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Chemi-ionization in neon plasma
V. A. Shevereva) and V. P. Stepaniuk
Polytechnic University, Brooklyn, New York 11201
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~Received 4 March 2002; accepted for publication 2 July 2002!

The density of electrons formed in binary collisions of 2p53s neon atoms was measured in the
afterglow of a low pressure glow discharge by observing the high energy tail of the electron energy
distribution function~EEDF! using a Langmuir probe. In the afterglow, the bulk plasma electrons
thermalize but the density of 2p53s neon atoms remains significant. In an ionizing collision, a pair
of these atoms releases high energy~;11.6 eV! electrons which form a characteristic peak in the
EEDF. Simultaneously with the chemi-ionization electrons, the densities of 1s2, 1s3, 1s4, and 1s5

neon atoms were independently measured using diode laser absorption spectroscopy. It was found
that the data obtained are described well by a single chemi-ionization reaction when the 2p53s
configuration is considered a single state. The corresponding rate coefficient, found to be (3.2
60.4)310210 cm3 s21 at a temperature of 310 K, is recommended for use in discharge modeling.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1503173#
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INTRODUCTION

Of the rich variety of inelastic collisions between excit
atoms, those resulting in the formation of atomic or mole
lar ions ~chemi-ionization! play a unique role in discharg
plasmas. In an initial phase of the development of the d
charge, these processes account for more than 80% o
ionization events in the plasma.1 Chemi-ionization involving
low-lying metastable states is also a dominant ionizat
mechanism in a decaying plasma.2 Modeling of nonequilib-
rium plasmas, in particular those used in light sources
increasingly important in predicting device performance a
determination of optimal regimes for their operation. Go
knowledge of the elementary processes is a prerequisite
any such model. Rare gas discharges, traditionally con
ered poor candidates for lighting applications have rece
been the subject of renewed interest. For example, n
lamps are used for some automobile applications, in wh
the red visible lines may be used directly for stop signals,3 or
combined with radiation converted from the violet U
~VUV ! by a green phosphor to provide an amber light
other traffic signals.4 In certain discharge regimes, values
rate coefficients of chemi-ionization processes that invo
collisions of the excited neon atoms significantly affe
model predictions.2 These processes, however, are poo
studied and quantitative data on the rate coefficients
scarce.

The low 2p53s neon states~1s5, 1s4, 1s3, and 1s2 in
Paschen notation! are significantly populated in a discharg
A binary collision between these atoms may result in
formation of an atomic or molecular ion and a fast~;11 eV!
electron, according to following reaction:

a!Author to whom correspondence should be addressed; electronic
vshevere@poly.edu
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Rate coefficients for these reactions may be obtained
counting the number of fast electrons produced by che
ionization ~referred to below as chemi-ionization electron!
and measuring the populations of the excited states invo
in the collision. In the afterglow phase of the discharg
when the bulk plasma electrons thermalize but the densit
2p53s neon atoms remains significant, the high energy~.10
eV! electrons in the plasma are those produced thro
chemi-ionization and in superelastic collisions of electro
with excited neon atoms. The latter have a different ene
than chemi-ionization electrons, therefore the number
electrons formed through reaction~1! in the plasma may be
obtained by measuring a corresponding region of the e
tron energy distribution function~EEDF! using a Langmuir
probe. This method, known as plasma electron spectrosc
is described in detail elsewhere.5 For a glow discharge
formed in a cylindrical tube, with a probe placed on the tu
axis, the chemi-ionization electron density,nc , is

nc' (
i , j 52

5

j i j ki j

,ninj.r 0
2

m1
2D~11.6eV!

. ~2!

Here D~«! is the diffusion coefficient for an electron wit
energy«; r 0 is the tube radius;m1 is the first root of zero-
order Bessel functionJ0~x!; ^ninj& is the product of the ex-
cited atom densities averaged over the tube diameter; anki j

is the corresponding rate coefficient. Subscriptsi and j de-
note specific states involved in the collision, and the fac
j i j is introduced to distinguish between symmetric a
asymmetric collisions:j i j 51 wheni Þ j, andj i j 51/2 when
i5j. An experimental value fornc is found by integrating the
measured EEDF over the expected energy range for ch
ionization electrons:
il:
4 © 2002 American Institute of Physics
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nc5E
D11eV

f ~«!
4pA2«

m3/2
d«. ~3!

