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ABSTRACT

A new class of photoassociation lasers has been demonstrated in which photoexcited

alkali-rare gas collision pairs dissociate in order to produce inversion on atomic alkali

transitions. The pump acceptance bandwidths of these excimer bands, historically

referred to as spectral satellites, have been observed to be as broad as ≥5 nm. This

characteristic makes excimer-pumped alkali-vapor lasers (XPALs) attractive candi-

dates for the spatial mode conversion of laser diode arrays with nominal linewidths

of ∼2 nm in order to produce high quality (M2∼1) beams. Quantum efficiencies ex-

ceeding 98% have been measured and may potentially mitigate heat extraction issues

associated with high power, large volume lasers.

XPALs operating on both the n2P1/2 → n2S1/2 (D1) or n2P3/2 → n2S1/2 (D2)

transitions of Cs (n = 6) and Rb (n = 5) have been experimentally investigated and

show promise for scaling to high power, diode pumped systems. Both semiclassical

and quantum mechanical formulations of the free→free transitions which produce

satellites are presented, culminating in an improved CsAr(B2Σ+
1/2) potential. A time-

dependent rate equation model is also described which clearly shows the validity and

utility of employing the laser itself as a sensitive probe of the underlying photoasso-

ciation kinetics.
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CHAPTER 1

INTRODUCTION

At the time of this writing, the laser has just reached its 50th birthday. Although

incredible advances have been made in laser technology over the intervening years,

a high power (MW class), high beam quality (M2∼1), continuous wave (CW), elec-

trically driven laser system operating in the near-infrared has not yet been demon-

strated. The multitude of uses for such a system, ranging from industrial processing

to military applications, has served as the driving force for efforts to increase the out-

put powers of a variety of laser technologies. Although these efforts have produced

extremely valuable tools such as the excimer lasers used today primarily for medical

treatments and photolithography [1], to date there is no laser system which meets all

of the aforementioned requirements.

Technologies which have successfully met one or more of these requirements in-

clude chemical oxygen iodine lasers (COILs) designed for missile defense, which offer

MW-class output powers but face significant engineering and operational lifetime

challenges because of the requisite hazardous chemicals [2]. Diode laser arrays are

another important technology, capable of offering efficiencies approaching 70% and

scalable to powers as high as 1 kW CW from a single bar [3], but suffer from ex-

tremely poor beam qualities (M2�1) [4]. Diode-pumped solid state (DPSS) lasers

offer a hybrid approach in which a solid state crystal serves as a brightness converter

that effectively improves the incident diode beam quality. DPSS lasers with individ-

ual output powers as high as 15 kW have been reported, although scaling to higher

power typically requires inefficient beam combining of many such systems [5]. Modu-
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lar design is necessary because of the poor thermal conductivity of the crystal which

causes thermal gradients that severely limit beam quality.

An alternative hybrid approach lies in diode-pumped gas lasers. Similar to DPSS

systems, these lasers take advantage of highly efficient, scalable diode arrays by uti-

lizing a gaseous medium as a spatial mode converter. However, as opposed to solid

state gain media, the relatively low density and extremely fast (ps time scale) colli-

sional processes in gases minimize thermal gradients and dramatically simplify heat

extraction. In an effort to realize these advantages, the first of a class of three-level

alkali vapor lasers, operating on the long wavelength transition of the first principal

series of Rb, was reported in 2003 [6]. The pumping scheme was later demonstrated

in both Cs [7] and K [8]. Figure 1.1 depicts the energy level diagram for this laser

scheme for Cs. An optical pump tuned to the 62P3/2 ← 62S1/2 (D2) transition of Cs

serves to populate the 62P3/2 state. A collisional relaxant, typically a hydrocarbon

such as ethane (C2H6), then transfers this population to the 62P1/2 state [9]. Lasing

occurs on the 62P1/2 → 62S1/2 (D1) transition.

Figure 1.1: Optically pumped three-level laser scheme first demonstrated in Cs. The
dashed arrow corresponds to collisional mixing of the upper states.

It should be noted that Fig. 1.1 is not to scale and that the quantum efficiency of

this Cs laser is >95%. Cs has the largest energy difference between the 2P3/2 and
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2P1/2 states among the alkalis (sometimes referred to as an energy defect), with Rb

and K having even higher quantum efficiencies of >98% and >99%, respectively. Be-

cause quantum efficiency represents the maximum possible efficiency of the laser, this

is a critical characteristic. Additionally, these three-level alkali lasers operate in the

∼750–900 nm spectral region where high-power, commercial diode arrays are efficient

and cost effective [4] and over which there is low atmospheric attenuation [10]. How-

ever, because the n2P3/2 ← n2S1/2 transition has a collisionally broadened linewidth

of only ∼10 GHz in the presence of [He] = 2.4× 1019 cm−3 (∼1 atm at room temper-

ature), efficient optical coupling with diode arrays, which have typical bandwidiths

of ∼1 THz, is not possible [11]. Spectrally narrowing the output of diode arrays

lowers their efficiency and requires that each diode emitter be electronically locked to

the n2P3/2 ← n2S1/2 transition [12]. A combination of these factors has limited the

highest output power yet reported to only 130 W [13].

The work presented in this thesis consists of the demonstration of a new class

of photoassociation lasers which offer similar advantages to three-level atomic alkali

lasers but do not require spectrally narrow pump sources. This advantage is realized

by circumventing direct atomic excitation and instead photoexciting transient alkali-

rare gas collision pairs. This produces excimers which subsequently dissociate to

populate the excited atomic alkali state. This pumping scheme is referred to as an

excimer-pumped alkali-vapor laser (XPAL). The energy diagram of a Cs-Ar XPAL is

presented in Fig. 1.2. Two possible laser transitions are indicated in Fig. 1.2, with

the dominant transition dependent on the coupling between the members of the 6P

doublet.

As indicated by Fig. 1.2, it is possible for an XPAL to operate in the absence of a

collisional relaxant. This has numerous advantages, including an increase in quantum

efficiency. Also, although hydrocarbons (such as C2H6) efficiently transfer population,

they pyrolyze over time by reacting with the alkali species to produce alkali-hydrides
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Figure 1.2: Cs-Ar interaction potentials (adapted from [14]) with two possible XPAL
transitions indicated. The system is optically pumped near 837 nm and laser action
can occur at either 852.1 nm or 894.3 nm. The dashed arrow indicates nonradiative
collisional transfer.

(known as laser snow) and carbon (black soot) [15,16]. This degradation process limits

the maximum temperature/alkali densities and laser lifetime. Another advantage of

removing the collisional relaxant is that it reduces the opportunity for the population

to bottleneck in energy levels where other, competing processes may siphon excited

species, thereby reducing system efficiency.

Another unique aspect of the pumping scheme illustrated in Fig. 1.2 is that it

involves a free→free transition of the molecule. This means that the molecule is

never in a bound state and that the collision pairs are formed and dissociated on

the picosecond time scale. This characteristic is a key component of the broad pump

acceptance bandwidth of an XPAL.

A requirement for XPAL operation is that a region of internuclear separation R

must exist in which the classically allowed transition energy between two molecular

electronic states varies slowly with R. Such a region is centered near 4.5 Å for the
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B2Σ+
1/2 and X2Σ+

1/2 states in Cs-Ar. This corresponds to spectrally broad features in

both absorption and emission which are associated with the atomic transition with

which these states are correlated. These spectral features are called satellites and may

lie to either the blue or the red of the corresponding atomic transition. Figure 1.3

presents the transmission through a 10 cm cell containing Cs and Ar at a temperature

of 460 K, with [Cs] = 1.1 × 1015 cm−3 and [Ar] = 1.6 × 1019 cm−3. It is observed

that the blue satellite in Fig. 1.3 has a spectral breadth ≥5 nm – more than twice

the bandwidth of a unbroadened diode array with a linewidth of 2 nm.

Figure 1.3: Transmission through a 10 cm cell containing Cs and Ar where [Ar] = 1.6×
1019 cm−3. The temperature of the cell is 460 K, corresponding to [Cs] = 1.1 ×
1015 cm−3.

Over the course of this work, several different XPAL variants have been demon-

strated. In addition to the experimental work to characterize these lasers, a time-

dependent rate equation model has been developed in an effort to further elucidate

XPAL laser kinetics and to investigate scaling opportunities. Beyond laser devel-

opment, XPAL lasers are a sensitive probe of the photoassociation processes which
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make this pumping scheme possible. In addition to the semiclassical description of

photoassociation most commonly employed in the literature, a fully quantum mechan-

ical treatment of free→free transitions is developed and used to provide an improved

interaction potential for the B2Σ+
1/2 state of CsAr.

Finally, one of the most exciting results to come out of this research was the unex-

pected observation of three-body photoassocation, which can dramatically alter the

lineshape and absorption strength from those of binary gas mixtures. These results

represent the least understood component of photoassociation dynamics but may be

useful in laser design as well as illuminating weaknesses in the present understanding

of transient molecules.
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CHAPTER 2

HISTORICAL BACKGROUND

In order to put this work into context, it is important to recognize the key spectro-

scopic and laser developments that preceded it. It is intended that this brief historical

overview will provide additional insight into the key physical processes by clearly dif-

ferentiating this free→free pumping scheme from previously demonstrated atomic

and molecular lasers.

2.1 Excimer Lasers

Although the XPAL acronym contains the word excimer, it it quite distinct from the

pumping scheme employed in the traditional class of excimer lasers. In 1970, Basov et

al. observed spectral line narrowing at 172 nm in liquid Xe2 using an electron beam

pump [17]. The first conclusive reports of excited dimer (excimer) laser action were

reported in gaseous Xe2, Ar2, and Kr2 in 1973 [18, 19]. These demonstrations were

followed by the rare gas-halide excimer lasers which were first reported by a number

of groups almost simultaneously in 1975 [20–22]. Although, strictly speaking, these

heteronuclear molecules correspond to excited complexes or exciplexes, they are still

generally referred to as excimers.

The excimer laser transitions occur between a bound excited molecular state and

a dissociative molecular ground state as illustrated in Fig. 2.1. An unbound ground

state is often observed for diatomic molecules which include a rare gas since its closed-

shell configuration makes it chemically inert. However, excitation of the rare gas atom
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Figure 2.1: Representative energy level diagram of excimer laser operation in ArF
where the large arrow indicates the bound→free laser transitions (adapted from [23]
and [24]).

(typically with a discharge) changes its electronic configuration to np5ns, for example,

(where n = 3 – 6 for Ne – Xe) such that it can form a stable bound diatomic molecule

such as ArF*. For sufficiently deep potential wells (such as are observed for the rare

gas-halides) with relatively long excited state lifetimes, significant population can

be stored in these states. Vibrational relaxation ensures that the system does not

behave in a two-level manner and, because the ground state is repulsive, reaching

inversion is relatively straightforward. The dominant factor limiting the scaling of

these lasers in power is the difficulty in producing uniform, streamer-free discharges

in large volumes. Nevertheless, fast dissociation of the ground state molecules allows

excimer lasers to have very high throughputs.

Around the same time the first excimer lasers were being demonstrated, A. V.

Phelps proposed an alkali-rare gas laser operating in the same manner in mixtures

such as Li-Xe, Cs-Ar, and H-He [25]. In these systems, laser action would occur
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between the A2Π→X2Σ+
1/2 transitions. This work was further expanded by York and

Gallagher in 1974 with particular emphasis on high power laser opportunities [26].

Despite these efforts, these systems were never experimentally realized due in part to

the weakly bound (on the order of ∼2 kBT) nature of the A2Π. This, combined with

slow rates of three-body formation, make it extremely difficult to build up enough

population in these states to achieve inversion [27]. As excimer laser research slowed

dramatically toward the end of the 1970s, interest in these systems faded.

2.2 Spectral Satellites

Prior to the development of the excimer lasers, work was underway to catalog and

better understand spectral satellites. Satellites were observed as early as 1927, over 30

years prior to the demonstration of the first laser, and were regarded as a peculiarity in

the absorption spectra of gaseous atomic species perturbed by another species [28].

The satellites manifested themselves as spectrally broad absorption bands distinct

from the resonance transition or as a strong asymmetry of the atomic line itself [28].

Although the XPAL demonstrations presented here focus primarily on satellites lying

to the blue of the D2 atomic alkali transition, satellites are just as likely to exist to

the red. The characteristics of the satellites, including spectral position, breadth, and

strength are entirely dependent on the identity and number density of the species

involved. A variety of theories describing the origin of satellites were suggested until

1972 when Hedges, Drummond, and Gallagher conclusively attributed red and blue

satellites to collision pair photoassociation [29]. As excimer laser research slowed,

there was a corresponding reduction in the spectroscopic studies of satellites.

The first report of using satellites as an integral part of a laser pumping scheme was

made by in Chilukuri in 1978 using Tl-Hg and Tl-Cd-Ar mixtures [30]. In this work,

lasing was observed on the Tl(72S1/2 → 62P3/2) transition at 535.1 nm by pumping
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into the red satellite of the 72S1/2 ← 62P1/2 transition at 377.6 nm. This laser scheme

is presented in Fig. 2.2. Laser action on the same Tl 535.1 nm line by pumping to

the blue of the Tl resonance in a Tl-He mixture was reported by Atamas et al. in

1984 [31]. Although both of these laser schemes share several characteristics with

the systems that are the subject of this thesis, they differ in that they utilized an

intermediate state approximately 1 eV above ground as the lower laser level.

