
e

PHYSICAL REVIEW E DECEMBER 1998VOLUME 58, NUMBER 6
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 temperatureT;2 eV and a coupling parameterG;0.1 ~ratio of
the mean electrostatic interaction energy of two charge carriers to their mean kinetic energy!. Radiative
emission from flash lamps in the spectral range 300–850 nm is measured and calculated, taking into account
the nonideal effects~through plasma quasistatic microfields! and 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 densities;1018 cm23. @S1063-651X~98!13212-9#

PACS number~s!: 52.25.Qt, 52.70.Kz
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I. INTRODUCTION

The problems of dense plasma emission, opacity, ra
tive transfer, and energy transport under moderate and st
coupling are of both fundamental and applied interest@1,2#.
The density effects in plasma radiation were the subject
considerable number of experimental and theoretical stu
in the last few decades; however, our understanding
knowledge are still incomplete even for moderately de
plasmas. The level and character of manifestation of pla
density effects are different in dilute, moderately dense,
extremely dense~strongly coupled or nonideal! plasmas.
Thus different models have to be applied for description
plasma radiation spectra: conceptions of isolated at
weakly perturbed, or strongly perturbed ones should be u
correspondingly.

Atomic physics concepts dominate in the opacity probl
when emission or absorption of dilute plasmas is conside
@3,4#, but under extreme plasma densities the coupling
fects and correlations may be very important for descript
of optical properties~e.g.,@5,6#!. In the low and moderately
dense plasma spectra the principal density effect is the tr
formation of the spectral line series in the near-thresh
region to a continuum due to the line overlapping and me
ing. In the hydrogenic plasma, if only upper members of
line series are perturbed, this case corresponds to the w
known Inglis-Teller model for apparent shift of photorecom
bination ~photoionization! thresholds. Note that descriptio
of the near-threshold spectra based on the line broade
and merging is not so simple due to a lot of lines and so
computation problems. Usually this approach needs a ce
‘‘ ad hoc’’ operation @7,8#. A more adequate approach
based on the microfield model, which has been derived
many authors@8–17#. It assumes that when the plasma m
crofield is strong enough, the higher excited atomic lev
disappear while continuum states appear. Thus, in the n
threshold region, not only the merging of lines~quasicon-
tinuum! is supposed, but also the decrease of their intens
PRE 581063-651X/98/58~6!/7855~9!/$15.00
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and substitution by a photorecombination continuum~real
continuum!. This calculation scheme suggests two physica
clear assumptions: first, statistical character of quasistatic
crofield action on atoms and ions in a plasma and, seco
undisturbed density of oscillator strengths for radiators ‘‘p
turbed’’ by surrounding plasma. A rather wide range of t
plasma parameters is available which corresponds to this
proximation. Under strong coupling, the redistribution
dense plasma absorption along the spectrum, and rel
‘‘transparency windows’’ before the series limits, are t
subject of studies and discussions@5,14,18#. A good agree-
ment of calculations based on this theoretical scheme w
experimental data for continuous radiation of moderat
dense noble gas plasmas~neon, argon, krypton, and xenon
electron densities up to 1018 cm23) was found@19#. Continu-
ous radiation of helium plasmas has not been previou
measured quantitatively for such electron densities, to
knowledge. Note that reliable dense plasma diagnos
based on radiation continuum and spectral line intensi
have to take properly into account the density and coup
effects.

Most of the experimental investigations on dense cold
lium plasmas in recent years have been devoted to ne
line Stark broadening and shift studies@20–22#. However,
the total emitted radiation spectra~relations between con
tinuum and spectral lines! have not been studied in detai
Our aim in this work is to remedy experimentally this defe
and to give a theoretical description of the helium radiat
spectrum taking into account the influence of the plas
environment on radiators. Helium plasma has several adv
tages for the detailed study of the plasma density effect
radiation, for example, due to spectral simplicity~in com-
parison with plasmas of complex elements! and absence o
the linear Stark effect~as for the hydrogen atom!.

