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A photoelectric recording, pressure-tuned Fabry-Perot interferometer of high resolution
is used to determine the spectral line profiles of 22 neon and 5 argon (an—' lsm) lines emitted
from a microwave discharge and during the ensuing afterglow. All afterglow line profiles are
broader than the corresponding discharge lines, and in most cases the afterglow line shapes
are consistent with a dissociative origin of the excited atoms, indicating that the 2p,, excited
states of neon and argon are produced by dissociative recombination of electrons with Ne;
and Arz+ ions, respectively. Detailed examination of the line profiles in neon indicates a
“multishouldered” structure corresponding to several different dissociation kinetic energies,
suggesting that different initial states of the Ne;r ion are involved in the dissociative recom-
bination process. From the deduced molecular ion energy levels it appears that, in addition
to the Ne; ion state with a dissociation energy D=1.35 eV reported by Connor and Biondi,
there may be a more weakly bound state with D~ 0.5 eV which contributes to the recombination.

I. INTRODUCTION

In an earlier study,’ the capture rate of electrons

by ions in neon was shown to result from the dis-
sociative recombination process, i.e.,

+ *
Ne, +e==(Ne 2)unsf,able

= Ne* + Ne +kinetic energy , (1)
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where the superscripts + and * indicate ionized and
excited states, respectively. These afterglow
studies made use of an interferometer to detect
kinetic energy of the excited atoms produced by

the dissociative process (through the corresponding
Doppler effect on the emitted line profiles).

The studies® showed that the 25852 (2p, = 1s,)
afterglow recombination radiation evidently con-
sisted of a thermal Doppler core sitting atop a
trapezoidal dissociative pedestal. The dissocia-
tive (trapezoidal) portion of the line profile has
been shown? to be given by

I(V) = (a/4b)[erf(aV +b) - erf(aV - b)] , (2)

where a = (Mc*kT)*"?/V, and b = (ED/IeT)”z; ¥ and

7, are the frequencies (in wave numbers); the sub-
script 0 referring to the line center; M is the mass
of the atom in the diatomic ion; Ep, is the dissocia-
tion kinetic energy; and T is the ions’ kinetic
temperature. Such a profile would arise if a single
dissociation energy E, (see curves i, and x, in
Fig. 1) alone were involved. This, in turn, im-
plies that only one stable molecular ion curve and
one repulsive excited molecule curve contribute to
the process and that the ions are all in the same
vibrational state. Thus, the line profiles were in-
terpreted as resulting from a fraction of fast, dis-
sociatively produced excited atoms which radiated
before losing their excitation (trapezoidal profile),
with the thermal Doppler core arising from those
fast atoms which had undergone excitation trans-
fer collisions with the ambient (ground- state)
atoms before radiation occurred.
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FIG. 1. Schematic representation of the potential en-
ergy curves of the Ne;r ion and some of the repulsive
excited molecule curves leading to the 2p, excited atomic
states. The shapes of the curves are not meant to be
significant; only the energy levels of the Ne; states and
the curve crossings are semiquantitative.
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Fig. 2. Simplified diagram of the microwave after-
glow/optical interferometer apparatus used in the line-
shape studies.

In the present work, a substantial improvement
in signal-to-noise ratio has been achieved, and
many additional afterglow lines in neon and in
argon have been studied. These studies have re-
vealed dissociative broadening in all cases but
have shown that the spectral line profiles are more
complex than was assumed in the earlier analysis, !
which was based on a line profile arising from a
single dissociation energy plus a thermal Doppler
core. The present paper gives examples of the
more accurately determined line profiles in neon
and in argon afterglows and proceeds to analyze
the details of the profiles to provide a more realis-
tic picture of the energy states of the Ne% ion than
was obtained in the earlier work.

