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ABSTRACT

The dynamics of diatomic excimers - electronically excited molecules hav-
ing dissociative ground states - generated in alkali-rare gas mixtures and low
temperature microplasmas have been pursued and the experimental and com-
putational results are presented here. This work focuses on the Cs-rare gas
and Hey molecules that are of considerable interest as efficient near-infrared
lasers, or as the energy source for driving the Hg™ vacuum-ultraviolet lamp
(194.2 nm). The photoassociation and subsequent stimulated emission of
cesium (Cs) - rare gas (Ar or Xe) pairs were examined by laser pump-probe
experiments, and an optical-to-optical energy conversion efficiency of ~28%
was observed when Cs-Ar pairs were pumped at 836.7 nm and stimulated
emission occurs at 852.2 nm. By comparing full quantum simulations of
Cs-Xe photoassociation to the gain spectrum of Cs-Xe in the red satellite
of the Cs Dy line, it is shown that the structure of weakly bound Cs-Xe
molecules (including the dissociation energy), correlated with Cs(6°P3/2) +
Xe(5p% 1Sp) in the separated atom limit, can be determined with precision.
Extensive studies of time-resolved emission from the Hg™ ion in electrically
driven microplasma lamps show that the Hg™" line at 194.2 nm is pumped effi-
ciently by Penning ionization of the Hg atom by metastable helium molecules.
Experimental results as well as zero-dimensional kinetic simulations support

the validity of the proposed kinetic pathway.
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CHAPTER 1

INTRODUCTION

Excimer

The interaction potential for two ground state rare gas atoms is largely
dissociative aside from a van der Waals minimum. The van der Waals force
is so weak that the attraction by the force is negligible compared to kT at
room temperature. For example, the van der Waals minimum of xenon dimer
is 107 cm™! while T in 298 K is 207 cm™! [1]. This implies that the two
atoms can be regarded as a colliding pair. However, if one of the pairs is in
the excited state, they are able to form a metastable dimer. This dimer is
known as an “excited dimer” or an “excimer”. A similar term “exciplex” is
an abbreviation of “excited complex” and it often refers to a case that two
atoms are different elements while one of the atoms is a rare gas. However, in
this work, excimer will be used as a comprehensive term that includes both
cases. Potential curves for the ground state of the rare gas dimer and helium
excimers can be found in [2], [3].

Due to its bound-free molecular transition, diatomic excimers have distinct
features when compared to other gaseous media that utilize bound-bound
transition for radiation. Excimer has been mainly utilized as an excimer
laser since 1970 [4]. Since the ground state of the excimer is repulsive, the
lower molecular state can be depopulated quickly after the radiative transi-
tion, which makes a population inversion easily achievable. Also, it has been
shown that lasing occurs in the UV/VUV region in halogen-rare gas mix-
tures with a peak power exceeding 100 MW. Since the technology utilizes a
gaseous medium, the beam quality and thermal stability are ensured. These
distinctive features of halogen-rare gas excimer lasers such as ArF (193 nm)
and KrF (248 nm) have made enormous progress in the semiconductor in-

dustry by accessing small feature sizes down to 10 nm in material processing.



XPAL

A different type of gas laser, DPAL (Diode-pumped alkali laser), has been
introduced a decade ago [5]. The laser system has a gain medium that con-
sists of alkali vapor, such as Rb or Cs, and a buffer gas [6], [7], [8]. The Dy line
(n?P3/5— n?Sy5) is optically pumped and lasing occurs at Dy line (n?Pq/5—
n%S;/). The buffer gases are often hydrocarbon (methane or ethane) and
rare gases. They induce a spin-orbit mixing so that non-radiative relaxation
from n2P3/2 to n?P, /2 is more efficient compared to the pure alkali vapor
system, but they are the main reason for unwanted chemical reactions re-
sponsible for the degradation of the window of the gas cell. While embracing
all the advantages of the gaseous medium, the alkali laser has shown a con-
siderable quantum efficiency. For example, the quantum efficiency is larger
than 98% in the case of cesium. The extraordinary quantum efficiency is
attributed to the small energy defect between n2P3/2 and n’P, /2 of alkali
atom. Furthermore, it has been shown that lasing power can reach 1.5 kW
and the optical-to-optical efficiency is demonstrated to be ~56% [9], [10],
[11] in continuous wave (CW) operation pumped by a laser diode. However,
in order to obtain such high efficiencies and lasing power, the linewidth of
the laser diode has to be narrowed to match the linewidth of Dy of the alkali
atom. Otherwise, only a portion of the pumping power is absorbed to the
gain medium due to the mismatch between the broad linewidth of the diode
laser and the narrow linewidth of the absorption line which is the Dy line.
A volume Bragg grating (VBG) is often used to narrow the linewidth of the
output from the commercial laser diodes.

Several years after the invention of DPAL, a new concept called XPAL
(Exciplex-pumped alkali laser) has been proposed by Readle et al. [12]. The
lasing medium consists of alkali vapor and rare gas. The blue satellite of the
D, line of alkali metal appears when rare gas is introduced in the system
because of the atomic interaction of the alkali atom and rare gas atom. Since
it is a free-free molecular transition, the linewidths of the blue satellites are
often greater than 5 nm. This feature allows the system to be used with
commercial diode lasers without any complicated line-narrowing techniques.
In addition, undesirable chemical reactions with hydrocarbons in XPAL can
be avoided because collisional quenching between the atomic resonance states

is not required.



Excimer Lamp

Although excimers have been primarily exploited as gain media in lasers,
they can also be used as a high power UV /VUYV spontaneous emission source.
Various types of the gas mixture that have been commercialized as excimer
lamps [13]. As in excimer lasers, excimer lamps also show high efficiency
and intense radiation in the UV/VUV region. For instance, Park et al.
[14] have recently shown xenon excimer lamps having a peak power of 850
W with an electrical-to-optical conversion efficiency larger than 20%. The
UV/VUV lamp emitting 7.2 eV photons with such high intensity has not
been accessible in the past. The technology has high potentials in material
processing and environmental applications. Among various types of plasma
discharges to produce excimer emission, the microplasma system is promis-
ing since it produces excimers efficiently due to its operation in high pressure
up to the atmospheric pressure and the high electron temperature (1-5 eV).
Furthermore, miniaturization of the lamp can be realized and volumetric
emission can be enhanced significantly using microplasmas. For example, a
microplasma lamp can be designed as a flat tile to produce spatially uniform

VUV emission as demonstrated in [14].

Aims of the Work

In this work, two different applications that utilize the traits of excimers
will be suggested. First, the alkali-rare gas mixture will be investigated in a
pump-and-probe experimental arrangement. Efficiency of the gain medium
in nanosecond optical pulses will be determined. Furthermore, an unprece-
dented type of an optical amplifier that relies on free-free molecular transition
on both of pumping and amplifying process will be proposed.

The other application is a microplasma mercury lamp designed to drive a
mercury ion atomic clock. The upper state of the desired transition is located
~16 eV above from the ground state of the mercury. The state is difficult to
reach by the electron impact processes in the typical low-temperature plasma
system which has an average electron temperature of only a few eV. In the
current work, however, helium excimer will be utilized as a collisional pair
for ionization and excitation to populate the upper state of the 194.2 nm
transition. Helium excimer has a long lifetime and is easily formed in the
microplasma system. In the way that helium excimers collide with mercury

atoms, the upper state of a mercury ion is readily accessible. Experimental



result will show that helium is the most efficient to produce 194.2 nm radia-
tion compared to other rare gases such as neon and argon. Temperature and
pressure dependence of the UV/VUYV spectrum is a clue that excimer colli-
sion acts an important role to produce intense 194.2 nm radiation. In order
to fully grasp the kinetic pathway of the process, zero-dimensional kinetic

simulation will be performed.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Franck-Condon Principle

Franck-Condon Principle

Initiated from the consideration of the spectrum produced during photodis-
sociation of diatomic molecules by Franck [15], Condon [16] further developed
the idea to interpret the relative intensities of the vibrational structure in the
spectrum attributed to bound-bound molecular transition. The transition is
represented by a vertical line in the potential curve, which implies that the
position and momentum of the nuclei is conserved during the electronic tran-
sition. Thus, the Franck-Condon principle assumes that the motion of the
nuclei is sluggish during electronic transition, which also can be found in
Born-Oppenheimer approximation. The dipole transition moment can be

written as a product of two integral overlaps [17],

pe [ wicenwars [Cuwir [ vi-enuar @)

where p is the dipole transition moment, 1) is the total wavefunction, ,
is the vibrational wavefunction, 1. is the electronic wavefunction, (—e - r)
is the electric dipole moment. The former integral on the right side is the
Franck-Condon overlap integral which is the overlap integral of the vibra-
tional wavefunctions of the upper and the lower states. The latter integral
is the electric-dipole transition moment, pe. e is a function of R, but the
R-dependence is often neglected (Condon approximation), which makes it
constant in the Franck-Condon calculation.

The square of the Franck-Condon overlap integral is called the Franck-



Condon factor and it is proportional to the line strength, Sp,

2
Sap X =<y, [ ¢y > (2.2)

/ WLgldR
0

The absorption and emission coefficient is proportional to Ssg. For exam-

ple, the absorption coefficient [18],

Tuab(v”, ") o v [< P (V)) | ¢ (v])) > (2.3)

For the bound-free transition, diffuse spectra are observed because one of
the wavefunctions are continuum. In this case, the discrete wavefunctions are
replaced by the vibrational continuum which represents the free molecular

states,
Toap(V", J") oc v [< () | 0" () > (2.4)
Quasi-static Line Broadening

The qausi-static line broadening [18], [19] is a classical method to describe
the Franck-Condon density in terms of the probability distribution, P(R).
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where V' is the difference potential. The absorption coefficient is larger as
the denominator is closer to zero. The zero denominator means the upper
and lower potentials are parallel to each other. The method is often used

to determine the line shape or satellite structures of atomic resonance lines
20].

2.2 Microplasma

Microplasma as an Excimer Source

Plasmsas confined in small dimensions less than a milimeter are difined as

microplasmas [21]. Microplasmas show distinctive characteristics compared



to bulk plasma states. Stable glow discharges are possible in high pressure
up to the atmospheric pressure. The Paschen law [22] which determines the

breakdown voltage of gases as a function of a scaling factor called pd(Torr-cm)

Bpd
In(Apd) — In(In(1 + 7é))

Vg = (2.6)

where V (V) is the breakdown voltage, p(Torr) is the pressure of the gas,
d(cm) is the distance between the cathode and the anode, v, (unitless) is the
secondary-electron-emission coefficient, A(cm™*-Torr™!) and B(V-cm™!-Torr ™)

are obtained experimentally for different gases.
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Figure 2.1: Paschen curves plotted for noble gases with the coefficients
given in [22].

When the discharge voltage is given, the pd value determines the mean free
path of a free electron between the collisions with the background neutral
atoms when it is accelerated by the external electric field created between
the cathode and the anode. The Paschen curve is shown in Figure 2.1 for
several rare gases [22]. While they show different minimum values of the

breakdown voltages for different rare gases, the shape is similar since it is
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governed by Equation 2.6. As the value of pd decreases or increases from the
value for the minimum breakdown voltage, the breakdown voltage increases.
As the pd increases, the free electrons cannot gain enough kinetic energy for
ionizing the neutral gases between collisions. On the other hand, if the pd
is too small, the free electrons do not experience a large enough number of
collisions for cascade ionization before it reaches to the anode.

