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Line and band emission from tungsten ions with charge 24 to 45+ in the 45-70-A range
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We have measured the radiation from medium-charge-state ions of tungsten in the spectral range from 45 to
70 A . The ions were produced in an electron beam ion (ERIT), and the radiation was observed using a
2-m grazing-incidence spectrometer. Operating EBIT with beam energies between 500 eV and 4 keV allowed
us to sample charge states ranging from I-liké"\o Cu-like W' . Lines of Sr-like through Cu-like tungsten
were observed; for the Sr-like to As-like ions new lines were identified. Analysis of the spectra is bas®d on
initio calculations using the relativistisuLLAC code. For charge states lower than Sr-M&°", the spectrum
lines fuse into a bright emission band situated around 50 A. The band extends over an interval of approxi-
mately 2 A and moves smoothly towards shorter wavelengths with decreasing ion-charge state. The shift and
narrowing of the band emission cannot be interpreted in the framework of the standard unresolved transition
array formalism assuming statistical population of the excited levels. Instead, the observations are explained by
detailed calculations based on a collisional-radiative model. It is shown that the variation of the experimental
spectrum with charge state is the signature of the low electron density in EBIT.
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I. INTRODUCTION arrays from different ionization stages. A preliminary set of
calculations has already been made to predict the mean
The short-wavelength spectrum from tungsten ions withwavelength and the spectral width of the transition arrays in
unfilled 4d and 4f subshells in the ground-state configura-tungsten11]. The main result of this calculation is that the
tion has attracted much attention. The reason is that the spearrays remain concentrated in a relatively small wavelength
tra from such ions, like the spectra from rare-earth andange throughout a sequence of as many as 20 ionization
heavier elements in corresponding isoelectronic states, extages.
hibit a remarkable feature. Instead of consisting of a large The importance of tungsten to many modern high-
number of individual lines, they are characterized by brightemperature plasma devices has induced new activity to mea-
emission bands appearing between 40 and 70 A. As sugure the radiation from such ions. This is in addition to the
gested in Ref{1], the quasicontinuum bands are formed by apurely spectroscopic interest inherent in this kind of re-
large number of unresolved spectral lines, originating fromsearch. Fusion devices constitute a prime example, where the
mostly An=0 transitions within then=4 shell, thoughAn  specific characteristics of tungsten make it an important ma-
=1 transitions are also known to create quasicontinuumerial for various structural components. Recent work has
bandq 2,3]. Bands were observed in tokamak plasmas whersuggested that tungsten may be the best solution for reducing
tungsten occurred as an intrinsic impurft,4] or was in-  the divertor tile erosion in a fusion reactft2,13. More-
jected in controlled amounts by laser-ablation techniquesver, in a high-recycling divertor with relatively low tem-
[3,5]. A separate efforf6—8| focused on the brightest struc- perature and high density tungsten has excellent redeposition
ture in the tungsten impurity spectrum from tokamak-properties with the result that production of higher ionization
produced plasmas, the band at 50 A. The emphasis thestages and associated problems of self-sputtering are in large
was on using high-resolution measurements to reach firmgrart suppressed. On the other hand, if sputtered tungsten
conclusions about the charge state and the transitions respamnetheless penetrates into the central plasma region it can
sible for the particular emission band in question. exist there in various ionization stages, which depend on
The interpretation of the emission bands in terms ofelectron temperature, and has the effect of raising the radia-
atomic physics parameters is the subject of several papet®n losses. The radiation from tungsten represents a serious
[1,3,9-11. Using a refined unresolved transition array limitation to the energy confinement in a fusion reactor and
(UTA) formalism that includes configuration mixing, com- could quench the fusion reaction if the relative concentration
putations were made in Reff9,10] for ionized rare-earth of W ions in the core plasma is higher than about 1[14].
elements having openddsubshells in the ground configura- Knowledge of the ionization stages and the transitions giving
tion. For these ions, it was demonstrated that the emissiorise to line emission is thus crucial to future design consid-
bands originate from resonance transitions of the typesrations, specifically in estimating the radiated power.
4p®4dn-4p®4d"t4f and 40°4d"-4p°4d"*tL. Most im- In the present measurements, we used an electron beam
portantly, the calculations revealed that the mixing betweeron trap (EBIT) to produce tungsten ions and confine them
the 4p°4d""! and 40®4d"~ 1 4f configurations is respon- for spectroscopic observations. EBIT operates with electron
sible for the narrowing and the superposition of transitiondensities in the rang@.<10" cm 2 and as in tokamak
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plasmas the confined ions are in a state far from local thercovering the total range of 10-1000 A, was specially de-
modynamic equilibrium(LTE) that is characterized by a signed and constructed at the Hebrew University for mea-
Boltzmann distribution for the level populations. For this surements with an EBIT. In the present experiment, the in-
reason, our analysis of the radiation from the ions in EBITstrument was equipped with a 600 lines/mm grating set at a
