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Emission from weakly nonideal helium plasmas produced in flash lamps
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High pressure pulsed arcs produced in flash lamps filled with pure helium are applied for the generation of
weakly nonideal plasmas characterized by a temperdtw2 eV and a coupling paramet€r-0.1 (ratio of
the mean electrostatic interaction energy of two charge carriers to their mean kinetic)efadiative
emission from flash lamps in the spectral range 300—850 nm is measured and calculated, taking into account
the nonideal effectéthrough plasma quasistatic microfieldsd the inhomogeneity of the arc plasma. Radial
profiles of temperature and particle densities are deduced from the measurements of neutral line intensities and
transverse distributions of emission. Temperature and electron density values are also obtained from absorption
and laser interferometric measurements, respectively. Calculated and measured plasma spectra obtained are in
good agreement at electron densitie40'® cm 3. [S1063-651X%98)13212-9

PACS numbes): 52.25.0t, 52.70.Kz

I. INTRODUCTION and substitution by a photorecombination continutneal
continuum. This calculation scheme suggests two physically
The problems of dense plasma emission, opacity, radieclear assumptions: first, statistical character of quasistatic mi-
tive transfer, and energy transport under moderate and strorggofield action on atoms and ions in a plasma and, second,
coupling are of both fundamental and applied intefés?]. undisturbed density of oscillator strengths for radiators “per-
The density effects in plasma radiation were the subject of &urbed” by surrounding plasma. A rather wide range of the
considerable number of experimental and theoretical studigglasma parameters is available which corresponds to this ap-
in the last few decades; however, our understanding angroximation. Under strong coupling, the redistribution of
knowledge are still incomplete even for moderately denselense plasma absorption along the spectrum, and related
plasmas. The level and character of manifestation of plasméransparency windows” before the series limits, are the
density effects are different in dilute, moderately dense, angubject of studies and discussidis14,18. A good agree-
extremely densestrongly coupled or nonidealplasmas. ment of calculations based on this theoretical scheme with
Thus different models have to be applied for description ofexperimental data for continuous radiation of moderately
plasma radiation spectra: conceptions of isolated atontlense noble gas plasm@eeon, argon, krypton, and xenon at
weakly perturbed, or strongly perturbed ones should be useelectron densities up to ¥cm™3) was found 19]. Continu-
correspondingly. ous radiation of helium plasmas has not been previously
Atomic physics concepts dominate in the opacity problemmeasured quantitatively for such electron densities, to our
when emission or absorption of dilute plasmas is consideredinowledge. Note that reliable dense plasma diagnostics
[3,4], but under extreme plasma densities the coupling efbased on radiation continuum and spectral line intensities
fects and correlations may be very important for descriptiorhave to take properly into account the density and coupling
of optical propertiege.g.,[5,6]). In the low and moderately effects.
dense plasma spectra the principal density effect is the trans- Most of the experimental investigations on dense cold he-
formation of the spectral line series in the near-thresholdium plasmas in recent years have been devoted to neutral
region to a continuum due to the line overlapping and mergline Stark broadening and shift studifg0—22. However,
ing. In the hydrogenic plasma, if only upper members of thethe total emitted radiation spectfeaelations between con-
line series are perturbed, this case corresponds to the welinuum and spectral lingshave not been studied in detail.
known Inglis-Teller model for apparent shift of photorecom- Our aim in this work is to remedy experimentally this defect
bination (photoionization thresholds. Note that description and to give a theoretical description of the helium radiation
of the near-threshold spectra based on the line broadenirgpectrum taking into account the influence of the plasma
and merging is not so simple due to a lot of lines and somenvironment on radiators. Helium plasma has several advan-
computation problems. Usually this approach needs a certaiiages for the detailed study of the plasma density effects in
“ad hoc¢ operation [7,8]. A more adequate approach is radiation, for example, due to spectral simpliciip com-
based on the microfield model, which has been derived byarison with plasmas of complex elemenénd absence of
many authorg8-17]. It assumes that when the plasma mi- the linear Stark effectas for the hydrogen atom
crofield is strong enough, the higher excited atomic levels Helium high pressure arcs created in this work in linear
disappear while continuum states appear. Thus, in the neaflash lamps have a good cylindrical symmetry, are very re-
threshold region, not only the merging of linéguasicon-  producible, and are in local thermodynamic equilibrium. On
tinuum) is supposed, but also the decrease of their intensitieaxis electron densities of around*#@m™2 and temperatures
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L Il. EXPERIMENTAL SETUP
L MJ Thyristor |

