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Abstract 

An improved cylindrical cascade arc chamber is ~.-scribed in which any 

gas can be heated up to fulionisation 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 dicusaed and applied 

to several gases. In the argon arc absolute line intensities were deter­

mined spectroscopically by end-on ob,:,ervation. In this case the influence 

of the inhomogeneous layer, and especially at elevated pressures the 

selfabsorption has to be regarded. The N2 -arc is observed aide-on be­

cause of which ABEL1s inverlion ha• to be employed. For the Hz- arc 

a tube diameter of Z mm was used to overcome the arc instabilities. The 

measurements of temperature• in this arc were carried out by mean• 
of the relative intensity method by LAREN Z with a new procedure for the 

determination of the total line intensity. Temperatures up to Z6 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 aerie11 of transport functions, namely chctrical 

conductivity 6'(1' ), heat flux potential S ( T ), thermal conductivity ,C( T) 

and radiative emissivity u ( T ) without absorption, all as function• of 

temperature. At higher levels of current and temperature radiation 

abaorption within the arc ha• 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 purpose&. 

Thereby both experimental and theoretical procedures are available 

to determine trans~ort coefficients of high temperature plasmas. 

--------............... - ------···. ····-- ·-·· "· -- ···--·· ···-- ~ ·····-··-·- - ··-·--···. ·-- ··....,.._··---····- -··········--··-- ···-
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I. Introduction 

For the determination of the transp~rt coefficients in gases and plasma• 
of high temperature• and high degree• of ioni • ation method• are needed 

producing such high temperature• and providing a moat • imple geometry 

a • to minimize the efforts for measurements and evaluations. Both the• e 

requirements are satisfied by an electric high power arc constricted in 

a cylindric chamber suffering a high wall load. For such a well defined 

arc in any chosen gas fir • t of all the fieldstrength - current characteris­

tic i:(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 resultiit and using Ohm I s law the electric conductivity and its de­

pendence on temperature ft (T) can be evaluated. Thereafter the thermal 

conductivity as function of temperature )C (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 
• 

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 limit'ed · by the relatively large thicknes • of the plates. Thia 

is the caae, because the arc current which either may pa• s 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 disc• 

are uaed, a part of the current passes through the plate• which thereby 

are damaged at the points of attachment. 

Therefore it is nece •• ary to reduc e, the thickness of the plates, whereby 

the voltage drop over one plate is l- creased and the shunt over the plate• 

is inhibited. 

' ·I 
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In the former device in each plate the coolant had been running 

around the • hell of the central boring. At higher load the formation 

of vapor and the centrifugal forces had removed the water from 

the he ... ted wall of the channel causing thermal isolation of the hot 

•hell. Thi • can be avoided by a waterduct which seen from the heat 

• ourse is bended convexly. 

The central part of a cascade disc (fig. I) consists of a copper plate of 

22 mm diam. with a central hole. From aside four slit• are milled in 

with a circular • aw-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 thia alit the two parts of a brass-plate with engraved water 

channel• are in• erted. After having put together these parts water 

channela are formed 4 mm wide at their ends and 1 mm wide in the 

bended parts neal' the boring. By that construction the water is acceler­

ated near the channel and preaaed towards the hot wall. The case . ie 

plate i • covered by two sheets of brass which have a central boring as 

well aa four holes of 10 mm diam. for the water supply. The whole 

device i• ailver-aoldered; afterwards it is turn~d down to a thickness 

of 2 mm. The final form of the cascade plate is a square of 50 x 50 mm 
2

. 

For the asaembling of the entire cascade chamber (fig. 2) flat silicon 

rubber ring• of about 20 mm diam. and .s mm thick arc put between two 

neighbouring platea concentrically in order to tighten the channel to 

the outside apace. The holes !or thf: water supply are surrounded by 

pararubber ring •• Distance ma.aka made of hard paper 0, 3 mm thick 

guarantee an equal distance b€tween the platea in the compressed state . 

and inhibit the gaaketa 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 diacs. A specially formt:d 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 min diam. and a tube with a window for end­

on-observation. The water supply is performed by four borings of l 0 mm 

diam. parallel to the axis. Moreoverthere are four radial holes through 

which the isolated electrode• can be brought in. The cavities of both 

electrode• veasela are connected by two insulating equalization lines of 

large cro•s section in order to provide a quick compensation of possible 

pressure differences, and to prevent a gas flow through the arc channel. 
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Both equaliaation tube ;1 are furni • hed with a aupply pipe and a very 

amall exit hole for the ga• renewal, ao that only weak gaa flows are 

po• aible which moreover pa•• ov.tside the arc channel. 

