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The optogalvanic effect in the positive column of a neon discharge is investigated in combination with the simultaneous obser-
vations of the optoacoustic effect and the electroacoustic effect, & modification in the discharge temperature produced by an
external electrical modulation of the current. The observations of current and power dissipated in the dlscharge arc analyzed
through a discharge model for the ionization of neon metastable by electron collisions.

In the optogalvanic {(OG) effect in ionized atomic
and molecular gases the clectrical impedance of an
irradiated gas discharge is modified under the irra-
diation by light in resonance with atomic or molec-
ular transitions of the species present in the discharge.
This phenomenon has given new possibilities in high-
resolution atomic and molecular spectroscopy, an-
alytical chemistry, plasma diagnostic, laser calibra-
tion and frequency locking [1]. The simplest
mechanism producing the OG signal is laser ioni-
zation of atoms or molecules, and in this context the
technique is classified as a photoionization process.
However, most OG investigations are based on weak
cw laser excitation with a very low probability for
the direct photoionization. A precise knowledge of
the mechanisms leading to the OG effect under cw
laser excitation is restricted 10 a few cases, mainly
rare gas discharges. For instance, the OG effect in
the positive column of a neon discharge has been in-
terpreted by Doughty and Lawler [2] through a
model where the ionization of the neon metastable
levels by electron collisions play the dominant role.

Recently the OG and optoacoustic {(OA) detec-
tions have been combined by us [3,4] in a low pres-
sure rare gas discharge in order to obtain a more
complete determination of the processes governing

the discharge response under resonant laser excita-
tion, The OA detection has proven that the laser light
controls the amount of electrical power dissipated in
the discharge, hence the temperature of the dis-
charge itself. Depending on the discharge conditions,
the laser light may produce a cooling or heating of
the discharge [3].

In this paper we present a quantitative investiga-
tion of the change in the discharge dissipated power
as a consequence of the laser irradiation of a neon
positive column discharge. The optogalvanic and
optoacoustic signals have been compared to the sig-
nals originated by a modulation of the discharge cur-
rent. The measurements of the dissipated power have
been compared to the Doughty and Lawler model
[2] for the glow discharge.

The apparatus for the OG and OA detection is
schematically represented in fig. 1. The OG detec-
tion scheme was based on the chopper modulation
of a cw Rh-6G dye laser light and observation of the
voltage modulation produced on the ballast resistor
placed in series with the power supply. The QA de-
tection was based on an electret microphone located
near the anode, just outside the glow discharge re-
gion. The microphone detects the acoustic wave pro-
duced by the laser absorption in the discharge and
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Fig. 1. Experimental apparatus for the OG, OA and EA detections.

the modification in the discharge temperature.

In order to probe the sensitivity of the microphone
1o the amount of power dissipated into discharge, a
modulation of the discharge current, at the same fre-
quency of the laser chopper, was applied through the
transformer on the discharge circuit and the signal at
the microphone was monitored. This so-called elec-
tro-acoustic (EA ) signals, measured as a function of
the discharge current and pressure, were used to ana-
lyze quantitatively the optoacoustic signals, as it will
be presented in the following. A typical measured de-
pendence of the EA signals on the discharge current
is reported in fig. 2a.

OG and OA spectra obtained by laser irradiation
of the neon positive column have been reported in
previous papers [3,4] and will not be reported here.
Briefly we have observed OG and OA signals when-
ever the dye laser frequency was in resonance with
a neon transition from the metastable 1s; and 1s;
levels, the quasi-metastable 1s, level (owing to the
radiation trapping } and the non-metastable 1s,; level
to the 2p; (j=1,10) levels. In the range of discharge
cutrrents explored in the experiment a typical spec-
trum reports negative OG signals associated to the
transitions starting from the metastable levels, and
positive OG signals associated to the transitions
starting from other levels. The OA signals for the
metastable level transitions may correspond to an in-
crease or decrease of the discharge temperature. Figs.
3 and 2b report 1he dependence of the OG and OA
signals respectively on the discharge current for laser
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Fig. 2. Experimental results, with error bars, for the EA signals
(a), and OA signals (b), versus the discharge current in a 1.5
Torr discharge. Theoretical curves for the internally dissipated
power in the voltage modulation, AP{EA ), and in the optoacous-
tic observations, AP(QA). Modulation voltage applied in the EA
experiment was 5 V. Irradiation at 594.5 nm on the 1s,-2p, line
was used in the OA observations.

irradiation on the 594.5 nm 1ss-2p, line of a 1.5 Torr
neon positive column,

We have measured through a probe the electric
field inside the positive column as a function of the
current, and through atomic absorption the meta-
stable density population and the translation tem-
perature of the neon atoms (typically around 550 K).
Finally the dynamic resistance of the discharge, i.e.
the derivative of the discharge voltage drop in re-
spect to the discharge current, was determined from
the measured curve of the discharge voltage versus
the current,

The current flow and the energy balance in the
neon positive column are governed by the popula-
tions in the metasiable levels. These levels are ion-
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Fig. 3. Optogalvanic signals, with error bars, versus discharge
current for the 1ss-2p, neon transition at 1.5 Torr pressure. The
theoretical curves have been obtained from the model presented
inref. | 2] as explained in the text.

ized through collisions with electrons or other neon
atoms, Light absorption from the metastable levels
to upper ones decreases the metastable leve] popu-
lation and the discharge current flow.

The current [ flowing through the discharge de-
pends on the drift velocity v, and the electron den-
sity n, through the Tonks-Langmuir relation [5]

I=2ner*hyu,n, , )

where r is the discharge tube diameter and Aq is a nu-
merical constant taking into account the radial dis-
tribution of the clectron temperature inside the
discharge. The rate of change of the density M in the
metastable s, and Is; neon levels and in the quasi-
metastable 1s, level is governed by an equation in-
cluding the production P for electron impact exci-
tation from the ground state, the loss rate W by
diffusion to the walls, the loss rate 7 for metastable-
metastable associative ionization, the loss rate S for
electron impact ionization and the loss rate 5’ /4 for
electron impact excitation to the 2p levels,

dM/dt=Pn.M—-WM-TM?
—Sn.M—(5/4) n.M . (2)

The rate of change of the electron density 7, is gov-
ermed by production throwgh ¢, the first Towsend
coefficient, the impact ionization with rate Sand the
associative ionization of the metastables with rate T,
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and the loss by diffusion to the wall with the D, am-
bipolar diffusion coefficient,

dn./dt=avyn, +Sn. M
+(T/2)M*-D,(2.4/r)n, . (3)

The production and loss rate coefficients for the
metastable and electron density were calculated in
ref. [2]. The non-metastable 1s, level R density is
determined by the electron excitation from the
ground state and from the metastable levels and by
the decay rate w; for the ultraviolet emission. We es-
timated the R population by using the theoretical
analyses of refs. [2,4] and a comparison to the M
population.

Absorption of Q photons on the 594.5 nm neon
line modifies the M and R densities. If §=0.44 is the
branching ratio for decay to the is; level, absorption
of Q photons per unit time depletes the M popula-
tion of eq. {2} by a BQ rate and fills the 1s, popu-
lation by the same rate. The modifications AM, Alog
and An, introduced by the laser absorption may be
derived from a perturbation to the steady state so-
lutions of egs. (1)-(3), taking into account that (i)
the electric field inside the discharge is modified by
the laser irradiation; (ii) the drift velocity and the
first Towsend coefficient depend on the electric field
as shown in ref. [6]; (iii) the electric field variation
is connected to the OG signal through the following
relation:

LAE=—RyAlg , (4)

L being the positive column length, E the electric field
and R, the ballast resistor.

Determination of the discharge parameters ap-
pearing in eqs. (1)f~(3) and describing the unper-
turbed discharge would allow a derivation of the Al
signal from those equations. However as already done
in refs, [2,5], we have chosen to obtain information
on the unperturbed discharge through a determina-
tion of the dynamic résistance of the discharge. Thus
only the parameters appearing in eq. (2) for the
metastable balance are required to derive the am-
plitude of the Al signal. Using parameters from
ref. [2] and the measured dynamic resistance, we
have obtained for the OG signal as a function of the
current, the continuous line drawn in fig. 3, in very
good agreement with the experimental results.
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‘When the discharge current is modulated with a

modulation amplitude Al g, as measured on the bal-

last resistor, under the application of a sinusoidal

voltage ¥, the modification of the electron density
becomes

- ﬁi"ﬁ) 1éwl
An= [NEG(H LwdE) wneeL]

This modification of the discharge originates the
acoustic EA signals reported in fig. 2a.

The energy balance in the glow discharge illumi-
nated by the laser beam at frequency v includes as
source terms the electric power P.=JLE and the light
power (Qhr. The input power is dissipated into dif-
ferent output channels: P, due to emission of neon
visible fluorescent light transmitted by the cell walls;
P,, due to emission of neon ultraviolet fluorescent
light on the 1Is;,-1s,, transitions, followed by ab-
sorption of the radiation by the cell walls; Py;r the en-
ergy released by the deexcitation of the metastable
atoms diffusing to the walls with rate W; P, the en-
ergy released by the electron—ion pairs migrating by
ambipolar diffusion to the walls and recombining
there; P, due to conduction of heat to the walls by
ground state neon atoms. Each energy term, except
the last one, is related to the discharge parameters
introduced in the egs. (1)—(3). Their expression are
the following ones [2].

P =nrLS MnE,,

Poy=nr’LRwy Ey ,

Pyc=nr’LWMEy, ,

Pree=nr?LD, (L/7)**n?Eion » (6)

where E,;, is the average energy corresponding to the
visible 1s-2p; transitions; £y and Eg are the ener-
gies of the metastable and quasi-metastable 1s; 5 4 and
radiative s, levels, respectively, and E,,, the neon
ionization threshold.

We have verified that making use of the collision
rates given in ref. [2] and the measured discharge
parameters, in absence of laser irradiation the input
electric power P,; is equal to the sum P, of the P,,,,
P,., Pgs, P.. powers dissipated into the different
channels. This result is illustrated in fig. 4a as a func-
tion of the discharge current. As a consequence it ap-
pears that the power dissipated into the heat
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conduction by ground state atoms represents only a
small contribution 1o the overall encrgy balance.

The laser absorption modifies the neon population
and the energy balance. The determination of AM,
AR and An, allows to derive the variation AP; of the
above terms contributing to the energy balance of the
positive column. The energy channels mainly per-
turbed by the laser radiation are the ultraviolel ra-
diation emission AP,, and the deexcitation of
metastable atoms at the walls AP, as shown in fig.
4b,

The acoustic signal monitors the change in the gas
temperature, and the change in the discharge energy
produced by the laser absorption could be connected
to the OA signal through a determination of the tem-
perature evolution inside the discharge. We have
proceeded to a fit of the acoustic signals by suppos-
ing that the laser chopper modulation occurs at a fre-
quency low enough to reach a stationary regime and
that all the energy dissipated inside the discharge
modifies the gas temperature. In the energy balance
of the discharge the terms P,., Py;; and P, represent
sources for the energy dissipation inside the dis-
charge, whence should determine the gas tempera-
ture, while the energy released in the visible emission
does not contribute to the gas temperature. The per-
turbation of those terms by the laser absorption
should modulate the gas temperature and should
represent the source of the acoustic signals. In fig. 2b
the OA signal and the source for the acoustic signal,
i.e. the variation of the internally dissipated power
AP=AP, . + AP+ AP, are compared as a function
of the discharge current I. In fig. 2a we compare the
EA signals and the variation of the internally dissi-
pated power AP induced by the external voltage
modulation V. In order to compare the vertical scales
for the microphone signal and the power dissipated
within the discharge, in figs. 2a and 2b one point of
the theoretically evaluated AP power was fixed to an
experimental point of acoustic signal and then the
scale was fixed for both plots of fig. 2. The agreement
between experimental and theoretical behaviors for
the OA signal is very good and for the EA signal sat-
isfactory. We attribute the remaining discrepancies
to an incomplete transfer of the energy absorbed in-
side the cell to the gas temperature.