relies on collisional-radiativéCR) line intensities that are grazing angle of incidence of 2°. This grating allowed us to
calculatedab initio using the multiconfiguration relativistic view the spectrum between 45 and 70 A at a single wave-
Hebrew University Lawrence Livermore Atomic Code |ength setting of the detector carriage. Using a 6-m grazing
(HULLAC) packag€[15,16. As demonstrated below, the use mijrror, a one-to-one image of the emitting ions within EBIT
of CR line intensities allows the construction of syntheticis formed on the entrance slit of the spectrometer. In order to
spectra that show remarkable qualitative agreement with ougke full advantage of the spectrometer resolution a.d@
measurements. wide slit was chosen. The spectra were recorded with a two-
stage microchannel plate/phosphor screen image-intensifier
system that was fiber-optically coupled to a
thermoelectrically-cooled charge-coupled-devic€CCD)
Our measurements were performed at the Berlin electronamera. Using the 1&m slit, the instrumental full-width-
beam ion trap facility and made use of EBIT’s capability to at-half-maximum(FWHM) is approximately 0.2 A in the
control an ion’s charge-state distribution by varying the en-50—-100-A spectral rangén situ wavelength calibration of
ergy of the ionizing electron beam. The electron beam irthe spectrometer was performed using second-order H-like
EBIT originates from an electron gun and is formed by ac-and He-like lines from nitrogen that was injected into EBIT.
celerating and guiding electrons into the trap, a region oWavelength values were taken from R€f58,19.
high magnetic field roughly 2 cm in length. In the 3 T mag- Spectra were measured for more than 50 separate
netic field of the Berlin EBIT, the beam is compressed to aelectron-beam energies, ranging from 500 eV to 4 keV. Op-
diameter of about 7Qum. The actual trap consists of three erating at these energies allowed us to observe more than 20
drift tubes; the central one is biased negatively with respectiifferent ions ranging from iodine- to copper-like tungsten,
to the end segments, thus creating a potential well that con&/?" to W*>*. The ions were sampled using voltage incre-
fines the ions in the axial direction. Radial confinement isments of about 50 V, which is comparable to the energy
achieved by a combination of the electrostatic attraction ofpread of EBIT’s electron bea80—-60 eV FWHM depend-
the electron beam and the axial magnetic field. In addition tang on the beam currentThe electron-beam enerdteam
trapping the ions, the electron beam also serves to exciteas deduced from the beam-accelerating voltdgeapplied
them. to the drift tube. Corrections were added to account for the
In the present experiment, we have followed a particulaeffect of the electron and ion space-charge poteni2(s.
procedure to generate the tungsten ions and store them in tfidne error inEyq,, @ssociated with these corrections is esti-
trap. If desired other elements may also be introduced intonated to bet 20 eV. The electron-beam current was limited
EBIT (e.g., by injection in gaseous fojnbut this requires a throughout these measurements to 50 mA or lower, and each
different method of preparation. In the procedure used herspectrum had an exposure time of about 1 h.
EBIT's operating parametergbeam-accelerating voltage
U,, electron-beam current,, and the axial potential well IIl. LINE SPECTRA
U.xia) Were first set to the desired values. Low-charged
tungsten ions were then produced by a metal vapor vacuum We present in the following a survey of our spectroscopic
arc and injected into EBIT. The arc, firing every 5 s, wasmeasurements. Figure 1 displays CCD images showing tung-
operated with an extraction voltagd.,,, higher than the sten spectra in the range 45-70 A. Each spectrum repre-
voltage applied to the outer drift tube® {,;,>Up+ U ayial)- sents a particular ion population in EBIT corresponding to
Extracted ions then pass the drift-tube assembly without bethe indicated electron-beam energe.,. The charge num-
ing trapped. They continue to travel down the EBIT axis, andoer of the highest possible ionization stage was found by
when they hit the cathode of EBIT’s electron gun, self-comparing the value specified f@yeqam to the ionization
sputtering of tungsten starts; it works very efficiently at anenergiesE|(q) for the different charge-state iorf3/alues of
extraction voltage of 5-7 kV resulting in a sputtering yield E;(q) are taken from calculations performed with the
in the range of 3—417]. Although sputtered tungsten atoms HULLAC package; for the ions with chargg=29-41, these
are ionized in the electron beam as they travel towards thealues are listed in Tables | and ]I
drift-tube assembly, at the position of the trap there still re- As one lowers the beam energy from higher values down
main enough neutral atoms to be trapped after an ionizingowards 1.70 keV, many line features appear in the spectra
collision. In this way, the cathode of the electron gun acts aghat represent resonance transitions in Cu-like through Sr-
a source of neutral W atoms, and tungsten ions can concetike tungsten. Identification of the lines is based+wnLAC
trate in the trap during extended accumulation. Under condicalculations and EBIT's capability to vary the beam energy
tions present in this experiment, an equilibrium in the photoracross the ionization thresholds and excite spectra of succes-
flux was reached in less than 300 s. sive charge states. For beam energies between 4.06 and
The radiation from the ions in EBIT is observed using a2.42 keV, there are several observed lines: 62.3208%(),
newly developed, interferometrically aligned 2-m Schwob-60.87 A W**"), 47.69 A, 60.61 A, and 61.29 A wW**);
Fraenkel grazing-incidence spectrometer. The spectrometeand last 46.97 A and 61.30 AN*?"). These lines repre-

