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Electrical conductivity of nonideal carbon and zinc plasmas: Experimental and theoretical results
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Electrical conductivities of nonideal carbon and zinc plasmas have been measured in this paper. The plasma
is produced by vaporizing a wire placed in a glass capillary within some hundred nanoseconds. In the case of
carbon, vaporization occurs with good reproducibility when utilizing a preheating system. The particle density
is in the range oh=(1-10)x10?* cm 3. The plasma temperature, which is obtained by fitting a Planck
function to the measured spectrum, is between 7-15 kK. Plasma radius and behavior of the plasma expansion
were studied with a streak, a framing or an intensified charge coupled device camera. We compare the
measured electrical conductivities with theoretical results, which were obtained solving quantum kinetic equa-
tions for the nonideal partially ionized plasmas. In this approach, the transport cross sections are calculated on
the level of aT-matrix approximation using effective potentials. The plasma composition is determined from a
system of coupled mass action laws with nonideality corrections.
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[. INTRODUCTION simultaneously vaporized in new ultra high poweray
lamps (200 TW) for fusion applicationg26]. The electrical

The study and the understanding of transport mechanismzonductivity of these nonideal plasmas determines the effi-
of nonideal plasmas has become more and more important giency of such arrangements. Nonideal plasma occurs when
recent decades. A fundamental quantity that can be measuréggtter is subjected to strong shock, detonation, and electric
is the electrical conductivity. Theories for ideal plasmas oréXplosion waves, and during hypersonic motion of bodies in
conducting liquids of Spitzgrl] and Zimar(2], respectively, ~dense planetary atmospheres. In nature nonideal plasmas can
are not capable of describing the behavior of such plasma&€ found in the core of dwarf stars or giant gaseous planets,
The models of Lee and Mof@], and Djuric[4] also do not ~ Such as, jupitef27], or in the core of a lightning stroke.
fit with the experimental values very well. Theoretical im-  Nonideal plasmas are characterized by the coupling pa-
provements require a more rigorous approach to the transpdi@meter I', which is defined as the ratio of the mean
properties of nonideal plasmas based on quantum statisticﬁpt(’«‘m'zéﬂ2 energy to the mean kinetic energyl
theory. Such investigations have been done in the recerit ((2)°€°)/(4meokgTr;), with the ion sphere radius;
years in the frame of kinetic theory and linear response=3/4mn; and the average ionization levél). Obviously
theory (see, e.g.[5-13). I'c3/n; /T and is therefore given by the ion density and

To conceive a better understanding of the processes ithe temperaturd. With respect to the following measure-
nonideal plasmas, it is important to have as many differentnents, we estimate a maximum ionization leveK@=1.
methods of measurements as possible as well as an appropii- general the ionization level i§Z)<<1 in our measure-
ate theoretical description of the regime of nonideal partiallyments. ForI’<1, we have a weakly nonideal plasma. For
ionized plasmas. Measurements of the electrical conductivity’ > 1 the plasma is nonideal or strongly coupled. In our plas-
were carried out by Benage for polyurethane and aluminunmas the coupling parameter is in the range ok0l3<2.6.
[14,15, and experimental data for copper and aluminum We produce the nonideal plasma at near-solid-state densi-
plasmas were published by DeSilva and cowork&éfs-18.  ties and temperatures lower than 16 000 K by fast vaporiza-
For tungsten several different measurements were performeabn of a metal wire, often called an exploding wire. The wire
and modeled by Kloss and coworkdf®—22. These mea- is surrounded by a small duran-glass capillary. The capillary
surements allow a comparison with theoretical results for theonfines the plasma column for some hundred nanoseconds
electrical conductivity, e.g., obtained with the linear responséefore it disintegrates. by using this technique one has the
theory for metal plasma£3,24]. In this paper we compare following three advantages: First the plasma reaches a higher
the latest measurements of carbon and zinc plasmas with tlieensity because the expansion process is stopped by the cap-
results of the kinetic theory for partially ionized plasmas. illary. Second the homogeneity is better, and third the kink

New technologies based upon laser and particle beamand sausage instabilities are reduced. The combination of
x-ray lasers, and plasma sources, e.g., the very efficient cluslifferent capillaries and wire diameters allows us to produce
ter lampg 25] and flash lamps, advance the research of nonhomogeneous plasmas in a wide range of densities and tem-
ideal plasmas. Arrays of some hundred tungsten wires argeratures.
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In all previous exploding wire experiments only metallic 77§ 5 |
or metal-like wires were vaporized. The reason for this is the. : ' e )
good electrical conductivity of metals. The resulting fast en-|
ergy input leads to a well reproducible and homogeneous
plasma. On the other hand the conductivity of carbon is thregs s
orders of magnitude smaller than that of metals. Therefore it
was not possible to produce good carbon plasmas in the pas
In contrast to metals, the conductivity of carbon increases
with increasing temperatur@ot conductor. Therefore, de- |
veloping a preheating system enabled us to use this effect fo™
producing carbon plasmas with the same homogeneity anc
reproducibility as it is seen for metal plasmas. We chose \
carbon because it is the lightgsind therefore simple to de-
scribe element, which is solid at room temperature and also
easy to handle. Carbon is a very important element in nature