Experiments have ahown that the electrodes must be brought as close as 

possible to the ends of the caacade tube in order to guarantee a stable 

arc discharge. Moreover the load limit is given by the tungsten electrodes 

rather than by the cascade plate•• 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 gaatight and i • olated 

inside the radial guiding hole of the electrode housing. A too intensive 

cooling of the electrode cauaed by shortening of the tungsten rod ha• to 

be avoided, becauae ve1·y small electrode • pots are built thereby from 

which disturbing tungsten vapor jeta r."ight be ejected. By the very 

inteni;e cooling and the reduced thickness of the plate• an elevation of 

the power input limit ia achieved. In a ca• cade channel with a boring of 

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

arc length corresponding to a wall load of 12 kw/ cm2 and in a ca• cade 

of 2 mm diam. a power input of 12.s kw/cm corre• ponding 20 kw/cm2• 

The cascade arc chamber can be used without any ve• sel for any ga• 
and at elevated pressure (to date up to 20 atm. ). Side-on as well as 

end-on observation is feasable. By positioning the electrode close to 

the cascade-end• the inflt.1ence of the inhomogeneous layers . can be 

minimized. 

.! 
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III E-I-Characteriatic Measurements 

The improved arc chamber facilttatea the measurements of tl,e E-I-char­

acteriatic considerably. Since now there i• 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 plate a . can easily be measured. 

In order to establish a good connection from the arc column to the probe 

, ,late• an electron current of 150-200 mA is impressed from t'he arc to 

f.:ach of the probe plates. Exact equality of the two currents is necessary 

for the elimination of inaccuracies in the field strength measurements. 

This equality is controlled automatically by an appropriate electronic de­

vice which stabilise• the absolute value of each current with a maximum 

devation of lees than o. S 1,. For the exclusion of errors caused by bias 

curr,~nt• flowing through the cooling water the cascade ia devided into 

two section• of ten plates each, both cooled by separate cooling circuits. 

Since each of the probe plates belongs to a different eection of the caecade, 

the re• i • tance between the probes is •ome megohms. Be11ides, the probe 

plate• are arranged sufficiently far away from the end plates as to elimi­

nate any influence of disturbances due to the electrodes. 

The E-I-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 2 in the current range 

from 3 to 500 A shown in fig. 3. 

Furthermore characteristics were measured in H2 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
2

-arc becomes instable for currents higher than 

ZS A a• 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 exitlts and radiation 1011es may be neglected. 

Fig. 4 ahow• a characteristic for H2 which is composed of measurementa 

at 2mm, 5mm and 20mm diameter, the latter two converted to 2mm diar 

meter. For the region, marked by daahed lines no mea1urement1 have been 

carried out •o far but they will be accomplished in the next future. 

I 

I 
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For the mea•urement • in the variou• ran1e• of arc current different 

• eta of electrode• with appropriate ballaat reahtora for each electrode 

were u1ed a • to achieve a symmetical current distribution over the 

electrode,. An axially mount~ elect~ode of 5 ..• 10 mm diameter wa• 
chosen for the current range up to -to A, for the range 10 ••• l 00 A four 

thin electrodes (4 ... 5 mm diam.) radially directed were used, whereaa 

thick radial electrodes (10 mm diam.) have been employed for current• 
higher than 100 A. The thick electrodes turned out to be un• uitable for 

currents leas than 100 A becau1e due to the small load of each electrode 

the arc current was no longer distributed equally to the four electrode •• 

Some difiicultie• which arose during the characterisHc mea• urement• 
could be overcom~. For examplt-, the N2-arc •bowed atati•tically in­

atabilities in the range from 30 to 70 A; the• e could be avoided by 

providing a thick prer.iiaure equalisation connection between the electrode 

houaing1, and by reducing the ga1 flow to a £ninimum aa already mentioned 

b9fore. In addition large buffer ve •• el• were connected to both eler.trode 

houaing• in order to damp acuatic o• cillation•• So a atable operation 

of the N2-arc could be achieved al• o in the range from 30 to 70 A. 

