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Abstract—We present an interferometric and spectroscopic
characterization of ultraviolet (UV) laser photoionization of a
low ionization potential organic vapor, tetrakis (dimethylamino)
ethylene (TMAE), seeded in high-pressure air component gases.
These experiments are performed to explore the feasibility of
using an electrodeless UV laser preionization of TMAE to initiate
a plasma seeded in atmospheric pressure gases that can later
be sustained by radiofrequency (RF) power by inductive wave
coupling, thereby reducing the initiation RF power budget. A
large volume (500 cc), high-density ( 1013 cm 3 ), electrodeless
plasma is created by single-photon, 193 nm excimer laser ionization. 105-GHz millimeter-wave interferometry along with optical
spectroscopy is employed to investigate the plasma formation
and decay characteristics. The TMAE plasma decay mechanisms
including two-body and three-body recombination with and
without high pressure gases are examined and the dominant
loss processes discussed and evaluated. Both density and optical
10 ns in the peak
emission measurements show a delay of 140
plasma density and emission indicating that the dominant ionization process is delayed ionization via excitation of super-excited
states. The experiment also shows that TMAE remains a viable
10 min.
seed gas for UV ionization in the presence of air for
Index Terms—High-pressure plasmas, laser ionization and
breakdown of plasmas, plasma emission.

I. INTRODUCTION

T

HERE has been a great deal of recent effort to develop an improved method where large volumes
( 1000–5000 cc) of atmospheric pressure plasmas at higher
cm
can be initiated and sustained with
densities
a reduced power budget. These plasmas find applications in
materials processing [1], biological decontamination [2] and
modification of drag at supersonic speeds [3]. They can also
provide protection from jamming and electronic countermeasures and modify the radar cross section and signature of aircraft
[4], [5]. The theoretical minimum power density (power per
unit volume: P/V) required to initiate and sustain an air plasma
discharge, has been estimated for an equilibrium Maxwellian
plasma for atmospheric pressures at sea level up to 300 000 ft
[5], [6]. The model is based on an electron-beam delta function
excitation and electric field sustainment. In order to maintain
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cm at sea level, the required
an air plasma density of
minimum power density is 9 kW/cm . However, at higher altitudes of 30 000 ft to 60 000 ft, with corresponding atmospheric
pressures of 200–50 torr, the theoretical required power density
is reduced to 2 kW/cm and 660 W/cm , respectively.
The inductively coupled radiofrequency (RF) power required
to ionize a high-pressure air is much higher than the RF power
kW/cm needed to sustain the plasma at sea level. In an
atmospheric pressure plasma torch, a 300 kV potential was required to initiate a discharge, whereas only 100 V was needed
to maintain the discharge with operating currents of 200–600 A
[7], [8]. However, once the seed discharge has been initiated
by means such as UV flash lamp or laser, the plasma can be
sustained at a much lower RF power level. A seed plasma can
also be created by placing electrodes inside the chamber. The
small plasma formed by the spark is localized between the electrodes. If the electrode is located close to the RF antenna so as
to provide the required plasma load, arcing from the RF source
to the electrode can occur. In addition, plasma bombardment of
the electrode will result in deterioration over time. Therefore,
we seek an electrodeless method for creating a large volume
(500 cc) seed plasma that will provide a good plasma load for
efficient coupling via pulsed inductive sources. In addition, the
long axial extent (100 cm) of the laser seed plasma can allow
enhanced RF penetration and ionization well away from the
20-cm axial extent of the antenna. The possibility of initiating
a discharge by 193-nm laser photoionization of an organic gas
tetrakis (dimethylamino) ethylene (TMAE) seeded in high-pressure background argon gas that was later sustained by inductive coupling of RF wave has been demonstrated by Kelly et al.
[9]. This concept is further investigated to create a laser- initiated RF-sustained discharge with 760 torr air constituents as
the background gas to determine the ionization mechanisms and
the plasma decay processes of the seed plasma. Previous experiments by our group [9]–[12] have shown that a high initial
density
cm , long ( 100 cm) TMAE plasma can
be efficiently created by a 193-nm laser in argon and nitrogen.
UV radiation from arrays of sparkboards have also been used to
photoionize TMAE seeded in helium [13], [14]. However, to our
knowledge, no previous detailed investigation of laser produced
TMAE plasma formation and density decay processes has been
carried out in the presence of air constituent gases.
In this regard, knowledge of the detailed decay characteristics of a laser-produced TMAE plasma after the application
of a 20-ns laser pulse, in the presence of the background air
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constituent gases, is essential to determine the efficiency of
subsequent inductive RF wave power coupling to sustain the
discharge. The presence of air components such as oxygen at
room temperature has a substantial impact on the plasma formation and plasma decay process through the electron attachment
process [21]. In order to achieve efficient RF sustainment of a
laser-preionized TMAE seed plasma, the following scientific
issues have to be resolved: 1) The effect of the background
gas on the formation and decay characteristics of the TMAE
plasma; 2) the role of delayed ionization; 3) whether the lifetime
of the laser-produced TMAE plasma is long enough such that
RF power can be coupled efficiently through inductive wave
coupling at lower power levels to sustain the plasma; and 4) the
time scale for modification of TMAE vapor due to its chemical
interaction with oxygen, which could reduce its viability as a
readily UV ionized seed gas in air. In addition, the presence of
background gas makes the plasma very collisional and, therefore, a plasma diagnostic that measures plasma collisionality and
recombination losses is also required. Since our previous fast
(10 ns) Langmuir probe (LP) measurements [10] could only be
carried out 100 ns after the application of the laser pulse when the
plasma is in a quiescent decay state, many physical processes,
such as delayed ionization, present during the formation and
early stages of the decay of the TMAE plasma could not be
examined. Millimeter-wave (mm-wave) interferometry [15]
along with the fast emission spectroscopy is used to obtain the
full temporal characteristics of the TMAE plasma.
The goal of this research is to demonstrate the feasibility of
laser preionization of TMAE plasma seeded in atmospheric air
that could be efficiently sustained by reduced RF power. In order
to accomplish this, we have examined nitrogen, oxygen and air
as well as argon and helium background gases in an experiment
that incorporates a large size plasma chamber (5000 cc) and adequate vacuum conditions (10 torr base pressure). The temporal development of the plasma during and after the application of the 20 ns laser pulse, along with the axial average density
profile (d is the plasma diameter), is presented. The
experimental system and diagnostics are presented in Section II,
experimental results are discussed in Section III, and a summary
is presented in Section IV.
II. EXPERIMENT
A. Laser Plasma System
The general schematic of the laser-initiated and RF-sustained
plasma experiment is shown in Fig. 1. In this paper we present
only the laser ionization of TMAE seeded in high-pressure
background gas. In these experiments the RF coil has not been
energized but will be in future experiments. A uniform intensity
ultraviolet (UV) beam of 193 nm wavelength is produced using
an excimer laser (Lumonics Pulsemaster PM-842) that runs in
the ArF (6.4 eV per photon) mode. The half-width of the laser
pulse is 20 ( 2) ns with a 2-ns rise/fall time and a maximum
laser energy of 300 mJ. The laser output cross section of
cm is increased to
cm using a lens system
of fused silica cylindrical plano-convex and plano-concave
lenses in order to increase the plasma filling fraction of the
vacuum chamber. The laser beam enters a 5-cm-diameter by