In conclusion the fit of the experimental results
concerning the simultaneous galvanic and acoustic
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Fig. 4. Power balance of the positive column discharge as function of the discharge current I at the same pressure of fig. 2: (a} unper-

turbed energy balance; (b) laser perturbed encrgy balance.,

detections proves that our analysis of the discharge
perturbations and our knowledge of the discharge
parameters are very good. The OG and OA detec-
tions represent techniques providing complemen-
tary information on the different mechanisms
regulating a discharge under laser irradiation and may
be used in combination to explore different dis-
charges. A striking evidence of that complementary
information is provided by the QA signal vanishing
around 1.5 mA in the measurement of fig. 2b, while
a non-zero OG signal is observed at the same cur-
rent, as in the plot of fig. 3. That means that under
particular conditions of the current discharge and gas
pressure, no change of the dissipated power is in-
duced by the laser radiation, even if the discharge
current is modified by the laser absorption.
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Light-induced heating and cooling of & positive column discharge are demonstrated by combining the optogalvanic
and optoacoustic detection. The phenomena that we have observed for laser radiation resonant with several Ne
and He transitions are compared with a simplified energy model.

Absorption of resonant laser radiation induces
changes in the electron density and the temperature of
a discharge, resulting in the optogalvanic (OG) effect.
The sensitivity of the OG technique, combined with
excitation by means of high-spectral-purity tunable
lasers, has permitted its application to high-resolution
spectroscopy.! The change in the number of charged
particles present in the discharge is believed to be the
dominant process in the experimental observations of
the normal atomic glow. However, significant features
of the OG effect in molecular discharges? and in atomic
hollow-cathode discharges? suggest that a modification
in the temperature plays a significant role. In an ex-
periment on a uranium hollow cathede, in which spec-
trally resolved fluorescent light was investigated, an
increase in the discharge temperature was measured
under resonant laser irradiation.* If a change in the
discharge temperature is produced, we believed that the
consequent acoustic disturbance could be detected by
means of a microphone just as well as in the standard
- optoacoustic (QA) spectroscopy. We present in this
Letter the first reported OA observation in a discharge.
Combined OA and OG investigations were performed
in He-Ne positive columns, for which a satisfactory
quantitative model of the OG effect is available.56
Our apparatus was a standard positive column dis-
charge in a glass tube of 0.25-cm radius and 21.5 cm long
connected through a ballast resistor to a voltage-stabi-
lized power supply. The aluminum electrodes were
offset from the column axis. Pressures in the 50—
500-Pa range and currents between 1 and 5 mA were
used. The discharge tube was longitudinally irradiated
with a cw Rh6G dye laser, whose beam was mechanically
chopped at 310 Hz. The OG signal was detected across
the ballast resistor. The acoustic waves were measured
by two capacitive microphones: A microphone was
placed on an outside wall of the discharge tube, while
a sgecond one inside the tube was placed near the
grounded anode. The external microphone detected
the acoustic disturbance directly generated by the

0146-9592/84/120530-0332.00/0

ion-neutralizing collisions at the cathode. Owing to the
OG current modulation, an acoustic wave at the chopper
frequency was produced. The intensity of this wave
followed the OG signal behavior, which was maximum
near the cathode and negligible at the location of the
internal microphone, The internal microphone de-
tected the OA signals produced by the temperature
changes in the discharge. Phase-sensitive detection was
used, and OG and OA signals were recorded simulta-
neously while the frequency of the laser was scanned
over the tuning range.

Typical spectra are shown in Fig. 1. OG and OA
signals that are due to the He line at 587.6 nm and to
several Ne transitions, exciting the metastable and
nonmetastable levels of the 2p53s configuration, have
been investigated versus pressure and discharge current.
Figure 2(a) shows the well-known dependence® of the

%t\! O W Q <T@ omw
8 28 ¢ 88 §¥g
®) \” 06 N .
®y Heating | _L_OA | | R
OA R X
(c}COOLING] | ! Y |

Fig. 1. Simultaneous two-pen recording of (a) the OG and
(b) the internal-microphone QA signals in a He-Ne discharge
(Ne, 133 Pa; He, 200 Pa) witha current i = 25 mA. Curve (¢)
is from a 399-Pa Ne discharge; i = 1 mA.

© 1984, Optical Society of America
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Fig. 2. Current dependence of the OG signal, the electric
field E, and the OA signal, respectively, in the discharge of
Figs. 1(a) and 1(b) under the 594.5-nm Ne line irradiation.
The curve in (b) represents a best fit through the experimental
points.

OG signal for the 1s5-2p4 Ne line at 594.5 nm on the
discharge current. Because the 2p, level is radiatively
connected to the ground state, the laser excitation at
594.5 nm depletes the metastable 155 level and produces
the negative OG signal. A similar mechanism applies
to all the Ne transitions starting from the metastable
levels. Pressure and current dependences different
from those of the OG signals were detected by the in-
ternal-microphone OA signal. This is shown in Fig. 2(c)
for the current dependence of the 594.5-nm signal.
Apart from a scaling factor proportional to the strength
of the OG signal, the OA signals of all the Ne lines in-
volving metastable levels presented the same current
dependence. In fact, in Fig. 3(a) the current depen-
dence of the OA signals for Ne lines starting from the
155 level is described by a single curve. A different OA
behavior from that of Fig. 3(a) was exhibited by the
587.6-nm He line and all the Ne lines starting from the
nonmetastable levels; however, they follow a similar
scaling law, as is shown in Fig. 3(b).
Internal-microphone OA signals of opposite signs
have been observed, which could not be directly as-
cribed to heating or cooling of the discharge. To clarify
this point, a standard OA experiment, with the same cell
arrangement as for the OG measurement with the dis-
charge off, was performed in an absorbing molecular gas,
in which the laser abeorption definitely produces gas
heating. From this observation we have deduced that
the low-current OA signals of Fig. 2(c) correspond to
discharge cooling and the high-current ones correspond
to discharge heating. As a convention in Figs. 2and 3
we have assumed that the positive OA signals corre-
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spond to discharge heating and the negative ones to
discharge cooling. The microphone sensitivity was
determined by producing a sinusoidal modulation of the
discharge current by means of a transformer inserted
into the power-supply circuit and by measuring the
acoustic disturbance that occurred. Thus the largest
negative OA signal shown in Fig. 2(c) was & cooling
produced by a reduction of roughly 5 mW from the
discharge. The current values of the maximum OA
signal and of the zero OA signal of Figs. 2(c) and 3(a)
depend on the discharge pressure and the ballast re-
gistor. The different behavior observed in the QA sig-
nals at high currents in Figs. 2(c) and 3(c) was caused
by different discharge electric fields.

"The OA signal, i.e., the heating or cooling of the dis-
charge gas, depends directly on the energy deposited
into the gas and indirectly on the energy deposited at
the discharge tube walls. The total input power is
dissipated into the discharge through several channels:
jonization, atomic collisional and radiative de-excita-
tion, and heat conduction of ground-state atoms.6 In
the ionization channel the energy is ultimately released
at the cell walls in the recombination process following
the ambipolar diffusion of ions and electrons. In the
collisional de-excitation channel the metastable atoms
diffuse toward the walls, where they release their in-
ternal energy. In the atomic emission, the visible light
is transmitted without absorption by the cell walis,
while the vacuum-ultraviolet resonance radiation is
absorbed. The contributions of the different channels
to the discharge energy balance cannot be precisely
determined, but they were estimated in Ref. 6 for a Ne
positive column discharge in a glass tube with a radius
comparable with that of the present experiment.

1or 25976 nm Isg~ 2pg
«588.2 nm Isg—2p;
*594.5 nm sy — 2p,(*066)

>
ER
§IO
+ 609.6 nm

Isq— 2p4i*2)

+387.6 nm  He

Discharge Current, mA

Fig. 3. Optoacoustic signals varying the discharge current
for a He-Ne discharge (He, 200 Pa; Ne, 133 Pa).
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Without laser irradiation of the discharge, a small
fraction (56%) of the total electrical input power is lost
in the emission of visible light. Another small fraction,
less than a few percent of the total electrical input
power, is lost in the heat conduction of ground-state
atoms. 'The remaining input electrical power, lost in
the vacuum-ultraviolet emission and in the wall re-
combination and de-excitation, is deposited into the
discharge walls. Thus the major part of the input
electrical power contributes directly or indirectly to the
gas-discharge temperature.

The laser absorption modifies the atomic-population
distribution and affects the power released into the cell
through the different channels listed above. A precise
analysis of the energy balance in the presence of the
laser irradiation could give the dissipation in the power
originating from the laser and producing the OA signal.
Since this is not the case, we estimate the OA signal
from the energy balance of the discharge. The input
electrical power P, is equal to IE:, where [ is the positive
column length, E is the axial electric field, and i is the
discharge current. Under absorption of light power @,
the input electrical power is modified by a quantity 6P,.
Most of the absorbed laser power & is released from the
discharge through the spontaneous emission of visible
photons that are not absorbed by the cell walls and do
not contribute to the discharge temperature. Thus only
asmall fraction f;, of the & power contributes tothe OA
signal. Taking into account that the spontaneous-
emission rate is larger than the rates for the electron-
impact excitation to other levels and for the ionization,
fL could range between 10~2and 103, In an analogous
way we defined by £, the fraction of the electrical input
power dissipated into the discharge temperature. From
the analysis of the energy-dissipation channels, we have
estimated that f, ~ 0.9-0.95. Thus we write that the
OA signal is proportional to the change in the dissipated
power AP given by

AP = f,0P, + [1Q
=flOGE) + L@ =f(IE—-ZDAi+ Q. (1)

The last equality results because both i and E are
modified under light illumination. Because a con-
stant-voltage power supply was used, IAE = —ZAi. We
have compared the results of our experiment with Eq.
(1) using the current change measured in the OG effect,
the discharge electric field E [Fig. 2(b)], and the ab-
sorbed power (between 0 and 13 mW) measured by
means of a thermopile. According to the @ measure-
ment and the f; estimate, the light-power contribution
is negligible in Eq. (1). A plot of Eq. (1) withf, = 1 and
fo = 0is represented by the continuous line in Fig. 2(c).
The low-current experimental behavior is reproduced
well. In particular, the low P, term of Eq. (1) passes
through zero at i, = I[E/Z, in agreement with the ex-
perimental result. At large current values a divergence
between the behavior predicted by the 5P, term and the
experimental observations arises, and a cooling process
should be added to the energy balance of Eq. (1). A
similar disagreement exists for the OA observations for
the He and Ne nonmetastable lines, regardless of the

current. These discrepancies come from the current-
dependent f, factor and the influence of the neglected
absorbed laser-light term in Eq. (1). Moreover, at high
currents, where the saturation of the metastable levels
occurs, the available OG model is no longer valid.

The above results show that our understanding of the
energy balance of a discharge is far from being complete.
A deeper insight into the gas and wall energy deposit
and the acoustic-wave production in such a weakly
ionized plasma is required. However, from the analysis
of the available experimental results, several conclusions
can be derived: (1) Absorbed photons act as a switch
controlling the electrical input power entering the dis-
charge. Depending on the discharge conditions, an
increase or decrease of the electrical power may arise,
with a consequent heating or cooling. For instance, the
latter may occur when the population distribution is
modified by the laser absorption in such a way that the
energy delivered at the walls by the ion recombination
or the metastable de-excitation is smaller than that
without the laser. Since the electrical power dissipated
into the discharge is about 500 mW, the maximum
5-mW energy decrease in the experimental observations
of Fig. 2(c) corresponds to a discharge temperature
cooling of about 1%. (2) Equation {1) explains ade-
quately the unified behavior of the metastable level OA
signals in Fig. 3(a). The 6P, term is scaled by an
amount Ai of the OG signal, and the absorbed light
term, which depends mainly on the metastable popu-
lation, has the same behavior for all the metastable lines
examined.

