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Abstract

An improved cylindrical cascade arc chamber is described in which any
géé can be heated up to fullionisation and more. A distant pair of cascade
discs may be used for measuring the voltage drop between them yielding
the characteristic E( I ). For the determination of the radiation loss a
new fast recording thermo-couple has been developed. Methods for
measuring the radial temperature distribution are dicussed and applied
to several gases. In the argon arc absolute line intensities were deter-
mined spectroscopically by end-on observation. In this case the influence
of the inhomogeneous layers and especially at elevated pressures the
selfabsorption has to be regarded. The N,-arc is observed side-on be-
cause of which ABEL's inversion has to be employed. For the HZ- arc

a tube diameter of 2 mm was used to overcome the arc instabilities. The
measurements of temperatures in this arc were carried out by means

of the relative intensity method by LARENZ with a new procedure for the
determination of the total line intensity. Temperatures up to 26 000°k
and degrees of ionisation of more than 100 % meaning partially double

ionisation have been achieved in these arcs.

The reduction of the measured results is performed by means of a step-
procedure yielding a seriea of transport functions, namely elactrical
conductivity & (I'), heat flux potential S ( T ), thermal conductivity X( T )
and radiative emissivity u ( T ) without absorption, all as functions of
temperature. At higher levels of current and temperature radiation
absorption within the arc has to be taken into account which is discussed
in detail, From the transport coefficients the involved cross-sections

can be derived using the relevant transport equations of the kinetic gas

theory which are given in a form appropriate for these purposes.

Thereby both experimental and theoretical procedures are available

to determine transport coefficients of high temperature plasmas.




I. Introduction

For the determination of the transport coefficients in gases and plasmas

of high temperatures and high degrees of ionisation methods are needed

producing such high temperatures and providing a most simple geometry
as to minimize the efforts for measurements and evaluations., Both these
requirements are satisfied by an electric high power arc constricted in u
i a cylindric chamber suffering a high wall load. For such a well defined
arc in any chosen gas first of all the fieldstrength-current characteris- 1
tic £(I) and the radiation losses per unit arc length have to be measured.
Secondly the radial temperature distributions for several currents as
parameter T(r,I) have to be determined by spectroscopie means. With
these results and using Ohm's law the electric conductivity and its de-
pendence on temperature §’ (T) can be evaluated. Thereafter the thermal
conductivity as function of temperature X (T) using the energy equation
can be derived provided the radiation losses can be neglected. If, how-
ever, the radiation plays an important role in the energy balance both
emission and absorption have to be taken into account.
From the transport coefficients based on measurements the various cross
sections involved in the gaskinetic formulas may be determined as final

results of these investigations.

II, The cylindric cascade arc chamber,

The cascade arc chamber for a cylindric high power arc consists of a

stack of isolated copper plates with central bores which form the

1]
discharge tube. Such an arrangement guarentees a good electric isolation
in axial direction and, due to a very effective cooling, an intensive

carry-off of heat in radial direction. |

In the original form of the cascade chamber (1) the input power of the
arc had been 'limited by the relatively large thickness of the plates. This
is the case, because the arc current which either may pass through the
plasma in the boring of the plates or through the plates themselves, thereby
building a new anode- and cathode spot, chooses the way of lower voltage
drop. It can be observed at high arc currents, that when very thick discs

are used, a part of the current passes through the plates which thereby

are damaged at the points of attachment, \

Therefore it is necessary to reduce the thickness of the plates, whereby | 1‘
the voltage drop over one plate is ¢ creased and the shunt over the plates

is inhibited.
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In the former device in each plate the coolant had been running
around the shell of the centrai boring, At higher load the formation
of vapor and the centrifugal forces had removed the water from
the heuted wail of the channel causing thermal isolation of the hot
shell, This can be avoided by a waterduct which seen from the heat

sourse is bended convexly.

The central part of a cascade disc (fig. 1) consists of a copper plate of
22 mm diam. with a central hole. From aside four slits are milled in
with a circular saw-blade up to 1 mm from the central hole. So a star-
like solid copper piece with four prongs remains in the center of the
plate. Into this slit the two parts of a brass-plate with engraved water
channels are inserted. After having put together these parts water
channels are formed 4 mm wide at their ends and 1mm wide in the
bended parts near the boring. By that construction the water is acceler-
ated near the channel and pressed towards the hot wall. The casc. e
plate is covered by two sheets of brass which have a central boring as
well as four holes of 10 mm diam. for the water supply. The whole
device is silver-soldered; afterwards it is turned down to a thickness

of 2 mm. The final form of the cascade plate is a square of 50 x 50 mmz.
For the assembling of the entire cascade chamber (fig. 2) flat silicon
rubber rings of about 20 mm diam. and.5 mm thick arc put between two
neighbouring plates concentrically in order to tighten the channel to

the outside space. The holes for the water supply are surrounded by
pararubber rings. Distance masks made of hard paper 0,3 mm thick
guarantee an equal distance between the plates in the compressed state.
and inhibit the gaskets from expanding at elevated pressures. The side-
on-observation can be carried out by a slit between two plates. For

that purpose a radial shaft with inclined walls for a larger aperture must
be milled into the discs. A specially formed gasket is used to tighten the
observation window.

