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ments of the same group were about 50%%u& high due to
this source of error. The new o H+ values of Il'in et a.»
agree well with our aH+ determinations" above 30 keV
but fall drastically below our values at lower energies.
As suggested by the authors, "errors in the low-energy

data were perhaps caused by interception of large-angle
dissociation fragments at the collision-chamber exit
aperture; however, insufhcient data on the collision

chamber and detector geometry was given to allow us

to confirm this.
Irsa and Friedman~ concluded from mass spectrom-

eter studies of H+ and. D+ dissociation fragments of
4-keV HD+ ions that the H+ and D+ fragments had
mean transverse velocities of the order of 0.0024 times

~ A. P. Irsa and L. Friedman, J. Chem. Phys. 34, 330 (1961).

the HD+ velocity. This result is not consistent with the
present result assuming that the HD+ ions of the
earlier experiment possessed a dI'/dR distribution
similar to that of the H2+ ions used in the present ex-
periment. Such an assumption leads to nearly an order-
of-magnitude-larger angular spread than that observed

by Irsa and Friedman.
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Optical interferometric, spectrographic, and microwave techniques have been used to investigate the
nature of electron-ion recombination in neon afterglows. Electron-density decay measurements yield a two-
body recombination coefBcient a 2X10 ~ cm'/sec, in agreement with earlier studies carried out at electron
densities an order of magnitude smaller. The hypothesis that dissociative recombination, Ne~++e ~+

(Ne,*)„,~bf, ~+ Ne~+Ne+ kinetic energy is the process operative is tested by seeking to detect the kinetic
energy of dissociation in the excited atoms produced by recombination. Fabry-Perot interferometer studies of
the width of the )5852 (2P1-1s2) neon line indicate that in the afterglow the line is very much broader than
the thermal (300'K) atom width observed in the discharge. This excess width in the afterglow line is found
to decrease with increasing neon gas pressure, owing to increased likelihood of excitation transfer from the
fast atoms to thermal atoms before radiation. Higher-resolution studies of the spectral-line profiles indicate
that the afterglow line consists of a "broad-shouldered, "Rat-topped component of the form expected for
radiation from dissociatively produced excited atoms, surmounted by a narrow, thermal core resulting from
radiation from slow-excited atoms produced by excitation transfer. The width of the fast-atom component
of the profile yields a value for the dissociation kinetic energy, E~—1.2 eV, leading to a binding energy for
the neon molecular ion, D(Ne~+) 1.4 eV. The variation with neon pressure of slow-atom to fast-atom
component in the line pro6le yields an excitation transfer cross section between excited 2P& atoms and
normal atoms of Q (8&2)X10 '6 cm at a relative velocity of 2.5X10~ cm/sec. It is concluded that dis-
sociative recombination is definitely the process responsible for the large electron loss in neon afterglows.

I. INTRODUCTION

HE present paper describes investigations de-
signed to provide a critical test of whether or not

dissociative recombination is the process responsible for
the large electron loss rate observed in neon afterglows.
The process of dissociative recombination was first
suggested to account for the very large electron removal
rates noted in ionospheric regions such as the E layer. '

+ This research has been supported, in part, by the U. S. OS.ce
of Naval Research.

t Present address: Los Alamos Scienti6c Laboratories, Los
Alamos, New Mexico.

' D. R. Bates and H. S. %. Massey, Proc. Roy. Soc. (London)
$187, 261 (1964); A192, 1 (194'l).

Q'hen microwave studies of noble-gas afterglows' gave
evidence for large 2-body electron-ion recombination
(n) 10 r cm'/sec), dissociative recombination was pro-
posed as the mechanism responsible. ' For the case of
neon, the process may be illustrated with the aid of
Fig. 1 and the following equation,

Ne2++e =(Nem*). a.bi.
Ne*+Ne+ kinetic energy, (l.)

where the superscripts + and * indicate ionized and
excited states, respectively. Thus, a molecular neon

' M. A. Biondi and S. C. Brown, Phys. Rev. 76, 169"l (1949).' D. R. Bates, Phys. Rev. 77, 718 (1950); 78, 492 (1950); 82,
103 (1951).
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ion in a particular vibrational state captures an electron,
without change of energy, to form an unstable excited
state. (Such a transfer requires a favorable curve cross-
ing of the type shown, so that there is appreciable over-
lap between the initial and final states. ) The excited
molecule begins to dissociate, and, if the internuclear
separation increases beyond point X, it is no longer
energetically possible for the electron to be released by
autoionization, i.e., the first half of reaction (1) going
to the left. The dissociation then proceeds to completion,
producing two neon atoms, one probably in an excited
state, moving apart with kinetic energies totalling E~,
the change of potential energy in the reaction. Since
the time required for the atoms to separate many ang-
stroms is of the order of 10 "sec, the unstable excited
molecule (radiative lifetime )10-' sec) has negligible
chance of radiating, so that the reaction produces an
excited atom (and thus atomic lime radiation).

The dissociative process provides a mechanism po-
tentially much more scient than radiative capture of
the electron, if the necessary curve crossingsoccur. Thus,
qualitative theoretical arguments~' have been ad-
vanced to support a two-body recombination coefBrient,
aq;„,of the order of 10 ' cm'/sec or larger for thermal

( 300 K) particles, in contrast to a radiative recombi-
nation coeificient o.„s& 10 " cm'/sec at the same
energy. ' Quantitative theoretical calculations have not
been carried out, since the details of the potential
curves and their crossings, as well as the autoionizetion
probability, depend on the wave functions for the
various states involved, and these are not at present
available.

The present experiment was undertaken to test the
dissociative-recombination hypothesis by determining
whether the atoms formed during recombination have
kinetic energies substantially in excess of thermal energy
(refer to Fig. 1). Previously, ' experiments had shown
that the large two-body recombination loss of electrons
in argon occurred only when Ar2+ ions were expected
to predominate. More recently, combined mass-spec-
trometer and microwave studies' of neon afterglows
have shown that Ne2+ is the only signi6cant afterglow
ion when two-body recombination controls the electron
loss.

Attempts to detect the kinetic energy of dissociation
of the excited atoms formed by recombination in helium
afterglows met with limited success. In helium, circum-
stances are rather unfavorable for the detection of dis-
sociative recombination, since, relative to the other

4 E. Bauer and T. Y. Wu, Can. J. Phys. 34, 1436 (1956).' J. J. Gibbons, Abstracts of Defense Atomic Support Agency
Reaction Rate Conference, Boulder, Colorado, 1961 (unpublished).

'See, for example, H. S. W. Massey and E. H. S. Burhop,
Electronic and Ionic Impact I'henomena (Oxford University Press,
London, 1952).

~ M. A. Biondi, Phys. Rev. 129, 1181 (1963).
W. H. Kasner (private communication). This work was

carried out with the apparatus described by W. H. Kasner and
M. A. Biondi, Phys. Rev. 137, A317 (1965).

I W. A. Rogers and M. A. Biondi, Phys. Rev. 134, A1215 (1964).
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noble gases (e.g. , neon and argon), the ambipolar
diffusion loss rate is large and the dissociative-recombi-
nation coefficient is small (&10 ' cm'/sec). In addition,
unlike neon and argon, the afterglow recombination
spectrum shifts from predominantly atomic lines at low
pressures ( 1 Torr) to molecular bands at moderate
pressures (&10 Torr), suggesting a change in the re-
combination mechanism. The situation is further
complicated by the fact that the 3-body process of
collisional-radiative recombination" is not negligible
compared to the expected dissociative recombination
at the maximum electron densities used in the studies.
(For I, 10" e/cm', the equivalent coeificient for
collisional-radiative recombination is predicted ' to be
"n".., 10 ' cm'/sec. ) In fact, many of the observations
of radiation emitted from fiowing helium afterglows" "
are consistent with collisional-radiative recombination
of both atomic and molecular helium ions with elec-
trons, although other, detailed studies of microwave
afterglows" indicate that some additional recombination
mechanism is operative insofar as the helium molecular
ions are concerned. A further problem with helium is
the recent prediction" that the necessary potential
curve crossings for dissociative recombination of He2+
ions and electrons only occur for ions in vibrationally
excited states.