Il. EXPERIMENTAL METHOD
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FIG. 1. Spectra from medium-charge-state
ions of tungsten between 45 and 70 A . The up-
per and lower labels plotted on the right side of
each spectrum indicate the energy of the ionizing
electron beantin keV) and the highest allowed
charge state of tungsten corresponding to the
given value ofEpganm.

45 50 55 60 65 70 45 50 55 60 65 70 45 50 55 60 65 70

Wavelength [ A ]

sent 4-4p or 4p-4d resonance transitions in Cu-like Sr-like (W**") charge states. The accuracy of the measured
through Ge-like tungsten and are known from previous exwavelengths is-0.05 A . Where available, comparisons are
perimental and theoretical workee for exampl¢21,5,29). made to observations reported [i§]. In addition, Table |
As the beam energy decreases progressively, the ion populgresents the calculated wavelengths and identified transi-
tion in EBIT is shifted to lower charge states. For the se-tions. Not listed are the predictions for the wavelengths of
quence following the 2.42-keV spectrum, we observe dhese ions made earlig22]. The method employed there is
weakening of the Ga-like and Ge-like resonance lines in &imilar to the present methogoth useHuLLAC), and the
manner that indicates the absence of these ions for beageparately computed wavelengths agree to withh2 A .
energies below about 2 keV. Most prominent in this range ofone notices in Table | that all of the measured lines appear at
beam energies is the feature situated around 46 A . It isomewhat longer wavelengths than predicted. The difference
clearly wider than expected for a single line and moves tobetween the measured and calculated wavelengths reaches as
wards shorter wavelengths Bg.,mdecreases. We could not much as 1 A, and it turns out that the wavelengths of the
resolve this feature well enough to identify individual lines, lower charge states are calculated less accurately because of
but from our structure calculations we infer that it incorpo-the complexity of the configurations of these ions. Finally,
rates contributions from resonance transitions in As-likeTable | gives the collisional-radiative line intensitiésee
WA Se-like W%, and Br-like W3%" . Besides this com- Sec. IV B predicted for the electron density and energy in
plex blend of lines, we could discern several other resonanceBIT. Comparison of the calculated and measured intensities
lines belonging to these ionization staisee Table). For  helped us to confirm identification of the lines discussed
the beam energies 1.84 and 1.79 keV, the most abundagbove.
tungsten ions in the trap are Kr-lik&*®* and Rb-likew3"" .
We have measured two new strong lines, which we assign
here to resonance transitions in the Kr-like ion, 46.40 A and
63.98 A. Note that the latter appears well isolated from At electron-beam energies below approximately 1.70
other lines. The remaining lines in both of these spectra ariskeV, there is a drastic change in qualitative appearance of the
from Rb-likeW®”* and lower ionization stages. Four Rb-like spectra as a function of the ion-charge state. A narrow band
transitions are presently identified and listed in Table I. Thenear 50 A is emitted along with a weak line at about 45 A .
1.79-keV spectrum shows a strong line at 54.14 A, whichwWhile the line remains centered at the same position
we attribute to Sr-like tungsten. It becomes a prominent feathroughout the sequence of spectra, the band shifts towards
ture of the lower energy spectra where it forms the edge of ahorter wavelengths as the charge state decreases. This trend
narrow emission band. continues until the beam energy becomes less than about 1
Table | displays the experimental wavelengths of all thekeV. Thereafter, the emission pattern disperses and shifts
tungsten lines observed from the As-lik&v{'") through back to higher wavelengths. This starts at the point where