In Argon two different mode• of diachargc- have been ob1erved for 

current• le•• than 20 A. Only one of theae yield• the true characteriatic 

c,f the argon arc, the other one may poaaibly be ascribed to a low voltage 

arc. Furthermore, the argon arc exhibits oacillation.a when operated 

with impreaaed probe current• at arc currem-• lea• than 30 A • 
...... 

Another·diffic"1,ty occured during the measurement on the H2 -arc. The 

high electric field • trength belonging to : low current value• aometime• 
cauaed a f!aah-over between neighboured ca1cade plate •• Beaidea, for 

low current• in H2 the differential re• istance ha• high negative value• 

ao that the total ayatem arc-power aupply be1an o • cillating. Ti.e latter 

difficulty can be overcome only by providing aufficiently hiah balla• t 

reaiator• damping out theae H-F-oacillation• and •tabili1in1 the total 

ayatem. 

In 1pite of all precaution• trouble ariae1 during the characteristic 

mea1uremen.t1 at low current• affecting the accuracy of the mea1urement1 

I 

!I 
I 
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which thereby i• not better than 4 o/o. Thie disturbance• are due to amall 

atatiatical "jump•" of the field strength causing a small parallel ahift 

of the plotted curve. Jump• of the eame type occur when the voltage 

between two probes ie recorded in dependence of probe current for 

conatant arc current. These perturbations are possibly due to an 

electrode phenomenon at the probe: The impreased probe current 

aometimes form• 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 ia being developed which is hoped to suspend all these 

difficultiea. 



' 
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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 1. .. 2 /J thick Al20 3 -

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 fin~ers 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. Z volts/watt, and is 
z 

constant over an area of Z x 0, 7 mm whereas the arc is represented 
z 

on an area of 1.6 x 0.1 mm only. 

The measurement of the radiation is carried out side-on through a slot 

as small as o. 3 x 5 mm
2

, 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. Thia 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 measurement• are 

shown in fig. 6. 

--
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V. The radial temperature distribution in argon arcs. 

The temperature measurements in an argon arc have been carried out 

with a cascade chamber of 5 mm 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 1 mm limits the aperture of th e light 

beam to 1:7 0 (telecentric system). This set-up provides a correlation 

between ~ach 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 

where 

1 
g -E /KT 

-- Arnn m m h L 47r n z:-e V 

transition probability 

= number density of the emitting particles 

= statistical weight of the upper level 

= partition function of the emitting particle 

= length of the emitting layer 

Below the normal temperature T (for argon: T t • 15,000 °K. n n.a om 
T f' t. •21.000 °.K). IL is a sensitive function of T which makes n. 1rs 10n 
thi• intensity to a suitable thermometer for the temperature range of 

the investigated arc. The radial temperature distribution has been 

determined u • ing the lines: 
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A I 4300 A with Am 3. l x 105 - l 
= sec n 

A II 4637 A with Am 64 X 10 5 -1 
= sec 

n 

In addition to these line measurements, the temperature was al10 

derived from the continuum intensity IK: 

SCHLUTER gives the following expression for IK: 

(I-eh V/kT)+ 0 -hV/kT 1 L 

) 
where 

zl = partition function of the ion 

T = electron temperature 
e 

J(v) = correction factor 

The continuum intensity is less sensitive to the temperature than the 

line intensity. 

