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Line and band emission from tungsten ions with charge 21¿ to 45¿ in the 45– 70-Å range

R. Radtke and C. Biedermann
Max-Planck-Institut fu¨r Plasmaphysik, Bereich Plasmadiagnostik, EURATOM Association, D-10117 Berlin, Germany

J. L. Schwob, P. Mandelbaum, and R. Doron
Racah Institute of Physics, The Hebrew University, 91904 Jerusalem, Israel

~Received 24 July 2000; revised manuscript received 9 January 2001; published 15 June 2001!

We have measured the radiation from medium-charge-state ions of tungsten in the spectral range from 45 to
70 Å . The ions were produced in an electron beam ion trap~EBIT!, 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-like W211 to Cu-like W451. 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 based onab
initio calculations using the relativisticHULLAC code. For charge states lower than Sr-likeW361, the spectrum
lines fuse into a bright emission band situated around 50 Å. The band extends over an interval of approxi-
mately 2 Å 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.

DOI: 10.1103/PhysRevA.64.012720 PACS number~s!: 34.80.Lx, 34.80.Kw, 34.80.Dp, 52.25.Os
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I. INTRODUCTION

The short-wavelength spectrum from tungsten ions w
unfilled 4d and 4f subshells in the ground-state configur
tion has attracted much attention. The reason is that the s
tra from such ions, like the spectra from rare-earth a
heavier elements in corresponding isoelectronic states,
hibit a remarkable feature. Instead of consisting of a la
number of individual lines, they are characterized by brig
emission bands appearing between 40 and 70 Å . As s
gested in Ref.@1#, the quasicontinuum bands are formed b
large number of unresolved spectral lines, originating fr
mostly Dn50 transitions within then54 shell, thoughDn
51 transitions are also known to create quasicontinu
bands@2,3#. Bands were observed in tokamak plasmas wh
tungsten occurred as an intrinsic impurity@1,4# or was in-
jected in controlled amounts by laser-ablation techniq
@3,5#. A separate effort@6–8# focused on the brightest struc
ture in the tungsten impurity spectrum from tokama
produced plasmas, the band at 50 Å . The emphasis t
was on using high-resolution measurements to reach fir
conclusions about the charge state and the transitions res
sible for the particular emission band in question.

The interpretation of the emission bands in terms
atomic physics parameters is the subject of several pa
@1,3,9–11#. Using a refined unresolved transition arr
~UTA! formalism that includes configuration mixing, com
putations were made in Refs.@9,10# for ionized rare-earth
elements having open 4d subshells in the ground configura
tion. For these ions, it was demonstrated that the emis
bands originate from resonance transitions of the t
4p6 4dn-4p6 4dn21 4 f and 4p6 4dn-4p5 4dn11. Most im-
portantly, the calculations revealed that the mixing betwe
the 4p5 4dn11 and 4p6 4dn21 4 f configurations is respon
sible for the narrowing and the superposition of transit
1050-2947/2001/64~1!/012720~9!/$20.00 64 0127
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arrays from different ionization stages. A preliminary set
calculations has already been made to predict the m
wavelength and the spectral width of the transition arrays
tungsten@11#. The main result of this calculation is that th
arrays remain concentrated in a relatively small wavelen
range throughout a sequence of as many as 20 ioniza
stages.

The importance of tungsten to many modern hig
temperature plasma devices has induced new activity to m
sure the radiation from such ions. This is in addition to t
purely spectroscopic interest inherent in this kind of
search. Fusion devices constitute a prime example, where
specific characteristics of tungsten make it an important m
terial for various structural components. Recent work h
suggested that tungsten may be the best solution for redu
the divertor tile erosion in a fusion reactor@12,13#. More-
over, in a high-recycling divertor with relatively low tem
perature and high density tungsten has excellent redepos
properties with the result that production of higher ionizati
stages and associated problems of self-sputtering are in l
part suppressed. On the other hand, if sputtered tung
nonetheless penetrates into the central plasma region it
exist there in various ionization stages, which depend
electron temperature, and has the effect of raising the ra
tion losses. The radiation from tungsten represents a ser
limitation to the energy confinement in a fusion reactor a
could quench the fusion reaction if the relative concentrat
of W ions in the core plasma is higher than about 1025 @14#.
Knowledge of the ionization stages and the transitions giv
rise to line emission is thus crucial to future design cons
erations, specifically in estimating the radiated power.

