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The measurements of Allen on autoionized line intensities of copper were carried out again with
reference to the electron density N, of the plasma. The measurements here show a notable deviation
of autoionizing-level populations relative to Boltzmann’s law, but a much more severe disagreement for
an adjacent nonautoionizing level. We encounter a paradoxical situation where Saha’s law is assumed
for the autoionizing levels when N, is small, following autoionization theory, but where a deviation

from it is observed when N, is notable, i..,

in the range of low-current atmospheric arcs. Evaluation

of the various usual contributions to the population variations cannot account for the observed
curves. Other processes must be included in the calculation.

If local thermodynamic equilibrium (LTE) condi-
tions have been largely studied for levels belonging
to series converging toward the first ionization po-
tential EL of atoms,™? little is known, as regards
complex atoms, about levels lying between the
levels E7 of the fundamental configurations of ion
in its first degree of ionization, Criteria for LTE
conditions are not identical for autoionizing levels
which interact with the continuum and for nonauto~
ionizing levels for which this interaction does not
exist, More particularly, it has long been known
that autoionized lines exhibit very different char-
acteristics when their intensity variations with the
electron density of the plasma in which they are
emitted are compared with that of nonautoionized
lines.® This is the conclusion of the measurements
of Allen® who observed intensity variations of auto-
ionized lines in an arc between copper electrodes,
when the intensity of the arc current was varied.
However, it is not possible to utilize, for a theo-
retical interpretation, his measurements or the
more recent measurements of Kiselevskii et al.,®
as their measurements of the intensities of the
lines refer respectively to the arc current or to the
pressure of the plasma. These are not useful pa-
rameters, In this work, the intensities of the lines
have been measured at various electron densities
known from the Stark broadening of copper lines.
Also the intensities of autoionized lines were com-
pared not only with the intensity of lines issued

from nonautoionizing levels above the first ioniza-
tion potential but also with the intensity of a line
issued from a level situated under this potential.

I. THEORY
A. Autoionizing Levels

In plasmas at low electron densities where colli-
sions play a negligible role in depopulating atomic
levels, the theory of autoionization predicts that
the population of autoionizing levels is very nearly
in equilibrium with the free electrons of the plasma
and so may be known by application of the Saha
equation.® Paradoxically, the situation is not as
clear when collisions begin to play a role because
then coupling with non-LTE levels could reverse
the situation.

Denoting the true population of the autoionizing
level p by n(p) and the population of another non-
specified level ¢ by n(q) we can write for the popu-
lation rate of the level p if the atom is supposed to
have only two ionization levels EL, E and is in an
optically thin plasma:

n(p)=—n(p) (C(p, ¢)+ 23 C(p, q)
a#p
+ Z} A(l), q) +Aa(p, 1)) + E n(q)C(q: P)
a<p a#p

+Ni[N, "= (1,p)+ Cc, p)] . (1)
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C(p, c) is the ionization probability toward the up-
per ionization potential EX. C(c, p) is the prob-
ability of the inverse—three-body recombination—
process. The excitation probability C(p, q)

=N, {(vQ(p, ¢)) is the product of the electron den-
sity, the electron velocity v, and the excitation
cross section Q(p, ¢), integrated over the Maxwell
distribution of the electrons. C(gq, p) is the prob-
ability of the inverse process. Because of the dif-
ference in the nature of autoionizing and nonauto-
ionizing levels belonging to one atomic configura-
tion, elastic collisions will not have an ordinary
effect of statistical redistribution of populations
between levels of a common configuration but can
play the role of an essential factor for populating—
or depolating—nonautoionizing from autoionizing
levels. So, these elastic collisions will be in-
cluded in the probability rates C(p, ¢q) and C(g, p),
where p and g will belong to a common configura-
tion,

N, is the electron density of the plasma. A(p, q)
and A%(p, 1) are, respectively, the spontaneous
radiative deexcitation and autoionization probabil-
ities. Because the autoionizing levels considered
are situated just above EL, only the first level
EL of the ion (with population N3) is considered
as a final state of the ion after autoionization.
fundamental state of the ion is the parent of the
free states interacting with the autoionizing levels.
We introduce a coefficient o"* (1, p) for the “reso-
nance recombination” which is the inverse process
of autoionization. This coefficient is related to the
dielectronic recombination coefficient’ o (1, ¢)
from the ion state 1 toward the ¢ state by the rela-
tion

sl p) AL D)
a(1, g)=a"=(1, p) A(p, 1)+ A(p, q) * @)

We neglect radiative recombinations from the con-
tinuum situated above EL, because they populate
mostly the lower levels.

