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ABSTRACT

Here we present the experimental and computational study of resonance-enhanced multiphoton ionization (REMPI) of xenon and subsequent
avalanche ionization of air. Xenon was excited from the ground state to the excited 6p state (89 162 cm�1) by two photons at 224.3 nm. The
third photon at 224.3 nm subsequently produced ionization of xenon in air. The seed electrons from the ionization served as the medium to
further absorb the laser pulse for the rotational and vibrational excitation and avalanche ionization of O2 and N2. Plasma chemistry of O2 and
N2 in air was included in the model. The results are useful for understanding REMPI-initiated plasma in air and possibly new diagnostics tools
based on REMPI-initiated plasma emissions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135316

I. INTRODUCTION

Detection and analysis of trace gas species remains important
for air quality control, nuclear proliferation monitoring, and com-
bustion characterization. A variety of laser diagnostic techniques
have been used for such measurements, including tunable diode
laser absorption spectroscopy (TDLAS), Laser-Induced Breakdown
Spectroscopy (LIBS), and laser-induced fluorescence (LIF). Though
simple to set up, TDLAS cannot provide spatially resolved mea-
surements, and LIBS measurements are typically not able to
provide quantitative information. LIF techniques can provide
quantitative and spatially resolved information, but fluorescent
signal intensities generally require intensified cameras or tempo-
ral averaging, and more importantly, the quenching of fluores-
cence signals requires the careful calibration of components.
Radar resonance-enhanced multiphoton ionization (REMPI) is a
technique that uses coherent microwave scattering on a small
plasma created from selective multiphoton ionization of the target
species. The coherent microwave Rayleigh scattering effectively
counts the free electrons in the resulting weak plasma, which also
provides a measurement of species concentration.1,2 Furthermore,
since multiphoton processes require high-intensity laser radiation,

the measurement volume is spatially limited to the focal volume,
which provides high-spatial resolution. Radar REMPI has been
used for a variety of quantitative measurements, including flame
temperature,3 atomic oxygen concentration in plasmas,4 radical
species generation,5 and the detection of trace gases.6 It has also
been shown to be effective for measurements in scenarios with
limited optical access, given that ceramic materials are generally
microwave transparent.7,8

In order to properly extract quantitative data from Radar
REMPI measurements, it is important to understand the dynamics
associated with REMPI plasma. Dynamics of interest include ioni-
zation and recombination rates, avalanche ionization effects, and
the effects of nontargeted species on the plasma development. In
this work, a model is developed and compared to experimental
measurements to understand the dynamics of a REMPI plasma
generated in a low pressure mixture of xenon and air.

Xenon has an abundance of well-known spectroscopic proper-
ties and multiphoton absorption cross sections and is often used
as a calibration gas for two-photon laser-induced fluorescence.9

Furthermore, xenon is a trace gas in the atmosphere that can be
monitored for nonproliferation applications.10 Trace xenon has
been detected down to 1 ppm in an atmospheric helium buffer
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gas.11 Given the signal-to-noise ratio of the 1 ppm xenon signal,
trace xenon may potentially be detectable down to 100 ppb. In this
paper, xenon was probed by REMPI in air. The temporal evolution
of the REMPI-initiated plasma was tracked by the coherent micro-
wave scattering and modeled by plasma kinetics. Section II provides
details regarding the experimental measurements, and Sec. III
shows the experimental results. Section IV discusses the formula-
tion of a 0-dimensional kinetic model to compare with the experi-
mental results, while Sec. V discusses the comparisons. Finally, the
results are summarized in Sec. VI.

II. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup used for xenon Radar
REMPI measurements. A 10 Hz Nd:YAG laser (Spectra Pro 230)
was used to pump a dye laser (Sirah PrecisionScan, Rodmine 6G
as the dye) to produce 568.4 nm. The mixing of residual 1064 nm

from the Nd:YAG laser and frequency doubled 568.4 nm was
achieved to output at 224.3 nm. The linewidth of 1064 nm is
about 1�2 cm�1, which leads to the linewidth of 0.02 nm for the
mixing output at 224 nm. The output laser energy at 224.3 nm
can be up to 10 mJ/pulse. The spectral scanning can be achieved
by moving the gratings inside the dye laser. A continuous
scanning around 224.3 nm might induce slight fluctuations of
about 0.2 mJ/pulse due to slight variation of the mixing crystal.
The fluctuations have been recorded by a power meter, which
were used to normalize the final REMPI spectra. The 224.3 nm
beam was focused using a 100 mm fused silica plano–convex lens
to achieve the high intensity needed for REMPI of xenon. The
ground and the excited states of xenon are 5p6 and 5p56p
(89 162 cm�1), respectively.