Corresponding to the !mction J ( v) determined by SCHLUTER, the value 

f = Z has been used for the calculation of IK at 4 300 R.. 
One difficulty with end-on observation of the cascade arc is that the 

length t of the emitting column is composed of the sum of the useful 

ca1cade 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 

X,.y ( 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: 

where 

By = Kirchhoff - Planck-function 

Xv = absorption coefficient 

1' 
I 

,, 
I 
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If this equation is applied to arcs with l'-' o different lengths L1 and 1,2 
(lz > ll ), Xv can be eliminated: 

1112 = B11 [ 1 - (1 - ~: 
1 

) Lzh] 
Assuming at first the optical depth~ ti<< 1 and therefore Iv1(( B~ , 

the series expansion may be cut off to yield 

lz 
1 ~z =r Iy 1 

1 

In a logarithmic plot, the fuction 1.,
2 

( I ti 1 ), with the assumptions made 

above, is a 45° straight line which intersects the ordinate at the point 

ln lz/l1. 

If the optical depth is Xi, L
1
)) 1, both intensities I y 1 and I., 2 are equal 

the Kirchhoff-Planck function Bv . In the logarithmic representation 

Iv 
2 

(I \I 
1

) this 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 

Ln t
2
/t

1 
on the ordinate. The difference Lz - 1,

1 
is known from the expc ri -

ment (number of cascadeplates); therefore L.z and',, the effective arc 

lengths, can be determined. 

These measurements have been performed with 12 and 22 cascade 

plates, the corresponding difference L.z - 1,1 is equal to 2 3 mm. At 500 A 

arc current, the ratio of the lengths has t>een dete~mined to be t
1
/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. 

J 
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The procedure consists of a logarithmic plot of the calculated total 

intensities of two apec tral lines (one of them rna ·; be replaced by the 

continuum inten1ity anywhere)againat each other, The reault ii a 

function in which the temperature T ia parameter . When the mea1ured 

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 been plotted and show good agreement be-

tween measured values and theoretical predic-tions. 

A II 4348 R. a transition probability of Am =- 11, 5. 
n 

used, corresponding to the value given by OLSEN. 

For the ion line 
7 .. 1 

10 sec has been 

Figs. 10 and 11 show the measured radial temperature distribution 

across the argon arc at t•;,,o different pressures ( 1 atm and 5 atm) 

for various arc currents. From fig. 11 it can be seen, that the high pres­

sure arc has a flatter temperature profile than he atmospheric pressure 

arc. 
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VI, Temperature Measurements in the N~-Arc, 

For the inve1tigation1 on the Nz -arc a caacade of S mm diam. ha• been 

used, The maximum arc current can be raised up to 550 A. It ia limited 

by the melting of the anode tungaten rod• (lZmm 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 pr0per lines were 

registered by means of a plane grating spectrograph (PGS Z, Jenaoptik} 

Above 20. 000 °K the nitrogen spectrum fig. lZ 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-section of the 

arc in end-on observation shows up a blue colour at low currents from 

the molecular radiation; at currents above ZO A the well known white core 

appears emitted from the atoms and electrons. At currents higher than 

300 A a new violet core arises with in the first one originating from 

the ions. 

For the determination of the radial temperature distributions the 

absolute intensities of the NI line 4935 i and the NII lines 3995 ~ 
4488 i, 5045 ihave 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 SO A are shown in fig. 13. In fig, 14 the axial 

temperatures are plotted versus the a re current. Additional values taken 

from measurements by H. MAECKER are inserted too. The highest 

temperature achieved in Nz is 26 000°K corresponding to degree of ioni ­

sation of lZS 1-, These radial temperature distributions are used together 

with the E-1-characteristic to evaluate the electrical conductivity ~ ( T ). 

As a first result the 6' ( T ) curve is shown in fig. 15 together with a 

theoretical curve according to YO$. 
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VII. Radial temperature distributions in the Hz-a re. 

The H
2

-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 orde1· to overcome these instabilities it was to c.:larify whether they 

arise from perturbations in the electrode regions or whether they are 

a feature of the arc column itself. Therefore the H2 -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 highest arc turrents employed. It is abvious that under these circum-
perturbatlons 

stancesYin the electrode regions can not affect the arc column. Therefore 

it has to be concluded that the instabilities of the H2 -arc column are a 

phenomenon of the column itself. 