In summary, this experiment suggests that under
light illumination a direct compensation between
electrical and laser powers may occur. The two terms
in Eq. (1) can partially cancel each other, yielding pos-
itive, negative, and null contributions to the generated
heat. In particular, direct evidence is given that under
appropriate conditions a cooling of the laser-irradiated
discharge may arise.

The authors are grateful to M. Allegrini, J. Hall, and
dJ. Lawler for useful discussions and a critical reading of
the manuscript.
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Simultaneous observations of the optogalvanic and optoacoustic effects were performed in CO;, NHj and SFg discharges
under irradiation by resonant infrared 10 um Iaser radiation. The dependence of the galvanic and acoustic signals on the
discharge current, and their time evolution following 2 switch of the laser radiation were investigated. The observations
proved that the infrared optogalvanic effect occurs through two different mechanisms, & gas kinetic temperature depen-
dence of the discharge pazameters and a modification of the pion production through the vibrational molecular excitation.

1. Introduction

In the laser optogalvanic (OG) effect the current
flowing through an atomic or molecular discharge is
monitored, while a laser irradiation on an atomic or
molecular transition occurs. In atomic spectroscopy
on transitions involving visible radiation, the main
mechanism leading to the OG effect is the dependence
on the atomic excitation for the processes of ion pro-
duction, for instance the associative ionisation and the
electron impact ionisation [1]. However in the atomic
hollow cathode discharges an increase in the electron
and gas temperatures produced by the collisions with
excited atoms was invoked in the analysis of the OG
effect [2]. Observations of the OG effect on infrared
transitions between highly excited atomic levels [3]
and between vibrational molecular levels [4-8] have
shown that the impedance of a discharge may be modi-
fied also by the absorption of small energy infrared
photons. Webster and Menzies [6] suggested that for
the vibrational molecular transitions, where the elec-
tronic state is not modified in the absorption, the OG
effect arises through an heating mechanism. The ab-

! permenent address: Istituto di Fisica Sperimentale Univer-
sitd di Napoli, Italy. ‘
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sorbed laser energy is converted into a gas tempera-
ture increase through the vibro—translational (V-T)
relaxation process. The change in the current flowing
through the discharge should arise from the tempera-
ture dependence of a relevant discharge parameter,
for instance either the electron impact ionisation, or
the electron attachment or the electron-ion recombina-
tion. This interpretation of the molecular OG effect
was supported by the time resolved experiments with
pulsed laser excitation, where it was shown that fora
laser absorption outside the discharge region, the 0G
effect was produced by the propagation of a thermal
acoustic wave through the gas [5,7].

The direct observation of the energy deposited into
the discharge by means of the optoacoustic (OA) effect
may provide additional information on the mechanisms
producing the OG effect. Thus, as done previously in
atomic discharges [9] we made simultaneous observa-
tions of the OG and OA effects for infrared vibrational
excitation of molecular CO,, NH; and SF¢ discharges.

Depending on the discharge operating conditions and
on the position of the laser irradiation, the OG and OA
signals presented a similar or different behaviour. Thus
the OG effect should proceed through two different
mechanisms. The behaviour of a molecular discharge
at low fractional ionization values is governed by the
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electron kinetic processes (i.e. the ionization, the at-
tachment and the recombination occurring in the elec-
tron collisions with molecules and ions), the transport
processes (electron and ion drift and diffusion) and
the relaxation processes determining the gas heating.
Because the laser radiation induces a population trans-
fer between the vibrational levels, the dependence of
" the electron kinetic processes on the vibrational state
may play an important role in producing the OG effect.

The kinetic and transport processes are also a func-
tion of the gas translational temperature, The vibra-
tional laser excitation is converted into a gas heating
increase through the relaxation processes and this
translational temperature increase modifies the current
flow.

2. Experimental apparatus

The optogalvanic set-up, similar to that used in refs.
{6] and [8] was composed by a glass cell, 1.2 cm in-
ternal diameter, containing an hollow cathode and a
rod or ring anode, all made of stainless steel. The cell
electrodes were mounted on sliding connections in
such way that the interelectrode separation and the
region of the laser excitation could be modified in the
0.5—9 cm range. The laser radiation, coming from CO,
or N, O flowing gas lasers and focused to a 2 mm radius
spot at the cell center, was coupled perpendicularly to
the discharge cell axis through ZnSe Brewster windows
meunted on two transverse arms. The discharge cell
was operated in the normal glow regime either sealed
off or with a gentle flow of gas maintained through.

The OG signal was measured across a 200 §2 series
resistor, A condenser microphone with an internal FET
amplifier was mounted on the cell transverse arm, half-
way between the cell center and one ZnSe window.

3. Results
3.1.CO,

A positive OG signal, i.e. an increase in the current
I flowing through the discharge, was observed under
irradiation by CO, laser light. Observations at differ-
ent laser lines, laser powers, irradiation positions in-

side the discharge, CO, flowing rate and discharge cur-
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Fig. 1, Time evolution of the OA signals (upper records} and
of the OG signals (lower records) for 2 W 10 P(20) laser itTadia-
tion inside the positive column of a 14 mA, CO, discharge.

Tmbar

rents were performed. Fig. 1 reports the temporal
dependence of the OG and OA signals at laser switch.
on and switch-off. The signals were obtained ina 5 cm
length discharge, with 10 P(20) laser irradiation inside
the positive column, at a constant discharge current
and different CO, pressures. The OA signals had the
shape typical of a microphone detection system with
the gas flowing through the OA cell [10]. In the cen-
tral part of the 7 ms laser pulse they presented a slow-
ly varying component limited mainly by the time con-
stant of the thermal diffusion towards the cell walls.
This diffusion component appeared very clearly in the
10 mbar measurements, where a large laser energy was
deposited into the cell. The initial and final transient
acoustic signals exhibited a periodic structure with a
time period independent of the gas pressure and of the
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laser intensity. That structure was criginated by acous-
tic resonances in the cell or the microphone. A striking
result from the photos of fig. 1 is that the OA and OG

signals presented a very similar temporal behaviour, thus

proving in a direct way for the CO, molecules the OG
signals are produced by the translational temperature
increase detected by the OA microphone.

Whichever the position of the laser irradiation in-
side the positive column, the transient and slowly-
varying OA and OG signals presented the typical be-
haviour of fig. 1. On the contrary a negative OG sig-
nal appeared when the laser illuminated 2 region on
the back of the anode outside the discharge, In these
conditions the transient OG signal resulted very small;
the slowly varying component was not reduced in am-
plitude and appeared with an inverted sign.

By applying a 400 Hz modulation of the laser radia-
tion and phase sensitive detection an investigation of
the amplitude for the OG and OA signals versus the
discharge current was performed, as reported in fig. 2.
A 5 ¢cm CO, discharge was irradiated in the central
part of the positive column by 4 W 9P (12) CO, laser
radiation. Similar results were obtained at different
discharge pressures and laser irradiation positions both
in the positive column and on the back of the anode
electrode, The OG signals depended on the CO, flow
rate through the cell, as shown in fig, 2. The OG effect

Fy Y
sofn.u) .?P A}
2.5 L 250
2] | 200
15/ 1160
-
1] r_‘ﬁﬂ
0.5] 80
o)
o 2 10 20 30 "

Fig. 2. Amplitude of the OG signals versus the current J and
of the OA signals for 8 11 mbar CQ, discharge under irradia-
tion by 10 P(22) CO; laser line. The © and @ points of the OG
signal were obtained respectively at medium and low flow rate
through the discharge cell, The lines passing through the ex-
perimental points have been drawn for convenience of presen-
tation only.
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presented a maximum in the current explored range
and the current of the maximum shifted to a lower
value by reducing the CO, flow rate.

In the OA results of fig, 2 a large signal appeared
when the discharge did not operate, The OA signal in-
creased in amplitude when the discharge was switched
on and the current was raised to 30 mA, whichever
the CO, flow rate in the cell, This dependence of the
OA signal on the discharge current arised from an in-
crease in the number of absorbing molecules when the
discharge was on. Vibro-rotational temperatures in
the 400500 K range are typically reached inside a
CO, discharge, and such a temperature increase ex-
plains quantitatively the two times increase in the ab-
sorption coefficient, whence in the QA signal, observed
for the discharge current rise from 0 to 30 mA.

3.2. NH;

For the OG and OA studies in ammonia discharges,
we used the 1.3 watt power radiation from an N5O
laser operating on the P(13) line, for which the ammo-
nia gas has a strong absorption coefficient. Thus large
OG and OA signals were observed for discharges runn-
ning at 4 maximum 2 mbar pressure, lower than that
typically used in the CO, discharges. Fig. 3 reports
the time evolution of typical OA and OG signals ob-
tained under different discharge conditions. Fig. 3a
represents the QA signal observed at the switches on
and off of the 1aser radiation on a 0.3 mbar discharge,
and similar results were obtained on discharges at dif-
ferent ammonia pressures, The time dependence of
the OA signal is very similar to that observed in the
CO, discharges with the transient and slowly varying
acoustic signals, except that the transient structures
produced by the acoustic resonances were not ob-
served in the low pressure range. The OG signals of
figs. 3b—d were obtained for laser irradiation inside
the positive column at different currents and pres-
sures, while the OG signal of the (¢) photo was ob-
tained for irradiation near the cathode in the negative
glow region, An increase in the discharge current (posi-
tive OG signal) was produced for irradiating anywhere
inside the positive glow, and a decrease in the discharge
current (negative OG signal) resulted from irradiation
in the negative glow. Fig. 4 reports this behaviour of
the OG signal as function of the irradiation position in-
side the cell under gentle gas flow conditions. It may
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Fig. 3. Waveforms of the OA and OG signals for the P(13)
N3O laser irradiation of a NH3 discharge, A typical QA signal
is represented by the a photo. The (b)—(d) OG signals resulted
for irradiation inside the possitive glow of the discharge. The
(e) negative OG signal was obtained for irradiation inside the
negative glow,

be noticed that the change from positive to negative
OG signals occured in a very small region at the begin-
ning of the negative glow. The determination of this
region was limited by the laser beam diameter. Fig. 4
represents the spatial dependence of the ammoniz OG
signal which was qualitatively described in ref. [6].
Figs. 3b—d present the modifications originated in the
positive glow OG signal by an increase in the ammonia
pressure. At low pressure the OG signal was positive
during all the laser pulse, with a signal risetime equal
to that observed in the QA signal. Increasing the am-
monia pressure a negative transient signal appeared at
the laser switches on and off. Thus in the (d) record at
1.5 mbar pressure the positive glow OG signal was com-
posed by a large negative transient signal with some
structure inside,
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Fig. 4. Amplitude of the OG current signal versus the discharge
irradiation positions for 0.5 mbar NH4 pressure at 2 mA cur-
rent. The line through the points has been drawn for conve-
nience only.

From an investigation of the risetime in the OA and
OG waveforms, the OG signal appeared delayed with
respect to the laser absorption measured by the OA
signal. The delay time increased with the distance of
the irradiation position from the cathode. For instance
at a 0.4 mbar pressure, 2 mA current in a 7.5 cm dis-
charge and irradiation at 7 cm from the cathode the
initial rise of the OG signal appeared delayed by 0.3 ms
with respect to the laser absorption.

3.3, SF

Very strong OA signals were observed in SF dis-
charge under irradiation by the 10P (24) CO, laser
line. Very weak positive OG signals were obtained with-
in a limited range of discharge operation, for instance
at 1 mbar pressure and 1 mA current. The QA and OG
waveforms presented a similar temporal dependence,
as in the CO, discharge.