Figure 2.2: Laser pumping scheme demonstrated in Tl-Hg (adapted from [30]).

2.3 Atomic Alkali Lasers

By the late 1990s, laser diode arrays had been developed to the point that they were

capable of emitting tens of watts [4]. Since that time output powers and efficiencies

have steadily increased, making diodes especially valuable in materials processing

applications such as laser welding. As discussed previously in Chapter 1, efforts to

develop a hybrid gas-diode system capable of producing high power, high beam quality

output led to the first demonstration of a three-level alkali laser in Rb in 2003 [6].

10



This demonstration employed a Ti:sapphire laser as a surrogate pump source and was

followed by the first diode-pumped alkali vapor laser (DPAL) in 2006 [32].

To date, slope efficiencies as high as 68% and optical-to-optical conversion effi-

ciencies as high as 62% have been reported for low power (10 W) Cs DPALs [33].

Although these numbers are very encouraging, coupling diode radiation into the D2

transition remains the most significant challenge in efficiently scaling to higher pow-

ers. There have also been innovations in altering the DPAL kinetics, such as using He

as both a means of collisionally broadening the atomic transitions and as a collisional

relaxant [8, 34]. However, because He provides a n2P3/2 → n2P1/2 mixing rate ∼20

times smaller than C2H6, data suggests that high power, hydrocarbon-free DPAL

variants will require extremely high (≥10 atm) partial pressures of He [34]. Pressures

of this magnitude dramatically increase the engineering complexity of constructing

and heating the gas cell.

The first XPAL was actually demonstrated in a Na-He mix in 2002 by Markov

et al. [35]. In this paper, laser action was reported on both the 32P3/2 → 32S1/2

and 32P1/2 → 32S1/2 lines (in some cases simultaneously) when photoexciting Na-

He pairs. It is interesting to note that the majority of the results presented in this

dissertation were obtained without knowledge of the work done by Markov et al. This

is attributed to the different interests and viewpoints of the authors, who considered

the system as two perturbed atomic states. Additionally, the authors did not discuss

high power laser opportunities or an extension of the technique to other gas mixtures.

By evaluating these and other aspects of XPALs, this dissertation builds on the work

of Markov et al. who recognized that “A more detailed description of the experiment

needs a more developed theory, which should include real interaction potentials of

excited and unexcited sodium atoms with helium atoms” [35].
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CHAPTER 3

SPECTROSCOPIC FOUNDATION

For over 80 years, spectral satellites associated with atomic resonances have been

observed in both the absorption and emission spectra of a wide variety of gas mix-

tures [28]. Many of these reports observe broad absorptions to the blue side of single

photon-allowed atomic transitions, including the principal series of the alkali metals,

alkaline earths [36], Tl [37], and In [37] among others. Red satellites are often ob-

served as asymmetrical broadening on the long wavelength side of a transition. A

requirement for observation of these satellites is the presence of a collision partner,

examples of which include the rare gases, hydrocarbons, N2, and H2 [38]. Until re-

cently, only semiclassical investigations concerning satellite origin and behavior have

been undertaken. The results of this prior work are briefly reviewed and a fully quan-

tum mechanical treatment of free→free photoassociation is presented, culminating in

an improved CsAr(B2Σ+
1/2) potential.

3.1 Semiclassical Formulation

The origin of satellites was a subject of significant debate in the years following

their initial observation. In 1972, Hedges, Drummond and Gallagher developed a

quasistatic, semiclassical model which provided an intuitively satisfying picture of

the molecular dynamics that lead to satellite observation [29].

For any electronic state of a molecule, there is an associated molecular interaction

potential which varies with the internuclear separation R of the composite species.
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Consider a diatomic molecule consisting of an absorbing atom of species A and a

perturbing collision partner of species B. The difference in potential energy between

two electronic states at a given value of R between A and B corresponds to a transition

frequency ν(R). Referring to the two electronic state potentials Vu(R) and Vl(R)

(upper and lower, respectively), ν(R) is given by the Franck-Condon relation

ν(R) =
Vu(R)− Vl(R)

h
, (3.1)

which can be written alternatively as

λ(R) =
hc

Vu(R)− Vl(R)
. (3.2)

These expressions make use of the fact that electrons move much faster than molecules

and, therefore, R remains essentially constant during an electronic transition.

Figure 3.1 shows the B2Σ+
1/2 – X2Σ+

1/2 difference potential for Cs-Ar. For conve-

nience, transition wavelength is plotted as a function of R. The dashed line corre-

sponds to the 852.1 nm (D2) atomic Cs resonance. There are two extrema in the

difference potential of Fig. 3.1. One, a local minimum, is observed at ∼831 nm on

the short wavelength (blue) side of the atomic resonance. A local maximum near

∼853 nm is also observed on the long wavelength (red) side. Both of these turning

points correspond to regions where the upper and lower state potentials run parallel

to one another. Qualitatively, this would indicate that a number of Cs-Ar pairs with

different values of R would have very similar transition frequencies, giving rise to a

broad, pronounced spectral feature in either absorption or emission. This is illustrated

in Fig. 3.2 in which the reduced absorption coefficient k (cm−5) for Cs-Ar near the

D2 resonance is presented with both the red and blue satellites indicated. It should

be noted that the Cs D2 red satellite is also attributed to pumping of the A2Π3/2

molecular state, although the relative population transfer of this process compared
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to that of B2Σ+
1/2 has not been measured.

Figure 3.1: B2Σ+
1/2 – X2Σ+

1/2 difference potential (converted to wavelength in air for

convenience) of Cs-Ar.

It is important to note that the value of k presented in Fig. 3.2 is related to the

absorption coefficient α (cm−1) by

k(ν) =
α(ν)

[NA][NB]
, (3.3)

where [NA] and [NB] correspond to the number densities of participating species

A and B, respectively. Figure 3.3 presents the transmission through a 10 cm cell

containing [Ar] = 1.6× 1019 cm−3 at temperatures of 448 K ([Cs] = 6.6× 1014 cm−3),

460 K([Cs] = 1.1 × 1015 cm−3), and 475 K ([Cs] = 1.9 × 1015 cm−3). The data in

Fig. 3.3 can be converted to α with the expression

α(ν) = −l log10(T ), (3.4)

where l is the optical path length through the absorbing medium. Applying this
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Figure 3.2: Reduced absorption coefficient obtained experimentally from a Cs-Ar
mixture with both the red and blue satellites indicated.

formula to Fig. 3.3 leads to the traces of α presented in Fig. 3.4.

For the satellite regions in Fig. 3.4, it can be shown that

α(ν) ∝ [NA][NB], (3.5)

which has several implications. First, one can vary the density of either of the par-

ticipating species to modify the absorption profile. The density of alkali atoms in

a saturated vapor is dependent on the temperature of the system. However, for a

perturbing species such as the rare gases, Eqn. 3.5 illustrates how the value of α may

also be altered independently of temperature. Also, the linear dependence of α on

[NA] and [NB] indicates that binary contributions to the satellite are the most signif-

icant. This assumption is an important component in the semiclassical treatment of

satellites [29] and has been comprehensively validated for Cs-Ar [39] .

The value of converting to k from α, such as in Fig. 3.2, is that the resulting
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Figure 3.3: Transmission near the D2 resonance through a 10 cm gas cell containing
Cs and and Ar. The cell contains [Ar] = 1.6 × 1019 cm−3 and the temperatures of
448 K, 460 K, and 475 K correspond to [Cs] = 6.6× 1014 cm−3, 1.1× 1015 cm−3, and
1.9× 1015 cm−3, respectively.

curve is independent of the partial pressures of the participating species. Quanti-

tatively, Hedges et al. showed, starting from Eq. 3.1 and statistical distributions of

perturber positions, that the reduced absorption coefficient k(ν) of a gas mixture can

be calculated from the expression:

k(ν) ∝ α(ν)
A(R)

[NA][NB]

1

|dν(R)/dR|
, (3.6)

where A(R) is the spontaneous emission rate and is a weak function of R. The term

|dν(R)/dR|−1 indicates the strong dependence of k(ν) on the shape of the difference

potential. According to Eq. 3.6, k(ν) becomes large at any value of R where the

derivative of the difference potential approaches zero. As discussed previously, this

occurs both to the red and blue of the Cs atomic resonance in Cs-Ar mixtures and is

correspondingly observed in the absorption spectra.
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Figure 3.4: Absorption coefficient as a function of λ for a cell containing [Ar] = 1.6×
1019 cm−3 at temperatures of 448 K, 460 K, and 475 K (corresponding to [Cs] = 6.6×
1014 cm−3, 1.1× 1015 cm−3, and 1.9× 1015 cm−3, respectively).

As mentioned previously, satellites are by no means limited to Cs-Ar mixtures. For

example, Fig. 3.5 compares the B2Σ+
1/2 - X2Σ+

1/2 difference potentials of Cs-Ar with

that of Cs-Kr. Similar to the case of Cs-Ar, Cs-Kr is predicted by Fig. 3.5 to have

a blue satellite near ∼824 nm and a red satellite near ∼853 nm. This illustrates the

sensitivity of a satellite’s presence and spectral characteristics to the identities of the

species involved.

The prediction of Fig. 3.5 that the Cs-Ar and Cs-Kr satellites peak at different

transition wavelengths is demonstrated conclusively in Fig. 3.6. However, despite

this qualitative agreement, Fig. 3.5 is quantitatively incorrect as the satellites actually

peak at 836.7 nm (Cs-Ar) and 841.1 nm (Cs-Kr). Interestingly, this is opposite the

prediction that the blue satellite of Cs-Ar would lie to the red of the Cs-Kr blue

satellite. This discrepancy is primarily attributable to limitations in the semiclassical

treatment, including the allowance of only transitions which conserve kinetic energy
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Figure 3.5: Difference potentials for Cs-Ar and Cs-Kr.

and a small probe region in R. Efforts to overcome these limitations by employing a

quantum mechanical treatment are discussed in the next section.

3.2 Quantum Mechanical Formulation and Improved CsAr

B2Σ+
1/2 Interaction Potential

Although the semiclassical treatment provides valuable insight into the origin of spec-

tral satellites, its accuracy is limited by the semiclassical assumptions discussed at the

end of Section 3.1. However, modern advances in computers have made a fully quan-

tum mechanical treatment of collision pair absorption computationally tractable. The

calculation process leading to the simulation of free→free absorption spectra, which

shares many characteristics with those for free↔bound transitions [40–42], will be

described. These derivations are followed by a discussion of how to employ these

techniques to iteratively improve upon the interaction potentials currently available

in the literature. CsAr will be used as a representative species, but this technique is

18



Figure 3.6: Experimental comparison of the reduced absorption coefficient as a func-
tion of wavelength in Cs-Ar and Cs-Kr mixtures.

applicable to any molecular states photoexcited by free→free transitions.

The most general form of the time-dependent Schrödinger equation is

i~
∂

∂t
ψ = Ĥψ = Eψ, (3.7)

where Ĥ is the Hamiltonian operator and E is the total energy of the system. Equa-

tion 3.7 may be rewritten for time-independent systems as

− ~2

2m
∇2ψ + V ψ = Eψ, (3.8)

where the −(~2/2m)∇2 term corresponds to kinetic energy and V to potential energy.

In order to investigate diatomic molecules using Eqn. 3.8, it is necessary to invoke

the Born-Oppenheimer approximation,

ψtotal = ψnuclearψelectronic, (3.9)
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which states that the total wavefunction of a molecule can be separated into its nu-

clear and electronic composite wavefunctions. This approximation is valid whenever

the nuclei are significantly heavier than the electrons because this allows for the as-

sumption that nuclear positions remain fixed for the duration of electronic energy

level transfer.

It is possible to reduce the diatomic two-body problem into a one-body problem by

introducing the reduced mass of the pair and performing wavefunction calculations

only in the R coordinate. Combining Eqns. 3.9 and 3.8 leads to

Eψe = − ~2

2me

∇2ψe + Veψe (3.10)

Eψn = − ~2

2me

∇2ψn + U(R)ψn, (3.11)

where the subscripts e and n indicate the electronic and nuclear wavefunctions, re-

spectively. In the approach presented here, initial calculations employ energy curves

available from the literature to estimate the U(R) term in Eqn. 3.11 which represents

the rotationless potential energy associated with the electronic wavefunctions for nu-

clei separated by R. An alternative approach, employed by many physical chemists,

would be to perform ab initio calculations of the electron wavefunctions.

In any molecular analysis, it is important to include the effects of rotational motion

on the potential energy of the molecule. The rotational energy may be calculated by

VJ(R) =
hJ(J + 1)

8π2cµR2
, (3.12)

where J is the rotational quantum number and µ is the reduced mass of the molecule.

Therefore, the effective potential energy can be written as

Veff (R, J) = U(R) +
hJ(J + 1)

8π2cµR2
. (3.13)

20



It is easy to see how, particularly for large J and/or small µ, Eqn. 3.13 can produce

potentials significantly different from those in the rotationless case. This is illustrated

by Fig. 3.7 where the X2Σ+
1/2 and B2Σ+

1/2 potentials of Cs-Ar are plotted for J = 0,

150, and 300.