The entire cascade pile is terminated by two identical copper housings
with a central bore of 20 mm diam. and a tube with a window for end-
on-observation., The water supply is performed by four borings of 10 mm
diam. parallel to the axis. Moreoverthere are four radial holes through
which the isolated electrodes can be brought in, The cavities of both
electrodes vessels are connected by two insulating equalization lines of
large cross section in order to provide a quick compensation of possible

pressure differences, and to prevent a gas flow through the arc channel,




Both equalisation tubes are furnished with a supply pipe and a very

small exit hole for the gas renewal, so that only weak gas flows are

possible which moreover pass ovtside the arc channel. i

Experiments have shown that the electrodes must be brought as close as
possible to the ends of the cascade tube in order to guarantee a stable
arc discharge. Moreover the load limit is given by the tungsten electrodes
rather than by the cascade plates. For both reasons four isolated tung-
sten electrodes each provided with its own ballast resistor are placed
in radial direction in such a position that their fronts form a sort of
continuation of the cascade tube, Each electrode consists of a tungsten
rod of 4 to 10 mm diam. depending on the load and is soldered on a
water cooled copper tube. Each electrode is fixed gastight and isolated
inside the radial guiding hole of the electrode housing. A too intensive
cooling of the electrode caused by shortening of the tungsten rod has to
be avoided, because very small electrode spots are built thereby from
which disturbing tungsten vapor jets might be ejected. By the very
intenge cooling and the reduced thickness of the plates an elevation of
the power input limit is achieved. In a cascade channel with a boring of

5 mm diam. it is now possible to invest continuously a power of 18kw/cm

arc length corresponding to a wall lcad of 12 kw/cm? and in a cascade
of 2 mm diam. a power input of 12,5 kw/cm corresponding 20 kw/cmz.

The cascade arc chamber can be used without any vessel for any gas
and at elevated pressure (to date up tc 20 atm.). Side-on as well as

end-on observation is feasable. By positioning the electrode close to
the cascade-ends the influence of the inhomogeneous layers. can be ]

minimized.




III1 E-I-Characteristic Measurements

The improved arc chamber facilitates the measurements of tlie E-I-char-
acteristic considerably. Since now there is no difficulty to connect any

of the plates with an electronic circuit from outside the potential drop

in the arc column between any two chosen plates can easily be measured.
In order to establish a good connection from the arc column to the probe
,/Nates an electron current of 150-200 mA is impressed from the arc to
cach of the probe plates. Exact equality of the two currents is necessary
for the elimination of inaccuracies in the field strength measurements.
This equality .s controlled automatically by an appropriate electronic de-
vice which stabilises the absolute value of each current with a maximum
deviation of less than 0,5 %. For the exclusion of errors caused by bias
currents flowing through the cooling water the cascade is devided into
two sections of ten plates each, both cooled by separate cooling circuits,
Since each of the probe plates belongs to a different section of the cascade,
the resistance between the probes is some megohms. Besides, the probe
plates are arranged sufficiently far away from the end plates as to elimi-
nate any influence of disturbances due to the electrodes.

The E-lI-characteristic is recorded by an X-Y -recorder, the X-deflection
being controlled by the arc current I, the Y -deflection by the field strength
E. By running the current through the interval of interest characteristic
measurements were performed at the 5 mm-arc in N, in the current range

from 3 to 500 A shown in fig. 3.

Furthermore characteristics were measured in Hz at the 5 mm-arc for
currents from 10 to 25 A and at the 2 mm-arc for 15-155 A, because in

the 5 mm channel the H_-arc becomes instable for currents higher than

2
25 A as discussed below.
Characteristics for different values of the channel diameter can be con-
verted into each other by means of scaling laws provided local thermal

equilibrium exists and radiation losses may be neglected.

Fig. 4 shows a characteristic for HZ which is composed of measurements
at 2mm, 5mm and 20mm diameter, the latter two converted to 2mm diar
meter. For the regions marked by dashed lines no measurements have been
carried out so far but they will be accomplished in the next future.
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For the measurements in the various ranges of arc current different
sets of electrodes with appropriate ballast resistors for each electrode
were used as to achieve a symmetical current distribution over the
electrodes. An axially mounte& electrode of 5..,10 mm diameter was
chosen for the current range upto 10 A, for the range 10...100 A four
thin electrodes (4...5 mm diam.) radially directed were used, whereas
thick radial electrodes (10 mm diam.) have been employed for currents
higher than 100 A. The thick electrodes turned out to be unsuitable for
currents less than 100 A because due to the small load of each electrode

the arc current was no longer distributed equally to the four electrodes.

Some difficulties which arose during the characteristic measurements
could be overcome¢. For example, the Nz-atc showed statistically in-
stabilities in the range from 30 to 70 A; these could be avoided by
providing a thick pressure equalisation connection between the electrode
housings, and by reducing the gas flow to a ininimum as already mentioned
before. In addition large buffer vessels were connected to both elertrode
housings in order to damp acustic oscillations. So a stable operation

of the Nz-arc could be achieved also in the range from 30 to 70 A,

In Argon two different modes of discharge have been observed for
currents less than 20 A. Only one of these yields the true characteristic
of the argon arc, the other one may possibly be ascribed to a low voltage
arc. Furthermore, the argon arc exhibits oscillations when operated
with imprelsed probe currents at arc curremnt-s less than 30 A,