The onset of the instabilities occurs at curren1$depending on the cascade 

bore ae 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 

H2 -arc up to high powers. Therefore the measurements of the radial 

temperature distribution were performed with a 2 mm ca• cade. 

The used cascade arc chamber is assembled by 24 plate• 2 mm thick. 

Radial temperature distributions are measured spectro•copically at arc 

currents up to 150 A. The input power of 11. 7 kw/cm correspond• to 

a wall load of 18. 6 kw/cm
2

• 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 temperatU!'e of 16 000°K and decrease again with }1igher temperature• 
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(fig. 18). Therefore the inter..sity in an arc ha• a maximum at a certain 

radiua which move• outwards with increaaing current• while a growing 

depreaaion in the axis of the arc occur• (fig. 19 and 20). Meaauring an 

inten1ity distribution like this from aide-on is not reasonable , because 

the errors of the resulting axial intensities 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 good 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 in!,omogeneous layers 

contribute a notable amount to the intensity especially in the axis of the 

arc, becauae 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 ,:arried out using a short arc 

cascade con• isting 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 inhomogeneou1 

layer• 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 Ha 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 measurement• 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 Ha for a certain radiu• by 

integration along the waveleng~h. a procedure is applied which eccludea 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 reaulta 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. Practkally 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 ZO to 150 A are shown in fi~. Z 1. 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 

S mm diam. cascade at ZO A and reduced to a cascade of Z mm diam. by 

means of the scaling law is added. 
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VIII, Determination of material function• from characteri1tic 

meaaurement1, 

The behaviour of a cylindrical arc dilcharge ii governed by ELENBAAS­

HELLER'• differential equation, which describes the balance between 

the energy produced within a volume element by OHMi s heating and the 

energy lost by heat conduction and radiation: 

2 
51: - u + 1.L ( r . ')G clT) = O' 

rdr dr ( 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 O""'( T ), ~( T ) are known, this equation can 

be used, to compute the integral characteristics of an arc discharge 

E( l )' and U( I ), i. e, the electrical field strength and the total radia-
~psmdent1 

tion on arc current, as well as the radial temperature distributions 

T(r, 1). While it is interesting to compare the results of such computa­

tions: with experimental values, it is moce· important, to use the 

measured E{ I )-, U( I )- and T(r, !)-curves to determine the material 

function• of the arc gas with help of ELENBAAS-HELLER'• energy 

equation. Several approximative methods have been described to compute 
:T 

Ci"' ( T ) and the heat flux potential S ( T ) = J '><i dT from the integral 
0 

characteristic• and the temperature distributions using a special 

functional dependence of on S. In this chapter a way is de1cribed by 

which G' ( 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 result• for nitrogen 

and argon, as it is already published in detail (A. Monterde-Garcia: 

Z.Phyaik, 181, 317(1964)). 

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

~ = r/R the energy equation reads: 

(la) 

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

with the ga• propertiea: 
1 

U • 'll'R2 ~ 11 df 1 

0 
( z ) 

I 

I 
j. 
' 
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( 3 ) 

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

1 
G = 1rR2 l od~2. 

0 
( 3a) 

In a I - ~z _ diagram iso-S-curves can be drawn {fig. ZZ). Since S, 6 

and u are unique functions of temperature, the iso-T, tS and u.-curves 

coincide with the iso-5-curves. 

1 
I 

Im 
lm-1 ~----""1fl'---#--------I 

lz 

11 

6 ,u~ 

o..,_ _____________ __ 

0 1 

Fig. ZZ: !so-curves in the 1- ~
2

-ciiagram. 

Z Z 2 
The 1- ~ - plane extends from ~ = 0 to ~ = 1, and from I = 0 up to 

unlimited I-values. It is assumed that S equals zero at the tube wall, 

i. e. for ~Z = 1, and for zero current: SJ = 0 • 0: S 'tz =1 = 0 • 

The whole plane is devided into small region• by horizontal • trai1ht lin~s 

Ii = const. and by • everal Sk = con• t. -line•, which ori1inate in the 
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z axil ( ~ = 0 ) at the current I = lk . Tht· pointjlof intersection between 
; 

the1e both familie1 have the radii ll '- . k . 
.,. 1, 2 2. 

