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Thin pure aluminum wires which are rapidly vaporized in small glass capillaries by means of a short pulse
current from an electrical discharge convert into a nonideal plasma near solid density. For a short period of
time, the inner wall of the rigid glass capillary confines the homogeneous plasma until the induced pressure
pulse disintegrates the capillary. During this part of the discharge, no instabilities occur, and the transient
plasma covers a range of parameters according to the charge of the capacitors: the particle density ranges from
0.001 to 1.0 g/cr) the temperature from 7000 to 24 000 K and the electron density from 20 to 3.0
X 1078 m™3. Plasma conductivity was deduced by simply applying Ohm’s law to the measured voltage drop
across the wire and to the measured current through the Mi€63-651X98)14411-2

PACS numbes): 52.25.Fi, 52.25.Jm, 52.25.Qt, 72.3

I. INTRODUCTION a result, this plasma regime represents the most complicated
case forcing experimental investigations. For comparison

Traditional plasma research mainly restricts itself to in-with theoretical predictions, it is important to study the trans-
vestigations on ideal plasmas, whereas the interest in nomport properties of these plasmas, e.g., the electrical conduc-
ideal plasmas grew only during the past two decades. Onlfivity, and to obtain the exact dependence on the plasma
then did efficient computer become available, that allowedarameters. Any degeneration must not be taken into ac-
complex modeling of nonideal plasmas for theoretical de-count, because the degeneration parameter
scription. Many problems are closely associated with creat-
ing nonideal plasmas in the laboratory, and with their inves- _ thn—i _ _15\/ﬂ_2
tigation. New pioneering technologies based upon laser and - 8mekT~4'37>< 10 T 2
particle beams, x-ray lasers, plasma light sources, and con-
trolled fusion now advance researches. Nonideal plasmagoes not exceed unity.
also occur in nature, for example in the core of dwarf stars or In spite of the growing interest in strongly coupled plas-
giant gaseous planets like Jupiter], or in the core of a mas, basic research is still in its infancy. A few experimental
lightning stroke, and focus experimental and theoretical inimeasurements face a few theoretical calculations in this bor-
vestigation. derland of plasma physics and physics of the solid state.

If the ratio I' of the mean potential energy to the mean The electrophysical reaction of metals depends mainly on
kinetic energy is of order unity or larger, the plasma generthe state of the electrons. The conductivity varies over sev-
ally is characterized as nonideal or, synonymously, stronglgral orders of magnitude at the transition from a liquid to a
coupled. Depending on temperature, either the Coulomigaseous state. Whereas the electrons could move almost
force, the polarization, or the van der Waals interatomicfreely in liquid metals, they are bound to atoms in the gas-
force dominates the interaction. Since the plasmas considous state. At the interface and before, where matter loses its
ered in the following have already changed from a liquid tometallic properties, with a reduction of the particle density,
a gaseous state, the interaction only consists of the longhe ratiol is of order unity or greater.

range Coulomb force, so that the ion coupling constarg] Aluminum is widely used in technical applications and,
for that reason, its conductivity is of considerable interest. In
7262 7234, regard to technical applications, these results can help to un-
[j=———=~2.69x10 °——— (1) derstand electrode processes, especially the optimization or
47780dei Ti

suppression of the ignition process. The conductivity corre-
lates with the ignition voltage and therefore with the ignition
is given by the ion temperatufg in K, and the ion density behavior, so that this knowledge affords users a suitable ma-
n; in m~3, via the ion sphere radiug=3/3/47n;. Assuming nipulation of heavy current switches, wire fuses, and the ig-
a singly ionized plasma with identical temperatures for ionshition itself in gas lamps.