Helium high pressure arcs created in this work in line
flash lamps have a good cylindrical symmetry, are very
producible, and are in local thermodynamic equilibrium. O
axis electron densities of around 1018 cm23 and temperatures
7855 © 1998 The American Physical Society
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7856 PRE 58VITEL, EL BEZZARI, D’YACHKOV, AND KURILENKOV
in the range (2 – 3)3104 K are achieved. In these cond
tions, the mean interaction potential energy between cha
particlesEp is appreciable compared to their kinetic ener
Ek . The coupling parameterG5Ep /Ek is in the range 0.1–
0.2. The number of particles in the Debye sphere is small
around unity. Thus we are dealing with weakly nonideal b
formally, non-Debye plasmas. In fact, flash lamps provid
very convenient and efficient tool to study consequently
density and coupling effects in moderately dense plas
spectra and clarify the possible tendencies for density eff
in opacities@23,24#. This problem is especially delicate fo
the plasmas with moderate densities, where the possible
viations from ideal plasma theory results are compara
with the accuracy of the measurements themselves. On
other hand, these effects will be very important for adequ
description of radiative opacities and energy transport in
tremely dense laboratory and astrophysical helium plasm
and have to be studied consequently at the different stage
plasma density grows.

We present in the following the results of different optic
and electrical measurements in dense helium plasmas.
describe the experimental setup~Sec. II!, the methods of cal-
culations~Sec. III!, and diagnostics~Sec. IV! used to deter-
mine the plasma parameters, present obtained radial pro
of temperature and electron and atomic densities, and c
pare measured and calculated spectra~Sec. V!. Then, the
place of the results obtained among other noble gas pla
data is discussed briefly~Sec. VI!.

FIG. 1. Diagram of the electrical experimental setup.
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II. EXPERIMENTAL SETUP

The plasmas are produced in fused quartz linear fl
lamps whose inner diameter is 5 mm and distance betw
electrodes is 100 mm. These lamps are filled with pure
lium at initial pressures from 50 to 500 Torr. Special balla
volumes behind the electrodes are disposed to reduce lo
of helium pressure due to particle diffusion through the wa
In Fig. 1 a schematic view of the electrical experimen
setup is displayed. The gas breakdown is performed apply
a high voltage pulse~30 kV, 1 ms! on an external auxiliary
electrode. Then, a low current~'1 A! simmer is maintained
during 12 ms before triggering the main discharge to ens
the discharge centering on tube axis. By this method,
plasma-wall perturbative phenomena are minimized, as
scribed by Vitelet al. @25# and by Vitel and Skowronek@26#.
The electrical pulse is produced by means of anLC cell with
variable inductance, which permits us to adapt the sou
impedance to the plasma impedance. The maximum cur
intensity is set in the range 0.5–1.6 kA and its pulse durat
at half maximum is around 100ms. The voltage drop acros
the tube is measured by a precise~61%! voltage divider, and
the current intensity by a coaxial shunt (R50.25 mV
60.2%) connected to a differential amplifier. Both signa
are recorded on a digital oscilloscope and processed b
personal computer.

The experimental setup used for optical measuremen
shown in Fig. 2. Two spectrographs with different dispe
sions, coupled with a gated intensified charge coupled de
~ICCD! or photodiode array~OMA!, are used to measure an
record the spectra. All spectral measurements are perfor
during a short period of time~less than 1ms! at the current
maximum, when the best filling of the plasma is obtain
inside the flash lamp. For standardization purposes, we u
calibrated deuterium lamp for wavelengths below 350
and a tungsten ribbon lamp for the spectral range 350–
nm. The wavelength scale is calibrated using spectral lam

