et al. (R-matrix) [19].
"Dong et al. (GRASP) [20].
iSafronova (Cowan) et al. [17].
iSafronova et al. (FAC) [21].
kPpiitterich et al. (GRASP) [23].
'Vainshtein and Safronova (1/Z expansion) [37].

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 im-
pact excitation energy using the broadband and high-resolution
spectrometers. Both instruments measured at electron-beam
energies from 3.3 to 5.4 keV. In addition, the broadband spec-
trometer 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
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FIG. 3. (Color online) Intensity of the M3 vs the E2 line.
Observed and calculated intensity ratios as a function of electron-
beam energy.

the plane perpendicular to the beam axis, that is,
I=1+1.

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

Lo = R”IH +Ri1.

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) [38]. As no
published data exist on the quartz reflectivity, Rqan, 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
Rquarz = 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= -
I+ 1.
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

M3 _ M3 _
! 1+ Raop 222 ) (R + 1) — 1+ Rosr—222 ) (Rape + 1)
, JE2 ADP ADP1 n PE2 quartz JE2 quarts quarlzl ¥ P52 ADP
M3 =
M3 1-P M3 1-P
— (1 + RADP—EZ> (Rywariz = 1) = —5 (1 + unam—“) (Rapp — 1)
I ADP 1+ PEZ 1 quartz 1+ PEZ
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FIG. 4. (Color online) Theoretical and measured polarization of
lines M3 and E2. The experimental data for the M3 line are tied to the
theoretical polarization of the E2 line. Also shown are the calculated
polarizations with direct excitation (DE) only.

as shown in Ref. [39], 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*6+ was calculated using the
Flexible Atomic Code, FAC v.1.1.1. FAC is a fully relativistic
program for atomic-structure calculations and spectral model-
ing [40]. The nickellike system was modeled using configu-
ration state functions consisting of 3523 p®3d'°, 3523 p®3d°nl,
3523p°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 emission distributions from the EBIT
plasma. These effects are taken into account by using the
correction factor

oy =1+ " Rp)| ae
()—[-I—H_—R()](),

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
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FIG. 5. (Color online) Calculated emissivity ratio of the M3 and
E?2 lines in a Maxwellian plasma for the temperatures listed. Typical
EBIT and tokamak core densities are indicated by the shaded regions.

was studied with direct excitation (DE) as the only population
mechanism.

Excluding polarization, the structure calculation was ex-
tended 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 LLNL 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/»4s1/2);=3,2. The calculations show that
direct excitation is not the main population mechanism of
the levels, but rather cascades, cf. Fig. 4. This causes the E2
line to have very little polarization. The calculations, which
include cascades from levels as high as n =35, 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 results from direct excitation alone. The cascade
population of the J = 3 level has the opposite effect, resulting
in an increase in the magnitude of the polarization than what
electron-impact excitation alone would cause. The measured
polarization of the M3 line hovers around zero, appearing
a bit smaller in magnitude 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 two metastable levels
in addition to the direct excitation and cascade population
mechanisms. Recombination, however, is not included in
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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 [41-43]. As indicated by our calculations, the two
tungsten transitions can be used as a density diagnostic in
plasmas of densities in the 10'> — 10'> cm~> range. This in-
terval 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 separation 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 10 000 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 W** line
pair could be a valuable diagnostic of magnetically confined
plasmas, especially for those plasmas in which tungsten occurs

PHYSICAL REVIEW A 81, 012505 (2010)

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 W** jons are abundant in the core [23,44,45].
Diagnostics observing the M3 and E?2 lines may thus play
an important role in the ITER program.
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Abstract. Extreme ultraviolet (EUV) plasma spectroscopy is one the diagnostics imple-
mented at the Sustained Spheromak Physics Experiment (SSPX) at the Lawrence Livermore
National Laboratory. A grating spectrometer covering the spectral region of 25 - 450 A with a
resolution of 0.3 A was used as an impurity diagnostic to monitor the plasmas and to carry out
atomic physics research. Several low-Z impurities have been found in the spheromak, notably
B, C, N, and O. Of the heavier elements, Ti, Cu, and W were found in the plasmas. As a
relatively dense and low-temperature laboratory plasma device, SSPX served as an excellent
radiation source for investigation of atomic spectra in a regime not readily attained in other
devices. We have injected atomic titanium and tungsten hexacarbonyl into the spheromak un-
der different operating conditions. We also report on electron temperature and electron density
measurements based on the Ko lines from B 1v at 60 A.

1. Introduction

Impurity ions serve a beneficial role in the plasmas generated for magnetic fusion research,
because as trace elements they provide critical diagnostic information on the state of the
plasma [1]. In large quantities, however, they may constitute a problem for magnetic confinement
fusion. The presence of contaminants in a fusion device effectively cools and dilutes the
plasma [2; 3], making it more difficult to achieve ignition. Impurities in large quantities, where
their radiation significantly affects the power balance, may also affect the magnetic stability of
the plasma [2; 3] and hence disturb the operation of the device. Being able to assess impurity
concentrations via spectroscopic means is thus essential.

The atomic physics plays a crucial role for developing impurity radiation as a diagnostic.
By spectroscopically studying the line radiation emitted from a plasma, information about
parameters such as electron temperature, ion temperature, electron density and impurity species
can be gained. For instance, certain atomic transitions are density and temperature sensitive
and their line intensities can provide information of these parameters. The well known K-
shell lines from He-like atoms are one such example, constituting a useful diagnostic for high-
temperature plasmas [4]. The three main features of the Ka signature are the resonance line
w 152 1Sy — 1s2p L Py, the intercombination line y 152 1Sy — 1s2p 3Py, and the forbidden line z
152 1Sy — 1525 35 [5; 6]. The relative intensities in the signature can provide data about plasma
densities and electron temperatures, making He-like ions very attractive diagnostics since they
have the widest abundance range in high-temperature plasmas of any isoelectronic species [7].

