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Spectroscopy of heliumlike argon resonance and satellite lines for plasma temperature diagnostics
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Then=2—1 spectral emission pattern of heliumlike argon, together with the associated satellite emission
originating from lithiumlike argon have been measured with high-resolution x-ray spectroscopy at the Berlin
electron-beam ion trap. The observed line intensity across a wide range of excitation energies was weighted by
an electron-energy distribution to analyze as a function of plasma temperature the line ratios béhkeen
dielectronic recombination satellites, in particular Rez, j, andk satellites, and the~resonance line. A good
agreement between various theoretical models is found, supporting the method of line-ratio measurement as a
temperature diagnostic for plasmas. A value for the so-c&iide ratio is determined and calculations with
the HULLAC suite of codes predict it to be electron density independent over a wide range.
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[. INTRODUCTION impact excitation. Observing the intensity ratio of an
individual satellite line to thev-resonance line is sensitive to
. - . . the energy of the exciting electron; the ratio is a decreasing
The observation of characteristic x-ray emission linesy,nction of the electron temperature. The measurement of
from heliumlike charge states serves as a means to diagno§fjended line ratios provides thereby information about the
hot plasmas ranging from magnetically confinfi2] or  temperature of the plasma. Particularly suited for diagnostic
laser-produced plasmas, to plasmas of astrophysical objecisyrposes are the strorig(1s22p 2P4/»152p?2Ds,) and k
such as supernova remnants or solar flgBes5]. Heliumlike (1s22p2P,152p?2D4,) satellites, which cannot be ex-
ions with a well-studied level structure allow the calculation cited directly from the ground state of the Li-like ion through
of atomic rates of recombination and ionization for a Val’ietypromotion of an innershell electron. However, for the argon
of plasma conditions, and the identification of a few distinctsystem investigated here, thend z lines are separated by
line-ratio combinations offers the possibility to determine theonly 0.2 mA and cannot be spectrally resolved in a Maxwell-
electron temperature or density of the plasma. The use dan plasma. This leaves the measurement oktkatellite to
sensitive ratios for diagnostics is particularly important inthe w-resonance line ratio as the most useful diagnostic.
x-ray astrophysical observations, where direct probes of
plasma density and temperature are imposgibleFurther,

2 2 2, 4
such spectra from tokamak-fusion devices can provide infor- s " ° ]
mation on the transport and the spatial distribution of impu-
rities, and can be used to detect possible deviations from the |
Maxwellian energy distribution of the exciting electrons by
polarization spectroscody,9]. However, theoretical predic- 3100
tions require knowledge of a multitude of accurate cross sec 1s 2p?
tions and need to be checked by benchmark experiments. 2 " \

The spectrum of He-like ions is dominated by four lines wzzpfg 1s2p8,
labeled according to Gabri¢B]: the resonance linay, the 2220 mam a2 ,
intercombination lines andy, and the forbidden line They ((1s 25):S2p) 12w
originate from transitions between thes2 levels and the — — ** (1529320 2

ground state 4 1S, and are plotted in the energy-level dia- 2
gram of Fig. 1. These parent emission lines frame the lines oi@
satellite transitions of the typesi2¢-1s2¢2¢’ that result :Cj 2160
from the radiative stabilization of doubly excited states in the ,j
Li-like ion. During the stabilization, the additionalf2elec- o
tron (a nonparticipating, so-called spectator electrper-
turbs the other orbitals by shielding the nuclear charge result: -1
ing in a transition wavelength somewhat longer than that of
the parent transition. The doubly excited state¢2¢" are
predominately formed via the resonant process of dielec- FIG. 1. Energy-level diagram of He-like ¥ and Li-like
tronic recombination KLL resonanck while the 1s2¢ lev-  Ar'S* limited to transitions discussed in this paper. The level energy
els in the He-like ions are mainly populated by electron-is plotted relative to the ground state®tS, of Ar®*.
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Argon is frequently employed in fusion devices, since it -
can easily be injected in controlled quantities, efficiently N <L DAL DR
pumped out and serves as a tracer for plasma conditions wEh i
diagnosing the ion temperature by Doppler broadening mea-
surementg10] and plasma rotation profiles by looking at
Doppler shifts of x-ray line$11]. Further, argon is used as a
coolant of the plasma edge in the divertor region for present-
day tokamak machind4.2]. The range of electron tempera-
tures, where heliumlike argon is significantly abundant lies
between 0.5 and 3.5 keV, covering a wide range of operating
conditions such as central plasma temperatures in medium
size tokamaks, e.g., the Torus Experiment for Technology 3.85 g
Oriented ResearcfTEXTOR-94) [8], and temperatures ob- :
tained in outer regions of large machines such as the Joint
European TorusJET) [13]. While in such a plasma, the ex-
citation is accomplished by a broad distribution of electron
energies, usually a Maxwell-Boltzmann distribution, leading
to the simultaneous emission of the directly excited reso- FIG. 2. Scatter plot of He-like and Li-like argon shown as wave-
nance line and the dielectronic satellites, in the electron-beangth of x-ray transitions as a function of the exciting electron-
ion trap, (EBIT) the ions are excited by a monoenergeticbeam energy. Dielectronic satellite resonances appear as spots ar-
electron beam. By sweeping the electron-beam energy, it isnged in vertical groups according to the quantum number of the
possible to probe the trapped ion inventory, and, togetherecombined electron. Directly excited transitions manifest as hori-
with high-resolution x-ray spectroscopy, isolate certainzontal lines above threshold.
electron-ion interactions. This allows the level-specific mea-
surement of wavelength, excitation energy and strength dfeliumlike argon abundance is found. For a 5-keV-energy,
individual transitions. To evaluate line ratios for a plasma,90-mA-current electron beam and axial trapping potential of
the intensities from EBIT have to be folded with a function 200 V, the charge state distribution is dominated by®Ar
weighting the contribution according to the electron-energyafter 200 ms, with a pressure reading ok 70~ ° Pa in the
distribution. gas-injection pump step. This preparation of the trap inven-

