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Electron excitation functions of some thirty states of the 3p°ns, 3p°np, and 3p°nd configurations
of the argon atom have been measured by the optical method. In order to evaluate the level cross
sections from the optical excitation cross sections, we have determined the branching ratios
experimentally by measuring in an argon discharge tube the relative intensities of the emission lines
originating from the level of interest. This procedure gives more accurate level cross sections than does
the conventional approach of using theoretical transition probabilities to form the branching ratios, since
for an atom as complex as argon the wave functions of the excited states calculated by a
semiempirical treatment of the fine structure are not always of sufficient accuracy to give reliable
transition probabilites. Analysis of the shape of the excitation functions is facilitated by expressing the
wave functions of the excited states of argon in terms of the L S eigenfunctions, and the special
features of the experimental data of excitation functions can be readily explained by generalizing the
results of helium. Analogous to the case of neon, one can show theoretically that within a
configuration 3p°nl, the states with odd values of J + I in general have larger excitation cross
sections than the ones with even values at incident energies well above the threshold, and that in
general Q(J =0)> Q(J =2), QW =1)> Q(J = 3) for the np states, and Q(J =1)> QU =3),
QW =2)> QW =04) for nd. The experimental results of the excitation cross sections are found to

be in good agreement with these rules.

I. INTRODUCTION

The study of electron excitation of the rare gas-
es has played a very important role in understand-
ing the nature of the electron-excitation processes
of atoms.! The results of helium have provided a
scheme for characterizing the shape of the ex-
citation functions and magnitude of the cross sec-
tions of the various states in terms of the quantum
numbers of the Russell-Saunders coupling scheme.
The work on excitation of neon? has shown that
application of this scheme can be extended to an
atom like neon, which does not conform to LS
coupling, provided that the wave functions of the
excited states of this atom are expressed in terms
of the LS eigenfunctions. In this manner Sharpton
et al. were able to explain many of the qualitative
features of the observed excitation functions and
cross sections of some 50 states of neon.? More-
over, from theoretical considerations these au-
thors have derived some qualitative relations
between the magnitude of the cross sections of
the levels within a configuration and the total an-
gular momentum J of the excited states. With
only a few exceptions, the experimental data are
in accordance with the theoretical deduction.

We have extended the studies of electron ex-
citation of the rare gases to the case of argon.

In this paper we report our measurements of ex-
citation functions of some 30 states of argon and
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analysis of the experimental data by means of the
theoretical framework developed in Ref. 2. Most
of the special features of the observed excitation
data are found to conform, on a qualitative or
even semiquantitative level, to the general theo-
ry. Through these comprehensive studies, we are
now able to understand the results of a vast
amount of experimental data of neon and argon in
terms of a few underlying principles.

For the simple atoms, such as helium®~® and
some of the alkali group,® considerable efforts
have been put forth to compare the observed ex-
citation cross sections with theoretical calcula-
tions based on first principles. With the avail-
ability of very accurate wave functions, good
agreement between theory and experiment was
found for only a limited number of states. In the
case of the argon atom the complexity of the elec-
tron-electron interaction and of the coupling of
the various angular-momentum vectors makes it
very difficult to obtain highly accurate wave func-
tions. While theoretical cross sections of argon
can be calculated readily by using the Born ap-
proximation along with the Hartree-Fock-Slater-
type wave functions (with the vector coupling treat-
ed by semiempirical means), as is done in this
work, the accuracy of such theoretical values is
believed to be much lower compared to the cases
of helium and sodium. For this reason we shall
not offer detailed discussion of comparison of
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the magnitude of the measured excitation cross
sections with the theoretical calculations. Instead,
we are more concerned with understanding the
qualitative and semiquantitative features of the
experimental data from generalization of the re-
sults of helium and by simple theoretical consider-
ations. The results of our theoretical calculations
of the wave functions and excitation cross sections
will be used in the analysis of experimental data
mainly in a subordinate way.

II. METHOD OF MEASUREMENT

The experimental procedure for measuring elec-
tron-excitation cross sections by means of the
optical method has been discussed in the litera-
ture.!'® Basically the first step is to measure the
optical excitation cross sections of a transition
(j=- k) originating from the particular excited
state (j) of interest. In terms of the photon flux
F,, (per second) associated with the j— % transi-
tion produced by an electron beam of current /
traversing through a length L of the gas, the op-
tical cross section Q,, is

Qjr =ij(e/INL) ’ (1

where e is the electronic charge, and N is the gas
number density. The apparent cross section of
the level j is obtained by summing all the optical
cross sections corresponding to the downward
transitions j- 1, i.e.,

Qa(j) =,Z<>1Qn . (2)

For transitions originating from the same upper
level j, the optical cross sections Q,; are propor-
tional to the transition probabilities A(j- ).
Hence Eq. (2) can be rewritten as

af 5\ = A(Z" l)
Q (.7) ij’Zj! A(j-—k). 3)

The apparent cross section of the level j therefore
can be obtained by measuring the optical cross
section of any one transition from j along with a
knowledge of the various transition probabilities.
The particular transition used for this purpose is
generally chosen to be one of the stronger lines
originating from j in the frequency range of photo-
multipliers. In most of the previous works theo-
retical transition probabilities were used in Eq.
(3) to obtain the apparent cross sections. In the
case of helium, for which accurate theoretical
transition probabilities are available, this pro-
cedure proves to be quite adequate. However,

the work of Sharpton ef al. on neon has indicated
that some of the theoretical transition probabil-
ities of neon computed by the procedure described
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there may be subject to a sizable uncertainty,
which greatly reduces the accuracy of the result-
ing apparent cross sections. The use of theoret-
ical transition probabilities would most likely
lead to even worse results for argon and therefore
will not be adopted in this work.