Power
Supply 0-5 k"ﬂc Command The plasmas are produced in fused quartz linear flash
+ lamps whose inner diameter is 5 mm and distance between
oDelay electrodes is 100 mm. These lamps are filled with pure he-
lium at initial pressures from 50 to 500 Torr. Special ballast
Triggering THT Pulse volumes behind the electrodes are disposed to reduce losses
of helium pressure due to particle diffusion through the wall.
In Fig. 1 a schematic view of the electrical experimental
setup is displayed. The gas breakdown is performed applying
- a high voltage pulsé¢30 kV, 1 us) on an exte_rnal guxi!iary
Eh;la_t_l"' gigir;ﬁtfiglr | Digitazing ] | supply 0-5 kv < ele(_:trode. Then, a Iow_curre_(ﬁvl A) simmer is maintained
= during 12 ms before triggering the main discharge to ensure
the discharge centering on tube axis. By this method, the
plasma-wall perturbative phenomena are minimized, as de-
, . _scribed by Vitelet al.[25] and by Vitel and Skowronel26].
in the range (2-3X 1d K are achieved. In these condi- The glectrical pulse is produced by means of @ncell with
tions, the mean interaction potential energy between chargeg iaple inductance, which permits us to adapt the source
particlesE, is appreciable compared to their kinetic energy;mpedance to the plasma impedance. The maximum current
Ey. The coupling parametdf=E,/E, is in the range 0.1-  jntensity is set in the range 0.5—1.6 kA and its pulse duration
0.2. The number of particles in the Debye sphere is small ang; haif maximum is around 10@s. The voltage drop across
around unity. Thus we are dealing with weakly nonideal butihe tybe is measured by a precisel %) voltage divider, and
formally, non-Debye plasmas. In fact, flash lamps provide gne current intensity by a coaxial shunR#0.25 m
very convenient and efficient tool to study consequently thes o 204) connected to a differential amplifier. Both signals

density and coupling effects in moderately dense plasmare recorded on a digital oscilloscope and processed by a
spectra and clarify the possible tendencies for density eﬁeCtﬁersonaI computer.

in opacities[23,24. This problem is especially delicate for * rpe experimental setup used for optical measurements is
the plasmas with moderate densities, where the possible dgpqwn in Fig. 2. Two spectrographs with different disper-

viations from ideal plasma theory results are comparableiqns coupled with a gated intensified charge coupled device
with the accuracy of the measurements themselves. On t CD) or photodiode arrajOMA), are used to measure and

other hand, these effects will be very important for adequatgecorq the spectra. All spectral measurements are performed
description of radiative opacities and energy transport in ®Xguring a short period of timéess than 1us) at the current

tremely dense laboratory and astrophysical helium plasmagyayimum, when the best filling of the plasma is obtained

and have to be studied consequently at the different stages figjide the flash lamp. For standardization purposes, we use a

plasma density grows. _ __calibrated deuterium lamp for wavelengths below 350 nm
We present in the following the results of different optical 5,4 g tungsten ribbon lamp for the spectral range 350—900

and electrical measurements in dense helium plasmas. Wgy, The wavelength scale is calibrated using spectral lamps.
describe the experimental set(fec. I), the methods of cal-

culations(Sec. Ill), and diagnostic$Sec. I\V) used to deter-
mine the plasma parameters, present obtained radial profiles
of temperature and electron and atomic densities, and com-

HT Probe

- +

F-y

FIG. 1. Diagram of the electrical experimental setup.