electrons, and atoms, the difference diminishes between the Reliable measurements compel the optimization of a flex-
ion-ion, electron-electron, and electron-ion coupling con-ible arrangement, which allows one to produce homogeneous
stant. Relating to the following measuremenifsjs used, plasmas in a wide range of densities and temperatures. Since
therefore, without any index due #@=1. Since the alumi- there is no easy way to produce a stationary strongly coupled
num atoms are only singly ionized, there is no hierarchyaluminum plasma, the wire discharge in a glass capillary
between the different types of coupling. This condition limits becomes a practical solution for realizing conductivity mea-
any attempt at modeling the plasma in such a way that nsurements in the high density range. By vaporizing the wire
interaction should be neglected, in cdsexceeds unity. As inside the capillary, the Bochum facilities comply with the
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requirement for a short, but suitable, period of time. Electron
density, particle density, temperature, and conductivity can
be derived sufficiently accurately during this time. Another
possibility to produce nonideal plasmas is by laser driven
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shock waves which compress the sdhy. . ; %ﬁl“ary
Earlier measurements by DeSilva and Kunze reported in a 3 Insulation
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previous paper deal with the experimental conductivity de- r i
—» Line of Sight

termination of nonideal copper plasmas which cover a wide
range of coupling parametefS]. Except for the conductiv-
ity, the plasma parameter electron temperature, particle den-
sity, and electron density were derived by a code which
solves the equation of state by just |nputt|ng the e|ectricahigher radial electric field around the wire. A total induc-
parameters, the wire and capillary radius. The particle dentance of 154 nH makes sure that the current can rise rapidly
sity results from a shell model, first calculating the capillary€nough to avoid instabilities and prevent interaction between
compression and expansion in an iterative recursion, ante wire and the peripheral medium. An extreme lowering of
then deriving the plasma volume. Additional measurementé€e inductance would impede a homogeneous deposition of
have been done in water surrounding the wire without a cap®nergy.
illary [6], and recently this setup was also used to study the For igniting the discharge, aluminum wires with 0.25 mm
conductivity of aluminun{7]. in diameter are passed through glass capillaries 22 mm in
Within the scope of this work, both the conductivity and length, that have an inner diameter of 0.4 mm. The thickness
the other plasma parameters are determined experimentall§f the wire guarantees a homogeneous vaporization without
This paper concentrates on the examination of stronglympairment due to skin effect. If the diameter is selected too
coupled aluminum plasmas obeying the local thermal equismall, the generation of peripherical discharges is supported
librium (LTE) regime. Since the plasma is optically thick in due to a high electric field surrounding the wire at the begin-
the visible region, DeSilva and Kunze encountered difficul-Ning. The capillaries are clamped between two electrodes, as
ties determining the temperature by means of spectroscop§hown in Fig. 1. _ _ .
An arrangement of absorption spectroscopy now copes with After discharging the capacitors, Ohmic heating melts and
this problem. In contrast to conventional methods, whichthen vaporizes the wire. The pressure in the capillary rises
merely detect radiation from the surface, this method allow$lue to the rigid wall leading to a smooth transformation from
one to judge the homogeneity of the plasma during the disthe gaseous state into a nonideal plasma. Since the current
charge, and to measure electron density and temperature @nsity is sufficiently high, even the transition liquid-gaseous

FIG. 1. Arrangement inside the discharge chamber.

each section of the plasma. runs homogeneousf8]. The inner diameter of the capillary
does not remain constant; see Fig. 2. The pressure pulse
Il. EXPERIMENT compresses the capillary wall, and it causes it to grow lin-

) ) ) ) i early with a velocity of 5.1 mmis (U =16 kV), until the
In contrast to convent_mngl wire dlscharg_es Just a_lme_d a[:apillary splinters off and turns to dust. The higher the ca-
phenomenologlcal_gxaml_na_tlons or at technical ap_pllc_atlon acitor charge, the earlier the expansion of the inner diameter
a number of conditions limit a reasonable determination o tarts, and the faster it grows. During the discharge no insta-
the conductivity in this way. Both instabilities and inhomo- pjjiies gccur, as shown in Fig. 3. Since there does not exist

geneities in temperature and density make a reliable interpred—ny phenomenon of reignition after a dark pause, the ar-

tation of an ap_p_arent conductivity impossiple. In order torangement of inputting all energy right at the beginning is

prevent instabilities or at least slow down their appearance o silied well.

growth, a correct choice .Of circuit parameters Is necessary, g, jitaple electrodes provided, the application of a capillary
and the surrounding medium should sungbly confine the d'sdoes not only improve the homogeneity of the plasma, but it
charge. Further, bad contact between wire and electrode ngjs, garantees higher densities for a longer period of time.
only tends to support misinterpretation of spectroscopic mea- Enmission and absorption spectroscopic methods allow the

surements, but also makes the cylindrical plasma shape Uggqyction of electron density and temperature, even if the
certain due to early peripheral discharges.