Dielectronic satellites and resonance lines of He-like artory initializes each experiment sequence, which consists of
gon have been studied in previous EBIT investigations fo-a 20-ms period probing the argon ions and measuring the
cusing on the measurement of the=3—1 lines[14] and  radiation followed by a 20-ms-reionization period. The se-
more recently on the extraction of precise wavelengths tquence was repeated 80 times before the trap was dumped to
identify the spectral line§15]. Here, we present results for prevent the accumulation of high-background ions and
the satelliteg andk of He-like Ar, which are of considerable starting a new cycle ionizing to a fresh trap inventory.
interest in tokamak research, expressed by the measurementsThe main experiment is conducted in two parts. In the
at Alto Campo TorugAlcator C, C-Mod) [1,11] and Toka- first part, detailed information on the dielectronic resonance
mak Fontenay-aux-Ros&3FR) [10]. A recent study com- structures and the thresholds for direct excitation is obtained.
paring the abundance of highly charged argon ions in JETAfter the preparation period, the monoenergetic electron
tokamak and the Oxford EBIT16] underlines the impor- beam is quickly ramped between 1.9- and 3.9-keV energy
tance of x-ray emission spectra. during the 20-ms probing period to examine the heliumlike
argon ions and sample all the radiating processes of recom-
bination and excitation with high-resolution spectroscopy.
The slew rate of 100 eV/ms ensures that the investigated

The radiation pattern emitted by heliumlike argon wasdielectronic resonances only alter the abundance of helium-
investigated by high-resolution x-ray spectroscopy using théke argon by less than 1%. X rays are dispersed with a
Berlin electron-beam ion tra1 7]. EBIT employs a magneti- vacuum flat-crystal spectrometer reflecting the photons ac-
cally compressed electron beam to produce, confine, and egording to Bragg's law from a 7845 mnf polished
cite highly charged ions. The electron beam has a diameter 301 1-quartz plate (8=6.6862 A), and the spectral infor-

70 um and a density of & 10*? cm™2 with a typical energy mation is recorded with a position-sensitive proportional
spread of 50 eV for the 90-mA current at 5-keV energy usedcounter. The spectrometer reaches a resolving power of
in this experiment. Argon gas is continuously fed into theN/AX=2000, necessary to distinguish thandk satellites
trap from a differentially pumped gas injector intersectingof the KLL resonance. For every detected x ray, the position
the electron beam. The charge state distribution is optimizedn the detector and the time during the ramp is recorded by
for heliumlike argon by monitoring the x rays emitted during an event-mode data acquisition system. This technique pro-
the radiative recombination process with beam electrons. Reddes information on the wavelength of the x ray as a func-
cording the evolution of the x-ray intensity for EBIT param- tion of the exciting electron-beam energy. The data can be
eters such as trap depth, injected neutral argon density, arstimmarized with a scatter plot as shown in Fig. 2. The pro-
ionization energy, the time required to achieve maximumcess of dielectronic recombination into the=2 level
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o7 T disentangled by fitting peak functions to the spectrum. How-
w Projection | ever, with EBIT it is possible to obtain wavelength disper-
sive spectra for distinct excitation energies as visualized in
Figs. 3b) and 3c).