II. APARATUS

A detailed description of the microwave after-
glow and optical interferometer system was
given earlier by Connor and Biondi.! The Fabry-
Perot interferometer consists of a 1-in. diam.
aperture, A/100 flat set of plates with multidi-
electric films of 95-97% reflectivity over the
wavelength range studied. The over-all instru-
mental finesse (considering plate flatness, film
reflectivity, and exit aperture size) exceeded
~30 for the optical transitions studied. Three
modifications of the apparatus have been made
for the present studies, which we briefly dis-
cuss here. Inorder to extend the former study
to other afterglow lines of neon and argon, a
monochromator is used following the interfer-
ometer instead of an interference filter (see Fig.
2). Its resolution is high enough that two lines
having a wavelength difference of more than 14 A
can be satisfactorily separated even if their in-
tensity ratio is as disparate as 1: 10. In this
way, most of the strong 2p-1s transitions® in Ne
and in Ar could be studied, totaling 22 such
transitions in Ne and 5 in Ar. (In addition, some
higher transitions such as 3s-2p and 4d-2p have
been studied in Ne.)

A crucial problem has been the intensity of the
afterglow light, and substantial efforts have been
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made toward improvement of the signal-to-noise
ratio of the system. In the interferometer de-
sign, a small exit iris is used and thus only a
small fraction of the detecting photomultiplier
cathode is needed for signal detection. The re-
maining parts of the cathode contribute only to
the dark current noise of the device; therefore,
by magnetically defocusing most of the off-axis
electrons in the linear, venetian-blind photomul-
tiplier tube, * % in addition to dry-ice cooling of
the tube (see Fig. 2), both the dark current and
the associated noise per unit bandwidth have been
reduced to <1072 A and the sensitivity main-
tained (200 A/Im). This corresponds to an in-
crease in the signal-to-noise ratio of almost two
orders of magnitude over the previous work, ' and
the remaining noise in the recordings is almost
entirely due to statistical fluctuations of the sig-
nal current itself (i.e., signal shot noise).

III. STRUCTURE OF THE AFTERGLOW
LINE PROFILES

In the dissociative recombination process, for
a Net ion in the state given by the schematic
potential curve ¢, in Fig. 1, the energy Ejj will
be transformed along the curve x, into kinetic
energy of the dissociating atoms Ne* + Ne (one of
the atoms is left in a particular excited 2p level).
If the excited atom radiates by a transition into a
particular 1s state before either a momentum
transfer or an excitation transfer collision takes
place, then the shape of the spectral line emitted
is of a trapezoidal from, 2 due to Doppler broaden-
ing. (Here we assume E)>3k7.) From Eq.(2),
it can be shown that the rising or falling shoulders

of the trapezoid’s sides have a “frequency extent, ”

in wave number units, taken from 15 to 85% of the
central height, which is given by

R=2V,(kT/Mc?)" - (3)
e “frequency” half-width of the trapezoid is
H= 217(,(}:1)/1\4&)”2 . @)
Momentum transfer collisions (i.e., ordinary
elastic collisions) would reduce the width of the

trapezoid.' In our present work, the rate of
elastic collisions has been kept small; thus, to a

first approximation, their effect may be neglected.

There is an additional factor which may affect
the line shape of a given 2p,-1s,, transition and
that is cascading. Suppose the excited Ne state
produced in a dissociative recombination reaction
is a higher-1lying state than 2p (say a 3s state).
Then the energy Ep, available for dissociative
Doppler broadening would be smaller. Hence a
relatively narrow line might be noted in a parti-
cular 2p-1s transition, if the excited Ne cascades
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according to the sequence 3s-2p-1s, without hav-
ing any collisions during cascading. At intermedi-
ate afterglow times, there is sufficient intensity

in some 3s-2p and 4d-2p transitions that their line
shapes can be studied, indicating the possibility

of a cascading contribution to the 2p-1s transitions.
(Although the intensities of these lines from higher
states are modest, rather large numbers of these
and even higher states may be involved, since
transitions from 6d,, 5s;, etc., all of which may
cascade to 2p, have been noted well into the after-
glow, ~1 msce. ®)

As noted below, there is reason to assume that
the molecular ions undergoing recombination are
in different electronic and/or vibrational states.

