PHYSICAL REVIEW E 67, 016404 (2003

Use of emission-line intensities for a self-consistent determination of the particle densities
in a transient plasma
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A method for a self-consistent determination of the time history of the electron density, electron temperature,
and ionic charge-state composition in a multicomponent plasma, using time-dependent measurements and
calculations of absolute emission-line intensities, is presented. The method is applied for studying the proper-
ties of an imploding gas-puf-pinch plasma that contains several oxygen ions up to the fifth ionization stage.
Furthermore, by using intensity ratios of lines from different ion species, the electron temperature was deter-
mined with a much improved accuracy, in comparison to previous spectroscopic studies of the same plasma.
The ion-density history obtained, together with the known time-dependent radial boundaries of the plasma
shell, allowed for tracking the rise in time of the mass swept by the magnetic field during the implosion.
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I. INTRODUCTION realistic approach would be to examine the parameter range
for a specific situation in an attempt to elucidate an appro-
It is known that measurements of spectral line intensitiegriate procedure for the determination of the plasma proper-
are highly useful for the diagnostics of dense and hot plasties.
mas[1]. However, interpretation of spectroscopic data may Here, we describe the use of line intensities from various
be complicated and prone to misleading conclusions for plagon Species in order to determine in a self-consistent way the
mas that are not in ionization or a hydrodynamic steady statdlistories of the electron and ion densities, the charge-state
An important example is imploding plasmas, or more Spe_cpmposnmn, apd the electron tgmperature ina mode_rgte den-
cifically a Z-pinch plasma[2,3], which is a cylindrical St €O Z-pinch plasma. Time-dependent, collisional-
plasma that implodes radially inward under azimuthal magl2diative(CR) calculations|6] are used to analyze the data.
netic fields produced by a current in the axial direction. The opacity effec';s are accounted for t_)y using the escape-
In such a plasma, since the implosion occurs over a timgmba‘b'"ty approximatiori 7]. The analysis method is _based
L . . on the dependence of the ratio between the population of an
scale comparable to the ionization times of the ions, the . d state of a certain ion species to the total density of
level-population densities in a given plasma region viewe xcite s pec Y
. S hat species on the electron density, and on the dependence
,by _the. spectroscopic system vary in time ?’Oth due. to th":(')f level-population ratios between excited states of different
ionization processes and due to the flow of ions of different5qe_state ions, residing at the same plasma region, on the
charge states into and out of this region. Also, at each radigliectron temperature. It should be emphasized that the calcu-
position the electron density, varies in time due to ioniza- |ation procedures described here can be used for studying the
tion and plasma compression, and the electron temperatugasma properties for any atomic or molecular ions.
T varies due to the time-dependent heating and cooling pro- |n Sec. Il we describe the gas-puftpinch experiment
cesses. It is, therefore, highly important to formulate methand the spectroscopic measurements. The data-analysis
ods for a self-consistent determination of these parameteigethod, where two independent approaches for the determi-
and the charge-state distribution as a function of time; fomation of n, are employed, is presented in Sec. Ill. Also
example, by using time-dependent line intensities observegiven in Sec. lll is a discussion on the uncertainties of the
at any given position(radius in the present stuplyf the  analysis, thus allowing for a detailed comparison with the
plasma. results of other methods given in our separate studes.
The use of line intensities for the determination of theThe calculation of the imploding-plasma mass, based on the

plasma parameters can be particularly important since othgyarticle densities obtained, is described in Sec. IV.
spectroscopic methods may not be useful. For example, the

determination ofn, from Stark broadening may be impos-
sible because of the opacity and ion-velocity effects on the
line shaped4]. The use of the Thompson scattering tech- The experiment and the diagnostics used for the measure-
nique [5] for the determination oh, and n; may also be ments are described in Refdl0,11]. In brief, the annular
limited due to the difficulties in the data interpretation for plasma is formed and imploded by a 5-kJu%-capacitor-
certain conditions of multispecies plasmas. In view of suchbank-driven discharge circuit, with the peak plasma com-
problems, it is evidently difficult to suggest a data-analysispression occuring at~620 ns relative to the beginning of
method that can be useful for a broad range of parameters;the discharge. The initial plasma outer radius=i20 mm,

and the axial plasma lengflanode-cathode gaps 14 mm.