Going along a 1traight line Ii = const. from ~ = l to ~ = 0 the 

index k. in ,\, k is running from k = 0 at the wall to k = i in the axil. 

In the • tripe between two consecutive Sk-curves, Sk and Sk- l ' 

particularly at the current I. between .o2 . k and ~ 2 . k- 1 . 6" a ".'ld u 
l ~ l, l, A 

are postulated to be constant and are marked by the index k, i.e . 6"k' :1k 

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

JrR2. { Uj ~·\: ·\ 

j~t-1 

U· ~ (l z.)} - + U· . . - .. - J J ~•-J-1 ~ • .,J ., I 
(Za) 

\ . 
'11'R2 l 51 ~~)-1 

J•t-1 

G- = + ~ ~ ( ~~ ·-1 - ~ f ') J I . f 1,J .,J 
J• 

( 3c) 

F th
. z. 1 . z() z or e inmost C> -interva , 1. e. between ~ .. =0 and tt> .. 1 the ) °"> 11 ") 1, 1-

energy balance equation reads: 

(lb) 

For all oaier intervals the energy balance equation can be transformed 

into 

A ~ + B ( 1 - e~ - ~) - C , (le) 

where 
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The evaluation i• •tarted at the loweat I-value, 11, for which '5" and u 

are aaaumed conatant over the whole radius. There u1 • 6"'1 aa well a1 

s1 • S(I1, ~z • 0) can be computed according to (2a), (3c) and (lb). 

Progre1aing atep by 1tep to higher current value,, at I all 5-valuee m 
except that in the axi1, i. ?. S , and the G- and u-value1 for all intervals m 
~~k - ~'2m ~-1 except the one bordering on the axis are known from the step 

I' 1• Therefore at this current I all intersection points m2 . kcanbe 
m- m "'1, 

computed with the help of (le) going step by step from the outmost 

intervall to the axis. The still unknown quantities u and 5: in the 
m m 

inmost interval can than be computed using (Za~ and (3c) and with these 

value, the increase in S, i.e. 5 - S 1 and thereby 5 from (lb). Now m m- m 
everything i• known at the cros1 section I = I = const. and the evaluation m 
at the following current- step can be started. 

In thi1 way u(S) and 6"(5) result. as 1taircase function,, which can be 

1moothed out properly. At the same time S(r) i1 determined for every 

current value. 

If one or more radial temperature diatributions T(I, r) are mea1ured on 

an arc di1charge, the functional dependence S(T) can be determined 

comparing T ( r ) and 5( r ). Thia can be used to derive the tempera­

ture dependence of e-(r), as well as the thermal conductivity ">C( T ) 

according to 

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. Eneray tranlfer by radiation. 

When evaluatina in the de1cribed v._ya strona deviation of the experi­

mental re1ult1 from the theoretical curve• above a certain temperature 

in the ca1e of nitrogen and argon re1ulte. It can be shown that thi• i1 

mo1tly due to neglecting the ab1orption of radiative energy within the arc 

ga1. Th~refore this chapter deals with the energy transport by radiation 

generally ~nd in the special case of cylindrical symmetry as given in the 

arc ca1ca e. 

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

6'E
2 

- div 1s - div iT = 0. 

or written for cylindric symmetry: 

2 1 d dT 
etE - u+rdr (r>c:dr) = O. 

t!!TE
2 

give, the gain of energy per unit volume by OHM'• heating. 

~T =-><.Qr i1 the heat flux vector. ~ ia the radiation flow vector, so 

that div q5 = u : : e - a i1 the difference between the energy e, 

emithd from the \lnit volume, and a, the energy ab1orbed within it. 

In former evaluation, only the term e in u had been con1idered, i.e. the 

ab1orption of eneray within the arc column had been neglected, 10 that 

u = e( T ) = u( T ) could be taken aa a unique function of temperature. 

In more accurate computation• the term a, which ianfonger a unique 

function of temperature, mu1t be taken into account too. 

