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Ionization in the Plasma of a Copper Arc

Chailes H. Corliss
(Trecember 3, 19461}

From the relative intensitiea of arc and spark lines observed in & d-¢ are in air between
copper elecirodes, the degree of ionizetion of eleven elementa added to the copper haz besn

determined. With the nid of Msha'a iopization equation

the electron density in the ara

wiag celeulated to be 24510 e+, Partition functions for atoms and jons of 29 elsmenta
are newly caleulated or estimated and & table of firet ionization potentials and partition

functigons of atome and ions for seventy clements s
saventy elemunta separately added to ihe are is calealatod.
ndent spectroscople and elaetrlesl determinations,

are 7 confirmed by three inde

rsented.  The ol lonization of
The clectron density in the
The

deta developed in thie paper will enable the enlenlation of relative transition probalilities
from the inteozities in the NES Tables of Spectral-Line Intensities, :

1. Introduction

It is poseible to determine the relative transition
probabilities for the lines of a particular spectrum
emitted by a hot gas, from measurements of the
relative intengities of those lines, provided that the
excitation in the radiating gas can be described by
Boltzmann’s law, It is necessary to know only the
temperature of the gas, If the relative transition
probahilities for lines of both the first and seeond
spectra of an element are to be determined on the
samnge scale, the degree of ionization in the radisting
gas muet be found.

In this paper we shull investigate the ionization in
the positive column or plasma of & 10 amp d-¢ arc in
air between copper electrodes, This 1z the are
which served as the light source for obtaining the
intenf:ijf values reported in the NBS Tahles of
Spectral-Linc Intensities [1]L

In that work, an element ynder Investigation was
mixed with pore copper powder in the atomic ratio
of 1 to 1,000, The mixtyres were pressed into solid
eylindrical pelletz 1 in. in diemeter, 1 in. in leneth,
and weighing about 1} g. Tha pellata wera mountad
ag electrodes in water-cooled (ﬂamp-s and a direct
current of 1} nmp passed bhetween them from o
220-v line with a resistive bollast. A 3-mm gap
between the clectrodes was imaged entircly within
the aperture of u stigmutic grating spectrograph by
a lene at the alit. In this arrangement light from
all parts of the arc stream contributed to the spectral-
line intensities. Although the temperature and
electron density in the arc stream are functions of
the aZial apd radial itions, we deal here only
with mean velucs which are inhereptly weiphted
according to the intensity distribution in the are.
The excitation in this light soures has been shown in
o previous paper [2] to follow Boltzmann's law.

2. Relalive Intensities of Arc and Spark Lines

When the intensity ratio of lines from neutral
atoms and ions of an element is known io such a hight

1 Flgured in brackets indicats the literatore references st tho end of this psger, |

gouree, it is possible to ealeulate the relative particle
denaity of atoms and ions for that element, if the
ahsolute transition probabilities or absolute ﬁ-valuea
for those lines are avsilable. Designating quantities
associated with & neutral atein and its speciram by
the supereeript © we can write the Einstein-Boltzmann
equation for the intensity of a line of that epectrum
it the form

N® -2

ID=? hl_ugoAua T, {1}
In this equation A iz the particle density of neutral
atoms, «° is the partition funetion for the atom which
expresses the distzibution of nautral stoms over their
possible energy states, hv® is the energy of & single
photon, ¢° is the statistical weight of the upper state,
A% is Einstein’s transition probability for the particu-
lar line, E® ia the energy of the upper state, & is
Boltzmann's conetant and Tis the temperature of the
copper arc. I we write a similar equation, desig-
nating quantities asociated with an ion and its spec-
trum by the superseript *, and take the ratio of the
two equations, we ohtain

I°_N®wt 5 £ A0
TN u o gt dr ©
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For convenience we make appropriate subatitutions
of A instead of # and gf instead of g4 and solve for