[ll. METHOD OF CALCULATION

pare measured and calculated spe¢B8ac. \). Then, the Radiation spectrum of helium plasma in the conditions
place of the results obtained among other noble gas plasnnsidered is formed from bound-bouridpectral lines
data is discussed briefliBec. V). free-bound(radiative recombination and free-fregbrems-
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FIG. 2. Scheme of the optical experimental setup: OMA, optical multichannel analytensified photodiode array detector, 1024
pixels); ICCD, intensified charge coupled device (58384 pixels); THR 1500, spectrograpfi= 1500 mm, grating 1800 g/mmChromex
spectrographf(=250 mm, three gratings 600, 1200, and 2400 gjifRfr, high order rejecting filter; PM, plan mirror; CM, concave mirror;
L1 andL2, infrared lensesf(=200 mm), He-Ne lase632.8 nm for optical alignment.
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strahlung transitions. The line profiles are not studied in 4 ' ' . - -
detail in this paper. The line broadening and shift parameters
are calculated according to Grigr7], while the line inten-
sities are estimated taking into account their decrdaee
called line dissolutiondue to disappearance of the radiating
levels E under the influence of the quasistatic plasma mi-
crofields[8-17]. For the electron on an atomic level a po-
tential barrier is formed in the direction of the quasistatic ion
microfield. If the microfield is strong enough, more than a S
certain critical value=.(E), the discrete level is turned out
above the barrier and disappears. The probability of the level
realization is then defined as the integral of the microfield

distribution function 04 - . . . . . .
200 400 600 800 1000

function

1

Fe(E) Wavelength (nm)
W(E)= P(F)dF. 1
(E) fo (F) @ FIG. 3. Free-bound¢ function of helium for T=25 000 K.

Comparison of our calculation for ideal plasmal (0, solid
We use the quasistatic distribution function of Hoop2g]  curve Wit7h that of |10f$a_635537] (dashed curve For dense plasmas
for a neutral pointwhere a neutral atom is pladednd ex- (Ne=10" and 16°cm™) both UF (dotted curves and NN
press integral1) with the analytical approximation derived (dashed-dotted curvemodels are used for the estimation of critical
by D’yachkov [29]. For the determination of the critical Vvalues of the microfield.
valueF., we use two simple models, uniform figldF) and )
nearest neighbofNN) approximations. These approxima- €1C€ between UF and_ NN n_10de|s correspor_1ds approximately
tions give different values of the critical fieldE(E) (O one order of magnitude in electron density.
=E2/4e® (UF) and F(E)=E?/16¢® (NN) for a state with Since the helium plasma in the discharge tube is inhomo-

Cc

ionization energyE in an unperturbed atofi5,17]. For one- geneous, the radiation intensity from the flash lamps is cal-
electron atoms UF is reasonatl&7,30) whi’Ie for many- culated taking into account radial profiles of temperature and
electron atoms NN is more appropr'iaiﬂ%s 19. It should be electron and atom densities. The method to determine the

noted that for a broadened level, one can calculate from EQrOfiles is given in Sec. IV A. . o .
(1) the realization probability for each value Bfwithin the The plasma in the conditions under consideration is opti-
level width AE. So, the variation of(E) on AE leads to a cglly thin except the line at 587.5 nm, for vyhmh the optical
slight deformation of the corresponding line profile. th|ckne357-~. 1. Therefore we should ta}ke into account the

The photorecombination and bremsstrahlung transitiors€!-absorption, however, we can restrict ourself to the one-
rates are calculated using the semiclassical approximatiofimensional approximation. Then the equation of radiative
within the framework of the quantum defect thegfyp,31— tansfer along ax axis has the form
33]. Assuming that the spectral density of oscillator strengths dJ
[34] in the near-threshold region is consen&,36,3, we (A %)
continue the radiative recombination continuum multiplied dx
by the factor -W over its long-wavelength threshold in o ]
order to compensate for the decrease of the line intensitieyyheree(x,x) andk’(\,x) are the emission and absorption
Near the thresholtv— 0, while W— 1 away from threshold. coefficients, respectively; the last takes into account the in-
Therefore the line series transform gradually to a continuumduced emissiork’ (X, x) =k(\,X)[1—exp(~hd\KkT)]. These
The method of calculation is given in detail by Dyachkov coefficients depend oxas a function of local values of the
[33] and D’yachkov, Kurilenkov, and Vitdl19]. In contrast temperature and electron density
to the method of Hofsae$87], it takes into account smooth-
ing effect on the photorecombination thresholds when thef (A X) =&\, T(X),Ne(x)), k' (X, x)=K"(\, T(X),Ng(X)).
plasma density increases due to the quasistatic ion mi- . i .
crofield. The free-bound function allowing for the specific Under the condition of local thermodynamic equilibrium
features of a nonhydrogenic atdi86,37 is shown in Fig. 3 (LTE) they are related to each other by the Kirchhoff law
for a few values of the electron densitiy is similar to the
average Gaunt factor, since it also gives the ratio of the quan-
tity under consideration to the corresponding hydrogenic one _ _
in the Kramers approximationThe UF and NN approxima- B(A,T)=2hc?\ %M T—1)" 1, (4)
tions are used for estimations of the critical values of the ) _
microfield. In the case of ideal plasmhl{—0) our calcula- 1€ solution of Eq(2) is
tion is in a good agreement with that of Hofsa¢8g] (in .
Ref.[37] splitting of the 2-% threshold near 350 nm is not J(x)=exp{ _j K’ (x")dx’
taken into accoumt However, theé function for a dense 0