The coherent microwave scattering system used for this work
is identical to that described in previous works and is shown in
Fig. 2.4,5 Briefly, a 10-dBm tunable microwave source (HP 8350B

FIG. 1. The experimental setup used for coherent
Rayleigh microwave scattering measurements of xenon
REMPI-initiated plasma in a 174 Torr xenon–air mixture.

FIG. 2. Microwave setup used for coherent Rayleigh
microwave scattering measurements of xenon
REMPI-initiated plasma in a 174 Torr xenon–air mixture.
The whole box is 11 in. (L)� 9 in: (W)� 4:5 in: (H).
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sweep oscillator, set at �10GHz) was applied in the homodyne
transceiver detection system (MDS). The microwave source was
first split into two channels. One of them was used to illuminate
the ionization point through a microwave horn (WR75, 15-dB
gain). Microwave scattering from the plasma was collected by the
same microwave horn. The received microwave passed through a
microwave circulator and was amplified 30 dB by one preampli-
fier at �10GHz. After the frequency was converted down in the
mixer, two other amplifiers with a bandwidth of 2.5 kHz–1.0 GHz
amplified the signal by another factor of 60 dB. From the geome-
try of dipole radiation, the polarization of the microwave was
chosen to be along the propagation direction of the laser beam to
maximize the scattering signal. Xenon and air were mixed by
partial pressure to 174 Torr inside the gas cell, with 0.6% Xe and
99.4% air.

III. MICROWAVE SCATTERING MEASUREMENTS

Confirmation of 2þ 1 REMPI of xenon was determined by
spectral scanning of the dye laser and monitoring the amplitude
of the microwave scattering signal. Figure 3(a) shows that peak
excitation of xenon occurs at 224.3 nm for a xenon–nitrogen gas
mixture at 760 Torr, which confirms successful selective ioniza-
tion of xenon. Figure 3(b) shows signal waveforms for micro-
wave scattering on the REMPI plasma produced in a 174 Torr
xenon–air mixture. It should be noted that due to the strong res-
onance of REMPI xenon, the xenon emissions can become
visible. At low laser excitation energy, TALIF (Two-photon
Absorption Laser-Induced Fluorescence) was generally identified
at 834.68 nm. At high laser excitation energy, a bright white
emission line near the laser focus can be identified for up to a
length of 1 cm, which is the evidence of REMPI-initiated plasma
emissions.

IV. MODEL FORMULATION

We present here a 0-dimensional kinetic model for the 1 Torr
xenon, 173 Torr air mixture. The model includes electrons, xenon

atoms, ions, two-photon excited state atoms, and dimer ions;
diatomic oxygen molecules and positive and negative ions; and
diatomic nitrogen molecules. In the 0-dimensional model, the
Radar REMPI signal (which is directly proportional to the scattered
electric field as a result of homodyne mixing) has the following
functional form in the Rayleigh regime (Lp � λMW � R and
Lp , δd , where Lp is the plasma length scale, λMW is the microwave
wavelength, R is the observation point distance from the plasma,
and δd is the electromagnetic skin depth),12

Esignal / neffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ζω2

p � ω2
MW)2 þ (νmωMW)2

q , (1)

where ne is the number density of electrons in the scattering
volume, νm ¼ P

α νmα is the total collision frequency of the elec-
trons summed over collisions with species α, ωp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee2=(meϵ0)

p
is the plasma frequency, and me is the electron mass. The depolari-
zation factor13 ζ captures the electric polarization effects due to
the geometry of the small REMPI-generated plasma. We can
approximate the REMPI-generated plasma as a prolate ellipsoid
with semiminor axes given by the beam waist w0 � 50 μm and
the semimajor axis given by the Rayleigh range zR � 2mm. The

ellipsoid eccentricity is eellipsoid ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� (w0=zR)