Fig. 1. Schematic of the experimental arrangement of the laser-initiated and
RF sustained plasma. The lens system is used to modify the laser foot print cross
section to 2:8 2:8 cm . The RF coil has not been energized in this experiment
but will be utilized in future experiments.
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150-cm-long Pyrex plasma chamber through a 2.8-cm-diameter
Suprasil quartz window (98% transparency at 193 nm) at one
end. Laser energy passing through the UV window is measured
using an energy meter SCIENTECH (Astral AD30). In order
to account for the laser attenuation by the UV window, the UV
window is placed in front of the energy meter. A laser fluence
of 6 mJ/cm is maintained. Gas mass flow controllers along
with a swirl gas injection system are also located at this end
as shown in Fig. 1. The plasma chamber is pumped down to
a base pressure of 10 torr using a turbomolecular pump. In
the evacuated chamber, the TMAE seed gas pressure is raised
to optimum values of 4–50 mtorr and then the air or noble gas
pressure is raised slowly over a minute to 760 torr.
TMAE C H N , a large molecule molecular weight
, is chosen for two reasons. First, the vertical ionization potential of TMAE is 6.1 eV [16], much lower than that
of the background gases. Secondly, the TMAE molecule has a
large photoionization cross section for ultraviolet radiation and,
therefore, a large volume plasma can be easily created. The
continuous UV beamline photoionization quantum efficiency
of TMAE at 193 nm is 30% [17]. In addition, TMAE is also
a strong electron donor. Bright chemiluminescence associated
with the reaction of TMAE and air in the gas phase is very long
lived and is observable even after 30 min under some conditions [18]. We have also found that the room temperature vapor
arising from the liquid form of TMAE is compatible with air
over long times and that it is quite viable for efficient laser ionization in air for 10 min after introduction. Thus TMAE can be
considered as a seed gas in air that can be efficiently ionized by
a UV laser or a less expensive flashtube.
B. Millimeter-Wave Interferometry
A 105-GHz (QBY-1A10UW, Quinstar Technology) quadrature-phase, mm-wave interferometer is used to characterize the
temporal development of plasma during and following the application of the 20-ns laser pulse. The interferometer works in
the Mach–Zehnder configuration, in which the plasma is in one
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arm of the two-beam interferometer. In low pressure discharges
is much greater than the plasma
where the wave frequency
and the collision frequency
, a linear relafrequency
tionship exists between the plasma density and the phase shift
[19]. In this case, the wave suffers little or no attenuation as
it travels through the plasma. However, at high gas pressures,
where the collision frequency is comparable to both plasma and
, the wave propagating through
wave frequencies
the plasma arm undergoes phase change as well as strong attenuation. The wave attenuation is caused by the presence of
high density as well as high collisionality. In this case the measured plasma density has a complex dependence on wave phase
as well as amplitude changes. In order to calculate the refractive
and dissipative properties, we consider an electromagnetic wave
propagating in an infinite, uniform, collisional plasma. In this
model, described in detail in [15], electron motion is induced by
the electromagnetic wave and the ions are assumed to form a stationary background. Even though the laser ionization rate is very
large, the assumptions for the model remain valid since time
ns
scale for change in plasma characteristics
will be much larger than the wave propagation time through the
plasma and the fast response of the detector diode and the osns . Moreover, most of the density variation
cilloscope
and recombination analyses were carried out during the plasma
decay in the absence of an ionizing source. The complex diand attenuation
electric constant yields a plane wave phase
coefficients in the plasma as,