If this is true, different values of the kinetic energy
of dissociation, Ep), are to be expected. Since the
Doppler widths of the atomic light in the afterglow
are determined by the E, values, a superposition
of several trapezoids having dlfferent E, values
will result.” Thus the line shape may look like
the schematic Fig. 3, having shoulder pairs «, 3,
A, 2,3, for every intersection of the repulsive
excifed state curves x; with the molecular ion
curves li in Fig. 1, with relative intensities given
by overlap-survival factors. Hence, the actual
line shape can become very complex, particularly
if an atomic level 2pn, with a large angular mo-
mentum, splits into many curves of the type x,,
having many crossings with the ionic curves (or
near crossings of the type A). Indeed, we find
evidence that some of the experimental line shapes
apparently are more of the type suggested by

Fig. 3 than of the simple trapezoidal form first
mentioned.

Since the atomic energy levels U(2p, ) are pre-
cisely known, ® and the Ep can often be measured
from the widths of pairs of shoulders in the line

thermal "core"
and y shoulders
(unresolved )

FIG. 3. Hypothetical line shape arising from super-
position of several dissociation kinetic energies and a
thermal Doppler core. The contributions, «,g,¥, a;,
might arise from energy states and curve crossings of
the type indicated by the corresponding letters in Fig. 1.
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profiles, energy levels U, of several of the ionic
states, where

X
U = U(an) +E (5)

D ’

can sometimes be inferred from our measure-
ments. (Ux is taken from the atomic ground state. )
Among the line shapes studied, if two transitions
originate from the same upper state 2p,, then
equal U, values are to be expected (see Fig. 1).

In addition, analysis of radiative transitions with
different upper states may lead to the inference of
equal U, values, if the excited molecule repulsive
curves leading to these different atomic states
cross the same molecular ion curve (for example,
curves x, and y, in Fig. 1). On the other hand,

if curves such as x, and y, are involved, different
values of U, will be inferred from studies of
transitions originating from different upper states.
These general considerations, which are discussed
further in Sec. V, should be borne in mind when
interpreting the results below.

IV. EXPERIMENTAL RESULTS
A. Discharge Line Shapes in Neon

The forms of the discharge line profiles are de-
termined by the densities and temperatures of the
electrons, ions, and neutrals. The most signifi-
cant factor is the thermal Doppler broadening (to-
gether with the instrumental broadening), although
a Stark-broadening influence of the plasma (den-
sity, n,~10' cm~?) and of the neutrals (density,
1o~ 3 - T7x10% cm™%) can be seen. In some cases,
a high density of absorbing 1s states affects the
discharge line profiles, which effect can usually
be avoided by reducing the discharge excitation.
In any case, the linewidths under discharge con-
ditions could definitely be made smaller than those
of all of our afterglow lines, whereas, without
dissociative recombination, the afterglow lines
would be expected to be of smaller half-width, be-
cause of the smaller plasma densities (< 10° cm-3)
at the afterglow times of interest here.

Figure 4 shows an example of the neon 15852 and
16678 discharge lines. The computed thermal
Doppler half-widths at 77°K are 20 and 18 mK,
respectively; whereas, the observed half-widths
are 43 and 37 mK.® A part of the differences (be-
tween 20 and 43 mK at A5852) is due to the instru-
mental width (estimated not to exceed 10 mK), the
remainder probably being due to Stark broadening
by neutrals and plasma. At twice the neutral den-
sity, the observed half-width of A5852 at 77"K is
slightly larger (<50 mK), and at the same neutral
density at 300°K and maximum available micro-
wave discharge power, this half-width increases
to ~70 mK, which clearly is an effect of both in-
creased temperature and plasma density.