In addition, impurities can also benefit atomic physics research, given that the optically thin
magnetic confinement plasmas act as good sources of radiation [8]. These sources can provide
(© 2008 IOP Publishing Ltd 1
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production of highly-charged ions difficult to attain otherwise. Magnetic confinement plasmas
in near-coronal equilibrium moreover permit higher-order, i.e. dipole-forbidden, radiative
transitions to occur and hence can find use as experiments of astrophysical importance [9].
Fusion experiments can therefore offer valuable atomic data for charge-balance modeling and
atomic structure research.

In the extreme ultraviolet (EUV) spectral region many strong atomic transitions take place,
making this region a rich area for spectroscopy. The L-shell transitions in low-Z elements such
as C, N, and O fall within the EUV, as do many n” = 3 — n = 3 transitions for mid-Z ions
such as Ti and Cu. In moderately high-temperature plasmas, such as spheromaks, conditions
are favorable for the production of charge states with ample EUV transitions.

The Sustained Spheromak Physics Experiment (SSPX) at the Lawrence Livermore National
Laboratory (LLNL) was an effort in the field of innovative confinement concepts (ICC), with the
main objective to explore energy confinement and current drive in spheromaks [10]. Spheromaks
confine plasmas using self-organized magnetic fields [10], thus making external coils superfluous,
an important advantage over the tokamak design. The toroidally shaped SSPX plasmas had a
major radius of R = 0.31 m and a minor radius of ¢ = 0.23 m, confined within a cylindrical
flux conserver of diameter 1.0 m and height 0.5 m. The flux conserver was made of copper with
tungsten-coated surfaces to reduce sputtering of wall material [11]. From the coaxial gun and
gas injector region atop the flux conserver the plasmas were created and pushed downward into
the flux conserver forming the spheromaks [11]. Plasma currents achieved magnitudes of up to
1 MA [12]. Typical SSPX plasmas lasted around 4 ms, with plasma densities of a few times
10" ecm™3 [13]. Peak electron temperatures at the magnetic axis ranged up to, and exceeded,
500 eV, a record temperature for spheromaks [12; 14].

Our diagnostic consisted of an EUV grazing-incidence spectrometer, known as the Silver Flat
Field Spectrometer (SFFS). Similar to other spectroscopic instrumentation used on magnetic
fusion devices [15], the instrument was developed at the Livermore EBIT facility. Its design
is similar to the design described in [16]. The flat-field spectrometer employs a spherical
1200 lines/mm grating [17], giving a resolution of up to 0.3 A FWHM over the spectral range 25
to 450 A. The image detection was done using a back-illuminated Photometrics CCD camera,
allowing a bandwidth of about 200 A per image.

2. Measurements

The Silver Spectrometer was added to the instrumentation at the SSPX facility in 2006 to
replace the Survey, Poor Resolution, Extended Domain (SPRED) spectrometer [18; 19]. With
the primary purpose to study impurity ions, the SFFS was a standard part of the diagnostics
suite during the last year of SSPX operations. With a field of view through the magnetic axis
at the midplane of the plasma torus, the SFFS studied spheromaks under various conditions.
Due to the short plasma discharges the CCD camera had to record time-integrated images. The
resulting spectra thus show time-integrated lines over the spatially integrated plasma chord. For
most measurements a 100 pm slit was used to image the plasmas onto the grating.

To get acquainted with the spheromak spectra in the initial phase of SFFS operations, we
injected He gas into the plasmas to provide wavelength calibration. With the Rydberg series in
He 11 and an aluminum cutoff filter in front of the grating blocking radiation below 170 A we
were able to establish the instrumental coverage.

2.1. Impurity diagnostics

Two sets of low-temperature experiments monitored by the SFFS were internal magnetic
measurements to study spheromak formation and evolution. The studies were done using boron
nitride covered probes [20-22] inserted into the spheromak. During the discharges the coating
evaporated, which added B and N to the plasmas, thus cooling the electrons to temperatures of
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some tens of eV. Spectra from these shots are rich in lines, and numerous transitions from B,
C, N, and O have been identified, see Figures 1 and 2. The O ions originate mainly from water
vapor inside the vacuum vessel, and are typically the most abundant contaminants in SSPX
plasmas.

Another experimental campaign was undertaken with the aim to extend the flux conserver
height by inserting uncoated copper rods between the upper and lower sections [14]. The
SFF'S recorded many interesting spectra with quite different features from earlier studies. The
discharges effectively sputtered material off the exposed copper surfaces, seeding the plasmas
with large amounts of Cu in various charge states.

Other impurity ions found in the spheromak were Ti and W, which we verified by injecting
Ti and tungsten hexacarbonyl (W(CO)g) into SSPX, as discussed below.

2.2. Injection of metals
Titanium is an abundant impurity in the spheromak, occurring in weakly ionized states (typically
Ti v - viir). With the purpose to clean the spheromak and reduce hydrogen recycling Ti is
introduced on the plasma facing surfaces of the flux conserver by a vapor deposition method
known as titanium gettering. We utilized this as an injection method to enhance the Ti
impurity concentration and studied how the spectra changed with time, i.e. subsequent shots
after titanium gettering. As expected, there existed more Ti in the plasmas immediately after
gettering, and the Ti was found to successively wear off the flux conserver during subsequent
discharges and to be pumped away from the vessel. By tracking various candidate Ti lines over
many such discharges we could unequivocally establish them as emanating from Ti ions.
Another injection experiment we performed was to introduce the gaseous compound W(CO)g
into the spheromak to study relatively weakly-ionized W. By introducing W(CO)g into the
plasmas various unidentified lines observed in earlier SSPX discharges could be attributed to
transitions in W. As mentioned before, W was used to coat the flux conserver. We note that
the SSPX spheromak was an ideal test bed for investigating W spectra under plasma conditions
similar to those of future ITER divertor plasmas, because ITER divertor plasma parameters
(electron temperatures below 100 eV and densities of 10 to 10> em ™ [23]) are essentially the
same as those found in SSPX plasmas. The spectral lines produced in SSPX should prove useful
as ITER divertor diagnostics.