Although the dissociative reaction, Eq. (1),produces
atoms with excess kinetic energy, detection of this
kinetic energy through a Doppler effect in the radiation
emitted from the excited atom requires that certain
stringent conditions (discussed in detail in Sec. III)
be met. %'hile excess kinetic energy was detected in
the excited atoms produced by recombination in low-

' ¹ D'Angelo, Phys. Rev. 121, 505 (1961); E. Hinnov and
J.G. Hirschberg, ibid. 125, 795 (1962);D. R.Bates, A. E.Kingston,
R. W. P. McWhIrter, Proc. Roy. Soc. (London) 4267, 297 (1962);
A270, 155 (1962)."C.B. Collins and W. W. Robertson, J. Chem. Phys. 40, 701,
2202, 2208 (1964), and J. Chem. Phys. (to be published).~ E. E. Ferguson, F. C. Fehsenfeld, and A. L. Schmeltekop,
Phys. Rev. 138, A381 (1965).

Ig D. E. Kerr, C. S. Leffel, and M. ¹Hirsch (to be published)."R.S. Mulliken, Phys. Rev. 136, A962 (1964).

XNTERNUCLE AR SEPARATION

FIG. 1. Schematic representation of the potential energy V(R)
between two neon atoms as a function of their internuclear sepa-
ration. Only two of the many curves are shown, one for the stable
state of the molecular ion, Ne~+, the other for an unstable state of
the excited molecule, Neg.
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Fro. 2. Highly simplified block diagram of the
experimental apparatus.

pressure helium afterglows, the results did not seem
suKciently conclusive to establish that dissociative re-
combination was deinitely the origin of the radiation.
We have, therefore, turned to neon, which had initially
been regarded as less satisfactory in meeting the con-
ditions for observation of the Doppler eGect in the re-
combination radiation, in order to provide a test of the
dissociative hypothesis in a case where the exist-
ence of a large, two-body recombination loss of elec-
trons (n—2X10 " cm'/sec) has been rather clearly
established ""

The main aim of the experiment is to provide favor-
able circumstances for the detection of any excess
kinetic energy of the excited atoms produced by re-
combination, resulting in limitations on the ranges over
which other variables of interest, e.g. , electron density
and spectral line intensity, have been observed.

II. EXPEMMENTAL APPARATUS

The apparatus, shown rather schematically in Fig. 2,
consists of four main parts; an ultrahigh-vacuum gas-
handling system, a dual-mode microwave system to
permit plasma generation and average electron density
determinations during the afterglow, an optical spec-
trometer (not shown) to monitor the time history of the
various radiations emitted during the afterglow, and a
photoelectric recording I'abry-Perot interferometer to
determine the widths and shapes of selected spectral
lines in the afterglow. These components have been
described in detail previously"6 '; therefore only new
features will be discussed in any deta. il here.

The gas handling vacuum system attains pressures
between 10 ' and 10—' Torr following bakeout of the
ma, in part of the system at ~400'C. The quartz sphere,
which during measurements is enclosed by the micro-
wave cavity, is baked at 800'C. The pressure of the
gas sample introduced into the sphere is measured by
means of an oil manometer which is isolated from the
gas-handling system by means of an ultrahigh vacuum
null pressure detecting device. Airco reagent grade
neon, contained in 1-liter glass Qasks, is used in these
studies.

"H. J. Oskam and V. R. Mittelstadt, Phys. Rev, 132, 1445
(1963).

"M. A. Biondi, Rev. Sci. Instr. 22, 500 (1951)."M. A. Siondi, Rev. Sci. Instr. 2i, 36 t', 1956).

Power from a high-power 3-cm cw magnetron gener-
ates a pulsed discharge lasting a few hundred micro-
seconds and is repeated at either a 500-cps or a 286-cps
rate. The magnetron operates through a ferrite iso-
lator in a wave guide which is iris coupled into one mode
of a rectangular parellelopiped resonant cavity. In the
early studies a TE»&-mode cavity was used; in the
later work, a larger, TK303-mode cavity was employed.
In each case, the largest practicable quartz sphere was
placed within the cavity, one of radius 0.6 cm, the other
2.1 CIQ ln ra(Gus.

A low-level 3-cm-wavelength probing signal excites
a second mode of the cavity (the electric vector is per-
pendicular to that from the magnetron). Observations of
the reflection of this signal are used to determine the
cavity's resonant frequency and hence the average
electron density as a function of time during the after-
glow. "Use of the two orthogonal cavity modes reduces
leakage of the high-power magnetron pulse into the
probing signal guide to negligible proportions; there-
fore it has been possible to eliminate the nonoverloading
ampli6ers previously required. '

The radiation emitted in the discharge and during the
afterglow is monitored by means of a Bausch and Lomb
model 33-86-25 grating monochromator, using as a
detector on RCA type-931A photomultiplier which is
electronically gated "on" at selected times either in the
discharge or the afterglow.

In order to obtain the width or shape of a given spec-
tral line, that line is Grst isolated reasonably weQ from
the rest of the spectrum by a narrow band (~17-A
half-width) Spectrolab interference filter and then
passes through the photoelectric Fabry-Perot (F-P)
interferometer" (see Fig. 2). The concentric rings of
the F-P pattern are imaged by the output lens (f.l.= g
in. ) on a plate containing a hole (0.0145 in. diam) which
is aligned with the center of the pattern. In this way a
small portion of the radiation in the central spot passes
through and falls on the photocathode of a gated
931A photomultiplier. The multiplier's output signal is
fed to an integrating circuit (time constant 4 sec) and
electrometer whose output is displayed on the chart
recorder.

The wavelength for constructive interference of the
beams making up the center of the Fabry-Perot pattern
is given by the relation

X= 2pI/n,

where X is the vacuum wavelength, p the refractive
index of the medium between the plates, t the plate
spacing, and rc the interference order. This wavelength
is made to change linearly with time by introducing
argon gas at a constant rate to the sealed, initially
evacuated housing containing the I'-P plates; thus the
refractive index between the plates increases linearly
with time. If, now, the chart paper is driven by a syn-
chronous motor, a linear presentation of intensity
versus frequency over the line profile is obtained; the
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frequency scale is calibrated by tuning through several
interference orders, since the pattern repeats itself after
a wave number interval of hv= (2pt) j (2i) '.

In the early phases of the work reported in this paper,
Fabry-Perot plates Rat to 1/25 wavelength and coated
with multilayer dielectric films of 90% refiectivity
were employed. The resulting finesse (the ratio of the
free spectral range, d vg„between interference orders to
the instrumental half-width) is 10. Thus, in a typical
case, where hfdf, = (2pi) '= 0.50 cm—' (1.0 cm spacer) an
instrumental half-width of 0.05 cm ' is expected. The
thermal Doppler width for the visible tr~n~itions from
excited neon atoms at 300'K is of the same magnitude;
therefore the line shapes observed with these plates
contain a large contribution of instrumental origin.

In order to observe more of the details of the line
shapes, our later studies have been carried out with
improved F-P plates, fat to 1/100 wavelength and
coated with dielectric films of 97% refiectivity. The
resulting finesse of 42 yields instrumental widths in the
range 0.010-0.016 cm—' with the various spacers em-

ployed. These instrumental widths are sufhciently small
that the observed line profiles closely approximate those
of the radiated lines.