Another difficulty occured during the measurernent on the Hz-arc. The
high electric field strength belonging to . low current values sometimes
caused a flash-over between neighboured cascade plates. Besides, for
low currents in Hz the differential resistance has high negative values
so that the total system arc-power supply began oscillating. Tie latter
difficulty can be overcome only by providing sufficiently high ballast
relil.torl damping out these H-F-oscillations and stabilising the total

system,

In spite of all precautions trouble arises during the characteristic

measurements at low currents affecting the accuracy of the measurements
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which thereby is not better than 4 %, This disturbances are due to small
statistical '"jumps'' of the field strength causing a small parallel shift

of the plotted curve. Jumps of the same type occur when the voltage
between two probes is recorded in dependence of probe current for
constant arc current, These perturbations are possibly due to an
electrode phenomenon at the probe: The impressed probe current
sometimes forms a spot at the electrode and sometimes it covers all the
surface of the probe, depending on arc current and probe current. At the
moment a method is being developed which is hoped to suspend all these
difficulties,




IV. Radiation Measurements

For the measurement of the power radiated from cylindrical arcs, a new
radiation thermo-couple had to be developed since the commercial devices
turned out to be too slow for continuous recording the radiated power in
dependence of arc current. Moreover, the sensitivity of all commercial
devices is too small and not constant over an area sufficiently large for

mapping the arc cross-section.

The setup of the thermo-couple is as follows: A ... ZP thick A1203-

foil suspended in an aluminum frame bears thin layers of the thermo-
metals Bi and Sb deposited on the foil by vacuum evaporation. The sheets
have a shape like fingers at a hand interfering with each other. This is
achieved by appropriate masks in the vapour beam. A sufficiently large
area of constant sensitivity was achieved by choosing the length and the
width of the fingers properly. In order to blacken the surface of the
couple a further Sb-layer is evaporated but at a pressure of 0,5 mm Hg
thus producing a nearly 100 % absorbing cover. Moreover, the receiving
surface is placed in the center of a concave mirror reflecting the
scattered radiation back to the receiving surface. The light to be measured
enters the device by a central slit in the mirror. The electrical connec-
tions to the element are made from contacting silver. The new thermo-
couple is free of the disadvantages mentioned above. The rise-time is
about 40...80 milliseconds, the sensitivity is 0,2 v olts/watt, and is
constant over an area of 2 x 0,7 mm2 whereas the arc is represented

onanareaof 1,6 x0,1 mm2 only.

The measurement of the radiation is carried out side-on through a slot
as smallas 0,3 x5 mmz, so that no disturbance of the arc can occur.
The arc cross section is focussed in a reduced measure on the thermo-
couple by a quartz achromate. This arrangement yields a good total
sensitivity; but it is applicable only, if an area of constant sensitivity on
the thermo-couple exists. Examples of radiation measurements are

shown in fig. 6.




V. The radial temperature distribution in argon arcs.

The temperature measurements in an argon arc have been carried out
with a cascade chamber of 5mm diam. Some precautions were met for
applications at elevated pressures up to 25 atm. The end-on temperature
measurements are performed with a Zeiss-Jena grating spectrograph
(dispersion® 7 A/mm). A 1:1 image of the arc is formed on the entrance
slit of the spectrograph. In the focal plane of the imaging lens, a
diaphragm with a hole diameter of lmm limits the aperture of the light
beam to 1:7 0 (telecentric system). This set-up provides a correlation
between each point of a spectral line with one certain radius of the arc
channel. A series of different exposures (making use of a rotating
sector) is taken of the argon arc, then the cascade arc is replaced by a
standard carbon arc, so that calibrated intensity marks are formed on
the same photoplate using the same optical system. The analysis of the

line and continuum intensities is performed with a microdensitometer.

In a transparent plasma, temperatures may be determined by measurin~
the absolute intensity IL of a line. The relation between IL and the

temperature T is given by

1 pom €m -Em/KT
IL Iy “n n—o=e hvl
where

Ar: = transition probability
n

= number density of the emitting particles

8n = statistical weight of the upper level
Z = partition function of the emitting particle
L = length of the emitting layer

Below the normal temperature Tn (for argon: Tn,atom s 15,000 OK.

. . m21,000 °K), I. is a sensitive function of T which makes
n,first ion L

this intensity to a suitable thermometer for the temperature range of
the investigated arc. The radial temperaiure distribution has been

determined using the lines:
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5 -1

A1l 4300A with A = 3,1 x107 sec

5 -1

Al 4637 A with A 64 x 10” sec

23 =3

In addition to these line measurements, the temperature was also

derived from the continuum intensity IK:

SCHLUTER gives the following expression for IK:

n n

I, =1.65x10"2% <1 6; (l_ehv/kT)+e-hv/szL
| )

K XZ Te
where
Zl = partition function of the ion
= electron temperature

Te
‘;(Y) = correction factor

The continuum intensity is less sensitive to the temperature than the
line intensity.

Corresponding to the imdionf( v) determined by SCHLUTER, the value
? = 2 has been used for the calculation of IK at 4300 K.

One difficulty with end-on observation of the cascade arc is that the
length [ of the emitting column is composed of the sum of the useful
cascade length plus the (unknown) disturbance length of the inhomoge-
neous electrode regions.

High pressure arc spectroscopy also raises the question of self-absorp-
tion in the plasma. Before the equations above can be applied to a
temperature measurement, it has to be proven that the optical depth
XY(‘ of the plasma is small compared to unity. This can be tested by
applying a method which has been used in a slightly different way by
JURGENS.

