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Quantum-mechanical calculation of Stark widths of NeVII n53, Dn50 transitions
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The Stark widths of the NeVII 2s3s-2s3p singlet and triplet lines are calculated in the impact approxima-
tion using quantum-mechanical convergent close-coupling and Coulomb-Born-exchange approximations. It is
shown that the contribution from inelastic collisions to the linewidths exceeds the elastic width contribution by
about an order of magnitude. Comparison with the linewidths measured in a hot dense plasma of a gas-liner
pinch indicates a significant difference which may be naturally explained by nonthermal Doppler effects from
persistent implosion velocities or turbulence developed during the pinch implosion. Contributions to the line-
width from different partial waves and types of interactions are discussed as well.@S1050-2947~99!03203-5#

PACS number~s!: 32.70.Jz, 34.80.Kw, 52.55.Ez
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I. INTRODUCTION

Spectral line shapes can provide very rich and valua
information on important plasma parameters, such as ion
atom temperature, electron density, electric field distri
tions, etc. The quantum-mechanical theory of collisional i
pact line broadening is well established and developed@1#,
however the number of purely quantum calculations, es
cially for highly charged ions, is rather limited. Most the
retical efforts were directed toward elaboration of semicl
sical or semiempirical methods which showed good accur
for neutral species and low-charge ions. It is only recen
when a number of sophisticated atomic collisional cod
have become available, that high-quality quantu
mechanical results could be applied to line-shape calc
tions for highly charged ions. From the experimental point
view, test measurements of line profiles are impeded by
required independent determination of plasma tempera
and density. The experimental situation is even more pe
liar in that the linewidths of high-Z ions were measured a
most exclusively by the Bochum group~see@2,3# and refer-
ences therein!, and therefore lack an independe
confirmation.

The recent results on the Stark broadening of spec
lines from multiply charged ions revealed a significant d
crepancy between the independent quantum-mechanica
culations and, on the other hand, experimental measurem
and semiclassical results. For the BIII measurements@4,5#,
the Stark linewidths for the simplest 2s-2p transition differ
by as much as a factor of 2, the two quantum results@6,7#
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being in agreement to within 10%. A possible explanati
for this discrepancy in terms of a developed turbulence
different treatments of small partial waves in electron-i
scattering was proposed in Ref.@6#; however, more compari-
sons and detailed investigation of important contributions
the linewidth are of primary importance.

Measurements of line profiles for the 2s3s-2s3p transi-
tions 1S0-1P1 and 3S1-3P2 of NeVII emitted from a hot
dense plasma of a gas-liner pinch were reported rece
@3,8#. The experimental linewidths for singlet (lS

53643.6 Å ) and~the strongest! triplet (lT51982.0 Å )
lines are DlS51.7060.26 Å and DlT50.4560.07 Å ,
respectively. The electron density and temperature w
measuredindependentlyby laser Thomson scattering an
turned out to be in the rangesNe5(323.5)31018 cm23

and Te5(19220.5) eV. The measured linewidths agr
well with most semiclassical@1,5,9# or semiempirical@10#
calculations but only marginally with other semiempiric
results@11#.

Here we present the results of fully quantum-mechan
calculations of the Stark linewidths for then53→3 transi-
tions in Be-like neon. The plan of this paper is as follows.
Sec. II the calculational method is described. The feature
atomic structure as well as inelastic and elastic contributi
to the linewidths are discussed in detail. In Sec. III a co
parison with available experimental and theoretical result
made and the sources of discrepancy are investigated
nally, Sec. IV contains conclusions and recommendation

II. METHOD

A. General theory

The calculational method applied here is basically
same as the one used in Ref.@6#. We start from the funda-
1890 ©1999 The American Physical Society
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mental formula for the full collisional width at half
maximum ~FWHM! for an isolated line corresponding to
transitionu→ l @12#:

w5NeE
0

`

vF~v !S (
u8Þu

suu8~v !1 (
l 8Þ l

s l l 8~v !