An alternative procedure is to determine the
relative transition probabilities from experiment.
If we compare two transitions originating from
the same upper level such as j— ! and j— &, their
relative rate of photon emission is simply equal
to the ratio of the two appropriate transition prob-
abilities independent of the mechanism of popula-
tion of the j level. In other words, we can obtain
the ratio A(j— 1)/A(j- k) by measuring the inten-
sities of the j- I and j— k transitions in a dis-
chavrge tube in which the emission lines are much
stronger than in an electron-beam collision cham-
ber. In this manner we are able to take into ac-
count those lines (j- I) which contribute substan-
tially to @%j), but have frequencies in the low-
sensitivity regions of the photon detectors, so
that direct measurement of these lines in a col-
lision chamber is difficult.

After obtaining the apparent cross sections, one
seeks to ascertain the rate of population of the
particular level due to cascade radiation. This
may be accomplished by determining (from ex-
perimental measurements and/or theoretical
inference) the optical cross sections of the transi-
tions to the level in question from as many higher
levels as one can. The level cross section Q(j)
is given by

(1) =Q°(4) —’EIQ,, . 4

In Fig. 1 is shown a block diagram of the ap-
paratus for measuring optical excitation cross
sections. Radiation emitted by the excited atoms
in the electron-beam collision chamber is directed
into the monochromator and detected by the photo-
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FIG. 1. Block diagram of the apparatus for measuring
optical excitation cross sections.
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multiplier. The output of the latter, after being
processed by the detection system, is displayed

in an X-Y plotter. The magnitude of the electron-
beam current entering the Faraday cup is con-
trolled by the grids and kept constant (with respect
to the beam energy) by a feedback control system
in which a corrective signal produced by the dif-
ference between the actual beam current and a
fixed reference current is applied to the electron-
gun control grid through an optical isolator. The
inside wall of the Faraday cup was coated with
Aquadag to reduce the production of secondary
electrons. The length of the Faraday cup is about
ten times the diameter of the entrance aperture,
so that the bulk of both the incident electrons re-
flected and secondary electrons emitted by the

end wall will reach the side wall without traversing
through the region viewed by the monochromator.
More detailed description of the electron gun and
the detection system may be found in Ref. 7.

The experimental method for absolute measure-
ments of photon flux has been described in Refs. 2
and 8. The optical excitation cross sections of
argon were measured over a range of energy from
threshold to 200 eV. For most of the lines report-
ed in Table I, we have examined the light output
as a function of the gas density. In several cases,
notably for the lines originating from the J =1 and
J =2 states of the 2p group, nonlinear dependence
was observed at gas pressure as low as 2 mTorr.
For such lines optical measurements were con-
ducted at pressures about 1 mTorr (or less), re-
sulting in rather low signal-to-noise ratio in the
excitation functions. On the other hand, the light
intensity is found to be quite linear with respect
to the electron-beam current over the entire range
of 20—-100 pA used in this experiment.

An rf discharge tube with argon gas is used to
measure the relative intensities of the lines orig-
inating from the same upper states for the 2p—1s

and 4d - 2p groups. The transition probabilities
of many of these lines have been listed in the Na-
tional Bureau of Standards publication Afomic
Transition Probabilities.® Our values in most
cases are in reasonable agreement with those of
Ref. 9.

III. THEORY

The basic theory of electron excitation of neon
has been treated in a previous paper.? The same
general framework can be carried over to argon.
We shall briefly indicate the key points of the the-
ory in reference to its application to argon.

In describing the electronic structure of the
atomic states, the one-configuration approxima-
tion is used. For a given configuration 2p°zl, the
Hartree-Fock-Slater self-consistent-field method™
is applied to compute the one-electron orbitals
from which we construct the basis functions of the
LS representation. Since the vector coupling be-
tween the various spin and orbital angular momen-
ta is of the “intermediate” kind, the wave function
of a state (of a given total angular momentum J)
is expressed as a linear combination of the LS
eigenfunctions of the same J. The coefficients of
the LS eigenfunctions are determined by means
of the method given by Cowan and Andrew'! in
which the values of the spin-orbit coupling con-
stants and the Slater-Condon parameters are
chosen so as to yield the best fit to the observed
spacings of the energy levels of the configuration.