As a matter of principle, the discharge should pass in the
aperiodic limit without any current ringing at the end. Gas
discharges should play a minor role, meanwhile, and most ¢
the energy stored in the capacitors should enter the wire z’g‘
the beginning. e

The experimental arrangement consists of two capacitor g
connected in a parallel summing of 3.8&. The capacitor
bank is charged to at least 10 kV to ensure vaporization o -
the wire, and it is discharged by closing a low-inductive 32401 2 3 3240 1 2
pressurized spark gap switch. Although the charge combine Diameter (mm) Diameter (mm)
with the capacitance defines the stored energy, an increase or
the voltage above 16 kV only provokes a small increase in  FIG. 2. Two typical streak photos of the plasma plume emanat-
the energy entering the wire. On the other hand, at the beng from the end of the capillary taken side-on close to the capil-
ginning it tends to make peripheral discharges easier due tolary.
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proach that of a blackbody, this similarity reduces to a lim-
ited spectral range concerning laboratory plasmas. At the
beginning of the discharge, when converting the wire into a
plasma, the emitted spectrum consists of continuous brems-
strahlung exclusively. If homogeneity and LTE are assumed
and the optical depthr(\,t) towers above 4, the spectral
radiation reaches the Planck curve except for a deviation of
2% [9]. With respect to the aluminum plasma, this condition
is fulfilled for A>420 nm during the early period of the dis-
charge. Later, ther(\,t)>4 limit moves to longer wave-
lengths. A line spectrum consisting of emission and absorp-
FIG. 3. Evolution of the discharge shown by CCD pictures. tion lines of the species Alto Al superimposes the
continuum beyond this limit. Except for the resonance lines,
encountered plasma is optically thick in the visible spectrathe plasma becomes optically thin, relating to both line and
range. All measurements are made by looking side on at theontinuum radiation below 220 nifproven by comparison
plasma plume which is exhausting at the ends. In order tof line intensities with the same higher leyel
attain conditions representative of the plasma within the cap- During the relevant period of the discharge, neither the
illary, the line of sight cannot cross the capillary walls, be-sputtered electrode material nor the surrounding air disturb
cause scattering of radiation due to shivering makes a corretite aluminum spectrum or substantially pollute the plasma.
deduction impossible. Therefore, the point of observatiomAs a result, evacuation of the discharge chamber yields no
was varied between 0.5 and 4 mm from the end of the capadvantage.
illary. The accurate plasma parameters then result from ex- Since the plasma is transient, the validity of LTE requires
trapolation into the capillary. checking relevant time constants and estimating the electron
Different optical systems are used to detect and record theollisional rates by the electron densft§0]. The aluminum
emitted electromagnetic radiatiofi) 3-m monochromator plasma is sufficiently dense and long lived. Electrons whose
and a 1-m monochromator equipped with an OMA systemyelocity distribution comes close to Maxwellian during the
(i) two 3 monochromators each equipped with a photomul-observed period of the discharge redress the balance. Four
tiplier, and(iii) a streak- and an ICCD camera to analyze themethods were used for the determination of the temperature
time development of the capillary. The current is calculatedn order to eliminate all doubts about this serious problem
from the dl/dt signal of a Rogowski loop which surrounds and to cover each relevant period of the discharge with data
the ground electrode, and the voltage drop across the plasnp@ints.
is determined by two voltage dividers; each divider is con- (i) Provided that the plasma is optically thick, the tem-
nected to one of the electrodes. Along the line of sight in theperature can be determined continuously by comparing the
transverse direction, an additional light source backlights theépectral radiance to a standard radiation source. Observing at
exhausting aluminum plasma plume; see Fig. 4. This sourc€50 nm ensures that no line radiation distorts the signal.
is realized by a second plasma: a 12-ns ruby laser pulse of (ii) In a second procedure, a Planck curve could be fitted
abou 2 J ablates tungsten from a target positioned behind thto the spectrum and yielded the temperature. The gate time
capillary. Both plasmas cannot disturb each other; neverthedf the detection was 25 ns.
less their appropriate distance ensures intensive irradiance of (iii) Approximately 1200 ns after the start, the superim-
the plume. posed line spectrum was recorded in the optical thin region
After entering the discharge chamber through a Brewstefranging from 180 to 400 nm. The temperature was derived
window, the laser light hits the target under an angle 7grom the ratio of two different lines from the same ionization
(norma), because this concept ensures a good reproducibistage[11].
ity of the backlighting plasma. Radiation emitted at 190 nm  (iv) The Kirchhoff-Planck function, depending only on