In the present measurements, we used an electron b
ion trap ~EBIT! to produce tungsten ions and confine the
for spectroscopic observations. EBIT operates with elect
densities in the rangene<1013 cm23 and as in tokamak
©2001 The American Physical Society20-1



e
a
is
IT

e
e
tic
o

tro
to
n
i
c
o

g-

e
e
o
i
o
t

c

la
n
in

e
e
l
e

uu
as

b
n
lf
an
ld
s
th

re
in
a

ce
d

to

a
b
et

e-
ea-
in-

at a
to
ve-
ing
IT
r to

wo-
ifier
a

like
T.

rate
p-

n 20
n,
e-
rgy

the

ti-
d
ach

pic
ng-

pre-
to

by

e

wn
ctra
Sr-

gy
ces-
and

R. RADTKE et al. PHYSICAL REVIEW A 64 012720
plasmas the confined ions are in a state far from local th
modynamic equilibrium~LTE! that is characterized by
Boltzmann distribution for the level populations. For th
reason, our analysis of the radiation from the ions in EB
relies on collisional-radiative~CR! line intensities that are
calculatedab initio using the multiconfiguration relativistic
Hebrew University Lawrence Livermore Atomic Cod
~HULLAC! package@15,16#. As demonstrated below, the us
of CR line intensities allows the construction of synthe
spectra that show remarkable qualitative agreement with
measurements.

II. EXPERIMENTAL METHOD

Our measurements were performed at the Berlin elec
beam ion trap facility and made use of EBIT’s capability
control an ion’s charge-state distribution by varying the e
ergy of the ionizing electron beam. The electron beam
EBIT originates from an electron gun and is formed by a
celerating and guiding electrons into the trap, a region
high magnetic field roughly 2 cm in length. In the 3 T ma
netic field of the Berlin EBIT, the beam is compressed to
diameter of about 70mm. The actual trap consists of thre
drift tubes; the central one is biased negatively with resp
to the end segments, thus creating a potential well that c
fines the ions in the axial direction. Radial confinement
achieved by a combination of the electrostatic attraction
the electron beam and the axial magnetic field. In addition
trapping the ions, the electron beam also serves to ex
them.

In the present experiment, we have followed a particu
procedure to generate the tungsten ions and store them i
trap. If desired other elements may also be introduced
EBIT ~e.g., by injection in gaseous form!, but this requires a
different method of preparation. In the procedure used h
EBIT’s operating parameters~beam-accelerating voltag
Ub , electron-beam currentI e , and the axial potential wel
Uaxial! were first set to the desired values. Low-charg
tungsten ions were then produced by a metal vapor vac
arc and injected into EBIT. The arc, firing every 5 s, w
operated with an extraction voltageUextr higher than the
voltage applied to the outer drift tubes (Uextr.Ub1Uaxial).
Extracted ions then pass the drift-tube assembly without
ing trapped. They continue to travel down the EBIT axis, a
when they hit the cathode of EBIT’s electron gun, se
sputtering of tungsten starts; it works very efficiently at
extraction voltage of 5–7 kV resulting in a sputtering yie
in the range of 3–4@17#. Although sputtered tungsten atom
are ionized in the electron beam as they travel towards
drift-tube assembly, at the position of the trap there still
main enough neutral atoms to be trapped after an ioniz
collision. In this way, the cathode of the electron gun acts
a source of neutral W atoms, and tungsten ions can con
trate in the trap during extended accumulation. Under con
tions present in this experiment, an equilibrium in the pho
flux was reached in less than 300 s.

The radiation from the ions in EBIT is observed using
newly developed, interferometrically aligned 2-m Schwo
Fraenkel grazing-incidence spectrometer. The spectrom
01272
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covering the total range of 10–1000 Å , was specially d
signed and constructed at the Hebrew University for m
surements with an EBIT. In the present experiment, the
strument was equipped with a 600 lines/mm grating set
grazing angle of incidence of 2°. This grating allowed us
view the spectrum between 45 and 70 Å at a single wa
length setting of the detector carriage. Using a 6-m graz
mirror, a one-to-one image of the emitting ions within EB
is formed on the entrance slit of the spectrometer. In orde
take full advantage of the spectrometer resolution a 18mm
wide slit was chosen. The spectra were recorded with a t
stage microchannel plate/phosphor screen image-intens
system that was fiber-optically coupled to
thermoelectrically-cooled charge-coupled-device~CCD!
camera. Using the 18mm slit, the instrumental full-width-
at-half-maximum~FWHM! is approximately 0.2 Å in the
50–100-Å spectral range.In situ wavelength calibration of
the spectrometer was performed using second-order H-
and He-like lines from nitrogen that was injected into EBI
Wavelength values were taken from Refs.@18,19#.