In discussing the qualitative behavior of electron
excitation of the argon atom, we find it advanta-
geous to express the wave functions of the excited
states in the LS representation. As the excitation
properties of a hypothetical LS state are known
from Born-approximation considerations and/or
the experimental results of the helium atom, by
an appropriate superposition one can make the-
oretical predictions concerning the shape of the

TABLE I. Optical cross sections ? (at maximum and at 100 eV) measured in units of 1071°

2

cm-,
Qij Qiy
Transition rQ4) Max. 100 eV Transition rA) Max. 100 eV

2p4-1s, 7503 97 64 454 -2p4, 5912 2.2 2.1
2p5-1s, 7514 39 36 4d5-2p 1o 6871 5.5 1.4
2p5-1s, 8408 96 25 4d,-2p4 7353 5.0 1.6
2pg-1s, 8006 15 3.4 457’ -2p3 7425 1.1 0.37
2pg-1s, 8424 122 32 4d3-2p 4, 6752 8.3 1.1
2p,-1s, 8265 24 9.7 457 -2p40 6059 1.1 0.10
2 4-1s, 8521 23 7.0 4s7"-2p, 7412 1.6 0.17
2pq-1sy 8103 50 13 4dg-2p4, 6937 3.0 0.23
2p49-1s5 9122 150 27 4d4-2p, 7372 23 1.5
2pg-1ss 8115 260 11

2 See Sec. IV for experimental uncertainties of the optical cross sections.
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excitation functions and the magnitude of the ex-
citation cross sections for argon, at least on a
qualitative level. For instance, the four LS eigen-
functions associated with the 3p°4s configuration
are ¢('R), ¢(°Py), ¢(°P,), and ¢(*P,), whereas
the actual atomic states of argon of this configura-
tion (intermediate coupling) are designated as
1s,(J=1), 1s4(J=0), 1s,(J=1), and 1s4(J =2).

Since the total angular momentum J remains a
good quantum number, the wave functions of 1s,
and 1s; are simply ¢(*P,) and ¢(*P;), respectively,
and those of 1s, and 1s, are linear combinations
of $(*P,) and ¢(®P,). One then expects the excita-
tion functions of the 1s; and 1s; states to peak
sharply near the threshold, similar to triplet ex-
citation of helium. For the 1s, and 1s, states,
because of the presence of the ¢(*P,) component
in their wave functions, the excitation functions

in general should exhibit a very broad peak char-
acteristic of the dipole-allowed states, and the
excitation cross sections should be larger than
those of 1s; and 1s, at energies well above the
threshold. Exception to the preceding statement,
however, may occur if the coefficient of the ¢(*P,)
term in the 1s, or 1s, wave function turns out to
be very small. A similar analysis shows that the
2p, state of 3p°4p and the 4d, and 4d, states of
3p54d are purely triplet states with the character-
istic narrow-peak excitation functions and that

the 4d,, 4d,, and 4s] states (all J =1) in general
may be expected to have broad peaks in their
excitation functions.

To gain some insight to the magnitude of the
cross sections of excitation from the ground state
(2) to a final state (f), let us examine the Coulomb
interaction of the six outer electrons of the atom
(denoted by subscripts 1-6) with the colliding
electron (denoted by subscript 7), or more spec-
ifically the coupling potential between the two
states concerned, i.e.,

V,‘(7)=fzp;‘(1,2,...,6)<i—L>

=174
x9,(1,2,...,6)dT,...dT,. (5)

By means of an expansion of the type

1 1oy dr (L)‘
Ve T>% 2k +1\7,

X Y:¢(97¢7)Y“(91¢1) ’ (6)

it can be shown that for a final state characterized
by the configuration 3p°»! and the total angular
momentum J, V;, vanish if J +1 is even.? Under
the nonexchange Born approximation, such a state
would have zero excitation cross section; in other
words, excitation occurs only through exchange
effect and indirect coupling between i and f via

some intermediate states. At high energies these
effects are, in general, small compared to that
due to nonvanishing direct coupling; thus one is
led to the general conclusion that within a con-
figuration 3p°zl, the excitation cross sections of
the states with odd values of J + [ as a whole are
larger than those of the group of states with even
J +1 at energies well above the threshold.

In reference to the specific case of the 3p°np
configuration, the above rule leads to

Q(B3p°np,J =0,2)>Q[3p°np,J =1,3). (M

Following the reasoning given in Ref. 2, one can
further expect

Q(3p°np,d =0)>Q(3p°np,J =2), 8

because the coupling potential between the 3p°np,
J =0 state and the ground state (J =0) owes its
origin to the first term (% =0) of the expansion in
Eq. (6), whereas one must proceed to the 2 =2
term of the same expansion in order to obtain
nonvanishing coupling of the 3p°np,J =2 with the
ground state. Both Eqs. (7) and (8) pertain to only
the “high-energy” region, i.e., energies several
times above the threshold. Likewise for the 3p°nd
configuration we have