The frequency-dependent intensity over the range of one spectral line

may be written:
IV = Bv (l-e-pl)
where

= Kirchhoff - Planck-function

absorption coefficient

o]
EAlP;
1] [
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If this equation is applied to arcs with two different lengths Ll and L,
(12 > 11). XV can be eliminated:

Assuming at first the optical depth X l"1<< 1 and therefore IVI« By .

the series expansion may be cut off to yield

b

In a logarithmic plot, the fuction IVZ (1 Vl)’ with the assumptions made
above, is a 45° straight line which intersects the ordinate at the point
In lz/ll,

If the optical depth is X, L1>> 1, both intensities Iy 1 and I, p are equal
the Kirchhoff-Planck function By . In the logarithmic representation
Iy, (Iy l) thie fact signifies that the function ends on that 45° straight
line which runs through the origin.

In plotting the measured frequency-dependent line intensities, it has been
proven by this method that the atmospheric pressure argon plasma is

optically thin for the considered lines. In the case of the 5 atm plasma

(fig. 7), the line center showed a slight absorption which could be
corrected.
On the other hand, this method allows the determination of the point

n lz/l.1 on the ordinate. The difference L, - l'l is known from the expcri-
ment (number of cascadeplates); therefore 12 and l'l' the effective arc
lengths, can be determined.

These measurements have been performed with 12 and 22 cascade

plates, the corresponding difference 12 - l,,1 is equal to 23 mm. At 500 A

arc current, the ratio of the lengths has neen determined to be ll/lz =

1.55 resulting in an effective length of 7 mm for each of the inhomoge-

neous layers at the cascade ends.

A method for the determination of the required atomic constants for
temperature measurements has been discribed by RICHTER; this

method also helps to prove the existence of an optically thin plasma. £
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The procedure consists of a logarithmic plot of the calculated totai
intensities of two spectral 1ines(one of them inay be replaced by the
continuum intensity anywhere)against each other. The result is a
function in which the temperature T is parameter. When the measured
values are then inserted in this diagram, and if they fit the theoretical
curve, the accuracy of the required constants and the transparent emis -

sion is proved and the same time, the temperature can be determined.

In figs. 8 and 9 line and continuum intensities of an atmospheric pressure
arc and of a 5 atm arc have bcen plotted and show good agreement be-
tween measured values and theoretical predic—~tions. For the ion line

A1l 4348 R a transition probability of AT = 11,5. 107 sec”!

used, corresponding to the value given by OLSEN.

has been

Figs. 10 and 11 show the measured radial temperature distribution

across the argon arc at two different pressures ( 1 atm and 5 atm)
for various arc currents. From fig. 11l it can be seen, that the high pres-
sure arc has a flatter temperature profile than the atmospheric pressure

arc.
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VI. Temperature Measurem.ents in the M-Arc.

For the investigations on the N, -arc a cascade of 5 mm diam. has been
used, The maximum arc current can be raised up to 550 A. It is limited
by the melting of the anode tungsten rods (12mm diam. ) rather than by
the thermal loading capability of the plates. The arc is observed side-on
through the 0. 3 mm slit between two neighbouring cascade plates. For
this purpose an observation port with an aperture of approximately 1 : 10
and a closing window is installed. To gurantee a black background a
second observation port is provided opposite to the first one with a win-
dow inclined in such a way that the reflected image of the arc does not
arrive at the path of observation. For measuring the radial temperature
distribution at various currents the intensities of pruper lines were
registered by means of a plane grating spectrograph (PGS 2, Jenaoptik)
Above 20.000 °K the nitrogen spectrum fig. 12 contains besides a few

N I lines mainly N II lines and the spectral distribution changes only

slightly for higher temperatures. Above 450 A single N III lines are observed

too. Due to this order of line type appearence the cross-scction of the
arc in end-on observation shows up a blue colour at low currents from
the molecular radiation; at currents above 20 A the well known white core
appears emitted from the atoms and electrons. At currents higher than
300 A a new violet core arises within the first one originating from

the ions.

For the determination of the radial temperature distributions the
absolute intensities of the N I line 4935 & and the N II lines 3995 2.

4488 & , 5045 R have been measured calibrated by means of the standard
arc with data according to H. MAGDEBURG and U. SCHLEY. The
corresponding transition probabilities were taken from the book by

H. R. GRIEM. The resulting radial temperature distributions for arc
currents varied in steps of 50 A are shown in fig. 13, In fig. 14 the axial
temperatures are plotted versus the arc current. Additional values taken
from measurements by H. MAECKER are inserted too. The highest
temperature achieved in N2 is 26 000°K corresponding to degree of ioni-
sation of 125 %. These radial temperature distributions are used together
with the E-I-characteristic to evaluate the electrical conductivity ¢ ( T ).
As a first result the § ( T ) curve is shown in fig. 15 together with a
theoretical curve according to YOS.