IG. RELEVANT ATOMIC-COLLISION
PROCESSES

Under the conditions of the experiment it is expected
that, during the magnetron pulse, the plasma is created
by electron impact excitation and ionization of the nor-
mal atoms. Atomic Ne+ ions are formed directly, while
Ne2+ ions result from associative ionization'8 when
highly excited neon atoms combine with normal atoms.
No evidence for appreciable ionization resulting from
metastable-rnetastable collisions" and persisting into
the afterglow is noted. Conversion of Ne+ to Nel+ as a
result of three-body collisions involving two normal
atoms presumably occurs with a coeKcient of &10—"
cm'/sec. "

The principal loss processes for the electrons and
ions during the afterglow are two-body volume re-
combination between the electrons and the Ne~+ ions
and ambipolar diffusion of the electrons and positive
ions to the walls of the quartz sphere. " In order to
obtain a reasonably accurate determination of the
recombination coefBcient, electron density decay meas-
urements were made s.t high pressures ( 70 Torr) to
reduce ambipolar diffusion loss to a small value over an
appreciable portion of the afterglow and to assure that
Ne2+ was the only significant afterglow' ion. s Under these

"J.A. Hornbeck and J. P. Molnar, Phys. Rev. 84, 625 (1951)."M. A. Biondi, Phys. Rev. 88, 660 (1952).~ A. V. Phelps and S. C. Brown, Phys. Rev. 86, 102 (1952);
H. J. Oskam, P&lips Res. Rept. 13, 335, 401 (1958);E. C. Beaty
and P. I . Patterson, Phys. Rev. 137, A346 (1965)."Under typical experimental conditions the effective coeKcient
for collisional radiative recombination (Ref. 10) is 10 8 cm'/sec
or less, more than an order of magnitude smaller than the two-body
coeKcient observed.
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FIG. 3. Observed variation of the reciprocal of the electron
density with time in a high-pressure neon afterglow.

circumstances the electron continuity equation is
adequately approximated by

Bn,/Bt an, n—+. an, '—,

where n, and n+ are the electron and molecular ion
densities, respectively. They have been set equal to
satisfy the quasineutrality requirement for a plasma.
The solution, 1/n, = 1/n, (0)+at, indicates that a meas-
ure of the recombination coefEi.cient may be obtained
from the observed slope of the curve of reciprocal elec-
tron density versus time.

An example of the decay of electron density observed
with the TKypy mode cavity and small quartz sphere
(fundamental-mode diffusion length, 3=0.19 cm) is
shown in Fig. 3. The electron decay follows the recombi-
nation law over a decade change in density and then
departs in the direction expected for ambipolar diffusion
contributions to the loss. The error bars show the un-
certainties in the frequency determinations obtained
with the cavity wavemeter. Following the convention of
Gray and Kerr" the average electron-density values
shown are obtained from the measured frequency-shift
data on the unrealistic assumption of a uniform spatial
distribution of electrons throughout the sphere. Then
the slope of the curve, 2.8X10 r cm'/sec, is corrected
for the effect of the actual electron spatial distri-
bution expected, "yielding a recombination coeKcient
a=2X10 ' cm'/sec in excellent agreement with pre-
vious results. ' "' An interesting feature of these
measurements is that they refer to an electron density
range ( 1—10X10"cm ') approximately an order of
magnitude larger than that covered in the determi-
nations of the earlier studies —indicating that the two-
body recombination process predominates even in this
higher density range.

The measured electron density decays with the TE303-
mode cavity and larger sphere also indicate recombi-
nation control of the afterglow at the pressures studied,

~ E. P.Gray and D. E. Kerr, Ann. Phys. (N. Y.) 17, 276 (1962).



T. R. CON NOR AN 0 M, A. 8 ION D I

Neon X 5852

0.0T44 ~

0.0

h, v„
NO. IOO

cn'

observed

p = 2.28 Torr

dtschorge

0.0760

0.065

process, but only to note that the spherical symmetry
of the excited state" may make for a sufhciently weak
interaction with the normal atom to yield the required
small excitation transfer at pressures of &1 Torr.

IV. SPECTRAL LINE SHAPES

A. Isotoye ESect

0.0T49

Ne20
predicted

7 2R

48

Fro. 4. Top: Observed neon X5852 line shape during the micro-
wave discharge at 300'K. The Fabry-Perot plates of 6nesse 42
were used for these observations. Bottom: Predicted isotope
splitting and thermal Doppler-broadened shape in natural-
abundance neon at 300'K.

20—74 Torr; however, conversion of the frequency shift
data to absolute electron density values in the high-
mode cavity is very uncertain. With the assumption
(especially poor in this case) of a uniform spatial dis-
tribution of electrons in the sphere, the slopes of the
1/rs, versus t curves are found to be approximately
10 ' cm'/sec, in qualitative agreement with the TEioi-
mode cavity studies.

Although the electron density decay studies are
carried out at high pressures to inhibit diffusion, the
spectral line-shape studies require that measurements
be carried out at rather lower pressures ( 1—10 Torr).
This requirement stems from the fact that, even though
the excited atoms formed during recombination may
have excess kinetic energy, an associated Doppler
e6ect mill be noted in the radiation emitted only if the
optical transition takes place both before the excited
atom is slowed on collisions with normal atoms and
before the excitation transfers from the fast-excited
atom to a slow-normal atom. Since the rates of mo-
mentum transfer and excitation-transfer collisions vary
linearly with the neon-atom concentration, a low
gas pressure (and a short-excited-state lifetime) are
necessary.

The X5852 transition of neon (2pi -+ 1s2)" is a strong
afterglow line with a reasonably short upper-state
lifetime, v-= 1.5)(10 sec." If momentum transfer
betmeen the fast-excited atoms and normal atoms
occurs with a cross section in the range 10—"—10 "cm',
then radiation will occur before the fast atom is slowed,
provided that the pressure is less than 10 Torr. A
more serious obstacle is the possibility of excitation
transfer to a slow-normal atom, since the cross section
for such a process can be orders of magnitude larger
than that for momentum transfer. ' Here, it is not
possible to guess in advance the magnitude of the

~ Here we have used Paschen notation to designate the levels.~ J. Z. Klose, Astrophys. J. 141, 814 (1965).

The X5852 transition involves singlet states and there-
fore exhibits no fine structure; however, an isotope
eifect is noted. in normal neon (90.8% Ne20 and 8.9%
Nein abundance). The observed line shape during the
discharge, using the F-P plates of finesse 42, is shown
in the top half of Fig. 4. On the assumption that each
isotope component is syTruuetrical about its central
frequency, we have been able to decompose the trace
into the two components, as indicated by the dashed
and dotted lines. The observed hyperfine splitting of
0.075&0.001 cm ' is in excellent agreement with the
theoretical value, 0.0749~0.0005 cm—', calculated by
Stone" and the value, 0.075~0.003 cm—', measured by
Nagaoka and Mishima. "In addition, the ratio of in-
tensities of the components inferred from Fig. 4 is
consistent with the natural isotopic abundance, although
our determination is obviously not very accurate.

B. Thermal and Recoil Broadening

It is expected that, during the discharge, the X5852
radiation is the result of electron impact excitation
of normal neon atoms moving with ambient thermal
speeds. The struck atom recoils slightly, adding this
motion to the previous thermal speed. When the pres-
sure is low, the atom will radiate before losing the recoil
energy, and therefore a line slightly broader than the
thermal Doppler width will be emitted. The shape of
the line can be predicted by adaptation of an expression
derived by Rogers and Biondi' for the case of dissoci-
ative broadening (see discussion in Sec. IV D).

In the microwave discharge, as a result of the rather
small mean energy of the electrons (a few eV), most of
the excitation of a given state results from electrons
with kinetic energies near the threshold energy. From
conservation of energy and momentum one finds that
the recoil energy gained by a neon atom initially at
rest is Eii= (es/M) (E,+288), where m and M are the
electron and neon atom masses, respectively, E is the
threshold excitation energy ( 19 eV for the 2p, state)
and dE is the energy of the electron after the inelastic
impact. Thus, for the 2p, state, recoil energies of

0.0006 eV are expected.
The spectral line shape to be expected when a

definite recoil speed (corresponding to a given Es) is

2' The argument for spherical symmetry in the excited 2p1 state
follows from its designation as 3'S0 in Shortley notation. In the
same notation the ground state of neon is 2'S0.