The diagnostic system used here consists of a 1.3-m near-uv

*Present address: Orbotech Ltd., Yavne, Israel. spectrometer and a high-speed streak camera, yielding tem-

Il. EXPERIMENT AND MEASUREMENTS

1063-651X/2003/6(1)/0164046)/$20.00 67 016404-1 ©2003 The American Physical Society



GREGORIAN, BERNSHTAM, KROUPP, DAVARA, AND MARON PHYSICAL REVIEW E67, 016404 (2003

] T T T T that at each instant the total light intensity, observed at a
-] ——ou radius=0.5 mm larger tharR,,(t), was found to be orders
1.2 1 ._.T._.:g:c - of magnitude lower than in the plasm#0], indicating that
+0V4+OVI . . . .
all the plasma mass is involved in the implosion. We also
note thatR,,(t) is the peak position of the measured
. magnetic-field radial distributiofiL2].
1 In this paper we mainly address the outer region of the
T plasma shell, here referred to as “the imploding shell.” This
region is characterized by a density that is significantly
higher than the rest of the plasnfas obtained from con-
. tinuum radiation measuremeni]), and by the highest ra-
. 1 dial velocities of iong10], and it contains 70—80 % of the
5 s 10 12 14 16 18 plasma mass. Based on these criteria, the imploding-shell
(@) Radius (mm) inner boundanR;,(t) is defined see Fig. 1b)]. The implod-
ing shell evidently contains the highest charge states in the
W77 7T 7 T plasma. In more detalil, it contains® and Ov (besides a
184 84 small fraction of Ovi) att=490 ns, and @ and OvI att
16 4 +’ S~ =535 andt=565 ns.
14 <2 Here, we use time-dependent, end-on observations of ab-
12 @4 S solute line intensities from the imploding plasma at several
] S\ radial positions, for times betweenr=490 to 570 ns. For
10 SO, P P - L
] .. earlier times, line intensities were not sufficient to allow for
8 1 a reliable data analysis. For the measurements, we use the
6 Ol 3s?S—3p?P and 3p2P-3d?D lines at 3063.5
4] and 3411.8 A, respectively, the \O 3s3S—3p3P and
2] 3p'P—3dD lines at 2781.0 and 3144.7 A, respectively,
o] and the Ovi 3s2S—3p2P at 3811.35 A. All lines selected
420 440 460 480 500 520 540 were optically thin[8], therefore the upper-level populations
are given byn,=1,,/[Ay9,VK(N)], wherel, is the abso-
lute line intensity,A,, is the Einstein coefficienty, is the
FIG. 1. (a) Radial distribution of oxygen charge states in the degeneracy of the upper level, aMlis the light-emitting
plasma shel(spline over experimental pointat t=490 ns. Each plasma volumeK(X\) is the wavelength-dependent system
curve is scaled to unity at its peak experimental péévidently this  sensitivity, determined from the system absolute calibration,
figure does not yield the relative abundance of the charge ptatesobtained for the entire spectral range using a deuterium ra-

(b) The time-dependent boundaries of the imploding si&Jl(t)  diation source of known intensity, and from the light-
(solid line) and Ry, (t) (dashed ling and the inner boundary of the collection efficiency.
entire plasma colummR,;,(t) (dotted ling.
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poral and spatial resolutions of 1 ns and 0.5 mm, respec- Ill. DATA ANALYSIS
tively. N .
Throughout the implosion the plasma ionizes continu- A. Determination of the electron density

ously, and line spectra of oxygen up tovOare observed. As stated above, the goal of the present analysis is to
The charge-state radial distribution in the plasma was studiedetermine the histories of the electron density and the
previously[10], where it was found that at each instant dur-charge-state composition. The analysis performed here is
ing the implosion untit=570 ns into the current pulse, the based on CR calculations in which the electron density, the
higher charge-state ions reside at larger radii than the loweglectron temperature, the initial plasma composition, and the
charge-state ions, as shown in Figa)l This observation particle time-dependent source functions that simulate the
was explained by an ionization wave, propagating radiallycontinuous particle supply to the plasma are used as input
inward faster than the plasma particles. This charge-state diparameters. In order to examine the sensitivity of the calcu-
tribution was recently used for the determination of the eleciation results to the various input parameters, we start the
tron temperaturel o(r,t) [8], as briefly described in Sec. calculations using constant valuesmfandT,, and a con-
1l B below. stant number of ions for which the initial conditiorat t