The optical behaviour of a gaa ia described by the coefficients of 

emi11ion and absorption: 

~ = coefficient of emisaion per unit volume, time and frequency 

~ = coefficient of abaorption of radiative energy per unit length. 

Both coefficient• depend very strongly on frequency. Therefore, when 

determining a = 
0

jcootl> d~ the absorption per unit volume and time, 

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

frequency range at a certain frequencyt 

r 

av= OC.y(r•O) · H~ ~.v(r) ·exp(-) "'-.vd~ )+2. · clV. 
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Here r i1 the di1tance of an emitting element from the point r = 0, whe re 

the ab1orr,tion a)) ii to determine. 

Similar formulas for ii.:,S and is can be derived. Since the exponen-

tial in the fromula for a.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 certa in leng th 

of order of magnitude l/ei.,,, As long as exyand ~do not change very mur.h 

within this region, it is useful to represent both -x.11 and ~ by a Taylor's 

series around r = p. Inserting these into the formulas for a .v or q.))S the 

integration can be carried out. If the constant term in the series for 0<pand 

the constant and linear term in the series for £>'are sufficient, to describe 

the o4-curve and f.., -curve within the interesting region, which is the case 

for very strong absorption, there results a linear dependence of i')ls on 

'vT, when KIRCHHOFF's law is used (representation of heat flux by a 

diffusion equation). 

U higher terms in the two series have to be considered, i.e. when~is smaller, 

direct integration for a given ~(r,.a-: Cf) dependence is more advantageous 

as regions with very different temperatures contribute to the absorption 

at a certain point. 

For a very small coetficient oty the absorption per unit volume can be 

negligible small compared with the emission per unit volume in same 

region• 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 ay or ~ is 

necessary for a given~- and £,,-curve, which is a very timecon1uming 

task. In 1pecial symmetries t.he formulas can be simplified. For cylindrical 

symmetry, as given in the cylindrical arc column, there re1ults for a)) : 

~ 11"" 

8h))3 ( ..l- ( hY) J B(d) 
«i,(r)= - c2 ocv(r) ) '-"'( e"P - IT Ol../f1.) -~ . d'f V 2 2 2 , ' 

o o r -+ ~ - r ~ co:,~ 
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r = distance of the ab1orbing element from the axis 

~ = distance of the emitting element from the axis 

R = radius of the a re 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. 

OD 

B(d) =- J dv exp (- vd) 

1 
vY y2. -1 ' 

' ) 

&{O) 

cl& 
dd 

'1T 
=y 

= modified BESSEL'• function of the second typ. 

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

on the plane z = o. 

A(r, o, o) 

cl- ( ~,, d.s 
<f(~,cp,O) 

where de is a line element of the connection 

between emitting and absorbing element, projec­

ted into the plane z = o. 

As cc,, is a function ~f radius only it is advartageous to transfer the line 

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

For a given diatribution of T( r ) and °'JI( r ) one can compute a)) ( r ) 

and e.v ( 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: 

l? 
a.,(r.o) = °'l,(,.o>J e,(~I B(d) cl~ ; 

~ 
d.= Jal)/( 6) clb . 

0 
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b} I£ the emitting region is confined to a small ... nannel around the axis, 

the ab1orption per unit volume out• ide the emitting zone ii given 

approximately by: 

where F( J: , k) = LEGENDRE's normal integral of the first kind. 
r 

g
0 

= 
0
J oCy (b) db 

~max= radius , at which E>'~ has it 1s maximum. 

c) In the case that in most parts of the column strong radiation is emitted, 

an aproximative formula for av resultfl, if computing the projection of 

the optical length, d, for a fixed r and~ a mean value for ~ independent 

on q> , namely cic)IM• is chosen. Then a)) can be written as: 

R 

<1v = 4 °'JJ f J~ lv G ( ~ J ~ °'>'M) j 

0 

where G( ~/r, ~c(>'H) only depends on the two functions ~/r and ~J.IN• 

For f 1 ecial -:-, ~- and oC~-values the function G(~/r, ~o{Joltt) can be 

read irom a diagram representing G over f;/r with ~a• parameter. 
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X. Determination of ave1'&&e c olli 1ion c; ro1 tt ..!!.!..! '....~~ 

If the temperature dependence of the electrical and thermal conductivity 

e' ( T) and X,( T) are given, the average collision cro11 1ection1 and 

their temperature dependence can be evaluated with the help of the kinetk 

theory of gaaes. For thia purpose in this chapter formulas are derived 

for the material functions 6'( T ) and Ki( T ), which thanks to spt:c.:ial 

simplifications are sufficiently clear i.n their dependPnce 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 partic:les in the gas . 

