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Shift of the Na 1 467- and 498-nm lines in a dense plasma
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The shifts of the Nal 467- and 498-nm lines were measured and calculated as a function of the electron
density at a temperature of 4000 K and at electron densities arodfidrh0?. It is shown that even at these
small electron densities collective effects such as plasma oscillations lead to dramatic changes in Stark line
shifts as compared to those calculated in the binary collision approximation. Therefore a multiparticle theory is
used to describe the relevant processes in order to analyze the experimental data. The Green’s function
approach used in this paper has been shown to take all the relevant multiparticle effects correctly into account.
We show that the line shifts are caused by the levels closely adjacent to the initial level of the radiating atom.
As a consequence of the plasma oscillations the line shift is screened off when the plasma frequency reaches
the order of magnitude of the energy difference between the radiating and the adjacent levels.
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PACS numbdps): 52.40—~w, 32.60+i, 32.70.Jz

I. INTRODUCTION (with respect to particle densitiesinear contributionsii)

Stark broadening of spectral lines provides a valuable toorlestrlctlon to the treatment of isolated lines, i.e., no profile

. S . ) . overlaps; andiii) introduction of the impact limit, i.e., the
for mvestlg_atlons n the field of plasma phy§|cs. Atlow elec- description of the line shape only close to the unperturbed
tron densities line shifts due to the quadratic Stark effect are - nsition frequency
proportlonal to the electron densny.i M.any eXpe””?@'PSﬂ It can be shown.that in the classical limit the resulting
In dgnse plasmas have shown deviations from .th's linear bl?EeruIas reduce to those of the model of classical perturbers.
havior. In most cases these effects became visible at electropa

densities around 2cm™2. In this paper we treat transitions , ©<1d into account only levels that are closely adjacent to
) Pap the initial state, this approach coincides with the kinetic

where such a behavior occurs at far lower densities. A wid

range of theoretical investigations has been performed in thehe.?;y' i hift db turbi lect L b
last decades starting with a model of classical perturbers € line Shift caused by perturbing electrons 1S given by
(see, for example, Refs[8,9]). Afterwards quantum- de=s5—s )
mechanical approaches were also used both in relaxation v

theories[10,11 and in formalisms using Green's function \yhere s, is given by

techniqueqd12—16. The continuing interest in this field is

demonstrated also by further improvements of the theoretical dk » de
situation(see, for examplg,17-22). 0= —2 f WV(E)J 7Ime‘1(lz,w+i0)
Mpq(K)|2
IIl. THEORY K[1+ng(@)] [Mpa(K)| @

E,—E,—(w+i0)
The theory used to interpret our experiment has been thor-

oughly introducedsee Refs[21-23). The shift of the lines  andM,,, by

considered here is to a great extent caused by the quadratic

Stark effect. The main contribution is caused by perturbing . dp . . L

electrons in the plasma, a minor one also by ions. Due to the M (k)=i f Wwﬁ(p)[wa(p)—wa(p+ K. 3

different masses and therefore different velocities their con-

tributions to the shift are calculated separately. A Green’sl-he states closely adjacent toare denoted byr, and the

function technique has been used to investigate the effect %ave functions(of the states1 and a) ¥, and ¥ ' are cal-

the perturbing electrons taking into account many'p"’lrtid(:“cuIated using the Coulomb approximatir(])n. As vL\;e investigate

effects. A relation between the absorbed radiation and th

, ; : ; , e line shifts at electron densities around®@m 2 and at
Grgen s fgncnon serves as a starting point for this a}pproaC%mperatures of only a few tenths of an eV, the Fermi distri-
This relation can be obtained by investigating the linear re; ;

action of a system on an external field and using Fermi’ pution f, can be approximated by the Boltzmann distribu-

olden rule. The polarization function plavs an im ortantstion' Moreover, only the leading term in electron densities
golde fle. 'he p ; _play P has to be taken into account, so tl#gtis given by
role in this relation, and is calculated in a perturbative ex-

pansion which is carried out using a diagram technique. The 8 (5|12 K
following approximations have been used) a three- S5 ___(_) neg fF|Mna(E)|2|(kiwan)r (4)

n=
aw

particle-impulse approximation, which is evaluated up to ™
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wherew ,,, denotes the energy difference between the state