Heref~«! is the EEDF measured on the discharge axis;m and
« are the electron mass and energy in eV, respectively.
cording to Druyvesteyn’s formula,5 the EEDF can be ex
pressed in terms of the second derivative of the electron
rent to the probe with respect to the probe potent
]2i e /]u2:

f ~«!5
m2

2pAe3

]2i e

]u2, ~4!

wheree is the electron charge, andA is the probe area.

EXPERIMENT

The experiments were conducted in a decaying plasm
a neon pressure of 1.3 Torr~measured at 25 °C!. In different
series of experiments, 40 and 100ms rectangular-shape
voltage pulses were applied to the electrodes of a U-sha
cylindrical glass discharge cell with an inner diameter of
mm, total length of 25 cm, and horizontal section length
10 cm. In each series of experiments, the discharge cur
was varied from 10 to 150 mA, and the discharge repetit
frequency was kept 1 kHz throughout the experiment.
measure the EEDF, a tungsten wire probe, 0.1 mm in di
eter and 10.7 mm long, was placed along the discharge
axis. The measurements were taken in the afterglow, dela
from 50 to 150ms beyond the end of the excitation puls
The experiment was controlled by a host computer and
associated electronic circuit developed in the laboratory.
circuit generated control pulses for the high voltage pow
supply to drive the discharge, ramped the probe electric
tential and sampled the probe current in the discharge a
glow at selected time intervals. In addition, the circuit ge
erated triggering pulses for optical measurements.
example of the EEDF measured in the experiment is p
sented in Fig. 1.

Radial profiles for the1sneon atom densities were me
sured using diode laser absorption spectroscopy. An exte
cavity diode laser, a product of Environmental Optical Se
sors Inc, was employed. The laser wavelength was tuned

FIG. 1. High-energy part of the second derivative of the probe current. N
pressure of 1.3 Torr. Discharge current of 20 mA, duration of 100ms, and
afterglow delay of 80ms. The EEDF is calculated using Eq.~4!.
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selected transition~see Table I! and the attenuation of the
beam by a 10 cm plasma column was measured. Using
laser diodes, with center wavelengths of 655 and 635
respectively, absorption spectra for each of the transiti
listed in Table I were recorded. A typical spectrum is sho
in Fig. 2. The spectra were obtained by scanning the di
laser frequency in 30 or 60 MHz increments through t
absorption line of interest. The instability of the laser fr
quency did not exceed 4 MHz in the experiments. By fitti
experimental data with a model function, a combination
Voigt line shapes for neon-20 and neon-22 isotopes, provi
a measurement of excited state densities for each isot
Oscillator strengths were taken from Ref. 6. The laser be
was displaced parallel to the tube axis so that radial den
profiles could be recorded. It was found that the experim
tal dependences are satisfactorily described by the zero o
Bessel function of first kind:ni(r )5ni(0)J0(m1r /r 0). This
approximation was further used in chemi-ionization rate
efficient calculations@see Eq.~2!#.

Results for the excited state and the chemi-ionizat
electron density measurements are compiled in Table II.

DISCUSSION

The second derivative of the probe current was cal
lated using three measurements of the curre
i (u-Du), i (u), i (u1Du) where Du is a probe potential
ramping increment. For a measurement to be useful, the
ference @i (u-Du)22i (u)1 i (u1Du)# should be greater
than the noise currents of the measurement circuit
plasma. Therefore, at a given noise level, an appropr

n

TABLE I. Optical transitions used in the absorption measurements.

State Transition
Wavelength

~nm!
Oscillator
strengtha

1s2 1s2→2p2 659.9 0.164
1s3 1s3→2p7 653.3 0.246
1s4 1s4→2p7 638.3 0.170
1s5 1s5→2p8 633.4 0.0818

aReference 6.