-13 -

VII. Radial temperature distributions in the H,-arc.,

The Hz-arc in a cascade chamber of 5 mm diam. shows up great in-
stabilities both inside the channel and in the electrode regions at currents

above 25 A,

In order to overcome these instabilities it was to clarify whether they
arise from perturbations in the electrode rcgions or whether they are

a feature of the arc column itself, Therefore the H, -arc was run in a
cascade chamber consisting of one channel with 2 mm diam. at each end
near the electrodes and with a tube of 5 mm diam. in the middle of the
cascade (fig.16). Each cross-section of these three parts were focussed
on a drum camera. Such exposures (fig. 17) show clearly the column in
the 5 mm diam. part to be unstable at currents above 25 A although the
column in the 2 mm diam. parts of the cascade are entirely stable up

to higg:?ttuar gt&:g{:ents employed. It is abvious that under these circum.
stances¥in the electrode regions can not affect the arc column. Therefore
it has to be concluded that the instabilities of the H, -arc column are a

phenomenon of the column itself,

The onset of the instabilities occurs at currentsdepending on the cascade

bore as it is shown in the following table.

10 mm diam. arc instabilities above 10.5 A
5 mm diam. arc instabilities above 25 A
3 mm diam, arc instabilities above 70 A
2 mm diam, arc instabilities above 150 A

With a cascade bore of 2 mm diam. it is possible to operate a steady
H,-arc up to high powers. Therefore the measurements of the radial

temperature distribution were performed with a 2 mm cascade.

The used cascade arc chamber is assembled by 24 plates 2 mm thick.
Radial temperature distributions are measured spectroscopically at arc
currents up to 150 A. The input power of 11. 7 kw/cm corresponds to

a wall load of 18. 6 kw/cmz. In the 2 mm diam. tube the axis tempera -
tures at currents above 60 A exceed 16 000°K. The intensity of the
lines and of the continuum in the hydrogen spectrum have a maximum at

a temperature of 16 000°K and decrease again with higher temperatures

S ————
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(fig. 18). Therefore the intensity in an arc has a maximum at a certain
radius which moves outwards with increasing currents while a growing
depression in the axis of the arc occurs (fig. 19 and 20). Measuring an
intensity distribution like this from side-on is not reasonable, because
the errors of the resulting axial intcnsities are too large due to the
necessary ABEL's inversion. Therefore the observation end-on has been
preferred. In this case the two following requirements have to be
satisfied, On the one hand the observation beam has to be kept precisely
parallel to the axis of the arc and on the other hand the whole length of
the column has to be mapped exactly on the slit of the spectrograph. This
is realized in a gocod approximation by a telecentric lay-out with an
aperture as small as 1 : 330 . Furthermore it is important to ascertain
that the inhomogenous layers in the electrode regions do not contribute
essentially to the measured intensity. Indeed this influence can be
neglected up to about 100 A. Above this current the inthiomogeneous layers
contribute a notable amount to the intensity especially in the axis of the
arc, because above 16000°K the specific intensity of the column becomes
smaller than that of the inhomogeneous layers. To eliminate this error
difference measurements have been carried out using a short arc
cascade consisting of 8 plates besides the long arc cascade formed by

24 plates, Subtracting both the intensities from each other the contribution
of the inhomogeneous layers is cancelled as long as the inhomogeneous

layers are not altered by the change of the cascade length.

Due to the occurence of this maximum at 16 000°K it is possible according
to LARENZ to determine the distribution of the absolute temperature
from relative intensity measurements. If the measured relative intensity
of I-I‘3 as function of the radius is related to the maximum intensity, the
absolute temperature as function of the radius can be deduced from that
ratio in connection with the dependence of related intensity on temperature
(fig. 18). The advantage of relative measurements compared with absolute

ones is that no errors caused by standard light sources and reduction

filters or by other absorption losses affect the evaluation of the temperature.

Instead of determining the line intensity of Hg for a certain radius by
integration along the wavelength, a procedure is applied which excludes un-

certainties due to the strong line broadening in connection with the error
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in the determination of the background level. The evaluation relies on the
fact that the normalized line profile remains virtually unchanged for the
range of temperature and electron density under consideration as theory
and experiment confirm, The total intensity results from the theoretical
line profile the area of which being equal to unity by a uniform extension
of the abscissa and by another one of the ordinate until congruence with
the measured profile is achieved, Practically this is performed by
shifting the theoretical curve in a double logarithmic plot until it matches
the measured profile. The total intensity is given by the product of the

shifting factors in both of the coordinate directions.

The radial temperature distribution obtained in this way for arc currents
of 20 to 150 A are shown in fig. 21. The highest value of temperature

is 26000 °K corresponding to virtually full ionization. For comparison
to our results a temperature profile measured by MOTSCHMANN in a

5 mm diam. cascade at 20 A and reduced to a cascade of 2 mm diam. by

means of the scaling law is added,
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VIII. Determination of material functions from characteristic

measurements,

The behaviour of a cylindrical arc discharge is governed by ELENBAAS-
HELLER's differential equation, which describes the balance between
the energy produced within a volume element by OHM's heating and the
energy lost by heat conduction and radiation:
2 4 dT
sE° ~u + 4- T % 0 1
= (rx3r) = (1)
The term u is the emission of energy per unit volume and time, which

is an unique function of temperature,

If the material functions &°( T ), (T ) are known, this equation can |
be used, to compute the integral characteristics of an arc discharge ‘
E( I&' and U(1), i.e. the electrical field strength and the total radia-

tionYon arc current, as well as the radial temperature distributions I
T(r,I). While it is interesting to compare the results of such computa-
tions: with experimental values, it is more important, to use the
measured E(1I)-, U(1I)- and T(r,I)-curves to determine the material |
functions of the arc gas with help of ELENBAAS-HELLER's energy ‘
equation. Several approximative methods have been described to compute
& ( T ) and the heat flux potential S( T ) f%d'l' from the integral |

characteristics and the temperature diatnbutmnl using a special

functional dependence of on S. In this chapter a way is described by
which (S ), u(S ) and S(r,I) can be directely determined from the
integral characteristic using the integrated energy balance equation. The
following is only a brief review of the method and its results for nitrogen
and argon, as it is already published in detail (A.Monterde-Garcia:
Z.Physik, 181, 317 (1964)).