N+IN®.
N+t (I ut (gf)° 4222
N ) ®

For computation we take common logarithms and
insert & nutnarical value for Boltzmann’s constant.
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1n {4}, £ & in klokaysers and Tisin °K.
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Of the 70 elements in the NBS Takbles of Spectral-
Line Intensities, there are, at present, only 11 for
which zll the quantities on the right side of eq (4) are
known., The data used in oblaining the numerical
solotions are given in table 1. The 11 atoms and
iomg are listed in order of ntomic number in column
1. The wavelengths and intensities for the firat
term of the right member of &q {4) are taken from the
Tables of Speciral-Line Intensities and given in
columns 2 and 3. In most cases, the total ntensity
for n multiplet is ueed; and only the first 4 figures
of the wavelength of the leading line in the multiplet
are histed. When f-values wete available for more
than one multiplet, an attempt was made to sclect
multiplets of moderately hipgh intensity for each
spectrum. In cases where a single line i8 veed, the

ecimals are given also. For the second term we
list in column 4 the partition functions calculated by
(lans and given in tables 27 and 29 of his paper (3.
In ¢olvmn 5 are Jound the sums of the a.bsul‘l)ltra af-
values for the lnes. With two exceptions, only
theoretical gi-values or experimental relutive values
adjusted to a theoretical absolute aeale are emploved,
This iz done because of the scarcity of experimental
absolute values, especially for second spectra. The
value for Cd i, however, 18 a measurement in ahsorp-
tion by King and Stockbarger [4]. The value used
for Pk 1 iz Siephonson’s measurement |5] for the
corresponding trupeition in isoelectronic T1i.  Refer-
enced to the oripin of the abeolute gf-valoes arve piven
in eolumn 6.

The energy levels of the upper states given in
colunn 7 are talken from the Tables of Spectral-Line
Intensitice and are given in units of kilokaysers
{1 kKK=100%) cn— "),  For multiplets, weighted mean
values are given, These values are used in the lust
term of eq (4} along with the temperature of the
COPPET ATe determina%l in a previous paper [2]. This
temperature (5,100 °K} was determined by com-
paring 31 sets of experimental relative transition
probabilities with the corresponding spectraldine
intensities megsured in the copper are and reported
in the Tables of Spectral-Line Intensities. '1%?3 log
ratioc NN calculated from the data in the table by
means of eq (4) is given in column 8 and the percent
ionization of the element in column 9 is simply

100N+ 100N*/N®
NCENT I+ N°

The principal source of error in these determins-
tions of ionization lies in the absolute gf values,
which arc uncertain by more than a factor of 2.
The mtenszities contribute an uneertainty of 20
percent, and the temperature of the copper are
contributes from 2 percent to 12 percent, depending
on the value of (E+—E*).

3. The Ionization Egquation

The procedure used for the 11 elements dizcussed
in the previons zection cannot be employed for the

Tapre 1. Experimenia! delerminalion of ionizalion for eleven
dements in the copper arc
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determination of the degree of iomization of the
remaining 59, For these latter elements, the cgua-
tion of ionization first developed by Saha [11] will
be used. This is an equation describing the equilib-
rinm existing, in a bolt gzes, between the relative
concentration of atoms and ions of any particular
atomic species and the concentration of free electrons,
2u a function of the temperature of the gas ana the
omzation potentin]l of the atom ynder study. For
our purpose it is convemient to write it in the form

N+
N°

_V

__{2emRTyR 2yt 4 ®

Ny= iE © £

P

where N, is the electron density, m is the mass of
the alectron, and V is the iomzation potential of
the atom,

3.1. Flectron Densxity

For the 11 elements treated in the previeus section
all gquantities in eq (5} are known except N, The
mean value of N, determined from the evaluation
of these 11 cases can be used to calculate N+/N® for
other elements for which partition functions and
ionization poientials are known or can be estimater.

For computation we write eq {f) in the form

Nt !
log N,=21 245—0.988V—log NE_]Dgﬁ (6)
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in which T ia taken to be 5,100 °K, and ¥ 12 in volis,
The 11 values of N, are given in table 2, Logarith-
mic averaging is appropriate here because crrors
proportional to the magnitudes of the guantities
are involved.