1E u f u~u,v !2 f l~u,v !u2dV D dv, ~1!

with Ne being the electron density,v the velocity of the
scattered electron, andF(v) the Maxwellian electron veloc
ity distribution. The electron impact cross sectio
suu8 (s l l 8) represent contributions from transitions conne
ing the upper~lower! level with other perturbing levels indi
cated by primes. In Eq.~1!, the f u(u,v) and f l(u,v) are
elastic scattering amplitudes for the target ion in the up
and lower states, respectively, and the integral is perform
over the scattering angleu, with dV being the element o
solid angle. Equation~1! relates a linewidth in the impac
approximation with atomic cross sections, facilitating the u
of well-developed techniques of atomic scattering calcu
tions for line broadening studies. It can also be rewritten
terms of the elasticS-matrix elements assuming LS couplin
~see, e.g.,@13#!:

w5ReS 2pNe (
Lu

TLl
TSTll 8

~21! l 1 l 8~2Lu
T11!~2Ll

T11!

3
~2ST11!

2~2S11!H Ll
T Lu

T 1

Lu Ll l J H Ll
T Lu

T 1

Lu Ll l 8
J

3E
0

`1

v
F~v !dv@d l 8 l2SU~LuSl8 1

2 Lu
TST;LuSl1

2 Lu
TST!

3SL* ~LlSl8 1
2 Ll

TST;LlSl1
2 Ll

TST!# D . ~2!

HereL andS are the atomic orbital angular momentum a
spin, l and l 8 are the electron orbital angular momentu
before and after collision, superscriptT denotes the quantum
numbers of the total electron1ion system, and the$ d

a
e
b

f
c% are

6-j symbols. The advantage of Eq.~1! is that it gives more
clear insight as to the importance of inelastic and ela
contributions to the linewidth; therefore, we will mainly b
referring to Eq.~1! in what follows.

In the present work, the inelastic cross sections appea
in Eq. ~1! were calculated with two independent method
i.e., the convergent close-coupling~CCC! and Coulomb-
Born-exchange~CBE! approximations. The basic idea of th
CCC method@14# lies in the close-coupling expansion with
large number of square-integrable states. A set of coup
Lippmann-Schwinger equations for the transition matrix
solved in momentum space, and the convergence of the
sults may be checked easily by increasing the number of
basis functions. The details of the CCC method can be fo
in a number of recent reviews@15,16#, where a very good
agreement with various experimental collisional data
shown. For the calculations with the more traditional CB
approximation, we made use of the codeATOM described in
-
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d

re-
e
d

s

Ref. @17#. In addition to the Coulomb attraction between io
and electron and exchange,ATOM accounts for normalization
~unitarization! effects and uses experimental level energ
when calculating the atomic wave functions and collision
cross sections. It is well known that the Coulomb-Born a
proximation corresponds to perturbation theory with 1/Z as
expansion parameter, whereZ is the spectroscopic charge
therefore, one can expect better accuracy for the C
method applied tohighly chargedions. Although the CCC
method generally provides a superior accuracy, the use
ATOM greatly reduces the computational efforts. Comparis
of CCC and CBE cross sections for highly charged H- a
Li-like ions (Z&12) demonstrated an excellent agreem
between these two methods and available experimental
@18#.

B. Atomic structure

Before proceeding to the details of collisional calcu
tions, it is worth mentioning some features of the NeVII

atomic structure. First, the current version of the CCC co
utilizes the Hartree-Fock~HF! frozen-core approximation fo
atomic wave functions. To study the validity of this a
proach, we have made a comparison of wave functions
culated with the full HF and HF frozen-core methods usi
the Cowan code@19#. The agreement between the two sets
wave functions proved to be very good, thereby justifyi
the use of the frozen-core approximation. These calculati
were also used to determine the root-mean-squared rad
the lower 2s3s and upper 2s3p states, which were found to
be 1.81a0 and 1.79a0 , respectively, wherea050.529
31028 cm is the Bohr radius.~Recall that the CBEATOM