After introduction of the heat flux potential S and the relative radius ]

@ = r/R the energy equation reads:

d dS
%—Z(GEZ_ U) =m - d—'—Q—z(QzEé) (la)

There are two more equations, connecting the integral values U and I

with the gas properties:

1
U-szogudQL1 (2)
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1 1
] = grl?a“oj dgz 2 JI'RZE JOG' CIQZ (3)

Division through E yields the conductance per length of arc, G:

|
G = WRZ!*"CIQZ (3a)
0

Inal- QZ- diagram iso-S-curves can be drawn (fig. 22). Since S, 6
and uare unique functions of temperature, the iso-T, & and w-curves

coincide with the iso-S-curves.

Fig. 22:1so-curves in the I- Qz-diagram.

The I- Qz- plane extends from QZ =0 to QZ =1, and from I = 0 up to
unlimited I-values. It is assumed that S equals zero at the tube wall,

QZ==1=(l.

The whole plane is devided into small regions by horizontal straight lines

i, e. for QZ =1, and for zero current: SJ =0 20; S

I§ = const. and by several S, =const.-lines, which originate in the
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axis (Qz = 0) atthe current 1 =1.. ;’l‘he pointsof intersection between
these both families have the radii Q“i’ K’ , >

Going along a straight line I, = const. from ¢ - 1 to © = 0 the
index Kk in gzi,k is running from k = 0 at the wall to k =i in the axis.
In the stripe between two consecutive Sk-curves. Sk and sk-l*

5’ and u

; 2 2
particularly at the current Ii between @ ik and © Lkl

are postulated to be constant and are marked by the index k, i.e. S’k. Hy

Under this condition formula (2) and (3a) can be transformed:

Jav

U; = IRZ{U.' ng.;,, + E UJ(QZEJ-“ QZ;J) } , (2a)

J‘t:-‘l

G; = WEZ{G? gzi,i-t + !% S; (?zi,j-l ‘??,j) } : (3c)

2
For the inmost gz-interval, i. e, between gzii(=0) and Q i i1 the

energy balance equation reads:
2 2
TE?_(G]‘E ~u,-)§,.),-_, = 4’"(5."5.‘-1)- (1b)

For all oiher intervals the energy balance equation can be transformed
into
- Ax + B(1-e%-x)=C, (1c)

- where

j=k-1
A = IiE - Ui = “Rzé (GJEZ- Uj)(Qzl‘J_,- ng,_l) )

> 2
B= 7R°(6,E"-v,) QEW |

*
"

In (Qz.:,k-t /Qik)’

C-= lnr(Sk- Sk-1)°
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The evaluation is started at the lowest l-value, Il' for which & and u
are auumed constant over the whole radius. There . 6’ as well as
= S(I1 g = 0) can be computed according to (2a), (3c) and (1b).

Progreumg step by step to higher current values, at Imall S-values
e;cept that in the axis, i.=. Sm. and the G- and u-values for all intervals
ka-ka 1except the one bordering on the axis are known from the step
I m-1° Therefore at this current I all intersection points Q k can be
computed with the help of (lc) going step by step from the outmost
intervall to the axis, The still unknown quantities u_ and G'm in the
inmost interval can than be computed using (22) and (3c) and with these
m.) and thereby S from (lb). Now

everything is known at the cross section I = Im = const. and the evaluation

values the increase in S, i, e, Sm -S

at the following current- step can be started.

In this way u(S) and ©°(S) result. as staircase functions, which can be
smoothed out properly. At the same time S(r) is determined for every

current value,

If one or more radial temperature distributions T(I,r) are measured on
an arc discharge, the functional dependence S(T) can be determined
comparing T (r) and S(r ). This can be used to derive the tempera-
ture dependence of &(I'), as well as the thermal conductivity %( T )
according to

©(T)= 7

So a procedure for evaluating transport coefficients from characteristic
and temperature measurements exists, however, without considering

absorption of radiation within the gas.
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IX. Energy transfer by radiation.

When evaluating in the described waya strong deviation of the experi-
mental results from the theoretical curves above a certain temperature
in the case of nitrogen and argon results. It can be shown that this is
mostly due to neglecting the absorption of radiative energy within the arc
gas. Thérefore this chapter deals with the energy transport by radiation
generally and in the special case of cylindrical symmetry as given in the

arc casca e,

The basic equation of an arc column is the energy balance equation:

2 . \
&E - dxv_c_ls - dxvg,r =0.

or written for cylindric symmetry:

‘ 2 1 d dT
| SsE" - u-l-;??(rkzr—) = 0.
G'Ez gives the gain of energy per unit volume by OHM!'s heating.

9 =~x\UIl' is the heat flux vector. is the radiation flow vector, so

g
that div qs z u = e - a is the difference between the energy e,

| emitted from the unit volume, and a, the energy absorbed within it,.