IV. NARROW QUASICONTINUUM BANDS
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TABLE I. Observed and calculated transitions of As-like through Sr-like tungsten iQns: and\y,, respectively, denote the experi-
mental and theoretical transition wavelengths obtained in the present work. The Oogglgpgives the experimental wavelengths from Ref.
[5]. Wavelengths are in angstroms. b indicates that the line is blended with diheis.the calculated collisional-radiative line intensiiy
10?7 photons/s per ionfor an electron densitp,=10"? cm™ 3 and an electron energg=E, , whereE, is the ionization energy. For the
upper level of each transition, the most important component of the eigenvector is given, preceded by the square of its cheticient.
Jy are the total angular momenta of the lower and upper levels, respectively.

lon Nexpt xgxm N\th lcr Lower level Jo Upper level Ju
As-like WAL 47.16 b 46.9 b 46.69 4.9 4s?4p3,4py, 32 73% &2(4p1p4Pa) o 4ds, 3/2
(E,=1.99 keV) 47.16 b 46.9 b 46.64 2.0 4s?4pi,dps, 312 88% 4&2(4p1/24P3) 243, 1/2
4716 b  46.9b  47.07 5.7 4s?4pi,4py, 312 39% 4&%(4p1p4Pan) 1 4dsp 5/2

60.71 60.6 60.26 2.9 4s?4pi,dps, 312 85% 4s4p2,(4p3y)2 3/2

64.82 64.9 64.69 3.1 4s?4p3,4ps, 302 61% 4s4p3.,(4p3)2 5/2

70.15 69.96 15  4s?4pf,4ps, 312 63% 4s” 4p3,4dg), 5/2

Se-like W*o* 46.88b  469b  46.30 1.6 4s?4p?,4p3, 0 78% (4S% 4p1A(4P31) o)1 4d3) 1
(E;=1.94 keV) 46.88b  46.9b  46.09 2.6 4s?4pi,4ps, 2 75% (452 4p1(4p3))2)s24ds), 1
46.88b  469b  46.30 3.6 4s?4p3,4p3, 2 67% (4S% 4p1A(4P3p)2)s2 403 2

46.88b  46.9b  46.34 4.8 4% 4p3,4p3, 2 50% (452 4py(4p3))2)324ds, 3

62.60 62.34 2.7  4s?4p3,4p3, 2 69% 4s4p3,4p3, 2

65.81b  658b  64.79 4.9 4s?4pi,4ps5, 2 89% 4s? 4p%,4pg,4ds), 3

Br-like W3%* 46.81b  469b  46.46 4.8 4sz4p§,24p§,2 3/2 77% 45%(4p124p3,), 4dy), 1/2
(E;=1.88 keV) 46.81b  469b  46.63 49 4¢? 4p1,24p3,2 3/2 41% 4s(4p1;4p30) 2 4dg), 3/2
46.81b  46.9b  46.64 9.4 4s? 4p1,24p3,2 3/2 47% 4s?(4p14P35) 2 43 5/2

64.74 64.6 64.69 110 4s? 4p1,24p3,2 32 70% 4s?(4p3,4p5y0), 4ds), 5/2

6576 b  65.8b 65.69 5.9 4s?4pi,4p3, 32 66% 4s%(4p3,4p3,) 2 4ds), 3/2

Kr-like W38* 46.40 b 46.06 26.0 & 4p° 0 92% 4s? 4p3,4ds), 1
(E;=1.83 keV) 63.98 63.25 240 A4p 0 85% 4s? 4p3,4ds), 1
Rb-like W37* 49.52 49.06 8.8 & 4p®4dy, 3/2 82% 4s? 4p3(4d3,), 5/2
(E,=1.62 keV) 56.86 56.04 48  SA4pSady, 312 53% 42 4p°4fy, 5/2
57.74 56.72 1.8  #4p®4dy, 32 40% 4% ApS,(4dZ,), 5/2
64.82 63.87 5.3 & 4p8 4dy, 3/2 59% 4s?(4p3,4ds,) 3 4ds), 3/2

Sr-like W35+ 54.14 53.21  16.1  4s?4p%4d3, 2 69% 452 4p°4d,, 415, 3

(E,=1.57 keV)

ions with several 4 electrons in the ground-state configura- 1.70 keV exhibit arrays of spectral lines corresponding to
tion play an important role in the emission of tungsten.resonance transitions from th@24d"** and 4p64d” Laf
Hence, the narrow band emission originates from ions thagxcited configurations to the ground configuratiop® 4d".

have either an opend4subshell or a few electrons in thé 4 Let E;; represent the set of all individual transition energies
subshell. belonging to a single array. Then, in the framework of the

In the following we give a theoretical analysis of the tung- UTA model[23], one can express the average and the vari-
sten spectra using the unresolved transition array schemance of the transition energids, ando?, respectively, as the
Although spectra for many more charge states were recordetieighted sums
in the present experimental study, the emphasis here is on the
ions with 4d" configurations in the ground state. These ions 2 ALE.