In the second part of the experiment, the electron beam is
raised in eight steps of 2.56-ms duration from 3.8 to 15.8
keV to sample the radiation emitted after direct excitation
over an extended range of excitation energies. Since the in-

KLL Dislectronic tensity of thew, x, y, z, andq lines decreases smoothly well
- ®) j recombination above threshold as a function of the excitation energy, it is
sufficient to probe the radiation at certain intervals and inter-
polate between them. Additionally, when rate coefficients for
a plasma are calculated, the relative contribution of the line
intensity at high excitation energies is reduced due to weight-
ing with the energy-distribution function. Together with the
information from the first part of the experiment, these data
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T | _“AL“LA“_ e In a plasma, the rate coefficient for an electron-ion inter-

g.go 3.05 4.00 4.05 action processis given as a probability or strength of exci-

tation weighted by the energy distribution of the exciting

Wavelength [ A ] electrons

FIG. 3. Spectra of heliumlike argon. (a) all the recorded x-ray "
intensity of Fig. 2 is projected onto the wavelength axis merging the ai(Te) :<Uecri>: f ve(E)ai(E)fe(E,Te)dE. (1)
lines of all different excitation processes into a one-dimensional 0
spectrum. The spectrum @b) shows only the lines arising from
dielectronic recombination into the=2 level (KLL), whereas in ~ The strength of excitation is expressed by the cross section
(c) the lines emitted after direct excitation at 3.3-keV electron-beamo' (E) at an electron energl corresponding to the velocity
energy are extracted. Lines are labeled according to Gabriel's notaro(E). This cross section is to be folded with the probability
tion [3]. fe(E,Te) of finding in a plasma of electron temperaturg
an electron with energi. fo(E,Te) in a plasma follows a
Maxwell-Boltzmann distribution.

On the other hand, in EBIT ions are excited by a monoen-
ergetic electron beam of density,(E) and the intensity

(KLL) of He-like argon producing the strong satellijek, r,

g and s, t occurs at about 2.22-keV excitation energy
(_electron-beam energyThe satellites come into sight as ver- I'(E) of a spectral line emitted as a result of an electron-ion
tical groups and can be well separated from KieM and interactioni can be expressed by

higher resonances, which converge to the threshold of direct
excitation for thew line at 3.14 keV. Above thresholday, X, I‘(E)=ue(E)ne(E)a‘(E)nq. 2)

y, andz as well asg manifest as horizontal lines. The latter

appears through direct excitation of an innershell electron irFrom this relation, we see that with EBIT, one can measure
the ground state of Li-like argon. In Fig. 2, only those tran-the rate of an excitation procesg(E)o'(E) by recording
sitions show up, where the=2 electron stabilizes the dou- the intensityl'(E) normalized ton.(E)n,, whereny is the

bly excited states $2¢n¢’. Stabilization from highen lev-  ion density:

els results in larger transition energies and, equivalently, i

smaller wavelengths n=3—1 transitions show up at b o(E) o (E) = I'(E) 3

3.4 A). A weak trace of Be-like satellites appears at 4.02 A e ne(E)ng’

and of Li-like n=4—3 satellites at 3.95 A. . .

In a conventional one-dimensional spectrum, the variou$Y auickly changing EBIT's electron-beam energy, the rates
satellite intercombination and resonance lines cannot be wefif processes can be measured as a function of excitation
separated, as demonstrated in Fitg) Dy projecting all re-  €nergy for a given population of ions. Folding the measured
corded x-ray events onto the wavelength axis. This informagxcitation function withf¢(E, T,) and integrating ovek, we
tion is similar to a typical spectrum obtained from a tokamakCcan calculate the rate coefficient for excitation at a tempera-
plasma(see e.g., Ref8], Fig. 2. The dielectronic recombi- tureTe:
nation (DR) satellites withn>2 merge into a tail at thev - 1I(E)
line, gnd theg satell]te ca}nnot be separate_d from the forbid- al(Te):<veU|>:f — — f(E,TJ)dE. @)
den linez The various intensity contributions can only be 0 Ne(E)Ng
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We emphasize that the spectral information obtained with lobs=Q (1R +1.R,), (6)
EBIT can be weighted with any given distribution function.
Thereby, for instance, the effect of a non-MaxwellianwhereR|,R, are the integrated reflectivities of the respec-
electron-energy distribution oa' can be studied. Sweeping tive polarization directions() includes the geometry with
EBIT’s electron beam between 1.9 and 16 keV samples, athe solid angle of acceptance of the spectrometer, saiisl
resonant and nonresonant radiation processes contributing tiee detection efficiency accounting for the transmission of
the excitation of heliumlike argon. Since in the present exfoils and absorption in the detector gas. Further, it has to be
periment, the electron-beam currdgtis kept constant dur- taken into account that the line radiation originating from
ing the beam-energy ramp, the electron density varies aslectric dipole transitions, such as the lines investigated here,
ne(E)~1/\JE. This energy dependence can be combinedire excited by a directed electron beam. In this case the total
with the Maxwellian distributiorf(E, T,) to yield a weight line intensity| averaged over 4 relates with the intensity
function G(E,T.)=GoVEf.(E,Ts), with G, containing observed at 90° vi&/4m=1(90°)(3—P)/3[19]. The degree
constant factors and the electron-beam current. The methaef polarizationP is defined a= (I, —1,)/(l;+1,) with a
of data sampling and analysis is similar to the one previouslgpecific value for each transition and varying with energy of
applied to obtain information on the radiation cooling rate ofthe exciting electron. The instrumental response fundﬂbn
krypton[18]. linking the observed intensith), . to the total intensityl' of