In former evaluations only the term e in u had been considered, i.e. the
absorption of energy within the arc column had been neglected, so that

u = ¢(T) = u(T) could be taken as a unique function of temperature.
In more accurate computations the term a, which isnfonger a unique

function of temperature, must be taken into account too.

The optical behaviour of a gas is described by the coefficients of

emission and absorption:

& = coefficient of emission per unit volume, time and frequency

&, = coefficient of absorption of radiative energy per unit length.

Both coefficients depend very strongly on frequency. Therefore, when
(- -]

determining a Yy f &,,dy the absorption per unit volume and time,

first one has to compute a, , the absorption per unit volume, time and

frequency range at a certain frequency?

ay = oc,{rao)&ﬁ &, () -e.xp(—osro(yclg )*:;-?_ dV .
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Here r is the distance of an emitting element from the point r = 0, where

the absorption a,, is to determine.

Similar formulas for 1,s and qg can be derived, Since the exponen-
tial in the fromula for a,decreases very rapidly with increasing r the
main contribution to the absorption at the point r = 0 comes from emitting
elements the distance of which from r = 0 is not larger than a certain length
of order of magnitude l/oo,,. As long as oj,and &, do not change very much
within this region, it is useful to represent both &, and ¢, by a Taylor's
series around r = 0. Inserting these into the formulas for aj or 95 the
integration can be carried out. If the constant term in the series for o5 and
the constant and linear term in the series for g,are sufficient, to describe
the o,-curve and §, -curve within the interesting region, which is the case
for very strong absorption, there results a linear dependence of q,g on
YT, when KIRCHHOFF's law is used (representation of heat flux by a

diffusion equation).

: sr hvt s hy/kT)
Qo = = %V I 5 X5 = X T2 g, P /KT

'f higher terms in the two series have to be considered, i.e. when qyis smaller,
direct integration for a given oL,(r,'&,C(?) dependence is more advantageous
as regions with very different temperatures contribute to the absorption

at a certain point.

For a very small coetficient o/ the absorption per unit volume can be
negligible small compared with the emission per unit volume in same
regions of a gas, so that only the emissive term e( T ) has to be
considered in the energy balance equation.

In many problems direct integration of the formulas for a,, or 95 is
necessary for a given o4~ and gy-curve, which is a very timeconsuming
task. In special symmetries the formulas can be simplified. For cylindrical

symmetry, as given in the cylindrical arc column, there results for a,y :

R 1
8hy®

B(d)
ar)= - =7 %) gde op(- %3-) %@-Qj@ Ve (
0 s}

+ @ -2reemp
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where
r = distance of the absorbing element from the axis
@ =distance of the emitting element from the axis

R = radius of the arc tube

The integration over z could already be performed beforehand yielding
the function B(d), which means a projection of the entire radiative

problem into the plane z = 0.

o0
BQ) = [ T

B(0) = +

il_iB_ = - O(d') = modified BESSEL's function of the second typ.

dd

d = projection of the optical length between emitting and absorbing element

on the plane 2z = o,

A(l;O'O) where ds is a line element of the connection
d-‘ ¢y ds between emitting and absorbing element, projec-
(€.9.0) ted into the plane z = o.

As %, is a function of radius only it is advartageous to transfer the line

element ds properly into a line element in radial direction db.

For a given distribution of T(r )and o¢( r ) one can compute a,,(r )

and e, ( r ) using these formulas.

To get a general view of the effect of absorption, sometimes it is sufficient
to compute approximately a, (r ) at some points of the arc column. For

this purpose the formula for a,, can be further simplified:

a) In the arc axis the formula for a has a special simple form:

R )
ay(r=0) = ea,(r-mog o) Bd)de ; d= J o (b) db .
0
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b) If the emitting region is confined to a small (hannel around the axis,
the absorption per unit volume outside the emitting zone is given

approximately by:

C+ Spax

R
max 5
a,lr) = 8oc,(r)-B(g°)—F:1Q—;- F(T-zr EALAL ) -Ogg(g) qu ,

where F(/‘{ , k) = LEGENDRE's normal integral of the first kind.

,.
g, =0505, (b) db

_ . : - .
%max = radius, at which &R has it's maximum.

c) In the case that in most parts of the column strong radiation is emitted,
an aproximative formula for a, results, if computing the projection of
the optical length, d, for a fixed r and @ a mean value for o, independent

on @, namely %yM. i8 chosen. Then ay can be written as;

R
q, = 4o, _(‘{Q. gy 6(%; Q"‘yM),
0

where G(@/r, Q«,y) only depends on the two functions §/r and QUN.
For ¢, ecial r-, §- and o(,-values the function G(@/r, go(m) can be
read irom a diagram representing G over g/r with Qa8 parameter.
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X. Determination of average collision crosn sedtions,

1f the temperature dependence of the electrical and thermal conductivity
& (T)and X( T)are given, the average collision cross sections and
their temperature dependence can be evaluated with the help of the kinetic
theory of gases. For this purpose in this chapter formulas are derived
for the material functions 6( T ) and 2( T ), which thanks to special
simplifications are sufficiently clear in their dependence on the different
cross sections, and which yat do not deviate too strongly from the exact
solutions. These formulas can be used to determine the average collision

cross sections for collisions between the various particles in the gas .

