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Abstract: The narrowband light from a scannable, single-mode dye laser influences the electrical
properties of gas discharges. The variation in these properties as the laser wavelength A is scanned
yields the optogalvanic spectrum of the discharge (i.e., electrical conductivity vs. frequency). By
connecting a neon lamp, capacitor, and power supply in parallel, an undriven relaxation oscillator is
formed whose natural frequency f is affected by neon-resonant laser light and this A-dependence of
the relaxation oscillator frequency f yields a variant optogalvanic spectrum (i.e., f vs. frequency). In
this paper, a driving force is effectively applied to an otherwise undriven oscillator when the incident
light is chopped periodically at f4. For fq ~ fy and a sufficiently large driving force amplitude
(laser intensity and the degree of neon resonance), the relaxation oscillator can be entrained so that
fo is locked on f4 and is independent of A. For the new chopped-light technique described here,
fq is adjusted to be the subthreshold of the entrainment range, where the A-dependence of f is
advantageously exaggerated by periodic pulling, and the beat frequency |fq — fg| vs. A provides an
optogalvanic spectrum with appealingly amplified signal-to-noise qualities. Beat frequency neon
spectra are reported for the cases f4 < fg and f4 > fo and are compared with spectra obtained using
the unchopped-light (i.e., undriven) method.
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1. Introduction

The impedance of a gas discharge is sensitive to laser irradiation at wavelengths
corresponding to the electronic transitions of atoms or molecules present in the discharge.
Electrical impedance change occurs in nonequilibrium dynamics and can be on the order of
0%-10% positive or negative, depending on the species, the transition, and the oscillatory
nature of any dynamic forcing. Here, we focus on the optogalvanic effect that can be used
to measure the spectra of majority, minority, and impurity species [1]. Applications of
the optogalvanic effect are found in analytical chemistry, laser stabilization, wavelength
measurements, and laser calibration.

Two mechanisms contribute significantly to the optogalvanic effect [2]. First, optical
pumping alters the population in the electronic states, each state having its own ionization
probability. Ionization probability changes the creation rate of ion—electron pairs that
directly affects conductivity. The second mechanism involves collisions that transfer kinetic
energy between free electrons and optically pumped atoms. Such collisions change the
electron temperature, indirectly affecting conductivity. Typically, the impedance change
is negative, but transitions originating from metastable states can induce a positive or
negative change. From this change, optogalvanic spectra are detected directly from the dc
discharge current using conventional techniques [3]. A higher signal-to-noise ratio is the
hallmark of a clever relaxation oscillator method [4] for optogalvanic detection, whereby
neon gas gets incorporated into a self-oscillating circuit.

Instead of obtaining a neon spectrum from laser wavelength-dependent deviations in
the frequency of the discharge-recombination cycle, we apply a nearly entraining driving
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force to such a self-oscillating circuit and examine the resulting modulation (or beat)
frequency that comes from quasiperiodic dynamics. The laser wavelength dependence of
this modulation can be exaggerated by a factor of 50 beyond that of the oscillator frequency
by the phenomenon of periodic pulling [5] to obtain the optogalvanic beat frequency
spectrum of neon. These three methods (direct, relaxation oscillator, and beat frequency)
are described in more detail in Section 2. Section 3 explains the principles of the driven
oscillator method. The experimental details and results are included in Section 4, with a
discussion and conclusions in Section 5.

2. Techniques for Optogalvanic Spectroscopy
2.1. Conventional Method [3]

A conventional circuit contains a large, in-series, ballast resistor (>10 kW) to maintain
a steady current through the discharge. For a constant discharge current, the optogalvanic
spectrum is determined from the laser wavelength dependence of the discharge voltage
(i.e., the equilibrium discharge impedance). For the largest signals, measurements can be
performed with an oscilloscope. For smaller signals, detection is complicated by the pres-
ence of background light emission from the ionized gas and by the steady-state discharge
current. Phase synchronous detection is required to obtain a satisfactory signal-to-noise
ratio. A lock-in amplifier eliminates noise by bandpass filtering the signal and subtracting
the background level. Phase synchronous reference is provided by a mechanical chopper
or acousto-optic modulator applied to the laser beam.