Spectra were measured for more than 50 sepa
electron-beam energies, ranging from 500 eV to 4 keV. O
erating at these energies allowed us to observe more tha
different ions ranging from iodine- to copper-like tungste
W211 to W451. The ions were sampled using voltage incr
ments of about 50 V, which is comparable to the ene
spread of EBIT’s electron beam~30–60 eV FWHM depend-
ing on the beam current!. The electron-beam energyEbeam
was deduced from the beam-accelerating voltageUb applied
to the drift tube. Corrections were added to account for
effect of the electron and ion space-charge potentials@20#.
The error inEbeam associated with these corrections is es
mated to be620 eV. The electron-beam current was limite
throughout these measurements to 50 mA or lower, and e
spectrum had an exposure time of about 1 h.

III. LINE SPECTRA

We present in the following a survey of our spectrosco
measurements. Figure 1 displays CCD images showing tu
sten spectra in the range 45–70 Å . Each spectrum re
sents a particular ion population in EBIT corresponding
the indicated electron-beam energy,Ebeam. The charge num-
ber of the highest possible ionization stage was found
comparing the value specified forEbeam to the ionization
energiesEI(q) for the different charge-state ions.@Values of
EI(q) are taken from calculations performed with th
HULLAC package; for the ions with chargeq529–41, these
values are listed in Tables I and III#.

As one lowers the beam energy from higher values do
towards 1.70 keV, many line features appear in the spe
that represent resonance transitions in Cu-like through
like tungsten. Identification of the lines is based onHULLAC

calculations and EBIT’s capability to vary the beam ener
across the ionization thresholds and excite spectra of suc
sive charge states. For beam energies between 4.06
2.42 keV, there are several observed lines: 62.32 Å (W451),
60.87 Å (W441), 47.69 Å, 60.61 Å, and 61.29 Å (W431);
and last 46.97 Å and 61.30 Å (W421). These lines repre-
0-2
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FIG. 1. Spectra from medium-charge-sta
ions of tungsten between 45 and 70 Å . The u
per and lower labels plotted on the right side
each spectrum indicate the energy of the ionizi
electron beam~in keV! and the highest allowed
charge state of tungsten corresponding to
given value ofEbeam.
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sent 4s-4p or 4p-4d resonance transitions in Cu-lik
through Ge-like tungsten and are known from previous
perimental and theoretical work~see for example@21,5,22#!.
As the beam energy decreases progressively, the ion pop
tion in EBIT is shifted to lower charge states. For the s
quence following the 2.42-keV spectrum, we observe
weakening of the Ga-like and Ge-like resonance lines i
manner that indicates the absence of these ions for b
energies below about 2 keV. Most prominent in this range
beam energies is the feature situated around 46 Å . I
clearly wider than expected for a single line and moves
wards shorter wavelengths asEbeamdecreases. We could no
resolve this feature well enough to identify individual line
but from our structure calculations we infer that it incorp
rates contributions from resonance transitions in As-l
W411, Se-like W401, and Br-like W391. Besides this com-
plex blend of lines, we could discern several other resona
lines belonging to these ionization states~see Table I!. For
the beam energies 1.84 and 1.79 keV, the most abun
tungsten ions in the trap are Kr-likeW381 and Rb-likeW371.
We have measured two new strong lines, which we ass
here to resonance transitions in the Kr-like ion, 46.40 Å a
63.98 Å . Note that the latter appears well isolated fro
other lines. The remaining lines in both of these spectra a
from Rb-likeW371 and lower ionization stages. Four Rb-lik
transitions are presently identified and listed in Table I. T
1.79-keV spectrum shows a strong line at 54.14 Å , wh
we attribute to Sr-like tungsten. It becomes a prominent f
ture of the lower energy spectra where it forms the edge
narrow emission band.

Table I displays the experimental wavelengths of all
tungsten lines observed from the As-like (W411) through
01272
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Sr-like (W361) charge states. The accuracy of the measu
wavelengths is60.05 Å . Where available, comparisons a
made to observations reported in@5#. In addition, Table I
presents the calculated wavelengths and identified tra
tions. Not listed are the predictions for the wavelengths
these ions made earlier@22#. The method employed there i
similar to the present method~both useHULLAC!, and the
separately computed wavelengths agree to within60.2 Å .
One notices in Table I that all of the measured lines appea
somewhat longer wavelengths than predicted. The differe
between the measured and calculated wavelengths reach
much as 1 Å , and it turns out that the wavelengths of
lower charge states are calculated less accurately becau
the complexity of the configurations of these ions. Final
Table I gives the collisional-radiative line intensities~see
Sec. IV B! predicted for the electron density and energy
EBIT. Comparison of the calculated and measured intens
helped us to confirm identification of the lines discuss
above.