Figure 3.7: Plot of the X2Σ+
1/2 and B2Σ+

1/2 potentials from [14] for J = 0, 150, and
300 cases.

Upon replacing U(R) with Veff (R, J) from Eqn. 3.13, Eqn. 3.11 can be rewritten

as

d2ψ(R)

dR
+H[ε′′J − Veff (R, J)]ψ(R) = 0, (3.14)

where ε′′J is the kinetic energy of the ground state molecule. The subscript J indicates

that some fraction of the kinetic energy is associated with rotational motion. For

unbound states, ε′′J is continuous and may take on any value.

The most straightforward method of calculating the wavefunctions in Eqn. 3.14 is

by employing the Numerov-Cooley method [43]. In this calculation, each individual

wavefunction corresponds to a particular ε′′J and J and is solved as a function of R
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by using outward integration from small R. To begin the calculations, the value of ψ

for the smallest value of R considered (R0) is set to 0 and the value of ψ for the next

smallest value of R (R1) is set to an an arbitrarily small number. For all subsequent

values of R, ψ(R) is calculated by

ψ(Ri) =
2ψ(Ri−1)(1− h2

12
V (Ri−1))− ψ(Ri−2)(1− h2

12
V (Ri−2)) + h2V (Ri−1)ψ(Ri−1)

1− h2

12
V (Ri)

,

(3.15)

where the explicit dependences of ψ on ε′′J and J and of V on J have been omitted

for clarity. It is important that each wavefunction calculated using Eqn. 3.15 is

normalized to

P = 0.27844

(
µA
ε′′J

)1/4

, (3.16)

where µA is the reduced mass in amu [40, 44, 45]. P has units of (cm−1 × Å)1/2 and

this normalization introduces the density of states to the wavefunctions calculated

with Eqn. 3.15 for various values of ε′′J and J . Without proper normalization, it is

impossible to extract meaningful results from the calculations.

Once the wavefunctions have been calculated for a particular J , Franck-Condon

overlap integrals between the upper and lower states for every ε′′J (initial) and ε′J

(final) eigenenergy combination are tabulated. These integrals have the form

∣∣< ε′J±1|µe(R)|ε′′J >
∣∣2 ≈ µe

∣∣< ε′J±1|ε′′J >
∣∣2 , (3.17)

where the dipole transition moment µe(R) is assumed to be a constant. The J ± 1

subscript refers to the selection rule that only these transitions are allowed from J , al-

though the approximation that ∆J = 0 can be employed in these simulations [41,42].

It is important to note that the Franck-Condon overlap factors can be nonzero even
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for transitions that do not conserve kinetic energy. Figure 3.8 presents a logarith-

mic color map of the Franck-Condon factors as a function of ε′′J and ε′J for J = 0.

Although the largest factors correspond to the red line along which ε′′J = ε′J , there

are significant regions to either side of this line in which the factors are nonzero.

In particular, Fig. 3.8 indicates that transitions where ε′′J<ε
′
J are more favored than

those in which ε′′J>ε
′
J although there is no obvious explanation for this behavior. The

fact that the quantum treatment takes all of these transitions into account is a signif-

icant advantage over semiclassical calculations which can only predict those spectral

components which exactly match points on the difference potential.

Figure 3.8: Color map for J = 0 of the Franck-Condon factors as a function of the
initial (ε′′J) and final (ε′J) kinetic energy of the molecule. The numbers associated with
the bar at right represent the log of the factors.

Upon calculation of the Franck-Condon factors and summing over the correspond-

ing transition energies, it is necessary to determine the J th state’s contribution to the

overall absorption spectra. This contribution was weighted according to the expres-

sion [41,42]
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S(ν) =

∫
(2J + 1)e−ε

′′
J/kBT

∣∣< ε′J±1|µe(R)|ε′′J >
∣∣2, (3.18)

where the (2J + 1) term accounts for the rotational degeneracy and the e−ε
′′
J/kBT

term corresponds to the Boltzmann distribution of thermal energies in the ground

state [46].

The reduced photoassociation absorption coefficient can be calculated with the

expression [41]

kPA =
8π3

3λ
q2a2

0

1

geQt

S(ν)[NA][NB], (3.19)

where ge is the electronic degeneracy and Qt is the translational partition function

given by

Qt =

(
2πµkBT

h2

)3/2

. (3.20)

In this work, the simulated spectrum is scaled to match the experimental data, there-

fore necessitating only the inclusion of the 1/λ factor in Eqn. 3.19 into the expression

for S(ν).

The most straightforward method for modifying an interaction potential is by

choosing a functional form with constants that can be adjusted. The ground state of

CsAr and a variety of other diatomic molecules were fit very well to a four-parameter

model proposed by Cvetko et al. [47] using the expressions

U(R) =
C6

120

(
b

3

)6 (
ae−bR − χe−2bR/3 − e−bR/3

)
, bR ≤ 16.6 (3.21)

U(R) =
C6

120

(
b

3

)6

ae−bR − C6

R6 −Q2R4
, bR ≥ 16.6

where χ in Eqn. 3.21 is determined by continuity of the two expressions at bR = 16.6.
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Because accurate calculation of the wavefunctions requires values for the interaction

potentials at larger R values than are included in Refs. [29] and [48], the available

portions of the B2Σ+
1/2 curves in these papers were fit using Eqns. 3.21.

In order to properly simulate absorption spectra, it is necessary to calculate wave-

functions for a sufficient number of J values and range in ε′′J . The maximum value

of ε′′J is determined by estimating the maximum thermal energy of the system where

there is sufficient population to impact the results. For CsAr, this value was esti-

mated to be 5kBT and the corresponding energy range extended for ε′′J extended from

1 cm−1 to 1700 cm−1. Energy steps of 4 cm−1 were determined to be sufficiently small

that they satisfactorily approximated the free particle energy continuum.

Only J values up to 300 were included in the calculations since further increases in

J had a negligible impact on the simulated spectra. Similarly, it was determined that

only calculations of the wavefunctions corresponding to J = 0, 50, 100, 150, 200, 250,

and 300 were necessary. For a given rotational level, the lower bound on the value

of ε′′J had to be sufficiently large that the solution was classically allowed. This was

accounted for by adjusting the minimum value of ε′′J to twice the minimum rotational

value of the computation domain for each value of J .

Values of R in the calculations ranged from 3.5 Å to 37 Å in 0.005 Å steps. Typi-

cally, the step size in R, ∆R, should be larger than the minimum step size as defined

by [40]

∆R = 5× 106

(
h

2µcε′′J,max

)1/2

, (3.22)

where ε′′J,max is the maximum kinetic energy of the molecule. In order to check the

validity of the simulations, it is important to verify that neither changing the bounds

on R nor reducing ∆R has a significant effect on the simulation output.

In fitting the potentials, the first step was to perform a sensitivity analysis to
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determine reasonable step sizes for altering the C6, Q, b, and a potential constants.

A self-optimizing routine was then employed which randomly selected which of the

four constants would be incremented (up or down) by its predetermined step size.

In order to determine the quality of the resulting B2Σ+
1/2 potential, the predicted

absorption spectra was corrected for the index of refraction of air (1.00027454 at

900 nm [49]) and the 1/λ factor prescribed by Eqn. 3.19.

In order to compare the simulated spectra with the experimental results, the rel-

ative scaling of the simulated spectra was extremely important. This scaling was

performed by finding the constant scaling factor for the simulated spectra which

minimized the sum of least squares error (SSQE) with respect to the experimental

results. The SSQE for each curve was obtained by squaring the point-by-point differ-

ence of the predicted spectra from the experimental data and summing the results.

The corresponding value of the SSQE was then used as a measure of the fit quality

and whether or not a change in the constant improved the results. Iterations in this

process with decreasing step sizes were performed to arrive at the new B2Σ+
1/2 poten-

tial provided in Fig. 3.9. Table 3.1 shows the final C6, Q, b, and a constants used in

obtaining the best fit alongside the fit constants for other potentials available in the

literature.

Table 3.1: Potential fit constants for the X2Σ+
1/2 and B2Σ+

1/2 states of CsAr.

X2Σ+
1/2 B2Σ+

1/2

Ref. [47] [29] [48] Present Work
C6 392 354 1990 491
Q 9.4 5 40 12.9
b 0.83 0.59 0.36 0.46
a 1160 1321 3001 1349

After obtaining best-fit constants for B2Σ+
1/2 state, the code was altered to perform

a similar optimization of the X2Σ+
1/2 state by treating the B2Σ+

1/2 state as fixed. The

26



Figure 3.9: New B2Σ+
1/2 state potential compared with previous curves available in

the literature.

best fit for the X2Σ+
1/2 state did not vary significantly (<15 cm−1 at any point) from

the ground state potentials of [14] and [47] which both agreed quite closely with one

another as observed in Fig. 3.9. This led to the use of the X2Σ+
1/2 potential suggested

by [47], a result that is consistent with the assumption that the ground state is better

known experimentally than the B2Σ+
1/2 state.

The data in Fig. 3.10 were generated from the values in Table 3.1 and those fit to

the other curves of Fig. 3.9. The spectral region 827 nm≤λ≤849 nm was considered

and the quality of the fits were evaluated by calculation of the SSQEs. These results

are summarized in Table 3.2.

Although experimentally the blue satellite peaks at ∼837 nm, none of the previous

potentials accurately reproduced this characteristic. References. [14] and [48] pre-

dicted this feature at ∼832 nm and ∼834 nm, respectively, both to the blue of the

actual value. The potentials of Ref. [29] predict the blue satellite peaking to the red

at ∼846 nm. The best fit provided by the present work peaks at ∼837 nm.
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Figure 3.10: Spectral predictions of the best fit obtained in this work compared to
the experimental data and the simulations using other potentials available in the
literature.

For all of the potentials investigated with the exception of Ref. [29], the undulatory

structure on the red side of the blue satellite appears to be overstated. No obvious

reason for this behavior exists. In the longer wavelength (>845 nm) region, both

Refs. [14] and [48] more closely match the experimental data. However, as indicated

by Table 3.2, the SSQE values of these potentials indicate that the overall quality

of fits for these potentials are lower than those of the present work by a minimum

of ∼44%. This result highlights the fact that fitting only to a small portion of the

spectra can severely limit the overall accuracy of a potential.

It is possible that the true B2Σ+
1/2 state which would completely reproduce the ex-

perimental results requires a more complicated functional form than can be provided

by Eqn. 3.21. Nevertheless, these efforts demonstrate the advantages of employing

computationally intensive quantum calculations as a means of investigating free→free

photoassociation.
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Table 3.2: Summary of the SSQE values for the Cs-Ar X2Σ+
1/2 and B2Σ+

1/2 available
in the literature.

Ref. SSQE SSQEPresent Work/SSQE
Present Work 1.54 1.00

[48] 2.21 1.44
[14] 3.26 2.11
[29] 8.71 5.66
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CHAPTER 4

ABSORPTION EXPERIMENTS AND
THREE-BODY PHOTOASSOCIATION

For many of the gas mixtures employed in these experiments, detailed absorption

spectra were not available in the literature. One notable exception to this was in the

case of Cs-Ar [29,39]. In particular, the comprehensive absorption spectra in Ref. [39]

served as a benchmark for corroborating the results obtained here.

At the outset of the experiments described here, binary contributions to spectra

were assumed to be dominant. However, results from ternary and quaternary gas

mixtures demonstrate a significant dependence on three-body interactions. As will be

discussed in greater detail, this unexpected behavior has both practical and physical

implications.

4.1 Experimental Setup

The experimental setup employed in the absorption experiments is illustrated in

Fig. 4.1. The broadband light source is a microscope light box modified in several

ways to improve its performance. These enhancements include an external dc power

supply in place of the internal circuitry to stabilize lamp output and a gold coating

of the bulb reflector housing which increases IR reflectance. A computer controlled,

0.67 m scanning monochromator with a first order reciprocal dispersion of 12 Å/mm

and entrance/exit slit widths of 8 µm with a photomultiplier tube (PMT) detector is

employed to provide approximately 1 Å resolution.

All of the data presented here are expressed in terms of the reduced absorption
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Figure 4.1: Experimental setup employed in the absorption experiments.

coefficient k (cm−5) obtained with Eqn. 3.3. The primary reason for this reduction

is that, at the temperatures and partial pressures of interest, k(λ) remains constant.

This behavior is illustrated for wide ranges of [Cs] and [Ar] in Ref. [39].

This result has important implications regarding the photoassociation kinetics of

satellites because it indicates that satellites arise predominantly from two-body in-

teractions. This is a key assumption on which all of the previous work on satellites

is based. Although this explanation is useful and intuitively satisfying, the actual

situation is more complicated, as will be discussed in the next section.