T=930ns T=1050 ns T=1580ns T=2110ns

is used for the absorption measurement. temperature, describes the ratio of emission and absorption.

Establishing a background plasma, the absorption was mea-

Ill. SPECTROSCOPIC MEASUREMENTS FOR THE sured at roughly 190 nm, and it was compared to the emis-
EVALUATION OF PLASMA PARAMETERS sion calibrated absolutef].

) o ] ] Apart from typical deviations of 20%, all methods vyield
_ While the emission of cosmic plasmas which become opgorresponding results; see Figab Only the effort is differ-
tically thick with respect to continuum radiation roughly ap- ent, Figure %) shows an example of the electron tempera-

ture measured at various distances from the end of the cap-

I{, illary. Close to the capillary it does not vary much, and thus
justifies reliable extrapolation into the capillary.
[r— > The fourth method allows a precise description of the ra-
_, d dial temperature dependence if optical alignment and imag-
ing are correct. The plasma remains rather homogeneous for
quite a long time; see Fig.(§. After 2 us, its temperature
| in the core is higher than that at the sheath.

A relation from Finckelnburg and Maecker for steady dis-
FIG. 4. Schematic view of the backlighting arrangement.  chargeq12],
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) ) employing the backlighting techniquéb) Comparison between
Distance (mm) Rads ) backlighting data just outside the capillary, LTE model, and data
from literature[16]. (c) Radially resolved presentatiofd) Extrapo-
lation into the capillary along the axis of the plasma plume.

)

g absorption does not exist due to suitable choice of wave-

: length, the absorption coefficielt,, only consists of the

=] . . =, . .

& continuous absorptiokc(w,X). The process of photoioniza-

tion is neglegibly small, as well. Although the aluminum
0098 1.0T‘ (‘;5 B 28 plasma is nonideal and therefore correlation forces appear,
ime (s

the best and advantageous solution for a description origi-
FIG. 5. Determination of the temperatufe) Comparison of the ~ nates in the quasiclassical approximation of Kramers and
temperature from all methods at a charge voltagéJpf 16 kV. Unsdd [14]. The Gaunt factoG(\,T,) includes the corre-
(b) Extrapolation inside the capillary along theaxis of the plasma |ation effects[15], and ranges from 0.7 and 0.9 according to

plume. (c) Radially resolved presentatiofd) Average of all meth- jonic charge. Using the Kirchhoff-Planck function because
ods at two different capacitor charge voltages. of LTE, the equation

Te=Tg_Ma (AQSOE)Z

Te me | 3kT, @  NeMiZ2\°
Kis(N,To)=1.3695< 10 ' ———
helps to estimate the difference between electron temperature ‘/T—e
T. and gas temperatur€, by inputting the mass ratio of 1 1)\
aluminum ionsm,, and electronsn,, the electric fieldE, X 1—expl'—1.4387>< 10_2X T—])G()\,Te)
and the mean free path lengih for electrons.\. results €
from the conductivity measurements. Already after 800 ns (5)