~6 A. P. Stone, Proc. Phys. Soc. (London) 74, 424 (1959)."H. Nagaoka and T. Mishima, Sci. Papers Inst. Phys. Chem.
Res. Tokyo 25, 223 (1934).
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superposed on the normal thermal motion has been
shown to be'

I(i) = (a/4b)(erf(av+b) e—rf(av b—)$, (4)

Oa20 I, ~, ~
~ ~, ~ t ~, I

where a= (Mc'/2kT)'~'/i 0 and b= (2Eg/kT)U' T being
the gas temperature and io the frequency (in wave
numbers) at the center of the line. Equation (4) is
normalized to unit area under the contour. This ex-

pression, together with the isotope shift and abundance
data, has been used to generate the predicted contour
shown in Fig. 4. It will be seen that at 300'K the
observed half-width for the Ne20 component is 0.065
cm ', while the predicted value is 0.048 cm—'. The ad-
ditional width observed is evidently the result of a
finite pressure-broadening contribution at 2.3 Torr, as
discussed in the next subsection, and a small contribu-
tion of instrumental origin. "
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C. Pressure Broade»~g

A pronounced increase in the width of the X5852
discharge line is noted with increasing gas pressure, the
line doubling in width as the pressure is increased from
"0"to 30 Torr at 300'K. This strong pressure broad-
ening evidently results from the fact the lower state
(1s2) of the X5852 transition is a resonance state which
has a high radiative transition probability to the ground
state and therefore interacts very strongly with the
normal neon atoms.

The observed widths at half-maximum intensities,
as measured with the etalon of finesse =42, are shown in
Fig. 5. The solid points have been obtained with the
TEypy mode cavity containing the small quartz sphere
and with the magnetron power set to give maximum
intensity in the discharge. The fact that the extrapo-
lation of these data to zero pressure leads to a width of
0.059 cm ' instead of the expected 0,054 cm ' for the
10-mm spacer" suggests that the high plasma density
causes significant Stark broadening, and/or there is a
sufficient density of resonance (1s2) states that some
self-absorption of the center of the line is taking place,
leading to an increase in the measured width at the
half-intensity points.

The excess broadening with increased discharge
intensity has been investigated in more detail with the
TE303 mode cavity and larger sphere. As seen from
Fig. 5, an increase in the discharge X5852 intensity by a
factor of 10 produces a noticeable increase in linewidth,
especially at low pressures. Therefore, the pressure
broadening by collisions with neutral atoms is evaluated
by ignoring the intense discharge points (open circles).
The vertical lines attached to two of the solid dots in the
figure represent an estimate of the possible systematic
errors in the linewidth determination resulting from

~The calculated instrumental width for plates of finesse 42
and 1-cm spacer is 0.012 cm '. From the analysis of R. Minkowski
and H. Bruck, Z. Physik 95, 299 (1935},which is strictly applicable
only for Gaussian line shapes, a half-width of 0.054 cm ' should be
observed when the Doppler half-width is 0.048 cm '.

I . I, I . I . l . l
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FIG. 5. Variation of the 'A5852 discharge line width with gas
pressure at 300'K for a variety of experimental conditions. The
F-P plates of finesse 42 were used in these studies. (See text for
discussion. )

instrumental and plasma broadening eGects, while the
reproducibility of a given half-width measurement
involves a statistical error of approximately &3/o.

Although, as indicated by the solid line, an approxi-
mately linear increase in half-width with increasing
neon gas pressure is observed over this limited pressure
range, there is no reason to expect such a simple be-
havior, since the "core" of the line profile is determined
in a rather complicated way by both Doppler and col-
lision efI'ects. Lang, " using photographic recording of
Fabry-Perot patterns to determine pressure broadening
of neon spectral lines, found a linear increase in the
observed linewidths from 0 to 300 Torr. The zero-
pressure intercept showed a large instrumental contri-
bution ( 0.1 cm ') to his measurements. He expressed
his results in terms of a pressure-broadening rate of

0.012 cm—'/Torr, which is approximately half the
slope of the line shown in Fig. 5. As mentioned above,
this method of expressing the results is invalid, since
the actual rate of increase of half-width should be a com-
plicated function of pressure in this range. The two meas-
urements of the pressure dependence of the increase in
half-width do agree in the sense that, at our highest
pressure, 60 Torr, our half-width determination of

0.18 cm ' is in essential agreement with Lang's value
at the same pressure, when his data are corrected for
his substantial instrumental width.

'e K. Lang, Acta Phys. Austriaca 5, 376 (1951).Although Lang
assumed a negligible instrumental contribution to his observed
widths, data presented by him at 300 and 77'K, together with the
analysis of Minkowski and Bruck, (Ref. 28) suggest that his
actual instrumental width was 0.097~0.002 cm '.
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the radiative probability. Obviously, one wishes to work
at the lowest possible pressures to reduce these col-
lision rates; however, pressures of & 1 Torr were found
necessary in our experiments in order to obtain reason-
able plasma densities and light intensities and to avoid
interfering effects (to be discussed shortly). Therefore,
even at the lowest pressures used, excitation and/or
momentum transfer eGects could not be neglected.

The eGect on the line shape of excitation transfer
between excited (*) and normal atoms,

Neq +Ne~Ner+Ne, *, (~)

z«n

Fro. 6. Top: Predicted line shape at 300'K for X5852 radiation
emitted from excited atoms produced by dissociative recombi-
nation, with E~= 1.3 eV. Bottom: Probability, P(e,), of observing
a particular s component of velocity in a group of atoms; (a)
dissociatively produced with speed eD (dashed line), and (b) fol-
lowing a single momentum-transfer collision (solid line). See text
for discussion.

To the extent that these pressure-broadening de-
terminations are free of plasma-broadening eGects, they
provide values for the width of the X5852 line emitted
by atoms moving with thermal velocities and therefore
represent esininsles values in the afterglow, no matter
what the source of the radiation. %e will make use of
this point in some of the observations described in
Sec. V.

D. Dissociative-Recombination Broadening and
Collision-Narrowing EBects

If the dissociative-recombination process, Eq. (1)
and Fig. 1, involves molecular ions in a particular initial
state and moving with ambient thermal velocities, then
the kinetic energy of dissociation superposed on the
thermal motion leads to a Doppler-broadened line of
the form given in Eq. (4), as Rogers and Biondi' have
shown. In the dissociative case, a= (3''/kT)'"/vo and
b= (Ez/kT)'". An example of the predicted line shape
at T=300'K for a dissociation kinetic energy E~= 1.3
eV (see Fig. 1) is given in the upper half of Fig. 6.
Here the small contribution to the line profile of the
Ne2~ isotope has been neglected. It will be noted that
the width at half-intensity gives ED directly, provided
that ED»kT, as is usually expected. In addition, the
observation of such a characteristic Qat-topped line
shape should provide convincing evidence of the oper-
ation of a dissociative process in the formation of the
excited state.

As discussed in Sec. III, the simple dissociative line
shape will not be observed if the probability for the
excited atom making either a momentum transfer or an
excitation transfer collision is appreciable compared to
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FIG. 7. Observed half-width of the X5852 line during the dis-
charge and the afterglow at 2.1 Torr and 300'K. The widths have
been corrected for the substantial instrumental contribution
arising from the use of Fabry-Perot plates of 6nesse 10. The
scale at the right indicates the temperatures required if the widths
are ascribed to thermal motion of the excited atoms.