4. Discussion

The similarity of the QA and OG waveforms in the
CO, and SF¢ discharges confirms the existence of one
phenomenon producing both the acoustic and galvanic
effects. On the contrary in NH, several phenomena
simultaneously contribute to the later, so that differ-
ent waveforms were observed in the two effects. The
OA signal originates from an increase in the gas trans-
lational temperature through the roto-translational
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R—T and V-T relaxations. The change in the current
flow in the discharge should depend on this transla-
tional temperature increase. The kinetic and transport
discharge processes depend also on the vibrational tem-
perature of the molecular and if the laser modifies this
temperature, the electrical conduction of the discharge
will be modified. In the cases where the laser induced
change in the translational temperature is the dominant
phenomenon in controlling the discharge current, the
observed OA and OG waveforms have a similar time
evolution, because the time delays introduced by the
electron—molecule collisions and the acoustic wave
propagation are negligible on the time scale of the
chopper modulation, Such a behavicur applied to the
CO, and SF¢ observations. In the cases where the laser
induced change in the vibrational temperature is im-
portant in determining the current flow, the time evolu-
tion of the OG signal is governed by the slow V-T
relaxation time (typically in the ms range), This be-
haviour occurred in the NH; discharge,

To provide a complete description of the OG effect,
the molecular processes where the changes in the trans-
lational or vibrational temperatures play the dominant
role should be determined, but the knowledge of the
discharge molecular phenomena is not precise enough.
For the time being, we can only describe schematically
the overall mechanism of the OG effect through the
block diagram of fig. 5 and list some relevant discharge
processes modified by the laser absorption.

The translational gas temperature appears in the
discharge energy balance through the energy delivered

[=F §
MOLECULAR ELECTRON
TRANSLATIO AND ION
EXCITATION MOBILITY

M o6

MOLECULAR ION
PRODUCTION AND
LO2S PROCESSES

Fig. 5. Block diagram of the infrared CA and OG effects in
molecular discharges. The main processes discussed in the text
are represented by the boid arrows. Addjtional processes con-
tributing to the discharge equilibrium are also represented.
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in the elastic collisions of the electrons and ions with
the molecules. Thus the electron and ion mobilities
may depend on the translational gas temperature, A
theoretical investigation of the electron collisions
showed that the electron mobility and the electron
characteristic energy in the CO, gas are temperature
independent, while in the NH; gas they are a strong
function of the gas temperature [11}. Thus the tem-
perature dependence in the electron collision is certain-
ly an important mechanism in the OG effect in NH,,
while the CO, gas behaviour requires a further investi-
gation. The gas temperature dependence of the jonic
mobility could be another important parameter con-
trolling the discharge conductance. It should be no-
ticed that the time delay reported for the NH, OG sig-
nal with respect to the OA signal may be interpreted
as an acoustic disturbance propagating through the
discharge from the laser irradiation region to the nega-
tive glow near the cathode. In the negative glow a large
concentration of positive jons is present, and a change
in the ionic mobility is relevant for the current flow.
The molecular distribution over the vibrational
states, whence the vibrational temperature affects the
formation of negative and positive ions in the electron—
molecule collision. In the CO, and NH, discharges the

- positive ions are produced by electron impact ioniza-

tion and the negative ions by dissociative attachment,
however the dissociation attachment cross-section in
NHj is ten times larger than in CO, and varies consid-
erably with the electron energy [12]. in CO, and SF¢
that cross-section increases by one order of magnitude
at maximum for a molecular excitation to vibrational
excited levels [13] similar data are not available for
ammonia but a vibrational increase of the cross-section
may explain the OG negative signals, i.e. the decrease
in the discharge current, for molecular excitation to
the upper vibrational level. It should be also considered
that owing to the multiphoton laser absorption or the
resonant vibration—vibration energy transfers, the ex-
citation of molecules to highly excited vibrational
levels may be produced.

An analysis of the infrared OG effect in atomic dis-
charges [1,3] stated that the change i in the dis-
charge current is equal to the number of absorbed
photons multiplied by the efficiency in the ionization
mechanism and by the efficiency in the ion and elec-
tron collection. This collection efficiency is derived
from the voltage current characteristics of the dis-
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charge and the OA signal measures directly the ab-
sorbed photons. From the results presented in fig. 2 it
turned out that the efficiency in the ionisation mecha-
nism was a function of the current. That showed that
even if in the CO, discharges the OG effect arises from
the kinetic gas temperature increase produced by the
absorbed power, the ionization mechanism leading to
the OG effect is a function of the current, i.e. the elec-
tron and ion densities, Our OG dependence on the dis-
charge current is anomalous in comparison to a pre-
vious OG analysis inside a CO; laser [14], where the
largest OG signal appeared at low discharge currents,
We observed such an OG behaviour only in a sealed
discharge cell for irradiation on the back of the anode.

An important difference appears between the OG
effects in atomic and molecular discharges when
their laser absorbed power and electric power change
are compared. On the basis of the CO, absorption
coefficient the absorbed power in the conditions of
fig. 2 resulted approximatively 200 mW and the elec-
tric power change a few milliwatts. On the contrary in
the atomic discharges the net laser absorbed power was
typically smaller than the electric power change [9].
In the atomic discharges the laser radiation controls
the dissipated electric power and the change in the
electric power leads to a modification of the gas tem-
perature in the discharges whence the OA effect. On
the contrary in the molecular discharges the change in
the gas temperature is produced by the laser absorbed
power dissipated through the relaxation mechanisms,
and the gas temperature increase produces the OG ef-
fect and the electric power changes.

In conclusion the simultaneous observation of the in-
frared OA and OG effects has shown that the dissipation
of the absorbed power into the R—T and VT relaxa-
tion Jeads to the OG effect. The increases in both the
kinetic gas temperature and the vibrational tempera-
ture affect the discharge current through independent
processes. The positive and negative molecular OG sig-
nals observed in the present investigation as well in an-
other [6] are connected on the influences of the ki-

netic gas temperature and of the vibrational temperature

respectively. The mobility, jonisation, attachment and
recontbination processes precisely modified by a tem-
perature increase cannot be specified because of the in-
complete knowledge of the molecular discharge chemis-
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try. Further investigation on these electron—molecular
collisional processes is required to set up a rate equa-
tien model providing a quantitative comparison with
the observed signals.
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We report on an investigation of the optogalvanic effect in the cathodic region of a glow
discharge. Analysis of the spatial behavior of the fluorescence intensity enabled us to obtain
detailed information on the laser-unperturbed discharge. A description of the discharge
maintenance mechanisms through the secondary electron emission from the cathodic surface
by the impact of ions, metastable atoms, and VUV photons has been used to describe the
current-voltage tube discharge characteristics. The laser-induced perturbation of the secondary

emission has been understood as the main mechanism responsible for optogalvanic production

in our discharge configuration.

I. INTRODUCTION

In recent years the optogalvanic (OG) effect has been
shown to be a powerful technique for several spectroscopic
studies and analytical determinations.’ The aim of many in-
vestigations, made with different experimental conditions,
has been to understand the mechanisms which regulate the
OG signal production.>* A deeper comprehension of the

OG processes is relevant for improving the OG detection -

sensitivity. Moreover, the main processes governing weak
plasmas may be isolated through the study of the OG mecha-
nisms. Nevertheless, a complete knowledge of these mecha-
nisms is restricted to very few cases. In particular, an analy-
sis of the sign of the neon positive column OG signals as a
function of laser power, discharge current, and neon pres-
sure has been described in Ref. 5. Later, Doughty and
Lawler® developed a quantitative model which describes
well the optogalvanic signals induced by laser radiation reso-
nant with 15— 2p neon transitions {Paschen notation).

In that model, positive (current increase) or ncgative
(current decrease) OG signals were explained on the basis of
changes in the density of metastable levels (1s; ;) which play
an important role in the following multlstcp ionization elec-
tron impact processes:

Ne(ls,) + e~ =Net + 27, i=353. (1)

When a transition from a metastable level is laser induced,
the electron density maintained by process (1) is decreased
owing to a depletion of the metastable density. On the other
side the electron density is increased when a radiative level
(1s,, ) is depleted by laser radiation. In fact, radiative decay
down to the metastable levels following the 1s,, —2p laser
excitation increases the efficiency of process (1). In contrast
to the positive column, where reasonable modeling of the
discharge exists,” the knowledge is more empirical for other
regions of a glow discharges such as the cathodic region.

In this paper we present an investigation of the OG ef-
fect near the cathodic surface of a neon discharge with two

=} Also at Centro Interuniversitario di Struttura della Materin, Italy.
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plane parallel electrodes. In this discharge configuration the
mechanisms of electronic emission from the cathodic sur-
face produced by the impact of ions, metastable atoms, and
photons play a key role in sustaining the discharge. When
resonant radiation interacts directly or indirectly with ions
or metastables, the electrical conduction properties of the

'discharge are strongly modified. In the positive column ex-

periments, the electrodes are offset from the column axis to
avoid interaction between the incident laser beam and the
area near the cathodic surface. In this way the laser pertur-
bation does not act directly on the electron emission at the
cathodic surface. _

Our experimental work has been organized as follows:
A preliminary analysis of the discharge fluorescence permit-
ted us to characterize the principal parameters of the dis-
charge in terms of the dark-space extension. The metastable
atom density is measured by a standard absorption tech-
nique. By using a tunable dye laser many of the 1s— 2p neon
transitions have been investigated using the optogalvanic ef-
fect. In particular, a spatial analysis of the OG signal has
been made. Our results show that the OG signals in the ca-
thodic region are explained through a variation of the sec-
ondary electron emission from the cathode surface. This
mechanism is dominant compared to the direct current vari-
ation induced by the neon multistep ionization.

Our description of OG processes is based on a balanced
equations approach for electron and ion currents. In the hy-
pothesis of small OG signals the perturbed equations give an
analytical expression of the current change Af in terms of the
more significant parameters of the discharge. Our model is
also relevant to other discharges where the secondary elec-
tron production has a key role, as, for instance, in the hollow
cathode discharge. ]

il. THEORY

The cathodic part of the glow discharge is divided into
the Crookes dark space, the negative glow, and the Faraday
dark space. The last region does not have a significant role,

© 1988 American Institute of Physics 649
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both for fluorescence and optogalvanic signals, due to low
excitation of the atomic or molecular species, and for this
reason it will not be considered in our model.

In contrast to the positive column, the cathodic region is
characterized by nonhomogeneous electrical properties.
The electric field, created by the voltage difference across the
electrodes, is large at the cathodic surface and drops almost
to zero in the few millimeters of the dark-space extension.

The electons near the cathode surface are strongly accel-
erated by the electric field of the Crookes space, where very
few inelastic collisions with neon atoms take place. When the
electrons enter into the negative glow, a swarmlike motion
begins and several inelastic and ionization processes occur.
These collisions lead to an abrupt growth of fluorescence at
the negative glow wedge. The electron-impact excitation of
the radiative 15, and ls, neon levels is followed by emission
of VUV photons at 743.7 and 735.9 A, respectively. The
metastable atoms, ions, and VUV photons produced by pri-

mary ¢lectron collisions are collected, with different efficien-

cies, by the cathode surface and produce the secondary elec-
trons. Following the OG neon description introduced by
Doughty and Lawler,® the 15, and ls, levels are lumped
together as a single metastable level with total density popu-
lation .# . The density population of the radiative 15, and 1s,
levels will be denoted in the following by 4.

The total current density J(x) at a distance x from the
cathode surface (see Fig. 1) contains a contribution from
ions (J *} and electrons (J ~): .

J(x) =J*(x) +J 7 (x). (1)

At the cathode surface (x = 0) the electron density current
may be expressed as

J 7(0) = ¥.Ji(0) + ey pd n (0) + 7, [ 14 (0} + J, (O} ],

(2)
where ¥,, 7,,, and ¥, are the efficiencies of the secondary
electron emission from the cathode surface for the impact of
ions, metastable atoms, and photons, respectively.

With respect to the theory developed in Ref. 7, in Eq.
(2) we have explicitly taken into account the contribution of
the impact of metastable atoms to the secondary emission.®
The transport of metastable atoms to the cathode is regulat-
ed by a diffusion process. The flux density of the metastable
atoms on the cathode surface is given by

dark | negative
lspace: glow

cathode J— anode

1

1

b 1
+ $

d X

FIG. 1. Sch‘cme of the secondary electron emission from the cathode sur-
face. :
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J..(0) =D,,""—‘;f—(x) , 3)

xm

where D, is the diffusion coefficient.