2.2. Relaxation Oscillator Method [4]

The need for a lock-in amplifier can be eliminated by incorporating the gas discharge
into a self-oscillating electronic circuit. The dynamic circuit is known as a neon-bulb
relaxation oscillator. The neon bulb is connected in parallel with a capacitor, C, which is
charged through a resistor, R, leading from a dc power supply. The supply voltage, V), is
set just above the gas’ breakdown voltage, V},. As the potential difference, V, across the
capacitor, and also across the bulb, gradually approaches V), the value V = V}, is eventually
reached, whereupon the neon gas breaks down, the capacitor rapidly discharges, and V'
drops below the minimum value required to maintain the discharge. The nonequilibrium
charge—discharge cycle is repeated at a frequency, f, primarily determined by the time
constant (T~ = RC) of the circuit, the dc power supply voltage, V, and the electrical
properties of the bulb, e.g., the electron density and metastable atom density. Neon-
resonant irradiation causes a change in the electron density, the metastable atom density,
and the overall ionization probability of the atoms as described above, directly affecting
the breakdown voltage. An increase (a decrease) in V3, results in a decrease (an increase) in
oscillation frequency. These laser-induced changes in f( are larger when V) is close to V4,
and can be detected quantitatively with a frequency-to-voltage converter (e.g., a frequency
counter) or qualitatively with an audio amplifier and speaker. The change in the oscillation
frequency in a neon indicator bulb was reported to be a few percent and greater by two
orders of magnitude than the change in the current in ordinary optogalvanic detection [4].

3. Principles of Driven Oscillator Method
3.1. Concepts of Entrainment and Periodic Pulling [5-9]

A real-world oscillator has nonlinearities that distinguish it from an ideal harmonic
oscillator. Often, these nonlinearities are satisfactorily described by additional nonequi-
librium terms in the differential equation modeling the system. Typically, the influence
on the oscillator behavior of a nonlinearity, even one whose corresponding term has a
small coefficient, is small for some conditions and dramatic for others. We are interested
in conditions for which such an influence is large so that it can be used to exaggerate the
effect of an externally applied driving force on a self-oscillating system. A large influence is
achieved by setting the driving force frequency in close proximity to the natural frequency
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associated with the forced oscillator entrainment boundary known as the Arnol’d tongue
inan Aq vs. fq/fo graph.

Relaxation oscillation is a periodic process characterized by two different time scales
that result from nonlinear dissipation or restoring-force processes. Relaxation oscilla-
tors [10] are observed in many different fields of science and technology [11-14]. The
application of a driving force can significantly affect the behavior of a relaxation oscillator,
making the behavior quasi-periodic. For instance, the periodicity of a neon-bulb oscillator
can become independent of that associated with self-oscillation, and instead, it can be
controlled within a certain range by entraining the oscillator to an external driving force
with an adjustable period [15,16]. The range of frequencies associated with entrainment
(for which f = f4) is bound by minimum and maximum values, (fg)min <f < (fE)max, Which
depend on the driving force amplitude normalized to undriven oscillator amplitude.

Entrainment, also known as mode locking, refers to the synchronization of a self-
oscillating system to a periodically varying driving force [11]. It occurs if the driving
force has an amplitude, A4, sufficiently large and a frequency, f4, sufficiently close to the
self-oscillation frequency, fo. A larger driving force amplitude is required to entrain a
system farther away from its self-oscillation frequency (i.e., (Aq)crit is an increasing function
of Ifo — fq! but, in the proximity of fy, the values of amplitude (Aq)cyit are small compared
to the self-oscillation, Ag. Dunham [15] demonstrates that chopping the neon-resonant laser
light incident on the discharge can entrain the oscillator to the harmonics and subharmonics
of the chopping frequency. He further shows that the driven oscillator appears to exhibit
chaotic behavior for some driving force parameters. Such behavior has been seen in neon
glow discharge plasmas as well [17-21].