2
q

� 0:9997, which

results in a depolarization factor ζ � 2� 10�3 for incident micro-
wave polarization along the semimajor axis. As a result of the small
depolarization factor, the higher collisionality regime of experi-
ments of interest (νm � ωMW , where ωMW ¼ 2π=λMW is the
microwave angular frequency), and the smaller density of electrons
near the ends of the ellipsoid, we can neglect the restoring force
that is due to the formation of the charged sheath on the plasma
edges and hence obtain a simpler expression for Eq. (1),

Esignal(t)/ ne(t)
νm(t)

: (2)

FIG. 3. (a) REMPI spectrum of xenon in a 760 Torr xenon–nitrogen mixture as measured by coherent microwave scattering and scanning the dye laser wavelength output.
(b) Microwave scattering waveforms for scattering on REMPI in a 174 Torr xenon–air mixture.
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We will use Eq. (2) to model the Radar REMPI signal for a 1 Torr
xenon, 173 Torr air mixture given various input laser energies, and
compare our models with experiment.

A. REMPI modeling

A laser pulse of 224.32 nm wavelength is focused to ionize
xenon via 2þ 1 REMPI ionization (two-photon excitation to
the resonance excited state + one-photon ionization from this
excited state). In order to model the 2þ 1 REMPI ionization in
our kinetic model, we require the two-photon excitation and
one-photon ionization cross sections for 224.32 nm photons
with 5p56p0[3=2]2 as the resonance excited state (energy level
obtained from NIST14).

We first calculate the two-photon excitation rate. The transi-
tion probability rate from the ground state gj i ¼ 5p61S0 to the reso-
nance excited state fj i ¼ 5p56p0[3=2]2 is given by

W(2)
fg ¼ σ(2)F2, (3)

where σ(2) ¼ σ(2)
0 g(ωL) is the two-photon excitation cross section,

F ¼ I=(�hωL) is the photon flux (I is the incident laser irradiance
and ωL is the laser angular frequency), σ(2)

0 is the corresponding
normalized cross section, and g(ωL) is the line shape function at
line-center,

g(ωL) ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln (2)=π

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2(ΔωL)

2 þ (ΔωT )
2

p , (4)

where ΔωL is the incident laser bandwidth and ΔωT is the
transition Doppler bandwidth. We do not include pressure broad-
ening here since the mean collision rate of air molecules at
173 Torr is on the order of GHz, which is much less than the laser
bandwidth of order 100 GHz mentioned in Sec. II. The normalized
two-photon excitation cross section is σ(2)

0 � 4:9� 10�42 m4.15

Estimating a laser bandwidth in a wavelength of the order of mag-
nitude ΔλL � 1� 10�11 m from the specifications in Sec. II, we
obtain g(ωL) � 1:8� 10�12 s, and hence, the two-photon excitation
cross section is σ(2) � 8:8� 10�56 m4 s.

The cross section for the one-photon ionization (photoionization)
from the 5p56p0[3=2]2 excited state of xenon is calculated using the
quantum-defect approximation,16

σPi ¼ 8� 10�22

(UI=R1)
1=2(�hωL=UI)

3
, (5)

where UI is the ionization potential from the two-photon excited
state �1:70� 10�19 J (¼1:06 eV) and R1 (¼13:6 eV) is the
Rydberg constant. We calculated the photoionization cross section
to be σPi ¼ 2:02� 10�23 m2. The corresponding transition proba-
bility rate can be written in terms of σPi,

Wioniz�f ¼ σPiF: (6)

We now consider the plasma kinetics in order to model the evolu-
tion of the Radar REMPI signal [Eq. (2)] utilizing the REMPI cross
sections we obtained.

B. Plasma kinetics

The REMPI-generated plasma is modeled as a nonequilib-
rium plasma containing the following species: electrons (e),
neutral xenon atoms (Xe), ions (Xeþ), two-photon excited
state atoms (Xe*), and dimer ions (Xeþ2 ); diatomic oxygen
negative/positive ions (O�

2 =O
þ
2 ); and neutral diatomic oxygen

(O2) and nitrogen (N2) molecules. The electron temperature
Te and N2 vibrational temperature Tv are allowed to vary
in time, while the rest of the species temperatures are
constant, with TXe ¼ TXeþ ¼ TXe* ¼ TXeþ2

¼ TO�
2
¼ TOþ

2
¼ Tair ¼

T0 (�293K) � Te. Te is allowed to vary due to substantial heating
of the electrons due to the interaction with the laser pulse via ioni-
zation and Joule heating, while Tv is allowed to vary because of the
large cross section of the electron-vibrational energy exchange,
which acts as one of the main cooling mechanisms for the electrons
in collisions with molecular species when Te * 0:5 eV. Since the
gas is weakly ionized, the amount of thermal energy from the elec-
trons is not sufficient to substantially heat the background atoms
and ions; therefore, we can take the rest of the species temperatures
to remain constant around room temperature.