Wé assume the spatial distribution of metastable atoms
to be®

#(x)=0, x<x,

M (x) x expla(x—x)], x<x<d, (4)
where x,, is the distance which an electron must traverse in
the direction of the field to obtain the energy of excitation of

* the metastable state; a is the first Townsend coefficient.

We may write the flux density in the following form:
Jm(o)—_—aDm exp("'ax.)(x): (5)

x* being the distance from the cathode where the metastable
density has been measured. In our experimental condition
we have assumed x* as the radius of the Jaser beam and
D =120 cm?/s."°

J;(0) is the ion current density at the cathode surface:

J:(0) = eN, (0)v, (0), (6)

where ¥, (0) is the atomic ion density with velocity v, (0).
The model of the electric field in the cathodic region devel-
oped in Ref. 7 allows us to derive J; (0) as a function of the

" Nemass my,, the mean free path / for charge transfer at the

pressure p, the Crookes dark-space extension d, and the
cathode voltage fall V,. The result in MKS units is

J:(0) = e(2V €/ed ) {2(eV./my.)
x {21 /d — (1/d)*]}'2 (N

Finally, J, (0) and J, {0) are the fluxes of the VUV pho-
tons that are created by the electron excitation of the radia-
tive levels in the dark space and in the negative glow region,
respectively, and which arrive at the cathode. As a function
of the electron current density J —, these are given by

Ji(0) =q, fynad —(0), (8)
J, (0)q, fynJ ~(d), (9)

where n, and n_ are the numbers of VUV photons created by
each electron entering the Crookes space and the negative
glow, respectively; and £, and f, are their geometric factors
for their collection at the cathode. The n, and 7, numbers
may be expressed as a function of the discharge parameters
on the basis of the models discussed in Refs. 7 and 8:

n; = [exp{apd) — 1], (10a)

n, = V./[2E, (apd)®], (10b)
E,, being the mean energy loss for the neon ionization or
excitation by the electrons, i.e., 18 eV. Typical values in our
pressure and current experimental range for n, are between
1 and 3 and for n, between 1 and 10.

In our experimental arrangement the geometric values
J4 and f, are both approximated by

Jug = (/mitan~[b/(2d)),
where b is the cathode width. The J, and J, fluxes also con-
tain reduction factors 5, and 7, taking into account the
VUYV photon absorption along the path to the cathode sur-
face. The lifetimes of the involved VUV transitions have
been corrected by radiation trapping following the calcula-
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s
tions reported in Ref. 6. The decay rates for the 1s, and'ls,
levels were found to be 1.7 10° and 3.2 10° s, respec-
tively, at 1-Torr neon pressure.

By combining Eqgs. (2)~(9) and making the rcasonable
assumptionJ ~ (d) = J, we obtain a relation J( ¥, ) connect-
ing the discharge current I to the cathode fall voltage V. In
our experimental configuration where the remaining dis-
charge has a small voltage drop, ¥, is nearly equal to the
external applied voltage. The final current-voltage relation
is: .

I(V‘)=(V3”kl_D+r' M )s, an
" 1—-D-—-G 1-D-G
where
_26{_8 [ _ ] 112
T [em,.,e ]

D = f4n,04¥,p,
G=fn, %,
M =eD, ay,, exp{ —ax*).# (x*),

and S is the cathode surface area. Equation (11) describes
the unperturbed discharge and represents an important step
towards an optogalvanic model.

When laser radiation excites a 1s—2p neon transition,
the metastable 15, , and radiative 1s, , level populations are
modified. Consequently, the variations of the metastable
density A.«4 and of the VUV photon densities An, and An,
induce a perturbation AF of the discharge current. In the
regime of low laser intensities and small modifications of the
discharge properties, a perturbative development of the cur-
rent relationship gives

ar aI al
An, + An, 4+ —
ang 7 an, ° oM
A convenient expression for analyzing the perturbation A7
of the discharge current, i.c., the OG signal, is obtained by

introducing the following quantities:
AG =1, fov,4n,, AD=n,f, v, An,,

Al = A, (12)

AM =eD, ay,, exp{ — ax*)A#,
50 that .
Al ={J,(0)[(G+7)AD + (1~ D+ ¥,)AG]

+M(AG + AD)
+(1—-D—-G)AM}S/(1 —D—-G)?).  (13)

The qﬁantities An, and An, may be expressed as a function
of the laser modification for the radiative level populatlons in
the negative glow and dark space:

bng AR (142)
n, R Agow

. ra
An, — AR (14b)
n, B ark

Equation (13) represents an analytical description of the
. optogalvanic signal in the cathodic region taking into ac-
count the contribution of all the secondary electron emission
processes.
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lll. EXPERIMENT
A. Apparatus

Our experimental setup allowed simultaneous optogal-
vanic and fluorescence spatial observations (Fig. 2). A
broadband dye laser (Coherent, model 599-03), tunable in
the range of rhodamine 6G, was mechanically chopped at
500 Hz. The laser beam, of 0.1-cm radial dimension, reflect-
ed on a translatable mirror M1, passed through the dis-
charge tube parallel to the cathode surface. Spatial analysis
of the OG signals was possible by translating the M1 mirror.

Two plane-parallel electrodes, 4 cm apart, were con-
tained inside the cylindrical Pyrex cell. The cathode, with
surface dimensions 10.6 cm X 1.2 cm, was encased in glass.
This reduced the edge discharge effects and the laser beam
crossed a very uniform electric discharge region.

The discharge current was limited by a 100-k{} ballast
resistor, and the optogalvanic signals were analyzed using a

. lock-in amplifier. A second translatable mirror M2, together

with the optical system L, reproduced the discharge image
on the entrance slit of a Jobin-Yvon monochromator, aliow-
ing a spatial fluorescence analysis of the discharge, with spa-
tial resolution limited by the 60-um entrance slit of the mon-
ochromator.

Figure 3 reports the spatial behaviors of the 585.2-nm
neon line at different pressures and currents. The dark space,
characterized by a low level of fluorescence intensity, occu-
pies the first few millimeters of the discharge region. The
strong fluorescence signal is due to the negative glow; the
decrease in the signal at large cathode distances obeys an
exponential law, consistent with the diffusive motion of the
electrons in this region.

lock-in x,t

7/
o

ye

I

lock-in

00!

FIG. 2. Experimental setup: M1 and M2, translatable mirrors; m.c., mono-
chromator; L, lens system; R, ballast resistor; C, coupling capacitor; x.7,
chart recorder.
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b)

FIG. 3. Experimental spatial behavior of the
585.2-nm fluorescence line at different pres-
sures and currents. In (a) the pressure was fixed
t00.9 Torr, while in (b) the current was fixed to
6.6 mA.

0 &

B. Unperturbed discharge

The metastable Ne density in the 1s, level was measured
with a standard absorption technique, but due to the low
metastable density, a stabilized single-frequency dye laser
{Coherent, model 599-21) was used. The absorbed laser in-
tensity was monitored with the discharge switched on and
off. At 0.5 Torr, the lowest operating pressure of our dis-
charge where the estimated metastable density is of the order

" of 107 atoms/cm?, no absorption signal was detected, while
the OG signal-to-noise ratio was still very high, approxi-
mately 50. At higher pressures typical experimental results
for the 1s, level density N, in the dark space (d.s.) and in the
negative glow (n.g.) are reported in Table 1. The measured
metastable density values are two or three orders of magni-
tude lower than those reported in previous experiments in
the neon positive column.®!? On the basis of the positive
column results® the N, density was assumed equal to 80% of
the total metastable density.

Equation (11) has allowed us to make a comparison
between the experimental and thecretical current-voltage re-
lationship at different neon pressures, making use of the dis-
charge parameters reported in Table II, which are derived
from the literature. The measured metastable atom density
in the dark space and the Crookes space extension have been
introduced in Eq. (11). The theoretical curve and the experi-

TABLE 1. Metastable density measurements in the dark space (d.s.) and
negative glow {n.g.).

(mm)

10 15 20

mental points for the (1,¥,) relations are shown in Fig.-4.
The good agreement between the laser unperturbed theoreti-
cal and experimental I-V, characteristics is an important
step towards the following description of optogalvanic
mechanisms in the cathodic region.

C. Perturbed discharge

We have already mentioned that the electrical proper-
ties of the cathodic region change as a function of the dis-
tance from the cathode surface. So it was not a surprise in the
experiment when the magnitude and the sign of the OG sig-
nal varied as different parts of the cathodic region were irra-
diated by neon resonant laser radiation,

Figure 5 reports typical OG spatial behaviors for two
laser wavelengths, (a) 588.2 nm and (b) 603.0 nm, involv-
ing laser excitation from the metastable 1s; and radiative 1s,
levels, respectively, with 100-mW broadband laser power.
For the sake of completeness we have also reported in Fig.
5(c) the spatial behavior of the 585.2-nm fuorescence line.
Relative OG and fluorescence measurements at different
current and pressure values are reported.

The OG signals for laser irradiation very close to the
cathode are modified by the finite transverse dimension of
the laser beam. The increase in the OG signal as a function of
the cathode distance originates because at grazing irradia-
tion the cathode intersects the laser beam. As shown in Fig. 5

TABLE 1L Discharge parameters of the cathodic region obtained from the
quoted references.

——————— -
N, (10° atoms/cm*) p(Torr) I (mA) Reference(s)
11 ds. v 006 812
4.6 n.g 1.4 44 A 0.3 13
7, 0.1 7.8

08 ds. a 2 {em Torr) ! 8,15

0.3 ng 11 22 i/p 0.018 cm/p (Torr) 14
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FIG. 4. Comparison between experimental and theoretical behavior of I-F
characteristic of three different pressures: 0.8, 1.1, and 1.4 Torr. The dots
represent measurements whose accuracy is masked by the dot dimensions.
The continuous lines are theoretical curves.

the behavior of the OG signal versus the distance from the
cathode is very different depending upon whether a metasta-
blelevel or a radiative one is involved. The OG spatial depen-
dence was the same for all the laser-induced excitations from

OG (5882 nm)

{mV)
20: 0,8Torr .9 Torr 1.2 Yorr a)
104
1 X
0: {mm)
191 (x2)
-204
oG (503.0 nm)
154
5 ‘ b)

10

| x
0 T U | lnl 1 (mm)
-5 .
=10+ (=2} (x2)

-154

FL (585.20m)
{AL.)

<)

- /\ Nﬂ
ol

. No.zs)
0

04 b2 04 812 (mm)

cadtz o4
FIG. 5. Experimental OG and fluorescence signals as a function of the dis-
tance from the cathode surface: (a) OG for laser-induced excitation at
588.2 nm (15, —2p;); (b) OG for laser-induced excitation at 603.0 nm
{15, — 2p,); {c) laser-unperturbed fluorescence from 2p, 10 I5,. The dis-
charge current was 4 mA while 0.6, 0.9, and 1.2 Torr pressures, respective-
ly, were used.
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the metastable levels, as well as from the radiative levels. For
radiative level transitions a change of the OG sign occurs
when irradiation is moved from the Crookes space to the
negative glow.

The OG mechanism based on the perturbation of elec-
tron-impact ionization for the laser-excited species has been
successfully used in interpreting the OG positive column re-
gion.® The results of Fig. 5 show that this mechanism is not
responsible for the OG effect in the cathodic region. Ifit was,
the spatial dependence of the OG signal would follow the
metastable density distribution existing in the Crookes space
and in the negative glow. The metastable density distribu-
tion is probed by the fluorescence signal, and the comparison
of the negative glow OG signal with the fluorescence shows
that the modification of the OG signal does not follow that of
the metastable population density.