The radial distribution of the charge-state densities can be=0 of the calculationsare such that all particles reside in
used to define the plasma boundaries, as given in kKm. 1 the ground state of a certain charge-state ion. This particle
The inner radius of the plasm@,,,(t) is defined as the source is here referred to as “tléesource.” The level popu-
instantaneous radial position of the peak density of the singljyations are calculated for several tens of nanoseconds, since
charged ions. The outer radil, (t) is defined as the in- this is the typical range of the ionization times in the plasma.
stantaneous radial position at which the peak line intensityThe relevant range af, is known from measurements of the
from the highest charge state is observed. It should be notecbntinuum radiatio9].
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FIG. 2. Typical results for the ratigg for various upper energy i
levels of Oiv and Ov as a function of the electron density, obtained
from CR calculations usin§.=10 eV and as-source(see texk at 0.0 +———— — :
the ground state of @ att=0. The calculation results shown are 0 20 40 60 80 100
for t=20 ns. All the upper-level populations are divided by the Time (ns)

degeneracy, as throughout the entire paper.
FIG. 3. Calculated ratiog(t) for upper energy levels of @
These CR calculations provide a set of time-dependerind OV, obtained usingi,=4x 10" cm™* andT,=10 eV. In the

upper ionic-level densities®J(t), the total charge-state den- Calculationsd-sources were used at the ground state of Golid
line) and at the ground state of i@ (dashed ling Results are given

sitiesngy(t), and the mean ionic chargdt), wherea andj g, "o oy 34 2D level (a) and for the Or 3d *D level (b).

are the charge state and the upper level, respectively. Let us

defizexall(ne,;I'e,t):[fnﬁ'Jér#%t](t).lAs ?n efxample,dthe de- are measured, we use averages over the various Igtels
pgtn _eng? of“ on rq_e ctJr ! dergnt EVels o hOV an FQV’ 5 obtain a total charge-state densNy,,. The first iteration
obtained for a giverle, t, and ao-source IS Shown in Fg. 2. -y, gives the oxygen-ion densif),== N2, and the total
The time dependence of*, calculated using typical values electron densitNo— 3 ZONEO due to the oxygen ions

of ng and T, and differenté-sources is shown in Fig. 3. In e “a—a ot . )

this ?igure ?t is seen thag® for OV and Ov reach %early In order to determine the total electron density, one uses
constant values after 4 and 25 ns, respectively. The ioniza- ire]?a;\?;n?ﬁaa:ggliaﬁ fgLSﬁggﬁgJO{orci;%lg#nlggot?lse O;;Ze

tion times of O and of Ov, as observed experimentally, : . . )
P Y used is CQ). SinceN$,=0.5N%,, these calculations yield

are longer, thus justifying the use of a constant, time- X
— . . the absolute carbon-ion charge-state abundance, and the total
averaged valug =+ A y for the calculations. This is found to

H H H _ Opnja,0
be correct for all charge states here studied. electron density is then given byNe=2,Z,NiG

Cn18.C : .
The total ion density for the charge-staieis then calcu- +2pZgNio, Wheref is the charge state of the carbon ions

lated from the population of the upper-leviel and N{BO'IC is the total density of the charge-stafe Let us
, definedng,=(N.—ng)/n., wheren, is the input value of the
ng(expt) electron density in the CR calculations aNg is the calcu-
Nt%%:—a* oY) lated density. Repeating the calculation procedure iteratively
X to minimize én, then allows for the determination of the

electron density. Given in Table | are the calculation results
where y“ is a constant value obtained as described abovdor O1v, Ov, and Ovi, obtained using .=10.5 eV and &-
For the cases where several lines of the same chargeestatesource supplied to the ® ground state, demonstrating the

TABLE |. Example of the iterative calculation procedure described in Sec. Il A for the determination of
the electron densitil, at t=490 ns.Z® andZ® are the mean charge state for oxygen and carbon, respec-
tively, and NiO is the total oxygen-ion densityn( is the assumed electron dengity

T (€V) Ne (10t cm™3) z° z° NP (10 cm™3) N (107 cm™3) 8Ne
10.5 3.8 4.1 3.9 0.57 3.45 0.09
3.7 4.1 3.9 0.58 3.51 0.05
3.6 4.1 3.9 0.60 3.63 —0.0083