IV. NARROW QUASICONTINUUM BANDS

At electron-beam energies below approximately 1.
keV, there is a drastic change in qualitative appearance o
spectra as a function of the ion-charge state. A narrow b
near 50 Å is emitted along with a weak line at about 45
While the line remains centered at the same posit
throughout the sequence of spectra, the band shifts tow
shorter wavelengths as the charge state decreases. This
continues until the beam energy becomes less than abo
keV. Thereafter, the emission pattern disperses and s
back to higher wavelengths. This starts at the point wh
0-3
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TABLE I. Observed and calculated transitions of As-like through Sr-like tungsten ions.lexpt andl th , respectively, denote the exper
mental and theoretical transition wavelengths obtained in the present work. The columnlexpt* gives the experimental wavelengths from Re
@5#. Wavelengths are in angstroms. b indicates that the line is blended with others.I CR is the calculated collisional-radiative line intensity~in
102 photons/s per ion! for an electron densityne51012 cm23 and an electron energyE5EI , whereEI 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 coefficienJL and
JU are the total angular momenta of the lower and upper levels, respectively.

Ion lexpt lexpt* l th I CR Lower level JL Upper level JU

As-like W411 47.16 b 46.9 b 46.69 4.9 4s2 4p1/2
2 4p3/2 3/2 73% 4s2(4p1/2 4p3/2)2 4d3/2 3/2

(EI51.99 keV) 47.16 b 46.9 b 46.64 2.0 4s2 4p1/2
2 4p3/2 3/2 88% 4s2(4p1/2 4p3/2)2 4d3/2 1/2