It should be noted here that initial absorption experiments did not observe the

expected overlap of reduced absorption coefficients as was expected. Intensive efforts

to explain this discrepancy resulted in attributing the difference to waveguiding along

the edges of the cell which increased the effective path length of the light through

the cell. This issue was mitigated by adding black foil end caps with holes punched

into them on either end of the cell as shown in Fig. 4.2. Every absorption spec-

trum presented here was verified by the observation of reduced absorption curves at

multiple temperatures. The data presented here corresponds to the highest cell tem-
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peratures investigated as the increased absorption provided superior signal-to-noise

ratios. Without this correction to the experiment, much of the relevant kinetics (par-

ticularly with regard to three-body photoassociation) would have been significantly

obscured.

Figure 4.2: (Left) End-on and (right) side-on images of a 10 cm long gas cell with
black foil end caps introduced to mitigate uncollimated light from contributing to the
output signal.

The most significant of the experimental uncertainties was the temperature. A

proportional-integral-derivative (PID) temperature controller was used to minimize

cell temperature fluctuations and, accounting for the calibration of the thermocou-

ples, there was an estimated ±2 K temperature uncertainty. This corresponds to

approximately 10% uncertainty in alkali number density with number densities cal-

culated using the expressions in [50] and [51]. Another source of error was PMT

nonlinearity, which was evaluated by inserting neutral density filters into the optical

path and was estimated to be ∼2-3%. Absorption scans performed near room tem-

perature ([Cs]∼5 × 1010cm−3) showed very little absorption and provided a means

of quantifying wavelength-dependent instrumental sensitivy as well as a cell-specific

wavelength calibration by means of the D2 line. Noise, some of it structured, was

present in the scans regardless of temperature and was attributed to external vibra-

tions that varied daily and could not be completely eliminated. A primary means

of mitigating this noise was achieved by averaging two scans at each temperature to
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obtain the data presented here.

The repeatability of the experimental data and its agreement with a Cs-Ar ab-

sorption spectrum from Ref. [39] is illustrated in Fig. 4.3. The curves overlap well

within experimental error with the exception of the region 841≤ λ ≤844 nm where

discrepancies as high as 25% are observed. This discrepancy is most significant at

∼842.5 nm although no satisfactory explanation for this observation is available.

The best agreement between the previously reported results and the present work

is at 475 K and was attributed to the higher signal-to-noise ratio corresponding to

increased absorption.

Figure 4.3: Comparison of k in Cs-Ar from [39] with that obtained in this work for gas
cell temperatures of 448 K, 460 K, and 475 K, corresponding to [Cs] = 6.6×1014 cm−3,
1.1× 1015 cm−3, and 1.9× 1015 cm−3, respectively.
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4.2 Three-Body Photoassociation

4.2.1 Ternary Cs-Rare Gas Mixtures

As discussed in Section 3.1, different collision pair combinations produce unique spec-

tral satellites. At the outset of this work, it was expected that, since most signs

pointed to binary contributions to the satellite spectra as dominant, mixing of mul-

tiple perturbing species would result in a satellite consisting of the simple superposi-

tion of two composite satellites. For example, a ternary mixture containing Cs-Ar-Kr

would normally be expected to have a satellite consisting of the linear superposition

of Cs-Ar and Cs-Kr weighted by the relative densities of Ar and Kr perturbers. This

would allow for the realization of a certain degree of spectral engineering.

Experimentally, this simple superposition was not observed in any of the ternary

or quarternary gas mixtures investigated. For Cs-Ar-Kr, the results are presented in

Fig. 4.4. In this data, each mixture has the same total rare gas perturber density,

with the Cs-Ar mixture (blue), the Cs-Kr mixture (red), and the Cs-Ar-Kr mixture

having [Ar] = [Kr] (black). The upper graph of Fig. 4.4 shows the reduced absorption

coefficient for each of the three mixtures. While the Cs-Ar and Cs-Kr have peaks

near 837 nm and 841 nm, respectively, the Cs-Ar-Kr lineshape is most similar to that

of Cs-Ar.

The lower portion of Fig. 4.4 includes three traces: the experimental data from the

Cs-Ar-Kr mixture (black), the expected results from binary superposition of the Cs-Ar

and Cs-Kr satellites (red), and the best fit combination of superposition the Cs-Ar and

Cs-Kr (blue). The fact that the fit can be made to closely match the experimental data

suggests that binary interactions still play an important role. However, this fit relies

on scaling of the individual contributions which, in turn, suggests the Cs-Ar lineshape

is enhanced by a factor of ∼2.1 over the expected value and the Cs-Kr is suppressed

by a factor of ∼0.4. These characteristics of Fig. 4.4 show that heterogeneous three-
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Figure 4.4: Comparison of the reduced absorption coefficient for Cs-Ar, Cs-Kr, and
Cs-Ar-Kr mixtures.
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body interactions are being observed, although there is no satisfactory explanation

for the mechanism behind these results.

In an attempt to study this behavior, similar experiments were carried out with

other rare gas combinations. The upper graph of Fig. 4.5 shows the results from

a Cs-Ar mixture (blue), a Cs-Xe mixture (red), and a Cs-Ar-Xe mixture for which

[Ar] = [Xe] (black). The Cs-Xe blue satellite peaks near 843 nm, further to the red

than either the Cs-Ar or Cs-Kr features.

As in the case of Fig. 4.4, the lower portion of Fig. 4.5 plots the experimental

Cs-Ar-Xe absorption (black), the predicted absorption of a 50/50 mixture (red), and

the best fit superposition of Cs-Ar and Cs-Xe (blue). The superposition fit indicates

that there is a factor of ∼4.5 enhancement in the Cs-Ar contribution, over twice the

enhancement observed in Cs-Ar-Kr. The Cs-Xe contribution is suppressed by a factor

of ∼0.6, approximately 20% less than the suppression of Cs-Kr.

The third possible combination of Ar, Kr, and Xe is Cs-Kr-Xe. The upper graph of

Fig. 4.6 shows absorption traces for Cs-Kr (blue), Cs-Xe (red), and Cs-Kr-Xe where

[Kr] = [Xe] (black).

From Figs. 4.4 and 4.5, one might expect that the lighter and less polarizable of

the rare gas species present would dominate the spectra and experience the greatest

enhancement. As indicated by the lower graph of Fig. 4.6, the opposite is observed

and the Cs-Xe satellite is enhanced by a factor of approximately 14% while the Cs-Kr

is once again supressed, in this situation by ∼40%.

4.2.2 Ternary and Quaternary Cs-Rare Gas-C2H6 Mixtures

Further experiments demonstrated that these observations are not limited to alkali-

rare gas combinations. Because several of the oscillator experiments relied on C2H6

as a collisional relaxant, it made an excellent candidate for study of what differences

36



Figure 4.5: Comparison of the reduced absorption coefficient for Cs-Ar, Cs-Xe, and
Cs-Ar-Xe mixtures.
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Figure 4.6: Comparison of the reduced absorption coefficient for Cs-Kr, Cs-Xe, and
Cs-Kr-Xe mixtures.
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may exist when using a molecular perturber as opposed to a rare gas atom.

Figure 4.7 compares the reduced absorption of a Cs-Ar (blue) mixture, a Cs-C2H6

(red) mixture, and a Cs-Ar-C2H6 (black) mixture where [Ar] = 5[C2H6]. As observed

in the upper portion of Fig. 4.7, the D2 blue satellite peaks near 835 nm in the Cs-

C2H6 mixture. In addition, the Cs-C2H6 satellite extends significantly further to the

blue than does the Cs-Ar satellite (or Cs-Kr/Cs-Xe).

As in the alkali-rare gas combinations, the lower graph of Fig. 4.7 compares the

Cs-Ar-C2H6 experimental data (black) with the expected lineshape from binary su-

perposition (red) and the best fit of the scaled lineshapes (blue). According to the

best-fit scaling factors, the Cs-Ar contribution experiences an enhancement factor

of ∼1.3 while the Cs-C2H6 factor is suppressed by a factor of ∼0.4. The results are

similar to those of Cs-Ar-Kr and Cs-Ar-Xe in that Cs-Ar is observed to be the species

which experiences an enhancement while the other contribution is suppressed.

In addition to the ternary gas mixtures, a quaternary gas mixture of Cs-Ar-Kr-C2H6

was tested. The upper graph of Fig. 4.8 compares the absorption traces of Cs-Ar-Kr

(where [Ar] = [Kr]), Cs-C2H6, and Cs-Ar-Kr-C2H6 (where [Ar] = [Kr] = 2.5[C2H6]).

The lower graph of Fig. 4.8 compares the experimental Cs-Ar-Kr-C2H6 data (black)

with the predicted superposition (red) and the scaled best-fit superposition (blue).

The Cs-Ar-Kr contribution, itself dominated by the Cs-Ar lineshape, experiences an

enhancement factor of approximately 2.5, a dramatic increase for a relatively low (100

Torr) partial pressure of C2H6. The best-fit constants for this data are unique in two

ways. First, the fit appears to have an extended region of relatively poor lineshape

fit from approximately 838 nm to 843 nm. Qualitatively, it appears that there is no

way for the composite contributions to provide the more pronounced second peak

centered near 840 nm. Also, this is the first observation of a fit constant having a

negative value. It is possible this factor is sufficiently small that its negative value

corresponds to noise, although this does not explain why the Cs-C2H6 contribution
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Figure 4.7: Comparison of the reduced absorption coefficient for Cs-Ar, Cs-C2H6,
and Cs-Ar-C2H6 mixtures.
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Figure 4.8: Comparison of the reduced absorption coefficient for Cs-Ar-Kr, Cs-C2H6,
and Cs-Ar-KrC2H6 mixtures.
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is, therefore, completely absent in the experimental spectra.

4.2.3 Possible Explanations

From the data presented in Figs. 4.4–4.8, there is no clear trend with respect to

the variation in perturber characteristics such as mass, polarizability, or molecular

shape. Two possible explanations for these observations are described here, although

further experimentation is necessary before a complete theory can be developed and

rigorously tested.

The first proposed explanation of this behavior is that, in three-or-more species

mixtures, the distribution of pairs is different from that of a binary mixture. Fig-

ure 4.9 shows the pair distribution of the first and second nearest perturbers for a

perturber density of 1.6× 1019 cm−3 in the interactionless case [52].

Figure 4.9: Plot of the relative distributions for the first and second nearest neighbor
distribution as seen by a Cs atom for any identity of buffer gas with [Rg] = 1.6 ×
1019 cm−3 [52]. The shaded region corresponds to 4.5±0.5 Å.
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In the case of Cs-Ar, the blue satellite corresponds approximately to the region

of 4.5±0.5 Å. According to Fig. 4.9, approximately 0.6% of the total Ar atoms are

within the annulus 4.5±0.5 Å of a Cs atom. The percentage of Cs atoms with a second

perturber within 10 Å is <0.2%. Between this small fractional population, the fact

that the X2Σ+
1/2 state potential is nearly flat for R ≥10 Å, and the fact that the total

lineshape appears to be the result of a scaled superposition of the binary mixture

lineshapes, it seems unlikely that the observed three-body enhancement/suppression

can be attributed to triatomic molecules.

What may be occurring is related to the fact that Fig. 4.9 does not include the

R dependence of the interaction potentials. The 4.5±0.5 Å region is within several

Å of where the Cs-Ar potentials become significantly repulsive. It is possible that,

by introducing a third species with a unique repulsive nature at small R, that first

nearest neighbor distribution in Fig. 4.9 could be altered or shifted to small R, slightly

altered such that the percentage of population in the 4.5±0.5 Å region would increase.

For example, simply shifting the distribution by 1 Å could increase the fractional

population to ∼1.1%, approximately a factor of two larger. Similarly, the distribution

could be altered such that there are fewer pairs in the region of interest. These two

effects could occur simultaneously with certain perturber combinations, explaining

the enhancement and suppression observed in all of the ternary and quarternary

mixture experiments.

An alternative explanation of three-body photoassociation involves a change in the

transition dipoles of the pairs rather than a change in the pair distribution. Referring

again to Fig. 4.9, a pair having a separation of 4.5±0.5 Å would have a significant

probability of having a third atom a distance of 10 to 20 Å away. Although this

distance may be too great for the third species to perturb the energy levels of the

pair (thus maintaining the binary lineshape), it could influence the relative dipole

alignment of the pair. Depending on the nature of the alignment, this could effectively
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change the B2Σ+
1/2→X2Σ+

1/2 cross section and lead to the results in Figs. 4.4–4.8.

Validating either of these theories or developing the groundwork for others will

require comprehensive experimental data and computational efforts. However, re-

gardless of the nature of these unexpected observations, a better understanding of

three-body photoassociation is exciting for a number of reasons. From the perspec-

tive of high power laser design, three-body photoassociation provides yet another

means by which careful selection of the identity and partial pressure of perturbers

can be used to manipulate the spectral position, breadth, and absorption coefficient

of the satellites of an atomic pair. From a physical perspective, this phenomenon

has never been reported in the literature and indicates that previous interpretations

of satellites was incomplete. Further investigations of satellite dependence on gas

mixture heterogeneity will provide new insight into photoassociation kinetics. This

understanding may prove valuable in a much broader range of applications, such as

detection schemes based on free→free transitions or directing energy transfer on the

atomic scale in chemical reactions.
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CHAPTER 5

OSCILLATOR EXPERIMENTS

5.1 Experimental Setup

To date, the majority of XPAL experiments have focused on utilizing Cs as the lasing

species. This is due primarily to its high vapor pressure compared with other alkali

species and the large amount of spectroscopic data available in the literature [29], [39].