A connection VD A
B connection VD B
C Rogowski coil

and in technical applications. Zinc is interesting due to its 1 capillary
. . . 2 wire
low melting point and because the metal-nonmetal transition 3 isolation
called “Mott’s transition”[28] is predicted completely inside € 4 electrodes
the liquid phasg29]. —» direction of observation

This paper is organized as follows. The experimental 4
setup is described in Sec. II. In Sec. Il we explain the pro- o _
duction of the plasmas, describe the preheating system and FIG. 1. Top: Photo of the wire |nS|de_ the capillary connected to
the measurements of the temperature. We present the kineff€ electrodes; below: Schematic drawing of the arrangement.
approach to the electrical conductivity in Sec. IV using stan- . . . -
dard methods of kinetic theory. We determine the plasmd!ith the carbon wire. A separately calibrated Rogowski coil
composition from a coupled system of mass action laws. Th&urrounds one eIectro_de to.measu_re the t|r_ne derlv_atlve of the
transport cross sections are calculated in Thmatrix ap- current. The current itself is obtained by integration of the

proximation. In Sec. V, we compare the measured condudX09OWski signal. To check the calibration of the Rogowski
tivities with our theoretical results. coil the total charge calculated by integrating the current

over the time is compared with the original charge on the

capacitor bankQ)=UC minus the remaining charge after the
Il. EXPERIMENTAL SETUP discharge. The resulting error is smaller than 1%. Two volt-
age dividers, each consisting of a 8-kesistor(three 1 K)

ith di i f 125 380 ) ted int 2 W carbon resistors in serieim series with a 502 resistor
with diameter of Lzoum or pm was Inserted Into a 5.0 ysed to measure the voltage at the load. The 56sis-
duran glass capillary of 24 mm in length, having an inner,

di ¢ i f 041013 q ter di : tor consists of eight 400} resistors in parallel, mounted in a
lameter ranging from ©.= 10 1.5 MM and an outer diamelef,,, ;4 ctance configuration. The calibration of the voltage

ranging from 6.0 to 9.0 mm. The size of th_e wiré was Sm".i”dividers was done very carefully for a wide frequency range
enough to guarantee homogeneous vaporization without iMom 50 Hz to 20 MHz, and it turned out that in this range

pairment due to the skin effect. On the other hand, due to thFhe inductive or capacitive components can be neglected.

high elgctric field sgrrounding the wire at the bgginning,' theThe measured voltage consists of a resistive and an inductive
generation of a peripheral discharge could be induced if th%omponenU=|R+d/dt(Ll). During the first 50 ns the re-

diameter of the wire was too small. Sparks at the ends of thgistance of the wire andL/dt are both small enough so that
electrodes were avoided by soldering the wire to the elec;

trodes(especially for the brittle material carbprs (1/4)-m thelR andldL/dt terms are negligible relative to thedl/dt

monochromator equipped with a photomultiplier observeolerm’ and the wire inductande may be determined as the

the plasma to provide a monitor sianal. Sparks or contacEatio of voltage to the current time derivative. This checks
P P gnal. =p well the calculated inductance of a cylindrical conductor.

pr_oblems Qf particular .ShOtS could be recognized when USING ater the resistive component dominates. Since the change in
this technique. The wire surrounded by the glass caplllar){

: ) I inductance due to phase transitions is negligibly small, solv-
was placed in a discharge chamber 30 cm in diameter. S% for the plasma conductivits: vields
windows in the chamber enabled us to observe the plasma.g P vy
The arrangement of the two electrodes is shown in Fig. 1.

Two low inductive capacitors connected in parallel are _ | I l_ 2.
charged up t&J =20 kV and discharged through the wire by RA U-Lpl #r?’ '
closing a low inductive pressurized spark gap switch. The

maximum energy stored in the capacitor banlkC ( whereA andr are cross sections and radius of the plasma
=3.86 uF) was 770 J. The small resistance of B2 and  column, respectively, antly is its inductancer was mea-
the low inductance of only 154 nH of the circuit make suresured in different ways. First we employed an IMACON
that the current rises to a first peak of 12 kA within 200 nscamera, which can be used either in a streak or in a framing

with the zinc wire and to a peak of 34 kA within 1500 ns mode. For streak pictures the wire image was focused onto

A carbon wire with diameter of 273xm, or a zinc wire
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Carbon The spectral density profile is observed within the range
400 nm<A<700 nm with the help of a(1/8)-m spec-
trograph and an optical multichannel analyzer. The gate time
was 30—100 ns and the spectral resolution was 0.5 nm per
channel.

| I S T T T |
500 1000
Time (ns) I1l. DATA ANALYSIS

Zinc

A. Production of the carbon plasma

Compared to metals the electrical conductivity of carbon
is three orders of magnitude smaller at room temperature.
Therefore, the energy input is too slow to produce a homo-
geneous plasma, without kink or sausage instabilities. The

0 i T000 conductivity increases with temperature. As written in For-
Time (ns) sythe[30] the conductivity rises from 2010* (Om)~ ! at