47.16 b 46.9 b 47.07 5.7 4s2 4p1/2
2 4p3/2 3/2 39% 4s2(4p1/2 4p3/2)1 4d3/2 5/2

60.71 60.6 60.26 2.9 4s2 4p1/2
2 4p3/2 3/2 85% 4s 4p1/2

2 (4p3/2
2 )2 3/2

64.82 64.9 64.69 3.1 4s2 4p1/2
2 4p3/2 3/2 61% 4s 4p1/2

2 (4p3/2
2 )2 5/2

70.15 69.96 1.5 4s2 4p1/2
2 4p3/2 3/2 63% 4s2 4p1/2

2 4d5/2 5/2

Se-likeW401 46.88 b 46.9 b 46.30 1.6 4s2 4p1/2
2 4p3/2

2 0 78% „4s2 4p1/2(4p3/2
2 )0…1/2 4d3/2 1

(EI51.94 keV) 46.88 b 46.9 b 46.09 2.6 4s2 4p1/2
2 4p3/2

2 2 75% „4s2 4p1/2(4p3/2
2 )2…5/2 4d3/2 1

46.88 b 46.9 b 46.30 3.6 4s2 4p1/2
2 4p3/2

2 2 67% „4s2 4p1/2(4p3/2
2 )2…5/2 4d3/2 2

46.88 b 46.9 b 46.34 4.8 4s2 4p1/2
2 4p3/2

2 2 50% „4s2 4p1/2(4p3/2
2 )2…3/2 4d3/2 3

62.60 62.34 2.7 4s2 4p1/2
2 4p3/2

2 2 69% 4s 4p1/2
2 4p3/2

3 2
65.81 b 65.8 b 64.79 4.9 4s2 4p1/2

2 4p3/2
2 2 89% 4s2 4p1/2

2 4p3/2 4d5/2 3

Br-like W391 46.81 b 46.9 b 46.46 4.8 4s2 4p1/2
2 4p3/2

3 3/2 77% 4s2(4p1/2 4p3/2
3 )2 4d3/2 1/2

(EI51.88 keV) 46.81 b 46.9 b 46.63 4.9 4s2 4p1/2
2 4p3/2

3 3/2 41% 4s2(4p1/2 4p3/2
3 )2 4d3/2 3/2

46.81 b 46.9 b 46.64 9.4 4s2 4p1/2
2 4p3/2

3 3/2 47% 4s2(4p1/2 4p3/2
3 )2 4d3/2 5/2

64.74 64.6 64.69 11.0 4s2 4p1/2
2 4p3/2

3 3/2 70% 4s2(4p1/2
2 4p3/2

2 )2 4d5/2 5/2
65.76 b 65.8 b 65.69 5.9 4s2 4p1/2

2 4p3/2
3 3/2 66% 4s2(4p1/2

2 4p3/2
2 )2 4d5/2 3/2

Kr-like W381 46.40 b 46.06 26.0 4s2 4p6 0 92% 4s2 4p1/2
5 4d3/2 1

(EI51.83 keV) 63.98 63.25 24.0 4s2 4p6 0 85% 4s2 4p3/2
5 4d5/2 1

Rb-like W371 49.52 49.06 8.8 4s2 4p6 4d3/2 3/2 82% 4s2 4p1/2
5 (4d3/2

2 )2 5/2
(EI51.62 keV) 56.86 56.04 4.8 4s2 4p6 4d3/2 3/2 53% 4s2 4p6 4 f 5/2 5/2

57.74 56.72 1.8 4s2 4p6 4d3/2 3/2 40% 4s2 4p3/2
5 (4d5/2

2 )4 5/2
64.82 63.87 5.3 4s2 4p6 4d3/2 3/2 59% 4s2(4p3/2

5 4d3/2)3 4d5/2 3/2

Sr-like W361 54.14 53.21 16.1 4s2 4p6 4d3/2
2 2 69% 4s2 4p6 4d3/2 4 f 5/2 3

(EI51.57 keV)
a-
n

th

g-
m

rd
n
n
io
o
s
f

s
s

ow

to

ies
he
ari-
ions with several 4f electrons in the ground-state configur
tion play an important role in the emission of tungste
Hence, the narrow band emission originates from ions
have either an open 4d subshell or a few electrons in the 4f
subshell.

In the following we give a theoretical analysis of the tun
sten spectra using the unresolved transition array sche
Although spectra for many more charge states were reco
in the present experimental study, the emphasis here is o
ions with 4dn configurations in the ground state. These io
clearly show the narrowing and shift of the band emiss
and in our view are a suitable test case for theoretical m
eling of the spectrum. A discussion of the tungsten band
the states with even lower charge will be the subject o
forthcoming study.

A. UTA calculations

In this section we will deal with our initial calculation
using the basic UTA approach as described previou
@9–11,23#. The ions we are considering in the range bel
01272
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1.70 keV exhibit arrays of spectral lines corresponding
resonance transitions from the 4p5 4dn11 and 4p6 4dn21 4 f
excited configurations to the ground configuration 4p6 4dn.
Let Ei j represent the set of all individual transition energ
belonging to a single array. Then, in the framework of t
UTA model @23#, one can express the average and the v
ance of the transition energies,Ē ands̄2, respectively, as the
weighted sums

Ē5

(
j ,i , j

gj Aji Ei j

(
j ,i , j

gj Aji

~1!

and

s̄25

(
j ,i , j

gj Aji ~Ē2Ei j !
2

(
j ,i , j

gj Aji

, ~2!
0-4
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whereAji is the Einstein coefficient for spontaneous em
sion from levelj to level i andgj is the statistical weight of
the upper level. UsingĒ and s̄2, the mean wavelengthl̄gA
and the spectral widthDlgA of the transition array can b
defined as follows

FIG. 2. Mean wavelength for the pure and mixed transition
rays of tungsten as a function of the ion-charge state. Curves~a! and

~b! represent thegA-weighted mean wavelengthl̄gA for the pure
4p6 4dn– 4p5 4dn11 and 4p6 4dn– 4p6 4dn21 4 f transition arrays,

respectively. Curve ~c! shows l̄gA for the mixed
4p6 4dn–@4p5 4dn1114p6 4dn21 4 f # array, visualizing the effect
of the configuration interaction. Curve~d! represents theintensity-

weighted mean wavelengthl̄CR for the mixed transition array. The

calculation ofl̄CR is based on the collisional-radiative line intens
ties deduced from Eq.~5!; the electron density and energy for whic
Eq. ~5! was solved are given in Table III. The solid data circles a
from the present EBIT experiment.
01272
-

l̄gA5108/Ē, ~3!

DlgA5A8 ln 23108s̄/Ē2, ~4!

Ē and s̄ are here expressed in cm21 and l̄gA and DlgA in
angstroms.

Using Eqs.~1!–~4! as a basis, we have made full interm
diate coupling calculations to obtain the UTA parameters
the pure 4p6 4dn– 4p5 4dn11 and 4p6 4dn– 4p6 4dn21 4 f as
well as mixed 4p6 4dn–@4p5 4dn1114p6 4dn21 4 f # transi-
tion arrays (n51 –9) of tungsten. Curves~a!, ~b!, and~c! in
Fig. 2 and Table II summarize the results of these calcu
tions. Previous UTA calculations@11# for some of these ions
have already predicted transition arrays in the spectral reg
between 46 and 51 Å . However, comparison of the res
in terms of mean wavelengths and spectral widths is diffic
because only a few of the UTA parameters were actu
given in that preliminary study. The present results in Fig
show that for the pure arrays@curves~a! and~b!# l̄gA varies
strongly with the charge state, while for the mixed arra
@curve~c!# the variation is very weak, less than 1 Å . Mor
over, as listed in Table II, the array width is clearly reduc
due to the configuration mixing as in Ref.@9#. As an ex-
ample, in Fig. 3 we have plotted the actualgA distributions
for the pure and mixed transition arrays of Nb-likeW331,
showing that the narrowing of the mixed array is primar
due to quenching of the long-wavelength transitions from
4p5 4d6 configuration. However, from Fig. 3 it is clear tha
even the mixed-configuration approximation@curve~c!# can-
not predict the very narrow emission bands (Dlexp<2 Å )
observed in our experimental spectra. Finally, not only
array width deviates from the measurements, but the p
ently calculatedl̄gA do as well. For example, the 1–1.5-keV
energy spectra of Fig. 1 reveal a displacement of the tra
tion wavelengths near 50 Å by as much as 4 Å . T
calculations for the associated charge states@curve~c! in Fig.
2# instead predict an almost constant value forl̄gA . Thus,
we cannot matchl̄gA to the experimental data even if we ad
an offset of 1 –2 Å to the calculated wavelengths cor
sponding to the error limit for this type of transition@9#.