Although the microplasma do not follow strictly to the Paschen curve in
small scale less than 10 pm for many reasons such as field emission and
strong surface-plasma interaction [23], the pd scaling gives a clue on why
microplasmas are able to operate in high pressure. The electrode distance
d in microplasmas is small, thus p is higher to the obtain the minimum
breakdown voltage. For example, in the case of He, the pd is ~5 Torr-cm for
the minimum breakdown voltage in Figure 2.1. In the atmospheric pressure
(760 Torr), the d is ~65 pm. Thus, the microplasmas are allowed to operate
as stable glow discharge modes in the atmospheric pressure.

Furthermore, the high electron density can be obtained in microplasmas
with the short voltage pulse by electron heating effect [24]. The electron
energy distribution function (EEDF) is known to shift to the higher energy
resulting in the non-Maxwellian distribution with pulsed operation with a
pulse duration less than the glow-to-arc transition. The higher average elec-
tron temperature results in the higher electron density. The electron densities
up to ~10' ¢cm=3-10'" ecm =3 have been reported in microcavity discharges
in Ar [25], [26].

The two features discussed above, the high pressure operation and high
electron density, make the microplasma the efficient source for the gener-
ation of rare gas excimers. In general, two steps are required to form an
excimer in plasmas. First, the ground state atoms have to be excited to the
high electronic state. Then, dimerization of the excited atom with another
neutral atom produces an excimer molecule. The energies required to excite
the ground state atoms to the first excited state are 8.3-19.8 eV from Xe to
He. Thus, the free electrons with the kinetic energies above these values are
able to contribute to excite the ground state atoms to the high electronic
states by direct impact excitation. The highly non-Maxwellian electron en-
ergy distributions of pulsed microplasmas enable the efficient excitation of
the gases. Dimerization of an excited atom with a neutral atom is much more

efficient in the presence of another neutral atom for conservation of the mo-



mentum [27]. The three-body character of the process makes the conversion
rate proportional to the square of the gas pressure, making it more preferable
in higher pressure.

The efficient generation of excimers in microplasmas has been reported
with various types of experimental schemes and operating conditions. Frame
et al. [28] demonstrated the excimer emission on the Iy, Xel, and XeO in the
microchannels fabricated on silicon driven by a DC voltage source. Excimer
emission on the Ar}y in MHCDs with a hole diameter of 130 ym in a pulsed
operation showed the peak power of 180 mW with at efficiency of 5-6% [25].
Recently, a VUV excimer emission on Xe, in a large array of microcavity
plasmas has shown the efficient generation of 172 nm with the average power
more than 25 W [14].

Of particular interest is the report of the He, excimer emission in a mi-
crocavity discharges by Kurunzi et al. [29]. They demonstrated not only
the possibility of the generation of the Hey excimer emission in ~75 nm in
microplasmas but also the fact that the He, molecular metastables collide
with the impurity gases to produce the highly excited states of the impurities
which require the energy ranging between 12.40-20.38 eV in total.

Therefore, microplasmas are efficient sources for the generation of an ex-
cimer molecule which could be both a radiative or metastable species. The
metastable excimer can be utilized as a collision partner for energy trans-
fer to other species allowing the selective population of the highly excited

states.



CHAPTER 3

EXCIPLEX-PUMPED ALKALI LASER

In this chapter, two types of optically pumped alkali lasers will be inves-
tigated in a pump-and-probe experimental arrangement. The mixture of
cesium vapor and rare gases is utilized for the study. In Section 3.1, the
characteristics of the gaseous medium will be introduced. Amplification of
852.1 nm in Cs-Ar will be studied in Section 3.2. In Section 3.3, a Cs-Xe
optical amplifier based on free-free molecular transition both on absorption
and amplification will be discussed. In Section 3.4, the Franck-Condon calcu-
lation of the red satellite of the Cs-Xe medium will be shown and compared

to the experimental result.

3.1 Cs-Rg Gaseous Medium

Interatomic potential curves of the BZEI“/2 and the X2ZT/2 states for Cs-Ar
(blue) and Cs-Xe (green) are shown in Figure 3.1 [30]. The potential curves
are responsible for the shape of the absorption and emission spectrum of
the medium. The atomic resonance transition of the Dy line of cesium is
indicated as a purple arrow at the infinite internuclear separation showing
that the radiation wavelength is 852.1 nm in air. The van der Waals minima
for the X2EIL/2 states of Cs-Ar and Cs-Xe are 42.9 cm™! and 105.8 cm™!,

respectively. The bump at around 5 A in the BQZT/2

perturbation mainly by 5°D states [31]. This feature enables the existence

state is caused by

of the blue satellite absorption band. Two red lines on the left side of the
graph indicate the interatomic spacing responsible for the blue satellites of
Cs-Ar and Cs-Xe.

Figure 3.2 shows the absorption spectrum of the cesium cells with two dif-
ferent buffer gases, Ar and Xe, while the rare gas number density is 2.8 x 10

3

cm ™ corresponding to 800 Torr in pressure. The results are obtained from an
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100 - Cs-Ar 100 | I I I Cs-Xe |
800 Torr 800 Torr
~ 80F — S0t
E 60 | g 60+
§ 40 1 ? 40
< £
< 20 F \ < 20}
0 . ) . . 1 0F . . . .
820 840 860 880 900 920 820 840 860 880 900 920
Wavelength (nm) Wavelength (nm)

Figure 3.2: Absorption spectrum of Cs-Ar 800 Torr and Cs-Xe 800 Torr at
different temperatures.

optical spectrum analyzer (AQ6317B, Ando) and a laser-driven white light
source (EQ-99X, Energetiq). The white light is collimated and passes the
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cell in the axial direction in an oven which controls the temperature. The
beam, then, is focused to an optical fiber attached to the spectrum analyzer.
The blue satellite is located on the blue side of the Dy line where the peak
wavelengths are 836.7 nm and 842.7 nm for Ar and Xe, respectively. The
broad linewidths of the satellite bands are attributed to free-free molecular
transition as shown in Figure 3.1. The linewidth is 5-10 nm in FWHM. The
large value of the linewidth has drawn attention because it can be utilized
in high-power alkali lasers pumped by the commercialized diode lasers [12].
The typical linewidth of the commercialized diode lasers is approximately 4
nm which matches to the linewidth of the blue satellite of the Dy line in the
alkali-rare gas mixture. With the general advantages of gaseous medium such
as high beam quality, narrow linewidth, and thermal stability, the technique
that utilizes the blue satellite as a pumping state is promising in high-power
laser system.

A red wing and bound-free absorption structure are also seen on the red
side of the D; and Dy lines. The periodic structure on the red wing of the
D; and Dy lines is attributed to the bound-free transition of the A2II, /2 and
A?Tl3)5 to the XZET/Q
as the temperature rises because the number density of cesium increases.

state, respectively. The overall absorption increases

The estimated number of cesium is labeled as an inset in Figure 3.2. The
corresponding temperature is ranged between 453 K-513 K with a spacing of
20 K.

3.2 XPAL MOPA

The experimental arrangement and the optical beam path are presented in
Figure 3.3. The pump and probe beams are generated from a double-dye laser
system pumped by a double-frequency Nd:YAG laser. The duration of the
pulses is 8 ns. The dye solution used in the experiment is LDS 821 dissolved
in Dimethylsulfoxide (DMSO). The wavelengths of the beams are measured
by a wavemeter (871, Bristol Instrument) with a precision of 0.0002 nm (~80
MHz). The energy stabilizer comprised of a half-wave plate and a polarizing
beam splitter (PBS) is controlled by a feedback signal from Detectors 1 and
2. The optical delay (At = tyump-tprove) is 1 ns. The delay is experimentally

measured by a photodiode probing an alkali-rare gas cell placed in an oven.
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Figure 3.3: Experimental arrangement.

The probe beam from Dye laser 1 passes a half-wave plate so that the beam
is vertically polarized while the pump beam is horizontally polarized. The
beam size is limited by an opening of irises that have a diameter of 4 mm.
Two quarter-wave plates are placed on both sides of the oven for circular
polarization. The probe and pump energy after passing the alkali-rare gas
cell are separated by a PBS and are detected by Detector 3 and Detector
4, respectively. The PIB controllers measure and control the temperature of
the oven. The error range of the temperature is £3 K. The alkali-rare gas
cell has a diameter of 25.4 mm and a length of 100 mm. Both windows are
tilted by 11° to prevent parasitic oscillation.

The spectrum taken with the experimental setup described above is shown
in Figure 3.4. A circularly or linearly polarized light is used to obtain the
gain spectrum. The amplified spontaneous emission (ASE) is shown at the
bottom to explain the non-zero baseline of the gain spectrum. The ASE is
taken when the pump beam is present while the probe beam is blocked. The
gap between the ASE and the baseline of the spectrum is matched to the value

13
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Figure 3.4: Amplified probe energy versus probe wavelength for Cs-Ar and
Cs-Xe. Two different polarizations, linear and circular, are used for probe
beam. The experimental conditions are described in the figure.

of the probe energy. The gas temperature is 483 K and the corresponding
cesium number density is 2.6x10'® cm™3. The pressure of argon buffer gas is
800 Torr and the corresponding gas number density is 2.8 x10' cm™3. The
pump energy and the wavelength are 4.3 mJ and 836.7 nm, respectively.
The probe energy is fixed at 17 puJ while the probe wavelength is scanned
throughout 851 nm to 854 nm.

The gain spectrum of the amplified probe energy near the Dy line of ce-
sium has a broad linewidth and an asymmetric form. The red wing is more
significant compared to the blue side. This can be thought as the result of
the shape of the interatomic potential curve since the pressure broadening is
on the order of 0.01 nm while the resonance broadening is negligible due to
the low number density of cesium [32], [33].

The potential curve is shown in Figure 3.5. On the right side where the in-
ternuclear separation goes to infinity, the atomic resonance states are shown.

The absorption at the blue satellite is described by the up-arrow near the

14



internuclear separation at around 5 A. In this process, the Cs and Ar are
photoassociated into the transient exciplex molecule in the B2X? Jo State.
However, since the potential is repulsive, the two atoms are not bound to
each other. The two down-arrows near the resonance transition and the
shaded region represent where the amplification occurs. The Ds line is indi-
cated by the dashed line in the gain spectrum in Figure 3.4. The peak of the
gain spectrum is red-shifted to the Dy line of Cs. Thus, it implies that the
amplifying transition occurs at the free-molecular state, not as an isolated

atomic resonance.
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Figure 3.5: Interatomic potential curve for a Cs-Ar atomic pair.

Furthermore, the polarization of the pump and probe beams change the
gain of the amplification. The circularly polarized pump beam selectively
populates the 62P; /2 states of cesium which makes the population inversion
effectively greater compared to the linear polarization case [34]. It should be
also noted that the quarter wave-plates have not been placed for the linear
polarization experiment. Thus, the circularly polarized beam shows a better
amplifying efficiency in spite of the loss of the beam energy through the two

quarter-wave plates. The peak value of the gain is also shifted to the blue

15



side by 0.03 nm. This results from the increased gain in competition with

the self-absorption.
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Figure 3.6: The gain spectrum of the Cs-Ar gas mixture for different
cesium number density which is controlled by the temperature of the cell.
The experimental conditions are described in the figure.