the deviation becomes less than 0.017.
The electron density, was estimated first by measuring ] o
the full width at half maximumw of different Al lines. The ~ represents the absorption coefficiekf;, A, and T, are
estimation employed scaled data from the literature for th&iven in m*, m, and K, respectively, and the number value
interpretation using the isolated line approximatifis]. infers from calculated physical constants. Since the contribu-
However, the results were completely unsatisfactory andion of doubly ionized aluminum atoms does not exceed 5%
scattered by two orders of magnitude. Therefore, they weréompared to the entire ion density—as can be simply shown
discarded. by means of the Saha-Eggert equation and the data of
In order to obtain the accurate electron density, the backDrawin and Felenbok16}—the electron density, can be
lighting technique has been used. Because the observé&giuated with the ion density;. The ionic chargeZ is de-
wavelength is below the cutoff and the plasma is withoutfived by a code.

considerable magnetic field, the decrease of radianée- The final results are shown in Figsi@and &b) for two
lows the genera| Lambert-Beer absorption law Charging VOItages. AISO, this tEChnique does not y|e|d the
density at early times because the plasma is optically thick.
dL(,X)= — Kot @, X)L (w,X)dX (4)  The measured electron density is also compared to a code

(LTE model[16]) and to data given in the literatufd7].
in case the light passes the plasma. Since Rayleigh anthe code simply uses the Saha-Eggert equation, the mea-
Thomson scattering have an infinitely small share and linesured temperature, and the lowering of the ionization poten-
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tial due to static shielding. Since the plasma is optically thick 40 preerpree 40

at the beginning, the code gives an idea how the electron 22 r oy e [ 22
density then behaves. 25 oS - Wy 25
Figure @c) illustrates the radial electron density distribu- R A e e | =
tion after Abel inversion; it remains homogeneous until later T 0 4 // NS — 10 S
times of the discharge. In contrast to standard wire dis- ﬁW T --»_-,,.3
charges, the radial spread occurs later. This certainly sup- 14 ¢ e 12
ports the use of a capillary as a surrounding medium to 12 H T e 4 1.0
achieve a higher accuracy of the conductivity measurements. ;2 L AR = 7| o8
Figure &d) shows the density along the axis, and thus justi- B o (OITF I 7 oo z
fies the extrapolation of the results inside the capillary as a ® o0a it S =
sensible method which increases precision. If the distance is 02—t T R e ] %2
increased to 4 mm and more, this method will lose its reli- N 3
ability there due to turbulences inside the plasma plume, 152 \\\ i-_--:jc:;éx
leading to strong deviations. o N o
’T‘E (C) ~d 9 a
\Q;P 1E20 = L E oo Su
IV. CONDUCTIVITY MEASUREMENTS ~F--1 -
0.001
External forces, temperature, and density gradients affect
the macroscopic transport of the energy and electric charge. \\ e U- 12k
Conversely, they accelerate the charged particles and destroy 1000 F \ BRI -
the thermal equilibrium and scattering processes, and diffu- § 1o ) X J
sion redress the balance. The electrical conductivitge- ¢ ok \ E
scribes the current densifyresulting from an electric field. R TN
If magnetic fields can be neglected, the plasma will become L
. . .. . . 0.0 0.5 1.0 1.6 2.0 2.5 3.0
isotropic, and the conductivity will be a scalar quantity. In Time (us)

general, the electrical conductivity

o =enNefle (6)

of a plasma is defined by the electron densityand the
electron mobility . .

Here, the contribution of the ions has no effect on 600 CrrrrTrCTrTTrEr T
Theoretical investigations are not able to characterize pre- 00 e e 1ok | —
cisely the electron mobilitys, in the border case between s ——
liguid and the ideal plasma, because additional processes in- z 0 g i_ IR
teract contrarily and therefore complicate the probleng., g 20 VA s
polarization, static and dynamic shielding, electron degen- 0 e 17
eration and Pauli blocking, pressure ionization, interference 90 e e
of many particle scattering, and ion correlafidi8]. Only so0 [ | 1
the two limiting cases, the degenerated electron gas in a me- S ENIIR e T
tallic solid and the homogeneous ideal plasma, obey a simple ES ]ﬁ n(e)| BE .
description. RS S R T