The probability —integrated over a Maxwellian
distribution of atoms—has been calculated for in-
elastic atom-atom collisions with the expression
reported by Drawin? and compared with the prob-
ability of electron-atom collisions. The ratio of
these probabilities does not exceed 3.10™* in our
case for an atom temperature 3 T,< T, < T, where
T, is the electron temperature; then atom-atom
collision contribution have been neglected. We
have not taken into account the process of symme-
tric ion-atom charge transfer which may be im-
portant in certain cases but for which few results
are available for excited states of complex atoms,
and probably none in the case of multilevel ioniza-
tion potentials.

The levels p satisfying LTE conditions with free
electrons should have a population #z(p) for which

This
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ng(p) C(p, c)=Clc, PN,
N,a"**(1, p)Ni=A%p, )ng(p) .
Then
#(p)= —n(p)(C(p, 0)+2 C(p, q)
a#p

(3)

a#p

+ 2 Alp, @)+ 4%, 1)) + 2 n(g)Clg, )
a<p

+ng(p)[A%(p, 1)+ C(p, 0)]=0. (4)

n(p) =0 because of the high rates of equilibrating
processes. With the relationship

Clg, p)=[ne(p)/ne(q)] C(p, q) (5)
and the definition
b(q)=nlq)/nxq) , (6)

A“(P; 1)+ C(P, ) +2¢ b(tl)C(P, q)

Alp, @)+ A%p, 1)+ C(p, ©)+2,C(p, @) ~
(7)

This equation cannot be solved unless we know the

populations #(g) of the neighboring levels of p. In

low density plasmas, the collisional probabilities

C(p, ¢) and C(p, q) become negligible and we ob-

tain the known relation®

A%(p, 1)

b(p)=2q <pA(p’ q)+A%p,1) (®)

When the neighboring levels of the autoionizing
level p can be considered in LTE (often true on ac-
count of their high principal quantum number z),

b(Z))=2

a<p

A%(p, 1)+ C(p, )+ 2etp CP5 @)
A(p, q) +A%(p, 1)+ C(p, )+ T2 Cl0 q)
9)

In the expression (1) the following possible pro-
cess has been ignored: Spontaneous transitions
of the atoms toward free states of equal energy,
occurring in the autoionization process may be
accompanied by superelastic collisional induced
transitions which will leave the ion in its ground
state. This is an alternative process for the colli-
sional stabilization of autoionizing states towards
discrete states of the atoms, considered by Bates
and Dalgarno.® This process and its reverse—
three-body recombination—is an equilibrating one
so it cannot be used to explain any disagreement
of the observed population variation law with a
Boltzmann-type law.

q<p

1. Numerical Values

We shall calculate the contributions to the pop-
ulation of the autoionizingolevel (5s 2Dz 1 ,2) from
which is issued the 4866-A line of Cu. The prob-
ability of spontaneous transition towards lower
levels is obtained from Bethe’s formula®:
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We have taken for p* the effective principal quan-
tum number. The expression of Seaton® for the
ionization probability integrated over the Maxwell
distribution of electrons shows that this contribu-
tion is relatively small in the temperature range
of our plasma. Although the levels studied cannot
yet be considered as hydrogenic, we utilize this
approximation for the spontaneous radiative tran-
sition coefficient, and for the evaluation of the
other rates, as is commonly done in LTE calcula-
tions. Since this hypothesis is made for the calcu-
lation of the radial parts of all the rates that we
compare, one can consider that the relative error
on the result is still acceptable. The predominant
inelastic contribution from the nearest configura-
tion was calculated with the expression of Seaton,
integrated over the Maxwell distribution of the
electrons.’ It has a probability C(p, ¢)=0.7x10%
sec™! when N,=10"%cm™, As we shall see in the
next paragraph, elastic collisions give a contribu-
tion of the same order.