-

m
TABLE II. CalculatedgA-weighted mean wavelengthl̄gA and array widthDlgA for the pure and mixed transition array of each ion fro
Rb-like W371 through Rh-likeW291. The calculations are based on the UTA expressions Eqs.~1! and ~2!. Wavelengths are given in
angstroms.

Ground-state 4d-4p 4 f -4d Mixed
Ion configuration l̄gA

DlgA l̄gA
DlgA l̄gA

DlgA

Rb-like W371 4d 49.18 14.28 60.93 5.15 49.00 13.16
Sr-like W361 4d2 49.59 15.09 58.95 5.98 49.15 12.58
Y-like W351 4d3 50.06 15.71 57.10 6.22 49.22 11.87
Zr-like W341 4d4 50.56 16.32 55.46 6.15 49.24 10.93
Nb-like W331 4d5 51.13 16.86 53.94 5.89 49.18 9.84
Mo-like W321 4d6 51.76 17.40 52.59 5.46 49.07 8.64
Tc-like W311 4d7 52.47 17.87 51.32 4.92 48.90 7.32
Ru-like W301 4d8 53.24 18.32 50.17 4.22 48.68 5.89
Rh-like W291 4d9 54.09 18.68 49.10 3.34 48.41 4.26
0-5
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B. Density-dependent CR model

To resolve the question of the disparity between the m
sured and predicted transition wavelengths, a different se
calculations has been made using collisional-radiative
intensities instead ofgjAji products. The reason is that EBI
operates in a low-collisional regime where level populatio
no longer follow Boltzmann’s law. Line intensities in th
case are not proportional togjAji products, but depend in
stead on the rates at which ions are excited. A calculatio
the spectrum must then be based on a collisional-radia
model. To our knowledge, the impact of possible departu
from a Boltzmann level population on the determination
the UTA parameters has not been studied previously.
analysis provides a quantitative description of the transit
from very high electron densities, where local thermod
namic equilibrium holds, to moderate and low densities
from LTE.

The populationnj of an ion in levelj is calculated from
the steady-state rate equation

FIG. 3. gA distributions for transitions in Nb-likeW331. In ~a!
and ~b!, the distributions for the pure 4p6 4d5– 4p6 4d4 4 f and
4p6 4d5– 4p5 4d6 transition arrays are presented.~c! is a plot of the
gA distribution for the mixed 4p6 4d5–@4p5 4d614p6 4d4 4 f # ar-
ray.
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where the left-hand and right-hand sides of the equation
resent the processes that populate and depopulate the lej.
s i j

e ands j i
d , respectively, are the energy-dependent electr

impact cross sections for excitation and deexcitation betw
levels i and j, andve is the electron velocity. In solving Eq
~5!, electric as well as magnetic dipole and quadrupole rad
tive decays are taken into account. Oncenj is obtained the
line intensity I j i , which represents the number of radiativ
transitions per second and unit volume from the levelj to the
level i, is computed using

I j i 5nj Aji . ~6!

We have generated synthetic spectra for the rangene
51012–1022 cm23. In addition, the average and the varian
of the transition energies have been calculated for the p
and mixed arrays as a function of the electron density. T
expressions forĒ and s̄2 in this case are similar to Eqs.~1!
and ~2!, but contain CR line intensitiesI j i in place ofgjAji
products,

Ē5

(
j ,i , j

I j i Ei j

(
j ,i , j

I j i

, ~7!

s̄25

(
j ,i , j

I j i ~Ē2Ei j !
2

(
j ,i , j

I j i

. ~8!

The UTA parameters expressed now in terms of CR l
intensities are designated byl̄CR and DlCR ; their values
were calculated using Eqs.~7! and ~8!.