X X'
J0+fos(x’)exp{ jo k'(x")dx"

=g(N,X)—k"(N,X)I(N,X), 2

(N, X)=K' (N, X)B(\,T(X)), (3)

plasma may differ considerably from that of the ideal plasma
and, furthermore, the functions corresponding to the UF and %
NN models differ significantly from each other. The differ-

dx’]
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(here and below the variabbeis omitted, if it is not neces- " T i T " ' " T
sary), where J, is the integration constanly=J(0). In 1or
the case of axial symmetry and boundary conditign I 4
=J(—R), for the emission along the diameter of the tube
[e(—r)=¢g(r)] we have

J(R)=Joe_7+2e‘7’2fRs(r)cosk[t(r)]dr, (5)
0

whereR is the radius of the flash lamp,

Signal intensity (arb. units)

t(r):jork’(x)dx,

4] I 100 ‘ 200 ) . 300 . 400 500
and 7=2t(R) is the optical thickness of the discharge Time (k)
plasma.Jy=0 if only the flash lamp is an emission source.  FIG. 4. Interferogram(solid curve and current pulse profile
(dashed curvefor discharge at initial pressure 400 Torr ahgly

IV. DIAGNOSTICS =1130 A.

For the calculation of the radiation intensity of helium gt e have the radial profiles corresponding to the initial
plasma in flash lamps, the radial profiles of temperalyry  ya1ue T(0) and experimental profile(\,r) at fixed\. Next,
and electronNe(r) and atomN,(r) densities are required. yith those evaluated profiles the neutral line intensity inte-
Since direct measurements of the profiles are impossiblgyrated along a diametdat 587.5, 667.8, or 706.5 nnis
their determination is based on the comparison of the speq|culated and compared to the experimental one. If both
tral measurement data with calculations. However, in this,gues are not in agreement, the initial axis temperafges
case an additional verification independent of theory is dejs modified and the entire procedure is repeated until the

sirable. The electron density is verified by the He-Ne infraredtgcylated and experimental values of the line intensity agree
laser interferometry at 3.3@m. Independent determination \yithin 1%.

of temperature can be carried out from measurements of the |, the calculation the total LTE is assumed. Possibility of

optical thickness. its violation is analyzed in Sec. V A.
_ _ _ In the calculation the separation of the line from the con-
A. Radial profiles of particles and temperature tinuum background is carried out in the same manner as in

The transverse distribution of the emitted light radiation is€XPeriment. Using the trial profiles corresponding to given
recorded in narrow spectral rang@s4 nm free of perturb- T(0), we calcula_te the rad|at|0n_|nten3|ty sp_ectrum in the
ing lines where the plasma is optically thiaround 780 and Fange near the line and extract its contribution by analogy
820 nm). All the measurements are taken at the current maxiWith experimental procedure. This is important, since in the
mum (during 1 us with a spatial resolution of 52m). Ap- measured spectrum at _h|gh temperature gnd eleptron _dgnsny,
plying the well-known method of the Abel integral, radial the separation of the wings from the continuum is a difficult
dependence of the emission coefficie(t) is deduced. This Problem.
coefficient is related to the plasma parameters by the formula