: : o 2 9jAji Bjj
clearly show the narrowing and shift of the band emission — i<
and in our view are a suitable test case for theoretical mod- - _ @
eling of the spectrum. A discussion of the tungsten bands of 2 g; Aji
the states with even lower charge will be the subject of a L=l
forthcoming study. and

A. UTA calculations > gjA; (E-Ej)?
INRS|

In this section we will deal with our initial calculations 2" 2)
using the basic UTA approach as described previously S giA;
[9-11,23. The ions we are considering in the range below =
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Aga=10°/E, 3
] ANga=\8In2x 10°0/E?, @)

7 E and o are here expressed in crand Aga @andAig, in
angstroms.
Using Egs(1)—(4) as a basis, we have made full interme-
] diate coupling calculations to obtain the UTA parameters for
_ the pure 4°4d"—4p° 4d"** and 4p® 4d"—4p® 4d" " 4f as
well as mixed 4°4d"—[4p°®4d"* 1+ 4p8 4d" "1 4f] transi-
tion arrays i=1-9) of tungsten. Curve®), (b), and(c) in
i Fig. 2 and Table Il summarize the results of these calcula-
tions. Previous UTA calculatiorf4.1] for some of these ions
have already predicted transition arrays in the spectral region
- between 46 and 51 A . However, comparison of the results
in terms of mean wavelengths and spectral widths is difficult
i (c) i because only a few of the UTA parameters were actually
L1 1 1 1 1 | given in that preliminary study. The present results in Fig. 2
29 30 31 ,o,?_zchzﬁge gt‘;te% 36 37 show that for the pure arra)[surves(g) and(b)] Aq A varies
AN S Y R S strongly with the charge state, while for the mixed arrays
Rh Ru Tc Mo Nb Zr Y Sr Rb [curve(c)] the variation is very weak, less than 1 A . More-
Isoelectronic sequence over, as listed in Table Il, the array width is clearly reduced
due to the configuration mixing as in R¢B]. As an ex-
FIG. 2. Mean wavelength for the pure and mixed transition ar-ample, in Fig. 3 we have plotted the actggh distributions
rays of tungsten as a function of the ion-charge_state. Cuayemd ¢4 the pure and mixed transition arrays of Nb-likes3,
(b) represent thggA-weighted mean wavelengtky, for the pure  showing that the narrowing of the mixed array is primarily
4p° 4d"-4p° 4d""* and 4° 4d"—-4p° 4d" " 4f transition arrays,  gue to quenching of the long-wavelength transitions from the
respectively. ~Curve (c) shows \ga for the mixed 4p54d® configuration. However, from Fig. 3 it is clear that
4p°®4d"—[4p®4d" "1+ 4p° 4d""* 4] array, visualizing the effect eyen the mixed-configuration approximatigsurve (c)] can-
of t.he configuration interaction. Cur\(el).representlsj thetensity not predict the very narrow emission bands\,,<2 R)
weighted mean wavelengittr for the mixed transition array. The  ohserved in our experimental spectra. Finally, not only the
calculation ofAcg is based on the collisional-radiative line intensi- array width deviates from the measurements, but the pres-
ties deduced from Ed5); _the e_Iectron density and energy fc_;r which ently calculated 4, do as well. For example, the 1-1.5-keV-
Eq. (5) was solved are given in Table Ill. The solid data circles areenergy spectra of Fig. 1 reveal a displacement of the transi-
from the present EBIT experiment. tion wavelengths near 50 A by as much as 4 A. The
whereA,; is the Einstein coefficient for spontaneous emis-calculations for the associated charge stptesve(c) in Fig.
sion from levelj to leveli andg; is the statistical weight of 2] instead predict an almost constant value Xgi . Thus,
the upper level. Using and o, the mean wavelengthy, ~ we cannot match g, to the experimental data even if we add
and the spectral widtiA\ 4, of the transition array can be an offset of 1-2 A to the calculated wavelengths corre-
defined as follows sponding to the error limit for this type of transiti¢f].

Mean wavelength 4 [A]

52 -

TABLE Il. CalculatedgA-weighted mean wavelengﬁA and array widthA A 4, for the pure and mixed transition array of each ion from
Rb-like W3™ through Rh-likeW?%*. The calculations are based on the UTA expressions Bgsand (2). Wavelengths are given in
angstroms.