A representative plot of CR spectra for the pure a
mixed transition arrays of Nb-likeW331 is shown in Figs.
4~a!–4~c!. If we compare them to the correspondinggA dis-
tributions of Fig. 3, large changes are apparent in the
spectra. Most noticeably a comparatively small fraction
the transitions within the array have sufficiently high inte
sity to remain significant in the emission. The predict
mean wavelength for the mixed-transition array of Nb-li
W331 is l̄CR551.05 Å , which clearly differs from the re
sult for thegA distributionl̄gA549.18 Å . The bottom plot
of Fig. 4 shows the CR spectrum for the mixed transiti
array of Sr-likeW361. Compared toW331, W361 shows a
level structure which is much less complex. As a result,
the spectrum of Sr-likeW361 one no longer finds the typica
0-6
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UTA structure in which lines fuse into a bright emissio
band.

The effect of the electron density on the intensity dis
bution is visualized in the plots of Fig. 5 where we prese
syntheticW351 spectra calculated using the mixed config
ration scheme. At the highest electron density (1022 cm23),
the general shape of the CR spectrum is very similar to
gA distribution plotted in 5~a!. This range is close to the LTE
regime, and most of the line intensities approach the va
of their correspondinggjAji products. At electron densitie
below about 1014 cm23, one encounters a domain in whic
the CR spectrum is fundamentally different both from thegA
distribution as well as from results obtained at higher den
ties. As Figs. 5~d! and 5~e! exhibit, the spectrum has spl
into a single line at approximately 45 Å and a feature
52.5 Å comprised of a few strong lines. Note that there
no obvious shift of the feature at 52.5 Å as a function
ne . However, it is displaced from the position of the ana
gous line group for theW331 ion presented in Fig. 4~c!, and
the displacement shows the same general variation

FIG. 4. Collisional-radiative spectra of Nb-likeW331 and Sr-
like W361. In ~a! and ~b!, the spectra from the pure
4p6 4d5– 4p6 4d4 4 f and 4p6 4d5– 4p5 4d6 transition arrays of
Nb-like W331 are plotted.~c! and~d! show the spectra for the mixe
4p6 4dn–@4p5 4dn1114p6 4dn21 4 f # array of Nb-like W331 (n
55) and Sr-likeW361 (n52), respectively. All spectra were ca
culated at an electron density ofne51012 cm23 and energies of
E51.38 keV~for the Nb-like tungsten! and 1.57 keV~for the Sr-
like tungsten!.
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charge state as do the emission bands in the experime
spectra.

A systematic set of calculations has thus been made
predict the mean wavelength and the width of the central
group for each ion, from Rh-likeW291 through Y-likeW351.
Sr-like W361 and Rb-likeW371 do not show the typical UTA
structure in their spectra, as outlined above, and were
cluded from this study. The calculations were made for
electron density ofne51012 cm23, which is the approxi-
mate electron density in our measurements. Table III lists
results, and one notices thatl̄CR increases gradually with
increasing charge state. The peak width exhibits a maxim
for Mo-like W321 and Nb-likeW331, corresponding to the
fact that these ions have the largest number of excited le
among the tungsten ions with 4dn ground configurations.D
indicates the difference in the mean wavelengths between
gA-weighted and theintensity-weighted UTA results. This
quantity is small for Rh-likeW291, but increases signifi-
cantly for Y-like W351.

FIG. 5. gA distribution ~a! and collisional-radiative spectra fo
the mixed 4p6 4d3–@4p5 4d414p6 4d2 4 f # transition array of
Y-like W351. For the spectra plotted in~b! through~e!, the electron
density changes over ten orders of magnitude from 1022 to
1012 cm23. Notice that the intensity of the spectrum lines vari
accordingly. Each spectrum is calculated at an electron energ
E51.51 keV.
0-7
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TABLE III. Intensity-weighted mean wavelengthl̄CR and array widthDlCR calculated for the mixed-
transition array of each ion from Y-likeW351 through Rh-likeW291. The calculations are based on th
collisional-radiative line intensities deduced from Eq.~5!. The electron density and energy for which th
UTA parameters of each ion were calculated arene51012 cm23 and E5EI . EI is the ionization energy.

l̄expt is the experimental mean wavelength of the band inferred from the spectra of Fig. 1.D5l̄CR2l̄gA is
the difference between theintensity-weighted mean wavelength and thegA-weighted mean wavelength o

Table III. l̄CR , l̄expt, DlCR , andD are given in angstroms.