Q(8p°nd, s =1,3)>Q@p°nd,J =0, 2, 4) 9)
and
Q(3p°nd,J =1)>Q(3p°nd, J =3), (10

for high incident energies. The last inequality is
based on the observation that the necessary cou-
pling potentials for excitation of the /=1 and J =3
states (of 3p°nd) are associated with, respectively,
the k=1 and k=3 term of Eq. (6). It should be
emphasized that the interpretation of (7)-(10) must
be made with some care. For instance Eq. (8)
indicates that the J =0 states as a group have
larger cross sections than the J =2 state as a
group, but does not mean that the cross section
of any one of the 3p°np,J =0 state is always larger
than that of any of the 3p°np,J =2. Possible ex-
ception on an individual basis may occur if a J =0
state, though normally consisting of a superposi-
tion of the 'S, and ®P, LS eigenstates, happens to
have a very small weighting of the 'S, component
and, as a result, unusually small cross sections.
Among the states with even values of J +1 for
which Eq. (6) gives no coupling, it was pointed
out in Ref. 2 that one may expect the indirect-
coupling effect to be much weaker for the purely
triplet states than for the singlet-triplet mixed
ones, resulting in smaller excitation cross sec-
tions for the former groups. Accordingly we may
write
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Q(3p*np,J =1)>Q(3p°np,J =3), 11

Q(B3p°nd,J =2)> Q(3p°nd,J =0, 4). (12)

Again the two preceding inequalities, strictly
speaking, apply to the states inside the parenthe-
ses as a group. In dealing with cross sections of
the individual levels, one should be aware of pos-
sible exceptions.

The electron-excitation cross sections were
calculated by the Born approximation for the states
which connect directly to the ground state through
the coupling potential V;,. In the case of the purely
triplet states, Ochkur’s modification’ of the Born
approximation was employed. For the singlet-
triplet mixed states with even values of J +1 that
have zero potential coupling with the ground state,
one may get nonvanishing cross sections by the
use of Ochkur’s procedure. However, the cross
sections so obtained include only the exchange
effect and fail to take into account the effect of
indirect coupling through intermediate states.

If the latter effect dominates the former as is
often the case, such calculated cross sections
would have little physical significance.

IV. RESULTS

Measurements of electron-excitation cross sec-
tions of argon have been reported by Fischer®®
and by Herrmann** in the 1930’s and more recently
by Volkova and Devyatov!® and by Zapesochnyi and
Feltsan.'®* We found rather substantial differences
in the shape of excitation functions between the
results of Herrmann'* and of this work, and the
peak excitation cross sections in some cases
differ by a factor greater than 2. Likewise, our
excitation data of the 3p states show significant
discrepancy from those of Fischer.!* Because of
the difference in the experimental methods used
by Fischer and by Herrmann from ours, no de-
tailed comparison of these three groups of data
will be made. Our peak cross sections (apparent)
of the 2p states agree to within about 20% with
those of Zapesochnyi and Feltsan'® with the ex-
ception of the 2p,, 2p,, and 2p,, states, where a
difference ranging from 40% to a factor of 2 was
found. Compared to the data of Volkova and
Devyatov, 1° our peak optical cross sections for
a number of 2p- 1s lines are, in general, con-
siderably larger than the corresponding effective
cross sections given in Ref. 15. It may be noted
that for detecting the atomic radiation, photo-
graphic films were used by Volkova and Devyatov, !*
whereas photoelectric recording was adopted in
the work of Zapesochnyi and Feltsan.!®

For the purpose of comparison of our experi-
mental data with those obtained from other lab-
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FIG. 2. Optical excitation functions of the 2p states.

oratories, we have measured the excitation cross
sections of the 4806- and 4579-A lines of Ar* and
the 5852- and 5945-A lines of Ne. In all cases
our results agree to within 15% or better with
those of Latimer and St. John'” (He*) and of
Sharpton et al.? (Ne).

No polarization of the observed radiation was
found; hence, the intensity of the atomic radiation
was treated as being isotropic in the reduction of
experimental data. The experimental uncertainty
of a typical optical cross section is about 15%,
but may become twice as large when the magni-
tude of the cross section is below 0.2x 107! cm?,

A. 2p and 3p Families

The optical excitation functions of the ten 2p
levels of argon are displayed in Fig. 2. Several
special features are readily recognizable. The
2p, state, which is a pure °D, state, exhibits a
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narrow excitation function characteristic of a
triplet state. The two J =0 states (2p, and 2p;)
have distinctly broader excitation functions than
all the others. (The narrow spikes at 20 eV will
be discussed in the next paragraph.) In comparing
the excitation functions of the J =0 states with
those of the J =2 states, one may recall that from
the theoretical viewpoint, the coupling potentials
connecting the ground state with the J =0 states
and with the J =2 states can be traced to the 2=0
and the £ =2 terms, respectively, in the expansion
of Eq. (6). For the case of helium the =0 terms
are responsible for the excitation of the S states
and the £ =2 terms for !D. Examination of the ex-
perimental excitation data of helium shows the 'S
excitation functions to have a slower decline with
increasing energy than the D functions.® Thus we
see a parallel analogy between argon and helium
in this respect. As for the J =1 states, the cou-
pling potentials connecting them with the ground
state vanish, and the cross sections are attributed
to exchange and indirect-coupling effects. The
excitation functions would have a very narrow
shape if the exchange effect completely dominated
the indirect coupling, but would become broader
as the indirect-coupling effect began to play a
more important role. We see from the experimen-
tal data that the curves of the J =1 states are much
broader than that of the pure triplet state 2p,. In
fact, there appears to be no gross difference be-
tween the J =1 and the J =2 groups as far as the
general width of the excitation functions is con-
cerned, except for the 2p,, state, which does have
a distinctly narrower excitation function than all
the other J =2 members. Thus from a comparison
of the shape of the excitation functions, one can
recognize the importance of indirect couplings in
determining excitation cross sections.