B. Optical thickness and average temperature

s EONT(r),NG(P)), The confirmation of th_e vglues of temperature found b_y
Co M7 N2k T(r) the method of Sec. IV A is given from the temperature esti-
(6) mation obtained from absorption measurements of the He
o . line at 587.5 nm for whichr=~ 1. Its opacity is determined by
where theé function, in the general case, includes free-free,neans of a concave mirror set behind the flash lamp on the
free-bound, and bound-bound transitidaithough the con-  gptical axis and reflecting back the plasma radiation with a
tribution of line wings is small and constitutes here a fewmgagnification of one through itself. From the recorded spec-
percent, it is taken into account in calculatians _ tra taken with and without the concave mirror, the line opti-
A computing iterative procedure is applied to obtain thecy| thickness is deduced. In the case of the spectrum re-
particle densities and temperature profiles. First, an initiakgrded with the mirror we should set in E() Jo=KJ;
temperature on axi$(0) is given and from Eq(6) with the  \yhereJ, is the spectral emission intensity without the mirror
experimental value(0) and ¢ function, calculated according expressed by the second term in E5). andK is the coeffi-

to Refs.[19,27], we getN(0) and, using the Saha equation ¢ient allowing for reflectivity of the mirror and tube wall.
and the Dalton law, find the atom densMy(0) and pressure  Thys the total intensity with the mirror is

p(0). In the Saha equation and the Dalton law the correc-

tions from the nonideality are introducgd8]. Then, on the Jo(N)=J;(N)(1+Ke ™),

basis of constant pressure in the quasistationary phase of the

plasma column around the maximum of the current, usingConsequently, carrying out the spectral measurements with
the same equations, we deduced from each valu€rgfthe  and without the mirror, we can get the optical thickness as a
corresponding values df(r), Ng(r), andN,(r). As a re- function of wavelength.

8 (2m\¥2 e NZ(r)
8()\,[’)=§(?>
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TABLE I. On axis temperatures and electron densities obtainedclassical plasma calculations are in disagreement with those
using classical calculation, from the radial dependence of the emisdeduced from opacity measureme(ftsr T) and interferom-
sion coefficient ah =780 nm and the intensity of the spectral line etry (for N,). In Table | are presentefi(0) andN,(0) val-
at 587.5 nm for a flash lamp at an initial pressure of 400 Torr. | es so calculated for 587.5 nm Héne intensities and con-
tinuum at 780 nm in the case of a flash lamp filled at 400

I max (A) T(0) (K) Ne(0) (cm ™) Torr of initial pressureT(0) values are by far too high and
715 33000 9.9% 107 would have to lead to observation of ionic helium lines on
850 36 100 1.1 10 spectra but we hgve never seen one. Ider_1t|cal an_omalous

1000 39 800 1.2% 1018 resuIFs were pbtalneq with the other two lines which are
1130 41 400 147 108 pracncajly opt|cally. thin. o
1280 42 800 158 1018 But, if we take into account the effect of the statistical

ionic microfields on the atomic levels in the calculation of
the continuum and the line intensities, an agreement is ob-

In the approximation of homogeneous plasma, we havddined in the evaluation of the plasma parameters by those

from Eq. (5) that different methods and the evolution f0) versus the initial
pressure is correct. We report in Table Il the temperature and
Ji(N) =B\, T)(1—e "), (7)  electron density on the axis obtained for different discharge