The electron temperature initial condition is found
from setting: 3

2 kTe(0) ¼ ε ph, signifying that the excess energy
from the third photon in the 2þ 1 REMPI process
[ε ph ¼ �hωL � UI � 7:16� 10�19 J (¼4:47 eV)] is divided among
the three degrees of freedom of the newly freed electron. The N2

vibrational temperature Tv is initially in equilibrium with the
rest of the gas temperatures Tv(0) ¼ T0. For the initial densities:
nair(0) ¼ 5:7� 1024 m�3 (173 Torr) and nXe(0) ¼ 3:3� 1022 m�3

(1 Torr). nO2 ¼ 0:2095nair and nN2 ¼ 0:7809nair are the corre-
sponding fractional densities of O2 and N2 in air. The rest of the
species are initially absent before the ionizing laser pulse:
nXeþ (0) ¼ nXe*(0) ¼ nXeþ2 (0) ¼ nO�

2
(0) ¼ nOþ

2
(0) ¼ 0, and the air

density is taken to be constant nair(t) ¼ nair(0).
The rate equations for the electrons, xenon ions, two-photon

excited state atoms, and dimer ions, and negative and positive O2

ions are, respectively,

dne
dt

¼ nXe*σPiF þ νavalanche þ ν pd � νattachne � βeff nenXeþ

� βdisnenXeþ2 � βdis2nenOþ
2
, (7)

dnXeþ

dt
¼ nXe*σPiF � βeff nenXeþ � kconvXenXeþn

2
Xe � kiiO�

2 Xe
þnO�

2
nXeþ ,

(8)

dnXe*
dt

¼ nXeσ
(2)F2 � nXe*σPiF � kenenXe* � kqN2nN2nXe*, (9)

dnXeþ2
dt

¼ kconvXenXeþn
2
Xe � βdisnenXeþ2 , (10)

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 127, 053301 (2020); doi: 10.1063/1.5135316 127, 053301-4

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


dnO�
2

dt
¼ νattachne � ν pd � kiiO�

2 Xe
þnO�

2
nXeþ � kiiO�

2 O
þ
2
nO�

2
nOþ

2
, (11)

dnOþ
2

dt
¼ νavalanche � kiiO�

2 O
þ
2
nO�

2
nOþ

2
� βdis2nenOþ

2
, (12)

where βeff is the effective recombination rate between electrons
and xenon ions, including three-body collisional-radiative recom-
bination with electrons as the third body and two-body photore-
combination,17

βeff ¼ 1:7� 10�20T�4:5
e ne þ 3:02� 10�16T�0:75

e [m3=s], (13)

and βdis is the dissociative recombination rate between electrons
and xenon dimer ions,18

βdis ¼ 2:3� 10�12(300=Te)
0:6ne [m

3=s]: (14)

Xeþ2 is produced by the conversion reaction of Xeþ in triple collisions
with two Xe atoms with rate constant kconvXe ¼ 3:6� 10�43 m6=s.17

ε* � 17:71� 10�19 J (¼11:07 eV) is the energy of the two-photon
excited state with respect to the ground level. ke ¼ 6� 10�15 m3=s
and kqN2 ¼ 5� 10�16 m3=s are the estimated quenching rate constants
of the excited state by electrons and N2 molecules, respectively.19,20

The neutral xenon number density can be found from the other
number densities by nXe(t)¼ nXe(0)�nXeþ (t)�nXe*(t)�2nXeþ2 (t).
νattach is the electron attachment rate to O2 to create negative O2 ions
(O�

2 ), which can be assisted by a third body of either O2,

νattachO2 ¼ 1:4� 10�41 300
Te

� �
exp � 600

T0

� �

� exp
700(Te � T0)

TeT0

� �
n2O2

[s�1], (15)

or N2,

νattachN2 ¼ 1:07� 10�43 300
Te

� �
exp � 70

T0

� �

� exp
1500(Te � T0)