2.3. Temperature and density diagnostic

The shortest wavelength lines so far analyzed among the SSPX data are from He-like B 1v
during the magnetic probe measurements, see Figure 2. The K line pair w at 60.3144 A and
y at 61.088 A [24] was used to make estimates of electron temperatures and electron densities
of the plasmas during one set of the magnetic probe experiments. Flexible Atomic Code [25]
calculations were made as a function of electron temperature and density, as shown in Figure 3.
Based on the mean value of around 0.2 of the measured y/w ratio, the atomic physics restricts
the electron density to about 1 x 10'? to 2 x 10" cm™3, and a temperature interval of about
20 eV to 100 eV. The B emission therefore comes from either low-density, high-temperature
regions of the spheromak or high-density, low-temperature regions. The line-averaged density
through the magnetic axis of the spheromak (for shot 16644 shown in Figure 2) was determined
using a CO3 laser interferometer system [13; 26] to be between 1 x 10'* and 5 x 10'* em ™2 at
different times during the main part of the discharge. These densities are at the high end of the
values given by the calculations. This suggests that the B emission comes from the cooler edge
of the plasma. We therefore hypothesize that B emission, originating from the magnetic probe
at the edge of the plasma, likely has a hollow density profile due to slow diffusion. Considering
that B 111 ionizes at 38 eV and the B 1v Ka lines require energies in excess of 200 eV, along
with the expected lower electron temperatures at the outer flux surfaces, we infer that only few
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Figure 1. SSPX shot 18415. Spectral lines from O (solid blue), N (dashed black), and C
(dot-dashed blue). Most of the remaining lines are from Ti, Cu, and W as described in the text.
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Figure 3. Flexible Atomic Code calculations of the ratio y/w as a function of electron
temperature and density. The gray box shows the parameter space for the SSPX B 1v emission.

high-energy electrons in the Maxwell-Boltzmann distribution are responsible for the excitation,
which explains why these lines are very weak.

3. Summary

Our efforts at the SSPX facility have shown the value of spheromak spectroscopy for the study
of atomic spectra believed to be of importance for future large tokamak experiments. We have
performed temperature and density measurements employing the relative intensities of He-like
spectral lines, and made an inventory of the impurity ions in the SSPX spheromak.
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Abstract. The M-shell line emission from multiply charged titanium ions has been
investigated at the Sustained Spheromak Physics Experiment in Livermore. Titanium was
introduced into the relatively low-temperature, high-density magnetically confined spheromak
plasmas using a titanium gettering system. The measurements were done using a high-resolution
grazing-incidence spectrometer with a 1200 lines/mm grating and a Photometrics charged-
coupled device camera. Spectral lines from the transition array 3s23p” - 3s23p*~13d in argon-like
Ti**, chlorine-like Ti®*, and sulfur-like Ti%* have been observed in the 240 - 370 A interval.

1. Introduction

Titanium is a transition element of interest in magnetic confinement fusion (MCF) research.
Since 1974 titanium has been used in fusion experiments to reduce impurity concentrations and
control hydrogen recycling [1]. As radiation losses have large effects on the energy balance in
fusion plasmas, it is of utter importance to reduce ion impurities to be able to heat plasmas
to thermonuclear temperatures. Titanium is deposited on plasma-facing surfaces by means of
the so-called titanium gettering method. In this process titanium is evaporated inside the MCF
vacuum vessel and deposited on the interior surfaces. This way the titanium will not only reduce
the impurity concentrations by binding to various gas molecules present in the device, but also
by burying impurities on the walls [1].

Ti has been spectroscopically investigated in many MCF experiments. Especially x-ray
spectra of the K-shell emission from highly charged titanium ions have been observed in several
tokamaks [2, 3, 4, 5, 6, 7], but also EUV measurements have been performed, see e.g. Ref. [8] for
observations of strong Ti lines on the Princeton Large Torus (PLT) tokamak. More recently Ti
lines have unexpectedly appeared in EUV spectra from the National Spherical Torus Experiment
(NSTX), i.e. from plasmas where no Ti gettering is used [9]. The study of titanium spectra in
fusion plasmas is also of general interest to better understand the spectra of multiply charged ions
from mid-Z elements in both laboratory and astrophysical environments. When the 3p subshell
gets partially stripped, starting with chlorine-like ions, the spectra get relatively complex due
to the numerous coupling combinations of angular momenta.

Here we have investigated the titanium 3p - 3d M-shell EUV emission at the Sustained
Spheromak Physics Experiment (SSPX) [10, 11]. The SSPX spheromak research facility, in
operation from 1999 to 2007 at the Lawrence Livermore National Laboratory in California,
was a project among innovative confinement concepts in magnetic fusion research, aimed at

© 2009 IOP Publishing Ltd 1
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investigating the feasibility of spheromaks as potential fusion reactors [12]. Typical electron
densities of SSPX plasmas were a few times 104 ¢cm™3, and were thereby denser than most
tokamak core plasmas. This made SSPX a good test bed for the study of spectra not readily
attainable in other devices. The objective of our investigations was to determine the radiative
losses of the spheromak by identifying the impurity ions and their respective charge states present
in the plasmas.