conditions in the case of a flash lamp filled at 400 Torr of
whereB(\,T) is the Planck functiodEq. (4)]. Solving Eq.  initial pressure. Optical measurements are performedl at
(7) for T, we can obtain a certain average temperature froni= 780 nm (transverse distributions of emissjoand in the
the experimental values df(\) and\) as a function of.. ~ range 556—620 nriintensity of the 587.5 nm line To de-
Usually the Bartels methof39,40 is applied to take into termine the critical values of the quasistatic ion microfield
account the weak radial inhomogeneity of the plasma and tgoth UF and NN approximation have been applied. In the
find the temperature on axis, however, we evaluate the opadast column the data of interferometric measurements of elec-
ity in the calculation and, thus, this method is not needed. tron density with the He-Ne las¢8.39 um) are given. They
agree best with results obtained from the UF approximation.
In the case of the NN approximation the temperatures
T(0) are lower than for the UF approximation for the two
To check the values found for the electron density pro<irst conditions in Table Il, but for the other conditions no
files, we have used an Ashby-Jephcott interferomlet®42  solution exists in the NN approximation. In this case the line
at the wavelength of 3.3@m (He-Ne laser where the re-  dissolution is more pronounced. On the other hand, it is
fractive index of the plasma is due only to the electron denknown that the relative contribution of the lines to the spec-
sity. Figure 4 shows an example of a recorded interferograriral intensity increases as the temperature decreases. So, the
due to the refractive index evolution along a diameter duringemperature is lower in the NN model in order to compensate
the discharge. Taking the relative shape of the electron derfor the line dissolution. However, according to H§), the
sity profiles previously determined, we calculated their absoabsorption coefficient increases as the temperature decreases
lute values leading to the number of modulations measureff the emission coefficient is fixed; consequently, the atom
on the interferograms. density and optical thickness in the line increase too. Thus
the line intensity may be bounded because of self-absorption.
V. RESULTS So for three conditions with higher current, in the NN ap-
proximation the intensity of the 587.5 nm line is lower than
in experiment for any valueg(0). Forlower currents solu-
The plasma parameters deduced from continuum and lingons exist, however, the corresponding atomic densities are
intensities(at 587.5, 667.8, and 706.5 nron the basis of too high, higher than initial density at 400 Torr arfd

C. Interferometric measurements of electron density

A. Plasma parameters

TABLE II. Temperature and electron density on axis at an initial pressure of 400 Torr, obtained from the
radial dependence of the emission coefficienk a&780 nm and the intensity of the spectral lines at 587.5
nm, using the UF and NN approximations for the determination of the critical values of the microfield.
Values in parentheses correspond to atomic densities higher than the initial one and, consequently, are

incorrect.
Optical measurements
Interferometric
UF NN measurements
UN)  Imax(A)  T(0) (K)  Ng0) (cm™3)  T(0) (K)  Ng(0) (cm3) Ne(0) (cm™)

800 715 27 200 9.4210" (19 700 (7.99x 10 8.69x 10
900 850 28 200 1.0610% (18 900 (8.70x 10Y) 1.00x 108
1000 1000 28 200 1.2810% 1.07x 108
1100 1130 28 400 1.3510% 1.28x 108

1200 1280 28 800 1.4510'8 1.31x10%
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0 | 1 " P L " 1 n i n 1 " 2 n
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FIG. 5. Radial dependence of the emission coefficient in flash
lamps at initial pressure 400 Torr and voltage 1000 V Xe+ 780
and 820 nm. Experimental data are presented by solid curves
Dashed curves show the calculationsegf,r) with the tempera-
ture and particle profilegFig. 6) obtained from othei [profiles
from 820 nm fore (780y) and profiles from 780 nm fos(820y) 1.
Calculations ofe (\,r) with profiles obtained from the sameco-
incide with experimental curves.

=300 K which is 1.3% 10*® cm™3; in such a case the values
in Table Il are given in parentheses; obviously, they are un-
reliable.

More detailed spectral measurements are performed a
initial pressure 400 Torr antd =1000 V (T,5=21000 A).
Radial functions of the emission coefficiesfh,r) obtained
from the transverse distributions of the radiative intensity
measured ak =780 and 820 nm are presented in Fig. 5 by
solid curves. In Table Il the values of the temperature on
axis defined frome(\,r) for A=780 nm and intensities of
neutral helium lines at 587.5, 667.8, and 706.5 nm are
shown. For the 587.5 and 706.5 nm lines the data from two
measurement runs are presented. For the lines at 667.7 ar
706.5 nm solutions in the NN approximation exist, however,
they may be falsévalues in parenthesgssince the corre-
sponding particle densities are higher than the initial one. For I (c)
e(\,r) at \=820 nm results are approximately the same as , ,
those fore(\,r) at 780 nm, the difference between corre- 0.00 0.0 0.10 0.15 0.20 025
sponding valued (0) is less than 100 K. r(em)