34 4.0 3.9 0.64 3.81 -0.12

3.0 4.0 3.9 0.75 4.46 —-0.49
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TABLE Il. Summary of results for the plasma parameters at — . T T 7
three times during the implosion®"-n®"" are the relative densi- o 64 (a) .
ties (normalized to 1 of the charge states @-Ovii, respectively. ©

c
t(ny T.(eV) N, (1017 cm"') Zo noV  pOv  Ovi powi % 41 E
490 105 3.6 41 011 067 022 0.00 a
535 12.0 4.0 47 0.01 031 0.63 0.05 g 29 1
565 13.0 6.0 48 0.01 0.26 0.65 0.08
0 1 1 1 1
convergence procedure fon, for several values offi, . o 1 ()

Table Il gives the results foN, and the oxygen charge- = 44 4
state composition, determined for three instants during the c
implosion. Such calculations were performed for the various =]
charge states at different times and radii, giving a complete 5, i
radial mapping oh, in the plasmd9]. §.

We note that the use of a constant valuegfor analyz- o
ing the data for each instant in such a rapidly ionizing plasma 0 -
is possible due to the high rates of the atomic processes. It 0 20 40 60 80
was verified that the response time of level populations and Time (ns)
the population ratios to rapid variations g for the present
densities and temperatures is much shdter3 ng than the FIG. 4. Experimental and calculated population rati¢expt.)
observation time interval of&10 ns[8]. and y(calc.) of the O 3p 2P to the Ov 2s 3p 3P level densities

(@) and of the Ovi 3p 2P to the Ov 2s3d D level densitiegb).
The CR calculations start &&= 0, corresponding to the experimen-
tal time of 490 ngsee texk

In this section we describe an analysis of the plasma prop-
erties that utilizes line emission from two charge states thathat this approach for the analysis is advantageous due to the
are similarly abundant in the plasma, as commonly occurs imndependence of(expt.) on the absolute calibration of the
transient plasmas. The analysis is demonstrated here for tis@ectroscopic system.

B. Time dependence of the line intensities

outer (and most dense in this experimgnégion of the im- An example of this analysis is given in Fig. 4, where the
ploding plasma that contains\Dand Ovi during the latter ~experimental level-population ratiosp3P (Owi)/3p3P
stages of the implosion. (Ov) and 2P (Ow)/3dD (Ov), obtained for the time

In this analysis, we use the measured time-dependemeriod betweern=490 and 570 ns, corresponding to the ra-
populationsn,, of upper levels of transitions of two succes- dial positions atr=16.5 andr=8 mm, respectively, are
sive charge-state® and o+ 1 that are similarly abundant at shown. Also given in Fig. 4 are the best-fit calculations of the
a given time and radial position, vyielding the ratio ratios y(calc.), where the starting time for the calculations
‘yﬁif‘“(expt.): nﬁ‘“*j/nﬁ"k, wherej andk are levels of the (t=0) corresponds to the experimental timetef490 ns.
charge-states anda+ 1, respectively. Time-dependent CR  Figure 5 givesg(t) andT(t) obtained iteratively to pro-
modeling of the plasma at the same radial position is thewide the best fit of the calculateg(calc.) toy(expt.). For
performed to calculate the ratipﬁf“(cam_) for the same comparison, also given are the electron denkityat three
levels j and k, which is then used to best fit the time- instants, obtained in the preceding section, and the data
dependent experimental ratio. The calculations are peoints for T, given in Ref.[8]. N, and ng(t) are found to
formed iteratively, using various simple functiong(t) and  agree, to within the uncertainty of the absolute calibration
To(t). For the first iteration, we use for=0 the initial (discussed in the following sectipthat affects the determi-

charge-state composition obtained in Sec. Il(Fable 1),  nation ofNe.

ne(t) chosen to best fit the data points If (Table I), and Te(t) is found to be in an excellent agreement with the
Te(t) chosen to best fit the data points taken from the analypoints obtained in Refi8]. Moreover, it should be empha-
sis described in Ref8]. sized that due to the high sensitivity pfcalc.) to the choice