TeT0

� �
nO2nN2 [s

�1], (16)

where νattach ¼ νattachO2 þ νattachN2 .
21 kiiO�

2 Xe
þ is the ion–ion

recombination rate between Xeþ and O�
2 , which is approximated

as the O�
2 �Oþ

2 recombination rate found in the literature,21

i.e., kiiO�
2 Xe

þ � kiiO�
2 O

þ
2
¼ 2� 10�13 m3=s. ν pd ¼ nO�

2
σ pdF is

the photodetachment rate, where the photodetachment
cross section σ pd ¼ 8� 10�22 m2 is extrapolated from Ref. 22.
βdis2 ¼ 2� 10�13(300=Te)m3=s is the dissociative recombination
rate between electrons and Oþ

2 ions.21 νavalanche ¼ JL=εionizO2 is the
avalanche ionization rate for Oþ

2 , where JL is defined in the next
paragraph and εionizO2 ¼ 12:07 eV is the ionization potential of O2.
Since the ionization potential of O2 is lower than that of N2

(εionizO2 ¼ 12:07 eV , 15:58 eV ¼ εionizN2 ), there would be less ava-
lanche ionization of N2; therefore, we neglect this contribution. We do
not consider avalanche ionization of Xe since the amount of xenon is
two orders of magnitude lower than the amount of O2, and the ava-
lanche ionization rate is directly proportional to species concentration.18

We include the electron energy and N2 vibrational energy
equations,

d
dt

3
2
nekTe

� �
¼ JL þ nXe*σPiFε ph þ kenenXe*ε*

� 3
2
nek(Te � T0)

X
α

νmαδα � 3
2
nek(Te � Tv)νev ,

(17)

d
dt

3
2
nN2kTv

� �
¼ 3

2
nek(Te � Tv)νev � 3

2
nN2k(Tv � T0)νVT , (18)

where JL represents Joule heating from the interaction between the
laser pulse and the electrons,

JL ¼ e2neI(t)νm
ϵ0cme(ω2

L þ ν2m)
: (19)

I(t) is the laser pulse intensity as a function of time, approximated as
a Gaussian profile I(t) ¼ I0exp(� (t � t peak)

2=2σ2
pulse) where the

pulse width σ pulse � 4 ns, and t peak is chosen to be �12:5 ns so
that the majority of the Gaussian pulse occurs after t ¼ 0. I0 is
the peak intensity of the pulse, which for an energy per pulse
of Epulse � 5mJ and beam waist w0 � 50 μm, we obtain
I0 � 5� 1013 W=m2 as the proper normalization so that the total
time integral of I(t) equals the total pulse energy divided by the cross-
sectional area. (For the other two experimental cases of 3mJ
and 6mJ, I0 � 3� 1013 W=m2 and 6� 1013 W=m2, respectively.)
δα ¼ 2me=Mα is the energy loss fraction for an electron in elastic
collision with species α, where Mα is the mass of species α,
not including electrons. νev is the electron-vibration excitation rate
given by23

νev ¼ 3:87� 10�14nN2exp(� 1:5=Te[eV])[s�1], Te[eV] � 1 eV,
(Aþ 7:5� 10�15(1� 0:036Te[eV]))nN2=Te[eV][s�1], Te[eV] . 1 eV,

�
(20)

where

A ¼ 2:13� 10�13(Te[eV])
1=2(1� 0:05(Te[eV]� 4))exp(�7:86=Te[eV]):

νVT ¼ (23fN2 þ 210fO2)p[atm] [s�1] is the vibrational–translational relaxation rate via N2�N2 and N2�O2 collisions.
24
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The collision frequencies include electron–neutral collisions
with air molecules (O2 and N2) and xenon atoms and Coulomb
collisions with xenon ions,

νmair ¼ νeNair , (21)

νmXe ¼ νeNXe þ νcXeþ , (22)

where the electron–neutral collision frequency with air νeNair is
obtained by fitting the data from 0 to 5 eV,25

νeNair ¼ (� 4� 10�16(Te[eV])
4 þ 7� 10�15(Te[eV])

3 � 4� 10�14(Te[eV])
2 þ 1� 10�13Te[eV])nair[s

�1] (23)

(Te[eV] indicates Te in units of electron volts). The electron–neutral collision frequency with xenon νeNXe is given by26