Using these numerical values and the values
A%(p, 1)=2x10" sec! for the autoionization prob-
ability corresponding to the experimental breadth
8.7 cm™! of the level 5s2Ds,, known from the line!
at 4866 A (Table I), we see in Eq. (7) that b(p)
>0, 9 whatever the equilibrium state of the neigh-
boring levels. This means that the population of
this autoionizing level should still obey the Saha
equation at an electron density N,=10'® cm, We
see in Fig. 2 that this could be expected only at
densities greater by a factor 4 or 5.

B. Adjacent Nonautoionizing Level

The variation of population of the level (*D)
5s%Dq,, from which is issued the transition at
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4275 A was measured. This level is free from
interaction with other bound configurations, as is
seen from the Ritz diagram of the series.!! Fur-
thermore, itisnot autoionizing sincethe 4275-A line
is sharp. The level energy scheme of copper
(Fig. 1) shows that autoionizing and nonautoioniz-
ing levels of the configuration 3d%4s5s lie near
each other (500 cm™! in some cases) but levels of
the configuration 34 °4s5p are found some 8000 cm-
higher. This disposition of the configurations could
favor elastic collisions to populate or depopulate
the nonautoionizing state from the near autoionizing
ones, within the configuration 4s5s, relative to in-
elastic collisions with levels of the configuration
4s5p. This can be seen by considering the prob-
ability rates on the processes. Elastic collisions
contribute through two terms, the dipole term'%
2.4/3

N, }}Qg}p=38. 87'/? %%73 (AE;iEH) 3N, »
where f;; is the oscillator strength of the transition
4s-5p calculated in the hydrogenic approximation
of Bates and Damgaard, 13 AE and Ey are, respec-
tively, the energy of this transition and the hydro-
gen potential ionization, v is the mean value of the
electron velocity, a, is the radius of the first Bohr
orbit, and e the charge of the electron. The quad-
rupole term, integrated over the Maxwell distribu-
tion of the electrons, does not depend on the ener-
gy and may be written

N, (vQ2,4)=6.05x10"% 8N, ~3x10° sec™! ,

where B is a quantity involving the squared radius
of the atom in the excited state and a coupling co-
efficient of the atomic term assumed in LS cou-
pling, although this hypothesis is only approxi-
mative. This coupling coefficient involves a sum
over J' of the line strengths for transitions going
from the level 5s*Dy,, to the levels of permitted S
and J’ (AJ=0, +2) of the same configuration. The
numerical value has been calculated for N, = 10'
cm3, Because of the great energy interval be-
tween the level 5s*Dy,; and those of the configura-
tion 4s5p, the dipole term is negligible and the in-
elastic contribution is smaller than the quadrupole
term. Again, ionization probabilities toward EU
are small and ionization toward EL does not occur
since we are concerned here with a nonautoionizing
level. Following these evaluations, and on account
of the predominance of elastic collisions we could
expect the population n(g) to be nearly proportional
to that of the near autoionizing levels p of the con-
figuration 4s5s. The curve of Fig. 2(e) shows that
this is not observed and that some other process
must be considered.

C. LTE Criteria

The criteria of Drawin differ from those of
Griem by a factor ;! tabulated in Ref. 2.
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Applying these criteria to the level 4d'%s 251/2,
chosen because it exhibits small configuration in-
teractions with other levels, as it appears from the
Ritz diagram of its series,!! we obtain a minimum
electron density N,=2X 10" cm™® to ensure partial

LTE of the level. As will be shown in Sec. II, the
electron density of our plasma varies between 4

x10% and 4x10'® cm™, and thus verifies the criter-
ia of partial LTE for the high levels belonging to
series converging towards EL, Unfortunately, it
was not possible to verify experimentally the valid-
ity of Boltzmann’s law between these high levels.
The only pair of well-isolated lines we have in the
spectral range observed is the pair 4480 A-3825 A,
but this ’atter line falls at the limit of transmission
of the glass prism of our spectrograph and thus
could not be measured with acceptable accuracy.
However, this investigation was conducted on the
ion levels 4f 3HY and 47 3P from which are issued
two neighboring lines at 4931 A. No Boltzmann-
like law has been observed between these levels
and the 6s2s; /2 level mentioned above. Thus, no
determination of the temperature of the plasma
was possible from the measurement of the ratio
of line intensities in successive ionization degrees.

