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Experimental verification of semiclassical and RPA calculations of the static conductivity
in moderately nonideal plasmas
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We present an experimental verification of the semiclassical theory for static conductivity calculations in the
case of moderately nonideal plasmas. Such plasmas are produced in linear flashlamps filled with pure helium
and are characterized by on axis electron densities in the rarg®2-1.7x 10*® cm 2 and temperatures
(2-3)x 10* K. Precise measurements of the discharge electrical parameters have been carried out and in each
case the impedance of the plasma was compared with the calculated value using the semiclassical theory,
which is a simpler approximation than the quantum-mechanical theory based on the random-phase approxi-
mation.
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I. INTRODUCTION mm. These lamps are filled with pure helium at initial pres-

We present an experimental verification of the semiclas>Ures from 50 to 500 Torr. The gas breakdown is performed

sical theory[ 1] for static conductivity calculations in the case by applym_g a high voltage puls@0 kv, 1 us) on an ex-

of moderately nonideal plasmas, which was developed as &Mal auxiliary electrode. Then a low currer¢{ A) sim-
simpler approximation than the quantum-mechanical theory"€" IS maintained for 30 ms before triggering the main dis-
based on the random-phase approximatRRA) [2,3]. Such charge to ensure a discharge centering around the tube axis.
plasmas are produced in linear flashlamps filled with pure'he electrical pulse is produced by means fG cell with
helium and are characterized by on axis electron densities ariable inductance, which permits us to adapt the source
the range X10"-1.7x10"¥ cm 2 and at temperatures impedance to the plasma impedance. The maximum current
around (2—-3X10* K. In these conditions, the mean inter- intensity is set in the range 0.5-1.6 kA and its pulse duration
action potential energy between charged partidigs,is ap-  (full width at half maximum is around 100us. The voltage
preciable compared to their kinetic enefgy. The coupling drop across the tube is measured by a precis&%) volt-
parameter defined dS=E,/E, is in the range 0.1-0.p4]. age divider, and the current intensity by a coaxial shit (
Those pulsed arcs have a good cylindrical symmetry, and are 0.25 m)+0.2%) connected to a differential amplifier.
reproducible and in local thermodynamic equilibrium. Dif- Both signals are recorded on a digital oscilloscope and pro-
ferent methods of diagnostics based on measurements péssed by a personal computer. In this way, the temporal

continuum intenSitieS, neutral line intenSitieS, and OpaCitie%vo|ution of the impedance of the p|a5ma can be deduced, as
(taking into account the effect of the statistical ionic mi- shown in Fig. 2.

crofields on the atomic leveélsand infrared laser interferom-
etry (3.39 mn), are applied to determine the radial profiles of
particles and temperature. Such experimental conditions

coupled with precise measurements of the discharge electr— L
cal parametergcurrent intensity and electrical figldllow Main power L W Thyristor  |—

. . . . . . Supply 0-5 kV C Command
for a reliable evaluation of the validity of this semiclassical I +
theory. Finally, for each case, the impedance of the plasm
so calculated is in good agreement with the experimente aoda
value, proving the validity of the semiclassical theftyand |
thereby of the RPA theor}2,3] in our plasmas. Triggering _chgﬂmie

HT Probe
Il. EXPERIMENTAL SETUP AND PLASMA DIAGNOSTICS . —— LR
A. Experimental setup i * , ﬁ
. Simmer power
Differential Digitazing

This experimental setup is displayed in Fig. 1. The plas- @”‘“E'* Preamplifier | |Oscilloscope Supply 0-5 k"ic.,
mas are produced in fused quartz linear flashlamps whose
inner diameter is 5 mm and distance between electrodes 100 FIG. 1. Experimental setup.
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1.6x10" - x E=157J
B. Plasma diagnostics Laxl0® [OO0OOO -
. . . . . x
Different methods of diagnostics are applied to determine 12x10" L " “x
the radial profiles of particles and temperature. They are, . <
based on optical measurements of the transverse distributio & 1.0x10° | x

of the continuum intensitiegat 780 and 820 nm where the & 8OK10 F *+ st iy, N
plasma is optically thinwhich give the radial functions of & wl Ty ., %

the emission coefficient by applying Abel inversion. All § 6.0x10 +++++ ”
those measurements are performed at the maximum disg 4.0x10" Ty, %
charge currenfexposure time around Jus) where the best ° 20x10" L T