The time dependent development of the plasma resistance 50 A ___l e
is derived by measuring the voltage drop across the plasma 000”“";5101520 s 30
and the current flow through the plasma. The voltage con- Time (us)

sists of a resistive and an inductive component:
FIG. 7. Time record of two typical discharges containifa)
d voltage and currentb) diameter and resistancé;) particle den-
U=IR+ a(LI ). (7) sity; (d) conductivity; (e) pressurgsesame); (f) Ohmic heating and
expansion; andg) the internal energyie) obtained from Ref[17],
and the reduced enerdye), which is the difference between the
At the beginning of the discharge, the inductive componenbpmic heating and the expansifisoth shown in(f).]
becomes important. Later, when electron density, tempera-
ture, and conductivity are determined, the resistive compoThe conductivity of the plasma cylinder with cross section
nent dominates the voltage. Since the change in inductancg(t) and length/” can be written as
due to the phase transition is negligibly small, solving for the
plasma resistanck yields 1 A(t) mr(t)
o p and p=R 7 R VR 9

R= ' ® In contrast to the length of the plasma column which remains
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FIG. 9. Measured conductivity plotted as a function of coupling
parametef’.

perature drops because of plasma expansion. As long as the
capillary surrounds the plasma, its diameter increases almost
linearly without any indication of instabilities. In spite of this
behavior before splintering offt>5.0 us for U =12 kV,
andt>3.9 us for U =10 kV), the period of examination
ends earlier due to inhomogeneities in electron density and
temperature; see Figs(d and Gc).

After vaporization the conductivity decreases monotoni-
cally more than two orders of magnitude during the period of
investigation. Later, af ~8000 K, the conductivity changes
less significantly owing to a weaker dependence on particle
density. The ionization grows slightly. Altogether, the stan-
dard deviation is fairly small from shot to shot, so that all
data can be reproduced very well. Even a few shots allow
reliable measurements of the conductivity.

Without doubt, the conductivity does not depend on the

6 (S/cm)

—A— Polishchuk

electric field which results from the capacitor charge. Fol-
lowing an estimation relating to hydrogéh9] and assuming
an electron density oh,>2.0x10°" m~3, a field of 1.01

X 10° V/m does not effect the conductivity.

© T=25000K
0 "i'i'iiii' i 1
0.001 0.01 0.1 1
Density (g/cms)

= = = Ichimaru

FIG. 8. Measured conductivity at different temperatures. Also
shown are available theoretical results from REf€)], [20], [21],
[22], [26], [23], and[24]. (8) T=8000K. (b) T=10000K.(c) T
=15000 K. (d) T=20000 K. (e) T=25 000 K.

V. RESULTS

Figure 8 displays measured and theoretical data as func-
tion of particle density at different temperatures.

(i) If the temperature exceeds 15 000 K, the conductivity
constant av’=22 mm, its inner radius(t) expands during increases monotonically with density.
the discharge, as shown in FigeY. (i) For temperatured <10 000 K, the conductivity be-

Before the expanding wire, whose start diameter ishaves nonmonotonically. Against the normal trend, the con-
smaller than the inner diameter of the capillary, really fills inductivity decreases between 0.01 and 0.001 &/cithe

the capillary, there exists a slight uncertainty concerning theower the temperature, the more pronounced this tendency
cross sectiorA(t). Figure 7 presents all important data re- appears.

ferring to the discharge, and also focuses attention on differ-  For the purpose of illustration and integration, Fig. 8 in-
ent capacitor charges. The pressure curve in Fig). rigi-  cludes the results of the conventional Spitzer thé@6j and
nates from thesesAME code using the temperature and a simplified Ziman theory21]. The Spitzer theory for ideal
particle density as input parameters. If the internal energylasmas yields an upper limit in the density range
derived by thesesAME code is compared to the reduced en-0.01 g/cni, and the Ziman theory representing the solid state
ergy [Ohmic heating minus expansion of the wire, bothregime yields a lower limit in the range between 0.5 and
shown in Fig. Th)], there appears an amazing difference; see 0 g/cni. The Spitzer data follow from the assumptid@n
Fig. 7(i). A correct energy balance must consider further=1 and from the input of measured electron density and

losses such as shock waves in the surrounding capillary, th@mperature. The Ziman data are based upon a functional
heating of the capillary, radiation losses, etc. relation[21]

