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Abstract
Abstract—We present the dominant physical processes responsible for the production of the optogalvanic
signal in the spectra of xenon. Time-resolved spectra are obtained at a fixed wavelength of the dye laser
resonantly tuned to an optically allowed transition. The temporal evolutions of the signals are registered on a
storage oscilloscope. Two transitions from the 6s[3/2] 2 metastable and one from 6s[3/2]1 semi-metastable states
corresponding to ΔJ = ΔK = 0, ± 1 dipole selection rules, have been selected to investigate the dominant physical
processes responsible for the optogalvanic signals. The change in the signal amplitude as a function of the
discharge current has been illustrated. In addition, the electron collisional ionization rate parameter ratios and the
effective lifetimes of the upper levels have been determined.
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1. Introduction

T

optogalvanic spectroscopy has ensured a wide variety of applications in the past
decads [1, 2]. Changes in electrical properties of a gas discharge can be observed
when gas is illuminated by radiation which is resonant with an atomic or molecular
transition of a species contributing to the discharge mechanisms [3]. This tool is known as
optogalvanic effect (OGE) [4], which has been found to be a very sensitive and convenient
tool in for detecting optical transitions in plasma [5]. The discharge characteristics depend
on the balance of all the excitation and relaxation processes, so in general, the perturbation
caused by the absorbed radiation produces a change in the current, voltage or impedance
[6]. Optogalvanic effect is playing in an increasingly important role in atomic and molecular
spectroscopy [7, 8], penning ionization spectroscopy [9], Doppler-free spectroscopy [10],
plasma diagnostics [11, 12], population inversion [13], Rydberg-state spectroscopy [14],
and used as valuable tool for the calibration of dye lasers [15, 16].
The study of the OGE helps a better understanding of atomic and collisional processes
in plasma [17]. In this regards, different theoretical and analytical models, based on the
experimental observations, have been developed. These models characterize the
response of the discharge when a steady state population distribution of energy levels is
disturbed by the radiation resonant to a transition between these levels [18]. Erez and BenAmar independently formulated a simple phenomenological model based on electron
multiplication factor in the plasma to describe the optogalvanic signal and its timedependent behavior [4, 19]. Doughty and Lawler presented a model based on the
perturbation theory to the key rate equations for neon discharges [20]. Another rate
equation model to explain the OGE in neon was formulated by Stewart et al. [6]. Han et al.
developed a simple theoretical model to understand the physics of the observed OGE
signals [21], and successfully proved in extracting quantitative information on the dominant
physical processes in neon, argon, and krypton discharges [18, 22, 23].
HE
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Recently, a series of Lande factor measurements for lanthanide-I have been carried out
using laser absorption spectroscopy methods i.e.: optogalvanic spectroscopy and laserinduced fluorescence (LIF) method [24-27]. Bueno et al. reported the results obtained
through spectroscopic studies developed on an erbium-neon hollow cathode lamp [28].
The optogalvanic spectroscopy shows excellent prospects for becoming a highly sensitive
method for gas analysis in micro total analysis systems [29]. Saini et al. demonstrated the
optogalvanic studies of Li/Ne in a hollow cathode discharge [30]. The intracavity
spectroscopy and OGE can be used to detect radiocarbon (C14) via the impedance
variation in a week gas discharge [31, 32].
In this work, we present the time-resolved optogalvanic spectra of xenon, and the
dominant physical processes responsible for the production of optogalvanic signals. The
spectra are obtained at a fixed wavelength of the dye laser resonantly tuned to an optically
allowed transition. Two transitions from the 6s[3/2]2 metastable and one from 6s[3/2]1 semimetastable states corresponding to ΔJ = ΔK = 0, ± 1 dipole selection rules, have been
selected to investigate the dominant physical processes responsible for the optogalvanic
signals. The observed optogalvanic signals for different discharge currents are fitted using
the model given in Ref. [21] to obtain parameters that describe decay rates, amplitudes
and time constants. The electron collisional ionization rate parameter ratios and the
effective lifetimes of the upper levels have been determined.