FIG. 2. Absorption spectrum for transition 1s5→2p8 ~the center wavelength
is at 633.443 nm!. Neon pressure of 1.3 Torr, discharge current of 10 m
duration 100ms, and afterglow delay of 100ms.
license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE II. Neon excited state and chemi-ionization electron densities.

Discharge
duration
~ms!

Measurement
delay
~ms!

Discharge
current
~mA!

Combined neon-20 and neon-22 density
at the tube axis~1010 cm23) Electron

density
~105 cm23)1s5 1s4 1s3 1s2

100 50 10 25.6 6.0 2.7 0.28 7.9
100 100 10 23.2 3.3 2.4 0.07 5.7
100 150 10 22.9 2.4 2.1 0.08 5.3
100 50 20 30.6 8.8 3.2 0.50 9.6
100 80 20 34.4 6.5 3.5 0.25 9.9
100 150 20 28.0 3.9 2.3 0.09 6.2
100 50 35 37.0 12.7 4.1 0.66 15.5
100 100 35 34.0 8.0 3.4 0.30 11.5
100 150 35 21.7 4.1 1.6 0.11 5.1
100 50 50 44.0 14.5 5.0 1.00 25.9
100 150 50 29.8 6.5 2.0 0.16 8.5
40 150 50 23.0 4.3 1.8 0.12 2.2
40 50 100 28.9 11.0 3.6 1.43 10.8
40 100 150 31.2 10.4 3.1 0.69 12.6
r
o

on

io
lu
i

ex
0
f
14
th
em
s
s
e
a
ra
n

ve
t
u
it
li
i

o

ro
n

ll

e

e

r of

-
r
he
ty
if-

in

r-
ese
f the
not
di-

en-
the
rge

on
ion

te

gas
tion
ate
eon
ea-
ata
ate
value of the ramping incrementDu should be chosen. In ou
experiment, the current noise was at a level of 100 nA, c
responding to a minimumDu of 1 volt ~cf. Fig. 1!. This a
resolution allows unambiguous separation of the electr
formed in the course of reaction~1! from the bulk plasma
electrons or fast electrons formed in other chemi-ionizat
reactions or in super-elastic collisions. However this reso
tion is insufficient to separate contributions to the chem
ionization electron current made by each specific pair of
cited states in the 2p5s configuration. There is a total of 1
possible channels for reaction~1!, with expected energies o
the chemi-ionization electron ranging from 11.67 to 12.
eV. Contributions from each of the possible channels to
measured electron density depend on the specific ch
ionization rate coefficient~ki j ) and excited state population
@ni and nj ; see Eq.~2!#. By varying discharge condition
such as discharge current and duration, measurement d
and gas pressure, and measuring the chemi-ionization
excited state populations, one may attempt to extract the
coefficients using variational methods. For a 10-dimensio
problem, with a measurement uncertainty of 10%, howe
it would require a large number of measurement points
evaluate the rate coefficients to acceptable precision, ass
ing that the excited state populations do not correlate w
each other. Certain assumptions could be applied to simp
the problem. In two previous works where the chem
ionization electron density was measured in ne
afterglow,7,8 it was concluded that only the lowest 1s5 and
1s4 neon states contribute to the chemi-ionization elect
current. Blagoev and Popov7 also neglected the contributio
from binary collisions of 1s4 atoms, while Demidov and
Kolokolov8 obtained a very small value fork35 after fitting
their experimental data to the model function Eq.~2!. Both
teams reported two rate coefficients: those for binary co
sions of two metastable 1s5 states ~3.7310210 and 3.8
310210 cm3 s21), and those for a collision between th
metastable 1s5 and radiative 1s4 states (3.531029 and 1.4
31029 cm3 s21, in Refs. 7 and 8, respectively!. Neither
team accounted for symmetry of the 1s5– 1s5 collision @i.e.,
the fact thatj555

1
2 in Eq. ~2!#, therefore the reported rat
ep 2008 to 72.33.9.55. Redistribution subject to AIP 
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coefficients for this reaction should be increased by facto
2, leading tok5557.4310210 cm3 s21 in Ref. 7 andk55

57.6310210 cm3 s21 in Ref. 8. The small number of dis
similar measurements~five in experiment in Ref. 7 and fou
in experiment in Ref. 8! leads to a strong dependence of t
solution for coefficientk45 on the electron and atom densi
fluctuations. This may be the reason for the significant d
ference between coefficientsk45 and k55 reported by both
teams, and for the discrepancy between coefficientk45 re-
ported in Refs. 7 and 8, respectively.