Another interesting feature is that both the 2p,
and 2p, curves show a narrow peak at about 20 eV
before reaching the broad maximum. The same
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double-peak feature is also found in the cases of
3p,, 3ps, 4p,, and 4p,. One may wonder if the
low-energy narrow peak may be due to cascade
from some tripletlike levels. However, the purely
triplet states of the 3p°zs and 3p°nd configurations
have J=0,2 and J =0, 4, respectively; none of
these states are capable of dipole-radiative cas-
cade to 2p, and 2p, (J=0). Although some of the

J =1 states (e.g., 4d;), which are optically allowed
with respect to 2p, and 2p;, accidentally have very
steep descending excitation functions (see Sec.

IV B), it is very unlikely that cascade from such
states can account for the sharp peak near the
onset of the excitation functions of all the 2p,, 2p,,
3p,, 3ps, 4p,, and 4p, states. One possible ex-
planation is that the wave functions of the 2p, and
2p, states consist of linear combinations of the

LS eigenfunctions of *P, and !S,; the sharp-peak
contribution of the *P, component, when added to
a rather broad excitation function, produces a
noticeable peak near the onset. However, this

is merely a speculation, as we have not investigat-
ed it in any quantitative way.

The optical cross sections of the ten lines ex-
hibited in Fig. 2 are included in Table I. The
cross sections of all the other 2p— 1s lines can
then be determined by adopting the procedure
described in Sec. II, and are presented in Table II.
In Table III are given the apparent cross sections
of the ten 2p states. The 2p levels are subject to
cascade from the 3p°zs and 3p°nd groups. We
have measured the cascade contributions from
the 3p°6s, 3p°Ts, 3p°4d, and 3p°5d configurations
and found only the 3p°6s and 3p°4d cascades to be
of any appreciable importance. Corrections due
to these cascade effects have been made to the
apparent excitation cross sections of the 2p states.
Cascades from higher configurations are estimated
to be entirely negligible. The transitions from
the 3p°5s and 3p°3d to the 2p levels are in the
infrared region, and we are not able to detect

TABLE II. Optical cross sections (Qy,) of the 2p — 1s and 4d — 2p lines at 100 eV in units

of 1071 cm?,

2p4 20, 2p3 2p,4 2ps 2p¢ 2pq 2pg 2py 2p10
1s, 64 9.7 25 7.0 0 5.4 0.83 4.4 0 0.29
1s3 0 4.3 0 5.9 0 0 2.0 0 0 2.2
1sy 0 0.92 8.7 0.013 36 3.4 13 32 0 15
1ss 0 3.1 4.3 0.19 0 17 2.6 16 11 27
4d, 0 0 0 0 0 0.11 0 1.6 0.18 0
4s7’ 0 0 0.37 0 0 0.16 0 0.41 0.13 0
4ds 0 0 0 0 0 0 0.068 0 0.58 1.1
4s7 0 0.07 0.1 0.01 0 0.05 0.05 0 0.06 0.10
4st1” 0 0.08 0 0.17 0 0.1 0.06 0.05 0.003 0.05
4dg 0 0 0 0 0 0 0.06 0 0 0.23
4 0 0 0 0 0 0 0 0 1.5 0
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any of these lines in our collision-chamber ex-
periment. However, if we take the ratio of the
theoretical excitation cross sections of the 3p°5s
states to those of the 3p°6s states as a measure
of the ratio of the 3p°5s - 3p°4p cascade to the
3p°6s— 3p°4p cascade, and adopt a similar criteri-
on for the 3p°3d — 3p°4p vs 3p°4d -~ 3p°4p cascade,
we estimate the cascade from the 3p°5s and 3p°3d
states to be less than 15% of the apparent cross
sections for all the 2p states at 100 and 200 eV,
except 2p,, (at 200 eV), and 2p,, 2p,, 2p, (at both
100 and 200 eV), for which this cascade contribu-
tion may constitute as much as 24-30% of the total
population. However, in view of the lack of ex-
perimental data of the optical cross sections of
the 3p°5s— 3p°4p and 3p°3d - 3p°4p transitions,
corrections for these cascade transitions were
not made in our data. In other words, the level
cross sections of the 2p,, at 200 eV and of 2p,,
2p,, 2p, at both 100 and 200 eV given in Table III
may represent an overestimation by as much as
25-30%.