and the adjacent state. 8 denotes the inverse temperature pC
(kgT) "%, and 1 (k,w,,), Which is responsible for dynamic OMA
screening, is represented with the help of the dielectric func- controller
tion € by | -
* _o|e(k,k*=2pk+i0)|?
I(k,wan)=f_xdpe pp o —2pk+k2+i0 . (5) pulse spectro-
an generator graph
The dielectric function can be represented in random-phase ' == optical
approximation(RPA) as D stgsr:ge | gg‘;gr <—3stem
- ‘ supply
e(k w)=1—2f dp V(k) TelEp) ~TelE5-0) (6) radiation
' (2m)3 E;—Epi—o Na discharge standard
o be (1
Its real and imaginary parts can be evaluated as powelr
supply
. 8\/An
Ree(k,w)=1+ %[F(x)—F(y)] (7) spectral lamp
and > 5
M
> 4\/’7T ﬁn 2
Ime(k,w) = Tee “(efr—1), (8) FIG. 1. Experimental setup.
whereF(x) represents the Dawson integral whereF is the (norma) Holtsmark field strength, and the
values forA are taken fronj24].
X
F(x)zefxzf et’dt, 9
0

lIl. EXPERIMENT

andx andy are given by A schematic diagram of the experimental arrangement is

given in Fig. 1. The experiments are performed in electrical
NI
X=—|—+k|, (100  wall-stabilized pulse discharges. Due to the extreme aggres-
2 1k sive chemical behavior of hot alkali vapors the cylindrical
discharge tube consists of sapphire. It is 7.6 cm long and has
= @ @ (11) an inner diameter of 0.48 cm. The electrodes are made of
Y=k tungsten. The tube contains some milligrams of sodium and

a small amount of argon as an ignition gas. A special tech-
For the interpretation of the results the model as describeglique and handling are applied to prepare and seal the dis-
above is compared with the binary collision approximationcharge tube. Finally the tube is mounted in an evacuated
(BCA), which can be obtained by settig|*=0. This ap-  glass bulb.
proximation does not take multiparticle correlations into ac-  The discharge is operated in a so-called simmer mode that
count. keeps the plasma in the conducting state by means of a dc
For a comparison with the experimental data, the ion condischarge[26]. The dc power input controls the cold-spot
tribution to the shift has to be included in the calculation.temperature in the discharge tube and therefore the available
Following Griem[24], we calculate the full line shape as a alkali vapor pressure. With a second circuit high current,
convolution of electron impact profiles with quasistatic qua-pulses are added. A pulse shaping circuit consisting of six
dratic Stark effect profiles for the ion broadening capacitors and inductance coils is used to form nearly rect-
angular current pulses with a duration of 1 ms. The electrical
pulses are switched by a thyristor from the capacitors into
(w—wo—d®—CF?)2+ (w(®)?" the low current dc discharge. The stationary dc power is
(12 about 50 W. It is superimposed by current pulses with values
from 1 A up to 40 A, anchence a maximum power input of
Here wq is the unperturbed frequency, the width is denotedup to 5 kW is reached. During the pulse regime, plasma
by w®, and W(F) is the microfield distribution. We have temperature and particle number densities and hence the op-
chosen the microfield distribution according to the calculatical output are determined by the pulse power.
tions of Hooper25]. The spectroscopic measurements are performed during
The Stark coefficien€ can be obtained by the relation the pulse current plateau in the visible and near infrared
2\ 304 spectral range. The radiation of the discharge passes an op-
(CFO) tical mirror system and is imaged to the entrance slit of a
=|—=| , (13 . . N
w'® 0.5-m spectrograph. The side-on intensity distribution is re-

w®

|(w)=¥f:d|:wu:)
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FIG. 2. Wavelength shift of the Na467-nm line as a function FIG. 3. Electron contributions to the wavelength shift of the Na
of the electron densityo) measurement;- -) BCA; () RPA;and | 467-nm line as a function of the electron density.
(- -) RPA electron contributions.