The cesium gas number density is changed as the temperature of the gas
cell changes. The collision frequency of the cesium and rare gases correspond-
ingly increases as the cesium number density increases. Figure 3.6 shows the
dependence on the temperature of two gas cells on the gain spectrum. The
gain and the shape of the spectrum changes as the cesium number density
changes. While it shows the red shift of the gain peak and broadening of
the gain, the peak value increases as the cesium number density increases
until certain temperature. Although for argon cell did not show roll-over in
the given temperature range, a cell filled with xenon showed a roll-over at a
cesium number density around 5.2x10' ¢m™3 which is shown later in Sec-
tion 3.3. This is explained by the 4-2 energy level collapse that occurs when
the energy defect of the laser system is comparable to the thermal energy of

the gases (E ~ kT') [30]. The population inversion is achieved by the non-
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radiative transition from the large vibrational energy to the low vibrational
energy of the B*Y} , state. If £ ~ kT, thermal equilibrium of the gas system
does not allow the molecule to possess the lower kinetic energy efficiently.
The population between the vibrational states rather becomes comparable
to each other, which makes the population inversion of the lasing transition
less significant.

The shift and broadening of the gain peak is caused by the shorter mean
distance between the cesium and the rare gas. The anisotropic shape of the
broadening is also an indication that the line is broadened by the poten-
tial curve difference. From the interatomic potential curve, the weight of
transition responsible for the shorter interatomic distance is larger when the
mean distance of the pair decreases. Therefore, the gain spectrum can be
manipulated by the temperature of the gas cell.

Figure 3.7 shows the efficiency of the amplifier versus pump energy at 483
K. The black dot represents the efficiency versus the absorbed pump energy
while the red one is the same data points for the total pump energy. The
pump energy is absorbed less when the pump energy is higher due to the
depletion of the ground state. For example, the absorption of the pump
beam is approximately 60% when the pump energy is 1 mJ while it is 40%
when the pump energy is 4 mJ. The wavelength the pump beam is set to
be the peaks of the blue satellite which are 836.7 nm. The wavelength and
the energy of the probe beam is 852.2 nm and 17 uJ, respectively. The
absorbed energy efficiency reaches 28% when the pump energy is 5 mJ. The
incident energy efficiency rapidly rises after the threshold with increasing
pump energy until 2 mJ and it asymptotically approaches to 11%.

Figure 3.8 is an excitation spectrum of cesium argon cell. In order to obtain
the spectrum, the wavelength of the pump beam is scanned while the probe
wavelength is set to be 852.2 nm which is the peak of the gain spectrum. The
pump energy is constant throughout the wavelength as 2.9 mJ. The structure
of the excitation spectrum is a result of the shape of the interatomic potential
curve. Compared to the absorption spectrum in Figure 3.2, the blue wing
is not observed while the structure of the blue satellite is still maintained.
The difference in the absorption spectrum and emission spectrum gives a
clue on which transition is responsible for certain structures in spectrum.
The excitation spectrum may represent the spectral feature responsible for

repulsive potential. Since the wavelength of the probe pulse is 852.2 nm which
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Figure 3.7: The efficiency curve for Cs-Ar gas mixture. The efficiency is
defined as the output probe energy versus input pump energy. The black
dot shows the efficiency versus absorbed pump energy while the red dot
shows the same data points versus the total pump energy. The absorbed
energy efficiency is approximately 28% which is corresponding to 11% as
the incident energy efficiency when pump energy is 5 mJ.

is similar to the wavelength of the Dy transition, 852.1 nm, the amplification
occurs at the large interatomic distance. If the transient molecule is quenched
into the vibrational or electronic states lower than the 62P; /2, the molecule
cannot contribute to the excitation spectrum anymore. Thus, the excitation
spectrum represents purely the repulsive character of the potential curve.
Thus, the B2ZIL/2-X221“/2 transition is responsible for the structure of the blue
satellite. The long-range wing structure that extends from the Dy transition
is thought as the result of the A%l /Z—XQET/Q transition.

Different time delays between the pump and the probe pulse show the

lifetime of the amplifying transition. After the molecules excited to the
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Figure 3.8: The excitation spectrum of the Cs-Ar gas mixture for the
different time delay between the pump and probe pulse. The spectrum is
obtained by scanning pump wavelength while the wavelength of the probe
pulse is set to 852.2 nm.

B2ET/2

thermal equilibrium. The excitation spectrum does not change much until

by the pump pulse, they experience the kinetic energy relaxation to

the time delay of 2 ns, but it showed a reduction in the overall intensity and
changes in the spectral features at 5 ns of the time delay which is shown as
blue circles in Figure 3.8. The time constant of the decay of the peak value
of the blue satellite is approximately 6 ns. This decay time can be regarded
as the lifetime of the transient molecular state which is responsible for the
amplifying transition. From the fact that the radiative lifetime of the 6*P3 ),
is &~ 30 ns, the collisional lifetime of the transient molecule in 800 Torr is
thought to be roughly 6 ns. It should be noted that the temporal overlap of
the probe and pump pulse and the resultant dynamic needs to be included
for more precise analysis.

The change in spectral features is also observed between the different time
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delays. The kinetic energy relaxation changes the thermal distribution of the
transient molecule and it changes the shape excitation spectrum as a result.
The change is observed in the wavelength range between 838 nm and 842 nm
in Figure 3.8. For the time delay of 1-3 ns, the bumped feature at 838 nm
is somewhat similar to the absorption spectrum in Figure 3.2. However, for
5-7 ns of the time delay, the bump is moved to 840 nm.

The structure at 842-847 nm in Figure 3.2 may be attributed to three-
body photoassociation (i.e., the photoexcitation of Ar-Cs-Ar trios). In the
low pressure, this feature is not clearly shown. The interatomic potential
curve can change its shape in the presence of another Ar atom near the
Cs-Ar pair. The spectral feature appears as a result of the change in the

potential curve.

3.3 Optical Amplifier Based on Free-Free Transition

Light emission or amplification in molecular states typically occurs in strong
bound states because the lifetime of the species is large enough for the emis-
sion process to occur. The examples include homonuclear dimers such as
Ny, O,, Hgy, and I, as well as heteronuclear dimers CO, HgBr, and ArF
[18]. Large dissociation energy guarantees the long lifetime of the species.
Once radiative transition occurs vertically in the potential curve, two atoms
are repulsing each other, which results in fast elimination of the lower state
subsequentially. This implies that population inversion is easily achieved
in the system. Gas mixtures such as ArF or KrF laser is being utilized in
semiconductor processing due to due to high efficiency as well as the lasing
wavelength in vaccum ultra-violet (VUV). A decade ago, Readle et al. [12]
reported that alkali-rare gas can absorb light in free-free molecular transi-
tion in high pressure operation up to the atmospheric pressure and lase at
the Dy line of cesium. However, light amplification in free-free transition
has not been reported yet. In this section, an optical amplification in the
red satellite of the Dy line of cesium will be discussed. The amplification is
possibly attributed to free-free molecular transition. A gas mixture of cesium
and xenon is optically pumped through the free-free molecular transition and
emits light also through free-free molecular transition.

The experimental arrangement is the same as the Cs-Ar MOPA experiment
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in Section 3.2 except the gas cell used. In the work, a gas mixture of Cs
vapor and Xe buffer gas was used while the pressure of Xe buffer gas varies
between 800-1200 Torr. The pump beam is absorbed by the blue satellite of
the Dy line and the amplification occurs in the red satellite of the D line.
The wavelengths of the blue and red satellite are 842.7 nm and 854.5 nm,

respectively.
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Figure 3.9: Interatomic potential curve for a Cs-Xe pair. The red and
purple arrows indicate where the pump and amplification occurs.

The potential curve is also shown in Figure 3.9. The blue and purple
arrows indicate where the blue and red satellite transition occurs. The lower
state has a van der Waals minimum of 105.8 cm~! while the upper state has
two local minima. In a semiclassical point of view, the potential difference
can be used to determine the transition wavelength with a technique called
quasi-static line broadening [19]. When the potential difference is at extreme,
the transition occurs. Dhiflaoui et al. [35] performed ab initio calculation of
the Cs-Xe interatomic potential curve and expected that transition occurs at

the wavelength of approximately 842 nm and 854 nm from the BQZT/Q—XQZTQ
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potential difference.
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Figure 3.10: The amplified probe energy versus the probe wavelength when
the Cs-Xe cell is pumped optically at the blue satellite.

The gain spectrum of the Cs-Xe cell for different Cs number densities is
shown in Figure 3.10. The Cs number density is varied from 5.5x 10 cm™3
to 5.2x10' cm ™2 corresponding to the gas temperature range between 453-
493 K. The pressure of xenon buffer gas is 800 Torr and the corresponding
gas number density is 2.8x 10! cm™3. The pump energy and the wavelength
are 3.0 mJ and 842.7 nm which is the peak of the blue satellite of Cs-Xe.

While the spectrum near the Dy line looks similar to the case of CsAr, the
red satellite is prominent at 854.7 nm. Compared to the absorption spectrum,
the red satellite is visibly distinct in the excitation spectrum because the red
wing transition is suppressed in the gain spectrum. As already discussed
for the blue wing of the Dy line in Section 3.2, the red wing is the result of
bound-free transition between the A1l /2 and XQE;F/Q.

the contribution of bound-free transition in the gain spectrum in Figure 3.10

In the gain spectrum,

is negligible since the time delay is set to 1 ns which is much smaller than

the kinetic energy relaxation time of the transient molecule.
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Figure 3.11: A magnified view of the gain spectrum of the Cs-Xe gas
mixture showing the amplification occurs in the red satellite of the Dy line.

Figure 3.11 shows a magnified view of the gain spectrum of the gas cell
between 853.5 nm to 856 nm when the blue satellite is optically pumped.
The Xe pressure is 1200 Torr and the corresponding Xe number density is
4.2x10' cm~3. The probe energy and ASE are shown in the figure to indicate
the transparency energy for the spectrum. The transparency line where two
values are added is also shown as a purple color, clearly indicating the red
satellite is being amplified.

In order to double-check whether the red satellite is amplified by the probe
energy, competition between ASE and the lasing is studied in Figure 3.12.
Since both ASE and lasing in the red satellite extract energy from the excited
Cs-Xe pairs, when one dominates, the other has to be suppressed. The
spectrum is taken by a compact spectrometer (SPM, Photon Control). The
resolution of the spectrum is approximately 1 nm in the spectral range. The

fiber attached to the spectrometer probes the scattered light from Detector
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Figure 3.12: The spectrum of the output probe pulse. The black curve is
obtained when the gas cell is at room temperature where the medium does
not have gain. The red curve is obtained when only the pump pulse is
introduced. The blue curve is taken when both pump and probe pulses are
introduced showing both ASE and amplification of the probe pulse. (left)
The spectrum taken when the probe pulse energy is low and the pump
pulse energy is high (right) The spectrum taken when the probe pulse
energy is high and the pump pulse energy is low.

3 which collects the probe pulse that passed the gas cell.

The two spectra are taken for two different pump and probe energies. The
black line in the left spectrum shows the probe energy spectrum when the
gas is at room temperature, which indicates that the cell does not have gain.
The red curve is the spectrum when the pump beam is introduced at the gas
temperature of 473 K showing the ASE of the Dy line. The blue curve is
taken with the introduction of both the pump and probe beams. There is no
clear distinction in ASE between the blue and red curves. By increasing the
probe energy by four times and lowering the pump energy five times for the
figure on the right, the ASE is shown to be suppressed when lasing occurs.
This is a clear indication that amplification is occurring in the red satellite.