—Nne° -1 _ )
FIG. 2. Typical streak pictures of carbon and zinc plasmas. TheT_0 C to 1.1x10° (2m)™ at T=2500°C. These values

time mark(vertical line of the ruby laser can be seen on the left can only be taken as a tendency, because the exact behavior

margin of the pictures. The plasma light emission starts at 450 n8f the conductivity strongly depends on the lattice structure
for carbon and at 250 ns for zinc. The plasma is reaching the inne?f the carbon used for the experiments. The fact of higher
part of the capillary(0.78 mm at carbon, 0.73 mm at zineery ~ conductivity at high temperature is used for developing a
quickly. Then the capillary fixes the plasma radius some hundredreheating system. A dc current of 1 A heats the wire in 0.8
nanoseconds for carbon and about hundred nanoseconds for zifd0 about 3000 K. The period is long enough to heat the wire
before it breaks. The light emission is reduced at this moment fohomogeneously but short enough not to loose material from
zinc. Conductivities are measured after the plasma has reached tHiege wire by oxidation. Various experiments were carried out
inner part of the capillary and before the capillary breaks. to find optimum conditions. After preheating, the main dis-
charge is triggered automatically and the wire starts to va-

the entrance slit oriented perpendicularly to the wire. wePorze. To prevent the destruction of the dc power supply,

used streak speeds of 10 to 50 ns/mm on the picture. To ﬁgz(onnected in _parallel to the_main capapitor ban_k, two _high_
the time of the streak picture relative to the electrical signalsmdmtance coils and some diodes were installed in the circuit

. of the dc power supply.
the pulse of a ruby laser was used. The laser was fired at a Figure 3 shows framing pictures of typical discharges.

short time before the start of the discharge and iIIuminated'-he instabilities occur more extensively if the capillary is

the entrance slit thus setting a time mark on the picture. Thgpsent hecause the capillary wall suppresses instabilities as
electrical signal of a fast photodiode observing the lasegqoon as the plasma reaches the inner wall of the capillary.
pulse was recorded on the oscilloscope and gave the timgnerefore, instabilities can be observed better in explosions
origin of the electrical signals. Two typical streak photos aren ajr. If a random hot channel develops, the conductivity
shown in Fig. 2. For the purpose of taking two-dimensionalincreases more inside the hot channel than in other zones of
pictures of the plasma column the entrance slit was removeghe wire due to the “hot conductor characteristic” of carbon.
and the camera was operated in the framing mode. In thias a result the channel heats up further and the inhomoge-
mode we obtain 6—20 pictures of one single discharge. Thaeity grows(self-amplification. For this reason it was not
exposure time of each picture is 40 ns and the time betweepossible to produce homogeneous carbon plasmas in the past
two pictures is 200 ns. The framing pictures also give usy using the exploding wire technique. In this paper we
information about instabilities, inhomogeneities, the behavpresent framing pictures with very homogeneous carbon
ior of the plasma column at the ends of the capillary, andolasmas. We also vaporized other pure meals Fe, Ag,
possible sparks at the electrodes due to contact problem&U, W) in our facility. In comparison to metals the carbon
Second an intensified charge coupled devI&CD) camera plasma is indeed more homogeneous. As a side effect, sparks
was used instead of the IMACON camera. The ICCD camerat the electrodes, as a result of bad electrical contact, were
produces one picturéduration 20 to 40 nisper shot of the reduced by the use of the dc precurrent. As a third difference

whole wire with high quality. The plasma column was ob- the plasma emits light about 500 ns earlier with the preheat-

served inside one single capillary as well as in the gap bel"d System turned on.

tween the two parts of a capillary that has been cut in two o _

pieces. The capillary acts like a lens for light originating in B. Characteristics of the discharge

the middle of the capillary. Different magnification of the  Figure 4 shows some characteristics of the discharge of
plasma column at the detector is the result. With the help otarbon and zinc. The different behavior of the discharge can
the framing camera and the ICCD camera, it is possible tde seen in the current and voltage signd@&s. 4a) and
obtain the different magnification factor and to record the4(b)]. In Figs. 4c) and 4d) the resistance and the energy
behavior of the plasma inside and outside the capillary.  input is shown. The energy is calculated simply by
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FIG. 3. Framing pictures of the exploding carbon wire in air without capillary. The behavior of the exploding plasma can be studied better
without using the capillary. The first three rows show different inhomogeneities as they appear without the preheating system. We observe
outer shelters coming off, single current channels, and kink instabilities. The last two rows show perfect homogeneous plasmas. They are as
good as plasmas produced from metal wires. With the preheating system switched on, first the plasma has a higher energy before the main
discharge is triggered and second the current rises faster because of the higher conductivity of the hot wire. As a consequence the plasma
starts to emit light about 0.5us earlier.