Deriving formulas for the electrical conductivity & and the thermal con-
ductivity )6 deviation from MAXWELL-equilibrium must be assumed
for electrons as well as for heavy particles. Computing the heat con-
ductivity of electrons X, three terms in the series of orthogonal functions
describing the velocity dependence of the electron distribution function
have been taken into account. In all other cases only two terms in the
series of orthogonal functions are sufficient for the velocity distribution

functions.

Using the Coulomb-model for collisionsbetween charged particles and the
model of rigid spheres for all other collisions the different average cross
sections for the collision between two types of particles 8 and t have
been reduced to one average cross section Zs . The connection with the

t
CHAPMAN and COWLING -&2- integral is given by:

- [ mem A
Zgp = 8\ imeamn S0

The resulting formulas for the material functions are compiled in the

following sections:

a) Electrical conductivity:

L 1
V2KTme  Zoew+ Ziele + Zemmom 5

3
6'=7

where

_ A+ 1697A + 0,697 A Ziehe
Ss™ 0.517A% + 2.00A + 0.644 ZaeNo.
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b) Heat conductivity in the dissociation region

K= Kyt Ky *+ Xps

Lk kT 9\[—me+ 41 Zam’ (Tla/mm) + 'Zzzam .
16 my 9‘J—Z,|MZB+4I n Zam b 11?)\}— T:\:deiaa 57267V'- ‘jm )

T e Zat (RS z)Zam
DN e ol Rt I o7, 2 TEBTE,

3k Bk T dna
\/ -DIT na+2nm am(l+ Na, dT

where D(T> = -‘%kT+ UD* 2UQ— Up -

. and ¢ are the common contact heat conductivities due to atoms and
molecules, G, is the heat conductivity caused by diffusion flows. D( T )

represents the energy necessary for one dissociation process.

c) Heat conductivity in the ionisation region

32 Z; ne+ \SOny+ 27"e)zia
ma' ke 3222t 592&\(&:%'*'2&%) +86 Zﬁ‘ Nale

L]
J

o= k|

. l ’
\/Zme © 8\ nZ,. + 26(ngZgt+ Nylea) S

__ A*+ 1.28A +0.0s .
S = 0,432 A% + L43 A + 0,365 ’

‘( n 1 dne
T 3VU'I(T)'m+ena' Zy (1+ n_e dT)

IT) = AT+ U+ y -, .
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In the ionisation region the heat conductivity consists of the contact heat
conductivities by atoms, ions and electrons 1 X; and X, and Xi,the

heat conductivity due to energy transport by ambipolar diffusion processes.
Generally )(l can be neglected in comparison with x,. I{ T ) represents

the energy needed for one total ionisation process.

As in regions of different degree of ionisation different collision processcs
play an important role, and as the temperature dependence of the material
functions is much more influenced by the ratios of the particle densities
than by the cross sections, one can evaluate the unknown functions Zst( T )
from 6 (T) and (T ). From G( T ) the Coulomb cross sections

Z .=2..=2 and also Z__ can be determined. Interpreting the heat
ei Tii Tee ea

conductivity %/ one notices, that in the reaction regions the cross sec.
tions for the collision between the reacting particles play the dominating
role, i.e. Zai in the ionisation peak and Zam in the dissociation peak.
In the intermediate region Zaa can be determined with the help of

extrapolation and iteration.
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XI. Concluding remarks.

With the new cascade arc chamber a useful tool is created for heating

a gas up to full ionisation and even jnor¢ in a simple geometry i. e.

in cylindrical symmetry with inhomogeneous ends as small as possible.
A method for measuring the E( I )-characteristic has becn developed
displaying a good reproducibility of both the arc itself and the measuring
device. For the radiation measurements a new type of a fast thermo-
couple with high sensitivity was constructed. Procedures of precise
temperature measurements were tried out and applied to arcs in
various gases. Also the theory for evaluating transport coefficients
frcm the results of measurements has been improved particularly by
taking the absorption of radiation within the arc into consideration.
Finally the gaskinetic formulas for the transport coefficients were re-
vised to give the best approximation for arc conditions. So all supposi-
tions for carrying out the required measurements and for evaluating
these results to obtain the transport coefficients and the various cross-

sections involved are established.

The papers related to this research work (but by parts supported by
other instit\ﬂons)which are published already in scientific journals,

are listed below:

H. MAECKER. S.STEINBERGER und M. URBAN:
Eine Kaskadenbogenkammer flir sehr hohe Leistungen.
Z. f. angew. Phys. 15, 440 (1963)

A. MONTERDE-GARCIA:
Materialfunktionen von Bogenplasmen aus Charakteristiken-
messungen.
Z. Physik 181, 317 (1964)

U. BAUDER:
Temperaturmessungen am Argon-Hochleisturgsbogen.
Z. Physik 205, 303 (1967)

W. HERMANN und A. MONTERDE-GARCIA :

Bestimmung von Wirkungsquerschnitten aus Messungen an
zylindrischen Kaskadenbdgen.
Z. Physik 205, 313(1967)

H. MAECKER undS. STEINBERGER:

Weiterentwicklung der Kaskadenbogenkammer fiir hohe Leistungen.
Z. angew. Phys. 23, (1967)
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1'ig. 5 : a) Scheme of the radiation thermo-couple

b) Sensitivity of the thermo-couple as a
1 function of the locus of incident radiation
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