The efficiency curve can also be drawn by changing the pump energy as
shown in Figure 3.13. The efficiency is calculated by considering the amplified
probe energy excluding the ASE energy and dividing it by the input pump
energy. The curve shows the threshold energy is 1.3 mJ and the maximum
efficiency is 0.9 %.

In Section 3.4, the Franck-Condon calculation will be conducted to simu-

late the experimental curve responsible for the free-free molecular transition.
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Figure 3.13: Efficiency curve for the free-free amplifier. The experimental
condition is shown in the plot.

Before leaving this section, it should also be discussed that the gain near the
Dy line in the wavelength between 852.1 nm and 853 nm for both Cs-Ar and
(Cs-Xe pairs can be considered as a result of the free-free molecular transition.
As discussed in Section 3.2, the broadening of the gain spectrum is not the
result of the pressure of resonance broadening of 6°Pj/s state. It is a conse-
quence of the transition between long-ranged free molecular states of BQZD2
and XQE;F/T
calculation for the long-ranged free molecular states because the long-ranged

However, there is a difficulty to perform the Franck-Condon
potential curves do not have distinctive features as it approaches the Cs

atomic resonance state at the infinity internuclear distance. Thus, the cal-

culation will be performed for the red satellite of Cs-Xe.
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3.4  Franck-Condon Calculation

In order to study the origin of the red satellite, a quantum-mechanical cal-
culation will be conducted. The technique used in this work is the same
as the work by Hewitt [36]. The free wavefunctions are obtained by the

Numerov-Cooley method from the given potential curves [37].
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Figure 3.14: (top and middle) Representative wavefunctions responsible for
stimulated emission at 854.7 nm. (bottom) Overlap integrals of the
wavefunctions.

The representative wavefunctions are shown in Figure 3.14. The kinetic
energies of the upper and lower states are chosen as 1000 cm ™! in the XQED2
state and 965 cm™! in the BZZT/Z state, respectively, so that the overlap
integral can represent the behavior of the peak of the red satellite which is

approximately 35 cm™! apart from the D, line transition. The bottom plot
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in Figure 3.14 is the overlap of these two wavefunctions. The overlap integral
develops at the internuclear separation of 6-9 A. As the Franck-Condon factor
which is square of the overlap integral determines the transition probability,

~1 compared to

the electronic transition with the energy lowered by 35 cm
the D, line occurs at the internuclear separation of 6-9 A. This interatomic
spacing is where the shallow well is located in the BQEJF/2 state. The blue
satellite is thought to occur at the internuclear spacing of approximately 5.5
A where another shallow well is located. The small feature in the potential
curve results in the dramatic change in the resulting spectrum because it
allows for the potential difference to be extremum in the region. It should
be noted that the depths of the wells of the B221/2 and XQZIF/Q states are
smaller than the mean value of the kinetic energies of atoms which is 329
cm~! in 473 K. As a result, the fraction of the bound molecule is negligible

compared to the fraction of the free atoms in the energy space.
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Figure 3.15: (left) Potential curves for the B2Ef/2. The green line is a
previous work by Hewitt. The blue line is a modified curve to fit the
experimental result. (right) Comparison of the simulation with the
experimental spectrum.

Then, the emission spectrum can be obtained from the expression [38],

sty [ [ 00w e 1< i) [ >F 3

=0 Jei=0
where A is wavelength, J is rotational quantum number, £ is Boltzmann con-

27



stant, T is temperature, ¢' and )" are upper and lower state wavefunctions,
and € and €” are energies in the upper and lower states. The last term which
is a square of the integral overlap is called a Franck-Condon factor.

The right spectrum in Figure 3.15 shows the comparison between sim-
ulation and experimental result. The overlap integral is obtained for the
interatomic spacing between 6-9 A with the increment of 0.01 A. The lower
and upper state kinetic energies are 25-3000 cm ™! by the increment of 1 cm™?.
The rotational quantum numbers are 1-100 by the increment of 2. Assuming
the system is in the thermal equilibrium, the Boltzmann factor weights the
Franck-Condon factors. The temperature is 473 K which is the same in the
experiment. The green curve is obtained from the potential curve with the
same color in the left figure. A discrepancy to the experimental data can be
adjusted by changing the depth of the well of BZEIF/2 potential using the same
technique used in [36]. The modified potential and spectrum are shown as
blue curves on the left in Figure 3.15. Changing the depth of the well shifts
the peak to the red side of the Dy line further, which makes a good agreement
with the experimental result.

The experiment and theoretical work indicate that the red satellite ampli-
fier may be regarded as a free-free amplifier in which the amplification process
occurs as a free-free molecular transition. However, it should be noted that
the potential curve of the A2H3/2 state shares similar features in the shape
with the B*S) , state at 6-9 A [35]. Although the A*TI;/5 and B?% ), states
cannot be regarded as bound states at the internuclear separation of 6-9 A
due to the small value of the potential depth (~100 cm™1), it should be con-
sidered that A®Il3/, state may be regarded as a quasi-bound state. A further
study is required to obtain the exact ratio of the free states and the quasi-
bound state responsible for the optical amplification in the red satellite of
the D, line. Nevertheless, because the well depth of the A%IT;/5 (~500 cm™!)
is comparable to the value of kT (328 cm™!) at 473 K, the state cannot form
strong bound states. In conclusion, optical amplification of the red satellite
of the Ds line depends mainly on free molecular interaction on both pumping

and amplifying process.
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CHAPTER 4

MICROPLASMA MERCURY LAMP

202Hg* lamp 202Hg+ 199Hg+ ¢
62P1.-'2 =1 T s
199770~ = 122 mK
cloud =
ZaRN \ 70 mK
Microwave foejgbaCK 628, —— ——H 1+ _*

Figure 4.1: (left) A schematic description of the operation of a mercury ion
clock. (right) Relative energy levels of 2Py /5 and 2S; )5 states of 2*?Hg" and
199Hg* and optical pumping mechanisms in '*Hg* when photons emitted
by 22Hg™ are absorbed by '"’Hg*. The partial energy diagram is
reproduced from [39].

The purpose of the mercury ion lamp is to provide the 194.2 nm radiation
to drive a mercury ion atomic clock. The mercury ion clock has shown better
performance in accuracy compared to the cesium and rubidium atomic clock
[40]. Furthermore, the insensitivity to the external magnetic field and the
large mass of a mercury ion make the mercury ion clock more competitive
to other atomic clocks. The technology is expected to be an essential part
of the next generation of Global Positioning System (GPS). The 194.2 nm
radiation is a transition between mercury ion states from 6%P; /2 to 625, /2
which is the ground state of Hg™. A schematic in Figure 4.1 describes how
the ion trap and the lamp work as an ion clock. Once the 'Hg* cloud is

prepared in the ion trap, the 2°2Hg™ lamp optically pumps the ion cloud so
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that the Hg™ is prepared for the clock transition. This process is possible
because the hyperfine splitting by nuclear spin occurs only for **Hg*. The
diagram in the middle in Figure 4.1 reveals the energy levels of the two
isotopes. The right figure shows how the Hg* ions are prepared for the
ion clock transition. When the "Hg™ ions are optically pumped by the
photons emitted by 2°2Hg*, they are eventually populated into the F = 0
sublevel of the ground state. Spontaneous emission from the ion cloud is
detected by the photomultiplier tube (PMT). Once the optical pumping is
done, a microwave that has a frequency of 40.5 GHz pumps the ion cloud to
the upper state of the clock transition. The feedback loop finds the largest
signal sweeping the frequency of the microwave. The frequency at the largest

signal is utilized to determine a second.
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Figure 4.2: Partial energy diagram of helium and mercury.

The upper state, 6°Py2, is located 6.38 eV above the ground state of
the mercury ion and the ionization energy of the mercury neutral atom is
10.44 eV. Because the energy required to populate the state is 16.82 eV in
total, populating the 62P; /2 state is not favored by electron impact ionization
and excitation since the typical average electron temperature is a few eV in
microplasmas. However, the present work proposes a kinetic pathway that
can access the upper state of 194.2 nm radiation by penning ionization of
helium molecular metastable.

Figure 4.2 is a partial energy level diagram of helium and mercury. In
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helium, states whose primary quantum number is 2 are shown in the diagram.
Each state is converted to the helium excited dimer state by colliding with
helium neutrals in the presence of another helium neutral atom as a recoil
gas. The A'Y} state emits excimer radiation whose wavelength ranges from
60-90 nm. On the other hand, the a®3; state is metastable which has a long
radiative lifetime larger than several seconds [41]. It is also known that the
upper states of the excimer quench to the a®%} state quickly [42]. Thus, the
primary excimer source will be the a3X; state. The red arrow indicates the
penning ionization process that ionizes and excites the ground state of the
mercury atom to the upper state of the 194.2 nm transition. In the energy
diagram of Hg, prominent radiative transitions are indicated. For mercury
neutral, the 253.7 nm and 185.0 nm are readily observed. For the mercury
ion, several significant transitions are presented in the diagram. The desired
radiative transition of 194.2 nm is indicated by a yellow arrow and is caused
by a transition between the 62P; , state and the 625, state.

In this chapter, the realization of the mercury ion lamp and the validation
of the kinetic pathway will be presented. The structure of the lamp will be
shown in Section 4.1. A description of the zero-dimensional kinetic model
will be discussed in Section 4.2. In Section 4.3, the results from experiments
as well as computational simulation will be presented together to validate
the kinetic path of the He-Hg plasma system. Section 4.4 will discuss the

lamp failure mechanism as well as enhancement of the lifetime of the lamp.

4.1  Lamp Structure and Characteristics

A structure of the microplasma mercury ion lamp is shown in Figure 4.3.
The lamp is largely comprised of a window, a spacer, a bottom plate, and
a gas feeding line. Each part is made with quartz while the window has
transmittance more than 90% at 194.2 nm. These parts are sealed with
glass frit which is specially developed for quartz sealing to minimize gas
permeation through the seal. The top-right figure is a cutaway view of the
lamp that shows the dimension of each part. There are two different sizes
of the cavities which are 1 mm and 0.6 mm in diameter. The depths of the
cavities are 0.5 mm. The thickness of a window, a spacer, and a bottom plate

is 1 mm. The overall size of the lamp body is 12 mm by 12 mm in length
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Figure 4.3: (left) A schematic that shows the lamp structure is mainly
segmented by four different parts which are a window, a spacer, a bottom
plate, and a gas feeding line. (top-right) A side view of the lamp when it is
assembled. The dimensions are indicated by arrows. (bottom-right) A
photo of the lamp in operation. The pressure of He buffer gas is 300 Torr
and 2"2Hg isotope is fed to the device. The lamp is driven with a 137 kHz
HV pulser.

and width while the height is 3.5 mm including the thickness of the glass frit
seal. The inner and outer diameters of the gas feeding line are 1.6 and 3.2
mm, respectively. The gas feeding line is used to feed the mercury vapor and
the helium buffer gas. The gold electrodes are pasted and baked as a ring
shape for the window and a circular shape for the bottom plate. A photo at
the bottom-right corner is taken when the lamp is mounted on a customized
holder and operated with a 137 kHz bipolar pulser. The lamp is filled with
300 Torr of He and 2°?Hg isotope. The different sizes of the cavity discharges
are clearly shown in the photo. The bright spot at the top-left corner is the
gas feeding line.