As a result, we can conclude that for the helium atom the
UF model is as successful as in the case of hydr¢@@r8Q,

0 - 8 R
0.00 0.05 0.10 0.15 020 0.25

FIG. 6. Radial profiles of temperatur@), electron(b), and
atomic (c) densities defined from the experimental profiles of the
emission coefficientFig. 5 at A =780 nm(solid curves and 820

TABLE Ill. Temperature on axis at initial pressure of 400 Torr nm (dashed curvédor a discharge at initial pressure 400 Torr and
andl nm,,=1000 A, obtained from the radial dependence of the emisvoltage 1000 V.

sion coefficient ah =780 nm and the intensity of different spectral

lines, using UF and NN approximations for the determination of thewhile the NN model is incorrect in contrast to the case of
critical values of the microfield. Values a¥(0) in parentheses cor- heavy noble gas atonj46,19.

respond to particle densities higher than the initial one and, conse- For the following spectral calculations we Sgt0) equal

quently, are incorrect. to the mean over the values in Table Il for the UF approxi-
mation. The error may be evaluated as the root-mean-square
T(0) (K) deviation. Thus we have (0)=25 600+ 1500 K. Corre-
. sponding particle and temperature profiles obtained from
Line (nm) uF NN e(\,r) at A=780 and 820 nm are presented in Fig. 6. It is
587.5 28 200, 25 100 seen that profiles fromm =780 and 820 nm are close to each
667.7 23900 (18 500 other. Calculation o&(\,r) with profiles obtained under the
706.5 26 000, 25 000 22 701 900 same \ [e(780r) with profiles from A=780nm and

£(820y) with profiles from\ =820 nm coincide with cor-
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FIG. 7. Average temperature defined in the approximation of the
homogeneous plasnigg. (7)] for the spectral region near the 587.5 FIG. 8. Spectral emission from flash lamps filled with helium at
nm line for a discharge at initial pressure 400 Torr and voltage 1000nitial pressure 400 Torr and voltage 1000 V. Solid curves, experi-
V. Solid curve, experiment; dashed curve, calculation. In the linement; dotted curve, calculation, contribution of continuum; dashed
wings wherer< 1, experimental definition of temperature is impos- curve, calculation, continuum and spectral lines.
sible due to the scatter in the data on exp).

The features in experimental curvesiat 447, 606, and
responding experimental data in Fig($lid curve$, which 663 nm correspond to forbidden lines. Their parameters are
confirms the accuracy of the calculation. The emission coefaot presented in Ref27], so these lines are not taken into
ficientse(\,r) calculated with other profilels:(780y) with ~ account in our calculations.
profiles from A =820 nm ande(820y) with profiles from An agreement between the calculation and experiment on
A=780 nm are shown in Fig. 5 by dashed curves. In thethe whole is quite satisfactory. The calculation error is com-
spectral calculations we use the profiles corresponding to parable with the measurement error; it is approximately 10%
=780 nm. In the calculation of the profiles, the total LTE at the “red” part of the spectrum considered ar@0% at
has been assumed. However, violation in the near-wall rethe “blue” one.
gion would be expected. The principal reason for departures
from LTE in this region is the diffusion of atoms in the VI. CONCLUDING REMARKS
ground state. The criterion of the LTE existence in this case . .

s i he varalon of e lasma emperat on e 1S 20T Peerio Contues pecye o eree
gfr;upSI\?Vg"lzlgg_]g?)iﬁ ;?] dbAeT(Sg)]i[;gé%“]k_ NTehaer ;Zirf_lvizn densities of the order of #cm 3. This study completes the

region gives a small contribution to the flash lamp emissio et of results for density and correlation effects in the radia-

and such a failure of LTE cannot lead to significant influence " Of noble gas plasmas. Many theoretical and experimen-

on the result obtained tal studies have been published in the last few decades on the
The average values of temperature defined from the optir-""d""‘t've properties of argon, krypton, and.xenon de'nse plas-

cal thicknessr(\) in the homogeneity approximation accord- mas (see, €.9.[19,45,44, and referen_c_es C't.Ed thermnFo_r

ing to Eq.(7) are given in Fig. 7. It should be noted that this heavy noblek gases, hglectz;(n deS'“ge% h'%*;er thdan inthe