Tavne 2. Caleulation of elsefron

density M.
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The nverage value of electron density determined
from the values in talde 2 is 2.4 X101 electrons/cm?®.
Thiz corresponds to an electron pressure of 170
dyneafomn® or 1.7x107* atm at 5100 °K. The
average deviation in log N,, given in table 2, torre-
sponds to a range of N, from 0.9 to 610" ¢m=3,

Thia large uncertainty originates in the wncer-
tainty ufmt:ﬁe whzolute velues of gf. Consequently,
it appears that the degree of ionizntion of the 11
elements listed in table 1 would be more accurately
determined by recaleulating AHINT from eq (6],
using the mean value of N, obtained in table 2. We
will adopt this procedure and caleulate the degree
of ionization for all 70 elements. Rewriting eq {6)
and substituting the mean value of log NV,, we have

N+ #°

‘The straight line in fgura 1 is & plot of this cquation.
The points represent the directly determined experi-
mental values from tabla 1. ’[yhe glope of the line
is fizad by the temperature (5,100 °R) determined
in a previous paper [2] on the assumption of a BoMz-
maon distribution of energy. The location of the
. peintz with respect te this elope indicates that this
' temperature is appropriate to the caleulation of
ionization as wall az excitation.

3.2, Jonization Potentials and Parlition Functions

For ‘aceurate solutions of eq (7) we need good
values of the ionization potentials and the partition
functions. JYonization potentials listed in table 3,
column 2 are tsken from volume ITI, table 34 of
C. E. Moore's Atomic Encrgy Levels [12] with the
exception of those for the rare cartha and the more
recent values for Ge [13], Hf [14], Os [15], and Ir [18].
For the rara carthae, faiely Eood speclroscopic values
are gvailable for Sm [17], Eua [18], Gd [19], Yb [14],
. and Lu [20]. The ionization potentials of the re-
maining rare earths are unknown, but as a group
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sl an electron Qenaity of 242107 cm—,

these elements are remarkably uniform in their ease
of ionization. The values given in parentheses are
astimates baged in some cases on gdjusted nonspec-
troscopic vajues [21], [22]. They are likely te be
not more than 10 percent from the true value.

The partition functions at 5,100 K for the £1
elements Li through Ge, Bb through Mo, Pd through
2n, Cs through La, snd He through Bi in columns
4 and 5 of iable 3 are taken from %laas 3]. Parti-
tion functions for 15 additienal elements for which
knowledge of the speciral terms js reasonably com-
plete weore calculated {rom the equation

£
gl et = g, 10701 (8)
L3 L

for all levels vp to 14 kK. Above that vwalue the
Boltzmann fector is less then 2 percent. The parti-
tion functions for the 11 remaining elements eculd
noi ba accucatcly detcrmingd becauss nowledge of
the speetral terms is ineomplete or wholly lacking.
Eatimated or assurmed velues, bazed partly on spec-
tral structures predicted by E]inke.nlie (23], and
parily on comparison of the character of the abserved
apectrum with that of sitttilar analysed spectra are
given in parentheses.

The mothod given above for caleulating purtition
functions for well-analysed spectra gives waliles in

racment to about § percent, with those ealeulated by
ﬁé%aaa The assumed values (in parentheses) probably
diffar from the true values by less than a factor of 2.
The more raliable values a,ng estimates sugpeet that
for most of the rare earths the value of «°fut lies
between 0.4 and 0.3; accordingly, a value of 0.6 has
been assumed for the inadequately analysed rare
aarihs. This may he accurate to 50 percent.
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3.3. Degres of [onization for 70 Elements

table 3, we have cval-

the iomization poteniials and the ratios of
for sach of the 70 elements added to

Vsing
the partiti
r are. The results are given in table 4.

ion fanctions from

ppe
Values in this table are to be preferred to the 11

nated eq (7)
the co
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At this point we may remark that for every 1,000
copper atoms in the copper arc stream, 67 electrons
are contributed from copper ions, Ewen in the casa
of the most hiphly ionized added clement net more
then one electron can be contributed for every 1,000
aiome of copper. It is clear, then, that the added
elements cannet wifect the electron density in the are.