2. Measurements

The SSPX spheromak produced toroidal hydrogen plasmas confined in a copper flux conserver
coated with tungsten to minimize sputtering of wall material. On the plasma-facing components
a 10 nm layer of titanium was deposited by titanium gettering [12]. The titanium deposition
effectively helped to reduce the amount of impurity ions, but, as a side effect, also introduced
titanium ions into the spheromak plasmas. For our measurements we utilized this as a convenient
injection method.

The instrument used for the titanium spectroscopy was a flat-field grating instrument
as described in Ref. [13]. Employing a 1200 lines/mm grating, the high-resolution EUV
spectrometer achieved a line width of around 0.3 A full width at half maximum. The
spectrometer had a tangential line of sight of the spheromak magnetic axis through the midplane
of the toroidal plasmas. The spectra were time-integrated and recorded with a Photometrics
charged-coupled device camera.

The spectra were wavelength calibrated using first and second order lines from oxygen ions
present in SSPX [14, 15] and lines from the Lyman series in helium, which was puffed into the
device to provide reference lines. By analyzing many SSPX shots we could recognize which lines
belonged to Ti and which originated from other plasma impurities such as C, N, O, and W.
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5004

400+
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Intensity (a.u.)

2004

100

T T T T T T T T T T T
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Wavelength (A) Wavelength (A)

Figure 1. Spectrum from SSPX shot # 18633 Figure 2. SSPX shot # 18633. Titanium
showing strong titanium lines labeled accord- lines, He 11 at 303.8 A, C 1v at 312.4 A, and
ing to charge state. Also shown are O v at second order lines of O vI at 300.2, 346.0,
248.5 A, and O 1v at 272.1 and 279.8 A. 368.0 A and O v at 303.0, 340.4, and 344.4 A.

3. Results

By studying subsequent discharges after titanium gettering it was clear the strong line emission
observed in the 240 - 280 A interval originated from M-shell titanium ions. The lines were
very strong in the first shots after the titanium deposition and got weaker as the Ti wore off
the walls during discharges and got pumped out from the vacuum vessel. We have identified
strong lines from four times ionized argon-like through six times ionized sulfur-like titanium.
The strongest lines are of the 3s23p* - 3s23p*~13d transition array, which is listed in Table 1.
We have used line lists from Kelly [16] and the NIST Atomic Spectra Database [17] to identify
the observed features. The listed titanium data are taken from measurements by Svensson and
Ekberg 1968 [18] and Svensson 1976 [19].
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Ton Lower level Upper level A (A) Ton Lower level Upper level X (A)
Ti*t  3s?3p° 'Sg 3s?3p°3d 'Py 253.0 Ti%t  3s23p? *P;  3s23p?(*P)3d 'Dy  248.0
'So 5Dy 3234 5Py 5Dy 250.9
'So 5Py 363.1 5Py 5Dy 2522

1 1
Dy F; 2523
Ti"T  3s23p® *P3jp  3s?3p*('D)3d 2Dy 2475 1Sy Py 2526
Py D5y 2505 Py °D; 253.8
Py o *Dgjp 2511 3P, 3Ds  254.0
Py *Pyjy  255.4 Py Dy 254.7
Py )y Py 257.9 3P, 3Dy 255.1
Py )y *Pyjp  259.2 1Dy Dy 260.7
*Py/o 2S1)5  263.2 3P, 3s23p3(?D)3d 'P;  261.9
Py o %Sy 267.3 3P, 3s23p3(2P)3d 3Py 263.9
Py 3s23p*(1S)3d Djp 2822 3p, 3P,  264.8
*P3/o *Dyjp 2836 3Py 3s23p3(2D)3d 'P;  265.0
Py D3y 2884 3P, 3s23p3(2P)3d 3Py 265.1
*Pyp  3s°3p*('D)3d *F5/5 3019 3Py 3s23p3(2D)3d 'P;  266.0
2P35  3s23p*(3P)3d 2Dj,,  330.7 3p, 38,  266.5

/ /
Py Py 3318 3Py 3s23p3(2P)3d 3Py 267.1
2Py /5 2Dy 334.5 3Py 3P, 268.0
/ / .

Py Py 3383 3Py 3P, 268.1
Py Dy 3411 D, 3Dy 268.5
Py 2Py 342.6 3Py 3s23p3(2D)3d _381 269.8
Py 2Py 346.7 3Py 38,  270.7
P12 2Py 349.6 D, ‘ Py 2795
Py *Pyjp  353.9 1D2 3s23p?(?P)3d 2P1 281.9
Dy Py, 2829
D, 3s23p?(?D)3d 'F3  296.1
1Sg Py 305.7
1D, D, 3321

Table 1. 3s23p*~13d resonance transition arrays in Ti*t through Tif*. All the data are taken
from the NIST Atomic Spectra Database [17].

Shown in Figure 1 is a spectrum from SSPX shot # 18633 displaying the strong titanium
lines in the 240 - 300 A interval. In this discharge the charge balance seems to be dominated by
the chlorine- and sulfur-like ions, indicating an electron temperature of around 50 - 70 V. In the
spectrum there are additional lines (some that are blended with those from titanium), mainly
from oxygen. The Ti®" line at 254.0 A has previously been observed in the PLT tokamak [8].

The longer wavelengths are shown in Figure 2. The Ti lines are here much weaker and,
again, lines from other plasma impurities interfere with the titanium spectra. In this interval
several strong lines from O v and O VI appear in second order. The Ti%T line at 338.3 A has
not previously been observed and we use the Ritz wavelength from the NIST database for our
identification.