2. Experimental Setup
The experimental setup consists of a Nd: YAG laser (Spectra Physics, GCR-11), pumped
dye laser system and commercial hollow cathode lamps (Photron, Australia) [5, 23]. The
laser is operated at 10 Hz repetition rate and 5 ns pulse duration to pump a locally
fabricated Hanna type dye laser with line width about ≤ 0.3 cm−1 using a 2400 lines/mm
holographic grating [33]. A beam splitter is used to send 10% of the laser beam to a neon
filled hollow cathode which produces sharp spectral lines and is useful for calibrating the
wavelength. The rest of the beam is sent to the xenon containing hollow cathode which is
to be analyzed. A small part of the beam is also incident on the etalon (FSR 3.33 cm−1) to
produce the etalon rings which served as relative energy markers. The hollow cathode
lamp is operated through a regulated direct current (DC) power supply capable of delivering
200 V and 20 mA. The diameter of the cathode is 3 mm, the depth of the hole was 8 mm,
and the xenon gas pressure is 12 torr. A 10 kΩ current limiting load resistor is inserted in
series with the hollow cathode lamp and the DC power supply. The hollow plasma is
illuminated by the laser beam through the window on top of the lamp at different current
values. The time-resolved signals are registered on a storage oscilloscope. The signal
intensity and the etalon rings are sampled using a boxcar averager (SR-250) and the
averaged output is stored on a computer for further analysis. Each set of the data is
repeated five times and later analyzed using a non-linear least squares fit program.

3. Results
The electronic configuration of xenon ground state is 5p6 1S0, and can be best described
by jcK-coupling scheme [34]. The first group of the excited levels above the ground state
has 5p56s configuration, which results in four energy levels above the ground state namely,
5p56s [3/2]2, 5p56s [3/2]1, 5p56s′ [1/2]0 and 5p56s′ [1/2]1 as shown in Fig. 1. The solid lines
show laser excitation from the thermally populated states and the dotted lines show the
decay channels. The metastable levels, as they are not connected to the ground state by
means of electric dipole transition (∆J = 0, ±1; excluding 0-0), have radiative lifetimes of the

order of seconds, whereas, for the other two levels this time is of the order of ns. The
second group of the excited states arises from the 5p56p configuration that reveals ten
energy levels labeled as 6p[3/2']2, 6p[3/2']1, 6p[1/2']1, 6p[1/2']0, 6p[5/2]3, 6p[5/2]2, 6p[3/2]2,
6p[3/2]1, 6p[1/2]1 and 6p[1/2]0.

Fig. 1. Partial energy level diagram of xenon transitions.
In the xenon gas discharge, the collisional ionization controls the current in the medium
at a certain pressure and applied field, and a steady state current flows through the
discharge for given discharge parameters. The state can be perturbed by the resonant
radiation, which results in a change in the population distribution of energy levels.
Subsequently, the collisional ionization rates are different for different levels, as a result, a
change in the level population causes a change in the ionization balance of the discharge
[18]. In this work, the two transitions resulting from the lowest metastable state (5p56s[3/2]2)
and one from the semi-metastable state (5p56s[3/2]1) are selected at different wavelengths.
These waveforms are studied by considering a theoretical model developed by Han et al.
[21] to illustrate the physical processes leading to xenon optogalvanic signals. According
to this model, the following expression was derived based on the rate equation approach
to extract the physics of the time-resolved optogalvanic signal;
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where S(t) is the signal intensity as a function of time, a and c are the amplitudes, b and d
are decay rates for the two levels involved in the transition, and τ is the instrumental time
constant of the waveform for the optogalvanic signal. The laser optogalvanic signal can be
either positive or negative, composed of a fast-rising peak followed by an exponential decay
to the signal with an opposite sign, which then returns to the baseline [5, 18]. The decay
rates are defined as;
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Here σk and σi are the electron collisional ionization rate parameters, and Γ k and Γi are
the effective decay rates of the upper and lower levels, respectively.
Firstly, we have chosen the 5p56s[3/2]2  5p56p[3/2]1 transition to study the collisional