It should also be poinied out that the degree of
double ionization in the are iz negligible in its effect
on the ratio of nioms to ions.  Of the elements added
to the copper, the one which may he expected to

jeld the largest number of doubly charged ions is
ﬁr}um. An evesluation of eq (7) for the ratio
Bat+/Bat shows that the proportion of barium which
will be doubly ionized is only 0.02 percent,

4. Indepondent Estimates of Electyon Density

To confirm the valuye of electron density deter-
mined in the foregoing section, we have estimaled
N, by three other meihods, two of which do not
involve spegtroscopic observalions.

4.1. Relative Intensities of Copper and Oxygen Lines

In the speetrum of the copper are in air, several
lines of O 1 are observed in the infrared., By com-
paring the relative intensities of these lines with
thoss of Cu 1 by the method piven in section 2 for
are and spark lines, we inay derive tha relative
patticle density of copper and oxygen atoms. If
we know the coraposition of air wt 5,100 K, we
know the puarticle density of oxygen in the plasme
and can raleulate that of copper.

TaeLk 5. Delerminmton of relofive parifcle derefly of arygen
and copper afams
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The pertinent data for the lines of oxygen and
copper are given in table 5 which iz zimilar in
presentation to table 1. Evaluating the analog of
aqg {4) for Ng./NG, we find that there are ahout 457
oxygen atoms for every copper atom in the arc.
According to Hilsenrath et sl [24], the atomic
oxveen content of air at 5,100 “K is 30 mole percent
a0 that there are 1,500 particles of air for avery atom
of copper. If we divide the particle density of air at
atmospheric pragsure and 5,100 °K (1.44 10! ¢em~F)
by 1,500, we find that the particle density of copper
atoms iz 86104 em™2, ow If In eq (0] we were
to let NL=N, and Ng,=9.6%10%, introduce tha
iopization potential and partition funetions for
copper and solve lor &, we would find NV,=1.53 104
cm

Howaver, it may ba that not all of the electrons
colne from the ionization of copper. According to
Gilmore's tables of the equilibrivm ¢omposition of

air [25], the electron concentration in sir at atmoa-
pheric pressure and 5,100 K is 0.007 mole percent
or 10X10" cm~% This represeniz the diffcrence
between the concentrations of the positive lons of
NO and the negative lonz of 0. No account is taken
of the possible formation of KOy, Tha electron
concentration is strongly dependent on the joniza-
tion potcotial for l‘?% Hilsenrath’s iables show
s pewrly neglipible cleciron concentration because
he uses gn older value of 9.4 v, but Gilmore uses a
more recent; value of 9.25 v.

Te calculate the electron demsity resulting from
the ionization equilibrium. of both copper and KO in
the src we wrile the eﬁlui]ibﬁum constants for the
ionization of copper and of nitric oxide.

NN,
v, Ko (98)
T+ AT
“Eh‘=Km, {9h)
Ha
Furthermore we can wrile
N=Ni+Ni, {10y

pince other charged particles are in Higible con-
cantration. Now substituting from ?&E} and (9hb}
in {107 we have

Nio

N?
ﬁ-r, - (11}

Multiplying through by N, we obtain
(N.)=KeuNoa+ EnoNro.

The equilibrium constent for copper we obtain
from Baha’s equation, eq (5). {Note that thizs does
not inyolvo a knowledge of N,.}  We have just caleu-
lated the density of copper atoms frem the relative
intensities of copper and oxygen lines. The duta for
NO are obtained from Gilmorc's tables. The last
factor will not be affected by a e of N, becanse
of the very small degree of ionization of NO. Evalu-
ating (12} we find

MNi=16X102 4L 1.2 2 10F =28 10%
N.=1.7x10" em—2,

This means that the totwl electron density reported in
section 3.1 may consiat of iwo approximately squal
components, one arising from the lonization of copper
atoms, the other from &a equilibrinm composition of
uir.