III. METHOD OF CALCULATION

Radiation spectrum of helium plasma in the conditio
considered is formed from bound-bound~spectral lines!,
free-bound~radiative recombination!, and free-free~brems-
4

r;
FIG. 2. Scheme of the optical experimental setup: OMA, optical multichannel analyzer~intensified photodiode array detector, 102
pixels!; ICCD, intensified charge coupled device (5843384 pixels); THR 1500, spectrograph (f 51500 mm, grating 1800 g/mm!; Chromex
spectrograph (f 5250 mm, three gratings 600, 1200, and 2400 g/mm!; RF, high order rejecting filter; PM, plan mirror; CM, concave mirro
L1 andL2, infrared lenses (f 5200 mm), He-Ne laser~632.8 nm! for optical alignment.
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PRE 58 7857EMISSION FROM WEAKLY NONIDEAL HELIUM . . .
strahlung! transitions. The line profiles are not studied
detail in this paper. The line broadening and shift parame
are calculated according to Griem@27#, while the line inten-
sities are estimated taking into account their decrease~so-
called line dissolution! due to disappearance of the radiati
levels E under the influence of the quasistatic plasma m
crofields @8–17#. For the electron on an atomic level a p
tential barrier is formed in the direction of the quasistatic i
microfield. If the microfield is strong enough, more than
certain critical valueFc(E), the discrete level is turned ou
above the barrier and disappears. The probability of the le
realization is then defined as the integral of the microfi
distribution function

W~E!5E
0

Fc~E!

P~F !dF. ~1!

We use the quasistatic distribution function of Hooper@28#
for a neutral point~where a neutral atom is placed! and ex-
press integral~1! with the analytical approximation derive
by D’yachkov @29#. For the determination of the critica
valueFc , we use two simple models, uniform field~UF! and
nearest neighbor~NN! approximations. These approxima
tions give different values of the critical field:Fc(E)
5E2/4e3 ~UF! and Fc(E)5E2/16e3 ~NN! for a state with
ionization energyE in an unperturbed atom@15,17#. For one-
electron atoms UF is reasonable@17,30#, while for many-
electron atoms NN is more appropriate@16,19#. It should be
noted that for a broadened level, one can calculate from
~1! the realization probability for each value ofE within the
level widthDE. So, the variation ofW(E) on DE leads to a
slight deformation of the corresponding line profile.

The photorecombination and bremsstrahlung transi
rates are calculated using the semiclassical approxima
within the framework of the quantum defect theory@19,31–
33#. Assuming that the spectral density of oscillator streng
@34# in the near-threshold region is conserved@35,36,5#, we
continue the radiative recombination continuum multipli
by the factor 12W over its long-wavelength threshold i
order to compensate for the decrease of the line intensi
Near the thresholdW→0, whileW→1 away from threshold.
Therefore the line series transform gradually to a continuu
The method of calculation is given in detail by D’yachko
@33# and D’yachkov, Kurilenkov, and Vitel@19#. In contrast
to the method of Hofsaess@37#, it takes into account smooth
ing effect on the photorecombination thresholds when
plasma density increases due to the quasistatic ion
crofield. The free-boundj function allowing for the specific
features of a nonhydrogenic atom@35,37# is shown in Fig. 3
for a few values of the electron density~it is similar to the
average Gaunt factor, since it also gives the ratio of the qu
tity under consideration to the corresponding hydrogenic
in the Kramers approximation!. The UF and NN approxima
tions are used for estimations of the critical values of
microfield. In the case of ideal plasma (Ne→0) our calcula-
tion is in a good agreement with that of Hofsaess@37# ~in
Ref. @37# splitting of the 21,3P threshold near 350 nm is no
taken into account!. However, thej function for a dense
plasma may differ considerably from that of the ideal plas
and, furthermore, the functions corresponding to the UF
NN models differ significantly from each other. The diffe
rs
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ence between UF and NN models corresponds approxima
to one order of magnitude in electron density.

Since the helium plasma in the discharge tube is inhom
geneous, the radiation intensity from the flash lamps is c
culated taking into account radial profiles of temperature a
electron and atom densities. The method to determine
profiles is given in Sec. IV A.

The plasma in the conditions under consideration is o
cally thin except the line at 587.5 nm, for which the optic
thicknesst;1. Therefore we should take into account t
self-absorption, however, we can restrict ourself to the o
dimensional approximation. Then the equation of radiat
transfer along anx axis has the form

dJ~l,x!

dx
5«~l,x!2k8~l,x!J~l,x!, ~2!

where«(l,x) andk8(l,x) are the emission and absorptio
coefficients, respectively; the last takes into account the
duced emission,k8(l,x)5k(l,x)@12exp(2hc/lkT)#. These
coefficients depend onx as a function of local values of th
temperature and electron density

«~l,x![«„l,T~x!,Ne~x!…, k8~l,x![k8„l,T~x!,Ne~x!….