Periodic pulling occurs for conditions where fq < (fE)min O fq4 > (fE)max, i-€., just out-
side the entrainment range (fg)min <f4 < (fE)max. Periodic pulling refers to the frequency
modulation induced by a driving force unable to pull the system’s oscillation frequency
all the way to the driving force frequency (i.e., to the point where each oscillation cycle
is synchronized). Instead, the frequency is pulled part of the way and remains pulled,
but not synchronized, over many relaxation oscillator cycles until a phase mismatch of
approximately 180° eventually accumulates between the driving force’s phase and the
neon-bulb oscillation’s phase. At this point, the pulling is interrupted and the oscillation
frequency returns, in fact, overshoots, so that the phases re-match again, temporarily. This
process gets repeated at a frequency that is sensitively dependent on both the driving force
frequency and driving force amplitude because they determine the difference between the
pulled oscillation frequency and the driving force frequency. The amplitude and frequency
of a nonlinear oscillator are commonly interdependent, resulting in a synchronized fre-
quency and amplitude modulation. Sheridan et al. [16], using an experimental arrangement
similar to Dunham [15], demonstrate that chopping the neon-resonant laser light incident
on the discharge can result in periodic pulling for driving force frequencies above and
below the entrainment range. The experimental arrangement utilized for the investigation
reported here is identical to that of Sheridan et al. [16], except that a narrowband scannable
dye laser replaces the broadband scannable dye laser. This substitution permits the higher
value of wavelength resolution necessary to achieve a sufficient degree of neon resonance
for obtaining the spectra presented here.

3.2. Sensitivity of Beat Frequency to Small Changes in Driving Force

For fq << (fE)min and Agq << (Aq)qrit, the influence of the driving force is weak and
the modulation apparent in the system does not significantly vary from the conventional
dependence on |fy — fq |. However, for Ag <~ (Ag)crit (i-e., for f4 in the proximity of (fg)min
or (fg)max), the modulation is sensitively dependent on the positive values of (Aq)crit — Ad,
as expected for periodic pulling [5]. The value of (Aq)crit — Ag can be controlled by varying
the driving force amplitude or by varying the driving force frequency (which changes
(Ag)crit)- This sensitivity is demonstrated in the neon-bulb oscillator, in which case the
driving force amplitude is related to the degree of resonance between the laser light energy
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and the atomic energy states (which is maximum when Ay = hc/Epeon, Where h is Planck’s
constant, c is the speed of light, and Eqeon is the energy of the atomic transition). Figure 1
shows how the behaviors of the oscillator frequency and beat frequency differ from the
conventional behavior as the driving force frequency is scanned across a range that includes
an entrainment regime where Ay > (A4)crit- Just outside the entrainment regime, small
changesin |fy — f4 | are seen to result in large changes in beat frequency.
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Figure 1. System’s oscillation frequency and system’s beat frequency as a function of chopping
frequency, i.e., driving frequency. (a) Beat frequency and (b) system’s oscillation frequency shows
effects of periodic pulling and entrainment when driving and oscillation frequency values are close.

Another demonstration of the exaggerated dependence of the beat frequency is shown
in Figure 2 which shows the value of f}, that corresponds to each of the several combinations
of driving force amplitude (which changes with A ) and driving force frequency f4. This
correspondence is affected by the widening and shifting of the entrainment regime along
the f4 axis as A, is incremented in the vicinity of neon’s 575 nm line. This widening, which
is a feature of the driven nonlinear oscillator model, corresponds to an increase in A4, and
consequently an increased f4 range for which Ay > (A4)crit, as the degree of neon resonance
increases. The degree of neon resonance is directly related to the driving force amplitude.
The shifting is not a feature of the model but occurs because the dc neon-resonant laser
light lowers the self-oscillation frequency of the relaxation oscillator. This phenomenon is
documented in Figure 3, which shows the oscillation frequency for different intensities of dc
neon-resonant laser light and also for different duty cycles of chopped neon resonant laser
light. Presumably, a laser-induced redistribution of the atomic energy-level populations is
responsible for this effect on the self-oscillation frequency.

