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Chemi-ionization in neon plasma
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The density of electrons formed in binary collisions gi®3s 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 ofi3s neon atoms remains significant. In an ionizing collision, a pair

of these atoms releases high enetgyl1.6 eVj electrons which form a characteristic peak in the
EEDF. Simultaneously with the chemi-ionization electrons, the densities,0flk;, 1s,, and Iss

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 whep®ge 2
configuration is considered a single state. The corresponding rate coefficient, found to be (3.2
+0.4)x10 19 cm®s ! at a temperature of 310 K, is recommended for use in discharge modeling.
© 2002 American Institute of Physic§DOI: 10.1063/1.1503173

INTRODUCTION Ne+Ne +e
___——» Ne
Ne( 135,4,3,2) + Ne( 1S5,4,3,2) —_— +
. . . . - . Ne, +e
Of the rich variety of inelastic collisions between excited 1)

atoms, those resulting in the formation of atomic or molecu- o ] )
Rate coefficients for these reactions may be obtained by

lar ions (chemi-ionization play a unique role in discharge ‘ b b ‘¢ | duced by chemi
plasmas. In an initial phase of the development of the di&coqntmg the number of fast eectron_s_pr(_) uced by chemi-
nization (referred to below as chemi-ionization electrpns

charge, these processes account for more than 80% of 4 i . . )
oI . S : and measuring the populations of the excited states involved
ionization events in the plasmaChemi-ionization involving L :
. . : .2 in the collision. In the afterglow phase of the discharge,
low-lying metastable states is also a dominant ionization ; .
L . : o when the bulk plasma electrons thermalize but the density of
mechanism in a decaying plasfalodeling of nonequilib-

. . 4 > . 2p°3s neon atoms remains significant, the high endrgg0

fium plgsma§, n parhpular thoge “Se‘?' in light sources, I%V) electrons in the plasma are those produced through
increasingly important in predicting device performance antyemijonization and in superelastic collisions of electrons
determination of optimal regimes for their operation. Good,,ith excited neon atoms. The latter have a different energy
knowledge of the elementary processes is a prerequisite fgfan chemi-ionization electrons, therefore the number of
any such model. Rare gas discharges, traditionally considsiectrons formed through reactiét) in the plasma may be
ered poor candidates for lighting applications have recentlyptained by measuring a corresponding region of the elec-
been the Subject of renewed interest. For example, NeOofion energy distribution functio(EEDF) using a Langmuir
lamps are used for some automobile applications, in whickyrobe. This method, known as plasma electron spectroscopy,
the red visible lines may be used directly for stop sigiais, is described in detail elsewheteFor a glow discharge
combined with radiation converted from the violet UV formed in a cylindrical tube, with a probe placed on the tube
(VUV) by a green phosphor to provide an amber light foraxis, the chemi-ionization electron density,, is

other traffic signalé.In certain discharge regimes, values of 5 2
rate coefficients of chemi-ionization processes that involve e~ 2 £k <Nin;>Tg _ @
collisions of the excited neon atoms significantly affect ij=2 w2D(11.6eV)

model predictions. These processes, however, are poolypere p(s) is the diffusion coefficient for an electron with
studied and quantitative data on the rate coefficients Bnergys: r, is the tube radiusy, is the first root of zero-

scarce. _ order Bessel functiody(x); (n;n;) is the product of the ex-
The low 2p°3s neon stateslss, 1s,, 1ss, and 15, in cjted atom densities averaged over the tube diameterkand

Paschen notatigrare significantly populated in a discharge. js the corresponding rate coefficient. Subscriptdj de-

A binary collision between these atoms may result in thengte specific states involved in the collision, and the factor

formation of an atomic or molecularion and a féstil eV) & is introduced to distinguish between symmetric and

electron, according to following reaction: asymmetric collisionsg;; =1 wheni # j, and&;=1/2 when

i=j. An experimental value fam,, is found by integrating the

dAuthor to whom correspondence should be addressed; electronic mai_me_aSU_fed EEDF over the expected energy range for chemi-
vshevere@poly.edu ionization electrons:
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f A /—28 . TABLE I. Optical transitions used in the absorption measurements.
Ne= AlleV (e) m32 & 3) Wavelength Oscillator
State Transition (nm) strengtft
Heref(g) is the EEDF m r n the dischar i
ere (ts;l) stI et easuded on t e_zd s\(/: arge a?az}d A 15, T 659.0 0.164
e are the electron mass and energy in eV, respectively. Ac- ;¢ 1s,-2p, 653.3 0.246
cording to Druyvesteyn’s formufathe EEDF can be ex- 1s, 1s,—2p; 638.3 0.170
pressed in terms of the second derivative of the electron cur- 1sg 1s—2pg 633.4 0.0818

rgnt toz.the probe with respect to the probe potenual,aReference 5.
il du:

m? i
" 2mAed u”

wheree is the electron charge, amlis the probe area.