(1)

(2)

Assuming a plasma slab of uniform density profile, the total
change in phase and amplitude for interferometric signal are
given as
(3)
and
are the free space phase and attenuation cowhere
and
efficients. Simultaneous solutions of the plasma density
collision frequency are obtained from the experimentally measured
and
values. This density measurement technique
has also been verified by our group by comparison with Langmuir probe measurements in a high-density, collisional helicon
plasma [20].
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Fig. 2. Interferometer trace showing the phase and amplitude variation for
a 35 mtorr TMAE plasma after the application of the laser pulse reaching a
B ), followed
maximum line-average plasma density of 4 10 cm (A
by the plasma decay (B
C A) at a distance of 20 cm from the laser
window. The outside circle represents the vacuum phase variation.

!

!
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The interferometer works by using an I-Q (In-phase and
Quadrature phase) mixer to obtain the phase and amplitude
change of the 105-GHz mm-wave signal that passes through
the plasma. A fast digital storage oscilloscope with advanced
triggering capabilities (LeCroy 9354 series, 2 GSa/s) and GPIB
inteRFace is used to transfer detector diode signals to the
computer. The entire interferometer assembly is enclosed in a
conducting box with slots for waveguides. We placed the mm
wave antenna in both far and near field location and checked
that the effect of mm wave diffraction due to plasma transverse
cm dimension was insignificant. In order to minimize
the noise level in the interferometer signal, semi-rigid co-axial
cables with very efficient shielding ( 90 dB, Times Microwave
Systems) have been used. An axial density scan is obtained by
varying the position of the interferometer along the axis. The
interferometer trace in Fig. 2 is shown as a function of time
as the 35 mtorr TMAE plasma formed by the application of
20 ns laser pulse decays. Since the laser intensity is uniform
over the 2.8 cm diameter and recombination
processes are found to dominate diffusion processes [10], a
uniform radial plasma density profile is assumed. A numerical
program written in MATLAB solves simultaneously for both
phase and attenuation data to obtain the average plasma density
as well as the effective collision frequency.
The temporal plasma loss rate is obtained by taking the time
derivative of density. Plasma lifetime after the application of the
laser pulse is critical for an efficient transition to RF inductive
wave coupling to sustain the plasma. The nature of the dominant loss mechanisms can be obtained from the temporal plot
of plasma density where each point on the interferometer trace
corresponds to the instantaneous line-average plasma density.
By examining pure TMAE decay and then evaluating the decay
in the presence of high-pressure individual air components and
noble gases and as an ensemble, the key mechanisms affecting
plasma lifetime can be isolated and determined.
C. Spectroscopy
Optical emission spectroscopy is also used to characterize the
temporal evolution of TMAE plasma in the presence of background gases. Plasma emission passes through a high-quality
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Fig. 3. Temporal plot of plasma density at 35 mtorr TMAE corresponding to
interferometer trace shown Fig. 2.