Because the measurement of absolute line intensities & linei is then given by
hampered by the problem of knowing the precise density of
ions emitting the radiation and absolute detection efficiencies . 309 Ry
of the spectroscopic equipment, it is common to normalize D= 2(3—P) >3—p) R 1TP+(1-P)== R )

. ; . o . i

the recorded intensity. Relating the satellite intensity to the
w-resonance line appears natural, sincevitime is brightest The geometrical factof) is the same for all investigated
within the spectrum and is proportional to the number oflines and cancels out when determining line ratios. The effi-
heliumlike argon ions, from which the dielectronic satellitesciency 5 varies slightly, by 1.9%, between detecting the
originate. For line ratios between a satellitand the reso- x-ray energies of thev line and thej satellite according to

nance linew, we obtain with Eq(4) the expression photo-absorption cross sections of REF0]. Similarly, the
o _ integrated reflectivityr)| is constant within less than 1% for
i« I'(E"YG(E',Te) the investigated wavelength range, while the reflectivity ratio
W a"l T [Emax , G Ry R increases by 10%. Values for the reflectivities of the
Te f IY(E)G(E,T.)dE quartz crystal are taken from theoretical calculations made
min

available at Ref[21]. The polarizations for the satellite lines
are tabulated by Inal and Dub4@2]. The polarization de-

where the detected intensity of the sateliiteith a resonance gree of the resonance line excited by a monoenergetic elec-
energyE' already integrates over the excitation energy, sincaron beam is predicted to vary with the energy from 0.53 at
the width of EBIT's electron-beam energy-60 eV full  excitation threshold3.14 ke\j to 0.58 at 4.2 keV energy
width at half maximum is much wider than the intrinsic falling off to a value of 0.25 at 16 keV using scaled values
width of the dielectronic resonance line. The integration lim-for heliumlike iron[22,23. A minor reduction of the polar-
its for thew line are given by the threshold energy for direct ization of electric dipole transitions due to a deviation from
excitation Epi,) and the maximum energy of the ramp the unidirectional electron collisions caused by the thermally
(Emay- For this investigationE,,, was limited to 16 keV induced transverse electron velocity component is not ac-
because the weight function for plasma temperatures, whergunted for in the analysis, since the contribution is shown to
heliumlike argon is abundant suppresses intensity contribise small for typical EBIT operating conditiofig4].
tions at higher energies to negligible contributions. Cutting The measured intensity of a ling,s is extracted from
off the integration of the weighted line intensity at 16-keV two-dimensional scatter-plot data like the one presented in
excitation energy for a 3-keV-plasma temperature reducegig. 2 by projecting the number of observed photons within a
the «" contribution by only 0.6%. narrow wavelength range specific for the particular transition

The line radiation resulting from the excitation of an ion onto the electron-beam energy axis. Thereby, the intensity in
population with an electron beam is observed with a speca region is summed along the wavelength axis resulting in
trometer and recorded on a detector. These experimental pgne-dimensional spectra representing the excitation function.
culiarities modify the perceived intensity and can be ex-Satellite lines manifest as peaked distributions fitted to a
pressed by an instrumental response func@dnincluding voigt profile to determine the observed satellite intensity. For
the solid angle, collection efficiency, and diffraction proper-lines extending over a large beam-energy range, such as the
ties as well as emission characteristics of the radiationlikev-resonance line, additional data to the one presented in Fig.
effects of polarization. The observed intensity of a lljgs 2 has been obtained at distinct electron-beam energies and
=D'l" is reduced due to the spectrometer response. At 90° tprovides supporting points to fit excitation functions over a
the electron beam, the intensit{@0°)=1,+1, can be split wide range of energies. These measured number of photons
into components polarized parallel and perpendicular to thare corrected for the spectrometer response, weighted ac-
electron-beam direction used as reference axis. After diffraceording to the plasma temperature and integrated from
tion by a crystal for analysis, the observed intensity is threshold toE ., to determine the rate of the process.
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TABLE I. Line ratio R=z/(x+Yy) for heliumlike argon. Comparison of values from EBIT facilities and a
tokamak experiment with theoretical predictions. In the EBIT experiment, the electron-beam enEggy is
=7 keV and the currenit,. T, marks the electron temperature of the Maxwellian-distributed plasma.