Figure 4.4. is a circuit diagram to drive and test the lamp. The high volt-
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Figure 4.4: An experimental setup that measures waveform of the voltage,
current, and emission of the microplasma mercury lamp.

age pulser is comprised of a DC voltage supply (EPR 1015, Matsusada) and
a pulse generator (PVX-4110, Directed Energy). The voltage is applied to
the circular electrode on the bottom plate while the ring-shaped electrode on
the window is grounded. The pulse width and the amplitude of the voltage
are controlled by the function generator. The voltage and current measured
by the voltage probe (CT4024, Cal Test Electronics) and the current probe
(2877, Pearson) and the waveform is taken with the oscilloscope. The vac-
uum ultraviolet (VUV) spectrometer (SP2758, Princeton Instrument) used
in the experiment is equipped with the ICCD camera (PI-MAX 4, Princeton
Instrument). The spectrometer is purged with nitrogen for VUV transmis-
sion. The ICCD camera is triggered by the same function generator to take

a temporally resolved spectrum.

33



4.2  Zero-Dimensional Kinetic Model

For a better understanding of the He-Hg plasma system, a zero-dimensional
kinetic simulation freeware (ZDPlasKin v. 2.0) [43] is adopted. The free-
ware is incorporated with an ordinary differential equation solver (VODE)
[44] and a Boltzman equation solver (Bolsig+) [45] to simulate non-thermal
plasmas. All the species shown in the partial energy diagram in Figure 4.2
were included in the model. The detailed information of the cross sections
and rate constants used in the model are listed in Appendix A. For helium,
only three excited states whose primary quantum number is 2 (23S, 2'S, and
23P) are included “as is” while the highly excited states with the primary
quantum number more than 3 are lumped into He**. In the case of mercury,
six excited states of mercury neutrals and four excited states of mercury ions
are considered in order to simulate the kinetic pathway properly. In Section

4.2.1, the reactions considered in the kinetic model will be described.

4.2.1 Collision Kinetic

Electron Impact Excitation
The rate constants of electron impact excitation and ionization were obtained
by Bolsig+.

e + He <+ e + He*
e + He* <> e + He"’
e + Hg <» e + Hg*
e + Hg* <+ e + Hg"’
e + Hg' < e + Hgt*

X* includes all the excited species of X. X*’ represents excited species which
are different from X*. De-excitation is also included by detailed balancing as
the left arrow indicates. The excitation to the 72S;; and 7°Pj/s is not in-
cluded because of the absence of data. However, as the total energy required
to populate these states is above 22 eV, the electron impact excitation will

not contribute much to the result.
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Electron Impact Ionization
Similar to the case of electron impact excitation, the rate constants are de-

rived by solving the Boltzmann equation.

e + He — e + e+ He'
e + He* — e + e+ Het
e + He; — e + e+ Hej
e+ Hg — e + et Hg™
e + Hg* — e + e+ Hg™

Heavy Particle Collision
The excited helium and helium ion collide with a helium neutral atom in
the presence of another helium atom to form a helium excimer and a helium

dimer ion, respectively.

He* + He + He — Hej + He
He™ + He + He — Hej + He

In atmospheric pressure plasmas, the conversion into the dimer form occurs
very fast. Dissociative recombination becomes a dominant recombination
mechanism for high pressure plasmas due to this reaction.

The mercury ion is converted to a mercury dimer in the same manner.
Hgt + Hg + He — Hgy + He

The penning ionization by excited species of helium and mercury is in-

cluded.

He* + He* — He™ + He + e
— Hej + e
He* 4+ Hej — Het 4+ He + He + e
— Hey + He + e
He} + Hel — He™ + He + He + He + e
— Hey + He + He + e
Hg* + Hg* — Hg™ + Hg + e
— Hgy + e

The penning ionization process by helium excimer that ionizes and excites

a mercury neutral is considered to produce 62P; /2 and 62P; /2-
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He; + Hg — He + He + Hg"(6°Py/2) + ¢
— He + He + Hg+(62P3/2> + e

Kurunczi et al. [29] reported that energy transfer from Hej to Oy, Ny, and
Hy produces atomic radiations from O, N, and H, respectively. Based on the
total enegy required for the radiation, they estimated the energy contained
in the excimer is 12.40-21.38 eV. In the case of mercury, Hg"(6*P;/,) and
Hg " (6°P3/2) states require 16.82 and 17.95 eV, respectively, which are in the
range of their approximation.

Charge transfer from a helium ion to the 72Pj/s state of a mercury ion was

also included.
He™ + Hg — He + Hg+(72P3/2)

The He-Hg plasma system was studied as a visible laser system emitting
615 nm, a transition from Hg™ (7*P3/,) to Hg™(72S;/,) [46]. Charge transfer
from helium ion is the main mechanism to pump the laser. This reaction
was included in the kinetic model because it could contribute to populating
the upper state of 194.2 nm by subsequent quenching from the Hgt(7?P; /2)

state.

Recombination
The dominant recombination mechanism for helium is dissociative recombi-

nation due to its large number density.
Hej + e — He* + He

The two types of three-body recombinations, collsional-radiative and neutral-

stabilized, are also considered.

Hey + e+ e — He* + He + ¢
He; + He + e — He* + He + He
Het + e+ e — He* + He + e

Due to the low number density of mercury (~10' cm™ at 300 K), the

collisional-radiative recombination of a mercury ion was also considered.
Hgt +e+e— Hg* + e

The recombination of ion dimer is also included.
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Hgs + e — Hg* + He
Hgy +e+e— Hg* + Hg + e
Hgy + He + e — Hg* + Hg + He

Ambipolar Diffusion
Loss of the charged species by ambipolar diffusion to the wall is considered.
Dy pokTe Pye 1

R~ 0~ 0 (41)

D, is ambipolar diffusion coefficient. p, is an ion mobility at 300 K and 760
Torr of helium. k£ is the Boltzman constant. T, is electron temperature. ¢ is
a unit charge. Py, is the pressure of helium in Torr. A is the characteristic

diffusion length. For spherical geometry,

r
A =~ (—)? (4.2)

™
r is the radius of the sphere. It is also assumed that the charged species that
are lost by diffusion to the wall are quickly converted to the ground state of
neutral species by recombination at the wall by having the reaction constants

with a large value.

Spontaneous Emission
Radiative transitions are indicated by arrows in Figure 4.2. At temperature
larger than 310 K, the mercury number density is high enough to consider
radiation trapping. The imprisonment effect is considered by multiplying a

trap factor, g, to the spontaneous emission coefficient [47].

)\o NHe\1
~ 1.15 —ey1/2 4.3
g (37r2dan) (4.3)

Joule heating by elastic collision of electrons with neutrals has been ne-

glected letting the gas temperature remain constant.

4.2.2 Equivalent Circuit

The microplasma mercury lamp is based on the DBD plasma. Because of

the quartz dielectric between the electrode and the gas, the voltage drop in
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Figure 4.5: (left) The equivalent circuit model for microplasma mercury
lamp. Cjy is capacitance of the dielectric barrier of the lamp. Cj is the
capacitance of the gas. C, is capacitance of the electrode painted on the
spacer area for connection to the external circuit. R, is variable resistance
of the plasma. V, () is the applied voltage provided by the pulse generator,
V4(t) is the voltage drop in the dielectric barrier of the lamp, Vi (t) is the
voltage drop in the gas. I;(t) is the total current. I..(¢) is the displacement
current through Ce,. I,,(t) is the current flowing into the microplasma
mercury lamp. (right) The waveform of V,(t), Vy(t), V,(t), and I,(t). V(1)
and I;(t) are obtained experimentally while V;(¢) and V,(¢) are calculated.

the gas does not match the voltage provided by the pulse generator. This is
not only because the voltage is shared by the gas and the quartz based on
the capacitance, but also because the charge accumulated on the dielectric
compensates for the applied voltage [48], [49]. The gap voltage has been
analyzed by Liu and Neiger [50] with a simple electrical circuit model for a
plane-parallel DBD driven by nanosecond pulses. The accumulated charge
ceases the discharge and is released when the voltage falls at the end of the
unipolar pulse. As a result, two peaks of plasma current, one when the
voltage rises and another when it falls, are observed in each pulse for DBD.
Although the microplasma mercury lamp used in this work has a relatively
complicated structure compared to the plane-parallel case, a similar circuit
model is implemented to obtain the waveform of the gap voltage as shown
in Figure 4.5. The notations for the components are listed in the caption of
Figure 4.5. The circular and ring-shaped of the electrodes are approximated
to the plane-parallel case. As a result, the total capacitance of the lamp is
represented by a series of two capacitors, Cq and C,. Cy represents the total

capacitance of the two dielectric barriers of the lamp. A variable resistor, R,,
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is in parallel to the Cj. The resistance is assumed to be infinite when the gas
discharge does not occur while the resistance decreases when the discharge
happens letting the conduction current flow through it. C,., is added in
this work to compensate for the external capacitance due to the extended
electrode drawn on the periphery of the lamp surface where the spacers are
located. The extended electrode is necessary for the electrical connection to
the external circuit that drives the lamp. As already discussed above, the
voltage applied in the gas is not equivalent to the voltage provided by the
pulse generator because of the dielectric barriers. The gap voltage, V,(?),
can be calculated from the values of V,(t), I,(t), C4, and C,. When the
discharge does not occur, the voltage drop in the dielectric barrier, V0 (¢),

can be obtained as

C,
= L V,(t 4.4
AL (44)

When the gas discharge occurs, there is a change in V

Vi ()

AV,(H) = — / CAL(r)dr (4.5)
Ca Jo

where AT (t) is a change in total current when the the discharge occurs
compared to when it does not. To obtain the waveform of the total current
when discharge does not occur, the peak voltage was chosen as the value that
is lower than the breakdown voltage, but higher than the sustaining voltage.
The lamp was driven with a certain voltage lower than the breakdown voltage
first. Then, the voltage was raised until the breakdown occurs. Finally,
the voltage was lowered to the original voltage when the gas discharge still
occurs. Also, AI;(t) is the same as Al,(t) as C,, is constant regardless of
the occurrence of the gas discharge. The voltage drop in the dielectric barrier

when discharge occurs is
Va(t) = Vi (1) + AVa(?) (4.6)
The value for Vj(t) can be obtained from a simple subtraction.
V(1) = Va(t) = Va(t) (4.7)

The resulting waveform is shown in the right plot in Figure 4.5. V,(¢) and
I;(t) are obtained experimentally and V;(t) and V() are calculated from the
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equations above. The gap voltage, Vj(t), shows a double-pulsing behavior in

each unipolar pulse.

4.3 Result
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Figure 4.6: (top-left) The waveform of the voltage pulse made artificially
based on the equivalent circuit model in 4.5. The Gauss-Lorentzian shape is
implemented. The peak voltage for the first pulse is 1000 V while the peak
value for the second pulse is adjusted based on the emission waveform.
(else) The red dotted circle is a temporally resolved spectrum of 185.0 nm,
194.2 nm and 253.7 nm that is taken experimentally while the black curve
is a kinetic simulation showing that the trend of the waveform resembles
the experimental result.