From Table III it is seen that with the exception
of the 2p,, state, all the even-J states of the 2p
group have larger cross sections than do the odd-J
ones at 100 and 200 eV. The cross sections of the
2p,, decreases very rapidly with energy. Thus at
100 eV the 2p,, cross section is well above those
of 2p, and 2p,, but becomes equal to the 2p, value
(the smallest of all J =2 states) when the incident
energy is raised to 200 eV. With increasing inci-
dent energies, one may expect the 2p,, cross sec-
tions to drop below those of all the J =2 states.
Among the even-J states, the cross sections of
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the J =0 states (2p, and 2p,) are larger than those
of the J =2 states (2ps, 2ps, 2pg) at 200 eV, al-
though at 100 eV the 2p, cross section exceeds
the 2p, value. For the states with odd values of
J, the purely triplet 2p, state (J =3) has lower
cross sections than the J =1 states. These re-
sults are in good agreement with the predictions
of the theoretical considerations given in Sec. III.

The theoretical cross sections of the J =0 and
J =2 states calculated by means of the Born ap-
proximation are included in Table III. For the
J =1 states the use of the Born approximation
(with Ochkur’s modification) is unrealistic because
the effects of indirect coupling are not taken into
consideration. For this reason no theoretical val-
ues of the cross sections of the J =1 states are
given. While the theoretical cross sections of the
J =0 states agree reasonably well with experiment,
a discrepancy of a factor of 3 to 8 is seen between
theory and experiment for the J =2 states. This
discrepancy is of comparable magnitude to the
corresponding one for Ne.? The Ochkur modifica-
tion of the Born approximation was employed to
calculate the excitation cross sections of the pure-
ly triplet state 2p,. The theoretical values are
found to be more than an order of magnitude small-
er than the experimental data.

We have measured the excitation functions of all
the 3p states except 3p, and 3p,. The two stronger
lines of the 3p,~ 1s group (4272 and 4164 A) are
contaminated by Ar* lines at nearly the same
wavelengths, and the two other lines are too weak
to measure in our apparatus. As for the 3p, state,
all the three allowed 3p; — 1s lines have neighbor-

TABLE III, Experimental values of the apparent and level cross sections of the 2p states
at 100 and 200 eV and comparison with the theoretical level cross sections in units of 10718

cm?,
100 eV 200 eV
Expt. 3 Expt. ™¢ Theor. b Expt.?  Expt.>¢ Theor, b

States J App. @ Level @ Level @ App. @ Level Q Level @
2Py 0 64 63 82.4 48 48 43.1
2p5 0 36 35 18.2 28 28 9.6
2p3 2 38 33 6.0 22 19 3.2
2p¢ 2 26 24 7.4 14 13 4.0
2pg 2 52 48 6.4 27 24 3.4
29, 1 18 16 12 11
2Py 1 13 11 8.8 7.8
2p4 1 18 17 12 11
2p10 1 44 39 186 13
2pq 3 11 9 0.33 2 2 0.04

2 Here “App. Q” refers to “apparent cross sections,” as defined by Eq. (2). The experi-
mental uncertainty is about 15%.

b Here “Level Q” refers to “level cross sections,” as defined by Eq. (4).

¢ In addition to the estimated 15%, the uncertainty of the experimental level cross sections
contains the error due to neglecting cascade from the 3p°5s and 3p°3d groups. See Sec. IVA

for an estimate of this error.
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ing lines (from the 3p, state) within 2 A. The

shapes of the excitation functions of the eight 3p
states shown in Fig. 3 are similar to their counter-
3p5 parts in the 2p series. In order to evaluate the
3p, 4510 apparent excitation cross sections it is necessary
4259 J=0 to determine the relative transition probabilities
J=0 of the 3p~1s, 3p—~3d, and 3p— 2s transitions.
The last two groups of lines are in the infrared
3p 6 3p 8 region, and because of the lower detection sen-
sitivity achievable in the infrared compared to the
visible range, we have not been successful in observ-
J=2 ing any of the 3p - 3d and 3p—~2s lines in the discharge
tube. Without a knowledge of the branching ratios,
we are unable to determine the apparent excitation
cross sections and therefore will not endeavor to
discuss the quantitative aspects of the excitation
behaviors of the 3p states.

4158 4300

(ARBITRARY UNITS)

B. 4d Family

The optical excitation functions of nine of the
twelve states of the 3p°4d configuration are dis-
played in Fig. 4 and the optical excitation cross
sections may be found in Table I; spectral lines
3pe originating from the other three? states (443, 44y,
4702 and 4d}) are too weak to detect in our collision
4200 apparatus. The J =1 states of the 3p°»d configura-
tion are expected to give rise to very broad ex-
citation functions typical of the dipole-allowed
states. The experimental data of the 4d; state,

0 200 O * 200 however, are in contradiction with our expectation
(Fig. 4). The explanation lies in the wave function
of the specific state concerned. Within the 3p°nd

CROSS SECTION

ELECTRON ENERGY (eV)
FIG. 3. Optical excitation functions of the 3p states.
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configuration a state with J =1 consists of a super-
position of three LS eigenstates, i.e., P, *P,,
and °D,, and our intermediate coupling calculations
give the coefficients of these three LS components
in the wave function of the 4d; state as 0.120,
-0.975, and 0.186, respectively. The contribution
to the excitation function of the 4d; state from the
1p, component, which is responsible for the broad
peak, is overshadowed by that from ®P,, resulting
in a tripletlike curve.