Data source R=2z/(x+y) ne (cm™3) Remark
NIST-EBIT 1.09+0.3 2x10%2 [.=59.8 mA
Berlin EBIT 1.38+0.25 3x 102 1.=90 mA
Alcator C 1.21 1.5¢10% Te=1.4 keV
Pradhan 1.3 18-10'° T.=1.4 keV
HULLAC basic 1.03 X102 T.=2 keV
HULLAC 2hv 1.37 3x 102 T.=2 keV
HULLAC col 1.35 3x 10" T.=2 keV
HULLAC 2hv 1.37 1< 10%° T.=2 keV
HULLAC 2hv 1.30 1.5¢10% T.=1.5 keV
IV. LINE RATIOS data for the lithiumlike, heliumlike, and hydrogenlike iso-

electronic sequences of Ar have been generated using the

HULLAC [28-37 suite of codes. All singly and doubly ex-
One of the most commonly used line ratios in astrophyscited energy levels with principal quantum numbes6

ics is to derive information from the=2—1 x-ray emission  have been treated.

of heliumlike ions is the ratio of the forbidden lirsand the The ionic transition rates above, including the autoioniz-

intercombination linex andy, calledR=2z/(x+Yy), whichis  ation rates from the Li- to He-like and He-like to H-like ions,

predicted to be sensitive to the electron deng§]. How-  as well as direct, impact ionization, and radiative recombina-

ever, this sensitivity, which is caused by collisional transfertion rate coefficients, are used to construct the CR rate ma-

from the metastable s2s3S,; level to 1s2p3P; levels, is  trix,

only efficient for light elements4<12) at densities relevant

for fusion experimentsr(,~ 10 cm™2). For heliumlike ar- dn S D

gon, we extract from our EBIT measurements a valu®of at 4 NXie TN, : Ximis

=1.38+0.25 for an electron density of-30'2 cm™ 2 calcu-

lated from the electron-beam current and the estimated beawheren; is the population in levgl, andX;_,; is the total rate

radius. This value agrees with the theoretical r&ie 1.3  for transitions between leveisandj. The inverse of each

using excitation rates by Pradh&h], which for argon is ionization process, namely, dielectronic attachment and

independent of density up 1@,=10"cm 3. In Table I, we  three-body recombination, have been found by enforcing de-

compare theR value and find consent with a measurement atailed balance. Radiative recombination from and collisional

the NIST-EBIT[7] using a microcalorimeter with lower re- ionization to the bare nucleus B’¥ is also included in the

solving power of the argon lines and a value from the Alcatorrate matrix. The relative populations of the four charge states

C tokamak[1]. Further, predictions by theuLLAC package and the population in each level of each ion are then found in

(detailed in the following sectionsare listed and demon- the steady state. The resulting collisional-radiative line emis-

strate the importance to include the two-photon decay of theion &;; for each He- and Li-like transition is found at the

1s2s's, level to the ground staté4uLLAC 2hv). The cal-  specific transition wavelengthy,, for a given temperature

culation including collisional data of Keenaetal. [26]  and density,

(HULLAC col) has only a minor influence. Predictions rat

=10 cm~2 and 13° cm™2 differ only marginally and un- eij(ho) =MiAjj , ©)

derline the insensitivity oR in the case of argon.

A. Density-dependent ratios

®

wheren; is the (relative population in the upper level and
Aj; is the radiative transition rate from levieto levelj. Our
steady-state CR intensities are then used to calculate the
In what follows, we compare calculated ratios of intensi-ratios of the Li-like A" satellites to the Af* resonance
ties of Li-like dielectronic satellite lines to the He-like line w.
w-resonance line as a function of plasma electron tempera- In the low-density limit, i.e., the coronal approximation,
ture. Application of our argon models has been previouslhthe lithiumlike satellites to the heliumlike resonance lines
reported for the case of dielectronic and innershell-excitednvestigated here can be created by two mechanisms, inner-
satellites to the Af" n=3—1 line in a high-density laser- shell electron-impact excitation followed by radiative stabi-
produced plasmB27]. We compare ratios calculated in both lization or dielectronic recombination from the heliumlike
the zero-density or coronal limit, and full collisional- ion. At EBIT’s density, thg andk satellites discussed below
radiative(CR) ratios to our measured data. For the low den-can only be excited through dielectronic recombination. The
sities obtained in EBITs, we find that the predictions of theemissivity of a line from levej of ion g excited by electron-
two cases differ by less than 10%b initio atomic structure impact excitation is given by