Although it is envisioned that future XPALs will take advantage of diode pumping

to produce efficient and compact systems, the experiments described here employ a

pulsed dye laser in order to provide high peak intensities and spectral tunability. The

experimental setup is illustrated in Fig. 5.1.

Figure 5.1: Experimental arrangement for the oscillator experiments.

The dye laser is pumped by the second harmonic of an Nd:YAG laser (532 nm)
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operating at 10 Hz. Two external, homemade dye amplifiers [53] are used to achieve

pulse energies on the order of 1–2 mJ with durations of approximately 4 ns. In all of

the Cs oscillator experiments, a dye mixture of LDS 821 and LDS 867 is employed to

provide spectral tuning over the range of ∼819–856 nm. The nominal spectral width

of the dye laser at these wavelengths is approximately 0.2 cm−1 or 7 GHz. Although

the geometry of the pump beam is complex, it can be approximated by an ellipse

with major and minor axis lengths of 7 and 5 mm, respectively.

The gas cells are made of quartz or Pyrex, and are 10 cm long with 2.5 cm diameter

windows that are mounted onto the cell so as to be plane parallel or have an 11◦ angle.

Originally, plane parallel windows were thought to be sufficient but were phased out

due to issues with parasitic lasing between them. The primary reason for parasitic

lasing is the extremely high gain of the atomic alkali lasers, reported to be 0.9 cm−1

for a Rb master oscillator power amplifier [54].

Prior to entering the laser cavity, a beamsplitter is used to sample the pump beam

to determine the incident pulse energy (Ei). All energy measurements are performed

with carefully calibrated pyroelectric detectors. The pump beam then enters the

cavity through a polarizing beamsplitter, passes through the gas cell, and encounters

the high reflector. This causes the remaining pump light to retrace its initial path

through the gain medium after which it exits the cavity and is sampled a second

time as indicated in Fig. 5.1. This measurement of unabsorbed pump energy may

be used to calculate the pump energy absorbed (Ea) by subtracting it from Ei and

accounting for non-alkali sources of pump loss through similar measurements for a

cold cell (∼300 K). Considering Ea in addition to Ei provides valuable insight into

laser operation and potential scaling opportunities.

The L-shaped laser cavity is approximately 80 cm in length with the highly re-

flective mirror on one end and a ∼50% output coupler on the other unless otherwise

specified. Both mirrors have a radius of curvature of 3 m. A bandpass filter prevents
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scattered pump photons from contributing to the measurement of Eo.

5.2 Five-Level Laser Operation on the n2P1/2 → n2S1/2

Transition

Initial oscillator experiments focused on observation of five-level operation of the

XPAL pumping scheme as illustrated in Fig. 5.2. In order to operate in this manner,

C2H6 was employed as a collisional relaxant to facilitate 62P3/2→ 62P1/2 population

transfer. Because of the successful demonstration of three-level alkali lasers which also

incorporated doublet relaxation [6], [7] and the equal degeneracy (g = 2) of the upper

and lower laser levels, this configuration was deemed to be the most straightforward

with which to reach inversion.

Figure 5.2: Representative five-level Cs XPAL operation in a Cs-Ar-C2H6 gas mixture.
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5.2.1 Cs-Ar-C2H6 Laser Operation at 894 nm

The first experimental demonstration of laser action at 894 nm via excimer photoex-

citation was in a mixture of Cs vapor, [Ar] = 1.6 × 1019 cm−3, and [C2H6] = 3.2 ×

1018 [55, 56]. As in all subsequent laser demonstrations described in this thesis, the

following set of characteristics were checked to ensure that laser action was, in fact,

occurring.

1. Pulse output temporally distinct from the laser pump pulse.

2. Sensitivity to cavity mirror(s) alignment.

3. Observation of threshold.

Characteristic 1 is illustrated in Fig. 5.3 where the temporal behavior of the pump

(black) and output (gray) laser pulses are scaled to simplify comparison. In this ex-

periment, a fast silicon avalanche photodiode with 250 ps rise time and peak spectral

response at ∼850 nm together with a 1 GHz bandwidth, externally triggered oscillo-

scope were employed to provide 1 ns temporal resolution. Each trace in Fig. 5.3 has

been normalized to unity for convenience and consists of the average of 30 pulses at

a cell temperature of 423 K (corresponding to [Cs] = 2.2 × 1014). Any time delays

caused by cable lengths and coupling are accounted for by utilizing the same detector

and cables for both sets of pulse measurements.

From the data in Fig. 5.3, it is possible to estimate the minimum gain of the system.

The fractional increase in intensity corresponding to prorogation along a distance l

with a small signal gain γ0 may be expressed as

Iout
Iin

= eγ0l. (5.1)

The minimum value of γ0l required for experimental observation of the laser is ap-

proximately 30. The data of Fig. 5.3 suggests that the output laser pulse traverses
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Figure 5.3: Normalized temporal waveforms of the pump (black) and output (gray)
laser pulses in a Cs-Ar-C2H6 mix where [Cs] = 2.2× 1014 cm−3 (T = 423 K).

the gain medium only twice, corresponding to l = 20 cm. This indicates that γ0 has

a minimum value of 1.5 cm−1 which is in qualitative agreement with the reported Rb

gain of 0.9 cm−1 [54].

In addition to indicating laser action on the 62P1/2→ 62S1/2 transition, Fig. 5.3

provides valuable insight into the kinetics of this laser system. First and foremost,

the temporally narrow output laser pulse with a zero-to-peak rise time of ∼1 ns

highlights the high gain of an atomic alkali laser. Similarly, the ∼8 ns between the

pulse peaks corresponds closely to the time it takes the light to travel along the cavity

and to the output measurement point. This behavior, coupled with observations of a

small dependence of threshold intensity on the output coupler, indicates that the laser

is likely operating in a superradiant mode. As will be detailed further, this is also

observed with direct atomic excitation and is attributed to the high peak intensity

of the dye laser – it is believed that this behavior will not be observed in future CW

and quasi-CW systems.
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As a complement to the absorption spectra, excitation spectra were obtained by

measuring the alkali laser output while scanning the dye laser wavelength. Figure 5.4

shows the excitation spectra obtained for laser action at 894 nm in a gas mixture of

Cs, [Ar] = 1.6 × 1019 cm−3, and [C2H6] = 3.2 × 1018 cm−3 for gas cell temperatures

of T = 410 K (red), 434 K (green), and 450 K (blue) (corresponding to [Cs] = 1.2×

1014 cm−3, 3.6×1014 cm−3, and 7.2×1014 cm−3, respectively). In order to reduce the

influence of pump energy variation as the dye laser was scanned, each point in Fig. 5.4

corresponds to a single pulse measurement in which the output energy was divided by

the incident energy. An absorption trace (black triangles) at T = 471 K ([Cs] = 1.7×

1015 cm−3) is included in Fig. 5.4 for comparison. Note that the absorption data in

the 851.5 – 853 nm spectral region has been omitted for clarity.

Figure 5.4: Excitation spectra for Cs-Ar-C2H6 taken at gas cell temperatures of 410 K,
434 K, and 450 K (corresponding to [Cs] = 1.2 × 1014 cm−3, 3.6 × 1014 cm−3, and
7.2×1014 cm−3, respectively). An absorption trace for 471 K ([Cs] = 1.7×1015 cm−3)
is included for comparison. Note that the ordinate is logarithmic.

Figure 5.4 illustrates several important characteristics of laser operation. First,

at these temperatures, the blue satellite retains essentially all of the characteristics
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of the absorption spectrum. These include a steep rise from ∼834 to ∼836 nm, a

peak at approximately 838 nm, and a plateau which only changes gradually from

∼842.5 nm to ∼850 nm. It should be noted that the data variance in this plateau

region is greater than other regions with the exception of the region near the D2

resonance at 450 K. At present, this observation remains unexplained. At 450 K, a

FWHM &5 nm is observed which is more than twice as large as the bandwidth of a

typical laser diode array (∼2 nm).

The increase of output energy with [Cs] is attributed to more Cs atoms available to

participate in the stimulated emission process. However, the laser output energy on

and near the D2 resonance line at 852.1 nm increases at a slower rate with [Cs] near the

other spectral regions of Fig. 5.4. This is attributed to the combination of parasitic

oscillations occurring between the gas cell windows and multiphoton ionization. The

observation of parasitic laser action is believed to be particularly significant as this

experiment employed a cell with plane parallel windows. Finally, it should be noted

that the significant and asymmetric increase of the FWHM of the D2 line bandwidth

to ∼1.5 nm is attributed, particularly on the red side, to excitation of the large R

portion of both the B2Σ+
1/2 and A2Π3/2 Cs-Ar states.

The first step in characterizing the laser involved measuring the output pulse energy

(Eo) as a function of incident pump energy (Ei). This data is presented in Fig. 5.5

for [Cs] = 1.1 × 1014 cm−3 (solid black circles), 3.8 × 1014 cm−3 (open red squares),

and 7.2 × 1014 cm−3 (solid blue triangles). These values of [Cs] correspond to gas

cell temperatures of 409 K, 435 K, and 450 K, respectively. In these and subsequent

absolute energy curves, measurements of Eo and Ea (pump energy absorbed) were

made while sweeping Ei by means of a variable attenuator.

An important characteristic of Fig. 5.5 is that, over this temperature range, the

threshold energy is a weak function of temperature with values of approximately

0.45 mJ at 409 K, 0.38 mJ at 435 K and 0.40 mJ at 450 K. This is attributed to
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Figure 5.5: Output pulse energy (Eo) as a function of incident energy (Ei) for Cs-Ar-
C2H6 measured at gas cell temperatures of 409 K, 435 K, and 450 K (corresponding
to [Cs] = 1.1× 1014 cm−3, 3.8× 1014 cm−3, and 7.2× 1014 cm−3, respectively).

the competition between the requirement to excite more Cs atoms from the ground

state in order to reach inversion at higher temperatures and the linear increase of α

with [Cs], as indicated by Eqn. 3.5. Slope efficiencies are estimated to increase from

approximately 0.2% at 409 K to 0.4% at 435 K to 0.9% at 450 K. As in the case

of Fig. 5.4, this increase is attributed to a greater number of Cs atoms in the pump

volume with which the pump field may interact.

It is also possible to obtain plots of Eo as a function of laser pump energy absorbed

(Ea) as opposed to Ei. Because this conversion eliminates the temperature dependence

of α, this type of graph provides better insight into the relaxation pathways of an

excited Cs atom. More specifically, it also gives clues as to how a well designed, large-

scale system may behave. To this end, Fig. 5.6 is a graph comparing the three-level

alkali laser pumping process (directly photoexciting the 852.1 nm resonance, indicated

by solid circles) with the XPAL scheme (pumping on the peak of the blue satellite,
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indicated by open circles). A temperature of 435±2 K ([Cs] = 3.8 × 1014 cm−3)

was chosen for these experiments because parasitic processes (which manifested as

reduced efficiency when pumping the D2 line in Fig. 5.4) were not observed at this

temperature.

Figure 5.6: Output pulse energy (Eo) as a function of energy absorbed (Ea) for
[Cs] = 3.8× 1014 cm−3 (435 K) at pump wavelengths of 836.7 nm (•) and 852.1 (◦).

For both pump wavelengths presented in Fig. 5.6, threshold is ∼40 µJ and the slope

efficiency approaches ∼10%. This result demonstrates that, on a per photon absorbed

basis, there are no additional loss mechanisms present in the XPAL scheme which do

not exist with direct atomic excitation. This behavior is attributed to the fast (ps

time scale) dissociation of Cs-Ar(B2Σ+
1/2) into Cs(62P3/2) which occurs sufficiently

rapidly that competitive loss processes are negligible. With regard to the ultimate

performance of a high power diode-pumped system, this result implies that the XPAL

scheme is just as viable for scaling as are the three-level alkali laser systems.
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5.2.2 Cs-Kr-C2H6 Laser Operation at 894 nm

Following the demonstration of five-level operation in Cs-Ar-C2H6 mixtures, similar

observations of 894 nm laser action were made in Cs-Kr-C2H6 [57] mixtures with the

goal of highlighting the flexibility of the XPAL scheme based on perturber selection.

The Cs-Kr D2 blue satellite peaks at approximately 841.1 nm as is observed in the

excitation spectra of Fig. 5.7 for 894 nm laser operation for [Cs] = 1.6 × 1013 cm−3,

5.4 × 1014 cm−3, and 1.5 × 1015 cm−3 (corresponding to 374 K, 443 K, and 468 K,

respectively). The region of λp<847 nm has been magnified by a factor of ten for

clarity.

Figure 5.7: Excitation spectra for Cs-Kr-C2H6 taken at gas cell temperatures of
374 K, 443 K and 468 K (corresponding to [Cs] = 1.6× 1013 cm−3, 5.4× 1014 cm−3,
and 1.5× 1015 cm−3, respectively). The region of λp<847 nm has been magnified by
a factor of ten for clarity.