~ Since the excited-atom density is very small compared to the
normal atom density, there is negligible probability that excitation
transfer back to a fast atom will occur."T.R. Connor, M. S. thesis, University of Pittsburgh, 1964
(unpublished).

where the subscripts f and s refer to fast and slow
atoms, respectively, is readily obtained. The slow-
excited atom which is produced by such a reaction will

radiate the thermal Doppler-plus-pressure broadened
line of the type discussed in Sec. IV C and Fig. 5. Thus,
if dissociative recombination and excitation transfer
are the only significant processes, the X5852 line consists
of the broad, Qat-topped dissociative profile representing
those atoms which radiate before excitation transfer
occurs, surmounted by a narrower core representing the
atoms which have undergone excitation transfer. "As
will be seen in Sec. V 8, for this case it is possible to
decompose the observed line profile into the contri-
butions of fast and slow atoms to the intensity at each
frequency and thus to evaluate the excitation-transfer
cross section.

The eGect on the simple dissociative line profile of mo-
mentum-transfer collisions, which slow the fast atoms,
has been calculated. " The results are illustrated in
the lower half of Fig. 6. In the simplest dissociative case,
where there is a single dissociation speed, vn = (En/m) U2,
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and thermal motion can be neglected, the probability of
observing a particular component of velocity in the
observer's (s) direction is uniform for 0~&~ s,

~ ~&vD, as
indicated by the dashed line. Following one momentum-
transfer collision between the excited atom and a normal
neon atom, assuming isotropic scattering in the center-
of-mass system, the uniform speed of dissociation, e~, is
degraded and the new velocity vectors have the z com-
ponents indicated by the solid line. Since the intensity
distribution in the emitted line, I(hv = v~v./c), is directly
proportional to P(s,), one can see that the broad,
Qat-topped line of the type shown at the top of Fig. 6 will

suffer increased rounding of its edges and a reduction in
the width of the fI.at portion if momentum-transfer rates
are not negligible compared to excitation-transfer and
radiative-transition rates.
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V. AFTERGLOW-RADIATION OBSERVATIONS

A. Linewidth Determinations

I i I I
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In the studies using the Fabry-Perot plates of 6nesse
10, the substantial instrumental broadening of the

X5852 line obscured details of the line shape of the sort
discussed in Sec. IV D. Therefore, only a determination
of the apparent linewidth at half-maximum intensity
was attempted and the "actual" linewidth determined
by correcting the observed half-width for instrumental
broadening by the method of Minkowski and Bruck,"
which strictly applies only to a Gaussian (e.g. , thermal
Doppler) line shape.

In these measurements we encountered difhculty at
low pressures in obtaining sufBcient 3 5852 intensity for
adequate signal-to-noise level in the recordings of the
afterglow line pro6les. Observations with the small
(radius=0. 6 cm) sphere in the TEqoq cavity were there-
fore supplemented by observations in a large Pyrex
cylinder (radius= 2.6 cm, length= 19 cm) enclosed in a
high mode cylindrical cavity. In this case, the lower
rate of plasma loss in the discharge and afterglow yielded
higher afterglow intensities. (This cavity was, however,
not suitable for electron-density determinations. )

The behavior of the linewidth in the discharge and
during the afterglow at the lowest pressure (2.1 Torr)
attained in this phase of the studies is shown in Fig. 7.
The horizontal extent of the symbols indicates the time
interval during which the photomultiplier was sensitive,
while the vertical extent of the symbols indicates our
estimate of the scatter in the determinations, together
with possible systematic errors as a result of inade-
quacies in our correction for the instrumental broaden-
ing. ' It will be seen that, during the discharge, the
linewidth has approximately the thermal Doppler-plus-
pressure-broadened value ( 0.05 cm ') inferred from
the studies with the F-P plates of 6nesse= 42. However,
some 50 p, sec later, in the afterglow, the linewidth has
abruptly increased to several times the discharge value.
In order for this to be a thermal effect, the excited-atom

Fxo. 8. Comparison of the early afterglow linewidth (0—0.5
msec) with that observed during the discharge as a function of
neon gas pressure.

temperature would have to abruptly increase to
2800'K, as indicated by the scale at the right of the

6gure.
A more reasonable explanation of the abrupt broaden-

ing is that the afterglow radiation results from dissoci-
ative recombination, and conditions at this pressure are
such that a substantial fraction of the fast-excited atoms
radiate before transferring excitation to slow-normal
atoms. If this is the case, an increase in neon pressure
should result in a narrowing of the line as a result of the
larger fraction of excitation transfers before radiation.

The data obtained with the small sphere and the
large cylinder are shown in Fig. 8. For clarity, the dis-
charge data points and the error bars have been omitted
from the figure. The discharge data scatter less than
&10%about the dashed curve. It will be seen that the
expected narrowing of the early afterglow line occurs
with increasing pressure (in these studies there is in-
sufhcient intensity to obtain linewidths later in the
afterglow than 0.5 rnsec). Also, the afterglow line does
not become narrower than the discharge line. As noted.
in Sec. IV C, such a result is to be expected if the d.is-
charge linewidth is principally determined by thermal
Doppler and pressure-broadening effects. In the af ter-
glow the thermal-excited atoms produced by excitation
(or momentum) transfer from the initially fast-excited
atoms should radiate a similar line.

From the rate of decrease of linewidth with increasing
pressure one can estimate that the excitation transfer
cross section must be of the order of 10 "cm' to produce
such an effect. A more quantitative determination of
the excitation transfer is given in the analysis of the
line shape studies in Sec. V 8.4.
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FIG. 9. Tracings of the chart records of the afterglow X5852 line
profiles at 300'K, showing the improved signal-to-noise ratio ob-
tained with the larger sphere. Only two of the interference orders
traced are shown in each case, although as many as 14 others are
sometimes recorded. The dashed lines indicate the dark current
level in each case.

B. Line-Shape Studies

l. Obsereed Line I'roft les

The linewidth determinations described in the pre-
ceding subsection agree in all respects with a dis-
sociative recombination origin of the afterglow radi-
ation; however, accurate determinations of the line
shapes should provide additional evidence, since a
rather characteristic line shape is predicted for the dis-
sociative case. We, therefore, obtained improved
Fabry-Perot plates of finesse 42 at X5852, resulting in
sufhciently small instrumental broadening to permit
reasonably accurate determinations of the spectral line
profiles.

As in the earlier studies, it is dificult to obtain suf-
ficient afterglow intensity with the small sphere to
permit accurate line-shape determinations at afterglow
times of & 1 msec. Thus, a larger sphere (2.1 cm radius)
within a TE303 mode cavity has been used for many of
the studies. An example of the resulting improvement in
signal-to-noise ratio obtained in the later afterglow
(&1 msec) is shown in Fig. 9, which is a tracing of the
chart records of the line profiles. It should be noted that,
as a result of the redundancy in information obtained
in tracing through a number of interference orders of
the Fabry-Perot pattern, it is possible to average out
much of the noise evident in the traces by successively
overlaying the several orders and obtaining the mean
value of the curves. Thus, even the average curve of the
upper trace of the figure clearly shows a pronounced
broadening relative to the discharge line (compare with
Fig. 4).

Examination of curves obtained by averaging several
orders of chart records of the type shown in the lower
half of Fig. 9 indicates that the line profile evidently
consists of a relatively narrow core on top of a rather
broad base, as expected if dissociative recombination
and excitation transfer are the important processes in

3. Analysis of the Line Shapes

The large number of line-shape tracings obtained at
various afterglow times and neon gas pressures support
the conclusion that the line shape is principally de-
termined by dissociation and excitation transfer. Thus,
the line can be decomposed into a fast atom (radiation
before excitation transfer) and a slow atom (radiation
after excitation transfer) component. Two methods

t = I.I3 —I.33 m sec 0.400 cm

of teria iovr
Neon X 5852
Pn2. 0 Torr

cm R. sphere

0.667 cm

I.4

FIG. 10. Tracings of the chart records of the afterglow tlt5852
line profiles obtained with two diferent etalon spacers, indicating
that the "shoulders" on the line profile are not the result of other
interfering spectral lines.