. — T
Neon +—
discharge —
: ———F Neyo
= 500 mK
I\ —
A | A=
T T 1T
1 : — HES
(a) t 1 15852 s
+ T T 43 MKt N +
= ! o Ney,
L AS ! I AW 1.
4 X 1 = I:r’—— X 74 mK ——
= T T + 1 —  Se——
JNezo
+ 1T
¥
{
T T
: ! B 16678
I 1
(b) 37 mK =H
’r' N922
e | I T
7 Y 374 mK
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FIG. 4. Chart record of neon line profiles during the
microwave discharge at T=77°K and p,=1 Torr (re-
duced to 0°C); (a) A5852 (2p{— 1s,) and (b) A6678
(2p,—1s,). The Ney, and Ney, isotope contributions are
clearly resolved.

For all the other neon lines the situation is ap-
proximately the same; the recorded half-widths
are generally about two times larger than their
computed 77°K Doppler widths and can be affected
by changing either the plasma or the neutral atom
densities. Similarly, in argon for 16965 and for
A7067 at 77°K the recorded half- widths are 29 mK
and the computed Doppler half-widths are about
14 mK.

The small component of the line shifted 74 mK
to the right in the A5852 profiles of Fig. 4 is due
to the isotope Ne,,, which has a relative abundance
of * ~9% compared with the main isotope Ne,,. In
argon, no isotope lines can be seen.

B. Neon Afterglow Line Intensities

In a neon afterglow, many fairly intense lines can
be studied. All the strong 2p-1s transitions, which
are familiar from spectroscopic work on dis-
charges, are present in the afterglow. Except
possibly for the first few hundred microseconds
of an afterglow, all these lines decay at the same
rate, which indicates their equivalence for the
purposes of our present study. Examples of the
observed decays of four of the lines are shown in
Fig. 5. The “intensities” shown here are simply
the photomultiplier output currents and have not
been corrected for the changing efficiency of the
EMI-9558 photocathode with wavelength; however,
the corrected relative intensities of all the lines
are given in Table I, from which one may assess
the relative strengths of the recombination radia-
tions.

The rather complicated decay (approximately as
1/t) shown in Fig. 5 evidently results from the fact
that the recombination radiation intensity is pro-
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FIG. 5. Decay of intensity of several
(2p,— 1s,,,) neon transitions during the
afterglow.

portional to the product (a; Mn,), where a; is the
recombination coefficient intothe radiating excited
state, M is the molecular ion density, and n, is the
electron density. At low pressures, both atomic
and molecular ions are present in the afterglow.

In the discharge some molecular ions are produced
from highly excited atoms by associative ioniza-
tion, i.e.,

Ne* + Ne =~ Net +e , (6)

while during the afterglow they are produced from
atomic ions by the rather slow three body conver-
sion reaction,!!

Ne*+2Ne — NeJ + Ne . (7

Thus, since M and n, can have quite different time
histories in low-pressure afterglows, the excited-
state production by recombination and consequent-
ly the associated afterglow radiation can exhibit
rather complicated decays.

In the three-body formation of Ne} [Eq. (7)], the
molecular ions may be formed in any vibrational
and electronic state. Since the molecular ion
“lifetime” before recombination with an electron
varies between ~100 usec and ~5 msec, depend-
ing on the electron density, relaxation of the vibra-
tional- state populations to a thermal distribution
may not always take place during the afterglow.
Thus as noted in the previous section, additional
contributions to the line profiles would occur as a
result of the “A crossings” between the vibration-
ally excited ion states and the repulsive neutral
states (see Figs. 1 and 3).

C. Neon Afterglow Line Profiles

Recordings of most afterglow line profiles could
be taken at any afterglow time between 0 and ~ 10
msec, i.e., at electron densities between ~10*°
and ~10® cm-3. With the possible exception of the
first few hundred microseconds, there is no notice-
able variation of recorded line shape with time,
and Fig. 6 is typical of the A5852 line shape for
the whole accessible afterglow interval between 0.5
and 10 msec. Also, a gas temperature variation
from 300 to 77°K hardly affects the afterglow line
shape, whereas discharge line shapes are definite-
ly reduced in width at the lower temperature. (For
a recording of the 15852 line shape taken at 300°K
see Figs. 9 and 10 of the paper by Connor and
Biondi.!)