In addition to the blue satellite at ∼841 nm, the red satellite peaking at ∼853.3 nm

is most clearly defined at 374 K. As observed in the Cs-Ar-C2H6 excitation spectra

of Fig. 5.4, the blue satellite strength increases with [Cs] while the slope efficiency
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corresponding to direct atomic excitation declines significantly by T = 468 K. This

decline is similarly attributed to excited state absorption, multiphoton ionization,

and parasitic oscillation between the cell windows.

Figure 5.8 compares direct atomic photoexcitation at 852.1 nm (solid circles) with

pumping on the peak of the blue satellite at 841.1 nm (open circles) at a temperature

of 458 K, corresponding to [Cs] = 1.0 × 1015 cm−3. For blue satellite pumping,

threshold is observed to be ∼85 µJ. The slope efficiency appears to increase with

Ea, increasing from 3.3± 1.1% immediately above threshold to >5% for pump pulse

energies beyond ∼100 µJ. In contrast to the observations of Fig. 5.6 for Cs-Ar-C2H6,

direct D2 excitation does not have the same characteristics as do those observed when

pumping the blue satellite. For λp = 852.1 nm, threshold is approximately 120 µJ,

∼40% larger than that observed when λp = 836.7 nm. The slope efficiency is also

lower, with a value of 2.4±0.6% immediately after threshold. The mean threshold for

D2 excitation is estimated to be 30% lower than that observed for excimer pumping.

These differences in threshold and slope efficiency are attributed to the increased

prominence of competitive processes for higher values of [Cs] as observed in Fig. 5.7.

Figure 5.9 compares Cs-Kr-C2H6 laser operation under λp=841.1 nm for gas cell

temperatures of three sets of 444 K, 458 K, and 468 K (corresponding to [Cs] = 5.6×

1014 cm−3, 1.0× 1015 cm−3, and 1.5× 1015 cm−3, respectively). The pump threshold

energies at these temperatures (40 µJ, 85 µJ, and 140 µJ, respectively) are approxi-

mately linear with [Cs] as is expected for a laser transition terminating on the ground

state. The slope efficiencies of the curves slowly decrease with [Cs], behavior that

appears to be related to decline in efficiency observed for D2 excitation in Fig. 5.4.
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Figure 5.8: Output pulse energy (Eo) as a function of energy absorbed (Ea) for
[Cs] = 1.0× 1015 cm−3 (458 K) at pump wavelengths of 841.1 nm (•) and 852.1 (◦).

5.2.3 Rb-Kr-C2H6 Laser Operation at 795 nm

In order to demonstrate that the XPAL scheme is applicable to a variety of alternative

lasing species and perturbers, oscillator experiments were also performed with a Rb-

Kr gas mixture. In these experiments, the high reflector was replaced with a flat

mirror having R>99% over the 700-900 nm spectral range. Figure 5.10 shows the

excitation spectra obtained for laser output on the D1 transition at 795 nm in a

gas cell containing Rb, [Kr] = 1.6 × 1019 cm−3, and [C2H6] = 3.2 × 1018 cm−3 at

temperatures of 435 K and 454 K (corresponding to [Rb] = 1.5× 1014 and 3.6× 1014,

respectively).

For Rb, the D2 transition occurs at 780 nm. The significant, asymmetrical broad-

ening to the red of the D2 line as observed in Fig. 5.10 is attributed to the red satellite

of this transition. The blue satellite peaks at approximately 760 nm. An interest-

ing feature in Fig. 5.10, not observed in the Cs experiments, is the sharp peak at
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Figure 5.9: Plot of output pulse energy (Eo) as a function of energy absorbed (Ea) in
a Cs-Kr-C2H6 mixture at gas cell temperatures of 444 K, 458 K, and 468 K (corre-
sponding to [Cs] = 5.6×1014 cm−3, 1.0×1015 cm−3, and 1.5×1015 cm−3, respectively).

777.8 nm. This corresponds to a two-photon absorption process which populates the

52D5/2 state. This state appears to decay primarily to the 52P3/2 state since spon-

taneously emitted 420 nm light corresponding to the 62P3/2 → 52S1/2 transition was

observed by eye in the presence of the dye laser pump. This fluorescence was too

weak too be detected by the spectrometers available at the time.

As indicated by Fig. 5.10, pumping these two-photon transitions also produces

lasing at 795 nm. Because the 62P3/2 → 52P1/2,3/2 transition is forbidden by the

∆L = ±1 selection rule for dipole transitions, it is presumed that there is a multiple

step relaxation process involved in repopulating the 52P1/2 state. Since the lifetimes

of the Rb 5P states are short (∼27 ns [58]), these relaxation processes must occur

quickly, and it is possible that lasing is occurring on the intermediate transitions

as well. Figure 5.11 illustrates one possible variant of the two-photon excitation

and subsequent relaxation which would result in the observation of 62P3/2 → 52S1/2
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Figure 5.10: Excitation spectra for Rb-Kr-C2H6 taken at gas cell temperatures of
435 K and 454 K (corresponding to [Rb] = 1.5 × 1014 cm−3 and 1.3 × 1015 cm−3,
respectively). Note that the region λp≤770 nm has been magnified by a factor of 50
for clarity.

(420 nm) fluorescence and 62P3/2 → 52S1/2 (795 nm) laser action. Unfortunately, the

Pyrex gas cell absorbs the radiation in the 1–4 µm region, preventing observation

of the emission from many of the intermediate transitions. Further experiments

employing cell materials transmissive in this spectral region (e.g. Al2O3) are necessary

in order to probe the decay channels involved in producing the observed D1 laser

action.

5.3 Four-Level Laser Operation on the n2P3/2 → n2S1/2

Transition

At the onset of this work, it was unclear whether or not it would be possible to

obtain lasing on an n2P3/2 →n2S1/2 alkali transition with collision pair photoexci-

tation. Although dissociation of alkali-rare gas diatomics populates the 2P3/2 state,
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Figure 5.11: Energy level diagram of atomic Rb indicating the lowest lying excited
state energy levels and one variant of the possible two-photon excitation and sub-
sequent relaxation which would lead to the observed 420 nm fluorescence and laser
action at 795 nm.

the degeneracy of the level is twice that of the 2P1/2 state and correspondingly raises

the pump power threshold. If pump intensity was not a concern, it was hypothesized

that removal of the collisional relaxant from the gas mixture would allow for sufficient

population buildup in the 2P3/2 state. This laser scheme is illustrated in Fig. 5.12.

Beyond pump limitations, there was concern that four-level operation would be

equivalent to a two-level system on which inversion would not be possible. The

interpretation of the system as two or four-levels depends on the nature of collisional

coupling between the molecular and atomic states, specifically the 2P3/2/B2Σ+
1/2 and

2S1/2/X2Σ+
1/2 energy level pairs. If these levels were collisionally coupled to such

a degree that population transfer between the members of each pair is essentially

instantaneous, as may be suggested by the ps-scale time between collisions, the states

would behave as a quasi two-level system in which it would be impossible to observe

laser action. Fortunately, as is discussed in the following sections, this was not the case

as the molecular states, although extremely short lived, behave as unique, discrete
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Figure 5.12: Interaction potentials of Cs-Ar adapted from [14]. The arrows indicate
the pumping pathway utilized in obtaining lasing on the 62P3/2→62S1/2 transition at
852.1 nm.

states and make a four-level XPAL possible. As discussed in Chapter 1, four-level

operation has the added advantages of increased quantum efficiency relative to five-

level operation and not requiring a collisional relaxant species, particularly one such

as C2H6 which degrades over time.

5.3.1 Cs-Ar Laser Operation at 852 nm

Figure 5.13 presents the excitation spectra obtained in a binary gas mixture contain-

ing Cs and [Ar] = 1.6× 1019 cm−3 [59]. As in previous excitation spectra, the output

energy was normalized to the input energy to account for the dye tuning curve. How-

ever, every point in Fig. 5.13 corresponds to the average of four such measurements

instead of a single pulse. A bandpass filter centered at 852 nm with a spectral width

of ∼8 nm and a transmission of 45±5% was used to ensure the that the pump did not

contribute to output energy measurements. The spectral proximity of the pump and

output wavelengths limited λp to ≤841 nm, as signal isolation was not guaranteed
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for longer wavelengths. Data are shown for gas cell temperatures of 464 K, 475 K,

and 485 K, corresponding to [Cs] values of 1.3 × 1015 cm−3, 1.9 × 1015 cm−3, and

2.8× 1015 cm−3, respectively.

Figure 5.13: Excitation spectra obtained by monitoring the relative output pulse
energy at 852.1 nm as a function of the pump laser wavelength. Each point is
the average of four measurements. The black squares correspond to T = 464 K
([Cs] = 1.3× 1015 cm−3), the red circles to T = 475 K ([Cs] = 1.9× 1015 cm−3), and
the blue triangles to T = 485 K ([Cs] = 2.8× 1015 cm−3).

At all of these temperatures, the blue satellite is well defined and peaks at approx-

imately 836.7 nm with a spectral breadth of &3 nm. The upper abscissa of Fig. 5.13

indicates the quantum efficiency calculated from the pump wavelength, and illustrates

that >98% is obtained for all values of λp&835 nm.

The corresponding plot of Eo as a function of Ei is presented in Fig. 5.14. For each

of the temperatures presented (T =464 K, 475 K, and 485 K), threshold is observed

to be approximately constant with a value of ∼0.8 mJ. This is consistent with the
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observations of Fig. 5.5.

Figure 5.14: Output pulse energy (Eo) as a function of incident energy (Ei) at λp =
836.7 nm. The solid black circles correspond to T = 464 K ([Cs] = 1.3× 1015 cm−3),
the open red squares to T = 474 K ([Cs] = 1.9 × 1015 cm−3), and the solid blue
triangles to T = 485 K ([Cs] = 2.8×1015 cm−3). The dashed horizontal line indicates
the minimum detectable energy.

Figure 5.15 depicts Ea as a function of Eo with a pump wavelength of 836.7 nm for

temperatures almost identical to those in Fig 5.13 (464 K, 474 K, and 485 K), which

correspond to [Cs] values of 1.3 × 1015 cm−3, 1.9 × 1015 cm−3, and 2.8 × 1015 cm−3.

Threshold energies of approximately 130 µJ, 175 µJ and 250 µJ are approximately

linear with [Cs], as was also observed in Fig. 5.9. The overall slope efficiencies increase

with [Cs], but for a fixed temperature appear to increase with Ea. These observations

and behaviors are consistent with those obtained for excimer-pumped Cs D1 line laser

operation [56], [57].
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Figure 5.15: Output pulse energy (Eo) as a function of energy absorbed (Ea) at λp =
836.7 nm. The solid black circles correspond to T = 464 K ([Cs] = 1.3× 1015 cm−3),
the open red squares to T = 474 K ([Cs] = 1.9 × 1015 cm−3), and the solid blue
triangles to T = 485 K ([Cs] = 2.8× 1015 cm−3).

5.3.2 Observation of Three-Body Photoassociation in Laser
Characteristics

The impact of three-body photoassociation resulting in overall absorption enhance-

ment was not limited to the absorption experiments described in Section 4.2. This

is exemplified by oscillator experiments performed in Cs-Ar-Kr mixtures containing

[Ar] = [Kr] = 8.1×1018 cm−3 [59]. As illustrated in Fig. 5.16, the excitation spectrum

obtained for [Cs] = 1.3 ± 0.1 × 1015 cm−3 (464±2 K) in the Cs-Ar-Kr mixture has

a lineshape almost identical to that of Cs-Ar with both peaking at ∼836.7 nm. The

absence of a peak near 841 nm, corresponding to Cs-Kr absorption, indicates that

the Cs-Kr contribution at 841.1 nm is suppressed in these experiments just as was

observed in the absorption experiments of Fig. 4.4.

The upper graph of Fig. 5.17 plots Eo as a function of Ei in both Cs-Ar and Cs-Ar-
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Figure 5.16: Comparison of excitation spectra for laser action at 852 nm in Cs-Ar
and Cs-Ar-Kr mixtures at a cell temperature of 464 K ([Cs] = 1.3× 1015 cm−3).

Kr mixtures at 464±2 K. Under these conditions, threshold is observed to be ∼830 µJ

for Cs-Ar and ∼600 µJ for Cs-Ar-Kr. This makes the threshold for Cs-Ar-Kr ∼28%

less than that for Cs-Ar mixtures, although this value may be exaggerated somewhat

by the minimum detectable energy as indicated by the horizontal dashed line.

The lower graph of Fig. 5.17 plots Eo as a function of Ea. This data shows that,

to within experimental uncertainty, the two lasers are identical on a per-photon-

absorbed basis. This indicates that three-body photoassociation can be employed as

a means of adjusting the absorption coefficient without decreasing laser efficiency.