ionization of the excited state in the xenon discharge plasma. The wavelength required for
this transition is 469.22 nm and is achieved using the dye C-460 dissolved in methanol.
Figure (2) shows the observed the typical time-resolved optogalvanic signal at a current of
3 mA, the fitted curve is also shown with solid line using Eq. 1. A set of time-resolved
optogalvanic signals is obtained to study the effect of the discharge current by varying the
discharge current from 2 to 6 mA. The reason for this choice of the current range is that if
the current is less than the optimized value, and the discharge is not stable. At the upper
limit indicates that the signal is saturated above this value.

Fig. 2. Time-resolved optogalvanic signal of xenon at 469.22 nm and 2 mA
discharge current following the J = -1, K = 0 selection rules.
The laser energy is kept constant for each trace, the decay rate depends on the
discharge current, i.e. the higher the current the smaller the peak intensities and peak
amplitudes. Also, upon the increase in the discharge current, the probability of ionization of
the upper level 6p[3/2]1 increases, and the large ionization cross-section of the upper level
an increase in its population results in higher ionization rates. This is due to the fact that
both an increase in the number density of atoms in the upper level and a change in the
electron distribution function [23]. Therefore, the current increases with the analogous
voltage decrease across the discharge to sustain the steady state condition, as a result,
the optogalvanic signal decreases in magnitude. The signal peak intensity for different
discharge current values is illustrated in Fig. 3. It is obvious from the figure that the signal
amplitude decreases with the increase in current, as expected with the diffusion of the
electrons in the discharge plasma.
The decay rates as a function of the discharge current are demonstrated in Fig. 4. It can
be seen that at a certain discharge current range, the decay rates are linearly related to the
discharge current as predicted by the theoretical model. The obtained data points are given
by the following parameters using linear regression fitting;
b = 0.338 + 0.013I
(4)
d = 0.002 + 0.002I
(5)
where b and d are in µs-1 and the discharge current (I) is in mA.

Fig. 3. The optogalvanic signal amplitude vs discharge current. The signal
decreases with the increase of the discharge current.

Fig. 4. The decay rates vs the discharge current. Solid lines are linearly fit
to Eq. (2) and Eq. (3).
Next, the transition 5p56s[3/2]1  5p56p[3/2]2 at 473.54 nm obeying the abovementioned selection rule is chosen to study the dynamics of the time-resolved optogalvanic
signal. The signal for this transition recorded at 3 mA is given in Fig. 5, the red solid line
shows the least square fit to Eq. (1). Various signals are recorded at different discharge
current values from 2-6 mA, the dye laser energy is kept constant for all these signals. The
signal intensity decreases with the increase in current as illustrated in the inset of Fig. 5.
The comparison between collisional rates with the radiative rates explains the importance
of collisions in the discharge plasma. When the collisional rates lead the radiative rates,

consequently, the excess population of the upper level quickly decay back the lower level.
The high collisional rates quickly mix the population in the lower level, achieving a steady
state value, hence the optogalvanic signal disappears.

Fig. 5. Time-resolved optogalvanic signal of xenon at 473.54 nm
corresponding to J = 1, K = 0 selection rules. The signal is recorded at
3 mA discharge current. The inset shows the decrease in the amplitude as
a function of discharge current.
For the assumed transition, the decay rates are also linearly related to the
discharge current as observed in the first case and are presented in Fig. 6.

Fig. 6. The decay rates vs discharge current for xenon 473.54 nm. The
solid lines are linearly fit to Eq. (2) and Eq. (3).
Finally, we study the 5p56s[3/2]2  5p56p[3/2]2 transition at 452.6 nm, and the
optogalvanic signals are recorded at the different discharge current values keeping the
laser energy constant. Figure 7 shows the observed and modeled optogalvanic signals

recorded at 3 mA. The inset indicates the decrease in the amplitude as a function of
discharge current. The decay rates are also linearly related to the discharge current (Fig.
8) as same in the aforementioned cases.