We have also tried to analyze the OG signal by introduc-
ing a higher electron collision rate in the negative glow re-
gion, which would lead to an enhancement for the multistep
ionization rates of the laser excited 2p levels. This mecha-
nism is effective in the OG positive column at large cur-

rent.>® A large electron ionization rate could explain the
sign change in the metastable level OG signals, but it is not
able to explain why a large OG signal is obtained in the dark
space, where the metastable population is small. Moreover,
this mechanism cannot explain the reversed sign in the ra-
diative level OG signal in Fig. 5(b).

The OG analysis in the cathodic region should be based
on the secondary electron production due to the ions, meta-
stable, and VUV photons bombarding the cathodic surface,
as described by Eq. (13). We will first show how the sign of
the OG signal can be obtained from a simple analysis of the
different contribution in Eq. (13).

Let us consider laser excitation of a metastable level
which will produce a negative variation of the metastable
atom density (AM <0). When the laser passes through the
dark-space region, the VUV photon flux in the negative glow
is unperturbed (An, = 0). Thus in Eq. (13) the An, and
AM terms only contribute to the OG signal. The A.#/.#
relative metastable population modification may be evaluat-
ed from the previous measurements in the positive col-
umn,*'" and for the laser power of Fig. 5, A#'/.# = AM /
M= —002to — 0.04. From a numerical evaluation the
An, termin Eq. (13) is smaller than the AM term by at least
an order of magnitude. Thus Eq. (13) Jeads to a negative OG
signal in the dark space (low x values in Fig. 5) as observed
in the experiment. The decrease in metastable density pro-
duces a negative OG signal through a decrease in the second-
ary electron emission from the cathode surface collisions. In
fact, in Ref. 16 this is the main process invoked in interpret-
ing the OG signal in an obstructed glow discharge. On the
other hand, when the laser beam crosses the negative glow
region, the VUV photon flux in the dark space is not modi-
fied (An, = 0) while the VUV photon flux in the negative
glow is enhanced (An, > 0) because of the radiative decay
from the 2p levels to the 1s, , levels followed by VUV emis-
sion. If we supposed that the increase of metastable atoms
(AM > 0) within the negative glow has a negligible role on
the current change AJ, only the term An, > 0in Eq. (13) can
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FIG. 6. OG signals vs the discharge current for $88.2 nm irradiation at two
different neon pressure values, 1.1 and 1.4 Totr, respectively. (a) Laser
beam tangent to the cathode surface; (b) laser beam in the region that pro-

duces the maximum OG signal. Continuous lines represent the theoretical

. results obtained by Eq. (13).

explain the positive variation of the discharge current. Simi-
lar considerations can be used to explain the OG sign ob-
tained through the excitation of a radiative level. As a result
it appears that Eq. (13) may be used to interpret the OG in
the cathodic region and a quantitative analysis may be per-
formed.

The quantitative analysis of the OG signal in the cathod-
ic region making use of Eq. (13) has been based on the fol-
lowing hypothesis or data:

(1) We have derived ,, n,, An,, and An, on the basis
of Egs. (10) and (14a) and (14b}, making use of the A%?/ %
obtained in the following. The final result is that in the dark
space the emission of VUV photons is a negligible process
and a good approximation is to introduce An, = 0 in Eq.
(13).

‘ (2) The mctastable population has been obtained from
the absorption measurements with a single-frequency dye
laser reported in Sec. III B.

(3) The modification of the metastable density within
the negative glow does not affect the discharge current I that,
following Eq. (3), depends on the metastable density at the
cathode surface.

We have analyzed in more detail through Eq. (13) the _

OG signal obtained when the laser beam crossed the dis-
charge either tangentially to the cathode surface or within
the negative glow region at the x distance with the maximum
OG production. There the OG interpretation is more
straightforward because in these two particular discharge
regions the OG signals are produced respectively by the
metastable variation (A.4) at the cathode and by the VUV
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photon variation (An,). At any other distance from the
cathode surface the simultaneous presence of both mecha-
nisms contributes to the OG signal, and, for instance, pro-
duces the zero crossing of the OG signal.

Figure 6 shows the OG signal induced by 588.2-nm
{1s; —2p,) irradiation as a function of the discharge current
at two neon pressure values, Figure 6(a} is for laser irradia-
tion tangent to the cathode, while Fig. 6(b) was obtained for
irradiation of the negative glow region corresponding to the
maximum OG production. The continuous curves represent
the theoretical result obtained from Eq. (13) under the as-
sumptions described above in points (1) and (2). The con-
tinuous lines of Fig. 6 were obtained by a proper choice of the
relative variation in the metastable population at the cathode
and in the radiative level population within the negative
glow. Thus the following values are obtained for the best

agreement between Eq. (13) and experimental results:
at 1.1 Torr,
AM(0)/M(0) =

—0.032(2), AR/PR =0.020(2);

at 1.4 Torr,
AM(0)/M(0) = —0.020(2), A#/% =0.010(2).

These relative variations are in agreement with the measure-
ment in the positive column made in Refs. 6 and 11.

IV. CONCLUSIONS

We have demonstrated that the impedance changes ob-
served in the cathodic region of a glow discharge upon reso-
nant laser irradiation are due to different mechanisms. From

. an analysis of the OG signals observed for laser irradiation at

different positions within the cathodic region, it is shown
that different mechanisms are strictly related to the OG spa-
tial dependence. A dominant role in sustaining the glow dis-
charge and producing the OG signal is played by the bom-
bardment of the cathode surface by metastables, VUV
photons, and ions. Fhe depletion of the metastable atoms by
laser excitation to a level cascading to the neon ground state
is the source of the negative OG signals, as pointed out also
for the neon obstructed glow.'® The increase of UV photons
by necn atoms in the so-called radiative levels is the source of
the positive OG signals.

The observations of the fluorescent emission and of the
faser absorption have been used to determine the relevant
parameters of our glow discharge. The observation and fit of
the (V.I) characteristics have been used to check the proper
correspondence of the theoretical model to our system. We
made use of this understanding of the discharge to interpret
our OG results. The values for the modification of the rela-
tive population under laser irradiation of both metastable
and radiative levels result in agreement with the positive col-
umn measurements to within a few percent.

The OG modeling presented in this paper may be rel-
evant also to other discharges where laser perturbation of the
cathode bombardment is the dominant process. For in-
stance, a proper treatment of this bombardment should be
included in a quantitative analysis of hollow cathode dis-
charges.
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The optogalvanic effect in the positive column of a neon discharge has been investigated both experimentally and
theoretically. A mechanically chopped dye Iaser was tuned to several 18;-2p; neon transitions (Paschen notation).
Optogalvanic spectra and their dependence on the current (1-5 mA) for the 594.5-nm optogalvanic resonance were
analyzed. Furthermore, fluorescence and laser-induced fluorescence from the discharge have been examined. A
general model based on the steady-state solution of rate equations has been developed in order to interpret the
optogalvanic and fluorescence messurements. Good agreement between optogalvanic measurements and theoreti-
cal predictions was obtained, but there is a discrepancy between the theoretical prediction and the observed laser-

induced fluorescence, which exposes the limitations of the model.

INTRODUCTION

Optogalvanic (OG) detection of atoms or molecules may be
accomplished by perturbing the electrical equilibrium of a
gas discharge through laser radiation that is resonant with a
transition of a species contributing to the discharge mecha-

nisms. OG detection is based on a change in the discharge
impedance or, equivalently, a variation in the discharge cur- .

rent. Because of its simplicity, high sensitivity, and selec-
tivity, this technique has been successfully used in a wide
variety of laser-spectroscopy experiments, as shown in Refs.
land 2. '

The OG phenomenon represents a sensitive probe of the
population distribution in an atomic or molecular system.
The fluorescence spectrum represents an alternative well-
established technique for obtaining information on this pop-
ulation distribution. If OG and fluorescence spectra are
simultaneously recorded, however, it turns out that for dif-
ferent transitions the OG and fluorescence signals exhibit
different behaviors. Thus separate excitation/deexcitation
mechanisms are monitored by the two techniques. As an
example of this we show in Fig. 1 both OG and flucrescence
spectra recorded in our experiment in a neon positive col-
umn. Figure 1 also shows the result of an optoacoustic (QA)
investigation® to make clear that each technique probes a
separate mechanism. Thus, by using the technique in Ref.
3, a gas discharge may be thoroughly studied. The present
work is concerned with OG and fluorescence mechanisms.

To understand the mechanisms leading to the OG signal,
several experiments were carried out in different kinds of
discharges and fiemes. Steady-state*® and transient 0G910
regimes were investigated by means of cw and pulsed laser
sources, respectively.

Quantitative models able to interpret OG signals were
obtained under limited experimental conditions. The diffi-
culty in developing a more general model is due to the large

0740-3224/88/071484-08%02.00

number of parameters that characterize a discharge system.
Moreover, knowledge of the operating characteristics of a
particular discharge is largely empirical. Nevertheless, a
well-developed description of the positive coluran in a nor-
mal discharge!! has permitted us to interpret precisely the
OG mechanisms in the positive column.?

Together with single-step electronic collisions, two-step
and multistep collisions are the dominant ionization pro-
cesses of neon atoms in the positive column. In two-step
ionization processes the 1s; levels are populated by the pro-
cess

Ne(!Sy) + e~ — Ne(ls) + ¢, (1)
and they are ionized through the collisions
Ne(ls)+ e — Net +2e~, =23, 4,5 (2)

In the multistep ionization process the 1s; ionization occurs
through the highly excited 2p; levels:

Ne(ls) + e~ — Ne(2p) + ¢, (3)
Ne(2p;) + e~ — Ne' + 2¢~. 4)

The neon levels have been indicated in Paschen notation.
For both two-step and multistep ionization processes, the
role played by metastable 1s; neon atoms is essential.
Irradiation of a positive column discharge by laser light
that is resonant with the lss3 ~— 2p; transition results in
depletion of the population of metastable 1853 levels and
reduces the rates of Reactions (2) and (3). Consequently
the electron density decreases, and a negative OG signal
rezults. When the laser excites a transition from a radiative
1s,2 level, however, the metastable density is increased by
the spontaneous decay from the upper 2p ,; laser-excited leve}
down to the 1s43 levels. In this case both the ionization
processes and the discharge current are increased, so that a

© 1988 Optical Society of America
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Fig. 1. Neon transitions between 580 and 620 nm observed with
three different techniques: (a) the fluorescence spectrum, (b) the
OG spectra and (c) the OA spectra. The spectra were recorded at
2.7-Torr neon pressure and 3-mA discharge current. The neon
transitions with their assignments are listed in Table 2.

positive OG signal is obtained. This description does not
take into account other competitive effects that contribute
to the OG phenomenon. For example, at high current and/
or at high laser intensity, where a large 2p; population is
produced, the ionization Reaction (4) from the laser-excited
upper level can be more efficient than Reaction (2) from the
laser-depleted level. This mechanism produces a positive
OG signal that has been detected.’®

A description of the main features in the neon positive-
column OG effect at low current and weak laser power has
been derived in Refs. 12and 14. Those models are, however,
oversimplified because (i) they do not separate the contribu-
tions of the 1s; and 1s; metastable levels and of the quasi-
metastable 1s, radiative levels, and (ii) they do not include
collisional mixing between the upper 2p; level with neigh-
boring levels. Thus, although the model of Ref. 12 has been
successfully applied to describe the OG effect on the 594.5-
nm 1s5-2p, line, it cannot be applied to an overall OG spec-
trum and the fluorescent emission as well.

In this paper we present a thorough study of the neon
positive column under resonant laser irradiation. The OG
signals for different laser-excited transitions have been mea-
sured as functions of pressure and current of the neon posi-
tive-column discharge. Furthermore, the neon fluorescence
spectra from the discharge and the laser-induced fluores-
cence (LIF) spectra have been recorded in order to probe
independently the dischatge operation. These measure-
ments have been analyzed through a detailed discharge
model that congiders separately the contribution of each of
the 1s; levels and includes collisional mixing for both the 1s;
and the 2p; levels. Our approach leads to a general, but
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detailed, OG model of the neon positive column. This mod-
¢l may be used to analyze the OG signals observed on a large
set of neon transitions. Furthermore, it may also be used to
derive the 2p; populations that are essential for the analysis
of the fluorescence spectra. Still, our description cannot
completely model the emission spectrum.