UV (200–800 nm) fiber-optic bundle into a monochromator,
and is then detected by a photomultiplier tube (PMT). A UV
cutoff filter ( 300 nm) is used in front of the fiber-optic bundle
to eliminate the scattered 193 nm high-power source laser pulse
that can saturate the PMT. It utilizes a 500 mm focal length
monochromator (Acton Research SpectraPro-500i: Model
SP-558) with a 1200 g/mm grating and a high resolution of
0.05 nm at 435.8 nm and 10- m slit.
A control program written in LabView is used to obtain the
time resolved emission wave spectrum. The program controls
the triggering of the laser source, the optical system and the fast
digital oscilloscope for data acquisition. The flexibility of operation, in controlling the various measurement parameters such
as integration window referenced to laser pulse and averaging
over 200 laser pulses, allows a precise measurement of wave
spectrum. The life-time of super-excited TMAE states with and
without the background gas can be measured accurately by the
temporal evolution of TMAE plasma emission lines.
III. RESULTS AND DISCUSSION
A. Plasma Density
A large volume ( 500 cc), high density
cm
TMAE plasma is created by 193 nm laser in a plasma chamber.
The plasma chamber is evacuated to a base pressure of
torr
using a turbo-molecular pump. The TMAE pressure is raised
to the desired value (4–50 mtorr) in this evacuated chamber by
opening a TMAE liquid filled bottle at room temperature, while
continuing to pump with the turbo-molecular pump and a dry
backup pump at a slow rate. In order to maintain the TMAE
vapor pressure above 30 mtorr in the chamber while continuing
to pump at slow rate, hot air is blown on to the metal TMAE
bottle. Experimentally determined temporal phase and amplitude change data are used simultaneously to solve for the temporal variation in plasma density and collision frequency.
The interferometer trace showing the phase and amplitude
variation for a 35 mtorr seed TMAE plasma is presented in Fig. 2
and the temporal plot of the plasma density corresponding to the
interferometer trace is shown in Fig. 3. The outside circle represents the phase variation for the vacuum conditions. The onset
of plasma follows the path
. The plasma formed by the
application of the 20 ns laser pulse reaches the peak line-average plasma density value of
cm at
cm

Fig. 4. TMAE plasma density versus time plot for at different TMAE vapor
pressures.

Fig. 5. TMAE plasma density versus TMAE vapor pressure at axial distances
measured from the laser window for a fluence of 6 mJ/cm .

from the Suprasil window. The TMAE plasma decays temporally along the path
. In Fig. 4, the temporal plot of
the TMAE plasma density for 4, 16, and 50 mtorr TMAE vapor
pressures is shown. The temporal density plot starts at
and is referenced to the end of the 20-ns laser pulse. It should be
noted that the peak plasma density occurs fairly late in time
ns after the application of laser pulse. Optical emission data also shows the presence of small (two-orders-of-magnitude lower) direct ionization process during the laser pulse.
However, the initial low density plasma
cm
produced by direct ionization can not be accurately measured by
the 105-GHz interferometer. It is also observed that the plasma
density increases with vapor pressure, while the plasma density
decay is more rapid at higher vapor pressures. Note that during
the early times for about 100 ns after the formation of plasma
ns , the density decay depends on the initial density
and the two-body process involving electron-ion recombination
plays the dominant role. Following the initial decay, the plasma
density approaches comparable values for
240 ns. For times
240 ns, the density decay curves are similar for both 16 and
50 mtorr cases. In contrast, the density decay curve for 4 mtorr
shows a slower decay rate for this time interval.
The plasma density for these different TMAE vapor pressures
for 20–80 cm axial positions from the laser window is shown in
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Fig. 6. Axial density plot for various TMAE vapor pressures for a laser fluence
of 6 mJ/cm .

Fig. 7. 16-mtorr TMAE plasma density versus time plot in the presence of
background gases at 760 torr.