A careful examination of line-profile tracings
(as many as 13 interference orders are usually
traced for a given set of afterglow conditions) re-
veals that the 15852 structure is more complicated
than the single trapezoidal shape given by Eq. (2)
on which is superposed a thermal Doppler core
(see, for example, the residual “shoulders” at
frequency shifts greater than 150 mK from line

TABLE I. Atomic line profiles studied and their
relative intensities (photons/sec) during the afterglow.

Line Relative Transition
@A) intensity (Paschen)
Ne 5852 1.0 2p4-1s,
5400 <1 2p1-1s4
6598 0.57 2p,-1s,
6163 0.40 2p,-1s4
6029 0.15 2py-1s4
6074 0.47 2p3-1s,
6678 1.11 2p,-1s,
6096 0.67 2p4-1s,
5944 0.40 2p4-1s;s
6717 0.54 2p5-1s,
6266 0.57 2ps-1s3
6929 0.45 2pe-1s,
6304 0.15 2pe-1s,
6143 0.65 2pe-1s;
6532 0.20 2pq-1s3
6383 0.71 2ps-1s,
6217 0.15 2p,-1s;
7173 «1 2pg-1s,
6506 0.85 2pg-1s,
6334 0.33 2pg-1s;5
6402 1.60 2pg4-1ss
7245 0.24 2p10—ls4
Ar 6965 2py-1s5
7383 2ps-1s,
7067 2ps-1ss
7948 2p4-1s;
7635 2pe-1ss
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FIG. 6. Top: Chart record of the A5852 (Zp‘-—’ 1s ) neon
line profile taken during the period 0.6 - 1.0 msec of the
afterglow. Bottom: Tracing of record showing positions
of six pairs of “dissociative shoulders” with correspond-
ing E_ values in eV of @, 2.28 b, 1.73 ¢, 1.26 d, 0.88
e, 0.47 and f, 0.16. The thermal “core” of the line
has a half width of ~31 mK.

center, as indicated by the letters b-b in Fig. 6).
It is a straightforward matter to show that two
“shoulders” of equal intensity corresponding to
two different dissociation energies Epand Ep,
yield a discernable “step” between them only if

[(Eé)”z - (Eé’)”z] >2(RT)Y2 . (8)

At dissociation energies of ~1 eV at T=77°K, an
energy differenceinexcess of ~0. 3 eV is required;
thus not all of the structure corresponding to dif-
ferent initial states in the dissociative recombina-
tion reaction can be detected in the line profiles,
especially when one considers the additional effects
of instrumental broadening of the profile and the
inevitable “noise” in an afterglow trace (see, for
example, the slight irregularity in the tracing
near the line center in Fig. 6).

In analyzing the profiles of the various afterglow
lines, we have adopted the procedure of visually
examining many different tracings of a given line
and selecting only those shoulder pairs which are
symmetrically disposed with respect to the line
center, and of nearly equal amplitude. Thus, al-
though a single tracing is sufficiently “noisy” to
render doubtful the reality of some of the shoulder
steps, the reproducibility of the position of the
steps on many tracings gives us some confidence
in the existence of substantial structure in the line
profiles.

Let us now consider some of the line profiles in
detail, starting with the afterglow 5852 (2p,-1s,)
line of Fig. 6. The apparent slight asymmetry in
the shoulder structures indicated by the positions

of the horizontal lines in Fig. 6 stems from the
neon isotope Ne,,, which is present with its natural
abundance of about 9%. (No attempt has been made
to use a gas sample with enriched Ne,,.) A simple
quantitative decomposition of the observed profile
into a Ne,, and a Ne,, line, with relative intensities
of 91: 9, the latter shifted by 74 mK to the right,
reveals perfectly symmetric shoulder intensities
for the main isotope. A good approximation of this
symmetric structure can be obtained by using the
left wing of the profile only, complementing it on
the right of the line center by its mirror image.