THEORY

This section presents the detailed steady-state rate equa-
tions that describe the populations of the 1s; and 2p; neon
levels. The scheme of the relevant neon levels contributing
to the OG signal production and their principal excitation
and deexcitation mechanisms are shown in Fig. 2.

As mentioned above, the metastable and radiative 1s;-
level populations are produced by the excitation process of
Reaction (1). The rate constants G;* have & strong depen-
dence on E/p, where E is the axial electric field in the posi-
tive column and p is the neon pressure. The excitation
coefficients for the production of neon atoms in 1s; levels
through collisions with low-energy electrons have been mea-
sured in Refs. 15 and 16. Their values are reported in Table
1. Radiative decay from the high 2p; levels also contribute
to the populations of the 1s; levels. The spontaneous emis-
sion coefficients of the 2p;-1s; neon transitions have been

Elev) Ne' + e”
216 1 40N TNEEL AR N RN NN RN NNY
T p!
2P,
izl
2
H
52 :
Z 8
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pt s|z| d” lel EA“
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Fig. 2. Simplified energy-level diagram for neon including the 1S,
ground state, the four levels 15; (i = 2, 3, 4, 5), the ten 2p, levels (j =
1,2, ...,10), and the continuum. The main processes of electron-
impact excitation, radiative decay, and collisional mixing are sche-
matically represented.
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Table 1. Values for the Principal Rate Coefficients of
Our Discharge Referred to 0.8-Torr Pressure
and !-mA Discharge Current

Rate Coefficients Value Ref.
G 0.27 X 1071? cm? gec~1 15
G 0.23 X 1071° e gec™? 15
Gaw 0.32 X 10719 ¢m? gec™! 15, 16
AL 1078 cm? sec—1 17
p© 2 X 10 cm? sec™! 14
T 2.6 X 10 cm® pec™! 18
Dy 173 ¢em? sec™! Torr 19
KT. 48eV 20
Dy(2.4/r)2 2.2 X 106 gec™? 12,21

reported in Ref. 22. At the pressures of our experiment,
radiation trapping modifies the 2p;-level lifetime, and in the
numerical analysis a trapped lifetime (4;)"), modified in
accordance with the Holstein formula® for trapping by the
transverse dimension of the cylindrical discharge, has been
used. Population transfer between the Is; levels produced
by collisions with ground-state neon atoms (N,) is represent-
ed by the rate constant K/ taken from Ref. 24 for the
transfer from the ¢ to the j level.

The loss channels for the 1s; levels are the following ones:

1. Collisions with electrons producing direct ionization
[process (2)] with rate constants s, (Ref. 25);

2. Collisions with electrons producing Ne(2p;)-excited
neon atoms [process (3)] with a rate constant taken to be
independent of the specific level, 5,4 = 5% (Ref. 17);

3. Collisions between two excited Ne(1s;) atoms, produc-
ing associative ionization. The rate T of this process was
assumed equal to the rate of the equivalent process in helium
reported in Ref. 18.

Other specific processes contribute to the deexcitation of
the metastable or radiative 1s; levels. Metastable losses
may result from diffusion and deexcitation on the cell wall
and from two-hody collisions. If Dy is the diffusion coeffi-
cient for the metastable neon atoms at 1 Torr, the metasta-
ble loss rate is??

w;=(Dy/p)A~%+ Ap  fori=35,3, (5)

where A = (r/2.405) is the diffusion length, r is the radius of
the positive column, A is the frequency of destruction by
two-body collisions at 1 Torr, and p is the neon pressure
measured in Torr. The 1s; and 1s; levels are radiatively
coupled to the 1S, ground state with lifetimes 1.6 X 103 gec
.and 1.2 X 10~ sec (Ref. 24) and transitions at wavelengths A,
= 74.37 nm and Ay = 73.59 nm, respectively. The lifetime of
the 1s; level is strongly increased by radiation trapping and,
being that the transition 15,-1s; is pressure broadened, the
resulting corrected lifetime is independent of pressure? and
results in

Wy = [15) ™! = 1.65 X 10%sec™". 6)

In our experimental pressure range the 1S-1s, transition is
Doppler broadened around 1 Torr and becomes pressure
broadened at 10 Torr. Doughty and Lawler'? calculated the
following 15, decay rate by extrapolating between these two
regions:
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32X 10°sec! p=1Torr
-1
w, = = . 7)
4= [rding {1.4 X 10°sec™  p =5 Torr (

If all the processes listed above are included, the rate equa-
tions for the 1s;-level §; populations are

10 5
d )
3 Si=+GYNp + z A;P;+ N, Z K;“s;
J=1 =2
Fwti

5
- NESI Z K"j(.) - [S(P) + s,-("]]S,-n,
=2
Jwi

]
- TS‘Z SJI - w,-s,- - GFL(SM - %"”"‘ Pn)ﬁ(l = m),

i~z
i=23,4,5 (8

where P; describes the 2p;-level population. In these equa-
tions we have included the laser-absorption and stimulated-
emission processes of the S, and P, populations of the 1s,,
and 2p, levels perturbed by the radiation. ¢ is the absorp-
tion cross section of the laser-excited transition, Fy is the
photon flux of the laser beam, and g, and g, are the statisti-
cal weights of the laser-excited 1s,, and 2p, levels, respec-
tively,

The populations of the 2p; levels are produced by elec-
tron-impact excitation from the ground state with rates G
= G'P, by electron-impact excitation from the 1s; levels with
the ') rates introduced before, or by dissociative recombi-
nation of Ne;* ions with density equal to the n, electron
density, as described through the process

Ne,* +e — Ne(2p;) + Ne(1S,). (9)

The dependence of the dissociative recombination coeffi-
cient a, on the electronic temperature T, is!?

25X 1074
«, = W [l - exp(—QOOIT,)], (10)
where T, is the gas temperature. As shown in Ref. 20, the
electronic temperature 7T\ (in electron volts) is dependent on
the r X p product. The dissociative recombination process
uniformly populates the ten 2p; levels, so that the produc-
tion rate for each level is o,n,%/10.

The loss rates for the 2p; levels include electron-impact
ionization, i.e., process (4), with rate constant P\, and the
coupling between the 2p; levels through collisions with
ground-state neon atoms, with K;jP rate coefficients.?® The
rate equations that describe the evolution of the 2p; popula-
tions are

d 005+ %20 N
WP +n, Y s Si+gne + GONpn + N, > K, PP,
i=2 i=1

i
Em .
+ aFL(Sm - P,,)a(; =m)~ NP,
10 5
XZK;}IM'szAji-mejne' (11)
i=] i=2
U



Sasso et al.

Finally, the rate equation for the electron density is

5 10
d 4 c
g e = e [2 89S, + Z P ]Pj] + agugn,

=2 =1
T &3 :, 2,4Y?
T TS 59-p (24 —ant
+3 > Y55 +7Y 52D (2 ~an,
Jm2 =2 i=2
iny
(12)

The first term on the right-hand side of Eq. (12) represents
single-step ionization of ground-state neon atoms. aris the
first Townsend coefficient, and v is the electron-drift veloc-
ity. Both of these are functions of the ratio E/p, where E is
the axial electric field in the positive column. The ambipo-
lar diffusion loes rate for electrons is given by D, [(2, 4)/r]2,
where D, is the ambipolar diffusion coefficient, which, for a
neon discharge, was reported in Refs. 12 and 21.

The set of Eqgs. (8), (11), and (12), in the steady state,
represents a set of 15 nonlinear algebraic equations. We
have numerically solved this system for two cases: for laser
switched off (unperturbed discharge) and laser switched on
(perturbed discharge).

Unperturbed Discharge

We have solved the set of Egs. (8), (11), and (12) with respect

to the populations of the 1s; and the 2p; levels and to the

electron density in the absence of laser radiation.
Numerical results for the electron density obtained with

discharge parameters summarized in Table 1 are consistent

with the direct relationship to the current discharge I,}2i.e.,

I = exr’vn2h,, (13)

where ¢ is the electron charge and 2k, is a constant defined
by Tonks and Langmuir?” that relates the average and axial
electron concentration. For a cylindrical cell, the 2k con-
stant ranges from 0.42 to 1, according to the ion free path.28

The value of the drift velocity v in different discharge
conditions has been obtained by making use of the well-
known relationship vy = vi(E/p) reported in Ref. 29. We
measured the electric field in the positive column as a func-
tion of the discharge current I at different neon pressures, as
explained in the experimental section. The first Townsend
coefficient o has also been obtained from the data reported
in Ref. 29 on the basis of the measured E/p values.

The determination of the 2p; and 1s; populations from the

numerical solution of Eqs. (8), (11), and (12) permits us to -

derive the neon fluorescence spectra for different values of
the discharge current and neon pressure. A preliminary test
was made by introducing into Eqs. (8), (11), and (12) the
discharge parameters of the Doughty and Lawler experi-
ment.}2 The computed populations of the 1s; levels and the

electron density result in good agreement with the experi-

mental values reported by them.

Table 1 is a list of the principal discharge parameters used
in our calculations at 0.8-Torr neon pressure and 1-mA dis-
charge current. The parametera describing the neon dis-
charge were derived from the literature and were included in
the rate equations. Thus the comparison between our mod-
el and the theoretical analysis represents a test for the de-
scription of the model.

Figure 3 shows the 1s;, populations versus the discharge
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Fig. 8. The 1s; (i = 3, 4, 5) neon level populations as functions of
current at 0.8 Torr, as derived from the numerical solution of the
rate equations. The dashed line reports the electron density de-
rived from Eq. (14). Points represent the 1s5-level density obtained
from the absorption measurements.

current at a fixed neon pressure. The figure also shows the
dependence of the electron density as calculated from Eq.
(12). Similar behaviors were obtained for the different neon
pressures of our experiment. The population distribution
over the 1s; levels is well represented by a Boltzmann distri-
bution with an effective 13-eV temperature, determined by
the electron collisions.

Perturbed Discharge
When laser radiation is resonant with a 1s;-2p; neon transi-
tion, the overall 1s;, 2p;-levels populations and, consequent-
ly, the electron density are modified. The perturbed dis-
charge was analyzed by solving Eqgs. (8), (11), and (12) with
respect to the electron density n and the populations S; (i =
2,3,4,5), P, = 1, 10) in the 1s; and 2p; states. This
numerical model was applied to determine the laser-per-
turbed 1s;, 2p; populations for a wide range of discharge-
current and neon-pressure values.

The OG signal considered as a perturbation in the dis-
charge current is given by the relation

aUd
Al = e2rr2h Ud(nc)mw + 'E AE(ng)hurnn

- Ud("e)hmofr]' (14)

The modification AE in the electric field within the dis-
charge is derived by considering that in the experimental
arrangement a constant-voltage power supply feeds the dis-
charge tube with length ! and a ballast resistor R, in series
with the discharge. Thus

IAE + R,AI = 0 ()



|
1488 J. Opt. Soc. Am. B/Vol. 5, No. 7/July 1988

and
AT= €20 o041 (1 inser on = (Mediaser oft] ] (16)
1+ e2nrtn, 20 B
0 aE |l ¢/ laser on

Relation (16) represents the general description of the OG
effect in the positive-column region.

Note that our approach is different from that of Doughty
and Lawler.’? Those authors measured the so-called dy-
namical impedance of the discharge, i.e., the discharge im-
pedance at the modulation frequency, to determine the dis-
charge operation without laser radiation.

EXPERIMENTS

Our experimental setup is shown in Fig. 4. A broadband jet-
stream dye laser pumped by an Ar* laser was tuned into the
range of the Rhodamine 6G dye where most of the 1s-2p;
neon transitions occur. The laser beam was mechanically
chopped at 300 Hz.