code constructs atomic wave functions by solving the Sch¨-
dinger equation withexperimentalenergies rather than solv
ing ab initio HF equations.! Another measure indicating th
level of accuracy are the oscillator strengths, which for
CCC calculations are found to agree within one percent w
the Opacity Project results@20#. Since in some cases th
atom oscillator strengthsf ATOM deviate from the high-
accuracy resultsf acc by as much as 15%, the CBE dipole
allowed excitation cross sections were rescaled by the r
f acc/ f ATOM to improve these results. Finally, to check th
applicability of LS coupling, we carried out large-sca
atomic structure calculations for NeVII with Cowan’s code
taking into account both intermediate coupling and config
ration interaction. The results obtained show that the lev
of interest of NeVII correspond to practically pure LS cou
pling, although configuration interaction is important for th
2s3p1P and 2p3s1P states which mix to a level of 10%
Nonetheless, this mixture is unlikely to be important, since
the sum of inelastic cross sections in Eq.~1! this effect is
essentially smoothed out.

C. Inelastic collisions

The inelastic cross sections appearing in Eq.~1! include
all possible electron-induced transitions originating from t
lower or upper states of a transition. It is normally safe
neglect the ionization and recombination processes, tak
into account only electron impact excitation and deexc
tion. For the linewidths discussed here, even theDnÞ0 ex-
citations may~but will not! be ignored, since their rates ar
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1892 PRA 59RALCHENKO, GRIEM, BRAY, AND FURSA
at least two orders of magnitude smaller than those for
Dn50 transitions. Table I presents the CBE rate coefficie
for electron impact excitation and deexcitation proces
connecting the upper and lower levels of transitions w
other perturbing 2l3l 8 levels. The calculation was carrie
out for an electron temperatureTe520 eV, which corre-
sponds to the experimental conditions of Ref.@8#, and only
one-electron transitions are considered here since t
electron transitions were found to have much smaller cr
sections. One can see that the largest rate coefficients c
spond to dipole-allowed transitions, while dipole-forbidd
and spin-forbidden channels contribute only a few percen
the inelastic part of the linewidth. It should also be noted t
since the reaction thresholds are smaller than 6–7 eV,
rate coefficients are rather insensitive to small~a few eV!
variations in the electron temperature around the experim
tal value of 20 eV.

Both calculational methods give close~within 10%! re-
sults for the most important dipole-allowed cross sectio
~Note that the excitation of the inner 2l electron is also sig-
nificant for the linewidth, contributing as much as 12% a
8% for singlet and triplet lines, respectively.! An example of
the agreement between the CCC and CBE results is dem
strated in Fig. 1, where 2s3s 1S–2s3p 1P and
2s3p 3P–2s3d 3D excitation cross sections are shown. U
fortunately, there are no other available theoretical nor
perimental data for the 3-3 transitions in NeVII , so in order
to test the accuracy of our calculations it seems to be rea
able to make a comparison with the existing 2-3 data for
ion. Probably, the most accurate theoretical results were
duced recently by Ramsbottomet al. @21#, who calculated
electron impact excitation rates for many 2-3 transitions
ing the multichannelR-matrix method. The compariso
shows very good agreement between our data and thos
Ref. @21#. For instance, the CBE excitation rate coefficien
(Te5106 K'86 eV) for the outer electron transitio
2s2p 3P–2s3d 3D and inner electron transition
2s2p 3P–2p3s 3P are 6.8310210 cm3 s21 and 9.1
310211 cm3 s21, respectively, which agree well with th

TABLE I. The CBE electron impact excitation and deexcitati
rate coefficients for NeVII in units of cm3 s21 for Te520 eV. The
numbers in brackets denote powers of 10.

2s3s 3S 2s3s 1S 2s3p 1P 2s3p 3P

2s3s 3S 7.46@210# 3.29@210# 6.10@208#

2s3s 1S 2.21@210# 5.17@208# 1.13@210#

2s3p 1P 2.47@210# 1.31@207# 5.30@210#

2s3p 3P 1.35@207# 8.44@210# 1.56@209#

2s3d 3D 9.96@209# 1.50@209# 1.48@209# 7.75@208#

2s3d 1D 4.10@210# 9.97@209# 6.45@208# 4.49@210#

2p3s 3P 9.71@209# 3.86@210#

2p3s 1P 9.99@211# 2.36@208#

2p3p 1P 1.20@208# 4.34@211#

2p3p 3D 2.04@210# 9.69@209#

2p3p 3S 3.89@211# 2.18@209#

2p3p 3P 1.12@210# 3.86@209#

2p3p 1D 7.04@210# 5.92@211#

2p3p 1S 6.63@210# 1.07@211#
e
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R-matrix values of 6.2310210 and 9.6310211 cm3 s21.
There also existu-pinch experimental results@22# for exci-
tation rates from the ground and metastable states to som
the n53 states at an electron temperature of 260 eV; th
are two to three times smaller than CCC/CBE rates, but la
experimental errors up to 200–300 % limit their usefulne