II. EXPERIMENTAL METHOD

Our apparatus has been described elsewhere.!®
It consists essentially of an ordinary electric arc
placed in a vessel where a partial vacuum can be
made, with an argon flow from the observation
window of the vessel to the pump., A grid of 1-mm
spacing was placed in front of the plasma and gave
ten horizontal images, which were focalized with
an adequate magnitude on the vertical slit of the
spectrograph (Huet 44 model). The Abel inversion
of the observed intensities of these ten images
could be obtained with a computer program. Step
filters cannot be used with an inhomogeneous
source, so, we supposed a linear reprocity curve
for the Kodak Panchromatic films used to deter-
mine their characteristic curve, with the aid of a
Pointolite lamp of known color temperature. True
profiles were assumed to be of Voigt type and the
intensities A determined without planimetry with
the formula

A=mpE ,

where p is a parameter deduced from the width 7

at one-half, and the width b at one-tenth, the maxi-
mum intensity, with the aid of a curve found in

Ref. 16. % and b are readily measured by super-
position of a semilog paper on the densitometer
profile. E is the intensity at the maximum of the
line, as deduced from the characteristic curve.
Nevertheless the measurements do not reach a
great accuracy, essentially because of the relative-
ly low accuracy of the photographic method, par-

ticularly for narrow lines. This explains the rela-
tive great scattering of points obtained for various
arc currents (Fig. 2).

A. Determination of the Electron Density N,

In order to avoid demixing effects in the plasma,
no testing element has been added to measure N,;
copper lines themselves were employed for this
purpose. Up to N,=1.1x10' cm™, the electron
density of the plasma was determined by measuring
the width of the line at 4022 A (5d°Dj,,-4p %P ,5),
which is both intense and sufficiently broad at rela-
tively low electron densities. The width of this
line was calculated following Griem’s theory of
Stark effect with the aid of an already existing com-
puter program.!”!® Over this electron density,
which corresponds roughly to a width of 2 f&, the
line exhibits an induced linear Stark effect because
its width begins to reach the spectral distance of
the interacting level closest to the upper level
5d 2D3 s2. Using the approximate linearity of the
variation of Stark broadening with N,, greater N,
were determined by measuring the width of the
4480-A line, which is not affected by this inductive
effect. Strictly speaking, using Stark broadening
to determine N, presupposes that LTE conditions
are verified. With this hypothesis, we derived
the temperature from the Saha equation. The
variation of T with N, is relatively slow, as we
see in the abscissa scale of Fig. 1; furthermore,
Stark broadening is not highly sensitive to temper-
ature, so that any moderate deviation from partial
LTE conditions does not seem to introduce signifi-
cant errors.

B. Interpretation

The characteristics and the identifications of the
lines of which the intensity has been measured are
presented in Table I. The points representing the
intensity ratio of two transitions, which is propor-
tional to the population ratio of their upper level,
are plotted in Fig. 2 against N, and T correspond-
ing to various current intensities of the arc. For
comparison, the Boltzmann ratios are drawn in

TABLE I. Cuiobservedlines. ELdesignates the level
3at%1s,; EX designates the configuration 3d°4s(D,'D). The
breadth of the levels is due to autionization.