selected transitiorisee Table )l and the attenuation of the
beam by a 10 cm plasma column was measured. Using two
laser diodes, with center wavelengths of 655 and 635 nm,
respectively, absorption spectra for each of the transitions
listed in Table | were recorded. A typical spectrum is shown
in Fig. 2. The spectra were obtained by scanning the diode
The experiments were conducted in a decaying plasma #aser frequency in 30 or 60 MHz increments through the
a neon pressure of 1.3 Toimeasured at 25 °Cln different  absorption line of interest. The instability of the laser fre-
series of experiments, 40 and 16 rectangular-shaped quency did not exceed 4 MHz in the experiments. By fitting
voltage pulses were applied to the electrodes of a U-shapezkperimental data with a model function, a combination of
cylindrical glass discharge cell with an inner diameter of 28Voigt line shapes for neon-20 and neon-22 isotopes, provided
mm, total length of 25 cm, and horizontal section length ofa measurement of excited state densities for each isotope.
10 cm. In each series of experiments, the discharge curre@scillator strengths were taken from Ref. 6. The laser beam
was varied from 10 to 150 mA, and the discharge repetitiorwas displaced parallel to the tube axis so that radial density
frequency was kept 1 kHz throughout the experiment. Taprofiles could be recorded. It was found that the experimen-
measure the EEDF, a tungsten wire probe, 0.1 mm in diamtal dependences are satisfactorily described by the zero order
eter and 10.7 mm long, was placed along the discharge celessel function of first kindn;(r)=n;(0)Jo(x1r/rg). This
axis. The measurements were taken in the afterglow, delayegbproximation was further used in chemi-ionization rate co-
from 50 to 150us beyond the end of the excitation pulse. efficient calculationgsee Eq.(2)].
The experiment was controlled by a host computer and an Results for the excited state and the chemi-ionization
associated electronic circuit developed in the laboratory. Thelectron density measurements are compiled in Table II.
circuit generated control pulses for the high voltage power
supply to drive the discharge, ramped the probe electric popscyssioN
tential and sampled the probe current in the discharge after-
glow at selected time intervals. In addition, the circuit gen- ~ The second derivative of the probe current was calcu-
erated triggering pulses for optical measurements. Adated using three measurements of the current:
example of the EEDF measured in the experiment is prel(u-Au), i(u), i(u+Au) where Au is a probe potential
sented in Fig. 1. ramping increment. For a measurement to be useful, the dif-
Radial profiles for thelsneon atom densities were mea- ference [i(u-Au) —2i(u)+i(u+Au)] should be greater
sured using diode laser absorption spectroscopy. An externlan the noise currents of the measurement circuit and
cavity diode laser, a product of Environmental Optical SenPlasma. Therefore, at a given noise level, an appropriate
sors Inc, was employed. The laser wavelength was tuned to a

f(e) (4)
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FIG. 1. High-energy part of the second derivative of the probe current. NeorrIG. 2. Absorption spectrum for transitiorsd—2pg (the center wavelength

pressure of 1.3 Torr. Discharge current of 20 mA, duration of A8pand is at 633.443 nm Neon pressure of 1.3 Torr, discharge current of 10 mA,
afterglow delay of 8Qus. The EEDF is calculated using Ed). duration 100us, and afterglow delay of 10@s.
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TABLE II. Neon excited state and chemi-ionization electron densities.

Combined neon-20 and neon-22 density

Discharge Measurement Discharge at the tube axig10° cm™3) Electron
duration delay current density
(19 (19) (mA) 1ss 1s, 1s; 1s, (10° cm™3)
100 50 10 25.6 6.0 2.7 0.28 7.9
100 100 10 23.2 33 24 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 35 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 0.66 155
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 31.2 104 3.1 0.69 12.6

value of the ramping incremendu should be chosen. In our coefficients for this reaction should be increased by factor of
experiment, the current noise was at a level of 100 nA, cor2, leading tokss=7.4x10"1° cm®s™ ! in Ref. 7 andksg
responding to a minimumu of 1 volt (cf. Fig. 1). Thisa =7.6x10 % cm®s ! in Ref. 8. The small number of dis-
resolution allows unambiguous separation of the electronsimilar measuremenidive in experiment in Ref. 7 and four
formed in the course of reactiofl) from the bulk plasma in experiment in Ref. Bleads to a strong dependence of the
electrons or fast electrons formed in other chemi-ionizatiorsolution for coefficienk,s on the electron and atom density
reactions or in super-elastic collisions. However this resolufluctuations. This may be the reason for the significant dif-
tion is insufficient to separate contributions to the chemi-ference between coefficients;s and kss reported by both
ionization electron current made by each specific pair of exteams, and for the discrepancy between coefficiggtre-
cited states in the (®s configuration. There is a total of 10 ported in Refs. 7 and 8, respectively.