Ground-state d-4p 4f-4d Mixed

lon configuration ng ANga ng ANga ng ANga

Rb-like W8+ 4d 49.18 14.28 60.93 5.15 49.00 13.16
Sr-like W38* 4d? 49.59 15.09 58.95 5.98 49.15 12.58
Y-like W3* 4493 50.06 15.71 57.10 6.22 49.22 11.87
Zr-like W34 4d* 50.56 16.32 55.46 6.15 49.24 10.93
Nb-like W33* 4d° 51.13 16.86 53.94 5.89 49.18 9.84
Mo-like W82* 4d° 51.76 17.40 52.59 5.46 49.07 8.64
Tc-like W3 4d’ 52.47 17.87 51.32 4.92 48.90 7.32
Ru-like W30+ 4d8 53.24 18.32 50.17 4.22 48.68 5.89
Rh-like W?%* 4d° 54.09 18.68 49.10 3.34 48.41 4.26
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LI | LU LI LI | LI I LI l T
d
61 (a) Nb-like W3+ | |2<J n; Ng O'iej UE+1<ZJ‘ nk(Akj+ne O Ue)

I pure 4d-4f array ] d
4+ - =I’l] ; (AJ|+ne(TJ|Ue)+|(2>J neO'?kve f (5)

2 . where the left-hand and right-hand sides of the equation rep-
resent the processes that populate and depopulate thg.level

i | af‘] andaﬂ , respectively, are the energy-dependent electron-

0 Hiafed impact cross sections for excitation and deexcitation between
6F ) _ levelsi an_dj, andv, is the eIegtro_n velocity. In solving Eq.

pure 4p-4d array (5), electric as well as magnetic dipole and quadrupole radia-

i ] tive decays are taken into account. Omgels obtained the
line intensityl;; , which represents the number of radiative
transitions per second and unit volume from the Ig\elthe
level i, is computed using

gA[10"®s7]

|ji:njAji. (6)

We have generated synthetic spectra for the range
=10"%-10?2 cm 3. In addition, the average and the variance
of the transition energies have been calculated for the pure
and mixed arrays as a function of the electron density. The
expressions foE and¢? in this case are similar to Eqél)
and(2), but contain CR line intensitiels; in place ofg;A;;
products,

45 50 55 60 65 70 E=
Wavelength [ & 2 i

: )

FIG. 3. gA distributions for transitions in Nb-lik&/3* . In (a)
and (b), the distributions for the pure pf 4d°—4p®4d* 4f and
4p® 4d°—4p® 4d° transition arrays are presentéd. is a plot of the S | (E-E)?
gA distribution for the mixed #° 4d°—[4p® 4d®+4p® 4d* 4f] ar- = &
ray. o?= : )

> i

Ji<]

B. Density-dependent CR model

To resolve th_e q“eS“OU .Of the disparity betwgen the Mearhe UTA parameters expressed now in terms of CR line
sured and predicted transition wavelengths, a different set aof

calculations has been made using collisional-radiative “néntensnulas Iarteddes!gnaéed b%Rdagd Ahcr; their values
intensities instead af;A;; products. The reason is that EBIT were calculated using Eqer) and (8).

operates in a low-collisional regime where level populations _A dretpresc_atntatlve plot fokgﬁkgs\%gftr'a fﬁr the_ pl[J:I’_e and
no longer follow Boltzmann’s law. Line intensities in this mixed transition arrays o I IS shown 1n FIgs.

case are not proportional @A;; products, but depend in- 4(_2)_4(0)' 'ffWIS cocr)’nplare therr]n to the correspondlglg d'ﬁ' CR
stead on the rates at which ions are excited. A calculation of '°utions of Fig. 3, large changes are apparent in the
the spectrum must then be based on a collisional-radiativ pectra. Most nqtlc_eably a comparatwel.y.small f_ract_|on of
model. To our knowledge, the impact of possible departure € transmon_s W|_th|n_the array have §uff|0|ently high "’!te”'
from a Boltzmann level population on the determination ofSIty to remain significant n the emission. The pred|cFed
the UTA parameters has not been studied previously. Oumgfn wavelength for the mixed-transition array of Nb-like
+ — ; ;
analysis provides a quantitative description of the transitionV" 1S Acr=51.05 A, which clearly differs from the re-
from very high electron densities, where local thermody-sult for thegA distribution\y,=49.18 A . The bottom plot
namic equilibrium holds, to moderate and low densities farof Fig. 4 shows the CR spectrum for the mixed transition

from LTE. array of Sr-likeW®¢*. Compared tow®3", W®* shows a
The populatiom; of an ion in levelj is calculated from level structure which is much less complex. As a result, in
the steady-state rate equation the spectrum of Sr-lik&\V3®" one no longer finds the typical
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FIG. 4. Collisional-radiative spectra of Nb-lik&/*** and Sr- 45 50 55 60 65 70
like W3*. In (a) and (b), the spectra from the pure Wavelength [ A ]