Fig. 5. The corresponding axial density decay plot is shown in
Fig. 6. The laser flux for these measurements is held constant at
6 mJ/cm . The size of the vertical bar shown in Fig. 5 for axial
cm from the laser window represents the perdistance
cent variation (5%) over 10 shots. It is also shown in the plot
that after an initial increase in the peak TMAE plasma density
with increasing vapor pressure, the increase in peak plasma density with pressure is small above 40 mtorr. At 20 cm from the
Suprasil window, there is a two-fold increase in the line-average
cm at 4 mtorr to
cm
peak density from
at 10 mtorr, and from
cm at 40 mtorr it increases
cm at 50 mtorr. The axial plasma denslightly to
sity plot in Fig. 6 reveals a sharp axial plasma density decay for
higher vapor pressure plasmas. The fractional peak plasma density at an 80 cm axial location with respect to its value at 20 cm
is 40%, 30%, 14%, and 8% for the 4, 10, 30 and 50 mtorr cases,
respectively. The sharp drop in axial plasma density for higher
TMAE vapor pressure can be attributed to the enhanced laser
absorption nearer the Suprasil window at higher pressures.
In order to study the effect of background gases on the
TMAE plasma formation and decay characteristics in an
evacuated chamber, the TMAE pressure is raised to an optimal
pressure of 16 mtorr and then the background gas pressure is
increased slowly to 760 torr. A temporal plot of the TMAE
plasma density in the presence of different background gases is
shown in Fig. 7. A laser fluence of 6 mJ/cm is maintained. The
temporal variation of 16 mtorr of pure TMAE plasma density
is also shown in the plot for reference. The peak density of
cm at
ns. In the
pure TMAE plasma is
presence of 760 torr of noble gases such as helium and argon,
cm
the TMAE peak plasma density is reduced to
and
cm , respectively. It corresponds to a density
reduction of 10% for helium and 30% for an argon background
cm
gas. It is also observed that a high density
plasma is maintained in the presence of noble background
gases for over 2 s. Since the background gas is at atmospheric
pressure with neutral particle densities
cm , the
effect of three-body recombination involving a neutral as the
third particle becomes an important factor. In the experiment
with room temperature air constituents as the background

gas, the effect of electron attachment is evident. The peak
TMAE plasma densities obtained in the presence of 760 torr of
cm ,
cm
nitrogen, oxygen and air are
and
cm , respectively. In addition, a TMAE plasma
cm can be maintained in atmospheric
density
air for
s. This is long enough so that RF power can
be coupled to the seed plasmas efficiently [7]. We also observe
that the seed TMAE vapor remains viable for large-volume
cm
laser ionization in air
( 500 cc) and high-density
for
min.
B. Plasma Decay
The pure TMAE plasma decays mainly through two-body
electron-ion recombination, three-body recombination with either an electron or a neutral as the third particle and via electron attachment to oxygen. Let us consider the temporal decay
at a given axial location
of average plasma density
written as . In the absence of an ionizing source, the plasma
decay can be described by the continuity equation as [6], [9],
[13], [14],
(4)
is the ambipolar diffusion term [21],
cm s
Here,
is the two-body (electron-ion) recombination coefficient. Here
cm s is the three-body (electron-ion) recombination cois the particle density of the third species. This
efficient and
three-body recombination process can involve either a neutral
is the neutral particle
atom ( ; ) or an electron ( ; ).
cm s is the three-body
density of the background gas and
O
electron attachment rate coefficient for the process
M
O M M O N . The diffusive loss in a pure TMAE
plasma after the application of the 20 ns laser pulse is small on a
microsecond time scale in agreement with prior measurements
by our group [10].
Two-body recombination plays a larger role in density
decay for low pressure discharges whereas the contribution
of three-body recombination process becomes important only
either at higher density or at higher gas pressures. The rate coefficient for the three-body recombination process where the third
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Temporal plot of recombination coefficients for TMAE plasma.

body is an electron, i.e.,
where
is an exTK
cm s
cited neutral, is given by
[22]. For electron densities of
cm
at room
is
cm s. The
temperature, the loss factor
neutral-stabilized, electron-ion collisional recombination rate
, where is a neutral
for the process,
atom is given as [23], [24]

TK

cm s

(5)

For a pure TMAE plasma at a maximum pressure of 50 mtorr
cm , the loss factor,
at 300 K,
cm s, can be neglected. However, at 760 torr where
the neutral particle density,
cm , the loss
cm s becomes important.
factor
1) TMAE Plasma: Since the TMAE molecule is a strong
electron donor [16], [17], the electron attachment process in a
pure TMAE plasma is very small and is neglected. As mentioned earlier for TMAE partial pressures of 4–50 mtorr, the
contributions of three-body recombination loss processes
and
are an order of
magnitude smaller and are neglected in this analysis. Therefore,
for a temporally decaying TMAE plasma, the continuity equation (4) takes the form
(6)
The recombination coefficient for a TMAE plasma can be
measured from the temporal plot of plasma density. Numerical
solution of (6) is obtained by determining the electron densities
and
at two closely-spaced measurement times and ,
respectively. It is given as