- L . . 0x10 an
filling of the plasma column inside the tube is obtained. All +
the details concerning these methods and the determinatio 0'8‘00 0.05 .10 o015 020 095

of the plasma parameters are given in a previous gageA b i
summary of the main results is given hereafter. The tempera- radius (cm)
tures on axis deduced from the ratio of line intensities to

their adjacent continuum on the basis of classical plasma fg. 3, (5 Radial temperature profiléb) radial electron density

calculations are in disagreement with those deduced frorgyqfile. The initial pressure is 400 Torr and discharge energies are
opacity measurements. Their values are by far too high coms1 j and 157 J.

pared to the ones deduced from optical thickness, and would
have to lead to the observation of ionic helium lines in the IIl. THEORY
spectra, but we have never seen any. On the other hand, if we . .
take into account the effect of statistical ionic microfields on ~ The results of the described experiments have enabled us
atomic levels in the calculation of the continuum and lineto check the validity of the semiclassid@C) method[1] of
intensities[4,5], a good agreement is obtained in the e\,a|u_calculat|ng the st.atlc electroconductivity qf fully ionized
ation of the temperature by both methods, and in the deteRlasmas, in domains of electron concentratibisand tem-
mination of the electron density given by absolute continuunferaturel where the plasma can be treated as singly ionized.
measurements and by infrared laser interferometry. Radidpecause of that, a semiclassical expression for plasma static
profiles of temperature and electron density so deduced afonductivity from[1] can be given in a somewhat simplified
relatively flat and show a good filling of the plasma inside form:
the flashlamp, as shown in Figs. 3-5 for the extreme dis-
charge energies at each initial gas pressure. 8(2kT)%? Yee

The estimated relative errors of measured temperatures Osc™ 12,2 2\ 211/2(
and electron densities are 7% and 5%, respectively. Table | (mm) ¥ In{[ 1+ (2K Troxo/e%)°]
shows the degree of ionizatianin the hot region for initial
pressures and discharge energies presented in Figs. 3-5,

@

herem ande are the mass and charge of electrops, is
fie electron scattering factor, amd and x, are defined by

fined as the relations
n
a= natfne, (l) re=qrq, rd:(47Te2Ne/kT)fl/2’ (3)
= 3 f f =2.198-0.26 4
wheren,, is the neutral density. x=5f(p), f(p)=2. 262p. 4
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Within the framework of this approach the static conduc-

FIG. 4. Same as Fig. 3, but for the initial pressure 300 Torr anq:ivity of a fully ionized plasma is given by an expression

The variable . is the screening radius, defined as the product
of the Debye screening radiug and the corrective factar, 4e?
and URPAZS_mJ p(E)7(E)[—dW(E)/dE]JEdE,  (6)

p=e*(kTr,) " 5
where E is the free-electron energy, p(E)

=(m°E/27*%5) Y2 is the density of the free-electron states,

The variablep in the last expression represents a plasm - 1 o I
nonideality factor, usually denoted in the literatureya§ he %N(E)_{e.XF[B(E__'U“E)]tll} 1S the FermlTDlrac d'St.”bu'
tion function, B=(kgT) ™, u. is the chemical potential of

letterp is chosen to differ fromy,, used in Eq(2). In theN .

and Tpdomains under conside?aetion, the v?atlues of theeelecme electron subs_ystem with t(_amp(_aratﬂrrand_ electron den-
tron scattering factoty, are very close to that of the well .S'ty.Ne’ %ndt;(E) Is the r_elaxat|on time. In this methadE)
known Spitzer factorg given in[6], and for singly ionized IS given Dy the expression
plasmayg=0.582.