4p®4d°-4p®4d* 4f and 40 4d°—4p®4d® transition arrays of

Nb-like W23 are plotted(c) and(d) show the spectra for the mixed FIG. 5. gA distribution (a) and collisional-radiative spectra for
4p®4d"—[4p® 4d"" 1+ 4p84d" "1 4f] array of Nb-like W3 (n the mixed 4°4d3—[4p®4d*+4p®4d?4f] transition array of
=5) and Sr-likeW3* (n=2), respectively. All spectra were cal- Y-like W35, For the spectra plotted ifb) through(e), the electron
culated at an electron density of=10'2 cm2 and energies of density changes over ten orders of magnitude fronf? 110
E=1.38 keV(for the Nb-like tungstehand 1.57 keV(for the Sr-  10'2 cm . Notice that the intensity of the spectrum lines varies

like tungsten. accordingly. Each spectrum is calculated at an electron energy of
_ o _ _ ~ E=151 keV.

UTA structure in which lines fuse into a bright emission

band. charge state as do the emission bands in the experimental

The effect of the electron density on the intensity distri-SPectra.
bution is visualized in the plots of Fig. 5 where we present A systematic set of calculations has thus been made to
Syntheticw35+ Spectra calculated using the mixed Configu-predict the mean Wavelength and the width of the central line
ration scheme. At the highest electron density?16m~3),  group for each ion, from Rh-likév*** through Y-likeW®>".
the general shape of the CR spectrum is very similar to th&'-like W**" and Rb-likew** do not show the typical UTA
gA distribution plotted in 8). This range is close to the LTE Structure in their spectra, as outlined above, and were ex-
regime, and most of the line intensities approach the valuegluded from this study. The calculations were made for an
of their correspondingy;A;; products. At electron densities electron density oe=10"* cm™°, which is the approxi-
below about 18 cm™3, one encounters a domain in which mate electron density in our measurements. Table Il lists the
the CR spectrum is fundamentally different both fromgi#e  results, and one notices thatg increases gradually with
distribution as well as from results obtained at higher densiincreasing charge state. The peak width exhibits a maximum
ties. As Figs. &) and Fe) exhibit, the spectrum has split for Mo-like W32 and Nb-like W33*, corresponding to the
into a single line at approximately 45 A and a feature atfact that these ions have the largest number of excited levels
52.5 A comprised of a few strong lines. Note that there isamong the tungsten ions withd2 ground configurationsA
no obvious shift of the feature at 52.5 A as a function ofindicates the difference in the mean wavelengths between the
ne. However, it is displaced from the position of the analo-gA-weighted and thentensityweighted UTA results. This
gous line group for th&3*" jon presented in Fig.(4), and  quantity is small for Rh-likeWw?%", but increases signifi-
the displacement shows the same general variation witbantly for Y-like W3" .
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TABLE Ill. Intensityweighted mean wavelength-g and array widthA\ i calculated for the mixed-
transition array of each ion from Y-lik&/3%" through Rh-likeW?®". The calculations are based on the
collisional-radiative line intensities deduced from Ef). The electron density and energy for which the
UTA parameters of each ion were calculated age=10'2 cm 3 andE=E, . E, is the ionization energy.
Nexpt IS the experimental mean wavelength of the band inferred from the spectra of Big: Nlggr—Aga iS
the difference between thatensityweighted mean wavelength and thé&-weighted mean wavelength of
Table Ill. Ncr, Aexpt» AAcr, @ndA are given in angstroms.