(7)
Using the data from the temporal density plot in Fig. 4, a temporal plot of
after the application of laser pulse is shown in
Fig. 8. As shown in the plot, the recombination coefficient inincreases
creases with time. For a 10 mtorr TMAE plasma,

cm s at 140 ns to
cm s at 1500
from
for higher
ns. It also shows a more rapid initial increase in
TMAE vapor pressures. These TMAE plasma density decay results obtained from interferometric measurement are in agreement with the previous late in time Langmuir probe measurements by our group [10].
with time can be explained in terms of a
This increase in
delayed ionization process [10], [25], [26]. Single photon ionization of large molecules does not necessarily result in prompt
ionization, even though the photon energy is above the vertical
ionization potential of the molecule [25]. The incident photons
absorbed by TMAE molecules produce super-excited TMAE
neutrals. The super-excited TMAE molecules store energy in
the vibrational states and it is the slow, diffusive-like transfer of
this energy to the departing electrons that determines the ionization rate [26] as has been observed for larger molecules such
and metal clusters [30]–[34]. This process is known as
as
delayed ionization and plays an important role in the TMAE
plasma formation and subsequent decay process. These superexcited neutrals decay by either electron emission (delayed ionization) or dissociate through the processes
delayed ionization
dissociation
The process of delayed ionization can be incorporated in the
temporal TMAE plasma density decay as [10],
(8)
where

is the delayed ionization coefficient. Substituting
from (6), we obtain
. It
is the change in recombination due to the
implies that
delayed ionization process.
2) Background Gas:
a) Noble gases: In the presence of noble gases at 760 torr,
three-body recombination involving neutrals as the third particle
becomes significant. Neglecting electron attachment, (4) can be
expressed as,
(9)
represents the recombination losses for pure TMAE
Here
is the loss due to three-body replasma described in (4) and
combination where the third body is a neutral atom. In order to
for TMAE in the presence of helium and argon,
determine
a numerical derivative of the TMAE plasma density temporal
plot shown in Fig. 7 is obtained. Using the recombination coefficient, , already obtained for pure TMAE (Fig. 8) along with
the neutral particle gas density, , (9) is numerically solved in
time to determine . A plot of the three-body recombination
rate , is presented in Fig. 9. Since the three-body recombination process depends only on the neutral gas density, maintained
at 760 torr during the experiment, we observe a very small temporal variation in . The small variation ( 5%) is within statistical error. In this experiment, the three-body recombination
rate coefficients for TMAE in the presence of helium and argon
He
cm s and
are determined to be
Ar
cm s, respectively. The values
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Fig. 9. Three-body recombination rate coefficients for TMAE plasma in the
presence of helium and argon at 760 torr.

we obtain are comparable to published collisional three-body
recombination rates for singly ionized plasma [27].
b) Air constituent gases: In atmospheric pressure air at
room temperature, the dominant density loss mechanism in a
TMAE plasma will be electron attachment to oxygen through
the three-body process,
O
M
O
MM O N .
Negative oxygen ions are removed by ionic recombination and
this results in a significant reduction in the plasma density and
life-time. The density decay (4) for this case is written as

(10)
Here is the three-body recombination rate coefficient with
is the eleceither oxygen or nitrogen as the third species and
tron attachment rate coefficient for oxygen and nitrogen. Based
on the classical diffusion model that includes the elastic scattering of electrons by diatomic molecules, the three-body rate at
cm s [24], [28]. The
room temperature is taken as
values for homonuclear diatomic molecules
differences in
such as oxygen, nitrogen and hydrogen are small due to the absence of permanent dipole moments [24].
A numerical solution of (10) is obtained for the electron attachment coefficient, , by using numerical differentiation of
the temporal decay of the TMAE plasma density in the presence of air constituents (Fig. 7) along with the known effective two-body recombination coefficient, , for pure TMAE
(Fig. 8). A temporal plot of electron attachment rate coefficient, , for nitrogen, oxygen and air when they are individually added to TMAE is shown in Fig. 10. The electron attachment rate decreases temporally with the TMAE plasma density. This illustrates that the probability of electron attachment
decreases with a decrease in the plasma density. In the pres, the peak value of
N
ence of nitrogen at
is
cm s. As a result, the nitrogen’s subsequent
contribution to the TMAE plasma loss in air is small. This is
expected since nitrogen does not readily form a negative ion.
The dominant plasma loss can be attributed to the presence
of the oxygen [23]. However, for oxygen, the peak electron
O at
ns, when the
attachment rate coefficient
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Fig. 10. Electron attachment rate coefficient for TMAE plasma in the presence
of nitrogen, oxygen and air at 760 torr.