A comparison between experimental and simulated result is shown in Fig-
ure 4.6. The helium pressure is 600 Torr and the amplitude and the pulse
width of the voltage pulse are 3 kV and 200 ns, respectively, as shown in
Figure 4.5. The PRF is 5 kHz in both experiment and simulation. Since the
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simulation does not have spatial dimensions, the polarity of the gas voltage
obtained in Section 4.3.2 is ignored resulting in the waveform in the top-left
corner in Figure 4.6. The amplitude of the first pulse is 1,000 V as deduced
from the equivalent circuit model while the amplitude of the second pulse
is adjusted as 400 V to match the simulated waveforms to the experimental
ones. The plot shows the corresponding reduced electric field values on the

axis. The steady-state is achieved after five periods.
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Figure 4.7: The production rate of the Hg 6*P, state by three different
mechanisms.

The three other plots in the figure show experimental and simulated wave-
form of three different atomic lines of mercury. Two mercury neutral lines,
185.0 nm (6'P; to 6'Sp) and 253.7 nm (6°P; to 6'Sy), and a mercury ion
line, 194.2 nm (6*Py/5 to 6°Sy/s), are shown. The insets are the magnified
view for the first 500 ns. As can be seen in the trace in the upper-right
plot in Figure 4.6, two optical pulses are observed for 185.0 nm emission
corresponding to two voltage pulses, which shows that the emission for 185.0
nm is mainly caused by electron impact excitation. On the other hand, the

emission of 194.2 nm shows a different behavior in the bottom-left plot. A
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slow rise occurs starting from the first voltage pulse and there is an optical
pulse at the second current peak. This result shows that mercury ions are
produced from the first current peak and the ions are excited by electron
impact excitation during the second current peak resulting in the 194.2 nm
optical pulse. The slow rise of 194.2 nm from the first current pulse lasts for
1 ps, and then decays for several us. Considering that the radiative decay
time (7;;) of the transition is 1 ns, this result implies that a slow decay-
ing species is involved in the kinetics of 194.2 nm emission. The slow rise
and decay of the waveform of 194.2 nm emission can be explained by the
excitation transfer by helium molecular metastable. The helium molecular
metastable has a long radiative lifetime reaching several seconds [41], [51] al-
though the non-radiative quenching could be faster in the high pressure and
small dimension regime. The contribution by several reactions to populate
the Hg 6Py, state in the kinetic model can be found in Figure 4.7. The
electronic excitation from the mercury ion ground state which is indicated
by a blue line shows pulsed behavior when the two current pulses occur. The
penning ionization process dominates the production rate of the Hg 6*Py
state. Subsequent quenching from the highly excited states of mercury ion
is also considered. In the He-Hg+ laser system that lases at 614.95 nm, the
population inversion is achieved by the charge transfer of helium ion to the
Hg 7P, state. The contribution of subsequent quenching from this state to
the Hg 6°Py 2 state is shown as a red line in Figure 4.7, which is negligible.

The discrepancy between experiment and simulation can be seen in the
waveforms of 194.2 nm and 253.7 nm. The decay time of 194.2 nm is larger
and the rising of the 253.7 nm in the tail of the waveform is also underes-
timated in the simulation. For this apparent reason, the limitation comes
from the zero-dimensional characteristic of the simulation. The accuracy of
the simulation is also limited by the loss mechanism of the mercury ion and
electron in the afterglow. In Figure 4.8, the temporal evolution of charged
species and the dominant electron loss mechanism can be seen in the plots.
The helium dimer ion is the dominant species in the early phase of the after-
glow. It is produced by dimerization of helium ion and penning ionization
of helium atomic/molecular excited species and recombine with an electron
by collisional radiative recombination. In the late phase of the afterglow,
the mercury ion becomes dominant to maintain the quasineutrality. Colli-

sional radiative recombination and ambipolar diffusion to the wall are the
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Figure 4.8: (left) Temporal evolution of charged species in the kinetic
model, which shows that helium dimer ion is dominant in the early phase of
the afterglow while mercury ion is dominant in the late phase the for charge
neutrality. (right) Electron loss mechanisms in the extended time in the
afterglow. Collisional-radiative recombination and ambipolar diffusion are
dominant loss mechanisms of the electrons in the kinetic model.

two important main loss mechanisms of electrons. Since these are strong
functions of electron temperature, the quenching rate of the electron tem-
perature is very important. In the elevated electron temperature, the rate
for the ambipolar diffusion becomes faster while the dielectronic recombi-
nation is not favored as it is proportional to 7, %2, In the current kinetic
model, the energy of the thermal electrons generated by penning ionization
or heavy particle collision in the afterglow is not considered. As a result, the
electron temperature in the simulation decays rapidly right after the voltage
pulse ceases. Second, the rate constants for the volume recombination of the
mercury ion and electron are not available. The same rate constant for Cs*
recombination is implemented in this model as recommended in [52] although
they mentioned that the value might not be accurate in low temperatures.
In typical cases for mercury discharge, the volume recombination of mercury
ion does not have to be included in the kinetic model. In the low pressure
regime, it can be assumed that the recombination only occurs at the wall due
to the large value of the ambipolar diffusion coefficient. At high pressure and
high temperature such as arc discharge, a mercury ion is quickly converted
to a molecular ion so the dissociative recombination is dominant. In this
work, the operation in high pressure and low temperature could be a special

case in which the volume recombination of the atomic mercury ion cannot
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be ignored.

The rising tail of 253.7 nm in the afterglow can also be related to the
recombination of the mercury ion because the successive quenching from the
upper state of mercury neutrals and ions explain the slow rising/plateau in
the tail. Thus, reliable information about mercury ion recombination in the

volume or at the wall will provide a more precise model.

Peakvoltage
(2,4,6kV)
Peak VoltagePulse width =2 kV/200 ns 4 kV/200 ns 6 kV/200 ns
1 o} @ 1942nm 2 3
o © 2537mm o]
EEE I . o0 |2 . o
o =S = ol 1°® so®o0 e @
= o cBoogo s o . o @
[al 8 3 ° [ o] a - 8 B a
a o o
0 "% 0 e 0 L
0 2 4 6 g 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (us i i
.(“ ) 2KV ps . Time (‘MS) 4KV/1 us . Time (Il-ls) 6kV/1 s
1 2 3
o
o
2
B @
@ e coog” 8 _20%00
=]
= ] o @o 8
[l @ 8 @ 1 a
¢ fag g gam g
0@ B
- %o PEgm,
0 0 0
0 2 -_1_ 6 8 10 0 2 -% 6 8 10 0 2 -_1_ 6 8 10
ime (j1s) 2KV2 Ilmemsj ARV s ime (1s) 6 KV/2
1 2 3
5]
= @ =] 2
o B 1 n © .0 N 20%%0
ge Bo®o c%gee
@ e e o©a 1
B @@ o e o
@ 8 Bgo o
[} a B
g 8 . B g Bgp
0 0
0 2 4 6 8 10 0 2 4 6 g 10 0 2 4 6 8 10
Time (us) Time (us) Time (us)

Figure 4.9: A temporally resolved spectrum of 194.2 nm and 253.7 nm
varying driving voltages and pulse widths. The PRF is 100 Hz. The relative
intensity tends to increase when the peak voltage increases while a larger
pulse width leads to lower peak voltage. Note that the relative intensity is
rescaled to a larger value as the peak voltage increases (from left to right).

The dependence on the amplitude and the pulse width of the voltage is
shown in Figure 4.9. The peak voltage varies as 2, 4, and 6 kV while the
pulse width changes as 0.2, 1, and 2 s. Note that the scale of the relative
intensity increases as the peak voltage increases. With the same pulse width,
the peak value of the 194.2 nm is shown to increase as the peak voltage rises.

The dependence of the pulse width is not significant in the case of 194.2 nm.
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4.3.1 AC, RF, and Pulsed Power
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Figure 4.10: (left) The voltage-current-emission waveform when the lamp is
driven with an AC module. The driving frequency is 34 kHz. Two optical
pulses are observed in the emission waveform. Note that the decay time is
larger for the waveform of 194.2 nm emission compared to the broadband
emission. (right) The voltage-current-emission waveform when the lamp is
driven with a bipolar pulse generator. The driving frequency is 137 kHz.

Different types of power supplies have been tried for more efficient gener-
ation of the lamp emission. In Figure 4.10, the V-1 waveform as well as the
emission waveform are shown when the lamp is driven with an AC module
and a bipolar pulse generator. These two power supplies are customized in
Eden Park Illumination for the purpose of efficient generation of the excimer
lamp. For measurement of the emission waveform of broadband emission, a
photosensor amplifier (C6386-01, Hamamatsu) was used. It has the spectral
response over 400-1100 nm. The GaP detector (PDA25K2, Thorlab) and a
narrowband optical filter for a 193 nm ArF laser are utilized to measure the
waveform of 194.2 nm. The FWHM of the optical filter is ~20 nm, which
practically blocks the most of the intensity of other mercury neutral lines
such as 185.0 nm and 253.7 nm adjacent to the 194.2 nm line. The peak-to-
peak voltage of the AC module is 7 kV and the driving frequency is 37 kHz.
Two main emission peaks can be observed for both broadband and 194.2 nm
emission waveforms. As already discussed above, the decay time of 194.2
nm is larger compared to the broadband emission due to the long lifetime of
the helium molecular metastable. The long tail of the 194.2 nm waveform
increases the duty cycle of the lamp emission.

The waveforms taken with a bipolar pulse generator is shown on the right
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Figure 4.11: A comparison of the spectrum taken with the AC power
module and the bipolar pulse generator.

plot in Figure 4.10. The amplitude of each pulse is 1.7 kV and the PRF
is 137 kHz. Because of the charge accumulation of DBD, there are two
optical pulses in each unipolar pulse resulting in four pulses in total in one
cycle of bipolar pulses as shown in the broadband waveform. A comparison
of the output spectrum with different power supplies is shown in Figure
4.11. Even with the consideration that the PRF of the bipolar pulse (137
kHz) is larger than the driving frequency of the AC module (34 kHz), the
lamp emission is more efficient with the bipolar pulsed operation. A pulse
operation, especially with fast rise time and a shorter pulse width, is known
to shift the electron energy distribution function (EEDF) to higher energy
which results in a larger ionization degree and excitation of highly excited
state [24]. For example, the pulsed operation of plasma discharge has shown
to produce high electron density up to 10'” cm™ [26]. The efficient generation

of excimer emission has also been achieved with a fast pulse operation.
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Figure 4.12: Relative intensities of 194.2 nm and 253.7 nm emission when
the lamp is driven with RF power. The photo shows the discharge image of
the lamp for different RF power.

The lamp is also driven with a 13.56 MHz RF power supply. In Figure 4.12,
the relative intensities of 194.2 nm and 253.7 nm versus RF power are shown
with the discharge image. The RF power supply (RFG, Barthel) is equipped
with an impedance matching box. The RF operation has several advantages
upon AC or pulsed operation. The duty cycle of the lamp becomes 100%.
Also, it may experience less negative effect due to sputtering of heavy mercury
ions. The detailed discussion about sputtering of heavy mercury ions will be
held in a later section. However, it was measured that the output power
of 194.2 nm is comparable to the AC module when the RF power is 15 W.

Thus, RF power is not optimized for efficient generation of 194.2 nm.
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4.3.2 Temperature Dependence
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Figure 4.13: (left) A spectrum showing the temperature dependence of the
ratio of 194.2 nm and 254.7 nm. (right) A lamp with a size of 50 mm by 50
mm is partially cooled by dry ice. The cooled area is indicated by the red
circle. The visible color changes as the helium lines dominate due to a
decrease in mercury vapor number density.