Z. Interfering Line Egects

In attempting to work at as low a pressure as possible
to reduce the excitation-transfer-produced core of the
line relative to the broad base, it was discovered that
other neon lines, such as X5811 (4d2 —2') and X5764
(4d4' —2pg), were leaking through the X5852 inter-
ference filter. Fortunately, such unwanted lines change
their positions relative to the desired line as the order is
changed, so that they can be detected by their move-
ment. In fact, the X5811 and X5764 radiations in the
F-P profiles have been identified by their rate of move-
ment relative to X5852.

Although grating spectrometer studies of the relative
intensities of the various lines as a function of time in
the afterglow suggest that unwanted lines are a serious
problem in the line-shape determinations only at low

((1Torr) pressures, an additional check on the reality
of the broad "shoulders" on the X5852 line has been
made by taking line profiles with diferent etalonspacers.
Typical results, using a 12.5 mm and a 7.5-mm spacer
instead of the 10-mm spacer, are shown in Fig. 10,
which presents tracings of the chart records. It will be
seen that, in spite of substantial changes in the free
spectral ranges (which have the effect of displacing even
close-lying unwanted lines) the "shoulders" in the curves
are evident even on the unaveraged tracings.
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have been used to accomplish this decomposition, each
method yielding quite similar results. In both cases we
start with a line profile obtained by averaging the trac-
ings over several interference orders. An example of
the results of this averaging is shown in Fig. 11, which
represents the mean curve obtained from several inter-
ference orders in the record shown in the lower half of
Fig. 10.

In the first method, the discharge line pro61e, which
is also recorded in most runs, is scaled to 6t the afterglow
pro6le so that its upper portions coincide with the core
of the afterglow line. The scaled line shape is indicated
by the dashed and solid curve marked "slow" in Fig.
11. The fast-atom contribution is then obtained. by
subtracting this "slow" pro61e from the solid line. The
remainder, indicated by the solid and dashed line
marked "fast,"is seen to be rather broad and somewhat
fIat topped. The slight asynirrietry in the fast component
evidently is the result of a small contribution of another
spectral line leaking through the 6lter.

The second method. of decomposing the afterglow line
into a fast and a slow component is to note the position
of the "shoulders" on the averaged profile (especially
on the low-frequency side, which is free of the isotope
shift distortion of the central core) and to draw a hori-
zontal line at this value of the intensity in order to
separate the fast and slow components. In this case,
one can compare the half-width of the slow component
with the discharge width, since we have not forced the
two to be equal, as was done in the 6rst method. Com-
parison of the two methods applied to the same line
profiles indicates that, within 10%, there is agreement
concerning the half-widths and intensities ascribed to
the slow and to the fast components.

Having divided the line pro61e into a fast and a slow
atom component, the widths at half-intensity should
refIect the dissociation kinetic energy and the Doppler-
plus-pressure broadening contributions, respectively. In
the case shown in Fig. 11,8"y=0.27 cm—' corresponds to
a dissociation kinetic energy of EL 1.2 eV. The inferred
line profile is, however, somewhat more rounded than
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FIG. 11. Observed afterglow line profile at 300'K obtained by
averaging data obtained from several interference orders. The
decomposition of the line profile into a "fast-" and a "slow-" atom
component is indicated in the figure, while the details of the
methods used are given in the text.
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FIG. 12. Observed widths of the fast- and slow-atom components
of the X5852 line profile as a function of time at 300'K.

the simple dissociative case treated in Sec. IVD.1
and Fig. 6.

If the analysis presented is valid, then 8'y and 8'„
the half-widths of the fast- and slow-atom components,
respectively, should be independent of time in the
afterglow, and lV~ should not decrease with increasing
neon pressure. The 6rst point is illustrated in Fig. 12,
which shows the linewidths observed with the large
sphere in the discharge and during the afterglow at a
pressure of 2.47 Torr. The horizontal extent of each
symbol indicates the time gate of the measurement; the
several vertical lines indicate estimated random and
systematic probable errors. Within the accuracy of the
determinations the value of lV, is constant during the
afterglow and equal to lVd; h,~,. The fast component
of the afterglow line is found to maintain a half-width

0.27 cm ' throughout the period studied, 100 @sec
to 1.5 msec.

The dependences of 8'y and 5', on the neon pressure
are shown in Fig. 13, which presents data obtained
both with the large and the small spheres. While the
large- (2.1-cm-radius) sphere data represent average
values for 0.1—1.5 msec of the afterglow, the data for
the small (0.6 cm radius) sphere refer only to the earlier
afterglow times &0.5 msec, where sufhcient intensity
was available for the measurements. Again, because of
intensity problems, data at the lowest pressures could
only be obtained with the larger sphere. The observed
lack of dependence of 8'y on pressure con6rms our
assumption that simple dissociation and excitation
transfer determine the recombination line shape, with
such effects as momentum transfer collisions of the
excited atoms of lesser importance.

4. Excitation Tmnsfer Deterntination

If a rather simple model is assumed to describe the
origin of the afterglow radiation, it is possible to obtain
from the observed line pro6les a measure of the ex-
citation-transfer cross section for reaction (5). Let us
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component may be written as

BX,/Bt=P, +vWr —v,X., (7)

where I', represents the rate of dissociative recombi-
nation into the various higher states that cascade into
the 2pz state. Since, in both equations, BX/Bt can be
shown to be small compared to each of the terms on the
right of the equations, we ha, ve

I I I ~ I I I

0 5 10
PRESSURE (Torr}

and
X~Pdir/(vr+ vz)

FrG. 13.Observed widths of the fast- and slow-atom components
of the X5852 line profile as a function of neon gas pressure as
measured in the two spheres at 300'K.

BXr/N =Pg jr vpXr v~Xr, —— (6)

where the production of this state, I'd;„is the rate of
dissociative recombination directly to the 2p& state, v, is
the reciprocal of the radiative lifetime of the 2pt state,
and v =NQ, v is the excitation transfer frequency at
the relative velocity e between the fast-excited atom
and the slow normal atom, n being the neon gas density
and Q, the excitation transfer cross section.

The slow-excited atoms result from cascading and
from excitation transfer. Since cascading times are short
compared to the time scale of our measurements()100 @sec), the rate of change of density of the slow

"Starting with a molecular ion in a particular state (e.g. , the
ground-vibrational state of the electronic state shown in the figure)
any excited state for which Ez&0 may be formed by dissociative
recombination, providing the necessary curve crossings occur.

suppose that, over most of the pressure range studied,
the dissociative recombination reaction is responsible for
the production of the excited atoms in the afterglow.
Reference to Fig. 1 indicates that the 2pq state is only
one of a number of possible excited states produced in
this manner. ~ %e shall assume that there is a fixed
probability per recombination of producing each of the
excited states.

Thus, the upper state of the observed X5852 (2p, —1st)
transition is populated both directly by recombination
and by cascading from higher sta.tes produced by re-
combination. Since the cascading states are principally
in dipole interaction with the ground state, we shall
assume that the fast-excited atoms in these states
have a large probability of undergoing excitation trans-
fer before radiating; thus, cascading contributions to
the 2p| state will be assumed to involve thermal velocity
excited atoms. %e have been unable to evaluate this
cascading contribution to the population of the 2p,
state, since the most important transitions lie in the
infrared, beyond the range of our photomultiplier
detectors.

The directly produced, fast-2P& excited atoms are
assumed to have an appreciable probability for ex-
citation transfer to slow atoms before radiating. If we
denote the density of excited 2P& atoms by X, the fast
(dissociatively produced) group obeys the equation

X, (v,/v„)(Pq;,/(v„+v,)7+P„,/v„. (9)

The fast and slow contributions to the line intensity,
If and I„areproportional to the densities of fast and
slow excited atoms; thus,

I,/Ir X,/X~——(v*/v, ) (1+P,~/Pz;, )+P„,/Pz;, . (10)

A linear increase with neon gas density is predicted for
the ratio I,/If, the intercept giving the ratio of cas-
cading to direct production of the 2P& state by recombi-
nation and the slope a measure of the excitation transfer
cross section.