|0n E|(keV) YCR }\expt A)\CR A

Y-like W35* 1.51 52.54 53.7 0.41 3.32

Zr-like W34+ 1.46 51.75 53.2 0.41 2.51

Nb-like W33* 1.38 51.05 52.7 0.54 1.87

Mo-like W8%* 1.33 50.42 52.2 0.56 1.35

Tc-like W3 1.28 49.76 51.9 0.40 0.86

Ru-like W3%* 1.23 49.16 51.5 0.39 0.48

Rh-like W?%* 1.18 48.58 51.1 0.19 0.17

C. Comparison with experiment 1.2-2.5 A, depending on charge state. The estimated uncer-

The values fonc listed in Table Il are plotted in Fig. 2 t@inty in the theoretical values is 1-2 A, as stated above,
[curve (d)] where they are compared with the results fromand we are aware that for these kinds of transitions our cal-
the present experiment. Obtaining the experimental datgulations generally produce wavelengths that are too small.
points was not a straightforward procedure because, in thEhus, the most important feature to compare with experi-
low-energy spectra of Fig. 1, we could no longer resolvemental data is the variation of the wavelengths as a function
individual charge states. As a result, there was no easy wa§f charge state. As observed in Fig. 2, the slope of the the-
to link the changing positions of the emission band to theoretical curve(d) agrees fairly well with the experimental
presence of a particular ionic stage in the trap. To determinslope. Wherg decreases the experimental mean wavelengths
the most abundant charge state as a function of beam energre seen to diverge slightly from the calculations. It is likely
we relied on the analysis of the higher-energy spectra of Figthat this difference is related to the problem of finding the
1, where we could resolve individual ionization stages. Thecharge balance and that an improvement in charge resolution
measured line intensities in these spectra vary as a functiagould resolve the discrepancy. Nevertheless, the fact that ex-
of Epeamand are enhanced considerably when the populatiope imental data points closely follow thecg curve (d)
of the emitting ion within EBIT is maximal. Such enhance- — . L
ment can be seen in the 1.74-keV-energy spectrum of Fig. iAther than thevg, curve (c) is a clear indication that the
where the intensity of the 54.14-A Sr-like resonance transiPeculiarities of the exper_|mental tungsten_ spectrum are due
tion reaches its maximum value. Using these measured linf the low electron density. One also notices that the theo-
intensities, we were able to determine the electron-beam erétical widthAXcr (see Table I} is always smaller than the
ergy at which an ion population reached a peak under th&xperimental bandwidth for any energy value in the range
present experimental conditions. For the ions of charge statk—1.7 keV. This is explained by the fact that at the energy
q between 36 and 44+, a maximum enhancement was at which a given charge statpis dominant there is still a
observed when the beam energy was roughly 1.1 times thgignificant contribution from the next lower and higher ion-
ionization energy of the next lower charge stqtel. ization states. However, as observed in Fig. 2 the band shifts

Our analysis of the emission bands in Fig. 1 assumes thdty nearly 0.5 A in moving from one charge state to the
this factor is also applicable to the lower charge states. wWé&ext. Thus, the slightly enlarged bandwidth that is measured
used it here to predict the energEgat which the maximum results from the superposition of the emissions of all ions
popu|ation is expected for each |cq’,] from Rh-like W29Jr with a significant concentration at a fixed beam energy.

through Y-like W". We then plottedheyp, the mean
wavelength of the experimental emission band, as a function V. CONCLUSIONS

of Epeam @and used the\gyprEpeam graph to find e, for With EBIT’s capability to selectively produce and excite
each value of, . The data resulting from this evaluation are particular ionic stages we were able to observe the radiation
presented in Fig. 2 and Table Ill. The errorp,,,is esti- ~ from highly charged tungsten in a wide range of charge
mated to be+0.6 A . It arises from the uncertainty in the states. The present study has led to the measurement and
energy factor above, the uncertainty in the determination o€lassification of new lines corresponding to transitions within
the electron-beam energy, and the inherent energy spread tfe n=4 shell in Sr-likeW3¢" through Cu-likeW***. For
EBIT’s electron beam. the lower ionization states withd¥ configurations in the
Figure 2 shows experimentally determined mean waveground statéfrom Rb-like W*** through Rh-likew?°") the
lengths that exceed the predicted wavelenfitusve (d)] by ~ EBIT spectra have revealed that the emission fuses into a
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narrow band near 50 A . The band moves smoothly toward§end of the wavelength shift observed in the experimental
shorter wavelengths as decreasing charge states are progrégectra. It is shown that this particular shift is a signature of
sively selected. The analysis of this peculiar effect has beethe low-collisional regime prevailing in EBIT.

supported byab initio calculations using the multiconfigura- ~ We have found experimental and theoretical evidence that
tion relativistic HULLAC package associated with a more than ten ionization stages of tungsten can contribute to
collisional-radiative model for the level populations. The the radiation in the narrow range between 48 and 54 A . Our
usual UTA formalism based on statistical level populationsresults explain thus the unresolvédoad emission feature

is demonstrated to be inadequate for interpreting the EBITaround 50 A observed in the impurity spectrum from
measurements. In contrast, the density-dependent CR modekamak-produced plasm4éS] where, in contrast to EBIT,
correctly predicts both the narrowness of the bands and theany more ionization states of tungsten emit simultaneously.
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