The SC method frorfil] for calculating the static conduc- TABLE I. Values of the degree of ionizatiom [Eq. (1)].
tivity of fully ionized plasmas was chosen not only because
of its simplicity and the possibility of interpreting experi- Discharge energy Initial pressu(€orr)
mental data, but also because it is a good approximation %) 50 300 400
the RPA method, as elaborated[i®,3]. It was assumed in
[2,3] that (i) each particle in a fully ionized plasma moves 29 0.23
independently in a homogeneous self-consistent potentia1 0.62 0.22 0.09
field formed by all charged particles; afid) the static con- 115 0.34
ductivity of this medium is finite because of the scattering of157 0.16

charged patrticles with fluctations of that field.
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TABLE Il. Experimental and calculated values of impedance TABLE lll. Same as Table I, but for tube at 300 Torr.

(taken at the maximum of the discharge curye# functions of the

discharge energy; tube at 50 Torr. Discharge energy  Zeyp ZSCq Zsc, Zyur Zspitz
(J) @ @ (@ (@ ()

Discharge energy  Zgyp Zscq qu Zxur Zspitz

) Q) Q) Q) Q) Q) 50.0 0.62 0.55 0.52 0.48 0.43
61.5 0.57 0.52 0.51 0.47 0.41

28 0.71 0.65 0.62 0.57 053 745 0.53 0.49 0.46 0.45 0.39

39 0.60 0.57 0.55 0.50 0.47 890 0.50 0.47 0.44 0.43 0.37

50 052 053 051 046 043 1050 046 045 042  0.39 0.35

7(E)=1/v(E), It should be emphasized that the above expressions and

the classical Spitzer formula do not contain any empirical or
semiempirical fitting factors. Nevertheless, we do not know
, any case where our calculations are in greater discrepancy
sf(q) with experimental results than any other method. It is no
(7)  wonder that for weakly correlated plasmas, where the classi-
cal Spitzer formula is still applicable, the values of conduc-
wherev(E) is the electron scattering frequency, which con-tivity obtained from Eq.(7) are not worse than those found
tains the basic information about inner plasma interactionsby the Spitzer formula. Regarding the classical Spitzer
Xe and y; are the electron and ion form factors, whilg, theory, we would like to underline the followindi) the
I1.,, andIl;, are the dielectric permeability and electronic screening is included only through the choice of the screen-
and ionic polarization operators. The subscripefers to the  ing radius as the upper limit of the deviation rates, while the
Matsubara frequency, while the summation oves carried  collision rate of electrons is calculated using the Rutherford
out in the manner described|i]. Equation(7) was deduced formula; (ii) no correlation effects in the distribution of
from perturbation theory for the temperature Green func<charged particles are taken into account. It is worth mention-
tions, using the Brueckner method of partial summing ofing that the Born approximation for the scattering cross sec-
infinite sequences of the diagrams containing polarizatioriion coincides with the Rutherford formula for ordinary Cou-
loops. The final expression suggests tfiathe charged par- lomb potentials.
ticle’s contribution to the self-consistent field is described by In this paper the validity of SC and RPA methods was
the screened Coulomb potential; afiid the dielectric func- checked by comparison with experimental results. The accu-
tion, which defines the charge screening, and the chargdacy of these methods was also compared with the accuracy
charge static structure factor, characterizing the correlationf Spitzer’s formula[6] and the method developed [i].
effects in the charged particles’ distribution, are both in-
cluded in the random-phase approximation. IV. RESULTS AND DISCUSSION
The expression for the screening radius obtained in the
random-phase approximation gives a classical Debye for- A verification of the semiclassical method was carried out
mula in the case of an ideal plasma. For high electron denPy comparing experimental values of the plasma impedance
sities it gives the Tomas-Fermi formula for the electron condn a flash lamp Z,,,) with impedance values calculated by
tribution to the total screening. the expressiorn2), taking into account the radial profiles of
The calculation of electron scattering amplitudes, whichthe plasma parameters. The corrective fagtor Eq. (3) was
resulted in Eq(7), is based on Born’s approximation. The d=1 andg>1, and the corresponding impedance values are
applicability of this approximation in the case of electrondenoted aZsc andZsg,. In the case wheq>1, this factor

scatterings on the plasma self-consistent field fluctuations igas determined frorfi7]. Tables 11—V show the experimen-