cm s. It is alTMAE density is maximum, is
most an order-of-magnitude higher than nitrogen. In the presence of atmospheric air, the electron attachment rate to oxygen
cm s. These electron attachment rate coeffiis
cients, for TMAE plasmas in nitrogen, oxygen and air are lower
by almost an order-of-magnitude than the values obtained for
O
M
O
MM
O N H O in
the process
room temperature air plasmas without TMAE [22]. This indicates that the process of delayed ionization of TMAE that has a
much longer lifetime than the direct ionization gradually populates the emissive state and plays an important role in increasing
the lifetime of the TMAE plasma for RF sustainment at lower
power.
C. Plasma Emission Spectroscopy
The optical emission spectra of 193-nm laser-produced
TMAE plasma is obtained using a high resolution monochromator. The entrance and exit slit widths were set at 2000 m
to obtain a statistically large number of photon counts per
acquisition. A wavelength scan of the emission spectrum from
300–650 nm, with a step size of 4 nm and averaged over 200
laser pulses is obtained. A user-defined program written in Lab
View provides the flexibility of arbitrary integration window
size, accurate referencing of integration window with respect
to the laser pulse, and improved statistics by averaging over
a large number of laser pulses. The emission spectrum of 16
mtorr of pure TMAE plasma measured for two time windows:
ns
ns and 2)
ns
ns,
1)
referenced to the laser pulse turn-on with the laser flux held
constant at 6 mJ/cm is shown in Fig. 11. The spectrum has
maxima at 448 and 480 nm. The 480 nm has been reported
as a peak emission and corresponds to the first Rydberg state
TMAE (R1) with a 20 ns lifetime [29], [30].
In order to obtain the temporal evolution of the 480 nm line
ns, slit
corresponding to the TMAE (R1) state over
width of 500 microns along with a narrow integration window
of 10 ns is used. Fig. 12 clearly shows that the peak of 480-nm
ns after the
emission occurs fairly late in time
application of 20-ns laser pulse. We also observe small (two-
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Fig. 11. Emission spectrum of 16 mtorr TMAE plasma measured for two time
600 s and (b) 100 ns
1100 ns.
windows (a) 100 ns

<t<

<t<

Fig. 13. Effect of atmospheric pressure background gases nitrogen, oxygen
and air on the emission spectra of 16 mtorr TMAE plasma measured during the
time window 100 ns
1100 ns.

<t<

Fig. 12. Temporal evolution of 480-nm line corresponding to TMAE Rydberg
states (R1) showing delayed ionization with super-excited state life-time of 140
10 ns.

6

orders-of-magnitude lower) 480-nm emission due to the direct
ionization process during the laser pulse. In order to reference
the plasma temporal emission to the turn-on of the laser pulse,
the laser temporal profile was accurately measured by a fast UV
photodiode (Hamamatsu S1226-18BQ with less than 10-ns rise
time) using a 2-GHz Lecroy sampling oscilloscope. This late
emission of the 480-nm peak can be interpreted in terms of the
phenomenon of delayed ionization of TMAE.
The absence of direct ionization in TMAE is contrary to the
traditional interpretation of the ionization process associated
with small molecules. The process of ionization of small
molecules is very direct and once the ionization energy is
exceeded, free electrons depart on a femtosecond time scale
and metal
[31]. However, for larger molecules such as
oxide clusters, the ionization is no longer prompt and there
is a measurable time delay in the appearance of the electrons
[31]–[34]. Schlag and Levin [25], [26] proposed that even
though the photons provide the energy necessary to initiate
electron removal, the actual departure of electrons and, hence,
ionization is delayed.
Most of the photons absorbed by the TMAE molecules do
not contribute to the direct ionization process. Even though our

Fig. 14. Temporal evolution of 480 nm line corresponding to TMAE Rydberg
states (R1) for 16 mtorr TMAE plasma in the presence of air constituent gases
nitrogen, oxygen and air at 760 torr.