voltage drop; this may be due to the phase transitions. After
= f unl(t)dt. (3.1 that the resistance is falling while the plasma state is reached.
The plasma is expanding with=3 km/s and reaches the
Any losses by radiation can be neglected because the radianer part of the capillary at about 500 ns. The scenario is
ated power at 10000 K is orders of magnitude smaller thamuite different with zinc: after a first peak in the first 80 ns
the energy input according to the Stefan-Boltzmann lawwe observe a dramatic increase of the resistance by about
With carbon 200 ns after the beginning the current and théwo orders of magnitude. The resulting decrease of the cur-

Carbon Zinc

T T T T T 50 T T T T T 50
30 30f
g E 3 g
=20 0§  =20f {308
2 0s 1203
S0 02 & J10°
0 0 ! L ! 0
600 g 8
D 10 & = 410%
o g2 g
5,400 3 Y 3
2 o g 41 =
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Z Z
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2] v=3000 m/s Jo0.01 a [=6000 /s J0.01
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FIG. 4. Measured time traces of the current and voltage for cai@amd zinc(b). The resulting resistance and energy put into the wire
for carbon(c) and zinc(d). The energy was calculated in 5 ns steps by integratihgver time. The diameters of the wire seen with the
streak camera and the resulting particle density are shown for céepand zinc(f). Pictures(@—(d) result from the average of many shots.
The results of e)—(f) were obtained from the shots of Fig 2.
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rent is prevented by the inductance of the whole circuit. The Carbon Zinc
high energy still stored on the capacitor bank at this time is
responsible for the measured increasing voltage. The velocit
of the plasma propagation to the capillary wall is higher by a
factor of 2 due to the larger voltage at this moment. The
voltage peak46 kV) even exceeds the initial charging volt-
age of the capacitor€0 kV). At this time the plasma has
already reached the inner wall of the capillary. Later at the
very end of the discharge, the resistances of carbon and zin
tend to the same magnitude.

The conductivity is measured after the plasma has reache
the inner wall of the capillary. The wall guarantees best ho-
mogeneity and reproducible plasma parameters. The plas
expansion is stopped for a short time by the capillary wall
and the radius is constant as can be seen in Figs.ahd FIG. 5. ICCD pictures of carbon and zinc plasmas. Each picture
4(f). The pressure taken from the SESANIEL] table at this is taken from a different shot. The pictures show the complete cap-
moment for the measured density and temperature is aboularies and a part of the electrodes left and right. Length of the
15 kbars. With carbon the capillary can stop the expansiomarrangement is about 3 cm. Inside the capillaries we see the carbon
process for about 800 ns. The conductivity can be measurezhd zinc plasmas. We also see the plasma containing the sputtered
as a function of temperature for constant density. For zin€lectrode material at the very end. In this measurement the capillar-
[Fig. 4f)] this time interval is short80 ng. The change in ies were cut into two parts to measure the spectrum in the gap.
temperature is smaller than the statistical error of the temEXposure time for carbon is 10 ns and for zinc is 50 ns. The figures
perature measurement. Therefore, the conductivity is medvere taken ata) 550 ns,(b) 615 ns,(c) 1210 ns,(d) 770 ns,(e)
sured for one temperature at one density. The density of thi?95 nsi(f) 1950 ns.
zinc plasmas is varied by using different capillaries with dif-
ferent inner diameters. factor of 5 and it was taken at a later time of the discharge.

Small disturbances of the density propagate with the locabne reason is the big diameter of the zinc wire used here
sound speeds and therefore expansion will be homoge- (0.38 mm instead of 0.125 mrBut also with thin wires the
neous in the casestt<a (a is the radius of the channdljs ntensities from zinc plasmas are low. We cut the capillaries
the characteristic time for the procgsk our caset is the  jnto two parts to have higher intensity on the one hand and to
time the plasma needs to reach the inner wall of the capillargee \whether the plasma was cooled by the capillary on the
after the wire has completely vaporize&b ns for carbon and  gher hand. Our measurements show that a cooling of the
50 ns for zing. In both cases this inequality is fulfilled and g . plasma layer by the capillary is not substantial. The
hence the plasma should be homogeneous. measured temperatures in the gap between and inside the
capillary were the same within the statistical error as long as
the plasma radius is the same.

_ ) N On the ICCD pictures we can see again the good homo-

The temperature is measured spectroscopically by fitting geneity inside the capillary for carbon until the capillary
Planck function to the .meaSl_J.req spectrum. If homoge”e'%reaks[Figs. Ha) and 5b)]. However, we see a plasma com-
and local thermodynamic equilibriufhTE) are assumed and ing from the electrode material especially in the zinc case.

t_he optical depthr(A,t) is higher t_han 4, the spe_ctr_al radia- Therefore we measured the spectrum only in the center plane
tion reaches the Planck curve with a small deviation of 2%

[32]. This optical depth is reached even at the surface of thof the plasma column. The effect of the capillaries is clearly

plasma. The validity of LTE requires checking relevant time‘aemonstrated in these pictures: without the cap|llary the
constants and estimating the electron collisional rf3s3. whole plasma column would expand as observed in the gap