In the discussions to follow, the Ne,, isotope will
not be considered further.

An interesting feature of the 25852 afterglow pro-
file is that it can very nearly be understood as a
superposition of one dissociative trapezoid (C-C in
Fig. 6) and a narrow thermal core, as was pointed
out by Connor and Biondi.» Under this assumption,
the kinetic energy of dissociation, Ep, can be eval-
uated from the apparent half-width (280 mK), yield-
ing Ep=(1.25+0.07) eV. Hence the energy of the
molecular level with regard to the atomic ground
state would be U, =(20.21+0.07) eV and the mole-
cular ion binding energy D=(1.35+0.07) eV, in
close agreement with the results of the earlier
paper.' (In deriving this value of the dissociation
energy D, the ion is assumed to be in its ground
vibrational and electronic states, which assump-
tion may be called into question by the results of
the present study. )

A careful evaluation of our more accurate 5852 A
afterglow line profiles indicates the presence of
more features in the wings of the line than pre-
dicted by the simple theoretical shape of Eq. (2).
In addition to the (trivial) isotope modification, a
~50% increase in length of the rise of the outer-
most prominent shoulders (C-C) is observed. It
is just possible that this prolonged rise is largely
instrumental or is due to gas temperatures sub-
stantially higher than 77°K. It is also possible
that momentum transfer collisions have affected
the shape of the profile.! We believe, however,
in an alternative interpretation, that the deviations
are the result of a more complex line structure
having several shoulder pairs, similar to the case
illustrated schematically in Fig. 3, with barely
resolved step structures.

Favoring this interpretation is some just dis-
cernible structure, at the positions indicated by
the lower case letters in Fig. 6. Each of the
marked shoulder pairs is perfectly symmetric
with regard to the line center, is reproducible
through many orders (except for occasional inter-
ference by noise) and has essentially the predicted
rise length, and the corresponding right and left
shoulders are of equal amplitude (after correction
for Ne,,). Furthermore as will be shown below,
other neon afterglow lines indicate similar struc-
tures. Hence we conclude that the A5852 line has
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FIG. 7. Chart record of the A6598 (21)2—- 1s) neon line
profile taken during the interval 0.3 - 0.9 msec of the
afterglow. The inferred positions of several of the
shoulder pairs are shown by the horizontal lines.

a complex, multishoulder structure.

The line profiles of the remaining strong 2p-1s
transitions in neon are all of the multishoulder
type. There are a number of lines which, like the
15852 line, could possibly be interpreted as a
superposition of but one dissociative trapezoid and
a narrow thermal core. Figure 7, which shows
the 16598 (2p,-1s,) afterglow profile, is another
example of this type. However, a close inspection
of many tracings of 16598 profiles indicates a more
complex structure with several shoulder pairs at
the positions indicated in Fig. 7. An example of
an afterglow line profile which can hardly be un-
derstood as a superposition of a single dissociative
trapezoid plus a thermal core is 16304 (2p,-1s,),
as shown in Fig. 8. Comparison with the thermal
discharge profile again suggests the presence of a
number of shoulder pairs, only one of which (D-D)
is apparent on a single trace, as indicated by the
letters in the figure. There is also one particular
line, 16402 (2p,—1s,), see Fig. 9, in which devia-
tions from the thermal Doppler profile yield a
relatively narrow dissociative base, suggesting
small Ep values. If we accept this value, a sub-
stantially greater “binding energy” for the mole-
cular ion of ~2.4 eV is derived (in disagreement
with the value quoted earlier from previous 25852

o ————— 500 MK - 1sotope

FIG. 8. Tracing of the chart records of A6304 (2pg
— 1s4) neon line profiles taken during the discharge and
during the interval 0.6—1.2 msec of the afterglow. The
inferred positions of the dissociative shoulders are
indicated by the letters.
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FIG. 9. Chart record of the A6402 (2py— 1s5) neon
line profile taken during the interval 0.5-1.5 msec of
the afterglow.

studies), and a molecular ion curve of the type i,
in Fig. 1 is implied. A detailed discussion of this
point is deferred to Sec. V.