The 4d, and 4d), are both pure triplet states (P,
and 3F,, respectively), and do indeed exhibit the
usual narrow excitation function. It is interesting
to note that the three J =2 states (4s}’, 4d,, 4s}''’)
have considerably narrower excitation functions
than do the J =3 states. In particular, the excita-
tion functions of the 4s}’ and 4s{’’’ states have
about the same shape as those of the two purely
triplet states. We may recall from the general
theory described in Sec. III that the direct poten-
tial coupling of the ground state with the J =2 states
of the 3p°nd configuration vanishes, and excitation
of the latter states is caused by exchange and in-
direct-coupling effects. Exchange effect alone
would give rise to a tripletlike excitation function,
and inclusion of indirect coupling has the result of
broadening that curve. The experimental data in
Fig. 4 are suggestive of relatively small indirect-
coupling effect on the cross sections of the 4s}’
and 4s}'’’ states, but appreciably larger for 4d,.
However, even with the aid of indirect coupling,
the excitation functions of the J =2 states do not
turn out to be as broad as those of the J=3 states,
for which direct coupling with the ground state
exists through the £=3 term of Eq. (6). This is
in contrast to our observations for the 2p group,
where the J =1 states (which have no direct poten-
tial coupling with the ground state and therefore
are the counterpart of the J =2 states of the 4d
group) and the J =2 states (which connect directly
with the ground state corresponding to the 3p°4d,

J =3 states) have excitation functions of very simi-
lar shape.

The principal depopulation mechanism of the 4s;
state is expected to be the transition to the ground
state (830 A). Since our experimental apparatus
is not equipped to handle vacuum-ultraviolet radi-
ation, we are unable to determine the apparent
excitation cross sections of the J =1 states. The
other 4d states make radiative transitions to 2p
and 3p. The 4d - 2p lines are in the spectral region
of 5900-9100 A; their relative intensities were
readily determined from our discharge experiment.
However, we are not able to observe any of the
4d ~ 3p lines (above 25000 A). In view of their
long wavelengths it is probable that the 4d - 3p
lines, in general, have smaller transition probabil -

ities than the 4d - 2p lines, and in the absence of
experimental data on the transition probabilities
of the 4d -~ 3p lines, we shall neglect them in com-
puting the branching ratios in Eq. (3). The appar-
ent excitation cross sections of the 4d states as
given in Table IV are therefore subject to a higher
degree of uncertainty than those of the 2p states.
In Table II we give a breakdown of the individual
optical cross sections of the relevant 4d — 2p lines,
which were obtained by means of the method de-
scribed in Sec. II, along with the cross sections
in Table I.

Determination of the cascade contribution to the
4d states is again complicated by the fact that all
the transitions terminating at 4d have frequencies
in the infrared region. Nevertheless, to ascertain
the importance of the cascade from the 4p states,
we have examined the optical excitation cross
sections of the 4p~ 1s transitions. The only lines
from this group that we can detect in our electron-
beam experiment originate from 4p, and 4p; (both
J=0), which cascade only to the J =1 states of
3p°4d, but not to the states listed in Table IV.

For all the other 4p—~ 1s (except 4p, and 4p;) lines,
we can place an upper limit on the cross sections
at 100 eV as 3x1072! cm®. Of course we do not
have a good estimate of the transition probabil-
ities of 4p- 1s relative to 4p— 4d. In view of the
fact that I~ 1+1 cascade is usually less favorable
than [~ 1-1, and in view of the low frequencies

of the 4p - 4d transitions, it is not likely that these
lines have sufficiently large transition probabil-
ities to make significant cascade contributions to
the 4d states. Another source of cascade is from

TABLE IV. Experimental values of the apparent ex-
citation cross sections of the 4d states at 100 and 200
eV and the theoretical level cross sections in units of
1071 em?,

100 eV 200 eV

Expt.? Theor.® Expt.2 Theor.P
States J  App.@ Level @ App. @ Level @
4d, 3 1.9 1.6 1.3 0.82
4sy 3 1.1 3.4 0.8 1.7
4d, 2 1.8 0.8
4s7 2 0.4 <0.1
4sq” 2 0.5 =0.3
4dg 0 0.3 0.11 <0.3 0.013
4d) 4 1.5 0.31 <0.1 0.039

a2 Here “App. Q” refers to “apparent cross sections,”
as defined by Eq. (2). The experimental uncertainty of
these cross sections is larger than the 15%—30% range
stated in Sec. IV because the transition probabilities of
the 4d — 3p lines were neglected in computing the branch-
ing ratios.

b Here “Level Q” refers to “level cross sections,” as
defined by Eq. (4).
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the 3p°nf states; however, we are unable to detect
any emission lines from these states in our ex-
citation experiment. Our theoretical calculations
give excitation cross sections of all three 4p°4f,

J =2 states as about 1x107%° ¢m? at 100 eV and
much smaller (by an order of magnitude or more)
cross sections for all other members of the same
configuration. Each 4p°4f,J =2 state may cascade
to a total of 14 states of the 4p°3d and 4p°4d con-
figurations; thus one would expect the 4f-cascade
contribution to the apparent cross sections of the
4d states listed in Table IV to be quite small. For
the reasons described in this paragraph, we shall
take the apparent excitation cross sections of
Table IV as being approximately equal to the level
cross sections.