47méet  ((smpYZs d Xelle, T xill;,
v(E)= - - 3 .

q
B(2mE)*2Jo q E

validated by the small parametsrgiven by the relation tal and calculated values of impedance as functions of the
e’ exp(—«a) o TABLE IV. Same as Table II, but for tube at 400 Torr.
Sher s ® =
Discharge energy Ze,(pt Zscq ZSC1 Zyur Zspitz
_ _ . J Q Q QO Q Q
wherex~rgt, a~N; Y3, and the thermal velocity of elec- ) @ @& @& @& ©
trons isvt~m~Y2TY2 |n the past, the main objective of the 50.0 065 056 053 048 044
presented RPA method was to study the kinetic properties a§1.5 0.56 0.53 0.50 0.46 0.42
plasmas with typical electron densitibg=10"° cm 3 and  74.5 054 051 048 044  0.39
temperature§ ~10* K, formed, for example, in powerful 89.0 0.50 0.49 0.46 0.43 0.38
underwater electric discharges. In domains ®, 105.0 0.47 0.47 0.44 0.41 0.36
~10?* em 2 andT~10"* K it was shown that the parameter 120.0 045 045 042 039 035
s had a value about 1G. Results presented here show that149.0 0.43 0.44 0.41 0.38 0.34

the RPA method can be applied for much higher values of
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TABLE V. Values of RPA conductivityf ogpa, Egs.(6) and 10° T T T T T T T
(7], in units of 1d Q" *m™L. Ne =510" [om”]
T Ne (cm %)
(10* K) 107 5x10Y7  10®  5x10®  10'° T
a
1 0.2804 0.3388 0.3721 0.4810 0.5496 =
1.5 0.4790 0.5624 0.6131  0.7703  0.8653 ©
2 0.7024  0.8114  0.8782 1.087 1.209
2.5 0.9405 1.085 1.165 1.426 1.575
3 1.188 1.381 1.473 1.785 1.963 .
4 1.703 2.026 2.147 2.553 2.792 10 10000 20000 30000 40000 50000
5 2.251 2.720 2.890 3.380 3.681 T K]

FIG. 7. Same as Fig. 6, but foi,=5x 10 cm 3.

discharge energy. In the domains of electron densities and o .

temperatures of interest here, the calculated values of SC afde the gas-kinetic radius of neutral atoms and Debye’s ra-
RPA conductivities are essentially the same, and therefordius, respectivelyN, and N; are the densities of neutral
for the impedance calculations only one method need batoms and ions, withN;=N.. Q¢ is the product of the
used. Since the RPA method is based on rather complicatdfverse values of two factors. The first is found in the SC
and lengthy calculations, our choice was the SC methodnethod and measures the influence of electron-electron scat-

which can be presented in a closed analytical form, andering, with a value close to the corresponding Spitzer factor.
therefore can serve as a computationally more efficient alterlhe second factor takes into account the difference between

native. Debye’s radius and the screening radius used in the calcula-

Tables I1-1V show that the agreement between the experitions. In the experimental conditions given here the calcu-
mental and theoretical results improves with increase of théated values ofQ,, are between 0.1 and 1. In the case of
discharge energy. This is a consequence of the fact that tHare gases, is smaller than or close to the atomic length unit
increase of discharge energy is followed by a significant in- FOr Qco~1 and ra~a, we have fgo~[1
crease of the degree of ionization of the plasma, as shown irr (@gNa)/(r5N;)]1~%. It can be shown that in the electron
Table I. This increase, however, makes the semiclassical arensities and temperature domains achieved in our experi-
other methods discussed here more applicable, because thégents,f.,, differs significantly from 1 only ifN, is more
methods are primarily designed for fully ionized plasmas. than 10 times higher tharN,. Since this condition is not