quantity can be well defined from Ey) if 7at least is of the present wor were ac |ev§ € 1. —10" cm )’. and pro-

order of unity(not les3, which is the case only for the 587.5 nou_nced cou_plmg effe_cts in continuous absorption have been

nm line. If 7<1 the experimental error in exp() leads to noticed(relative “clearing up” of some parts of the spectra

the total uncertainty in temperature. Indeed, we see that th S ?efnsnules |tncre?j$é,;ff,4ﬂ).tl)? gonérast,tﬁur res“'t.s Sh?"}'h
average temperature is defined only for the core of the Iiné at for electron densities obtained in the experiment the
wherer~1. The average temperature can also be calculate'&ieal He atom picture still Vf”‘"d for the descrlp.non Of. radia-
from the theoretical values of the emission intensity and op:['on’ even though the .relat|ons' between 'part|ally dissolved
tical thickness, which is compared with experiment in Fig. 7.SpeCtraI lines and continuum differ from ideal plasma ones

Experiment and calculation are in agreement and both shO\L\fl"?’é lculati f the radiati ission f the flash |
a certain dip in the line center due to the self-absorption. aiculations ot Ine radiative emission from the fash famp

are made taking into account the influence of plasma mi-
crofields on the discrete and continuum spectra. We use a
method based on the semiclassical quantum defect theory
Measured and calculated emission spectra of the helnd take into account the moderately dense effects in the
ium pulse discharge at initial pressure 400 Torr andnear-threshold spectral region, assuming an unperturbed os-
I max=21000 A are shown in Fig. 8. The results of measure<illator strength distribution. For the estimation of the line
ments are presented by a number of curves corresponding tissolution the UF approximation is used, while the NN ap-
different discharge runs under the same conditions. Theproximation, which is appropriate for heavy noble gas atoms
partly overlap and the distinction between them constitute$16,19, seems inadequate for helium. This method leads to
10-25 % and shows the accuracy of measurements. the shift and smoothing of the photoionization thresHa4

B. Optical spectrum
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and provides the correct behavior of the calculated spectrurour experimental data for high pressure dischakgeslimi-
in the near-threshold region. Radial profiles of temperaturaary results are given in Reff48]) and recent data on dis-
and electron and atomic densities are deduced from the meaharges in liquid heliuni49].
surements of the transverse distributions of the emission in- We note that, in contrast with heavy noble gas plasmas,
tensity at fixed wavelengths in the spectral range free o&xperimental hydrogen plasma spectra were described at
lines. The values of temperature and electron density obelectron densities up to ¥cm 3 within the framework of
tained are confirmed by absorption measurements of the Hethe weakly nonideal plasma conception for radiative proper-
line at 587.5 nm and He-Ne laser interferometry, respecties[50] (only for higher densities may some discrepancy be
tively. As a result, good agreement between the measureekpected[51]). It therefore seems natural that our results
and calculated spectra is obtained for dense He plasmas stuobtained for spectral lines and continuous spectra of helium
ied (Fig. 8). Coupling effects manifest themselves at theseplasma just at densities around*d@m—2 manifest relatively
densities mainly through the statistical character of quasimoderate density effects, although the spectra themselves are
static microfield actions on radiators. Some discrepancy beaot simple to interpret. Further experimental study of helium
tween measurements and calculation for the shortplasmas at higher electron densities{0'° cm™3) generated
wavelength part of the spectra needs further study. in capillary discharge$50,51] will be started in the near
Detailed review of available data on Kr plasmp&’]  future to extend our understanding of dense plasma opacity
shows the importance of taking into account the statisticahnd spectra evolutions as electron density increases.
character of plasma microfields as a basis both for proper
quCI‘IptIOI’I of moderatgly den;e plasmas spectra, and for re- ACKNOWLEDGMENTS
liable self-consistent diagnostics of such plasmas. For ex-
ample, the results of direct extrapolation of standard electron We would like to thank Professor Ronald McCarroll for
temperature diagnosti¢d43] from the ratios of total spectral discussions and for reading the manuscript. This work was
line intensities to underlying continuum intensities may be-partially supported by NATO Linkage Grant No.
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