laser photon energy of 6.4 eV is above the TMAE vertical ionization potential (6.1 eV) [16], the experiment indicates that
the additional energy of 0.3 eV above the ionization potential
is not sufficient to produce substantial direct ionization of the
. Instead,
large TMAE molecule molecular weight
these photons excite the neutrals to a super-excited state. These
super-excited TMAE neutrals TMAE ) store energy in the
many degrees of freedom of the molecule and then transfer energy on a slower time scale to the departing free electrons. The
delay in the peak 480-nm emission after the application of the
laser pulse corresponds to the relaxation time of the super-excited state. From the temporal plot of the 480-nm emission, we
obtain the relaxation time (the lifetime) of the super-excited
ns. The lifetime of the first Rydstate to be
berg state of TMAE given by the observed emission spectrum
full-width at half-maximum (FWHM) is 30 ns.
The wavelength scan of the emission spectra of 16 mtorr
of TMAE in the presence of background gases is shown in
Fig. 13. The corresponding temporal evolution of the 480-nm
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line is shown in Fig. 14. The emission spectrum increases in
the presence of nitrogen as compared to the pure TMAE spectrum, whereas the peak emission drops significantly in the presence of oxygen and it is only slightly higher than the noise level.
The decrease in plasma emission in the presence of oxygen can
be explained in terms of the rapid quenching of TMAE plasma
through the process of electron attachment to oxygen as is well
known for air plasmas [18]. In addition, energy transfer between excited molecules and radicals followed by electron attachment to oxygen can also play an important role. This result is in agreement with the interferometric measurements of
lower density and a shorter lifetime of TMAE plasma in the
presence of room temperature oxygen. We observe a decrease in
the plasma emission with atmospheric pressure air compared to
TMAE alone. However, the plasma emission as well as plasma
cm
indicates that a high
density measurement
cm
TMAE plasma in air can be maindensity
s such that efficient coupling of RF power
tained for
can occur [9].
The increase in plasma emission, as shown in Fig. 13, due to
the presence of nitrogen is on the higher wavelength side close
to the 480-nm Rydberg line. In addition, we observe in Fig. 14
that the peak of the 480-nm line occurs 200 ns after the laser
pulse and that the FWHM of the Rydberg emission process increases to 170 ns. Since nitrogen does not react with TMAE and
also does not absorb 193-nm photons, the enhancement of the
emission intensity implies that the nitrogen molecules enhance
the excitation of the TMAE state, where energy is stored,
during the application of laser pulse [10]. These highly excited
TMAE states gradually decay by electron emission and popuN
late the first Rydberg state through the process TMAE
TMAE R
N . This gradual population of the TMAE R
state and subsequent emission results in a fairly broad temporal
profile of 480 nm emission.
IV. SUMMARY
Experiments were performed to explore the feasibility of
using UV laser preionization of an organic vapor TMAE
seeded in atmospheric pressure air to initiate a discharge that
can later be sustained by radiofrequency power by inductive
wave coupling. A large volume ( 500 cc) and high-density
cm
electrodeless plasma was created by laser
photoionization of TMAE seeded in atmospheric air. The
temporal evolution of TMAE plasma after the application of
the 20-ns laser pulse was studied using a 105-GHz mm-wave
interferometer and plasma emission spectroscopy. The TMAE
plasma loss parameters including two- and three-body recombination coefficients and the oxygen-electron attachment rate
coefficient were determined for the first time for the future
radiofrequency pulsed plasma sustainment experiments on a
large test chamber. In addition high density
cm
TMAE plasma is maintained for more than 2 s after the
application of laser pulse in the presence of noble gases and
nitrogen. The experiment showed that it is possible to create a
large-volume ( 500 cc), high-density
cm
TMAE
plasma in 760 torr air and
cm
can be
maintained with
s. The electron attachment to oxygen
at room temperature is found to be the dominant density loss
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mechanism in air for laser produced TMAE plasma. TMAE
also remains chemically active and viable for high density
photoionization in air for more than 10 min. It is also shown in
the experiment that the main process of TMAE photoionization
10 ns after the laser
is delayed ionization that occurs 140
pulse.
The results indicate that the radio frequency power budget recm
and large volume
quired to initiate a high density
(500 cc) atmospheric pressure air discharge can be substantially
reduced. Since the electron attachment to oxygen is found to
be the dominant loss mechanism for TMAE plasma in air, we
foresee an optimum electrodeless scenario where pulse injected
TMAE in rapidly puffed heated air at 2000 K to reduce electron attachment to O is ionized by UV optical means that facilitates the efficient coupling of high power pulsed radiofrequency power to the plasma and reduces power requirements for
cm
air plasma for variety of applications.
high-density
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