Bearing in mind the uncertainties in the absoluta
gf-values for cagper and oxygen, the value of N,
determined by this method is mn tolerable agreement
with the mesn valua of 2,410 cm—? for the total
concentration of electrons obtained in section 3.1
from the relative intensities of are and spark lines.
In fact, within the uneertainties mentioned aboves,
the agresment provides 5 quantifative sxperimental

(12}

and
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demonstration of the validity of Suha’z jonization
equation, in application to our are,

4.2. Ratio of Currant Density to Electron Velocity

In this section we attempt to confirm the spectro-
geopically determined electron density by  using
electrical and geometrical observations of the copper
arc.

The current density in the positive column of the
arc was measurad by forming o magnified imnpe of
the are in which instantanecus comparisons of the
dismeter were made against a centimeter scale.
With a 3.0-rnm gap and s current of 9.8 amp, the
digmeier of the colurn midway between the elec-
trodes was 2.7 mm, corresponding to an average
eurrent density of 170 ampfem?,

The axial field of an arc 18 composad of three parts:
A very strong field very close to the anode, & wesk
field over most of the space between the electrodes,
and a strong field very close to the cathode. The
thickness of the anode and cathode fields is independ-
ent of the total gap so that changes in the total are
voltage with gap length reflect only changes in the
voltage drop and len of the positive column.
The uxial ficld in the celumn can be determinad from
the slope of & plot of total arc voltage versus gap
length. Twenty obzervations of our are at gaps from
1 to 7 mm showesd an increase of voltage from 23 to
41 v in a strictly linear fashion. Thia corresponds to
a fleld of 30 v/cm in the plasma.

With the aid of the mocasurements reported ahove
and some rather dubious assumptions about the
behavior of electrons, we ¢an obtain an independent
determination of the electron demsity,

a. Macroscopic Point of View

The density of any eleciric current is aqual to the
product of the electronic charge, the density of
electrons in tho current, and the average velocity of
the electrons in the direction of current flow.  Alge-
braically stated,

{13}

Good messurements of the drift velorities of elecirons
in air at 273 °K have been made by Nielson and
Bradbury {26]. They present their dats as & fune-
tion of Efp in vfem/mm Hg. Comparison of the
high-temparature experiment with Iﬁu of Nielson
and Bradbury shouldphe mada at constant deosity, so
wi: define an effective pressure

P,=P(273) T) =760 < 273{6,100=40.7 mm Hg

corresponding to the density of our are plasma. Now
our value of Eim, i3 30/40.7=0.74 v/cm/mm Hg.
The drift velocity from the data of Nielson and
Bradbury at this ratic of Efp, and I'=273 °K is
1.03 > 10f em faar, Thisvelmitymayhaaﬂwtedsli‘%hb
Iy by the different composition of sir gt 5,100 K.
Tga electron ve]nnityﬁther depends on tempera~
ture through the velocity dependence on cross ssc-

F=eNao

tions, Because of poor information available on
scattering eross sections, we can only make a crude
puasa as to how » depends on 7. On the basis of
gimnpls kinetic theory arguments, Loel: [27] suggesis
dependence on TY. On this sssumption we find
at 5,100 “K that

p=1.03 X 10%5,100/273)t=4.46 X 10°* cm fsee.
Solving eq (13), we find that
N=170/1.6X 107" 4.46 X 10°=2.4 310" em~?,
which is the same us the spectroscopic value.

b. Microacopio Polot of View

In the paper in which he originally applied the term
plasma to & neatral region afE:;lnized waa (28], Lang-
muir gave an expression for the randem current den-
sity pessing through a plane arbitrerily oriented in
the plasma:

j=elN, %)i=2,5><w-“mi“i. {14)

The derivation, baged on a Maxweall-Boltzmann dis-
tribution, is given by Langmuir and Compton [29.