The effect of the temperature for a ratio of 194.2 nm to 253.7 nm is shown
in Figure 4.13. The relative intensity of 253.7 nm to 194.2 nm is important
because the PMT used in the mercury ion clock has a sensitivity in 253.7
nm. Even though an optical filter is placed, the 253.7 nm line still acts as
noise to the PMT. Thus, lowering the intensity of 253.7 nm enhances the
performance of the ion clock.

For the experiment, a lamp with a size of 50 mm by 50 mm is used. The
lamp is driven with a 37 kHz AC module and the bottom half is cooled with
dry ice as marked by red circle in the photo at the right in Figure 4.13.
As the gas temperature decreases, the helium emission lines dominate as
visually seen as light purple in the photo at the bottom while the upper half
is dominant by mercury discharge emission showing blue-green color. The
spectrum in Figure 4.13 shows that 253.7 nm has a strong dependence on
the temperature while the 194.2 nm has less dependence. This is because the
excitation mechanism is different. The 194.2 nm emission is governed mostly
by the number of helium molecular metastables while the intensity of the

253.7 nm is excited by direct electron impact excitation. A larger number
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density of mercury vapor means there are more excited states of mercury
followed by the Maxwell-Boltzmann distribution in thermal equilibrium. In
contrast, as penning ionization by excimer collision is the main mechanism
to excite the upper state of 194.2 nm, the population of the 6Py is limited
by the number density of helium molecular metastables. The mercury vapor
pressure is a function of temperature, but the effect of gas temperature to the
number density of helium excited species is less significant. For example, the
mercury number density is 9x10'® cm~3 in 300 K. When the gas temperature
is 400 K, the density increases to 3x10'% cm=3. The average number density
of helium molecular metastable in the kinetic model is approximately 102
cm~? which is comparable to the average electron density. Although the
destruction frequency of helium molecular metastable changes as the gas
temperature changes, it is less significant compared to the change in the

mercury number density.

1 T T T T T T T T i T

17 kHz Fan-on
- 32 kllilz \ Fan-off
= 137 kHz | 7\
/\
2 0.06 S /
= ’ 193 194 195
] / I~
Z | o003 f § 1
= A | N
] V‘\ / f‘
Y, 0 _ )’,/ . —— “ i \\". ‘
192 193 194 195 196 . | /A
J‘ 252 S5 T s {
0 S I i L 0 4 L TIPS | S L e
200 220 240 260 190 200 210 220 230 240 250 260
Wavelength (nm) Wavelength (nm)

Figure 4.14: (left) UV/VUYV spectrum with different driving frequency of a
bipolar power supply. (right) UV/VUV spectrum with and without
fan-cooling. The driving frequency is 137 kHz.

The temperature change can also be observed in a bipolar pulsed opera-
tion. The spectrum on the left in Figure 4.14 shows the intensity change in
different PRF of the bipolar pulse. The surface temperature of the window
was measured by an IR camera. At the maximum frequency of 137 kHz, the
surface temperature exceeds 120 °C by Joule heating of the gas and displace-
ment current in dielectric materials. The result is a strong 254 nm radiation
at higher PRF. The ratio of 194.2 nm and 253.7 nm is 0.19 at 17 kHz, but it
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decreases to 0.08 at 137 kHz. However, with cooling by a fan, the ratio can
be increased significantly while the absolute intensity of 194.2 nm maintains,
which is shown in the right spectrum in Figure 4.14. The surface temperature
with fan-cooling is 75 °C. The 194.2 nm intensity remains almost constant
while the 253.7 nm intensity is decreased to the point that it is comparable

to the intensity of 194.2 nm.

4.3.3 Pressure Dependence
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Figure 4.15: The relative intensity of 194.2 nm while the lamp is loaded to
a vacuum chamber. Helium flow was slowly fed to the lamp. The plot
shows that the intensity of 194.2 nm is reduced at low pressure.

Helium buffer gas pressure is an important parameter for the lamp per-
formance since the excimer formation is a three-body process which is more
favored in high pressure. In Figure 4.15, the relative intensity of 194.2 nm
was measured while helium was being fed slowly to the lamp through the

gas feed line that is loaded to a vacuum chamber. At pressure from 200 Torr
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to 760 Torr, the intensity is relatively constant. However, at pressures lower

than 200 Torr, it shows a rapid drop.

300 Torr He ==
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Figure 4.16: A spectrum shows the relative intensities of three mercury
emission lines that depend on the helium buffer gas pressure. The lamps
were sealed off after they are filled with helium buffer gas with different
pressure. The highest pressure, 300 Torr, has shown the largest intensity of
194.2 nm.

Although the result in Figure 4.15 reveals the general tendency of pressure
dependence, experimental artifacts may be introduced since the measurement
was performed while the lamp was loaded to the vacuum chamber. For
instance, mercury vapor number density in the discharge volume might not
be in the steady state while the helium gas is being fed through the gas
feeding line. Thus, a more precise measurement of the spectrum in different
pressures has been performed as shown in Figure 4.16. In this case, each
lamp is filled with the desired pressure and the gas feeding line is sealed off.
The result confirms that the higher pressure is more preferable to increase
the intensity of 194.2 nm. The two mercury atomic lines, 185.0 nm and 253.7
nm, show relatively weaker dependence in pressure compared to the mercury
ion line. The main mechanism to populate the excited state of neutral atoms
is direct impact excitation. The population of these states is governed by the
electron energy distribution and absolute number density of electrons and
mercury neutrals while the mercury ion states are populated largely by the

number density of helium molecular metastable as discussed above.
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4.3.4 Operation in Ne
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Figure 4.17: A spectrum showing that the generation of 194.2 nm is more
efficient with helium buffer gas compared to neon.

The lowest excited states of Ne lie at 16.6-16.9 eV which may be resonant
with the 6Py, state of Hg*. Figure 4.17 shows the spectrum of lamps with
different buffer gas and pressure. As already discussed above, the higher
pressure of helium buffer gas shows a stronger intensity in 194.2 nm. In the
case of neon, the intensity of the lamp is weaker compared to the helium
buffer gas. Also, lower pressure showed less intensity in 194.2 nm emission.
This may be caused by the lower number density of the atomic excited state of
neon because the atomic excited states are quickly converted to the molecular
excited state in a highly colliding environment. Thus, the number density of
atomic excited species is less in high pressure. However, a detailed analysis
is required for the kinetic of the Ne-Hg system as the electron density, the

EEDF and neon molecular metastable may play a role in excitation of the

52



Hg"(6°P1/2). Argon has also been tried by the author, but it shows negligible

emission in 194.2 nm.

4.4  Lifetime
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Figure 4.18: A plot showing the relative intensities of three different lines
emitted by the lamp. The lamp is coated with alumina with a thickness of
100 nm. The pressure of the helium gas is 600 Torr.

As helium is utilized as a buffer gas in the current work, a permeation

rate through the lamp body also has to be considered. Figure 4.18 is the

lifetime test result for lamps filled with two different pressures of helium
buffer gas which are 600 Torr (top) and 300 Torr (bottom-left). A compact
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spectrometer (SPM, Photon Control) is used to trace the spectrum of the
lamp. The data points were taken every 30 min.

The example of the spectrum taken at 150 hours after the discharge begins
is shown at the bottom-right in Figure 4.18. The discharge phases can be
divided largely by four segments based on the intensity of 194.2 nm and
the visual discharge mode. The phase change can be explained mainly by
the helium leakage of the lamp and the blackening of the window. Three
cavities are shown in the plot as insets. The arrow indicates the time when
the photo was taken. In the first phase which lasts around 15-20 hours, the
lamp intensity slowly increases. The phase is so-called an aging phase. After
the aging process is done, the mercury vapor density in discharge volume
decreases which can be indicated by the intensity drop in 253.7 nm. The
mercury number density drop can be explained by the transport of mercury
vapor to the cold spot of the lamp body due to the temperature gradient.
The coldest spot of the lamp body is the gas feeding line. The tiny size of
mercury droplets was observed moved outward from the discharge volume
toward the tip of the gas feeding line in the long time scale.

After the system reaches the equilibrium, a diffusive mode is observed for
the lamp filled with 600 Torr of He. The mode change can be seen visually
since the dominant color is produced by helium lines which is bright pink
and the discharge fills the whole gap between the electrodes while it was
confined in the cavity in the beginning. Since the main pumping mechanism
of 194.2 nm emission is excitation transfer by helium excimer, strong helium
lines could be an indication of efficient generation of 194.2 nm. As a result,
the intensity of 194.2 nm is strongest in this phase and the ratio of 194.2
nm to 253.7 nm is the largest. It should be noted that this discharge mode
is not seen with the lamp filled with 300 Torr of He. After 130 hours of
operation of the discharge mode, another mode change was observed. The
discharge is again constricted to the cavities. The relative intensity of 194.2
nm drops and the intensity of 253.7 nm increases. A slow increase in 253.7
nm of the lamp filled with 600 Torr of helium is due to the discharge in the
gas filling tube. As the helium gas pressure drops, a discharge occurs and the
intensity becomes stronger in the gas filling tube as the tip of the tube acts
as a floating ground. This could be another indication of helium leakage. As
the pressure drops, pd value decreases, which changes the discharge voltage

in the Paschen curve.
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Phase 3 has been observed for both cases (300 Torr of helium and 600 Torr
of helium). In this stage, the darkening of the window and the cavities is
visually observed. After 200 hours of operation in this discharge mode, the
darkening of the window becomes significant resulting in the drops in the
intensity of any VUV-UV lines. From the observation, it can be concluded
that the darkening occurs mainly at a low pressure of helium. The bombard-
ment of energetic mercury ions may play an important role in blackening.
The dense helium neutrals take away the kinetic energy from the mercury ion
in the collisional sheath before it hits the wall. But as the helium pressure
drops, the kinetic energy of mercury ions becomes more significant when they
hit the wall. Moreover, a set of experiments that were performed with lamps
filled with low pressure between 10-50 Torr showed that darkening occurred
only within 10-20 hours of operation.

In conclusion, in the pressure range between 10-760 Torr, higher pressure
of helium has shown better performance in terms of the intensity and the
lifetime of the lamp as excimer formation by dimerization is preferred and

blackening of the window is less significant at high pressure.
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Figure 4.19: A plot showing the lifetime of lamps with different coating
materials.

The lifetime test has also been done with different coating materials. Fig-
ure 4.19. shows the 194.2 nm intensity changes for different coating materials.
The black dot is done with a lamp without any coating which is indicated

as plain quartz. The best performance is observed with alumina or AIN,O,
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coating. The alumina coating is known to suppress darkening of the lamp
[53]. All the best performing lamps were coated with alumina. There could
be an effect of secondary emission coefficient change as coating materials
change since a different discharge mode has been observed with alumina
coating. For SisN, or MgFs coating, the window becomes opaque quickly

after around 100 hours of operation.
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CHAPTER 5

CONCLUSION

New concepts of optical sources in which excimers play important roles are
demonstrated. First, a gaseous laser amplifier that exploits atomic inter-
actions between cesium (Cs) and a rare gas (Ar or Xe) is studied. A total
optical-to-optical efficiency of 28% with respect to absorbed pump power and
a gain broadening of 125 GHz are achieved with a Cs-Ar gas mixture. The
medium is photoexcited at 836.7 nm through a free-free molecular transition,

BQEI’/2

the transition near the Cs Dy line (6°P32 < 62 Sy/2) after dissociation of the

— X2ZIL/2, with a pulse duration of 8 ns. The amplification occurs on

Cs-Ar thermal pair. The large bandwidths of photoexcitation and gain spec-
trum are attributed to a Franck-Condon region in the interaction potential
curve of Cs and Ar. It is shown that the efficiency can be adjusted by the
temperature and spin polarization. Optical amplification on the red satellite
of the Cs-Xe atomic pair is observed experimentally, which is possibly at-
tributed to free<—free molecular transition. The Franck-Condon calculation
is performed to modify the B221+/2 state potential curve by comparing the
simulated spectrum to the experimental one. These unique features allow
the alkali-rare gas system to be utilized as a high power IR source and a
precise tool for atomic spectroscopy.