The ratioy®**1, as well as the time-dependent ratio of Of the functionT(t), the time-dependent analysis allows for
the total charge-state densitig; */N2,, are both sensitive @ detailed examination of the time history Bf, as will be
to n, and especially td,, resulting from the dependence of described below. . _
the ionization time of the charge-stateon T,. Therefore, ~ The calculated time-dependent ion charge-state composi-
this analysis allowd (t) to be determined self-consistently tion, obtained in the best-fit calculatiakig. 4), is given in
with both ng(t) and the charge-state composition. This canfig- 6@. The initial compositior(att=0) is obtained from
be further used to examine the accuracy of the results giveh@ble Il. Figure @b) gives the calculated total ion-density
in Ref. [8], where T(r,t) was obtained from upper-level history, determined using the relation(t) =n(t)/[ $Zo(t)
population ratios within the same charge state, that were-3Z(t)], whereZo(t) andZ(t) are the mean ion charges
shown to be insensitive to,. It should also be emphasized obtained from the CR calculations for oxygen and carbon,
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FIG. 5. (a) To(t) used for the bestit calculatioifig. 4). Also FIG. 6. (8) The charge-state composition history obtained from

shown are the data points obtained from REF. (b) n(t) used for ~ the bestfit calculation ofy(calc.) in Fig. 4.(b) The total ion-
the best-fit calculation, shown together with the data pointd\for ~ density history in the imploding plasma shell, obtained usig@)

calculated using the procedure described in Sec. Il A. from Fig. 5, and the average ionic chargét), calculated by ac-
counting for the contributions of both oxygen and carbon.

respectively. The ion density obtained was found to be iruncertainty of~10% in the value ofN, obtained. In the
agreement to within- 20% with the results given in Rgf9],  time-dependent calculations, the best-fitting procedure al-
where the density was determined using the measured idawed for an independent examination of the sensitivity of
radial velocities and ionization times for the different chargey(calc) to variations img(t), T¢(t), and the initial charge-
states. state composition, which in turn allowed for reliably deter-
mining these parameters. The resulting uncertaintyift)

C. Error analysis was found to be~25%, and the uncertainty in the O

relative density was-20%.

\'/l\ale an\év eXE}mII’;ﬁ tk:je tunce_zrtatl_nty '? ttr?e p?roct:edurdes d_f' It was found thaty(calc.) is mostly sensitive to variations
scribed above for the determination of the electron density,, To(t), as demonstrated in Fig. 7, where calculations of

and the charge-state composition, by considering the unceg;(calc) using different function3(t) are presented. Also
tainties in the data and in the modeling. The contributions of iven i'n this figure are the data pgints'bgtaken from'Ref
the uncertainties in the data were found to be as follows: Th 8] (also given in Fig. 5 in the present papehe uncertainti/
error inAn, due to the error in the absolute calibration of thein each beingt 1 eV- It is evident that much smaller varia-
spectroscqpic system was40%, resulting in an uncerta_linty tions inT,, of up to£0.5 eV for the examples given, result
of =20% in the calculated value dle, but not affecting significant variations iny(calc.). It can therefore be con-
y(expt). The statistical error iy, due to the discharge o, ey that this high sensitivity of(calc.) toT(t) allowed
irreproducibility, Owas ~10 A’.’ . resulting In —an €rror ¢ two improvements in the determination Df(t). First, it
Ay(expt_.) Of~15./°'aThe statistical uncert_alnty in the cal- yielded a reduction in the uncertainty of each data point for
culated ion-densityN;;; due to the averaging over several T, (as shown in Fig. ¥ and it provided the time dependence

upper levelg was~10%. F_or the ca[culati_ons described in of T¢(t), rather than a simple interpolation of the data points.
Sec. A, the uncertainty ifl, as given in Ref[8] was

found to affect the uncertainties both in the composition and
in the density. For the example given in Table | above,
AT.=1.5 eV resulted in variations of 30% and~20% in The time-dependent ion density obtained abdtéy.
the values ofN, and the charge-state composition, respec6(b)], together with the known time-dependent radial posi-
tively. An additional experimental uncertainty was in the tion of the imploding-shell boundari¢&ig. 1(b)], allows for
time of each data point, such as those given in Table llfracking the rise in time of the plasma mass within this shell.
typically £5 ns. The mass obtained, together with the known time-dependent
The uncertainties in the CR modeling for the calculationsmass of the low-density plasma present ahead of the implod-
discussed in Sec. Il A include those due to the selection oing shell, then allows for examining quantitatively the initial
the source functions, and due to the use of time-averagechdial distribution of the gas mass.
values ofy®. The effect of both contributions gives rise to an  The imploding-shell mass is calculated for the tintes