Most of the 3p - 3d transitions listed in Table 1 are observed in SSPX spectra. The
identification of a few lines are somewhat uncertain due to line blends. Due to blends and
overlapping lines it is a difficult task to determine the intensity of the titanium lines and the

3
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charge state distribution. This is especially true for blends with oxygen lines, which always exist
in the spectra. We are planning to further investigate the spectra from higher charge states of
titanium present in SSPX as well as to perform collisional radiative modeling of the spheromak
plasmas. This will help us better understand the M-shell emission from transition elements in
high-density magnetic fusion plasmas.
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Abstract

The possibility of using extreme ultraviolet emission from low-charge states of tungsten ions
to diagnose the divertor plasmas of the ITER tokamak has been investigated. Spectral
modelling of Lu-like W3* to Gd-like W!'%* has been performed by using the flexible atomic
code, and spectroscopic measurements have been conducted at the Sustained Spheromak
Physics Experiment (SSPX) in Livermore. To simulate ITER divertor plasmas, tungsten was
introduced into the SSPX spheromak by prefilling it with tungsten hexacarbonyl prior to the
usual hydrogen gas injection and initiation of the plasma discharge. The tungsten emission

was studied using a grazing-incidence spectrometer.

1. Introduction

The divertor of the ITER tokamak will have tungsten target
plates. Tungsten ions will sputter off the surfaces of the
tiles at the particle strike points and get introduced into the
plasma. The divertor plasmas will be relatively cool and
have large temperature gradients. According to simulations by
the ITER Physics Expert Group on Divertor [1], the electron
temperatures will mainly be between 25 and 100 eV with peak
temperatures around 150 eV close to the X point. Considering
the ionization energies of tungsten, see [2] and table 1, and
neglecting transport, a large fraction of the divertor plasmas
can therefore be expected to contain tungsten ions in charge
states mainly from three to ten times ionized.

The spectroscopic diagnostics considered for the ITER
divertor include optical spectrometers and vacuum ultraviolet
(VUV) spectrometers with wavelength coverage extending
down in the soft x-ray region to 10 A [3, 4]. As demonstrated
in this paper, the 150-450 A EUV range may offer the best
spectral region for monitoring of tungsten in the main divertor
volume as the strong resonance lines of several low-charge
state tungsten ions fall in this region. However, it should
be noted that plasma transport can add higher charge states
of tungsten to the divertor that also could radiate in the
EUV range, making the emission more complex, see e.g.
[5]. Another advantage of the EUV interval is that expected
low-Z impurities, such as carbon ions, offer strong in situ
wavelength calibration lines, which could serve to measure
carbon concentrations as well. The abundance of tungsten ions

! Also at Department of Physics, Lund University, SE-221 00 Lund, Sweden

0953-4075/10/000000+08$30.00

in the divertor is of importance for ITER operations as too large
a quantity entering the confined core plasma could affect the
plasma stability and ignition because of radiation losses. EUV
tungsten spectra would be suitable to infer the concentrations
and flow velocities and, given enough resolution, also could
be used to measure ion temperatures in the divertor.

To assess where the strong line emission from low-charge
states of tungsten occurs, the structure and spectra of W3*—
W!* have been calculated using the flexible atomic code
(FAC) [6]. The spectra have been modelled under magnetic
fusion plasma conditions in the 100-1100 A spectral range.
Synthetic spectra of W>*~W!0* in the 100500 A region have
previously been presented by Peacock ef al in their review of
anticipated x-ray and VUV radiation in ITER [7].

Previously, the spectra of neutral to six times ionized
tungsten have been studied [8, 9]. However, little focus has
been given on the EUV range (150—450 A) where, for charge
states above four times ionized, strong resonance transitions
are expected. The VUV spectrum of trebly ionized Lu-like
W 1v has been studied down to 673 A by Iglesias et al [10] using
a sliding-spark discharge. The spectrum of quadruply ionized
tungsten, W v, isoelectronic to ytterbium, was first studied
by Meijer using a sliding spark, leading to the identification
of lines down to 638 A [11]. Later studies by Kildiyarova
et al [12] and Churilov et al [13], also using spark sources,
observed lines down to 417 and 391 A, respectively. The
sixth spectrum of tungsten, Tm-like W vi, was also first
investigated by Meijer [14] and later by Kaufman and Sugar
[15, 16] resulting in wavelength measurements down to 382 A.
Sugar and Kaufman also observed Er-like W vii, again using

© 2010 IOP Publishing Ltd  Printed in the UK
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Table 1. Tungsten ionization energies (IE). Excerpt from Kramida
and Reader [2].

Ton IE (eV) Ion IE (eV)
Neutral W 7.864  Ho-like W7+ 141.2
Ta-like W* 16.37 Dy-like W8+ 160.2
Hf-like W?* 26.0 Tb-like W 179.0
Lu-like W3* 38.2 Gd-like W'*  208.9
Yb-like W+ 51.6 Eu-like W''*  231.6
Tm-like W3 64.77 Sm-like W'2* 2582
Er-like W%* 122.01 Pm-like W3 290.7

a sliding spark, and their measurement yielded wavelengths
down to 130 A [17]. Wyart et al re-examined those spectra
and identified a number of lines in the 316-345 A range [18].
A low-resolution observation of Ho-like W v in a tokamak
plasma by Veres et al, indicated emission around 190 and
235 A [19]. The spectra of higher charge states have, to our
knowledge, not been investigated in any wavelength band until
the tentative identification of 13 times ionized Pm-like W x1v,
which Hutton et al may have observed at the Berlin electron-
beam ion trap [20-22]. With the exception of Er-like W v,
low-charge tungsten spectra have not been studied in the EUV.