Analysis at various pressures of the line profiles of the
type illustrated in Fig. 11 yields the required I,/If
ratios. There are large uncertainties in these deduced
values, as evidenced by random va, riations in the ratios
obtained at later afterglow times. In addition, at low
pressures in the larger sphere, the ratio I,/Ir is some-
what larger than its final value early in the afterglow
(&500 psec), as indicated in Fig. 14. This effect may
result from some direct excitation of the 2pq state by
"hot" electrons left over from the discharge, since the
electron energy decay time ( i!5/2mv„where v, is the
electron elastic collision frequency) is the order of 200
psec at 1 Torr. In any event, ratios of I,/If are only
given if measurements could be made for a long enough
afterglow period to reach a constant value at each
pressure.

The variation in the deduced I,/Ir values with pres-
sure is shown in Fig. 15. The several vertical bars again
indicate our estimate of possible systematic errors in
the determinations, the random errors being somewhat
smaller. Only the larger sphere provided sufhcient
intensities to reach late enough afterglow times for
constant I,/Iq values at the lower pressures. In ac-
cordance with the prediction of Eq. (10),we have drawn

}.0-
Neon X 5852

l.4 I Torr
FIG. 14. Observed vari-

ation of the ratio of in-
tensities in the slow- and
fast-atom components of
the %5852 line profile as a
function of time in the
afterglow at 300'K.
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Fzo. 15. Variation in the deduced ratios I,/I~ with neon gas
pressure at 300'K for a variety of experimental conditions.

the best straight line through the data, although the
accuracy of the data by no means suggests that this is
a unique 6t. From the analysis, the excitation transfer
cross section for excited atoms of speed 2.5X10' cm/sec
is found to be Q,= (8&2)X 10—"cm'.

C. Correlations of Line Intensities
and Electron Densities

In the course of the measurements of the line shapes,
periodic checks have been made with the grating mono-
chromator, using a gated. 931A photomultiplier as de-
tector, in order to monitor the presence of other after-
glow lines which might interfere with the shape de-
terminations. At the same time the microwave appa-
ratus has been used to measure average electron
densities. Thus, it is possible to compare the rates of
decay of the various spectral line intensities with that
of the electron density over most (0.2—1.8 msec) of the
afterglow period.

During this limited observation interval, the line
intensities decrease only by a factor of 10; this is too
small a range to establish accurate correlations of line
intensity and, electron density. Nevertheless, the in-
tensity decays have been compared with the variation
of n,g (a linear proportionality is expected if the
radiating state is produced at the rate a,gg, LNeg+] and
if gl,~pleg+j, a; being the two-body recombination
coefficient into the particular radiating state ). The
observations at p 1 Torr, for example, indicate that
the intensity of X5852 (2pi-1sg) varies approximately as
N,g, though slightly slower, that of X5945 (2p4-1sg)
varies as Ig,g, as do l%.6030 (2Pg-1s4) and X6402 (2Pg-1sg)
while 7 5764 (4d'g-2pg) decreases somewhat more rapidly
than N,g, but more slowly than Ig,g, as do X5811 (4dg-2pg),
X6334 (2pg-lsg), X6507 (2pg —1s&), X6599 (2pg-1sg) and
X6678 (2p4-1sg). At p = 2.5 Torr, similar behavior

~ The stated relationship between intensity and electron density
applies to a microscopic volume element. The microwave appa-
ratus provides an average of the electron density over the container
volume which is quite different from the average radiant intensity
"seen" by the optical apparatus. E. Zipf I'private communi-
cation), has shown that substantial deviations from the micro-
scopic relationships between I and n, can occur for the volume-
averaged quantities when the electrons and ions are not distributed
uniformly throughout the ionized gas. However, the various after-
glow line intensities should all be affected in like manner.

(variation as gg,g) is again noted for X5852, X6030, and
X6402, while X6334 and X6678 decrease slightly faster
in intensity than n, . These limited range comparisons
are consistent with the hypothesis that much of the
afterglow radiation originates from two-body electron-
ion recombination; however, the short afterglow periods
resulting from the required high repetition rate are
not sufFicient to insure that ion production and con-
version reactions in the afterglow have diminished to
negligible proportions.

An order of magnitude estimate of the absolute in-
tensities of X5852, obtained by consideration of the
transmission of the various optical elements, the aper-
ture of the optical apparatus, the published sensitivity
of the photomultiplier, etc. , together with the measured
average electron densities, yields a value, o.; 3/10 '
cm'/sec, for recombination into the 2pi excited state.
Since X5852 is but one of more than 10 strong afterglow
lines which represent independent (i.e. , not cascading)
transitions, it appears that the over-all recombination
coeS.cient deduced from the absolute intensity estimate
exceeds 3X 10 ' cm'/sec. This yield is at least an order
of magnitude greater than that expected from col-
lisional-radiative recombination of Ne+ ions and elec-
trons, even assuming [Ne+f~ri,

VI. DISCUSSION AND CONCLUSIONS

Our investigation of the nature of the electron-ion
recombination process in neon has centered mainly on
studies of the linewidth and details of the line shape of
the 75852 (2pi-1sg) transition. In addition, our electron
density decay studies indicate that, even at electron
densities in the 10'0-10" cm ' range, two-body capture
with a coeflicient a 2X10 ' cm'/sec is still predomi-
nant, so that collisional-radiative' and the recently
proposed collisional-dissociative~ processes, which are
three-body in character, are of substantially less im-
portance. (At 300'K and rl, 3X10' cm ', the efFective
coefFicients for these processes are predicted to be
a, .r. 3X10 ' cm'/sec" and a, .a. 1X10 ' cm'/sec". )

In the linewidth studies (carried out with the medium
6nesse Fabry-Perot plates having appreciable instru-
mental broadening) the width at half-intensity of the
observed pro6les is found to increase markedly in going
from the discharge (electron impact excitation of the
neon 2pi radiating state) to the afterglow (population
of the 2pi state by recombination). Further, the after-
glow linewidth decreases with increasing gas pressure.
Both observations are consistent with production of
fast-2pi excited neon atoms in the afterglow by the dis-
sociation of Ne2+ ions on capturing electrons. The de-
crease in linewidth with increasing pressure evidently
results from the increasing likelihood of transfer of
excitation from the fast-excited atoms to the slow-
normal atoms before radiation can occur.

~ C. B. Bollins, Phys. Rev. (to be published).
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More definitive results have been obtained from the
line-shape studies achieved with the high finesse F-P
plates, in which instrumental broadening efFects are
small. Here, by averaging data over a number of inter-
ference orders of the F-P etalon, we have been able to
obtain afterglow line shapes (see Figs. 9—11) which
exhibit essentially a thermal atom "core" atop a broad,
rather Oat-topped pedestal of the form expected if the
radiating atoms are dissociatively produced with a speed
substantially in excess of thermal speeds.

The observed shape, e.g. , Fig. 1.1, falls somewhat
more slowly in the wings of the line than theoretically
predicted for excited atoms produced by dissociation of
molecular ions in a single electronic or vibrational state
(see Fig. 6). This added rounding of the wings of the
profile may result from the fact that the cross section
for momentum transfer collisions is almost as large as
the excitation transfer cross section. Indeed, if the
analysis leading to the value Q, SX10 " cm' is
correct, "it is difIicult to see how the momentum trans-
fer cross section for the 2p~ atoms can be very much
smaller.