A similar effect is evident in the absorption observed for the quaternary mixture

of Cs-Ar-Kr-C2H6. The composition of this mixture (discussed in Sect. 4.2.2) was

[Ar] = [Kr] = 8.0 × 1018 cm−3 and [C2H6] = 3.2 × 1018 cm−3 and it was expected

that the presence of C2H6 would result in five-level operation at 894 nm. However,

laser action was instead observed at 852 nm. This unexpected behavior is attributed

to the increase in absorption which, in turn, provides sufficiently high gain that

64



Figure 5.17: (a) Output pulse energy (Eo) as a function of incident energy (Ei) and
(b) energy absorbed (Ea) at λp = 836.7 nm in both Cs-Ar and Cs-Ar-Kr mixtures.
The cell temperature of 464 K corresponds to [Cs] = 1.3× 1015 cm−3.

the stimulated emission rate is faster than collisional relaxation. Figure 5.18 plots

excitation spectra obtained in this mixture for gas cell temperatures of 429 K, 444 K,

and 460 K corresponding to [Cs] = 2.9 × 1014 cm−3, 5.6 × 1014 cm−3, and 1.1 ×

1015 cm−3, respectively.

Although much remains to be explained about three-body photoassociation, the

results of these oscillator experiments further underscore the potential utility of in-

troducing multiple perturbing species into an XPAL. Furthermore, using the laser

itself as an extremely sensitive probe of the photoassociation kinetics will provide
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Figure 5.18: Excitation spectra for laser action at 852 nm in a Cs-Ar-Kr-C2H6 mixture
where at temperatures of 429 K, 444 K, and 460 K ([Cs] = 2.9 × 1014 cm−3, 5.6 ×
1014 cm−3, and 1.1× 1015 cm−3, respectively).

additional insight into these processes by complementing the absorption data.
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CHAPTER 6

TIME-DEPENDENT RATE EQUATION
MODELING

In order to fully utilize an XPAL laser as a sensitive probe of the underlying pho-

toassociation kinetics, it is necessary to develop a model which includes as many of

the relevant processes as possible. In the following sections, the development of a

time-dependent rate equation XPAL model for pumping near the peak of the Cs D2

blue satellite is described and its predictions compared with experimental results.

This model, which was written in Mathematica, is capable of accepting a temporally

arbitrary pump pulse, making it suitable for study of the short, high intensity pulses

incident from the dye laser.

6.1 Assumptions and Approximations

There are several key assumptions and approximations made in the model which are

important to consider. The first of these is the strong-pump approximation, in which

the intensity of the incident pump beam is treated as being uniform along the length

of the gas cell. Assuming a fixed value of [Ar] = 1.6× 1019 cm−3, this approximation

is accurate to within ∼15% after a double pass through a 10 cm cell for temperatures

<435 K. Figure 6.1 illustrates the temperature dependence of the transmission of

the pump through 20 cm of the gain medium. In order to explore temperatures

significantly higher than 435 K, the model would require the introduction of a spatially

dependent pump along the optical axis. Similarly, the pump intensity was assumed

to be uniform over the entire elliptical cross section of the pump beam. A more

67



thorough treatment would include the spatial variation of the pump beam.

Figure 6.1: The transmission through a 20 cm long Cs-Ar ([Ar] = 1.6 × 1019 cm−3)
gas cell versus temperature for the peak of the blue satellite at 836.7 nm.

In addition to the aforementioned pump beam approximations, several assumptions

were also made regarding the molecular kinetics. The first is the omission of the

A2Π1/2 and A2Π3/2 states. Because both of these states are weakly bound (∼1-

3 kBT), the steady state populations in both states are assumed to be negligible.

Although the actual B2Σ+
1/2 and X2Σ+

1/2 states are continuous functions of R, each is

treated as a distinct state extending over the blue satellite region.

Excited state absorption, multi-photon ionization (MPI), and energy pooling colli-

sions all serve as loss mechanisms for XPAL operation [60–62]. For the pump inten-

sities employed (on the order of 1 MW/cm2), cross sections available in the literature

suggested that excited state absorption was the strongest competitor with laser op-

eration. Although the cross sections for excited state absorption from the 62P1/2

and 62P3/2 energy levels to higher lying atomic states (particularly 62D3/2,5/2) via

the optical fields present in these experiments have never been measured, a cross
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section of σe = 1 × 10−17 cm2 was estimated from that for resonant excitation of

the 62D3/2,5/2 ← 62P1/2,3/2 transitions [63]. As will be discussed in more detail, laser

behavior is closely tied to the exact value of σe. Energy pooling collisions and MPI

were both omitted from the simulations due to their relatively small cross sections,

as compared to excited state absorption.

6.2 Rate Constants

The model results described here correspond to both Cs-Ar and Cs-Ar-C2H6 mixtures

in which [Ar] = 1.6×1019 cm−3 and [C2H6] varied depending on the simulation. This

section discusses the rates of all the processes included in the model, along with

derivations where necessary.

In order to determine the rates of atomic association and molecular dissociation,

the average relative velocity between the Cs and Ar atoms must first be calculated

using the relation

vCs−Ar =

√
8kBT

π

(
1

mCs

+
1

mAr

)
, (6.1)

where mCs and mAr are the Cs and Ar masses, respectively [46]. The value of vCs−Ar

can be then be employed in the expression for the collision rate between two different

species,

ZCs−Ar = π vCs−Ar dCs−Ar [Ar], (6.2)

where dCs−Ar is the interatomic separation at which the interaction is considered a

collision [46]. A value of dCs−Ar =5 × 10−8 cm is chosen, as this is the approximate

separation of Cs and Ar which corresponds to the peak blue satellite absorption.

Defining ZCs−Ar as the X2Σ+
1/2 state association rate γxa, the X2Σ+

1/2 state dissociation
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rate γxd is estimated with the expression

γxd = γxa
[Cs]0

[CsAr]0
, (6.3)

where [CsAr]0 is the density of ground state Cs-Ar pairs that are available to con-

tribute to the blue satellite feature. The subscript 0 indicates that these values corre-

spond to the steady-state distributions in the absence of an optical field. Knowledge

of [Cs]0,total, which corresponds to the total vapor pressure when no Cs atoms are

excited, allows for calculation of [Cs]0 via [Cs]total = [Cs]0 - [CsAr]0 where [CsAr]0

may be obtained from the expression [64]

[CsAr]0 = 4πR2∆R [Ar] [Cs]0,total e
−∆E
kBT , (6.4)

in which the ∆E is the energy difference between the satellite region of the X potential

and the dissociation limit. The values of R2 and ∆R were estimated from the Cs-Ar

potential curves reported by Pascale and Vandeplanque [14].

An important characteristic of the values of γxa and γxd is that their ratio is such

that the system returns to the equilibrium populations after the pump pulse is gone.

Using these values, it is possible to estimate the B2Σ+
1/2 state association and dis-

sociation rates, denoted γba and γbd, respectively. This calculation begins with the

Boltzmann relation

Nu

Nl

=
gu
gl
e
−∆E
kBT , (6.5)

where Nu and Nl correspond to the populations in the upper and lower states, re-

spectively. Similarly, gu and gl correspond to the degeneracies of the upper and lower

states. This relationship can be employed to estimate γba and γbd using γxa and γxd

as follows:
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γbd = γxd
1

2
exp

[(
(EX2Σ+

1/2
− E62S1/2

)− (E62P3/2
− EB2Σ+

1/2
)
)
/kBT

]
(6.6)

and

γba = γxa2 exp
[(

(E62P3/2
− EB2Σ+

1/2
)− (EX2Σ+

1/2
− E62S1/2

)
)
/kBT

]
, (6.7)

where the ∆E values correspond to the energy separation between the subscripted

energy levels. The factors of 1/2 and 2 were determined from the degeneracy ratios.

Upon determining all of the association and dissociation rates, the excited atomic

states may be coupled using C2H6 as a collisional relaxant. The relative velocity

between Cs and C2H6 species may be calculated from the expression

vCs−C2H6 =

√
8kBT

π

(
1

mCs

+
1

mC2H6

)
. (6.8)

The corresponding transfer rate may then be obtained with the relation

γr = σC2H6 vCs−C2H6 [C2H6], (6.9)

where the value σC2H6 = 5.2×10−15 cm2 is assumed to be approximately constant over

the 400-500 K range of temperatures [9]. Although the value has never been measured

in Cs, experiments in Rb indicate that quenching of Cs(62P1/2) and Cs(62P3/2) by

C2H6 has a rate constant ∼10% of that of γr [65].

Photons exit the laser resonator at a rate of 1/τc where τc is the cavity lifetime

which can be determined from the expression [66]
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τc =
−2lc

c logR1R2

, (6.10)

where R1 and R2 are the reflectivities of the two resonator mirrors and lc is the length

of the cavity.

One of the most important rates to determine is the pumping rate between the

ground X2Σ+
1/2 and excited B2Σ+

1/2 molecular states. Pump intensity (W/cm2) can

be calculated via

Ip =
Ep
τpAp

(6.11)

in which Ep is the energy of the pump pulse, τp is the pulse duration, and Ap is the

cross sectional area of the beam. Using values of Ep = 2 mJ, τp = 4 ns, and Ap = 0.27

cm2 (for a 5 mm by 7 mm elliptical beam) yields Ip = 1.9× 106 W/cm2-s. This value

can then be used to determine the pumping rate Γp, by means of the expression

Γp =
σ837Ip
hν837

, (6.12)

where σ837 is the absorption cross section and hν837 is the energy of an 836.7 nm pho-

ton. Using a value of σ837 = 2.1× 10−17cm2 (estimated from the reduced absorption

coefficient and the ratio of [Cs]0/[CsAr]0) and the Ip value calculated previously yields

Γp = 1.7 × 108 s−1. Because Ip and Γp are functions of time in these experiments,

they will be denoted as Ip(t) and Γp(t), respectively.

6.3 Rate Equations

Once rates have been estimated for all of the kinetics processes under consideration,

a system of rate equations can be developed and solved to describe the time evolution

of the populations under study. Figure 6.2 indicates all energy levels and transition
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rates included in the model. The solid and dashed lines in Fig. 6.2 correspond to

radiative and nonradiative processes, respectively. Any rates or constants which

appear in Fig. 6.2 (or are otherwise included in the model) which have not been

explicitly discussed are tabulated and referenced in Table 6.1.

Figure 6.2: Energy level diagram indicating the various population transfer processes
considered in the model. Solid lines indicate radiative transitions. Note that this
diagram is not to scale.

Table 6.1: Important rates and constants which have not been previously discussed.

Symbol (Units) Value Reference
g0, g4 2 [46]
g3 4 [46]

AD2 (s−1) 3.28× 107 [67]
AD1 (s−1) 2.87× 107 [67]
σD2 (cm2) ≈ 7.7× 10−12 [68]
σD1 (cm2) ≈ 5.0× 10−12 [68]

pl

pD2
≈ 10−8 [23]

pl

pD1
≈ 10−8 [23]

Assuming that the spontaneous emission rate A varies slowly with R, the rate

73



equations can be written as

N ′0(t) = γxdN1(t)− γxaN0(t) + AD2 [N2(t) +N3(t)] + AD1N4(t)

+ φ894(t)cσD1

[
N4(t)− g4

g0

N0(t)

]
+ φ852(t)cσD2

[
N3(t)− g3

g0

N0(t)

]
+ 0.1γr [N3(t) +N4(t)]

N ′1(t) = γxaN0(t)− γxdN1(t)− Γp(t)

[
N1(t)− g1

g2

N2(t)

]
− AD2N2(t)

N ′2(t) = γbaN3(t)− γbdN2(t) + Γp(t)

[
N1(t)− g1

g2

N2(t)

]
− σeIp(t)

hν837

N2(t)

N ′3(t) = γbdN2(t)− γbaN3(t)− γr
[
N3(t)− g3

g4

N4(t)e∆E34/kBT

]
− AD2N3(t)

− 0.1γrN3(t)− σeIp(t)

hν837

N3(t)− φ852(t)cσD2

[
N3(t)− g3

g0

N0(t)

]
N ′4(t) = γr

[
N3(t)− g3

g4

N4(t)e∆E34/kBT

]
− AD1N4(t)− 0.1γrN4(t) (6.13)

− σeIp(t)

hν837

N4(t)− φ894(t)cσD1

[
N4(t)− g4

g0

N0(t)

]
N ′5(t) =

σeIp(t)

hν837

[N2(t) +N3(t) +N4(t)]

φ′852(t) = φ852(t)cσD2

[
N3(t)− g3

g0

N0(t)

]
− φ852(t)

τc
+

pl
pD2

AD2N3(t)

φ′894(t) = φ894(t)cσD1

[
N4(t)− g4

g0

N0(t)

]
− φ894(t)

τc
+

pl
pD1

AD1N4(t)

where φ852 and φ894 are the photon number fluxes (photons/cm3) at 852.1 nm and

894.3 nm, respectively [66]. In order to match the experimental work, a pulse duration

of 4 ns (FWHM), a cavity length of 80 cm, and a double-pass pump geometry were

assumed. Because population in the 62D3/2,5/2 states (N5) are relatively long-lived

compared to the pump pulse duration and may not relax to populate the 62P3/2

or 62P1/2 upper laser levels, the model assumes that population does not exit the
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62D3/2,5/2 states. The initial conditions for this system of equations are

N0(0) = [Cs]0 (6.14)

N1(0) = [CsAr]0

N2(0) = N3(0) = N4(0) = N6(0) = 0

φ852(0) = φ894(0) = 0

where it is clear that, prior to the pump pulse, no population exists in the excited

energy levels. It is important to verify that the populations will decay back to these

values after the optical pump field has exited the cavity.