Under the condition of local thermodynamic equilibriu
~LTE! they are related to each other by the Kirchhoff law

«~l,x!5k8~l,x!B„l,T~x!…, ~3!

B~l,T!52hc2l25~ehc/lkT21!21. ~4!

The solution of Eq.~2! is

J~x!5expF2E
0

x

k8~x8!dx8G
3H J01E

0

x

«~x8!expF E
0

x8
k8~x9!dx9Gdx8J

FIG. 3. Free-boundj function of helium for T525 000 K.
Comparison of our calculation for ideal plasma (Ne→0, solid
curve! with that of Hofsaess@37# ~dashed curve!. For dense plasmas
(Ne51017 and 1018 cm23) both UF ~dotted curves! and NN
~dashed-dotted curves! models are used for the estimation of critic
values of the microfield.
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7858 PRE 58VITEL, EL BEZZARI, D’YACHKOV, AND KURILENKOV
~here and below the variablel is omitted, if it is not neces-
sary!, where J0 is the integration constantJ05J(0). In
the case of axial symmetry and boundary conditionJ0
5J(2R), for the emission along the diameter of the tu
@«(2r )5«(r )# we have

J~R!5J0e2t12e2t/2E
0

R

«~r !cosh@ t~r !#dr, ~5!

whereR is the radius of the flash lamp,

t~r !5E
0

r

k8~x!dx,

and t52t(R) is the optical thickness of the discharg
plasma.J050 if only the flash lamp is an emission sourc

IV. DIAGNOSTICS

For the calculation of the radiation intensity of heliu
plasma in flash lamps, the radial profiles of temperatureT(r )
and electronNe(r ) and atomNa(r ) densities are required
Since direct measurements of the profiles are imposs
their determination is based on the comparison of the sp
tral measurement data with calculations. However, in t
case an additional verification independent of theory is
sirable. The electron density is verified by the He-Ne infra
laser interferometry at 3.39mm. Independent determinatio
of temperature can be carried out from measurements o
optical thickness.

A. Radial profiles of particles and temperature

The transverse distribution of the emitted light radiation
recorded in narrow spectral ranges~0.4 nm! free of perturb-
ing lines where the plasma is optically thin~around 780 and
820 nm!. All the measurements are taken at the current ma
mum ~during 1ms with a spatial resolution of 50mm!. Ap-
plying the well-known method of the Abel integral, radi
dependence of the emission coefficient«(r ) is deduced. This
coefficient is related to the plasma parameters by the form

«~l,r !5
8

3 S 2p

3 D 1/2 e2

c2m3/2

Ne
2~r !

l2AkT~r !
j„l,T~r !,Ne~r !…,

~6!

where thej function, in the general case, includes free-fre
free-bound, and bound-bound transitions~although the con-
tribution of line wings is small and constitutes here a fe
percent, it is taken into account in calculations!.

A computing iterative procedure is applied to obtain t
particle densities and temperature profiles. First, an in
temperature on axisT(0) is given and from Eq.~6! with the
experimental value«~0! andj function, calculated according
to Refs.@19,27#, we getNe(0) and, using the Saha equatio
and the Dalton law, find the atom densityNa(0) and pressure
p(0). In the Saha equation and the Dalton law the corre
tions from the nonideality are introduced@38#. Then, on the
basis of constant pressure in the quasistationary phase o
plasma column around the maximum of the current, us
the same equations, we deduced from each value of«(r ) the
corresponding values ofT(r ), Ne(r ), and Na(r ). As a re-
le,
c-
s
-

d

he

i-

la

,

l

-

the
g

sult, we have the radial profiles corresponding to the ini
valueT(0) and experimental profile«(l,r ) at fixedl. Next,
with those evaluated profiles the neutral line intensity in
grated along a diameter~at 587.5, 667.8, or 706.5 nm! is
calculated and compared to the experimental one. If b
values are not in agreement, the initial axis temperatureT(0)
is modified and the entire procedure is repeated until
calculated and experimental values of the line intensity ag
within 1%.