Ion EI(keV) l̄CR l̄expt
DlCR D

Y-like W351 1.51 52.54 53.7 0.41 3.32
Zr-like W341 1.46 51.75 53.2 0.41 2.51
Nb-like W331 1.38 51.05 52.7 0.54 1.87
Mo-like W321 1.33 50.42 52.2 0.56 1.35
Tc-like W311 1.28 49.76 51.9 0.40 0.86
Ru-like W301 1.23 49.16 51.5 0.39 0.48
Rh-like W291 1.18 48.58 51.1 0.19 0.17
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C. Comparison with experiment

The values forl̄CR listed in Table III are plotted in Fig. 2
@curve ~d!# where they are compared with the results fro
the present experiment. Obtaining the experimental d
points was not a straightforward procedure because, in
low-energy spectra of Fig. 1, we could no longer reso
individual charge states. As a result, there was no easy
to link the changing positions of the emission band to
presence of a particular ionic stage in the trap. To determ
the most abundant charge state as a function of beam en
we relied on the analysis of the higher-energy spectra of
1, where we could resolve individual ionization stages. T
measured line intensities in these spectra vary as a func
of Ebeamand are enhanced considerably when the popula
of the emitting ion within EBIT is maximal. Such enhanc
ment can be seen in the 1.74-keV-energy spectrum of Fi
where the intensity of the 54.14-Å Sr-like resonance tran
tion reaches its maximum value. Using these measured
intensities, we were able to determine the electron-beam
ergy at which an ion population reached a peak under
present experimental conditions. For the ions of charge s
q between 361 and 441, a maximum enhancement wa
observed when the beam energy was roughly 1.1 times
ionization energy of the next lower charge stateq21.

Our analysis of the emission bands in Fig. 1 assumes
this factor is also applicable to the lower charge states.
used it here to predict the energiesEq at which the maximum
population is expected for each ionq, from Rh-like W291

through Y-like W351. We then plottedl̄expt, the mean
wavelength of the experimental emission band, as a func
of Ebeam and used thel̄expt-Ebeam graph to findl̄expt for
each value ofEq . The data resulting from this evaluation a
presented in Fig. 2 and Table III. The error inl̄expt is esti-
mated to be60.6 Å . It arises from the uncertainty in th
energy factor above, the uncertainty in the determination
the electron-beam energy, and the inherent energy sprea
EBIT’s electron beam.

Figure 2 shows experimentally determined mean wa
lengths that exceed the predicted wavelengths@curve~d!# by
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1.2–2.5 Å , depending on charge state. The estimated un
tainty in the theoretical values is 1 –2 Å , as stated abo
and we are aware that for these kinds of transitions our
culations generally produce wavelengths that are too sm
Thus, the most important feature to compare with expe
mental data is the variation of the wavelengths as a func
of charge state. As observed in Fig. 2, the slope of the t
oretical curve~d! agrees fairly well with the experimenta
slope. Whenq decreases the experimental mean waveleng
are seen to diverge slightly from the calculations. It is like
that this difference is related to the problem of finding t
charge balance and that an improvement in charge resolu
could resolve the discrepancy. Nevertheless, the fact tha

perimental data points closely follow thel̄CR curve ~d!

rather than thel̄gA curve ~c! is a clear indication that the
peculiarities of the experimental tungsten spectrum are
to the low electron density. One also notices that the th
retical widthDlCR ~see Table III! is always smaller than the
experimental bandwidth for any energy value in the ran
1 –1.7 keV. This is explained by the fact that at the ene
at which a given charge stateq is dominant there is still a
significant contribution from the next lower and higher io
ization states. However, as observed in Fig. 2 the band s
by nearly 0.5 Å in moving from one charge state to t
next. Thus, the slightly enlarged bandwidth that is measu
results from the superposition of the emissions of all io
with a significant concentration at a fixed beam energy.

V. CONCLUSIONS

With EBIT’s capability to selectively produce and exci
particular ionic stages we were able to observe the radia
from highly charged tungsten in a wide range of char
states. The present study has led to the measurement
classification of new lines corresponding to transitions with
the n54 shell in Sr-likeW361 through Cu-likeW451. For
the lower ionization states with 4dn configurations in the
ground state~from Rb-likeW351 through Rh-likeW291) the
EBIT spectra have revealed that the emission fuses in
0-8
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narrow band near 50 Å . The band moves smoothly towa
shorter wavelengths as decreasing charge states are pro
sively selected. The analysis of this peculiar effect has b
supported byab initio calculations using the multiconfigura
tion relativistic HULLAC package associated with
collisional-radiative model for the level populations. Th
usual UTA formalism based on statistical level populatio
is demonstrated to be inadequate for interpreting the E
measurements. In contrast, the density-dependent CR m
correctly predicts both the narrowness of the bands and
C.
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. B
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trend of the wavelength shift observed in the experimen
spectra. It is shown that this particular shift is a signature
the low-collisional regime prevailing in EBIT.

We have found experimental and theoretical evidence
more than ten ionization stages of tungsten can contribut
the radiation in the narrow range between 48 and 54 Å . O
results explain thus the unresolvedbroad emission feature
around 50 Å observed in the impurity spectrum fro
tokamak-produced plasmas@5# where, in contrast to EBIT,
many more ionization states of tungsten emit simultaneou
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