Modern theoretical descriptions of chemi-ionization
collisions between excited atoms9 indicate that the contribu-
tion of 1s4, 1s3 and 1s2 states to the chemi-ionization cu
rent may be considered negligible when populations of th
states are at least an order of magnitude less that that o
1s5 state. Analysis of the data presented in Table II does
provide sufficient grounds for such an assumption. In ad
tion, the populations of metastable states~1s3 and 1s5) ex-
hibit a strong correlation over the entire range of experim
tal parameters, therefore contributions of these states to
chemi-ionization current cannot be separated even for a la
number of dissimilar measurements.

An alternative approach is to consider configurati
2p53s a single state. Then, the observed chemi-ionizat
current is described by a single reaction and

nc5 1
2ke f f

,n2.r 0
2

m1
2D~11.6eV!

,

wheren5( i 52
5 ni . Calculated under this assumption, the ra

coefficient,keff5(3.260.4)310210 cm3 s21, is found to be
independent of the plasma conditions~Fig. 3 ! and therefore
can be used as an atomic constant in modeling. The
temperature at the plasma axis, retrieved from absorp
profiles, was 310 K. The main sources of error for the r
coefficient are the uncertainties in electron and excited n
density measurements. The uncertainties of individual m
surements are illustrated in Fig. 3 by error bars. Using d
available in Refs. 7 and 8 we calculated the effective r
coefficients for those experiments,keff51.731029 and keff
license or copyright; see http://jap.aip.org/jap/copyright.jsp
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51.631029 cm3 s21, respectively. The reason for a signifi
cant discrepancy between these coefficients and the pre
measurements is related to the difference in density of
upper 1s3 and 1s4 states measured in this experiment a
measured or estimated in experiments.7,8 The excited state
densities were obtained in Refs. 7 and 8 using a variatio
the absorption method that involved two identical discha
cells. This method is very sensitive to changes in both
light source emission and the experimental cell absorp
line profiles which were not measured in these experime

The rate coefficients for de-excitation of the 1s5 state in
symmetric collisions were also reported in Ref. 10:k55

52.031029 cm3 s21 and, earlier, in Ref. 1:k33'k35'k55

50.831029 cm3 s21. These coefficients were deduce
from the temporal and pressure dependencies of the ex
state densities10 and discharge parameters1. While the depen-
dencies observed in these experiments could be interpr
as a strong indication that the losses of excited atoms
nonlinear with respect to their densities, the deduction
specific rate coefficients is heavily reliant on the characte
tics of the model used to describe the observed depen
cies. Such indirect measurements usually are burdened
a number of assumptions, and sometimes are controve

FIG. 3. Density of chemi-ionization electrons vs the squared combined
sity of 1s2, 1s3, 1s4, and 1s5 states.
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For example, in Ref. 10, the authors simplified the model
low discharge currents~around 1 mA! by neglecting the
chemi-ionization term in the excited state density balan
equations, apparently to deduce rate coefficients for o
processes, such as depopulation of the state by electron
pact. In the second stage of their analysis, for higher d
charge currents, they include the chemi-ionization term a
deduce its rate coefficient, which happened to be a ra
high value. Returning to the low current measurements,
finds that the loss due to chemi-ionization is no less than
due to electron impact, therefore the initial assumption w
not correct. Overall, uncertainties for rate coefficients fou
by fitting procedures are determined mostly by the accur
of the model and other coefficients used in the proced
which are rather hard to evaluate. Experiments in which
input and the output of the reaction under study are dire
measured should be considered a preferable source
atomic data.
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