o o._o"‘\
x>

Figure 2. Beat frequency (increasing vertically) vs. driving force frequency (increasing from left
to right). Effect of incident laser light’s resonance with neon influences the relaxation oscillator’s
natural frequency, while the Arnol’d tongue feature remains dominant. Here, the system’s natural
frequency, approximated by the entrainment’s midpoint along f 4 axis, decreases slightly as the laser
light is scanned through the neon line. The blue line is the optogalvanic beat frequency spectrum (see
Figure 6) for a given value of laser chopping frequency, i.e., driving frequency. Of interest is the blue
line that is immediately to the left of the zero-beat-frequency region, i.e., entrainment region.



Atoms 2024, 12, 42

50f8

634
632
630
e8| ¢

626 * -

624 *

622 . -
620 ® 3 ®
618 L "

616 .

814 LA 649
812} | ' 100% Duty Cycle .

.o
-3
o
™

Laser Power = 0.15 mW

Oscillation Frequency (Hz)
P
]
w

Oscillation Frequency (Mz)

610 | ! E— 10 20 30 40 50 60 70 80 90
109 2 3 102 2 3 101 2 3 100 2 3 100 2 Duty Cycle (%)

Laser intensity (mw)
(a) (b)

Figure 3. Natural frequency vs. duty cycle. (a) Increasing laser intensity increases optogalvanic

effect until heating effects dominate. (b) Optogalvanic effect increases (relaxation oscillator’s national
frequency decreases) as chopping duty cycle increases.

It is possible to approximately isolate the two effects by determining the value of
[(fE)max £ (fE)minl/2, which is the expression for the width (—) and center (+) of the
entrainment regime, as a function of A, as shown in Figure 4. The combination of these
effects results in a slightly increased (decreased) sensitivity of the beat frequency on Ar, for
fa <fo (for fq > fo). The plot of beat frequency f}, as a function of A, is referred to as the
beat frequency spectrum. This beat frequency spectrum is optogalvanic in nature since it is
sensitive to the influence of resonant laser light on the electrical properties of the gas.
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Figure 4. Isolation of two effects (widening and shifting). (a) Center of entrainment shifts as
optogalvanic effect increases. (b) Entrainment width broadens as optogalvanic effect increases.

4. Results

The experimental configuration is shown in Figure 5. The relaxation oscillator consists
of a power supply, a neon bulb, and the circuit elements of resistance and capacitance.
For specific values of the resistor, capacitor, and discharge voltage, the discharge occurs
in the 2N11 bulb at a frequency of 3 kHz. The ring dye laser (Coherent 899-21) utilizes
Rhodamine 6G dye and is pumped by a 4 W argon-ion laser (Coherent Innova 304). The
discharge frequency reduces to 2.6 kHz when 10 mW of dc laser light, non-resonant with
neon, is incident on the neon bulb, presumably due to energy absorption by the walls and
electrodes of the tube, resulting in the bulk heating of the neon gas. The laser wavelength
is calibrated by matching the observed wavelengths of several spectral lines to published
values. The light is chopped with an acousto-optic modulator controlled by a square-wave
voltage signal with an adjustable duty cycle. Neutral density filters are used to adjust the
light intensity. Except where noted, the duty cycle is 50%. A frequency counter determines
the frequency of the oscillator from the voltage across the neon bulb. The beat frequency of
the driven oscillator is measured in the same way by attaching a low-pass filter to the input
of the counter.
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Figure 5. Schematic diagram of experimental setup.

To obtain a suitable beat frequency spectrum, the sensitivity of the beat frequency to
the driving force frequency must be maximized while avoiding entrainment when Ay, is
resonant with an atomic transition in the gas. This is accomplished by adjusting the value
of f4 and the attenuation of the laser light.