In the calculation the total LTE is assumed. Possibility
its violation is analyzed in Sec. V A.

In the calculation the separation of the line from the co
tinuum background is carried out in the same manner a
experiment. Using the trial profiles corresponding to giv
T(0), we calculate the radiation intensity spectrum in t
range near the line and extract its contribution by analo
with experimental procedure. This is important, since in
measured spectrum at high temperature and electron den
the separation of the wings from the continuum is a diffic
problem.

B. Optical thickness and average temperature

The confirmation of the values of temperature found
the method of Sec. IV A is given from the temperature es
mation obtained from absorption measurements of the HI

line at 587.5 nm for whicht'1. Its opacity is determined by
means of a concave mirror set behind the flash lamp on
optical axis and reflecting back the plasma radiation with
magnification of one through itself. From the recorded sp
tra taken with and without the concave mirror, the line op
cal thickness is deduced. In the case of the spectrum
corded with the mirror we should set in Eq.~5! J05KJ1
whereJ1 is the spectral emission intensity without the mirr
expressed by the second term in Eq.~5! andK is the coeffi-
cient allowing for reflectivity of the mirror and tube wal
Thus the total intensity with the mirror is

J2~l!5J1~l!~11Ke2t~l!!.

Consequently, carrying out the spectral measurements
and without the mirror, we can get the optical thickness a
function of wavelength.

FIG. 4. Interferogram~solid curve! and current pulse profile
~dashed curve! for discharge at initial pressure 400 Torr andI max

51130 A.
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PRE 58 7859EMISSION FROM WEAKLY NONIDEAL HELIUM . . .
In the approximation of homogeneous plasma, we h
from Eq. ~5! that

J1~l!5B~l,T!~12e2t~l!!, ~7!

whereB(l,T) is the Planck function@Eq. ~4!#. Solving Eq.
~7! for T, we can obtain a certain average temperature fr
the experimental values ofJ1(l) andt~l! as a function ofl.
Usually the Bartels method@39,40# is applied to take into
account the weak radial inhomogeneity of the plasma an
find the temperature on axis, however, we evaluate the o
ity in the calculation and, thus, this method is not neede

C. Interferometric measurements of electron density

To check the values found for the electron density p
files, we have used an Ashby-Jephcott interferometer@41,42#
at the wavelength of 3.39mm ~He-Ne laser! where the re-
fractive index of the plasma is due only to the electron d
sity. Figure 4 shows an example of a recorded interferog
due to the refractive index evolution along a diameter dur
the discharge. Taking the relative shape of the electron d
sity profiles previously determined, we calculated their ab
lute values leading to the number of modulations measu
on the interferograms.

V. RESULTS

A. Plasma parameters

The plasma parameters deduced from continuum and
intensities~at 587.5, 667.8, and 706.5 nm! on the basis of

TABLE I. On axis temperatures and electron densities obtain
using classical calculation, from the radial dependence of the e
sion coefficient atl5780 nm and the intensity of the spectral lin
at 587.5 nm for a flash lamp at an initial pressure of 400 Torr.

I max ~A! T(0) ~K! Ne(0) (cm23)

715 33 000 9.9531017

850 36 100 1.1231018

1000 39 800 1.2731018

1130 41 400 1.4731018

1280 42 800 1.5831018
e

m

to
c-

-

-
m
g
n-
-
d

e

classical plasma calculations are in disagreement with th
deduced from opacity measurements~for T! and interferom-
etry ~for Ne). In Table I are presentedT(0) andNe(0) val-
ues so calculated for 587.5 nm HeI line intensities and con-
tinuum at 780 nm in the case of a flash lamp filled at 4
Torr of initial pressure.T(0) values are by far too high an
would have to lead to observation of ionic helium lines
spectra but we have never seen one. Identical anoma
results were obtained with the other two lines which a
practically optically thin.