Both the voltage and the current behave as expected; see
Figs. 7@ and 7b). The higher the capacitor charge, the Nee?A,
more energy enters the wire and the more strongly the tem- Oe™ MeVE (10
perature increases. The wire vaporizes completely at the cur-
rent maximum, and it converts from a conductor to an insuwhich merely includes scattering of the electrons at the ther-
lator. Since the number density of charge carriers is similamal oscillations of the metal grid. It simply approximates the
at the transition point for each capacitor charge, the absoluteonductivity of a free electron gas by taking into account the
values of the current maxima do not differ much. After va-mean free path length of an electron and the Fermi ve-
porization, the current and Ohmic heating decrease. The tenhacity v which itself depends on the measured electron den-
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sity. The mean free path length, is calculated by just using 20 —

the Lindemann’s melting law. This calculation neglects all & 15 [ T i 30000 K

interaction between the ions and their interference. However, % [ - Tl / 5 Meaemens T~ 10000K

it considers the neighbored ion as a geometric obstacle. I :I ------------- :/-_;,.-» o Measrements 1= 12500 K
All results, Figs. 8a)—-8(e) support the hypothesis that - S | T e e 200k

available conductivity models are not sufficient for a wide £ oo i P

range of description. Since modeling raises serious difficul- oot oo et !

ties in the range of nonideal plasmas, measurements and ex- Particle density (g/em *)

perimental determination play an important role and are es- |G, 10. Measured mean ionization state plotted as a function of
sential. Several model22—23 describe quite well either the article density, and comparison to literature data, 24).

tendency of the conductivity curve, like the data of Bespala-

lov and PolishchuK26], or the correct order of magnitude, LTE. Its homogeneity and its stability are guaranteed by a

but always in a limited range of parameters. Neither the Zi-

man theory nor the Spitzer theory can yield a suitable solu§pecia| choice of circuit parameters, and this is proven by

tion in this range of parameters. backlighting spectroscopy and CCD pictures. The surround-

Similar to nonideal copper plasmgs], the measured con- iNg capillary supports this intention by extending the relevant
ductivity rises with increasing coupling, as shown in Fig. period of possible measurements. In contrast to the preceding
9. However, the results differ from each other for differentwork by DeSilva and Kunz¢5], all plasma parameters are
discharges with different plasma parameter combinations. ldetermined experimentally by means of spectroscopy and
thus becomes evident that the conductivity cannot be chaklectric detection. Here models just serve the purpose of
acterized just by the coupling parameter in the weakly nongomparison. Since the conductivity is well known as a func-
ideal range. Both the electron density and temperature akgyn of various plasma parameters, these results promote an
needed for a correct classmc_auon. This is also _emphas'zegvaluation of existing theoretical models. Summing up, all
by Fig. 9, where the dashed line for 12-kV charging voltage,qnsigered models fail in a correct description over a wide

corrgspondg to lower temperatureg than the. .16-kV case. range. Fundamental understanding forces experimental in-
Finally, since electron and particle densities are knowr\/estigations

well, the data also allow a detailed discussion of the mean Future plans focus on a detailed analysis of the transition

ionization state of the singly ionized aluminum plasma. Thefrom a coﬁductor t0 an insulator Furthgr SDECLIOSCODIC iN-

ionization strongly influences the conductivity values. Figure = = = ° . - P P!
stigations will be extended into the vacuum ultraviolet

10 shows a comparison between measured and literature datgs!92 _ :
[17,24. In particular, thesESAME data, based upon the range in order to examine closely the density range of pres-
Rinker model, predict a mean ionization that is too small.Suré ionization and the transition to thermal ionization. At
Perhaps this difference explains why the theoretical condudast, the correlation between both transitions can be checked.
tivity values of the Rinker code itself remain inaccurate. The

results quoted in Ref.17] are not based upon tr&eESAME
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