Fig. 7. Time-resolved optogalvanic signals of xenon at 452.6 nm
corresponding to J = K = 0 selection rules. The signal was rerecorded
at 3 mA discharge current. The inset shows amplitude vs discharge current.

Fig. 8. The decay rates vs discharge current for xenon 452.6 nm. The solid
lines are linearly fit to Eq. (2) and Eq. (3).

4. Discussion
Based on the above observed time-resolved optogalvanic spectra of xenon, three
different transitions are studied. Each transition follow three different sets of optical allowed
selection rules, i.e. J = -1 K = 0, J = 1 K = 0 and J = K = 0, at different laser energies.
We are able to assess the dominant physical process responsible for the optogalvanic
signals on the basis of the detailed experimental study.
The effective decay rates (Γk) of the upper levels, 0.338, 0.165, and 0.221 µs-1, reveal
the effective lifetime (τk) of these states to be 2.96, 6.066, and 4.523 µs, respectively. The
radiative lifetime of each of the upper levels are approximately 28 ns [35] and is shorter
than the effective lifetimes. The possible mechanism for this lengthening is ascribed to
radiation trapping, which can be described as follows. When the atoms are excited by the
resonance radiation, the resulting fluorescence from the volume occupied by the atoms
may be delayed due to the subsequent re-absorption and emission of the original
fluorescent quanta [5]. Each upper level is connected to different resonance levels as
demonstrated in the partial energy level diagram of xenon transitions in Fig. 1. The radiation
trapping ensues during the de-excitation of these levels in the hollow cathode lamps. The
emitted photon is absorbed by another atom so that the effective lifetime of the excitation
within the system greatly exceeds the radiative lifetime of a state. The state, which has
strong dipole allowed transition to the ground state, can easily undergo radiation trapping
[19].
Another interesting feature of this set of transitions is that the electron collisional rate
parameter of the initial state of laser excitation is higher than the rest of the lower states.
In this work, the effective electron collisional ionization rate parameters of the upper levels
are larger than the lower levels. The ratios of these parameters (σk/σi) of the selected
transitions are 6.5, 15.6, and 2. This ratio is proportional to the total ionization crosssections. Due to the larger ionization rate parameter of the upper levels, its population is
increased, as the ionization depends strongly on the population distribution of the various
levels. Han et al. [21] and Mahmood et al. [5] also discussed similar behavior and
associated it with the shape of the optogalvanic signal. Based on the ratio of the electron
collisional rate parameters, it is concluded that the electron collisional ionization is the
dominant physical process contributing to the generation of the optogalvanic signal in the
xenon hollow cathode lamps.

5. Conclusion
In conclusion, the effect of the dye laser on the optogalvanic signals across the xenon
transitions at different current values is investigated in a hollow cathode lamp. Timeresolved spectra are recorded at a fixed wavelength of the dye laser resonantly tuned to
an optically allowed single photon transition. Two transitions from the metastable state
6s[3/2]2, and one transition from the 6s[3/2]1 state corresponding to ΔJ = ΔK = 0, ± 1 dipole
selection rules, have been selected to investigate the dominant physical processes
responsible for the optogalvanic signals. The change in the signal amplitude as a function
of the discharge current has been registered. In addition the electron collisional ionization
rate parameter ratios have been determined for the transitions corresponding to the dipole
selection rules, ΔJ = -1 ΔK = 0, ΔJ = 1 ΔK = 0 and ΔJ = ΔK = 0 as 6.5, 15.6, and 2,
respectively. The effective lifetimes of the upper levels involved in the previously mentioned
transitions are also calculated as 2.96, 6.06, and 4.52 µs, respectively. Lengthening of the
effective lifetime is also explained in the light of the various mechanisms involve in the
discharge and attributed to radiation trapping.
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