But, if we take into account the effect of the statistic
ionic microfields on the atomic levels in the calculation
the continuum and the line intensities, an agreement is
tained in the evaluation of the plasma parameters by th
different methods and the evolution ofT(0) versus the initial
pressure is correct. We report in Table II the temperature
electron density on the axis obtained for different discha
conditions in the case of a flash lamp filled at 400 Torr
initial pressure. Optical measurements are performed al
5780 nm ~transverse distributions of emission! and in the
range 556–620 nm~intensity of the 587.5 nm line!. To de-
termine the critical values of the quasistatic ion microfie
both UF and NN approximation have been applied. In
last column the data of interferometric measurements of e
tron density with the He-Ne laser~3.39mm! are given. They
agree best with results obtained from the UF approximati

In the case of the NN approximation the temperatu
T(0) are lower than for the UF approximation for the tw
first conditions in Table II, but for the other conditions n
solution exists in the NN approximation. In this case the li
dissolution is more pronounced. On the other hand, it
known that the relative contribution of the lines to the spe
tral intensity increases as the temperature decreases. So
temperature is lower in the NN model in order to compens
for the line dissolution. However, according to Eq.~3!, the
absorption coefficient increases as the temperature decre
if the emission coefficient is fixed; consequently, the ato
density and optical thickness in the line increase too. T
the line intensity may be bounded because of self-absorpt
So for three conditions with higher current, in the NN a
proximation the intensity of the 587.5 nm line is lower tha
in experiment for any valuesT(0). For lower currents solu-
tions exist, however, the corresponding atomic densities
too high, higher than initial density at 400 Torr andT

d,
is-
m the
.5

field.
tly, are
TABLE II. Temperature and electron density on axis at an initial pressure of 400 Torr, obtained fro
radial dependence of the emission coefficient atl5780 nm and the intensity of the spectral lines at 587
nm, using the UF and NN approximations for the determination of the critical values of the micro
Values in parentheses correspond to atomic densities higher than the initial one and, consequen
incorrect.

Optical measurements

UF NN
Interferometric
measurements

U ~V! I max ~A! T(0) ~K! Ne(0) (cm23) T(0) ~K! Ne(0) (cm23) Ne(0) (cm23)

800 715 27 200 9.4231017 ~19 700! (7.9931017) 8.6931017

900 850 28 200 1.0631018 ~18 900! (8.7031017) 1.0031018

1000 1000 28 200 1.1831018 1.0731018

1100 1130 28 400 1.3531018 1.2831018

1200 1280 28 800 1.4531018 1.3131018
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7860 PRE 58VITEL, EL BEZZARI, D’YACHKOV, AND KURILENKOV
5300 K which is 1.3231019 cm23; in such a case the value
in Table II are given in parentheses; obviously, they are
reliable.

More detailed spectral measurements are performe
initial pressure 400 Torr andU51000 V (Tmax51000 A).
Radial functions of the emission coefficient«(l,r ) obtained
from the transverse distributions of the radiative intens
measured atl5780 and 820 nm are presented in Fig. 5
solid curves. In Table III the values of the temperature
axis defined from«(l,r ) for l5780 nm and intensities o
neutral helium lines at 587.5, 667.8, and 706.5 nm
shown. For the 587.5 and 706.5 nm lines the data from
measurement runs are presented. For the lines at 667.7
706.5 nm solutions in the NN approximation exist, howev
they may be false~values in parentheses!, since the corre-
sponding particle densities are higher than the initial one.
«(l,r ) at l5820 nm results are approximately the same
those for«(l,r ) at 780 nm, the difference between corr
sponding valuesT(0) is less than 100 K.

As a result, we can conclude that for the helium atom
UF model is as successful as in the case of hydrogen@17,30#,

FIG. 5. Radial dependence of the emission coefficient in fl
lamps at initial pressure 400 Torr and voltage 1000 V forl5780
and 820 nm. Experimental data are presented by solid cur
Dashed curves show the calculations of«(l,r ) with the tempera-
ture and particle profiles~Fig. 6! obtained from otherl @profiles
from 820 nm for«(780,r ) and profiles from 780 nm for«(820,r )#.
Calculations of«(l,r ) with profiles obtained from the samel co-
incide with experimental curves.