Because the SC and RPA methods for calculating plasmenet in our plasma at any distance from the symmetry axis,
electroconductivity are validated mostly for fully ionized the influence of electron-neutral scattering can be neglected.
plasmas, we have to estimate their applicability in the case of These tables show the good agreement of the experimen-
our experiments when certain amounts of neutral atoms werilly obtained impedance with the values calculated by Eq.
present. When the influence of neutral atoms is taken int¢2) even in the case wheq=1. A better agreement is
account, the value of electroconductivity will change by theachieved when the SC calculations are performed with
factor f oo, =1+ (r2/r3)Qeor(Na/N;)1 %, wherer, andr, ~ =0(Ne,T) taken from[7]. The same tables contain the im-

pedance values calculated by methods founfBinand[8],
- T : T : T and they are denoted here By, andZy,,, respectively.
Ne = 110" [cm"] However, their agreement with,,,, is much poorer.
It was shown in[2,3] that the RPA method gives good

10° 7 T T T T T
Ne =110" [em?]

E
a
= 10"
=}
3
g
|\~ | Ceprr =
©
T T T T T T T T T
10000 20000 30000 40000 50000
TK]
FIG. 6. The RPA, SC, and Spitzer plasma static conductivity as 1o 10000 20000 20000 40000 50000
functions of temperature, wheN,=10' cm™3. SubscriptsSC, TIK]
and SG, refer to semiclassical calculations with=1 andq from
paper[7], respectively. FIG. 8. Same as Fig. 6, but fot,=10'% cm™3.

026408-5



VITEL, EI BEZZARI, MIHAJLOV, AND DJURIC PHYSICAL REVIEW E 63 026408

105_ L L L L L 10° 17 T T T T T T T
1 1

T T T
Ne =510 [em?] Ne = 110" [em?]

E
[&]
Z
= e
- o R
Osc,
--------- Oscq
v g
mGSp\tzer 5
10 T T T T T T T T T
X 10000 15000 20000 25000 30000 35000 40000 45000 50000
10 T T T T T T T T T
10000 20000 30000 40000 50000 TIK]

TIK
[ FIG. 10. Same as Fig. 6, but fdf,=10'° cm 3,

; _ 8 -3
FIG. 9. Same as Fig. 6, but o, =5x 10'* cm>. from Spitzer{6] and the method ifi8]. This is not difficult to

. . explain, because all phenomena considered in Spitzer's
results in the case of moderately dense plasmas at relative ; : .

. . odel (or in [8]) are also taken into account in the RPA
high temperatures, and also in the case of very dense plasmas

. . method, but they are better described within the RPA
at relatively low temperatures. Using Ed$) and (7), the . ) .
. . method. An important example is the plasma inner electro-
calculated ogps values in domains of TO<N,

<10%° cm 2 and 10<T<5x10* K are represented in static screening, vyh|cr?, unlike in the RPA method, is treated
. - qualitatively in Spitzer's method.
Table V. The SC static conductivity values calculated by Eq. Finallv. it should b d that in the d ins N
(2) approximate the corresponding RPA values wellNin ”;a y*,'é shou e noted that in the domains N
~10% cm 2 andT~2x10* K, the values of the small pa-

and T domains typical for practically important weakly and rameters given by Eq.(8) are close to 0.4. Therefore, the

moderately nonideal laboratory plasmas. This is illustrated i% reement between experimental and calculated values im-
Figs. 6—10 showing RPA and SC valuesith a factorq g P

—1 andg>1) for those domains oK, and T values. The plicitly confirms the validity of the RPA method for higher
= . )

agreement is particularly good with the corrective faajor values ofs, notably up tos~0.5. Further investigation
g b Y9 @Or  hould show if this method is valid in cases when the param-

taken from[7]. The good agreement between the experimen, << aven closer to 1.

tal results presented here and SC calculations confirms thé

validity of both RPA and SC methods, and also expands the ACKNOWLEDGMENT
region of their applicability.
It can be concluded that in tHd, and T domains men- The authors would like to thank Professor V. M. Ad-

tioned above the plasma electroconductivity calculated byamyan for his very useful discussions regarding the RPA
the RPA method is more accurate than the values obtainegiethod.
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