Breadth Ionization
AR Identification (em™) potential
4480  3d'% 4p ?Py/p-34' 6525y, sharp EL
4275 4s CD) 4p'P;sp-4s CD)5st Dy )y sharp EU
4177 4s D) 4p*P5;0-4s CD)5s'D; 6,5 EY
4259 4s (°D) 4p*Py;y-4s CD)5s %Dy, 2,5 EU
4866 4s ('D) 55 2D5 y-4s (1D)5s2D;;, 8,7 EU
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FIG. 2. Line intensity ratios for various N,, T: dotted line, Boltzmann’s law; dashed line, interpolation curve of
experimental points. (a) 4866 A/4177 &; (b) 4866 A/4259 A; (c) 4866 A/4480 A; (d) 4275 A/4480 A&; (e) 4866 A/4275 A.

these figures. The most striking feature in these
curves is that the populations of the autoionizing
and the nonautoionizing levels behave very differ-
ently, as already pointed out by Allen. But one
conclusion of our measurements is that the princi-
pal intensity anomalies are not shown by autoion-
ized lines but the nonautoionized 4275-A line. This
results from the comparison of the experimental
interpolated curves with the Boltzmann distribu-
tions drawn in Fig. 2 from the known variation

T. In these figures, the scales of the experimental
and Boltzmann curves are identical, but the origin

in the ordinate scale is arbitrary. The last ones
are set as limits of experimental ones on account
of the increasing effect of collisions. In Figs.
2(d)-2(e) (nonautoionized line) no agreement is pos-
sible, The agreement of the autoionized line vari-
ations with the Boltzmann law is far from being
close. Nevertheless the deviation which exceeds
50% in the first part of some curves decreases
when N,=4x10' cm, For all these lines, the
slope of the experimental curve is greater than
that of the Boltzmann curve. Consideration of the
variation in the width of the 4866-A line gives some
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indications about the relative contributions of colli-
sions and autoionization to the broadening on the
line. As N, becomes greater as it reaches the
value 2x10'® cm-®, the width of the level conserves
its low N, value, i.e., 8.7 cm™, which corre-
sponds to a linewidth of about 2 A; above this value
of N,, the width increases, which is the indication
that the collisional broadening exceeds, say, 10%
of the autoionization width. For N,=2%10% cm-3,
our calculated contribution C(p, ¢) is about 1.5
%10 sec-!, which represents 10% of A%(p, 1).
The agreement is acceptable; however, this cal-
culated value could be further increased by a con-
figuration interaction 4s5sx4s4d, as suggested by
Wilson® to explain some anomalies in the observed
widths of the levels of the D term.

In the first part of the curves of Fig. 2(a)-2(c),

ASSOUS

(BN ]

where N, is smaller, these collisional contribu-
tions may be neglected in comparison with A%(p; 1)
as we showed, Eq. (7) gives b(p)>0.9 correspond-
ing to a near-Boltzmann-like curve, which is not
observed in these curves. Since this disagreement
cannot be attributed to the collisional contribution,
one may suggest other process as ion-atom reso-
nant charge transfer, which can become important
when the ionization potential is small.?® If one con-
siders ionization of the level p toward EL through
its interaction with the continuum states, the en-
ergy interval for this process appears to be small
and so resonant charge transfer could become an
important process, and should be necessarily in-
cluded in the calculation.

The author is indebted to Dr. O. Bely for his
valuable observations about this work.
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New Hund’s rules are proposed for atoms for jj coupling. It is found that two distinct rules
are needed depending on the relative values of j; and ; for interacting electrons,

I. INTRODUCTICON

In almost all cases, the state of lowest energy
deriving from a particular atomic-orbital config-
uration is given correctly by Hund’s rules.! These
rules predict that the states of highest multiplicity
are the lowest in energy, and of these the lowest
is that state of highest L. It is important to rec-
ognize that Hund’s rules are not a general ordering
rule for excited states. In fact, for all two-elec~
tron configurations 17’, the relative ordering of the
resulting 'L and %L states alternates for decreas-
ing L. Hund’s rules assume LS coupling, in which

the spin and orbital angular momenta are separate-
ly quantized and their interaction is small com-
pared to the electron repulsion. There is no rea-
son to suppose that the same rules can be taken
over directly to jj coupling. Indeed, since for any
1I" configuration with 7, I >0 there are four differ-
ent jj configurations, it is clear that Hund’s rules
for LS coupling are insufficiently general for the
problem, .

The properties of (§)” configurations have been
investigated at some length®® in connection with
the shell model of nuclear structure. There are
also important differences between the nuclear and