possible channels for reactigf), with expected energies of Modern theoretical descriptions of chemi-ionization in
the chemi-ionization electron ranging from 11.67 to 12.14collisions between excited atofhimdicate that the contribu-
eV. Contributions from each of the possible channels to the¢ion of 1s,, 1s; and 1s, states to the chemi-ionization cur-
measured electron density depend on the specific chemient may be considered negligible when populations of these
ionization rate coefficientk;;) and excited state populations states are at least an order of magnitude less that that of the
[n; and n;; see EQ.(2)]. By varying discharge conditions 1ss state. Analysis of the data presented in Table Il does not
such as discharge current and duration, measurement delgyovide sufficient grounds for such an assumption. In addi-
and gas pressure, and measuring the chemi-ionization aribn, the populations of metastable statés; and 1ss) ex-
excited state populations, one may attempt to extract the ratabit a strong correlation over the entire range of experimen-
coefficients using variational methods. For a 10-dimensionafal parameters, therefore contributions of these states to the
problem, with a measurement uncertainty of 10%, howeverchemi-ionization current cannot be separated even for a large
it would require a large number of measurement points toaumber of dissimilar measurements.

evaluate the rate coefficients to acceptable precision, assum- An alternative approach is to consider configuration
ing that the excited state populations do not correlate witt2p°3s a single state. Then, the observed chemi-ionization
each other. Certain assumptions could be applied to simplifgurrent is described by a single reaction and

the problem. In two previous works where the chemi-

ionization electron density was measured in neon h <n?>rj

afterglow/*® it was concluded that only the lowess:land Ne= Eke”,uzD(ll.Ge\/)’

1s, neon states contribute to the chemi-ionization electron !

current. Blagoev and Popbualso neglected the contribution wheren=2i5:2ni . Calculated under this assumption, the rate
from binary collisions of %, atoms, while Demidov and coefficient, ko= (3.2 0.4)x 1071 cm®s™?1, is found to be
Kolokolov® obtained a very small value fdes after fitting ~ independent of the plasma conditioff§g. 3) and therefore
their experimental data to the model function E®). Both  can be used as an atomic constant in modeling. The gas
teams reported two rate coefficients: those for binary collitemperature at the plasma axis, retrieved from absorption
sions of two metastable s} states(3.7x10 ° and 3.8 profiles, was 310 K. The main sources of error for the rate
x 1071 cm®s™1), and those for a collision between the coefficient are the uncertainties in electron and excited neon
metastable 4 and radiative §, states (3.% 10 ° and 1.4  density measurements. The uncertainties of individual mea-
x10"° cm®s !, in Refs. 7 and 8, respectivelyNeither  surements are illustrated in Fig. 3 by error bars. Using data
team accounted for symmetry of thest 1s; collision[i.e.,  available in Refs. 7 and 8 we calculated the effective rate
the fact thatéss= 3% in Eq. (2)], therefore the reported rate coefficients for those experiments,=1.7X10 ° and key
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35 For example, in Ref. 10, the authors simplified the model for
31 low discharge currentgaround 1 mA by neglecting the

25 | s Experiment chemi-ionization term in the excited state density balance
e s equations, apparently to deduce rate coefficients for other
S 2 = processes, such as depopulation of the state by electron im-
S5 -~ pact. In the second stage of their analysis, for higher dis-
& 1 ;El’/ charge currents, they include the chemi-ionization term and
/‘ deduce its rate coefficient, which happened to be a rather

0.5 434 high value. Returning to the low current measurements, one

0 . finds that the loss due to chemi-ionization is no less than that

0 1 2 3 4 5 due to electron impact, therefore the initial assumption was

not correct. Overall, uncertainties for rate coefficients found
by fitting procedures are determined mostly by the accuracy
FIG. 3. Density of chemi-ionization electrons vs the squared combined denef the model and other coefficients used in the procedure
sity of 1s,, 1s; 1s,, and Is; states. which are rather hard to evaluate. Experiments in which the
input and the output of the reaction under study are directly
measured should be considered a preferable source for
atomic data.

n2, 108 cm®

=1.6x10"° cm®s !, respectively. The reason for a signifi-
cant discrepancy between these coefficients and the preseftKNOWLEDGMENTS
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