D. Argon Line Profiles

In argon, similar line profiles have also been
found. The discharge lines are approximately of
the expected widths (thermal Doppler width and
instrumental width) and all afterglow lines studied
definitely have broader bases. As an example,
Fig. 10 shows the measured 16965 (2p,-1s,) line
profiles in argon. In addition to this line, four
other 2p-1s transitions have been studied; 17067,
17383, 27635, and A7948.

There is some evidence that the afterglow line
profiles have multishoulder structures similar to
those in neon. The structures are narrower and
thus less readily resolved, however. We there-
fore have refrained from attempting to derive Ep
values from the argon profiles because of the
large errors associated with such attempts. We
do, however, conclude that the only likely source
of such broadened afterglow line profiles is the
dissociation kinetic energy given to the excited
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FIG. 10. Tracing (discharge line) and chart record
(afterglow line) of A6965 (2p, — 1s5) argon line profiles.
(The afterglow line was recorded during the interval
1.0-2.2 msec.)
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argon atom formed during recombination, giving ®_ @ M : * :
evidence of the connection of the large electron- an‘a * - -
capture rate in argon with the dissociative recom- o ;§ e
bination process. E E R P fL"
. wm
V. DISCUSSION £5
The conclusions of the present study may be —g £ o —
summarized as follows: g9
1. The 22 neon and 5 argon [an-— 1s,, ] transi- o -§ R B
tions studied (see TableI) all reveal afterglow line o - * ~
profiles which are broader than the corresponding g =
discharge lines. In addition, in most cases the 'g g + 5loe v v
forms of these afterglow profiles are clearly con- a o oSl s a
sistent with dissociation kinetic-energy contribu- 'i 3 =
tions to the broadening. Thus we are led to the )
conclusion that, in neon, all of the excited atomic § ; % SIS
states 2p, (1<#n< 10) are products of the dissocia- —(é; g N ]
tive recombination process. In addition, prelimin- 2% an
ary line-shape studies suggest that even higher w3 *
levels, such as 3s and 4d, are formed during dis- S % § : f c e
sociative recombination of electrons and Ne} ions. g E S gy
In argon, while the afterglow line shapes are not s 3 "
as well defined, their obvious broadening relative B Sl
to the discharge lines indicates that here, also, "Q.‘; T ; :, 2 * 2
2p,, excited states are formed during dissociative ‘;’ § Es SN o
recombination of electrons with Ar% ions. & & £
2. Examination of the line profiles (at the im- 5@ " o|m e
proved signal-to-noise ratios obtained in the pres- g 2 S|ISIRRS
ent studies) reveals that the afterglow line shapes g€ 9
are more complicated than a single dissociative 25 g - =
pedestal [of the form given by Eq. (2)] surmounted = A R
by a thermal core. The lines are evidently multi- 8~ e< T
shouldered in structure, and comparisons of trac- g _(cn_g
ings of a given profile through many successive in- 2% ~ ol ~
terference orders reveal the positions of not only 2 & sgis* g
the strong shoulders (such as C-C in Fig. 6) but o 2 =
also weaker features (such as a-a and b-b in Fig. e
6). 5 S R
3. From the inferred values of the dissociation S E g R
kinetic energies for these various shoulders, to- % g E
gether with Eq. (5), one can calculate the initial ER® § =1
molecular ion levels from which the dissociative < 2@ * ol s
process started. Examples of the energy-level ‘;f; g -
values inferred from the five 2p, and 2p, ~1s,, 3 % i
atomic transitions studied are contained in Table PR N A NN
II. The accuracy of the inferred values varies & 2= N3nEA
considerably in going from “strong” to “weak” o m
features in a line profile (from ~0.01 eV to 20. 1 § é 21 -
eV,)but it will be seen that there do seem to be Soollszls |2
intervals of a few tenths of an eV between levels. S = 3 5T 3% =
[This interval is approximately that given by the 453
“discernible step” resolving criterion of Eq. (8).] ER: E g R .
In addition, as noted in Sec. III, not only do two -°-<; § ; % '{_ﬁ ".V‘J %‘) (":‘} '?
different lines from a common upper state appear =3g| 8 § S55888
to reproduce the molecular ion levels within ~0. 1 = 3 . S
eV, but also lines from different upper states, m a5 )
i.e., 2p, and 2p,, yield consistent molecular ion RadllEf _|oolonas
levels, suggesting that although the analysis is EE § : g § % % E %
relatively crude and incomplete it does provide g 2