Figure 6 shows beat frequency spectra for the cases of f4 < f and f4 > fo. The slightly
exaggerated sensitivity of the beat frequency to Aj, due to the additive combination of the
effects of shifting and widening is recognizable in the case of f 4 < f. The spectral feature has
a height above the background comparable to the background, i.e., a signal-to-background
ratio of unity. Here, the background is the off-resonance value of the beat frequency.
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Figure 6. Beat frequency spectra. Influence of optogalvanic effect on beat frequency for driving force
frequency smaller or larger than the relaxation oscillator’s natural frequency.

5. Discussion and Conclusions

The driven oscillator method relies on the nonlinear, nonequlibrium nature of the gas
discharge, specifically, the nonlinearity associated with the relaxation oscillation mechanism
and the plasma dynamics. This requirement limits the list of gasses that may be analyzed
with this method to the same list as the corresponding list for the relaxation method.

Whereas ionized gas is interrogated in conventional optogalvanic spectroscopy, the
properties of neutral gas, such as the value of the breakdown voltage, are also influential
in both the driven oscillator and relaxation oscillator methods. One possibility wherein
the driving force affects only the ionized gas involves a silicon-controlled rectifier (SCR) to
operate the discharge. This and a number of other physics details, such as the effect on the
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oscillation frequency of varying the relative phase difference between the relaxation and
chopping cycles, have not been addressed here but are worthy of future investigation.

Although the driven oscillator method of determining the optogalvanic spectrum
requires more care and additional equipment compared to the relaxation oscillator method,
it provides a signal more sensitive at the approximate location of the spectral features. An
important aspect of this comparison is compensating for the fact that the driven oscillator
method involves fewer photons due to the chopping of the laser light that is inherent in the
method. A simple compensation is possible by comparing the driven oscillator method
results at one intensity of laser light with the relaxation oscillator results at either the same
50% duty cycle, instead of the ordinary 100% duty cycle, or at 100% duty cycle at half
the intensity. Examples of oscillator frequency spectra with 100% duty cycle and 100%
intensity, 100% duty cycle and 50% intensity, and 50% duty cycle and 100% intensity are
compiled in Figure 7 as dashed, dotted, and solid lines, respectively. Note that the ratio of
the signal (i.e., the dip or bump in the spectrum) to the background level is significantly
greater in Figure 6 (1:1.5 compared to 1:50) than any of the cases in Figure 7 (1:50 compared
to 1:1.5) because Figure 6 is the heterodyned version of Figure 7. This heterodyning is the
added spectroscopic benefit of this driven oscillator methodology. It is worth noting that
the appearance of dip exaggeration slightly evident in the dashed-line spectrum in Figure 7
may be attributable to the inadvertent proximity of the natural frequency to the 50% duty
cycle chopping of the laser light. In that case, periodic pulling occurring across the neon
spectral line is maximum where the neon resonance (i.e., the driving force amplitude in the
system) is maximum.

‘N 646

L 644

> 642

% 640

S ga|

E 634

- 632

O 630 e T

o 628} Wl {—onmjmn.c, }

E |" I | =essss 0.085 mW, 100% D.C.

(%3 626 ':',s' ====017TMW,50%0C. |

8 624 v ]
622 . E

5 4 3 2 1 01 2 8 4 5
Laser Frequency (GHz)

Figure 7. Influence of laser intensity and chopping duty cycle (D.C.) on optogalvanic spectral line
amplitude and shape. Beat freq spectra for 100%-100%, 100%-50%, 50%-100% (ratio of intensity to
duty cycle).

In conclusion, the driven oscillator method has been shown to provide the optogal-
vanic spectrum of neon. This spectrum has qualities that may be more appealing than those
of the spectra obtained from other methods. The principle behind the driven oscillator
method is the exaggeration, due to the periodic nonlinear phenomenon known as periodic
pulling, of the effect of an externally applied driving force on a nonlinear, nonequilibrium,
self-oscillating system.
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