B. Temperature-dependent-ratio theory
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eg=NeN C(Te) Bj 1, (10 R AR A 'HULLACA
wheren, andn,, are the electron and ion densiti€x(T,) is 01kb & ke Huu:uuthua -
the impact excitation rate coefficient, afg; is the radiative [ e e Chen ]
branching ratio from the upper level of the observed transi- £ [ .
tion, 2
g
Al T
B = . (11

}i‘, A}i?‘°+§f) AE

0,01 Y N NN SRS WO NS FU N N S N S _—

The sum oveii in Eq. (11) runs over all levels in the next
higher ion reachable from levglby autoionization, and the
sum overf runs over all bound levels reachable frgny . T e
radiative decay. 01 E B _ i ]

- . . . e =10" gm™

The emissivityepg of a lithiumlike satellite excited by £ \\:-1-_ =] i

. . p . R e [ =107 CM

dielectronic recombination can be expressed as - ey
i R P
. = H B
epr=NeN16+ F1(Te)Fa(j. ), (12) g | il
e S

where all the temperature dependence is contained in - ib) g g
i
1[4maiR\>"? i
Fl(Te)Z— eX[i—AEi’j/Te), (13) Lol B e e T B e e St e P e e B T
2\ Te 1.0 15 20 25

wherea, is the Bohr radiusR is the Rydberg energy con- EM ISl PhEk

stant, andAE; ; is the capture energy of the free electron, FiG. 4. (a) Comparison of thek/w line ratio calculated with
i.e., the energy difference between the®llevel and a different theoretical models as function of the plasma temperature
1snén’{’ level. The satellite-intensity factor due to dielec- for an electron density ofi,=102 cm 3. The data using only
tronic recombination from levelof ion (q+ 1) via levelj of HULLAC-calculated collisional excitation ratg32] (HuLLAC A) and
ion g to levelf is given by the calculation employing slightly different atomic potentials and
radiative cascade moddlsuLLAc B) fall right on top of each other.
In a third calculation, the collision data of Keenanal. [26] (HuL-
LAC C) are substituted for a few transitions in tReLLAc model.
Also shown is the zero-density-limit ratio found using Chen’s DR
where theg's are the statistical weights of the intermediate data[33] (Chen. (b) Comparison of the basieuLLac CR model
(autoionizing and initial (recombining levels, andAf“i“o is results for three densities, showing how collisional processes and
the rate of autoionization from levglto leveli. ’ cascades hav_e only a small effect on ke ratio. Also shown is

In the limit, where all the excitation arises from the He the zero-density-limit ratior(,=0).

1s? state, a lithiumlike dielectronic satellite ling f) and Figure 4a) compares three collisional-radiative calcula-
the corresponding heliumlike resonance ling can be used  {jong of thek/w ratio, and it is clear that the prediction of the
as a convenient temperature diagnostic of the local plasmgyy ratio is insensitive to the assumptions made in the CR
conditions by dividing Eq(12) by Eq. (10), model. Two of the curves in Fig.(d overlay each other,
these curves were computed with theLLAC model as de-

9i

Fa(i,f)= o

ATB; ¢, (14)

¢ .
‘gjﬂ?:Fl(Te)Fz(J’f) (15) scribed above, and with atomic potentials and additional
el Cuw(To) ’ highn cascade channels as described in R8#]. The