252 L. FROMMHOLD AND M. A. BIONDI 185

some information concerning the energy levels.
(An apparent inconsistency in the observed pro-
files is that the strong shoulders C-C of 15852 in
Fig. 6, which yield the molecular level at 20. 22
eV, appear as a weak feature in A5400, which ori-
ginates from the same upper state; however,
15400 is a very weak afterglow line, leading to dif-
ficulties in the shoulder position determinations. )
4. From a consideration of the positions of the
inferred molecular ion energy levels and the
strengths of the corresponding features in the line
profiles, it is clear that the actual potential curves
involved in the dissociative recombination of elec-
trons and Ne} ions are much more complicated
than the schematic representation given in Fig. 1
of Connor and Biondi’s paper.! Although we ar-
rive at a similar pair of curves (i, and x, in our
Fig. 1), the additional higher-energy structure
in the 25852 profile, together with that from other
spectral lines studied, leads us to postulate an ad-
ditional bound Net state of the form of curve i,
which is reached by the unstable excited molecule
curve x, with crossings a and g’ of the ion curves.
A final point concerning the Ne} energy levels
is the question of the reality of the curve labeled
iy in Fig. 1. Although there are substantial num-
bers of just discernible, narrow shoulders near
the thermal cores of most of the lines, leading to
the inference of molecular ion energy levels at
less than 20 eV above the atomic ground state, we
noted in Sec. III that cascading from higher states
could also lead to such narrow shoulders. Argu-
ing against a Ne} state with ~2.7 eV binding
energy (curve i,) is the fact that the threshold for
associative ionization [Reaction (7)] has been de-
termined*? to be 20. 86+ 0. 20 eV above the atomic
ground state, which is consistent with a flat or

slightly attractive excited molecule curve cross-
ing our i, curve, whose minimum is at ~20.2 eV.
(Strongly attractive, i.e., bound state Ne"; curves
seem unlikely inasmuch as band spectra of neon
molecules have not been observed.) Thus, asso-
ciative ionization does not require a deeper bound
state of Ne}. In addition, the ~2.7 eV binding
energy of i, is about twice the estimated value
from chemical bond considerations!® and is also
much higher than the binding energy derived from
scattering data.

We, therefore, conclude that there probably is
no i ,-type bound state for Ne} and that the narrow
shoulders on the (2p, = 1sy,)line profiles are the
result of recombination into higher (>3s, 4d)
states, followed by radiative transitions into 2p,,
states before loss of the small dissociation kinetic
energy acquired in the initial recombination event.
In support of this are some preliminary studies of
higher-state line profiles in the earlier afterglow
(0.6~ 1.5 msec), for example, the A5689 (3s,
-~2p,,) transition. This line appears to be multi-
shouldered, and Ep values of 0.20 and 0.38 eV
are inferred. Since corresponding Ep values
have been noted for some of the (2p,, ~ lsm) transi-
tions, a cascading origin of the small dissociation
energies in these latter profiles seem reasonable.
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