To simulate tungsten emission from ITER divertor
plasmas, hydrogen discharges with trace amounts of tungsten
have been produced at the Sustained Spheromak Physics
Experiment facility (SSPX) at the Lawrence Livermore
National Laboratory [23-25]. The SSPX spheromak,
which was decommissioned in 2007, had plasma conditions
comparable to those expected in the ITER divertor, with
typical electron temperatures of around 100 eV and densities
in the 10'%~'> cm~3 range. The tungsten emission from
SSPX plasmas can hence be assumed similar to those of the
future ITER divertor or other magnetic fusion experiments
operating in this low-temperature, high-density regime. The
SSPX plasmas contained trace amounts of tungsten resulting
from the usage of tungsten as a plasma-facing material
coating the flux conserver. In addition to this intrinsic
tungsten, a novel sublimation injector was constructed to
increase the concentration of tungsten impurity ions in the
spheromak plasmas. These tungsten-doped plasmas were
studied spectroscopically using a 5.6 m grazing-incidence
EUV spectrometer.

2. Spectral modelling

Based on ionization energies, the tungsten ions that can be
expected to dominate the charge balance in the main plasma
volume of the ITER divertor are Lu-like W** up to around
Gd-like W', see table 1. The spectra of these tungsten
charge states have been calculated to guide the spheromak
measurement and assess in which wavelength range the strong
transitions occur. Some of these spectra have been studied
experimentally in the past; however, those studies have been
done at densities different than those found in magnetic
fusion plasmas and, as such, line intensities can be quite
different.

The calculations were performed using the flexible atomic
code, FAC v1.1.1., written by Gu [6]. The structure of the ions
was calculated with closed K, L and M shells. Depending
on spectral complexity, different numbers of energy levels
and configuration interactions were included. Considered
transitions comprise those involving ground configurations
with valence electrons in n = 5, and excited configurations
with one electron excited from the 4f subshell ton = 5 or 6,
and electrons excited within the n = 5 shell or from n = 5 to
n = 6. These multi-electron spectra are quite difficult to
calculate with any accuracy because configuration interaction
effects are large, as noted by Sugar and Kaufman for Er-
like W vi [17]. Comparisons with known line positions
of W v indicate that the calculated wavelengths are within
20 A of the measured values. To aid the spectral analysis
of the SSPX data, the low-Z impurity species were also
calculated, i.e. carbon, nitrogen and oxygen. These systems
were modelled with levels up to n = 5. Here, comparisons
with known line positions listed by Kelly [26] show that most
calculated line positions are within 10 A of the experimental
wavelengths.

The spectra were modelled at various electron
temperatures and densities in order to have reference spectra
from which to infer the SSPX temperatures. Spectra were
calculated at densities of 10'* and 10" cm™3, but very little
difference on the emission signatures was seen. However,
as expected, the temperature had a strong effect and the
spectra were therefore calculated in the 25-200 eV interval.
The collisional-radiative spectral models include collisional
excitation and de-excitation and autoionization. An overview
of the calculated tungsten spectra is shown in figure 1 for
T, = 100 eV. It is clear that for charge states above four times
ionized, Yb-like W v, the strong line radiation falls in the EUV
region. Itis also worth noting that the emissivities drop to very
low values for ions above Ho-like W v, which means that
for ITER divertor plasmas it is likely that only the very low-
charge states will be of interest for spectroscopic diagnostics.
The spectra of Tm-like W vi, Er-like W vir and Ho-like W
vir are presented in greater detail in figure 2, where they
are modelled in the 150-450 A range at various temperatures
with a resolution of A = 0.3 A full width at half-maximum
(FWHM). The low-Z reference spectra at 7, = 50 eV are also
presented, see figures 3—5. All presented spectra are calculated
atn, = 10" cm—3.

3. Experimental setup

The tungsten study was performed at the SSPX spheromak
facility, a small-size fusion experiment in Livermore [23-25].
The SSPX device produced self-organized toroidal plasmas
lasting a few milliseconds. The tungsten was injected into
the magnetically confined plasmas in the form of tungsten
hexacarbonyl, W(CO)s, a crystalline compound that also has
been introduced into the Livermore SuperEBIT electron-beam
ion trap for spectroscopic investigations of highly charged
tungsten ions [27, 28]. Here, 5 g of tungsten hexacarbonyl
was placed in a 1 1 volume, which had been cleaned and
purged with nitrogen gas. The volume and assembly were first
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Figure 1. Calculated tungsten spectra at 7, = 100 eV and

n, = 10" cm~3. The emissivity scale is set to the same value for
each charge state in order to provide a direct comparison of the
expected line intensities.

evacuated to approximately 10=> Torr and then heated using
wrapped heater tapes. The pressure increase was monitored
with a vacuum gauge and pressures were varied from 0.1 to
2 Torr by changing the temperature, which was recorded with
a thermocouple. The tungsten hexacarbonyl volume, which

was connected to a view port of SSPX, was opened during
the hydrogen prefill phase approximately 0.5 s prior to the
discharge. As the tungsten gas pressures were higher than the
SSPX vacuum vessel pressure, the vapour could easily stream
through a solenoid-controlled valve into the spheromak.

A high-resolution grazing-incidence spectrometer was
used to study the tungsten emission. The same instrument
has previously been used to study titanium and low-Z plasma
impurities on SSPX [29-32] and is described in detail in [33].
For this experiment, the spectrometer was equipped with a
photometrics back-illuminated charge-coupled device (CCD)
detector and a 30 um entrance slit. With a field of view
tangential to the magnetic axis of the spheromak, the observed
emission originated from the cooler edge across to the hottest
part at the centre of the plasma.