To summarize, for the experimental conditions of R
@8#, the CBE inelastic contribution~with accountof the Dn
51 transitions! to the linewidths obtained from Eq.~1! is
win

S '0.806 Å for the singlet line andwin
T'0.197 Å for the

triplet line.

D. Elastic collisions

According to Eq.~1!, the non-Coulomb elastic amplitude
of scattering from the upper and lower states at the sa
electron impact energy should be subtracted and avera

FIG. 1. Electron impact excitation cross sections for the tran
tions 2s3s 1S– 2s3p 1P and 2s3p 3P– 2s3d 3D in NeVII . CBE,
dashed lines; CCC, solid circles and squares.

FIG. 2. Non-Coulomb elastic cross sections of NeVII ions in
2s3s 3S ~solid line! and 2s3p 3P ~dot-dashed line! states, and the

coherent difference terms̃(E) ~diamonds!.
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TABLE II. Ratio of the experimental Stark widths of the 2s3s-2s3p lines in NeVII to different theoret-
ical widths.

Line Te ~eV! Ne(cm23) wexpt/wtheor

Ne VII 1S0-1P1 19 3.531018 1.28a 1.15b 1.57c 0.88~0.77! d 1.70e

Ne VII 3S1-3P2 20.5 3.031018 1.53a 1.29b 1.91c 0.94~0.82! d 1.96e

aSemiclassical@1#.
bSemiempirical@10#.
cSemiempirical@11#.
dSemiclassical@5#.
ePresent work.
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over the Maxwellian electron energy distribution. These a
plitudes were calculated for a large range of electron en
gies only with the CCC code, since the existing version
the CBE codeATOM produces only inelastic cross section
The 2s3s 3S and 2s3p 3P elastic cross sectionssel(E) along
with the coherent difference terms̃(E)[* u f s(u,v)
2 f p(u,v)u2dV are shown in Fig. 2, the singlet cross se
tions and difference term having a similar behavior. The
results unambiguously reveal the same peculiarities as w
noticed for the BIII 2s-2p elastic term@6#, i.e., a faster than
1/E energy dependence and strong cancellation ins̃(E). For
example, at electron impact energiesE*30 eV, the coher-
ent differences̃ is more than an order of magnitude smal
than any of thesel . Since at large energies the elastic cro
section is mainly determined by the size of a system, suc
cancellation may be due to almost equal mean squared
of the 2s3s and 2s3p states, as was already mention
above. The general behavior of the elastic difference te
deserves a special investigation and will be reported e
where. The Maxwell-averaged elastic contribution to t
linewidth is wel

S'0.067 Å andwel
T'0.023 Å for singlet

and triplet, respectively. This shows that in this case the e
tic contribution to the linewidths is about an order of ma
nitude smaller than the inelastic one, which is not surpris
for such high temperatures.

E. Final results

To summarize, the total linewidths~FWHM! for the
2s3s-2s3p,1S-1P, and 3S-3P transitions obtained from Eq
~1! arew1

S'0.873 Å andw1
T'0.220 Å . The same widths

were also calculated with Eq.~2! using the CCC elastic
T-matrix elements and the relation betweenT matrix andS
matrix T̂5Ŝ2 Î ( Î is the unit matrix!. The corresponding
singlet and triplet widths arew2

S'1.05 Å and w2
T

'0.230 Å . The difference between the results obtain
with Eqs.~1! and ~2! can probably be attributed to the res
nances in the CCCT matrix, which were not included into
the CBE inelastic calculations. A conservative estimate
the accuracy of these results, based on the CCC-CBE ag
ment and the accuracy of the CCC calculations along
@Be# sequence, is 15%. Thus, the final Stark linewidths a

wS51.060.15 Å , wT50.2360.03 Å . ~3!