Two observations support the supposition that the
momentum transfer cross section is, in fact, smaller than
the excitation transfer cross section. Over the pressure
range studied, the line profiles exhibit the "shoulders"
characteristic of a mixture of fast- and slow-atom
radiation, rather than the smoothly broadened shape
expected if slowing collisions outweigh excitation trans-
fer to thermal atoms. In addition, the deduced. values
of the fast-component half-width do not decrease with
increasing pressure as expected if slowing collisions
occur more often than excitation transfer collisions.

A second possible explanation of the added rounding
in the wings of the line is that the 2p~ atoms are pro-
duced from molecular ions in more than one vibra-
tional or electronic state, leading to more than one
value of ED. With the present signal-to-noise ratios in
the line profile records, we can not hope to see the
weak additional "shoulders" in the profile that would
be expected from this efFect, only a smoothed additional
broadening. "

Returning to the main features of the line profiles,
on the assumption that a single molecular ion state
contributes principally to the production of the 2p&

state, we obtain from 8'y, the half-width of the fast
component, a value for the kinetic energy of dissoci-
ation of the fragments, ED 1.2 eV. If the potential
energy curves were indeed as simple as is indicated in
Fig. 1, we could now determine D(Nem+), the dissoci-
ation energy of the molecular ion in the single electronic
state shown. However, the schematic potential curves
of Fig. 1 are oversimplified in a number of respects.
"In the analysis presented in Sec. VB4., if cascading production

of the 2p1 atoms is absent, the excitation transfer cross section
deduced from the data is increased to 1.3)(10 ~~ cm~.

"This point is being studied in an extension of this work by
L. Frommhold and M. A. Biondi, involving considerably improved
signal-to-noise ratios in the line profiles.

For one, we have shown the ionization potential of
Ne+ as 21.6 eV, which corresponds to the lower of the
two possible ground-state ionic configurations (2P'3~2).
The other configuration (2P'~~2) lies 21.7 eV above the
ground state. Second, we have shown only one attractive
branch of the Ne2+ potential curve and only one repul-
sive branch of the unstable excited molecule, while there
are several for each. If we assume that X5852 radiation
is produced by recombination of Xe2+ ions in their
ground-vibrational state, then, from the known po-
sition of the 2pq energy level, together with the deduced
Eo value, we conclude that D(Ne2+) 1.4 or 1.5 eV,
depending on which molecular-ion state exhibits the
necessary curve crossing with the repulsive curve
leading to the 2p~ state.

A value of D(Ne2+) of 1.4 eV raises the question
of how X5764 and X5811, which originate from levels

0.85 eV below their ionization limit, can be important
afterglow recombination lines. We have ruled out col-
lisional-radiative recombination, which can directly
produce the required excited states, on the ground that
its recombination rate is orders of magnitude too small.
Dissociative recombination can produce the required
excited states if the molecular ions are not all in their
lowest vibrational or electronic states. While studies of
molecular spectra in helium afterglows provide some
indirect evidence that vibrational excitation of He2+
relaxes in (1 msec, " spectral line-broadening studies
in helium' appear to require the presence of molecular
ions in a state well above the e= 0 vibrational level of the
A state during the afterglow. Thus, persistence of vi-
bration in Ne2+ at low pressures may account for the
presence of the P 5764 and X5811 lines. Alternatively, the
other electronic configurations of the Ne2+ ion may
exhibit smaller dissociation energies than D™1.4 eV
making it energetically possible to reach the upper
excited states of the X5764 and X5811 transitions. If the
necessary curve crossings between molecular ion and
unstable excited molecular states occur, the lines will
then be a part of the recombination radiation.

Our success in observing a line profile exhibiting the
characteristic "broad-shouldered" profile of the dis-
sociative recombination process hinged on the occur-
rence of a sufIiciently small excitation transfer cross
section (&10 " cm') between the fast-excited, atoms
and the thermal normal atoms. The analysis presented
in Sec. VB.4, although subject to considerable un-
certainty, is consistent with an excitation transfer cross
section of 8-13)&10 "cm'. Since cross sections very
much larger are sometimes encountered in excitation
transfer processes, it appears that the required weak
interaction between the 2pq excited atoms and the
normal atoms results from the spherical symmetry of
the atomic states in each case. However, we lack ac-
curate wave functions for the excited state; thus, this
explanation must be regarded as speculative.

Although the present study of recombination in neon
afterglows presents strong evidence for the predomi-
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nance of two-body dissociative recombination, a recent
summary by Ferguson et cl.,~ of experiments in helium
indicates that many of the observations there are con-
sistent with the predominance of three-body collisional-
radiative recombination of electrons with He+ and
He2+ ions. However, two observations in helium indi-
cate that recombination processes in addition to col-
lisional-radiative recombination must also occur. Rogers
and Biondi' observe that the helium afterglow line
X5876 exhibits broadening in excess of the discharge
linewidth, an observation corroborated by Ferguson
et u/. "It is shown that, since effects such as plasma and
pressure broadening can be ruled out, dissociative
recombination is the likely source of the broadened

afterglow line.
Further, on the assumption that both collisional-

radiative (He++2e) and some dissociative (He2++e)
recombination occur in helium, the observation that the
X5876 line exhibits less broadening at 77'K than at
300'K becomes plausible. Collisional radiative re-
combination yields thermal velocity excited atoms;
therefore, since its rate increases more rapidly with
decreasing temperature than does that of dissociative
recombination, the afterglow line at 77'K has a larger
fraction of slow atom component and appears narrower.

The second observation in helium which indicates
that collisional-radiative is not the only recombination
process which is important is the 6nding by Kerr and
co-workers" that the afterglow molecular radiation at
higher pressures ()1S Torr) strictly follows the square
of the electron density over a wide range. Thus, a
two-body recombination process, with coefficient in
excess of 3)&10 " cm'/sec, is inferred. The two-body
radiative limit of collisional-radiative recombination is
orders of magnitude smaller; therefore, we can only
conclude that the precise nature of the recombination
processes in helium is, at present, not at all clear.

A hnal point, raised by Ferguson et al. ,
"concerns the

applicability to ionospheric analyses of laboratory
determinations of electron-ion recombination coef-
fI.cients. They assert that we must critically reexamine
the question of whether recombination rates determined

at electron densities in the 10'—10" cm—' range can be
safely extrapolated for use under ionospheric conditions

(e, 1P-10' cm-') as a result of the occurrence of colli-
sional-dissociative as well as dissociative recombination.

Collisional-dissociative recombination involves the
capture of an electron by a molecular ion following

energy exchange between that electron and another
electron in the plasma. In this case the excited state
of the molecule, lying below the molecular-ion state, is
considered to be unstable, so that dissociation of the
molecule lowers the excitation energy (by increasing
the kinetic energy of the fragments) to the point where
ionization of the excited atom by plasma electrons is
unlikely.

Recent calculations by Collins~ support two reasons
for discounting the likelihood of interference by col-
lisional-dissociative recombination in the laboratory de-
terminations of ionospheric coeKcients. First of all, the
collisional-dissociative process is three-body (one ion,
two electrons) in character, rather than two body (one
ion, one electron) as is dissociative recombination, lead-

ing to a markedly different form of electron-density
decay in the afterglow. Second, the eftective coefficient
at n, 10' cm ', where coeKcients for ionospheric ions
have been determined in the laboratory studies, '" is
& 10 ' cm'/sec for collisional-dissociative recombi-
nation, as opposed to the observed values of &10—'
cm'/sec for N2+ and. 02+ ions."

Thus, the present studies of neon, in which the excited
atoms are evidently produced by a dissociative process
which exhibits a recombination coefBcient of 2)&10—'
cm'/sec at 300'K, strongly suggest that the similar
coeKcients for N2+ and 02+ ions and electrons are also
the result of two-body dissociative recombination.

ACKNOWLEDGMENTS

We wish to thank our colleagues, especially L.
Frommhold, T. Holstein, T. M. Donahue, and E. Zipf,
for stimulating discussions and suggestions during the
course of this work.

"W. H. Kasner and M. A. Biondi, see Ref. 8.