The spheromak plasmas were studied with and without
tungsten injection to support the line identification process.
The toroidal plasma current was used to change the electron
temperature. Record peak temperatures at SSPX have been
noted to exceed 500 eV [24]; however, for this experiment
the temperatures were likely in the 25-100 eV range. As
the Thomson-scattering electron-temperature diagnostic was
offline, the plasma temperatures had to be inferred from the
calculated spectra. The injection of tungsten into SSPX did
not appear to have any negative effect on the spheromak
performance, and plasma currents of up to around 1 MA were
achieved during the few millisecond discharges.

4. Analysis and results

Figures 6-8 show SSPX spectra in three regions where
tungsten lines appear. The spectra were wavelength calibrated
in situ using L shell lines from carbon and oxygen. These
lines, which also became enhanced during injection of tungsten
hexacarbonyl, were observed in first and second orders.
Spectra were also observed from helium, nitrogen, titanium
and copper. The spectral lines were identified using the
calculated spectra for line intensities and line lists from
Kelly [26] for line positions. Even though the calculated
wavelengths varied slightly from the measured positions, the
intensities generally agreed well with the observed spectra.
Lines that did not match any known spectra were likely
candidates for being tungsten lines. Additionally, tungsten
line identification was aided by the fact that the amounts of
injected tungsten changed the observed spectra. Identified
tungsten lines are listed in table 2, and unclassified candidate
tungsten lines are listed in table 3.

The tungsten emission is dominated by Er-like W v,
which shows in most spectra. The Er-like lines are identified
based on the classifications by Sugar and Kaufman [17].
However, the line intensities given by Sugar and Kaufman
do not agree with the observed SSPX intensities, which is
likely due to the different densities of the emitting plasmas.
For example, in Sugar and Kaufman’s line list the strongest
EUV line is the 261 A line, which is six times stronger than the
216 A line. In the SSPX spectra, the 216 A line is generally
the strongest line followed by the 261 A line. Sugar and
Kaufman list the 302 A line and the 188 A line to be about
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Figure 2. Calculated tungsten spectra at n,
electron temperature.

Table 2. Observed tungsten

0.3 A fwhm. The spectra are labeled according to charge state and

lines in the SSPX spheromak.

Experiment  Prev. Exp. Theory Transition
Ton 2 (A) A (A) r(A) lower level upper level
W 188.15 188.159¢ 193.4 (4f145525p°), (4f'45525p1/25p§/26sl/2)1
Wo  216.19 216.219¢ 203.2 (4f1*5525p°), (4f]45s25p]/25p‘3‘/25d3/2)l
W 223.82 223.846¢ 2332 (4f'*5525p°), (4f]45s25p%/25p§/26s1/2)]
We  261.35 261.387¢ 2549  (4f1*5525p%), (4f145525p7 ,5p3 ,5ds2)1
Wo+  289.44 289.526¢ 301.2 (4f145525p°), (4f§/24f§/25525p65d5/2)1
Wo*  204.37 294.376¢ 290.9 (4f145525p°), (4f§/24f.’,‘/25s25p65d3/2)1
W 302.28 302.272¢ 320.0 (4f145525p°), (4f56/24f3/25325p65d5/2)1
We*  313.64 313.573¢ 303.9 (4f145525p°), (4f145525pf/25p§/25d3/2)l
W 382.12 382.145° 371.9 (41145575p%5d3)0)32  (411458%5p%585))s)2
W3 394.08 394.133% 382.7 (4f15575p%5ds)0)sn  (46145875p0587,2)7)

¢ Sugar and Kaufman [17]
b Kaufman and Sugar [15, 16]

50 % more intense than the 216 line. Both these lines, however,
are weaker in the SSPX spectra. The 289 A line overlaps with
a carbon line prohibiting a clear determination of its intensity,
which according to the modelling should be very low. The
294 A line is weaker and the 302 A line much stronger than the
calculations suggest. Itis possible that the stronger intensity of
the 302 A line is due to a line blend. However, as noted earlier,

these spectra are difficult to predict and even though Er-like
W v, with its closed shell structure, should be the easiest to
calculate, it is quite possible that the calculated spectra are
not that accurate. The line at 313 A is slightly off the value
given by Sugar and Kaufman [17], which could mean that it is
blended, too. Some of the lines identified by Wyart et al [18]
possibly show around 330-340 A as weak features.
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Table 3. Candidate tungsten transitions in the SSPX spheromak.