Both plasmas are sufficiently dense and long lived. Also thé)etv\(een the gaplllarles. With th? help of the capillaries the
homogeneity criterion is fulfilled during the whole measur- confinement time of the plasma is increased and as a conse-
ing process and even shortly after the capillary breaks. Oniiuénce the density is much higher in contrast to exploding
at the very end of the discharge absorption, lines in the spedi'e experiments dqne in air. This effect_ iS more extensive
trum appear coming from a cold outer layer of the p|asrmﬂfor carbon than for zinc. The same behavior can also be seen
During the relevant period of the discharge, neither the sputin the framing picturesFig. 6). Here we used the thin zinc
tered electrode materi@ive do not measure close to the elec- wires (0.125 mm.

trode nor the surrounding air disturbs the plasma spectrum In Fig. 7 the results of the temperature measurements are
or substantially pollutes the plasma. As a result, evacuatiogshown. Because the radius of the plasma is constant for a
of the discharge chamber yields no advantage. In Fig. 5 seveng time after reaching the inner part of the capillary, the
eral ICCD pictures are shown. The emission intensity fortemperature is given as a function of time. In the zinc case
zinc is much lower inside the capillary at the beginning ofthe radius is constant only for a very short moment. There-
the discharge than for carb¢Rigs. 5d) and 5a)]. Note that  fore we used different capillaries to vary the density. The
the exposure time of picture in Fig(d is extended by a temperature is given as a function of the density. The error in

C. Temperature measurements
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Time (ns)
200 400 600 800 1000 1200 1400 1600

(a)
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both cases is the statistical error of many shots. of the measured conductivity=e n,u.. The electron mo-
To have an estimation of the difference between the eledhility u. can be calculated with the help of the Boltzmann

tron temperaturd, and the gas temperatufig, we use the collision equation and we obtain

relation from Finkelnburg and MaeckgB4] for steady dis-

charges:
Te—Tg Mg (\eE)? Aeﬁ 7 \/ZmekBTe 310 m. (33
T. 4m 3 _ |2 * (3.2 3 e”n, ™
(EKBTe)

In this equation X e E) is the energy that an electrémass As a result we may conclude that the electrpn temperature
me) acquires from the electric field during one mean freeNd the gas temperature are nearly equal in our plasmas,
pathA.. For mg we take the mass of one zinc or carbon AT/Te~0.1%.

atom. The mean free electron path is calculated with the help

FIG. 6. Framing pictures of carbon and zinc
plasmas. The advantage of the framing camera is
that each row covers one single shot. The win-
dows show an area of about 1.5 ZnExposure
time of each shot is 40 ns. Time between two
pictures is about 200 ns. In figuré® and(c) the
capillaries are cut into two parts and the gap be-
tween the capillary parts can be seen.

Carbon

(2)
~

Zinc

—_ T ™ Carbon T T IV. KINETIC APPROACH TO CONDUCTIVITY
24 16000 - _ _ o _
2 12000l -1. -1- .H. ] In th|s section we present a kinetic approach to obtain
E theoretical electrical conductivities of carbon and zinc plas-
£ 12000¢ -1- ] mas. The plasmas produced in the experiments are consid-
510000 s - ered to be partially ionized. For their theoretical description,
E soool ] we employ the so-called chemical picture, i.e., the plasma
400 500 500 700 300 900 species are electrons, ions and atoms with number densities
Time (ns) Ne, Nz, andny. The ions in the charge stafeand the atoms
are assumed to be in the ground state. Furthermore, we con-
T T — T T T sider a spatially homogeneous plasma at temperdtunea
(514000 Zinc 1  constant electric fieldE.
~12000 . In the frame of kinetic theory the electrical current density
10000 F ] can be calculated from
% 8000} } } -
£ eo00f 4+ ] 5
T e e j=ef APe P po=oE (4.1
00 01 02 03 04 05 06 07 (2mh)3me ©° ' :
Density (g cm™)

FIG. 7. Measured temperatures of carbon and zinc plasmas. For
carbon the temperature is given as a function of time. The radiudvhere o is the dc electrical conductivity. In order to deter-
and density are constapt=0.28 g cni 3. For zinc the temperature Mine the electron distribution functiofy we start from the
is given as a function of the density. The error given here is thequantum Boltzmann kinetic equation for a multicomponent
statistical error of many shots. system[35—37. In the nondegenerate case, it follows
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eE- V, fo(Pe) cross sections have to be calculated, Gndhe composition
€ of the nonideal partially ionized plasma has to be deter-
1 dp, dp, d3p; mined. _ o |
=7 f S 3 3 For plasmas, as considered in this paper, the calculation of
b ) (2mh)* (2mwh)® (27h) the cross sections is a rather difficult problem. In fact, the
« Y e scattering of electrons on ions and atoms with many bound
[(PePo| TerlPoPe)| "2 Een— Eer) electrons embedded in a dense nonideal plasma has to be
X{fa(PL) Fu(Ph) — fe(Pe) fo(Pp) )} 4.2 treated, i.e., both the complicated ionic and atomic structure

as well as plasma medium effects have to be taken into ac-

On the(rhs) right-hand side there are the different collision count. For an approximate treatment various interaction
terms whereb labels the plasma species. We account for thenodels were considered in the recent years to calculate scat-
electron-electron scattering and elastic scattering processésring quantities for the determination of the electrical con-
of the electrons with the ions and the atoms on the level ofluctivity of such nonideal plasmdsee, e.g.[6,13]). Here,
T-matrix approximations. Heres,, denote the energies and we will use a simplified approach, i.e., we describe the scat-
(| Tepl) are theT matrices. tering processes using analytic effective two-body potentials