electron-impact excitation data in the basioLLAC model
where the branching ratio for the heliumlike resonance line igor the He-like A®" jons has also been modified with the
assumed to be 1. This ratio is independent of the ionizatiofR-matrix calculations of Ref[26]. From the trace labeled
balance between the He- and Li-like ions, and is also inde® HuLLAC C” in Fig. 4(a), it is obvious that the collisional
pendent of the electron density. For the densities of EBIlTexcitation rates as given ByuLLAC are very close to Keenan
and tokamak plasmas, E@L5) is a good approximation of et al’s data. Finally, the uppermost trace in Figagshows
the satellite to resonance line intensity ratio. We compare théhe zero-density-limik/w ratio computed using Chen’s data
diagnostic ratio computed by E@L5) using the autoioniza- [33] in Eq. (15). The difference between the basioLLAC
tion data generateab initio with RELAC [30,31] to the same CR value for EBIT and the value of the ratio given by Eq.
ratio computed with the autoionization rates of CH&8]. (15 ranges from=10% to ~15% as the temperature in-
For both thek andj satellite lines, thekELAC autoionization creases. Figure(d) shows the effect on the CR calculations
rates are~4% larger than those of Chen, a difference muchof increasing density. The four traces in the figure are, from
less than the error bars on the present measurements. top to bottom, the zero-density-limitabeledn,=0) ratio
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with HULLAC autoionization data and the basioLLAC CR Plasma temperature T, [ 10° K]
calculations at 18, 10'%, and 16° cm 2. The CR ratio at 0____ 10 20 30 40
102 cm™2 differs from the low-density limit by= 10%, and FoE
a change of two orders of magnitude in density in the CR 1E ;
calculation results in a decrease of nearly 15% in the pre- 3 = = T
dicted ratios. The=10% range of uncertainty in our theoret- [ Btk
ical treatments of th¢/w andk/w ratios is less than the error otk (+2)w J
bars on the measurements below. F @ s Betfin EBIT ]
[ ® TFR Bambarda ]
# Thaory Baly & Dubsu |
C. Temperature-dependent-ratio results 171 SRS S WP T T—— =
In the following, we concentrate on line ratios that in- . ._ i
. - . . S . 1k Esat!w E
volve dielectronic satellites. An obvious choice is the ratio of E v  LLHL BB ]
the sum of the satelliteand the forbidden ling normalized f 3 Theory Chen
to the resonance ling. These lines are resolved with modest r E -
detection effort and their resonance strength leads to large M E m ¥E e E
intensities. Since th¢ and thez lines blend for the argon E S g
system and cannot be separated with common spectroscopic £ [
techniques, they are usually treated together. We have ex- @ ol i an geimia gim dd)
tracted the line ratio of j(+z)/w from our measurement by b E w R E
summing thej satellite and the integratezl intensity. The b ' Fﬁ_" B i
result is plotted as a function of the plasma temperature in [ : Theory Chen |
Fig. 5@). For a plasma temperature &f=1.25 keV TFR Gk L R
[10] reports a ratio [+ z)/w=0.56, which is close to a the- o) b 9 :
oretical value of 0.5 calculated by Bely-Dubatial.[35] and L :‘*1 ;
agrees with the experimental value of the Berlin EBIT. The I i S
line ratio (j+z)/w shows only a weak temperature depen- B
dence above about 1 keV, since the contribution of jthe T | kiw
satellite becomes less important for highigras compared to L 2 Remorg Kane ]
the nearly constant relative intensities of thandw lines. I Bty il
Apart from the statistical uncertainty in the observed line 01 E Theory HULLAC 3
intensity as a primary source of error, there are possible sys- @
tematic errors. For the polarization and the reflectivity of the ; ]
x-ray crystal, the uncertainties amount to about 2% accord- e O e D
ing to the literature. A variation in the absolute value of the 0 1 2 3 4
reflectivity caused by the imperfection of material used here S iy R o Ty K

or suppressing the energy-dependent polarization degree of

tEe :gsonapce Illne redsults, hc;}wever,. olnly in mlnor.Chan?ehqfne of argon. Experimental values obtained from measurements at
the line-ratio value, due to the partial compensation of t &he Berlin EBIT and folded according to the plasma temperature are

weighting function at high energies. A further source of UN-compared to measurements at tokamak facilifiéaR [10], Alcator

certainty may arise from the variation of the trap conditionsc 1)), the LLNL-EBIT [36], and theoretical predictiord,33,35.
and the overlap between the electron beam and the ion cloud

during the sweep of the beam energy. Estimating the changexciting electron beam, the wavelength blend of the satellites
of the charge balance using theoretical resonance strengémndzline can be separated. Using this method and a recently
shows it to be constant within 1% for the short period of thedeveloped technique to simulate a Maxwellian plasma, line
energy ramp. Since the electron-beam current is kept fixetatios of theKLL satellites to thew resonance were deter-
during the ramp, the electron density varies as function ofnined at the Lawrence Livermore National Laboratory
beam energy, which is accounted for in the weight function(LLNL) EBIT by Savinet al. [36] for argon. Since the di-
but also might change the beam-ion overlap and, thereby, thelectronic satellites involving the=2 level have not been
line intensity. Our simulations of the trap inventory suggestindividually resolved in that experiment, they are treated as
that the overlap increases slightly when the electron-bearone feature>;2,=a+b+c+d+j+k+1+q+r. The ratio
energy is swept to higher values introducing an error of lesef the sum of then=2 satellites to the resonance line is
than 15% in accordance with measurem¢86. Adding the  shown in Fig. %b), together with a theoretical prediction
uncertainties with their statistical weights, we arrive at ausing rate coefficients of Ch¢B3] and our measured values.
value of 17% for the (+z)/w line ratio. In contrast to the method presented here for the Berlin EBIT
An EBIT experiment with its versatile monoenergetic experiment, which weights the spectroscopic line intensities
electron beam has the unique possibility to differentiate rawith the appropriate electron-energy distribution for a certain
diation processes according to their excitation energy. Bylasma temperature, the LLNL-technique probes the trapped
sampling the x rays emitted from the ions as a function of theéon inventory by quickly ramping the energy and the current