TABLE III. Temperature on axis at initial pressure of 400 To
andI max51000 A, obtained from the radial dependence of the em
sion coefficient atl5780 nm and the intensity of different spectr
lines, using UF and NN approximations for the determination of
critical values of the microfield. Values ofT(0) in parentheses cor
respond to particle densities higher than the initial one and, co
quently, are incorrect.

Line ~nm!

T(0) ~K!

UF NN

587.5 28 200, 25 100
667.7 23 900 ~18 500!
706.5 26 000, 25 000 22 700,~21 900!
-
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while the NN model is incorrect in contrast to the case
heavy noble gas atoms@16,19#.

For the following spectral calculations we setT(0) equal
to the mean over the values in Table III for the UF appro
mation. The error may be evaluated as the root-mean-sq
deviation. Thus we haveT(0)525 60061500 K. Corre-
sponding particle and temperature profiles obtained fr
«(l,r ) at l5780 and 820 nm are presented in Fig. 6. It
seen that profiles froml5780 and 820 nm are close to eac
other. Calculation of«(l,r ) with profiles obtained under the
same l @«(780,r ) with profiles from l5780 nm and
«(820,r ) with profiles froml5820 nm# coincide with cor-

h

s.

FIG. 6. Radial profiles of temperature~a!, electron ~b!, and
atomic ~c! densities defined from the experimental profiles of t
emission coefficient~Fig. 5! at l5780 nm~solid curves! and 820
nm ~dashed curves! for a discharge at initial pressure 400 Torr an
voltage 1000 V.-
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responding experimental data in Fig. 5~solid curves!, which
confirms the accuracy of the calculation. The emission co
ficients«(l,r ) calculated with other profiles@«(780,r ) with
profiles from l5820 nm and«(820,r ) with profiles from
l5780 nm# are shown in Fig. 5 by dashed curves. In t
spectral calculations we use the profiles corresponding tl
5780 nm. In the calculation of the profiles, the total LT
has been assumed. However, violation in the near-wall
gion would be expected. The principal reason for departu
from LTE in this region is the diffusion of atoms in th
ground state. The criterion of the LTE existence in this c
is that the variation of the plasma temperatureDT on the
diffusion lengthd has to be small@43,44#. Near the flash
lamp wall d'0.03 cm andDT(d)'2000 K. The near-wall
region gives a small contribution to the flash lamp emiss
and such a failure of LTE cannot lead to significant influen
on the result obtained.

The average values of temperature defined from the o
cal thicknesst~l! in the homogeneity approximation accor
ing to Eq.~7! are given in Fig. 7. It should be noted that th
quantity can be well defined from Eq.~7! if t at least is of the
order of unity~not less!, which is the case only for the 587.
nm line. If t!1 the experimental error in exp(2t) leads to
the total uncertainty in temperature. Indeed, we see that
average temperature is defined only for the core of the
wheret'1. The average temperature can also be calcula
from the theoretical values of the emission intensity and
tical thickness, which is compared with experiment in Fig.
Experiment and calculation are in agreement and both s
a certain dip in the line center due to the self-absorption

B. Optical spectrum

Measured and calculated emission spectra of the
ium pulse discharge at initial pressure 400 Torr a
I max51000 A are shown in Fig. 8. The results of measu
ments are presented by a number of curves correspondin
different discharge runs under the same conditions. T
partly overlap and the distinction between them constitu
10–25 % and shows the accuracy of measurements.

FIG. 7. Average temperature defined in the approximation of
homogeneous plasma@Eq. ~7!# for the spectral region near the 587
nm line for a discharge at initial pressure 400 Torr and voltage 1
V. Solid curve, experiment; dashed curve, calculation. In the
wings wheret!1, experimental definition of temperature is impo
sible due to the scatter in the data on exp(2t).
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The features in experimental curves atl5447, 606, and
663 nm correspond to forbidden lines. Their parameters
not presented in Ref.@27#, so these lines are not taken in
account in our calculations.