6.4 Sensitivity Analysis

By integrating the photon fluxes obtained from a series of simulations with different

pump intensities, the model can predict the threshold and slope efficiency of laser

action. Using these results, a sensitivity analysis of the model was performed in

order to determine which parameters these predictions are most dependent on. The

results of this investigation are valuable because they indicate which constants future

experiments should be designed to measure more accurately.

It was determined that the two most sensitive model parameters were the absorp-

tion coefficient of the blue satellite and the geometry of the pump laser beam. As

discussed in Chapter 4, there is roughly a ±10% uncertainty in the measured values

of α. Figure 6.3 presents Eo as a function of Ei for three values of α in a Cs-Ar-C2H6

gas mixture at 435 K (corresponding to [Cs] = 8.7 × 10−3 cm−1). The solid line

corresponds to the experimentally determined value of α = 9.7 × 10−3 cm−1, where

a threshold of ∼3.5 mJ is predicted. The two dashed curves of Fig. 6.3 illustrate the

impact of varying α from its measured value by ±10%.
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Figure 6.3: Predicted output pulse energy Eo as a function of incident pump energy
Ei for α = 8.7×10−3 cm−1 (0.9α), 9.7×10−3 cm−1 (α), and 10.7×10−3 cm−1 (1.1α).

The predictions presented in Fig. 6.3 illustrate the sensitivity of threshold and

slope efficiency to the absorption coefficient. It is precisely this level of sensitivity

that makes the laser itself such an excellent probe of the photoassociation and laser

kinetics. This result corroborates the observed experimental observation of a ∼6%

increase in α at 836.7 nm manifesting in a ∼28% decrease in threshold (in terms of

Ei) when Kr is added to a Cs-Ar mixture as described in Subsection 5.3.2.

Because the incident photon density is paired with α in the rate equations, the

model is similarly sensitive to the transverse pump beam characteristics. Since the

measurements of the incident pump pulses are accurate to within ±5%, the primary

source of error in matching the model to experiment comes from the approximations

made regarding the shape and size of the pump beam as described in Section 6.1.

However, although this can complicate the model, it also highlights the importance

of resonator design for most efficient coupling of the pump into the gain medium.
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6.5 Model Predictions

Because the model is designed to give time-dependent results, one of the most pow-

erful methods of exploring the laser kinetics is by observing how the populations in

the various states change over time. Figure 6.4 shows the temporal behavior of the

relevant atomic and molecular population after the arrival of a 6.5 mJ, temporally

Gaussian 4 ns pump pulse arriving at time t = 0. The shaded region corresponds

to the approximate FWHM of the incident pump field. The laser is operating as a

four-level system with 852.1 nm output due to the absence of C2H6.

Figure 6.4: Predicted time dependence of the populations in various atomic and
molecular states for a Cs-Ar mixture. The cell is at a temperature of T = 435 K
([Cs] = 3.8×1014 cm−3) and interacts with a 6.5 mJ pump pulse which has a temporal
FWHM indicated by the shaded region. Note that the ordinate is logarithmic.

For t≤0, the alkali population exists exclusively in the 62S1/2 and X2Σ+
1/2 ground

states. After the pulse arrives, the excited state populations increase until inver-

sion is observed between the 62S1/2 and 62P1/2 states. Shortly after laser threshold

is reached, gain clamping is observed and the photon density at 852 nm increases

rapidly. At these pump intensities, a significant portion of the population is excited
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to the 62D3/2,5/2 states. For t&20 ns, the pump pulse has exited the system and,

shortly thereafter, inversion can no longer be maintained. This corresponds to the

termination of laser action and is most readily observed by the sharp decrease in

894 nm photon density. The laser output is observed to have a temporal FWHM of

∼1 ns. This is temporally narrower than the pump pulse and further corroborates the

experimental results of Fig. 5.3, both supporting the validity of the model and further

illustrating the high gain of the system. In the absence of the pump field, population

never leaves the X2Σ+
1/2 and 2S1/2 ground states and the system remains in thermal

equilibrium. Similar results corresponding to the introduction of C2H6 ([C2H6] =

3.1× 1018 cm−3) are presented in Fig. 6.5 for an incident pump pulse energy of 4 mJ.

Figure 6.5: Predicted time dependence of the populations in various atomic and
molecular states for a Cs-Ar-C2H6 gas mixture where [C2H6] = 3.1× 1018 cm−3. The
cell is at a temperature of T = 435 K ([Cs] = 3.8 × 1014 cm−3) and interacts with
a 4 mJ pump pulse which has a temporal FWHM indicated by the shaded region.
Note that the ordinate is logarithmic.

As indicated by Fig 6.5, the value of [C2H6] determines the coupling between the

62P3/2 and 62P1/2 states as expected. In the absence of C2H6, the model predicts

four-level operation with laser action at 852.1 nm. For sufficient values of [C2H6], five-
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level operation was observed with laser emission at 894.3 nm. Figure 6.6 compares

the output energy at each of these wavelengths as a function of [C2H6] with an 8 mJ

pump pulse in the absence of excited state absorption (σe = 0). The results of

Fig. 6.6 predict that 852.1 nm laser efficiency decreases with increasing [C2H6], as

expected. The onset of 894 nm laser operation occurs at [C2H6]∼1.7×1017 cm−3, but

for [C2H6]≥6.3 × 1017 cm−3, 852.1 nm output is essentially extinguished. However,

between these values of [C2H6], it is predicted that laser output at both wavelengths

may be observed simultaneously. This has been observed experimentally for Na-

He mixtures and is intriguing from both physical and application standpoints [35].

Detailed characterization of this competition together with the possible observation

of coherent effects between the beams would provide immediate insight into the laser

kinetics. In terms of applications, multi-wavelength operation may be useful for a

variety of tasks; a laser source capable of emitting simultaneously on the D1 and D2

lines of Na would be a valuable tool for the laser remote sensing community.

Figure 6.7 compares laser operation predicted for purely four-level ([C2H6] = 0) and

five-level ([C2H6] = 3.1× 1018 cm−3) operation. For five-level operation, threshold is

observed to be∼3.5 mJ. The threshold for four-level operation is∼6 mJ, a factor of∼2

higher. This difference is attributed to the factor of two difference in the degeneracy

ratios for the two laser transitions. Degradation in slope efficiency becomes significant

for both curves in the region Ei&10 mJ and is attributed to the increasing rate of

excited state absorption. It should be noted that excited state absorption does not

eliminate the possibility for high power, CW XPALs as the pump intensities in these

systems will be significantly smaller than those present in this work.

The following model predictions correspond to five-level operation in Cs-Ar-C2H6

because experimental data for this mixture is available at temperatures for which

the strong-pump approximation is more accurate. Nevertheless, these results are all

qualitatively representative of the model predictions under four-level operation due
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Figure 6.6: Predicted output pulse energy Eo at 852.1 nm (solid line) and 894.3 nm
(dashed line) as a function of [C2H6]. Note that these results were obtained by
assuming σe=0 and a pump pulse energy of 8 mJ when λp=836.7 nm.

to the similarity in kinetics.

The effect of varying only the output coupler reflectivity R is explored in Fig. 6.8.

For values of R = 10%, 50%, and 90%, a pump energy threshold of ∼3.5 mJ is

observed to remain approximately constant. This result further supports the validity

of the model as these predictions corroborate the experimentally observed threshold

insensitivity with variation of the output coupler. It should be noted that the rate

equations do not include any terms which would explicity introduce this behavior.

As discussed previously, the most significant of the processes competing with laser

operation appears to be excited state absorption. Most of the model predictions pre-

sented here assumed a value of σe = 1× 10−17 cm2. Because excited state absorption

is an optically driven process, it becomes more significant at higher pump intensities.

Figure 6.9 compares laser operation for σe values of 0, 5, and 10× 10−18 cm2. As ex-

pected, larger values of σe correspond to larger pump energy threshold and a decline
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Figure 6.7: Predicted output pulse energy Eo as a function of incident pump energy
Ei for four-level, 852.1 nm and five-level, 894.3 nm operation.

in slope efficiency. Threshold values of 2.6 mJ, 2.9 mJ, and 3.5 mJ are observed for

σe = 0, 5, and 10× 10−18 cm2, respectively.

Figure 6.10 compares these model predictions with experimental results for five-

level operation with [C2H6] = 3.1 × 1018 cm−3 for [Cs] = 1.1 × 1014 cm−3, 3.8 ×

1014 cm−3, and 7.2 × 1014 cm−3 (T = 409 K, 435 K, and 450 K, respectively). For

both the experimental data and the model predictions, threshold is approximately

constant despite variations in temperature. The largest discrepancy in these results

comes from a quantitative comparison of the thresholds, which is ∼0.44 mJ for the

experimental data and ∼3.7 mJ, a factor of ∼8 larger, in the simulations.

The result of shifting the predicted data of Fig. 6.10 such that the threshold values

approximately match those of the experimental data is presented in Fig. 6.11 and

is useful as a means of qualitatively evaluating the slope efficiencies. The predicted

curve for 409 K very closely matches that obtained experimentally. As the tem-
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Figure 6.8: Predicted output pulse energy Eo as a function of incident pump energy
Ei for five-level, 894.3 nm operation with output coupler reflectivities of 10%, 50%,
and 90%.

perature increases, the model increasingly overstates slope efficiency. Despite these

discrepancies, the slope efficiencies at each temperature are surprisingly accurate,

indicating that much of the relevant physics is included in the model. However, as

mentioned in Section 6.1, there are a number of assumptions and approximations

which are necessary at this time. It is considered likely that a combination of rates

and constants require adjustment so as to bring the predicted thresholds in line with

the experimental data while maintaining agreement in slope efficiency.

As these results demonstrate, the rate equation model is a valuable tool for probing

laser kinetics. In particular, the simulations provide insight into the impact of slight

variations of the gas densities which would be difficult to realize experimentally. This

is illustrated in Fig. 6.3 for changes in α and in Fig. 6.6, where interesting behavior is

observed over a small range of [C2H6]. By employing the model in this way, it serves

as an aid for selecting the critical problems to be pursued experimentally. At present,
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Figure 6.9: Predicted output pulse energy Eo as a function of incident pump energy
Ei for σe = 0, 5, and 10× 10−18 cm2.

the most pressing experimental issues appear to be further investigation of three-

body photoassociation (which can dramatically alter the absorption coefficient) and

measurements of the cross section associated competitive processes such as excited

state absorption.
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Figure 6.10: Comparison of model predictions for Eo as a function of Ei for Cs-Ar-
C2H6 taken at gas cell temperatures of 409 K, 435 K, and 450 K (corresponding to
[Cs] = 1.1× 1014 cm−3, 3.8× 1014 cm−3, and 7.2× 1014 cm−3, respectively).

Figure 6.11: Data matching that of Fig. 6.10 with the exception that the predicted
values of Ei have been shifted by -3.3 mJ.
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CHAPTER 7

CONCLUSION

The work presented in this thesis represents a new class of photoassociation lasers

in which optically pumped transient collision pairs provide an efficient means of cou-

pling energy into excited atomic states. Although most of the experiments described

here employ Cs as the lasant species, this technique is applicable to any combination

of species for which satellite behavior is observed. Correspondingly, these demonstra-

tions have laid the groundwork for the development of a variety of new lasers which

will employ alternative quasi-molecules.

Spectroscopically, these lasers are unique in that they involve molecular states

which are never bound. Because of the relative complexity of extracting interaction

potentials from free↔free transitions in comparison to free↔bound, and bound↔bound

transitions, studies to date concerning photoassocation between two repulsive elec-

tronic molecular states have been limited. As illustrated by the new Cs-Ar B potential

derived in this work, many of the assumptions and semiclassical approximations which

were previously necessary are no longer required. This allows for a more thorough in-

vestigation of these systems than was previously possible. Furthermore, employment

of the XPAL itself as a probe of the underlying physical processes provides unrivaled

sensitivity which can be combined with these new numerical capabilities.

The experimental results obtained thus far for XPAL lasers are encouraging for

future scaling efforts. The observation of identical (and in some cases even superior)

values for threshold and slope efficiency for excimer-pumping as compared to direct

atomic excitation demonstrates that there is no inherent disadvantage to introducing
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transient molecular states to the pumping scheme. Spectral bandwidths as large

as ≥5 nm have been observed for excimer photoexcitation in both absorption and

oscillator experiments, making the XPAL immediately compatible with commercial

diode arrays. This avoids the reduction in pump efficiency and cost inherent to

diode line narrowing and eliminates the need for frequency stabilization of the diode

arrays as is necessary for direct atomic excitation. Nevertheless, the knowledge and

publicity generated since the first three-level alkali laser was demonstrated in 2003

are invaluable in realizing high power, diode pumped XPALs.

It is quite possible that in the years to come these lasers will advance from the

proof-of-concept work presented here to compact and robust commercial systems

useful for a wide range of medical, industrial, and military applications. However,

even if another technology supplants diode-pumped gas lasers as a promising approach

to achieving such systems, successful demonstration of the XPAL concept will have

conclusively shown how unbound, short-lived molecules can play a critical role in

gas-phase kinetics.
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