FIG. 5. Line ratios of dielectronic satellites to theresonance
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of the electron beam as a function of time to simulate avhere a maximum response in the measured line ratio is
time-averaged Maxwell-Boltzmann electron-energy distribu-desirable. The wavelength separation of kkne from all
tion. The two different methods to obtain information on line other spectral features in heliumlike argon allows also the
ratios show the same trend as a functiogfind follow the  extraction of thek/w line ratio from tokamak spectra with
theoretical prediction. modest spectroscopic effort and establisheskihe ratio as

Our combination of high-resolution spectroscopy with anplasma-temperature diagnostic.
EBIT experiment provides the possibility to disentangle the
line blend ofj +z by observing spectra at different excitation V. CONCLUSION
energies of the electron beam and resolvingjttine from .
other satellite transitions. The line ratio of the individgal We have measured with an EBIT the wavelength-resolved
satellite to thav-resonance line is plotted as a function of the KLL dielectronic - recombination satellite and direct-
plasma temperature in Fig.(&. The experimental data ©Xcitation process of heliumlike argon as a function of exci-
points follow, within the error bars, theoretical calculationstation energy. From the intensity ratio of individual satellites
using the autoionization rates of Chf88] andHULLAC col- to the resonance line folded with the energy distribution of
lisional excitation rate coefficienf82] [Eq. (15)], and a CR  the exciting electrons, the plasma temperature can be deter-
calculation[Eq. (9)] at ng= 10 cm™3, with cascades from mlned..For the ccomparison with tokamak experiments ar_1d
levels withn<6, using onlyHULLAC data. For lower plasma thepretllcal predictions, a Maxwell-Boltzmann energy d|str|-
temperatures, the measured values seem to fit best with tfition is assumed here. However, from the data information
HULLAC predictions, while Chen’s data predict larger line ©N POssible deviations from the Maxwellian can also be pro-
ratios. At the higher plasma temperatures, the trend is re//ded. In particular, the ratio of thec satellite to the

versed, which might indicate a different contribution from W-resonance line is well suited for electron-temperature di-
cascades into the upper level of theline in the HULLAC agnostics, since their distinct lines are easily resolved by
calculation. spectroscopy and the line ratio is a steep function of tempera-

Further, we have measured and extracted the line ratif/'®- The measured line ratios are in good agreement with
between the satellite and thev-resonance line as a function "esults obtained at tokamak facilities and are supported by
of the plasma temperature. Théw line ratio is plotted in HULLAC-predicted collisional excitation rates. Modifications

Fig. 5(d) and compared to experimental values obtained aPf the calculation by employing different atomic potentials
the AlcatorC tokamak and a calculated value using excita-a”d radiative cascade models or different collision data show

tion rates by Pradhar[1]. In the temperature range only a minor influence on the line ratio, which cannot be

1-2.5 keV, theoretical calculations of the line ratio using thedistinguished within the experimental uncertainty. Similarly,

HULLAC package and using the DR data by CHi@88] mark the electro_n density has only a s_mall effept on the line ratio.
the functional trend that is followed by the Berlin EBIT mea- 1h€ experimental value for the line ratidis in agreement
surement and display slight deviations similar to those seelith theoretical predictions and th'eiJLLAC model |2nclud_|ng

in the j/w ratio. Thek/w ratio shows a much stronger tem- the two-photon decay from thes2s"S, level to 1s%, which
perature dependence than tije-&)/w ratio, which results in ~ SNOWS no density dependence.

a more accurate determination of the plasma temperature
from the measure®/w line ratio. While an uncertainty of
17% in the (+2z)/w ratio leads to a 15% error in obtaining  We would like to thank Professor G. Fussmann for helpful
the plasma temperature arouig=2 keV, this can be im- discussions and Dr. G. Bertsching&Z Juich) for pointing
proved by using th& satellite to resonance line ratio. With a out the problem of this line ratio measurement. The work of
modest accuracy of 13% in the measukéd ratio, which is  one of us(K.F.) was performed under the auspices of the US
the total experimental uncertainty, the value for the plasm@epartment of Energy by University of California Lawrence
temperature is fixed to within 5%. This sensitivity is impor- Livermore National Laboratory under Contract No. W-7405-
tant for consideration in plasma diagnostic applicationsfEng-48.
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