Inspection of Table IV reveals that the experi-
mental cross sections for the J =3 states as a
group are larger than the ones for the even-J
states, as expected from theoretical grounds.
When an examination of each individual state is
made, we do notice an exception in that the 4d,

cross section is larger than the 4s{’’ one at 100 eV.

However, at 200 eV the cross sections of these two
states become equal to each other; thus at higher
energies we expect the 4d; cross sections to drop
below 4s}’’, since the excitation function of the

4d, state declines more steeply with energy than
its 4s!’’ counterpart. Among the even-J states

we again find good accordance between theory and
experimental results, in that the J=2 states col-
lectively have larger cross sections than do the
two purely triplet states (J=0,4) at 200 eV. Com-
parison on an individual basis in this case is made
difficult because of the large degree of uncertainty
of the cross sections for most of the even-J states
at 200 eV. Of some interest is the observation that
the 4d, state has a much larger cross section than
the other two J =2 states in Table IV. Since the

J =2 states do not couple directly with the ground

~ 3s,
z®
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<
w 355
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o . X
) 200 O 200

ELECTRON ENERGY (eV)
FIG. 5. Optical excitation functions of the 3s states.

state through Coulomb interaction, our experiment-
al data here suggest that the indirect-coupling ef-
fect is much more prominent in the 4d; state than
in 4s}’ and 4s;’’. It may be recalled that the same
conclusion was obtained by consideration of the
shape of the excitation functions.

Theoretical level cross sections calculated by
the Born approximation (with Ochkur’s modifica-
tion for the purely triplet states) are included in
Table IV. The over-all agreement between the
theoretical and experimental values is seen to be
reasonably satisfactory.

C. 3s Family

The optical excitation functions of the four 3s
states are shown in Fig. 5. As may be expected,
narrow excitation functions are found for the purely
triplet states 3s, and 3s;, whereas the 3s, and 3s,
states (J =1) show the broader peak characteristic
of the dipole-allowed states. No attempt has been
made, however, to evaluate the apparent excita-
tion functions due to the lack of experimental data
of the transition probabilities of the 3s - 3p lines
and especially the emission lines from 3s, and
3s, to the ground state.

V. SUMMARY AND CONCLUSIONS

The qualitative features of the excitation func-
tions of the levels of the 3p°ns, 3p°np, and 3p°nd
configurations reported in this paper can be ex-
plained by generalizing the results observed for
helium along with a general theoretical considera-
tion developed in an earlier paper on neon. Within
a given configuration 3p°nl, the states with odd
values of J + 1 are found to have larger cross sec-
tions than the even-(J +]) states at incident ener-
gies well above the excitation threshold. Further-
more, it was observed that in general Q(J =0)
>Q(J=2) and Q(J =1)>Q(J =3) for the np states,
and Q(J =2)>Q(J =0,4) for nd. These observations
are in good agreement with the predictions of the-
ory. Calculations of the excitation cross sections
have been made of the odd-(J + 1) states by means
of the Born approximation based on Hartree-Fock-
Slater-type wave functions (with a semiempirical
treatment of the fine-structure vector coupling).
The discrepancy between the calculated and ex-
perimental values ranges from 24% (2p,) to a factor
of 8 (2p,) for the 2p states, and from 20% to a fac-
tor of 3 for 4d.  The degree of discrepancy shown
here is of comparable magnitude to that found in
neon. It is felt that the disagreement between the-
ory and experiment is to a large measure due to
the inaccuracy of the wave functions, particularly
the semiempirical method for determining the
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coefficients of expansion of the wave functions in
terms of the LS eigenfunctions.

To convert the measured optical excitation cross
sections into the apparent cross sections, it is
customary to multiply the former by the appropri-
ate branching ratios obtained from the theoretical
transition probabilities. For atoms with complex
structure like neon, the use of the theoretical tran-
sition probabilities may result in a rather large
uncertainty in some of the apparent excitation cross
sections. In this paper we have eliminated this
source of inaccuracy by determining the branching
ratios experimentally from measurements of rel-
ative intensities in an argon discharge tube. Since
in our laboratory we are not equipped for vacuum-
ultraviolet work and the detection sensitivity at

wavelengths above 10000 A decreases markedly,
we were not able to measure the relative inten-
sities for all the lines necessary to obtain the
branching ratios of a number of states, notably the
3p and 3s groups. To use the optical method ef-
fectively for determining excitation cross sections,
it should be very desirable to extend the frequency
range of sensitive detection to both vacuum ultra-
violet and the entire infrared region.

The results of this work and Ref. 2 have provided
us with a simple scheme to describe electron-ex-
citation processes of noble gases which enables
us to understand most of the qualitative and semi-
quantitative features of the experimental data of
excitation cross sections of some 30 states of
argon and 60 states of neon.
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