In the case of small deviations from thermodynamic equi-where plasma screening is included in the static limit. Thus,
librium, standard methods of transport theory can be used tthe electron-electron and the electron-ion interactions are de-
calculate the electrical conductivity13,38,39. We utilize  scribed by statically screened Coulomb potentials
the Sonine polynomial expansion of the distribution function

imati ' - ee _
and _g(_at for thenth order approximation of the electrical con Vey(r)=— SOk 4.7)
ductivity Areg 1
37 ne? Al Here, e, denotes the charge of spectedn the nondegener-
o(M= 8 ™ 4.3 ate case, the inverse screening length g
V2mekgT Al =(nee?/kgTeg) Y2 For the electron-atom interaction, we use

with the determinants the model of a screened polarization potential giveri4i

2

11 1in 00 on
I I I I e—2Kf, (48)

2
a e 1+ kr
Ve =~ =7 (

2 Ameg\r2+r3

Alg)n)= : : and AWM=

"t R where ap is the ground-state polarizability with the values

: ) » ap=1.76x10"% cm® for carbon and ap=7.1
Accordlpg to the rhs of Eq(.4'.2) we havel “=Eb|e.b . Th'e X 10-2* cm? for zinc [42]. For the cutoff parameter,,
expressions for thee’bf follow in knoyvn manner .by INserting \hich determines the behavior at small distances, we use the
the Sonine polynomial expansion in the collision terms. Forga|ation ré=aD><aB/ZZ}\’3 [43] with ag being the Bohr ra-
example, the electron-ion and the electron-atom contribugi,s andz, being the atomic number. In order to calculate

tions take the form the cross sections for the different scattering processes, their
representation in terms of the scattering phase shifts was
|2 = nbf szgb(z)sglz(z)sglz(z)e*ZZ, (4.4  used43-49. The phase shifts were calculated by numerical
solution of the corresponding Scldioger equations with the
interaction potentials given by Eg&l.7) and(4.8). To dem-
onstrate the behavior of the cross sections, respective results
for a carbon plasma are shown in Figs. 8 and 9. In Fig. 8 the
- transport cross section ef- C* scattering is displayed as a
le=277j dd sind(1—cos"d) aep, (4.5  function of the wave number for different values of the in-
0 verse screening length. We observe a lowering with increas-
. : . . . . ing plasma screening. Furthermore, resonance states appear
with Teb b(_emg the d|fferent|_al cross sections Tmatrix leading to typical structures in the low energy range. A com-
approximation. The expressiori; that follows from the  4rison of cross sections for the different scattering processes
electron-electron collision term can be written as is presented in Fig. 9. Electron-atom scattering gives the
vt -1 lowest contribution whereas higher cross sections follow
v ” v 25+ 5T o— 2722 from the scattering of electrons on electrons and ions in
e =neV2 521 fo AZATZZ Qe ™. (4.6 higher charge states. The behavior of the resonance states in
the electron-ion scattering can be seen clearly.

where S}, are the Sonine polynomials azd=p?/2mckgT.
The transport cross sections are given hy=1)

Here, the transport cross sections are given by(£§) with To model the plasma composition we consider ionization
m=2 (for v+ u<6). The coefficientsA;* can be found, and recombination processes accordingXgp =X, +e.
e.g., in Ref[40]. Assuming the stage where chemical equilibrium is reached,

Two problems have to be solved to calculate the electricalhe composition of the plasma is determined by the well-
conductivity from Eq.(4.3): (i) The quantum mechanical known condition

046407-7



HAUN, KUNZE, KOSSE, SCHLANGES, AND REDMER PHYSICAL REVIEW BE5 046407

1.0

0.8
0.6
=
x
0.4

0.2

10 = 1 0 . | 0.0 4 . 5
10 10 k (units of 1 /aB)IO 10 10 Temperature (K) 10

FIG. 10. Composition of zinc plasma as a function of tempera-

FIG. 8. Transport cross sections f@—C™ scattering in ‘ t 2 given densiti=1.84< 102 cm 2. The density is ch
T-matrix approximation vs the wave numberfordifferentscreeningurea agiven density=1. cm =. The density Is chosen

parameterskag. «=(n.e%ksTeo)*? is the inverse screening to be in the range of the experiment.

length andag is the Bohr radius. . . .
in Eqg. (4.10 by the correlation parts of the chemical poten-

tials u;°'" leading to a lowering of the ionization energy.
According tou,= df/dn, we calculated the contributions of
Here, u, is the chemical potential of the electrons ang the free charged particle interaction to the electron and ion
that of the ions in the charge staZe(u, corresponds to the chemical potentials from the Coulomb part of the free energy

atoms. We divide the chemical potential according g, density f of the plasma. Here, we used Paidéerpolation
=Mibd+Mﬁ°”- where,uibd and u£°" are the ideal and corre- formulas for the electron gas, the ion gas, and the electron-

lation parts b=e,Z,Z—1). Then the following system of ion interaction contributions determined on the basis of exact
coupled mass action laws can be derived from Eyg  duantum statistical results for the low and high density limits