III. DISCUSSION

The linewidths calculated here differ noticeably from t
measured values of Ref.@8# and most of the theoretical data
-
r-
f
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dii

e-

s-
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e

The ratios of experimental to different theoretical Sta
widths for the NeVII lines are presented in Table II. Th
methods cited there cover various modifications of the se
classical @1,9# and semiempirical@10,11# approximations.
The semiclassical methods, including the latest nonpertur
tive calculations@9#, yield values which are generally in
agreement with the experimental data. The semiempirical
sults of Dimitrijevićand Konjević@11# are rather close to our
values, and this is quite similar to what had already be
noticed for the BIII calculations@6#.

The major diagnostics challenge in the gas-liner pin
experiment@8# may be the determination of the main plasm
parameters, i.e., the electron temperature and density,
region where the multiply charged ions of neon are situat
In the experiment, bothTe andNe were determined from the
Thomson scattering onlyglobally, which may not be charac-
teristic of the plasma conditions near the locally inject
neon. As a matter of fact, there exist some experimental
dications that density and temperature do vary in the vicin
of the doping gas@23#. However, the experimental value o
Te is supported by the fact that electron temperaturesTe
519220 eV are well within the range of the maximal abu
dance temperatures for NeVII at an electron densityNe
5(3 –4)31018 cm23. Our calculations with the collisional-
radiative codeNOMAD @24# show that for equilibrium condi-
tions the NeVII ions account for about 30% of the tota
amount of neon. Another line broadening mechanism affe
ing the observed widths may be unresolved Doppler l
splitting associated with the radial implosion velocities in t
gas-liner pinch@23#. The contribution from an ion~proton!
collisional broadening may be estimated using Eq.~517!
from Ref. @1#, and it is easy to show that ion broadening
negligibly small comparing to electron impact broadening

Since the experimental conditions in the NeVII measure-
ments were basically the same as for the BIII experiment, the
general conclusions@6# regarding a possible effect of a de
veloped turbulence on the linewidths should remain ess
tially the same. It was mentioned in Ref.@8# that the mea-
sured value of the Stark width for the triplet transitionDl
'0.45 Å constitutes about 70% of the total measur
linewidth1 which therefore isDlexp;0.64 Å . This full
width includes Stark, Doppler, and instrumental broadeni
the latter being decomposed into Gaussian (0.07 Å ) a

1There is no information in Ref.@8# on the full linewidth of the
singlet transition, so we will not discuss it in what follows.
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Lorentzian (0.05 Å ) parts@2#. For an ion temperature o
Ti5Te520 eV, the pure Doppler width is approximate
DlD'0.15 Å . As noted in@6#, the Reynolds numbers fo
the Bochum gas-liner pinch experiment are of the order
104, which is sufficient for a developed turbulence to exi
Such a turbulence leads to an extra chaotic motion of Ne
with a characteristic velocity of the order of the proton th
mal velocityvp . Hence, the full thermal1turbulent Doppler
width becomes a factorA2011'4.6 larger~here 20 is the
ratio of massesMNe/MH) and is nowDlD'0.70 Å . Using
Eq. ~6! of Ref. @25#, for the FWHM of a combined Voigt
profile including Stark, thermal1turbulent Doppler, and in-
strumental contributions, we get a valueDl'0.85 Å which
is 30% higher thanDlexp. The main uncertainty in this cal
culation obviously comes from the turbulent contributio
which is rather sensitive to the value of the characteri
velocity. It is straightforward to show that reducing this v
locity by one-third only, i.e., multiplying the pure Dopple
width by 3.1 instead of 4.6, one can exactly reproduce
experimental value ofDlexp. Thus, according to the hypoth
esis proposed in Ref.@6#, reasonable values of characteris
turbulent velocities may naturally explain the observed d
ference in linewidths.