corded with different gratings. For the shift measurements £XPerimental data over the whole range of electron density.
grating of 1800 groves/mm with a resolution of 0.023 nm isThere is, however, an increasing discrepancy to the BCA
used_ The data are recorded by means of a gated Opticasults. At electron densities of i@cm_B the BCA results
multichannel analyzefOMA) system connected to a com- are too large by a factor of 2. Landenal. [36] performed
puter for further processing of the images. For an absolutéxperiments in resonantly pumped sodium vapor. They
radiation calibration a xenon radiation stand2d] is used. found shift values of 1.5 nm for electron densities of*10
Wavelength calibration of the spectrometer is provided byem >, which are smaller than our values.
low pressure sodium and mercury spectra| |amps for the dif- In addition to the total line shift the electron contributions
ferent spectral ranges. The radial line profiles of the Starko the shift are showitdotted curvé These electron contri-
broadened sodium lines at 467, 475, and 498 nm are me&utions originate from the two levels closely adjacent to the
sured. The radial distribution in the plasma is obtained byod level, i.e., the p and & levels, which have energy dif-
Abel inversion based on the principle of Fourier analysisferences from the @ level of 0.019 and 0.002 eV, respec-
[28]. Only the data of the discharge axis are taken into actively. These two levels lead to shift contributions which are
count in order to determine the line shifts. Then the meaproportional to the electron density in case of low electron
sured spectra are fitted with calculated spectra of the linegensities. Due to the dynamically screened electron-atom in-
occurring in that spectral region using Lorentz profiles. Theteraction, these contributions deviate from their proportion-
line shifts are determined from the difference of the centerglity and finally fall with increasing electron densities when
of the fitted lines to their unshifted position. the plasma frequency reaches the same order of magnitude as
The electron densities in the discharge axis are derivethe energy difference between the corresponding level and
from the data of the Naline at 475 nm (8-3p) with the  the 6d level. These electron contributions are plotted sepa-
Stark broadening parameters calculated by Dimitrijevicrately in Fig. 3. At an electron density 08310 cm™ the
[29,30. RPA calculations confirm these values. Finally in 6f contribution(dash-dotted curyedeviates from the linear-
the experiment electron densities betweexn18'* and 7 ity. This contribution already reaches its maximum value at
% 1018 cm~3 are reached in the discharge axis. The p|a5md.015 cm 3. For higher densities the shift is dominated by the
temperatures are derived from the absolute intensities of thép contribution(full curve). At 10'® cm™2 the 7p contribu-
467- and 498-nm line$32], taking the atomic data from tion is already larger by an order of magnitude than the one
Wiese[31]. Thus the temperatures in the discharge axis ar@riginating from the @ level. On the other hand, according

between 3000 and 4500 K. to the BCA the shift is always dominated by thé Evel,
and therefore is in complete disagreement with our calcula-
IV. RESULTS AND DISCUSSION tion that takes into account the dynamically screened poten-

tial. The reason for this behavior is that for small electron
In Fig. 2 the calculated and measured line shift of tha Na densities the electron impact is directed on the optical elec-
line at 467 nm (@l-3p) is plotted as a function of the elec- tron, whereas with increasing densities it becomes attracted
tron density. The calculations including dynamic screeningby the surrounded plasma, resulting in spatial and temporal
(full curve) are compared with the one using the binary col-plasma oscillations. These results are consistent with previ-
lision approximation(dashed curve There is quite a good ous ones obtained for xenon and cesium lif@%-35.
agreement of the results with dynamic screening with the The contributions to the shift caused by the ions can be
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the BCA shifts produced by electrons only for electron den-
sities above 18 cm™3.

In Fig. 4 an analogous plot for the 498-nmd3p) line is
shown. The result is similar to the one obtained for tlte 6
3p line. Now the energy differences of the éevel from the
6p and 5 levels are 0.002 and 0.031 eV, respectively. That
is why the effect of dynamic screening starts at somewhat
higher densitiegand thus higher plasma frequengieBor
the 467-nm line the energy differences of thp @nd 6f
levels correspond to electron densities of>21!" and 1.9
x 10% cm™3, respectively, whereas the corresponding val-
ues for the @ and 5f levels for the 498-nm line are 7.5
x 101" and 4.8<10% cm™3, respectively. In both figures it
can be seen that at these values the contributions caused by
these levels to the total line shift are completely screened off.

The reason why the 475-nm line can be used to measure
HE the electron density in our experiment can be explained in

1016 1017 the following way: The two main contributions to that line
shift, i.e., the P and o levels, lead to line shifts of opposite
sign. The energy differences to the level are -0.085 and
0.062 eV, respectively. So both contributions are only

FIG. 4. Wavelength shift of the Na498-nm line as a function weaker subjected to the effect of dynamic screening. More-
of the electron densityo) measurement;- -) BCA; (-) RPA;and  over, as the screening of both contributions is similar, the
(--) RPA electron contributions. screening of one contribution is compensated for by the other

treated in the quasistatic approximation, as previously deone. Therefore their sum is almost linear with respect to the

scribed. For the line considered here, the effect of the ions iglect(rjon q?n3|ty, so that it is well suited to measure the elec-
about as strong as that of the electrons, and its relative maér—On ensity.
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nitudg rises with increas_;ing elect'ron d_ensities. Although ACKNOWLEDGMENT
there is an almost proportional relationship between the total
(combined electron and ion produgdithe shift and the elec- The authors are grateful to Jim Dufty for helpful discus-

tron density, these shifts are still considerably smaller tharsions and comments.
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