Mz—1=pzt Me. (4.9

[23,46,41 as well as Monte Carlo data. The explicit expressions are
given in[48,49. We included the effect of the electron-atom
O7_1 1 on e com . com interaction in theuy’"" on the level of a second virial coef-
nz71=¥nz exr{ﬁ(Ez t e t e T Hz ficient in Born approximation using a polarization potential

given by Eq.(4.8). Then the corresponding virial coefficient

readsB.,=/d®r VEZ!(r). A further analysis showed that the

. (410 influence of the atom-atom interaction on the plasma com-
position could be neglected for the considered plasma pa-

EI" is the ionization energy and, denotes the statistical 'ameters. For this estimate we approximated the interatomic

weight. Respective data for carbon and zinc are given in Refotential by a hard-sphere potential with temperature depen-

[42]. The ideal part of the electron chemical potengid] is ~ dent radii[50]. y . .
calculated  from F1/2(Mied/kBT) _ neAglz with A, Results for the composition of a zinc plasma as a function

— 2mh kg T, being the thermal wavelength afid), de- of temperature are shown in Fig. 10. The total ion density

notes a Fermi integral. Nonideality effects are accounted folc-> chosen to be=1.84x10"* cm *, which is in the range
gral. y of the measured data for the electrical conductiviye Sec.

V). At temperatures below 20 kK a partially ionized plasma

-5

AIOS ' Cari)on ' is described with atoms, single charged ions, and electrons to
F ) be the relevant species. As expected, higher charge states
510 become important at higher temperatures. A remarkable frac-
£ tion of atoms is described up to temperatufes70 kK. A
810 - 2 "
= similar behavior is found for the composition of a carbon
0102 plasma. Some calculated data are given in Table I.
Finally, using the results obtained for the plasma compo-
10" sition and the transport cross sections, the electrical conduc-
tivity was calculated from Eq4.3) for partially ionized car-
16 bon and zinc plasmas.
10'1103 10 ™ o e 10! V. THE ELECTRICAL CONDUCTIVITY: EXPERIMENT
k (units of 1/a;) AND THEORY

FIG. 9. Transport cross sections for different scattering pro- The experimental and theoretical results for the electrical
cesses for a given screening paramatag=0.11. conductivity are plotted in Fig. 11 for carbon and in Fig. 12
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TABLE |. Plasma composition for a carbon plasm@,E6) with a particle density ofn=1.2
X 10?* cm® for various plasma temperatures. The fraction of species (G, @) is ay=n,/n and the
ionization degree ig,=n./ZxN.

T (K) ac ac+ ace+ Qe o (S/m)
9000 0.998 0.002 2.45104 2.33x 107
12000 0.987 0.013 2.2410 3 1.75< 106°
16000 0.925 0.075 1.25610 2 8.51x 10°
20000 0.811 0.189 3.2410 2 1.94x< 10
24000 0.672 0.328 5.4610 2 3.31x 10
30000 0.481 0.517 0.002 8.88.0°? 5.25x 10¢
39000 0.286 0.698 0.016 1.220°1* 7.73x 10¢
50000 0.159 0.766 0.075 15301 1.02x10°

for zinc, respectively. Let us begin with the discussion ofthe partially ionized plasma model used here. In Figs. 11 and
carbon. From the theoretical results we find the following12 results were shown up to densities where the stability
general behavior of the electrical conductivity for a givencondition of the plasma chemical potential is fulfilled and the
temperature: At low densities the conductivity of a plasmaplasma is in the nondegenerate region. For higher tempera-
consisting of free electrons and ions is described. With intures less atoms are created and the minimum is not distinct.
creasing number density the formation of neutral atoms ocAt very high temperatures there are no atoms and the con-
curs. Simultaneously the rate of free electrons is reduced andlictivity increases monotonically.
scattering processes of electrons on atoms become important. In Fig. 11, measurements are shown for carbonTat
Consequently, the electrical conductivity decreases unti=9 kK, T=12 kK, andT=16 kK. The statistical error for
pressure ionization starts at even higher densities. At thithe conductivity and the number density is inside the symbol
point the conductivity increases rapidly due to the generationidth. As can be seen, the experimental dataTferl6 kK
of free electrons. A typical minimum behavior of the conduc-and forT=12 kK at the lower density match the theoretical
tivity occurs, which depends on the number fraction of at-results well.
oms. In the range of very low temperature and high densities, For comparison the SESAME data taljlgl] are pre-
this behavior is not described completely in the frame of oursented. There the conductivity calculations are based on an
theoretical model. In particular, the system of mass actiorextended Ziman formula. The SESAME data differ from our
laws (4.10 does not give unique results for the degree ofmeasurements and calculations by over three orders of mag-
ionization at high densities, which indicates the limitations ofnitude. This can be understood because the Ziman calcula-
tion is not valid for this density regime.