Censider the electrons passing through such a plane
erected perpendicular to the axs of tha are column at
its positive termious, cloze to the beginming of the
anoge drop. The olectrons which pass theough the
plane into the anodo drop will be collected at the
anode and meagured in eor ammeter. Thoze pazsing
in the opposite divection will not reach an electroda
and will not affsct the measured are current.  If this
in fact happens, we can calculate &V, from eq (10) by
letting § =170 ampfem? and T'=35,100 K.

N=4.0X10"T-%=1.0<10% em~?,

This is within the uncertsinty of the epectroscopic

valua,
5. Discussion

Unfortunately it iz not possible to prove that the
necessary local thermodynaric equilibrium obtaine
in this are, justifying the use of the Saha equation to
determine the ionization belance. As has been
pointed outin this and the praceding paper [2], tha pop-
ulation of exeited statesin the arc fallows a Boltzmann
distribution at a temperature which gives a very
reasonable walue of the electron Jdensity when the
Seha cquation is assumed.  One might be tempted to
avoid the aesumption of LTE in the analysis of the
deta and apply & more generalized equation for the
ipnization %aﬂnca, surﬂ?ﬂ 85 that developed by
Dewan [30l. If one applies, blindly, the Dewan
eguations to the mctallic constituentz of the arc
alone, then the relatively high degres of ionization
and low electron density wonld sunggest the a[:ﬁlica-
bility of the coronal formula [31]. The coronal for-
muls can be fitted to the data of table I, with about
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the same residual seatter as when the Saha eqguation
is used, but enly if a temperature of 7,500 °K i2 as-
sumed. Not only is this ternperature in conflict
with that determined from the excitation distribu-
tion but the corenal formula also ignores the affect
of Lhe predoninats sbundance of nentral atoma and
molecules of air at atmospheric pressure in the are.
Although the processes OP excitation and ionization
in such an are involving neutral particles primarily
are 80 complex that not enough of the rate cocfhicienta
aTe known to permit n nen-LTE treatinent, it does
not secm implansible Lhat thess three-body reactions
do bring the plasma into LTE and justify the use of
the Saha equation.

6. Conclusion

The relative numbars of ions and atomns in an are
plasma can be determincd if mtensities, wavelengths,

artition funciions, absolute gf~values and Enerﬁy
evels associgted with the iona and atoms and the
temperabiure of the plasma are known. Encugh of
these quantities are known for 11 of 70 eloments ex-
citad in our are to permit these relative numbers to be
found. A solution of Saha’s equation for each of
these cases gives an avernge vahic of electron density
of 2.4 10" em~% in our gre. ' With the aid of parti-
tion functions, some of whick are hers eslenlsted for
the first time, the degree of 1onization for each of 70
elementa in our copper are is calculated.

The electron density determined in this manner is,
within expected uncertainties, in agreeiment with the
density determined by independent spoctroscopic and
clectrical measurements. The wgreoment demon-
strates the applicability of Saha's ionizalion equation
Lo our are. It should be pointed ot that the dagrea
of ionization of our 70 elements could have been de-
termined empirically from the data of figure 1 with-
out any assumptions regarding equations or mechu-
nisme of tonization.

The information on the degree of oniantion re-
ported in this paper enables us to caleulate, on a single
scale, relative trunsition probabilities for all the
classified lines of both first and gecond speetra which
appear in tha NB3 Tables of Spectral-Line Inten-
sities. 1f proper normalization factors can he found,
this scale will be put on an abaolute baesis. Such a
calibration will be discussed in a fortheoming paper.
At the conclusion of these studies, we expect to pub-
lish transition probabilities and gf-valoes for the
25,000 classified lines in the NBS Tubles, if possible,
on an, ahsoliute scale,
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