Transition Theory  Exp. candidate lines
Ion lower level Upper level x(A) x(A)
W7 (4145525p2 ,5p3 ) (4f145s%5 5p3,,5d3/2) 193.2 194.5, 198.0, 198.8
S7OP1/29P3,2)3/2 S79P1/29P3/2°U3/2)3/2 3. .5, .0, .
W7 (45575 ,5p3 )32 (4£145575p125p3 5 5d3,2) 12 1959  198.0, 198.8, 200.5
W7 (4f'*5525p7 ,5p3 )32 (4f145825p, 25p3 ,5d3/2)52 197.5  201.8
W7 (4f'45825p1/25p‘3‘/2)1/2 (4f'45525p‘3‘/25d3/2)3/2 199.0 198.0, 198.8, 200.5, 205.3
w7 (4f145525p%/25p§/2)3/2 (4f145825p1/25p§/25d3/2)3/2 202.3 200.5, 205.3, 208.0
W+ (4f145525p65d3/2)3/2 (4f145825p1/25p§/25d§/2)3/2 202.5 198.0, 198.8, 200.5,
201.8, 205.3, 208.0
V‘]5+ (4f145825p65d5/2)5/2 (4fl45525p1/25p§/25d3/25d5/2)5/2 206.7 2053, 2080, 211.0
V‘]5+ (4f145825p65d5/2)5/2 (4fl45S25p]/25p§/25d3/25d5/2)3/2 206.9 2053, 2080, 2102, 211.0
V‘]5+ (4f145825p65d5/2)5/2 (4fl45525p]/25p§/25d3/25d5/2)7/2 212.2 2053, 2080, 2102, 211.0
\V%r (4f145825p1/25p§/2)1/2 (4fl45525p]/25p§/25d5/2)1/2 222.0 2110, 2184, 229.8
W+ (4f145825p(’5d3/2)3/2 (4f'45525p1/25p§/25d§/2)5/2 228.4 218.4, 229.8, 240.0,
241.8
w7 (4f'45825p%/25p§/2)3/2 (4f'45525p%/25p§/25d5/2)5/2 249.0 253.7,254.3, 255.4, 259.3
w7 (4f145525p%/25p§/2)3/2 (4f145825pf/25p§/25d5/2)3/2 251.8 253.7,254.3,255.4,259.3
WO (43,488 ,5575p%5ds0)1 (465,418 ,5575p8550)0 260.6  259.3,276.2
W* (4£45525p3 ,5p3 )32 (4f5 418 ,555p7 ,5p3,5d32)32 2610 253.7,254.3,255.4,259.3,276.2
W7 (4f145525p?/25p§/2)3/2 (4fg/24f;/25525[)‘7]‘/25[)%/25(‘5/2)5/2 263.1 253.7,254.3, 255.4, 259.3, 276.2
Wo+ (4f]45525p%/25p§/25d5/2)1 (4fl45525pf/25p§/25f7/2)2 370.1 376.3
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Figure 3. Calculated carbon spectra at 7, = 50 eV and
n, = 10" cm™ with AA = 0.3 A FWHM.

Based on the calculations, two groups of lines are believed
to originate mainly from Ho-like W vm. Ho-like W has
previously been observed in a tokamak plasma at around 190
and 235 A by Veres et al [19]. However, the features at
around 202 and 255 A in the SSPX spectra are shifted towards
longer wavelengths relative to the tokamak spectrum. No
reference lines were shown or discussed in [19], and a possible
explanation of the shift could therefore be that their tokamak
spectrometer had not been sufficiently calibrated.

Wavelength (A)

Figure 4. Calculated nitrogen spectra at 7, = 50 eV and
n, = 10" cm™ with AA = 0.3 A FWHM.

Two 5d-5f transitions from Tm-like W v are observed at
382 and 394 A. Those are the shortest wavelengths previously
measured in Tm-like W [15, 16]. The FAC calculations give
several isolated Tm-like W lines in the EUV region, especially
in the 200-240 A range. These are not easy to identify,
because there are plenty of lines in this region, including
the Ho-like W candidate lines, and the calculations are not
accurate enough to identify individual lines. The calculated
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Figure 5. Calculated oxygen spectra at 7, = 50 eV and
n, = 10" cm™ with AA = 0.3 A FWHM.

lines can be both longer and shorter than the true line positions,
and therefore the relative positions of the calculated lines may
change. The Tm-like candidate lines could be blended or

1500000 —

interchanged with the Ho-like W candidate lines. Since many
of the tungsten ions have several transitions around 200 A, it
is also possible that contributions from other charge states are
blending with the candidate lines, in addition to the intrinsic
impurity ions. Several tungsten candidate lines, however, have
been identified. These lines are designated with red labels in
the spectra. Based on the calculations, suggested candidate
transitions are listed in table 3 with suggested line positions.
Considering the agreement with the Er-like W lines, it is likely
that the calculated wavelengths are within 20 A of the actual
values.

5. Summary

The tungsten emission from the SSPX plasmas is dominated
by Er-like W v with likely contributions from Tm-like W vi
and Ho-like W vii. The prevalence of Er-like W is due to
the closed 4f'#5525p® ground configuration, making the ion
abundant over a large temperature interval and concentrating
the emission into a few strong lines. The fact that Er-like
W has strong isolated lines makes it very suitable for plasma
diagnostics, especially to infer tungsten concentrations, ion
temperatures and flow velocities.

However, even though the SSPX plasmas only show three
charge states, it is quite possible that transport can affect
the charge balance to look somewhat different in the ITER
divertor. As indicated by the FAC calculations, the 150—
450 A spectral band contains strong emission from several
charge states. Accurate atomic data on these ions will
be necessary in order to realize tungsten spectroscopy in
this wavelength regime as a viable divertor diagnostic.
Although tungsten line positions can be determined from
tungsten-doped plasmas, unambiguous line identifications
can prove difficult as lines from neighbouring charge
states often seem to be close and may even overlap, as
our measurements have shown. In order to disentangle
the emission and analyse relative line intensities, we are
planning to extend this investigation at the Livermore low-
energy electron-beam ion trap where there is more control
over the ionization balance and the excitation processes
[34, 35].
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Figure 6. SSPX shot no. 20900. Low-temperature spheromak plasma with tungsten hexacarbonyl injection. Tungsten lines are designated
with blue labels and tungsten candidate lines with red labels. Also shown are lines from carbon, nitrogen, oxygen and titanium.
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Figure 7. SSPX shot no. 20921. Low-temperature spheromak plasma with tungsten hexacarbonyl injection. Tungsten lines are designated
with blue labels and tungsten candidate lines with red labels. Also shown are lines from helium, carbon, nitrogen and oxygen.
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Figure 8. SSPX shot no. 20910. Low-temperature spheromak plasma with tungsten hexacarbonyl injection. Tungsten lines are designated
with blue labels and tungsten candidate lines with red labels. Also shown are lines from carbon, nitrogen and oxygen.
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