Regarding the discrepancy between the quantum
other theoretical calculations, the reader may wonder a
the source of such a difference. The crucial point is t
unlike the quantum-mechanical methods, the semiclass
approaches have a natural limit of applicability arising fro
the Heisenberg uncertainty principle~see, e.g.,@26#!. The
criterion of applicability of the semiclassical calculatio
may be formulated@27# as a requirement for the distance
the closest approachr min , rather than the impact paramet
r, to be larger than or at least of the same order as
corresponding de Broglie wavelength,lmin52p\/mvmax.
Using the angular momentum conservation, it is straightf
ward to show that this is equivalent to the inequality

2p&L. ~4!

Another limitation on impact parameters was introduced
order to avoid violations of unitarity@1#, but still assuming
the long-range dipole interaction remain valid. Again refo
mulated in terms of the distance of the closest approach
corresponding condition may be written as

r n

r min
&1, ~5!

wherer n is the excited state atomic radius. If this inequal
is violated, both semiclassical and long-range interaction
proximations are questionable. Using the Coulomb para
eter h5(Z21)e2/\v, Eq. ~5! may also be expressed i
terms of the total angular momentumL as @27#

r n

r min
5

~Z21!r n$@11~L/h!2#1/211%

a0L2
&1. ~6!

As was noted above, the mean root squared radii of the 2s3s
and 2s3p states are about 1.8a0 . For Te520 eV, the Cou-
lomb parameter ish.7 and therefore the ratior n /r min takes
values of 1.45, 0.96, 0.43, and 0.22 forL54, 5, 8, and 12,
f
.
s

-

,
c

e

-

d
to
t
al

e

r-

n

-
he

p-
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respectively. It follows then that for the given electron tem
perature, criteria~4! and ~5! are similarly restrictive for the
semiclassical approximation.

Unlike in the semiclassical method, in fully quantum
mechanical calculations the determination of the range
significantL values is naturally accomplished by the part
wave expansion. In Fig. 3 the contribution of different to
electron1ion angular momentaLT to the CCC cross section
is shown for an incident electron impact energy of 20 eV
a number of transitions.2 Naturally, the elastic cross section
are governed by the smallest values ofLT , which are con-
cealed in the strong collision term of semiclassical calcu
tions. The most important inelastic cross sections having
smallest thresholds reach 50% of their values only forL
59, for which the left-hand side ratio of Eq.~5! is about
0.35. This number is probably already sufficiently small
justify the use of the long-range interaction approximati
for L>9; however, the restrictions following from Eq.~4!
are less obvious to have been overcome.

Another discrepancy may come from other than dip
interactions. Although the monopole interaction was not
plicitly included in nonperturbative semiclassical calcu
tions @9#, the quadrupole transition 2s3s-2s3d was shown to
account for about 15% of the linewidth. This value is
contradiction with the present results. As one can see fr
Table I, the 2s3s-2s3d quadrupole channel contributes on
approximately 3% to the quantum-mechanical inelastic li
width. If we take into account only those transitions th
were considered in Ref.@9#, then this number increases t
3.5%, still a factor of 4 smaller than the nonperturbati
semiclassical result.

These considerations clearly show that the accuracy of
semiclassical calculations may not be as high as it is o
thought to be, and new calculations, both semiclassical
quantum-mechanical, are needed to better establish the li
of applicability for the nonquantum methods.

2The CBE partial wave composition is practically the same.

FIG. 3. Contribution of different total electron1ion angular mo-
mentaLT to various elastic and inelastic cross sections.
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IV. CONCLUSION

A fully quantum-mechanical calculation of the Stark lin
widths for the singlet and triplet 2s3s-2s3p lines of NeVII

was carried out in the impact approximation with the use
accurate atomic data. Although the results obtained disa
with experimental and most theoretical results, a natural
planation for this disagreement can be suggested. On
hand, the measurements are not free from difficulties rela
to possible extra contributions from turbulence and un
solved Doppler shifts. This suggests an independent m
surement of Stark widths of highly charged ions. On t
other hand, the semiclassical calculations, not obviously p
.
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e
o-

ducing accurate results for other than dipole interactio
may have problems when being applied to the small imp
parameter region. In our opinion, the next important step
the development of Stark broadening theory would be a v
detailed comparison between quantum and semiclassica
sults.
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