An agreement between the calculation and experimen
the whole is quite satisfactory. The calculation error is co
parable with the measurement error; it is approximately 1
at the ‘‘red’’ part of the spectrum considered and;30% at
the ‘‘blue’’ one.

VI. CONCLUDING REMARKS

In the experiment presented, continuous spectra of de
helium plasma are measured and studied in detail at elec
densities of the order of 1018 cm23. This study completes the
set of results for density and correlation effects in the rad
tion of noble gas plasmas. Many theoretical and experim
tal studies have been published in the last few decades on
radiative properties of argon, krypton, and xenon dense p
mas~see, e.g.,@19,45,46#, and references cited therein!. For
heavy noble gases, electron densities higher than in
present work were achieved~like 1019– 1020 cm23), and pro-
nounced coupling effects in continuous absorption have b
noticed~relative ‘‘clearing up’’ of some parts of the spectr
as densities increase@5,14,47#!. In contrast, our results show
that for electron densities obtained in the experiment
ideal He atom picture still valid for the description of radi
tion, even though the relations between partially dissolv
spectral lines and continuum differ from ideal plasma on
@43#.

Calculations of the radiative emission from the flash lam
are made taking into account the influence of plasma
crofields on the discrete and continuum spectra. We us
method based on the semiclassical quantum defect th
and take into account the moderately dense effects in
near-threshold spectral region, assuming an unperturbed
cillator strength distribution. For the estimation of the lin
dissolution the UF approximation is used, while the NN a
proximation, which is appropriate for heavy noble gas ato
@16,19#, seems inadequate for helium. This method leads
the shift and smoothing of the photoionization threshold@19#

e

0
e

FIG. 8. Spectral emission from flash lamps filled with helium
initial pressure 400 Torr and voltage 1000 V. Solid curves, exp
ment; dotted curve, calculation, contribution of continuum; dash
curve, calculation, continuum and spectral lines.
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and provides the correct behavior of the calculated spect
in the near-threshold region. Radial profiles of temperat
and electron and atomic densities are deduced from the m
surements of the transverse distributions of the emission
tensity at fixed wavelengths in the spectral range free
lines. The values of temperature and electron density
tained are confirmed by absorption measurements of theI
line at 587.5 nm and He-Ne laser interferometry, resp
tively. As a result, good agreement between the meas
and calculated spectra is obtained for dense He plasmas
ied ~Fig. 8!. Coupling effects manifest themselves at the
densities mainly through the statistical character of qu
static microfield actions on radiators. Some discrepancy
tween measurements and calculation for the sh
wavelength part of the spectra needs further study.

Detailed review of available data on Kr plasmas@47#
shows the importance of taking into account the statist
character of plasma microfields as a basis both for pro
description of moderately dense plasmas spectra, and fo
liable self-consistent diagnostics of such plasmas. For
ample, the results of direct extrapolation of standard elec
temperature diagnostics@43# from the ratios of total spectra
line intensities to underlying continuum intensities may b
come uncertain under redistribution of continuum intensit
along the spectrum~as presented in Fig. 3!. It concerns both
er
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our experimental data for high pressure discharges~prelimi-
nary results are given in Ref.@48#! and recent data on dis
charges in liquid helium@49#.

We note that, in contrast with heavy noble gas plasm
experimental hydrogen plasma spectra were describe
electron densities up to 1019 cm23 within the framework of
the weakly nonideal plasma conception for radiative prop
ties @50# ~only for higher densities may some discrepancy
expected@51#!. It therefore seems natural that our resu
obtained for spectral lines and continuous spectra of hel
plasma just at densities around 1018 cm23 manifest relatively
moderate density effects, although the spectra themselve
not simple to interpret. Further experimental study of heliu
plasmas at higher electron densities (;1019 cm23) generated
in capillary discharges@50,51# will be started in the near
future to extend our understanding of dense plasma opa
and spectra evolutions as electron density increases.
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