IV. DISCUSSION
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8 T T T T T +0.3 ug/cm, respectively. Evidently, the rise in the mass of
1 @ 1 the imploding shell is due to the sweeping of part of the
2 6 . dilute plasma into the imploding shell, where the dilute
R plasma is continuously provided with particles from the gas
S 4- . ahead of the plasma column.
5 : Accounting for both the imploding-shell and the dilute
E_ 24 . plasma layer, the rise in the mass of the entire plasma ob-
S P 1 tained from these values is thus found to be small,0%
0+ . betweernt=490 and 535 ns. This shows that the sweeping of
— new gas particles at the ionization froRf,;,(t) is small. It
14 1 y can, therefore, be concluded that the plasma column has a
13_‘ ] nearly hollow geometry. Such an information on the initial
] ] gas profile in gas-pufZ-pinch plasmas is usually obtained
— 124 i from measurements using various ionization gauges prior to
> . .
° the high-voltage discharge.
= 114 T A detailed discussion on the ionization dynamics and the
10_' 1 energy balance for the entire plasma, and particularly on the
] ] mechanisms sustaining the propagation of the ionization
9 — T wave, is given in Refd8,9].
0 20 40 60 80
Time (ns) V. SUMMARY
FIG. 7. An example of the effect df¢(t) on y(calc.). (a) The In summary, an analysis of spectral line intensities for a

ratio of the Ovi 3p ?P to the Ov 2s3p °P level densities, calcu-  self-consistent, relatively highly accurate determination of
lated for the three function'Ee(t) given In(b), shown together with the electron density' electron temperaturE, and ionic Charge-
the data points of/(expt.). The solid, dashed, and dotted curves instate composition as a function of time and radial position in
(a) correspond to the solid, dashed, and dotted curvéls)jmespec- g, imploding plasma is presented. The logical steps in such
Fivelly. For comparison, also given i) are the data points df, as an analysis may be different for different experimental pa-
in Fig. 5(a). rameters. However, similar considerations can be applied to
various conditions of plasmas that are not in ionization equi-
=490, 535, and 570 ns, giving 2:8.5, 3.2+0.6, and 3.4 librium and that are characterized by time-varying density,
+0.6 wglcm, respectively. At these times the imploding- t€mPerature, and composition.
shell width is=1.5 mm, while the entire plasma shell+s6
mm wide [see Fig. 1b)]. Based on other data of;(r,t)
presented in Ref.9], it is also known that the mass of the  The authors wish to thank Yu. V. Ralchenko for helpful
low-density plasmaconsisting of Qi and Qi) ahead of the  discussions on the atomic-physics modeling, and P. Meiri for
imploding shell is only~30% of the mass of the entire his skilled technical assistance. This work was supported in
plasma column. In more detail, the mass of this plasma, fopart by the German-Israeli Project Cooperation foundation,
example att=490 andt=535ns, is 1.80.3 and 0.8 and Sandia National Laboratories.

ACKNOWLEDGMENTS

[1] H.R. Griem,Plasma SpectroscopyvicGraw-Hill, New York, [8] L. Gregorian, G. Davara, E. Kroupp, V. A. Bernshtam, A. Star-

1964). obinets, Yu. V. Ralchenko, and Y. Maron, Weizmann Institute

[2] N.R. Pereira and J. Davis, J. Appl. Phgg, R1(1988. Report No. WIS/22/02-June-DRBnpublished

[3] D.D. Ryutov, M.S. Derzon, and M.K. Matzen, Rev. Mod. [9] L. Gregorian, G. Davara, E. Kroupp, V.. Fisher, A. Starobin-
Phys.72, 167 (2000. ets, V.A. Bernshtam, and Y. Maron, Weizmann Institute Report

[4] E.J. Iglesias and H.R. Griem, Phys. Rev38, 301(1988. No. WIS/23/02-June-DPRunpublished

[5] Th. Wrubel, S. Buescher, and H.-J. Kunze, Plasma Phys. Cor-10] M.E. Foord, Y. Maron, G. Davara, L. Gregorian, and A. Fisher,
trolled Fusion42, 519 (2000. Phys. Rev. Lett72, 3827(1994.

[6] Yu.V. Ralchenko and Y. Maron, J. Quant. Spectrosc. Radiat{11] G. Davara, Ph.D. thesis, Feinberg Graduate School, Weizmann
Transf. 71, 609 (2001. Institute of Science, 199&inpublishegl

[7] H.R. Griem, Principles of Plasma Spectroscog€ambridge [12] G. Davara, L. Gregorian, E. Kroupp, and Y. Maron, Phys. Plas-
University Press, Cambridge, UK, 199p. 235. mas5, 1068(1998.

016404-6