Deriving formulas for the electrical conductivity 5"' and the thermal con­

ductivity Ki deviation from MAXWELL-equilibrium must be assumed 

for electrons as well as for heavy particles. Computing the heat con .. 

ductivity of electrons Xe three terms in the series of orthogonal functions 

deacribing the velocity dependence of the electron distribution function 

have been taken into account. In all other cases only two terms in the 

aeries 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 s and t have 

been reduced to one average cross section Zst" The connection with the 

CHAPMAN and COWLING ~Q- integral is given by: 

Z.st = s 

The resulting formulas for the material functions are complled in the 

following sections: 

a) Electrical conductivity: 

where 

A2 + 1.697 A + o. 697 
~(5'- o.s17 A2. + 2.019A + O.fl44 J 
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b) Heat conductivity in the dissodauon reg1 .:1r, 

?G = ~ '\ /3 k • D(T)· na. . __ 1 . ( I ·-+ ·, ddTna ) . 
:D 4 V~T na. + 2nm ~m na 

where. 

". and X~ are the common contact heat conductivities due to atoms and 

molecules, ~ 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 

Xe= 75 k, / kT . n . t ~ 
1G V · 2me c.. 8 '/2 ne lae_ + 26 ( l1e Ze; + na.Zea) · XI ' 

A2 + 1.28 A + o.4os 
~K. = 0,4~2 A2 1- 1,43> A + o. ~65 ; 

" c 3, W. I{T} ne . J_ ( 1-+ .I_, dne) 
I V ~ Tie+ na. z~i ne d.T J 

• J 
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In the ionisation region the heat conductiv11y c onsists of the contact heat 

conductivities by atoms, ions and electrons ~,Ki and ~ and Kl'the 

heat conductivity due to t>nergy transport by ambipolar diffusion processes. 

Generally ,i; can be neglected in comparison with ~· I( T ) represents 

the energy needed for one total ionisation process. 

As in regions of different degree of ionisation different collision proc c .s .sc :5 

play an important role , and as the tempe rature dependence of the mate rial 

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 o( T ) the Coulomb cross sections 

Z .= Z .. =Z and also Z c an be determined. In terpreting the heat e1 11 ee ea 
conductivity ?(.,, one notices , that in the reaction regions the cross sec .. 

tione for the collision between the reacting par t ic les play the dominating 

role, i.e. Z . in the ionisation peak and Z in the dissociation peak. 
a1 am 

In the intermediate region Z can be determined with the help of 
aa 

extrapolation and iteration. 

-.11111a _____ _ ___ ..........__ ·······-- ·· ... ....... ........ .. ..... .. --.... .. ....... . .............. --·---··--.. 

I 1 
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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 1nc>rl.! 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 be (·:~ 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 

fre,m 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 part• supported by 

other institmona)which are published already in scientific journals, 

are listed below: 

H. MAECKER. S. STEINBERGER und M. URBAN: 

Eine Kaskadenbogenkammer fur aehr 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-Hochleiatungsbogen. 
Z. Physik ZOS, 30 3 (1967) 

W. HERMANN und A. MONTERDE -GARCIA: 

Bestimmung von Wirkungsquerschnitten aus Messungen an 
zylindrischen KaskadenbOgen. 
Z. Physik ZOS, 313(1967) 

H. MAECKER undS . STEINBERGER: 

Weiterentwicklung der Kaskadenbogenkammer £Ur hohe Leistungen. 
z. angew. Phys. Z 3, (1967) 
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