) log 1 (g/cm’) 1 For zinc plasmagFig. 12 we see the same behavior as
10° . . . 3 log n (g/cm’)
Carbon . Spirzer 30 kK E -2 -1 0
] T T — T d T
10 5 KRN : BKK (KR i -
CH e L 10F 5 i0kk (em) Zm(.:.«i' o 3
& A kK 5 Spitzer 20 kK 5 ¢
L0k KK 16kK , 3 L ]
o T ] 2 |
.E 103_ [w] e a 104 E
2 12kK 3 2 3
g B 5
210} R 2z ]
(S) X e 2 y
TTe--.___ SESAIS9KK L) 210’ .
b T s ALBIIK R 2 10° : :
0 e 3 L SESA 15.9 KK e
N SESA12SKK .’ 3 .
1 N I . [ I i b . .
19 20 21 22 102:' . "-----§P§‘§12_'5.‘EK.I ....... - E
3 L
log,, n (1/cm’) 19 2

0 21
log,, n (1/cm’)
FIG. 11. Electrical conductivity of carbon plasma as a function

of density for different temperatures. The measurements are marked FIG. 12. Electrical conductivity of zinc plasma as a function of
as symbols. The experimental data correspond to coupling parantlensity for different temperatures. The measurements are marked as
eters in the range of 08['<2.6. The calculated conductivities are squares. The error bars represent the statistical error of many shots.
plotted as straight lines. For comparison the SESAME data for 15.9he gray squares show some older measurenibtisThe experi-

and 12.5 kK are plotted as dashed lines and the Spitzer result asental data correspond to coupling parameters in the range of 0.7
dotted lines. To calculate the Spitzer conductivity we assume a<I'<2.5. For comparison also the SESAME data are plotted. The
plasma with electrons and single charged carbon ions. calculations of{24] are shown with dashed dotted lines.
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for carbon plasmas. The curves for=8 kK, T=10 KK, zinc plasmas in the nonideal plasma range. In the experimen-
andT=12 kK show the limitation of the used plasma model tal part we describe the production of the plasma by fast wire
to describe the conductivity in the range of pressure ioniza€vaporation and discuss the problems with respect to inho-
tion at very high densities. For moderate densities and tenil0geneities. To produce a homogeneous carbon plasma, a
peratures, i.e., for nondegenerate plasmas, there is a ref@ecial preheating system was employed and the advantage
tively good agreement between theory and experimen 'f.th|s system was illustrated by framing a'nd ICCD pictures.
Especially, for densities of about #0cm 2 and tempera- ith the help of the preheating system it was possible to
turesT=10 kK the experimental data match the theoreticalprOduce a homogeneous carbon plasma with better quality
R : . “than metal plasmas in the past. With the use of glass capil-
results well. Here, the kinetic theory applied to a part""‘"ylaries instabilities were reduced. The temperature was mea-
ionized plasma gives a reasonable description of the eleCtrEured spectroscopically by fittiﬁg Planck functions to re-
cal conductivity. Results for the conductivity of zinc in the -;qed spectra.
high density range were given recently by Kuhlbrodt and | the theoretical part the electrical conductivity for non-
Redmer using linear respose thef2d]. The results are plot-  jjea| carbon and zinc plasmas was calculated using quantum
ted in Fig. 12 by the dashed-dotted curves neglectinginetic equations applied to a simple plasma model consist-
electron-atom scattering. A good agreement with the experipg of electrons, ions and atoms. The transport cross sections
mental data follows for low temperatures. Obviously, the\yere calculated on the level of tiematrix approximation
theory used ir[24] is valid also for the description of the sjng analytic effective two-body interaction potentials. The
electrical condut;ﬂwty for_the degenerate region of low tem'respective plasma composition was determined from a sys-
peratures and high densities. tem of coupled mass action laws where the nonideality was

As in the case of carbon the SESAME data do not fit theyccounted for by the lowering of ionization energies with
measurements for zinc. Although the deviations are Sma”eéxpressions based on quantum statistical theory.
compared fo carbon, the SESAME data are not appropriate From the comparison between the experimental data and
to describe the electrical conductivity in the considered reyhe theoretical results given in Figs. 11 and 12 we found
gime. ) _ relatively good agreement in the range of temperatures
The error bars in our measurements represent the statisiigher than 10 kK and densities below?i0cm2. Disagree-
cal error of many shots. The uncertainty of the temperaturg,ens are in the region of lower temperatures. The opposite
measurement is about 2 kK. We see this as shown Whefémperature dependence of some experimental (stpe-
carrying out many discharges with the same parameters. Thg|ly in the region of high densiti¢zompared to the theo-
cooling effect of the capillary wall is negligible. The tem- retica| predictions is not fully understood. Consequently, fur-
peratures measured in the gap between two capillary piecgfer experimental and theoretical work has to be done for
and inside one single capillary under the same conditions afgjs region where the transition from the weakly to the fully

the same. However, it is possible that the temperature igynized state due to pressure ionization is expected.
higher inside the plasma. On the other hand the temperature
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