Second, the efficient generation of the Hg*t line (6°P;/5—62S;/5) in mi-
croplasmas is realized and the unique kinetic pathway is suggested. The col-
lision between a helium metastable molecule (%) and a neutral mercury
atom is responsible for the population of the Hg* (6P, /2) and the subsequent
radiative transition of 194.2 nm in a plasma state. The kinetic pathway is
validated by observing the output intensity of the 194.2 nm emission while
the pressure and temperature are varied. A zero-dimensional kinetic simu-
lation also supports the kinetic pathway by comparing the waveform of the
output emission to the simulated curve.

In conclusion, the dynamic of the excimers efficiently bridging the input
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optical or electrical energy to the output emission of the optical medium has

been shown in this work.
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APPENDIX A

LIST OF THE RATE CONSTANTS

Helium

Reaction

Electronic Excitation

e + He +» e + He(2!S)

e + He <> e + He(23S)

e + He «» e + He(2°P)

e + He <+ e + He(N)

e + He(23S) <> e + He(2'S)
e + He(23S) <+ e + He(2°P)
e + He(23S) <> e + He(N)
e + He(2'S) <+ e + He(2°P)
e + He(2'S) <> e + He(N)
e + He(2°P) <> e + He(N)
Electronic Ionization
e+ He — e + e+ He"

e + He(2!'S) = e+ e+ He"
e + He(2%S) = e + e + He"
e+ He(2°P) — e + e + He™
e + He(N) — e + e + Het
Ion Recombination

e+ e+ Het — e + He(2!S)
e+ e+ HeT — e + He(239)
e+ e+ He™ — e + He(2°P)
e + e+ He™ — e 4+ He(N)
e + Hej — He(2'S) + He
e + Hej — He(23S) + He
e + Hey — He(2°P) + He

Rate constant

Bolsig+ He <> He(2!S)
Bolsig+ He +» He(239)
Bolsig+ He «+» He(2°P)
Bolsig+ He — He(N)

Bolsig+ He(23S)
Bolsig+ He
Bolsig+ He
Bolsig+ He
Bolsig+ He
Bolsig+ He

s
< He
~— H

Bolsig+ He — He™
Bolsig+ He* — He™
Bolsig+ He* — Het
Bolsig+ He* — He™
Bolsig+ He* — He™

0.06 x 6 x 10720 x (T, /T,)™*
0.19 x 6 x 1072 x (T, /T,)™*
0.56 x 6 x 1072 x (T, /T,)~*
0.19 x 6 x 1020 x (T,/T,)~*
0.06 x 8.9 x 10~ x (T,/T,)""5
0.56 x 8.9 x 102 x (T,/T,)" "5

0.19 x 8.9 x 107? x (T,/T,)~**
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e + He; — He(N) + He
e + e+ Hey

— e + Hey(a®S))
e + e+ Hes

— e + Hey(A'S))
e + He+ Hej

— He +He(2°P)
Heavy Particle Collision
He + He + He(2%S)

— He + Hey(a®*T))
He + He + He(2'S)

— He + Hey(A'X)
He + He + He(2°P)

— He + Hey(a®%))
He + He + He™

— He + Hej
He + He(N) — e + Hej
He* + He* — e + Hej
He* + He* — e + He + He™
He* + Hey(aX))

— e + He + Hey
He* + Hey(a®%))

— e + He + He + He*
Hey(a®YF) + Heg(a3X)

— e + He + He + Hej
Hey(a*E}) + Heg(a’X))
— e+ He + He + He + He™
e + Hey(a3X)

— e+ e + Hej

e + Hey(a®X)

— e + He + He
He + Hep(a®X)

— He + He + He

Spontaenous Emission

Heg (AlEI)

0.19 x 8.9 x 10~ x (T,/T,)~"
0.75 x 4 x 1072 x (T,/T,)~
0.25 x 4 x 1072 x (T, /T,)~*

0.75 x 1.1 x 107%" x (T, /T,)?

8.1 x 1073 x T, x exp(—650/T,)
1.3 x 10733

1.6 x 10732

1.4 x 1073 x (T,,/300) %6

1.5 x 1071

0.7 x 2.9 x 107 x (T,,/300)%?
0.3 x 2.9 x 107 x (7,,/300)°°
0.7 x 2.9 x 1079 x (T,,/300)5
0.3 x 2.9 x 1079 x (T,/300)°?
0.7x1.5x 107

0.3x 1.5 x 107

9.75 x 1010 x (T,/11600)%7" x
exp(—3.4 x 11600/T,)

3.8 x107?

4.9 x 10716
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— He + He +hv(~75 nm)
He(2°P)

— He(23S)+hr(1083 nm)
He(N) — He(2'S)+hv
He(N) — He(23S)+hv
He(N) — He(2°P)+hv

Mercury

Reaction

Electronic Excitation

e + Hg «> e + Hg(6%Py)

e + Hg <> e + Hg(63P;)

e + Hg <> e + Hg(6°Py)

e + Hg <> e + Hg(7*Sy)

e + Hg +» e + Hg(6°D)
e+Hg(6°Pg) > e+Hg(63P)
e+Hg(6°Py) +» e+Hg(6°Py)
e+Hg(63Pg) <> e+Hg(6'P;)
e+Hg(6°Py) <+ e+Hg(73S;)
e+Hg(6°Py) <> e+Hg(6°D)
e+Hg(63P;) <> e+Hg(63Py)
e+Hg(6°P1) < e+Hg(6'P:)
e+Hg(6°P;) < e+Hg(7S;)
e+Hg(6°P;) <> e+Hg(6°D)
e+Hg(6°Py) > e+Hg(6'Py)
e+Hg(6°Py) <+ e+Hg(73S;)
e+Hg(6°Py) <> e+Hg(6°D)
e+Hg" «» e+Hgt (6°Py2)
e+Hg" > e+Hgt(6°P;3)2)
Electronic Ionization
e+Hg — et+e+Hg"
e+Hg(6°Py) — et+e+Hg™
e+Hg(6°P;) — e+e+Hg"
e+Hg(63Py) — ete+Hg™

P
P
P
P

1.8 x 10°

1.0216 x 107
1 x 107
1 x 107
1 x 107

Rate constant

Bolsig+ Hg < Hg(63P)
Bolsig+ Hg «+» Hg( )
Bolsig+ Hg «+» Hg(6°P,)
Bolsig+ Hg «» Hg(73S,)
Bolsig+ Hg ¢ Hg(73Sl)
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg
Bolsig+ Hg(63Py) «+» Hg(7?
Bolsig+ Hg" «» Hgt(6°Py 2
Bolsig+ Hg" <> Hgt(6°P; )2

o o o o o o~ o N N~~~

~— —

Bolsig+ Hg — Hg™

Bolsig+ Hg(63P) — Hg™
Bolsig+ Hg(6°P) — Hg™
Bolsig+ Hg(63P) — Hg*
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e+Hg(6'P;) — et+e+Hg"
e+Hg(7%S;) — et+e+Hg™
e+Hg(63D) — ete+Hg™
Ion Recombination
et+e+Hg™ — e+Hg(7S,)
et+e+Hgt — e+Hg(6°D)
e+He+Hg™

— He+Hg(73S;)
e+He+Hg*

— He+Hg(6°D)
e+Hg; — Hg+Hg(63P)
e+Hgi — Heg+Hg(6°P,)
e+Hgy — Hg+Hg(63Py)
e+Hgy — Hg+Hg(6'P;)
e+Hgy — Hg+Hg(7S;)
e+Hgl — Hg+Hg(6°D)

Heavy Particle Collision

He+Hg+Hg"t — He+Hgy
Hg*+Hg* — e+Hgy
Hg + Hey(a®%))

— Hg+ (62P1/2)+HG+HQ

Hg + Hey(a®%))

— Hg™ (6*P3/2)+He+He

Hg + He™

— Hg" (7*P3/2)+He+e
Hg(6°Po) + He(2%S)

— Hg" (7*P3/2)+He+e
Hg(6%P,) + He(2%S)

— Hg™(7*P3/2)+He+e
Hg(6°Py) + He(2%S)

— Hg™ (7*P3/2)+He+e
Spontaenous Emission
Hg(6°P,) — Hg

+hr (254 nm)

Hg(6'P,) — Hg
+hr(185.0 nm)

Bolsig+ Hg(73S;) — Hg™
Bolsig+ Hg(73S;) — Hg™
Bolsig+ Hg(63D) — Hg™

0.5 x 2.4 x 10710 x 7,742
0.5 x 2.4 x 10710 x 7742

0.5 x 4 x 1072 x (T,/T,)2®

0.5 x 4 x 1072 x (T,/T,)~>*

0.16 X 4.2 x 1077 x (T3/T,)~ '
0.16 x 4.2 x 1077 x (T,/T,) '+
0.16 x 4.2 x 1077 x (T,/T,)~"!
0.16 X 4.2 x 1077 x (T,/T,) '
0.16 x 4.2 x 1077 x (T./T,) !
x )~

0.16 x 4.2 x 1077 x (T,/T,)~**

1.7 x 10731
ax3.5h x 10719

0.5 x5 x 10710
0.5 x5 x 10710
1.1 x 10710
0.7x 1.1 x 10710
0.7x 1.1 x 10710

0.7 x 1.1 x 10710

8.40 x 10°

7.46 x 108

62

oo

=
oo

(=
oo

(o))

[0 (0]
AL AL A A A

— — — — —— —— ——

(73], [74]
[73], [74]

[73], [74]

[63]

[63]



Hg(7%S;) — Hg(6°Py)
+hv (405 nm)
Hg(73S;) — Hg(6%P,)
+hr (436 nm)
Hg(7°S1) — Hg(6°Ps)
+hv (546 nm)
Hg(6°D) — He(6°Py)
+hr(297 nm)
Ha(6°D) — He(6°P,)
+hr(313 nm)
Hg(6°D) — He(6°Py)
+hv (366 nm)
Hg(6°D) — Hg(6'Py)
+hv(577 nm)

Hg+<72P3/2) — Hg+(7281/2)

+hr(615 nm)

Hg* (7%P3/2) — Hg™ (7%S12)

+h1(89.3 nm)

Hg+<7231/2) — Hg+(62P3/2)

+h (285 nm)

Hg+(7281/2) — Hg+<62P1/2)

+hv(226 nm)
Hg"(6°P3/2) — Hg"

+hr(165 nm)
Hg*(6°Py2) — Hg"

+hr(194 nm)

2.07 x 107

5.6 x 107

4.9 x 107

4.6 x 107

6.6 x 107

1.29 x 108

2.36 x 107

6.2 x 107

6.2 x 107

3.0 x 108

3.0 x 108

1.2 x 10°

7.5 x 108
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