The discharge tube was a Pyrex cylindrical tube with a
0.25-cm radius and with a length of the positive column of
21.5 em. The aluminum electrodes were offset from the
column axis, 50 that only the positive column was crossed by
the laser beam. The pressure was in the 0.8-5-Torr range,
and the current was varied between 1 and 5 mA. The cath-
ode was connected through a ballast resistor (R, = 100 K)
to a voltage-stabilized power supply. The OG signals were
detected by means of capacitive coupling and were analyzed
with the use of a lock-in amplifier.

The fluorescence from the central part of the positive

‘column was focused on the entrance slit of a 50-cm mono-
chromator. The wavelength-resolved fluorescence spectra
were analyzed when the laser beam was switched on or off.
In the LIF spectra the difference A7 between the fluores-

+ dye Ar

I l

Lock-n

L . |
|

CR

Fig. 4. Experimental setup: Ch, chopper; A, anode; Ct, cathode;
Pt, phototube; Mc, monochromator; CR, chart recorder; L, lens; Ry,
ballast resistor; HV, high-voltage power supply; C, capacitive cou-
pler.
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Fig. 6. Comparison between a, experimental and b, theoretical
neon fluorescence spectra at 1 mA and 0.8 Torr.

cence light with laser on and laser off was recorded using a
lock-in detector.

Two anodes at different distances from the cathode al-
lowed us to vary the positive-column length. The discharge
voltage measured for the two different positive-column
lengths permitted us to derive the positive-column axial
electric field, which, to & good approximation, is assumed
constant over the positive-column length. The dependence
of the electric fteld on the discharge current 7 was measured
for several values of pressure, As already mentioned, the
determination of the dependence of the electric field from
the discharge current, with the well-known vg4(E/p) and
ar{E/p) dependences, allows us to cbtain the drift velocity
and the first Townsend coefficient at the particular pressure
and current values of our experiment.

The metastable atom density that appears as a parameter
in the equations to be solved numerically was determined
with standard absorption techniques. In fact, we have mon-
itored the laser intensity absorbed by the neon positive col-
umn in the discharge. With a narrow-band dye laser used in
the absorption experiment, a density measurement of good
accuracy could be realized. The metastable density was
estimated in the 101°-10'? atoms/em? range, in good agree-
ment with the results of the rate-equation solution, as shown
inFig. 3. Thus the absorption measurement may be consid-
ered as an additional test of the numerical analysis for the
population distribution. The metastable density was intro-
duced into the radiation-trapping calculation to correct the
spontaneous emission coefficients of the 1s,-2p; transitions
for trapping,
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Table 2. Wavelengths of the Observed Lines and
Their Spectroscopic Assignment (Paschen Notation)

Neon Transition
Designation {Peschen) Wavelength (nm)
{1) las-2p2 588.2
2) 14!5—2p4 594.5
(3) 1:;—2p5 597.6
(4) 18s-2pe 614.3
{5) 1ss5-2p- 821.7
(6) 185—2}35 6334
4 18-2p; 603.0
{8} 18-2ps 607.4
(9) ls.—2p4 609.6
(10) 1sc2ps 6128
(11) 13:2pe 630.5
12) 1ls3-2p2 6164
(13) 1s3-2p5 626.6
(14} 18-2p 585.2
Laser-Off Measurements

A typical spectrum of the neon visible fluorescence obtained
at 0.8 Torr with I = 1 mA is presented in Fig. 5a. The
intensity lines were corrected for the phototube and the
monochromator grating efficiency. Figure 5b reports the
theoretical spectra obtained from the numerical solution of
Eqs. (8), (11), and (12) in terms of the unknown variables in
Eq. (13). The intensities of the 1s,-2p; transitions were
calculated using the standard formula?®
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where wj; = (E; — E;}/h is the transition frequency between
the levels 1s; and 2p;, whose energies are E; and E; and have
statistical weights g; and g;, respectively. M is the atomic
neon mass, T is the translational gas temperature (=550 K
in our experimental condition), ¢ is the speed of light, and K
is the Boltzmann constant.

The experimental and theoretical spectra were normal-
ized independently, assuming that the intensity of the stron-
gest fluorescence line in each spectrum has an intensity
equal to 1 in arbitrary units. It appears that the theory does

‘not reproduce exzactly the intensities of the fluorescence
lines and does present large differences for a few. A discus-
sion of these discrepancies, as well as those detected in other
measurements, will be presented below.

Laser-On Measurements

OG Spectra
The tunability range of the Rhodamine 6G dye permits us to
excite several 1s;-2p; neon transitions. The transitions ob-

104 A
(9) -
(7) (@) |
< : : : 5 i
2 . : ! E E
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Fig.6. Experimental (solid lines) and theoretical (dashed lines) OG spectra at 1 mA and 0.8 Torr. The laser-intensity profile in ﬂ.le analyzed
spectral range was taken from measured intensity emission of the dye laser. The power at maximum emission (A = 580 nm) was limited to =10
mW to avoid saturation for all the investigated lines. The signal represents the modification (measured in microamperes) of the current

flowing through the discharge.
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served in the different OG and fluorescence Bpectra are list-
edin Table 2. Figure 6 shows an OG spectrum obtained in a
low-pressure discharge at low current when the laser was
tuned in the range 580640 nm. In this spectrum the nega-
tive OG signals (decrease in current) criginate in transitions
starting from metastable levels, whereas the positive lines
(increase in current) arise from the radiative Is4 level. The
dashed lines in the spectrum corresponad to the theoretical
intensity for the OG lines, as obtained through Eq. (16).
The theoretical spectrum was normalized to the experimen-
tal one on the basis of the 594.5-nm OG signal discussed
below. The agreement for both sign and relative intensity
should be considered to be good, owing to the large number
of parameters involved in the analysis. In fact, our analysis
predicts an OG signal by sign and intensity in agreement
with the measured values except for one line (at 630.5-nm
wavelength). At this line the sign at the laser power intro-
duced into the theoretical analysis gives results different
from the measured one. However, the 630.5-nm line
changes sign at a larger laser power (P; > 10 mW), owing to
the delicate balance between the different processes contrib-
uting to the OG signal. The OG mode! based on the key role
of the metastable atoms, which in Ref. 12 was applied only to
the OG signal at 594.5-nm laser excitation, explains the
overall neon spectra if properly modified rate equations are
solved. Owing to the peculiar behavior of the 154 level,
which under particular experimental conditions behaves as a
metastable level because of the radiation trapping, the OG
transitions starting from this level can exhibit a negative
sign as shown, for example, in the spectra of Fig. 1 taken at a
larger pressure than that of Fig. 6.

As u particular case, we analyzed the experimental and
theoretical dependence of the 594.5-nm-line OG signal on
the discharge current. This line was investigated in Ref. 12
in which a linear, steady-state pertubation theory was used
to interpret the experimental results. Figure 7 shows our
experimental and theoretical results. The theoretical curve
was normalized to the experimental point at 1 mA to take
into account the indetermination in the measured laser pow-
er. The same normalizing factor was introduced in the theo-
retical spectrum of Fig. 6. Again, the agreement between
theory and experiment is good.

Laser-Induced Fluorescence Spectra

The LIF spectra monitor the modifications in the fluores-
cence of the 2p; — 1s; transitions under resonant laser exci-

I (ma)
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Fig. 7. Comparison between theoretical {solid line) and experi-
mental data {points) for the OG signal on the 594.5-nm laser line
versus the current I at 2.7-Torr pressure and 10-mW laser POWETr.
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Fig.8. Experimental laser-induced spectra under laser irradiation
of a, the 1s5-2p, transition and b, the 1s,~2p, transition. The
values of current and pressure were 3 mA and 1.8 Torr, respectively.
For some lines the upper 2p i level of the LIF transition is indicated.
Trensitions starting from the pumped upper level have a large
intensity, which is out of the scale in the record.

tation. Obviously the increase of the laser-excited 2p;-level
population enhances the flucrescence lines of the transitions
sharing the excited 2p; level. Because of collisional mixing
between the 2p; levels, the population of the nearest 2p;
levels can also be increased under particular current and
pressure conditions. On the other hand, the depletion of the
lower 1s; levels reduces the electron-impact excitation of the
2p; levels, as described by Reaction (3). As a result, two
competitive mechanisms in the 2p; population are simulta-
neously present, and the transitions originating from levels
that are not strongly coupled by the collisions to the optical-
ly excited 2p; level may lead to & decrease in fluorescence
intensity.

Different results are observed for laser transitions starting
from metastable or radiative 1s; levels. In fact, when a
metastable level is excited by the laser, the impact excitation
of 2p;levels is less efficient, and the spectrum exhibits sever-
al negative lines, corresponding to a decrease in the fluores-
cence emission under laser excitation. Figure 8a shows the
LIF spectra obtained by exciting the 504.5-nm 1s5-2p4 neon
transition. The fluorescence lines decreasing in intensity
under resonant laser radiation originate from transitions
with upper 2pggg 1o levels. The 2p; level, however, produces
a LIF line increasing in intensity, and there is neither a sharp
energy separation between levels originating in the positive
nor a preference rule for the collisional excitation transfer.
Similar results were observed for LIF spectra with excitation
from other metastable levels. For instance, we observed
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that the 2pggg,10 levels produce negative LIF lines for irra-
diation from a metastable to 2p; level, and the 2pg 14 levels
lead to negative lines for laser excitation to the 2pg level.

Completely different LIF spectra were obtained for laser
excitation from the radiative 1s;4 levels. Figure 8b shows
the LIF spectra obtained by excitation of the 1s, — 2p,
transition at 609.6 nm. Notice that ali the transitions from
an excited 2p; level are increased in intensity, and no nega-
tive lines are observed. Similar observations were made for
other LIF transitions involving excitation from radiative
levels. These results confirm the key role played by the
metastable levels in the excitation of the 2p; levels and,
consequently, in the overall balance of the neon discharge.

Our theoretical analysis of the LIF, which is based on the
solution of the system of Eqs. (8), (11), and {12), does not
account satisfactorily for the experimental results. Recall
that discrepancies between the theoretical and experimental
results were noticed also in the fluorescence spectra from the
neon positive column without laser excitation. The numeri-
cal analysis of the neon-level populations was based on pa-
rameters taken from several sources, and it may be assumed
that some parameters must be modified for the condition of
our experiment. For instance, the collisional-mixing coeffi-
cients K;;*) and K;;?) are taken without modifications from
Refs. 20 and 24, respectively. If the collisional mixing coef-
ficients are appropriately modified, the discrepancies in the
fluorescence spectra may be removed. However, our data
base is not large enough to determine accurately all those
collisional coefficients.

CONCLUSIONS

We have presented a simultaneous investigation of the OG
effect and laser-induced spectra of the 15;-2p; transitions in
8 neon positive column. An OG model, an extension of the
Doughty and Lawler OG model, has been introduced to
analyze the experimental results. Qur model is based on a
set of steady-state rate equations describing the populations
of the four 1s; levels, the ten 2p; levels, and the electron
density. Comparison between the theoretical and experi-
mental OG signal was good for various laser-excited neon
transitions.

LIF mesasurements confirmed the key role played by
metastable neon atoms in the sustainment of the discharge.
Nevertheless, by using electron-impact and collisional-mix-
ing coefficients reported in the literature, our model has not
been able to interpret completely the laser-induced spectrs.

At first it may appear surprising that the OG spectrum
presenta a better theory-to-experiment agreement than the
fluorescence spectra. This result, however, shows that only

the populations of the metastable and radiative 1s; levels

determine the OG signal, and the OG signal is relatively
independent of the detail of the 2p; population distribution.
This behavior may be different for the OG spectrum at large

discharge current, where 2p; electron ionization contributes
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significantly te the discharge current. In those conditions
accurate values of the metastable electron-impact excitation
and 1s,/2p collisional-mixing coefficienta may be required to
analyze both OG and fluoreacence spectra.
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