νeNXe ¼ 1:34� 10�12T�0:495
e nXe[s�1], 2:5� 102 K � Te � 103 K,

(2:13� 10�10T�1:23
e þ 4:52� 10�26T3:2

e )nXe[s�1], 103 K � Te � 8� 103 K,

�
(24)

and the electron–xenon ion Coulomb collision frequency is
given by27

νcmþ ¼ 2:91� 10�6nXeþ lnΛ=T
3=2
e [s�1], (25)

where lnΛ is the Coulomb logarithm (Λ ¼ 12πneλ3D for elec-
tron–ion collisions) and λD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵ0kTe=(nee2)
p

is the Debye
length. We integrate the aforementioned differential equations in
time using the fourth-order Runge–Kutta method to model the
Radar REMPI signal waveform [Eq. (2)] for input laser energies
of 3 mJ, 5 mJ, and 6 mJ. The results are compared with experi-
ment in Sec. V.

V. RESULTS AND DISCUSSION

Figure 4 shows the simulation results of the number densi-
ties of various key species in the mixture of 1 Torr Xenon and
173 Torr air by 3 mJ laser pulse at the center of the laser beam. It

clearly shows that the neutral xenon is excited to the upper states
and ionized by the laser pulse within the duration of the laser
pulse. Xeþ2 is formed by three-body collisions. The neutral xenon
at the center position recovers by three-body recombination after
the laser pulse passes. Other key species of Oþ

2 and O�
2 are

formed as well. Oþ
2 is formed by avalanche ionization mainly

during the laser pulse (which can be understood as the electrons
from xenon ionization causing the avalanche ionization of O2

in air during the laser pulse) and then recombines with
electrons after the pulse. O�

2 is formed by electron attachment to
O2 during and after the laser pulse and lasts longer than Oþ

2 .
Formation of cluster ions Oþ

4 is very slow at 174 Torr and thus
not included.

The experimental and simulation results are compared for
1 Torr xenon 173 Torr air mixtures with an initial laser pulse
energy of 3 mJ, 5 mJ, and 6 mJ, shown in Fig. 5. Each of the cases
is shown to be in good agreement, although the simulation peaks
are broader. This may be due to extensive heating of the electrons,
which should be better treated in a 1D model. The 1D model

FIG. 4. Number densities of (a) various xenon and (b) molecular oxygen states resulting from the model.
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would allow expansion of the REMPI plasma, which would result
in faster cooling of the electrons via adiabatic cooling. This
decrease in the electron temperature would cause a faster decay
of the number of electrons [Eq. (13)], which would narrow the
simulation peaks in Fig. 5. If we increase the beam area by 50% to
simulate a lower intensity pulse (and hence less heating of the
electrons), we see better agreement in the width of the peak

(see Fig. 6). This suggests that heating may play a large role in
the broadening of our simulation peaks compared to those of the
experimental results, which could be addressed with a higher
dimensional model with additional rates included. Nonetheless,
there is a broadening of the peak of the experimental results with
increasing laser energy, which is captured in the simulation
results. We do not see appreciable avalanche ionization in the
model—the maximum number density of Oþ

2 is two orders of
magnitude below the number density of Xeþ. Appreciable ava-
lanche ionization would require a higher laser intensity or longer
pulse duration.

VI. SUMMARY AND CONCLUSIONS

In summary, experimental measurements of xenon REMPI in
a 174 Torr xenon–air mixture were made by coherent microwave
scattering. Xenon was excited by two photons of 224.3 nm to the
6p state and ionized by the third photon at 224.3 nm. The coherent
microwave scattering was used to track the plasma evolution in air.
The experimental results were compared with a 0-dimensional
model coupled with plasma chemistry of N2 and O2. Since the
coherent microwave scattering signal is linearly proportional to the
electron density, a comparison of the measured signal and electron
density evolution was made. The model qualitatively shows good
agreement with the shape of the signal but overestimates the rise
time and underestimates the recombination tail seen by microwave
scattering. The model also had very little avalanche ionization for
the prescribed laser pulse conditions. Finally, it was hypothesized
that the current model may be leading to the overheating of elec-
trons and that a higher dimensional model should provide better
agreement with the experimental results.

The current results will be useful for REMPI-initiated plasma
in air, including using xenon as the seeder for further ionization
of N2 and O2. Possibly new diagnostics tools based on REMPI-
initiated plasma emissions can be developed to track hypersonic
flow dynamics.
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