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Abstract

Optically pumped molecular gas lasers based on vibrational-rotational transitions in
the infrared spectral region were studied experimentally and theoretically. A model
was developed to predict the performance of such lasers and explore their potentials
for energy and power scaling. This rate equation model was applied to explore the
performance of a second-overtone (pulsed) and a first-overtone (CW) pumped HBr
laser. Experimental improvements concerning temperature spectral tuning and fre-
quency stabilization of a Nd:YAG laser that pumped HBr were accomplished. Lasing
at 4 microns was demonstrated from such a system. We identified acetylene and hy-

drogen cyanide as potential laser gases that can be pumped with lasers emitting in

Vil



the attractive telecommunication C band region at about 1.5 microns. Estimations
and fluorescence measurements suggest the possibility of lasing in the 3 micron re-
gion. Lasing was demonstrated for the first time with a 5 ns pump pulse from an
optical parametric oscillator using traditional cavities. The first gas filled hollow
fiber laser based on population inversion was demonstrated with CoHs and emission
in the 3 micron region was observed. An analytical model indicates the possibility

of CW lasing with small Stokes shift in both CoHs and HCN.
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Chapter 1

Introduction

1.1 Background and Thesis Goals

Since the demonstration of the first laser in 1960 [1], lasers have become indispens-
able tools in areas ranging from fundamental research to industrial applications to
medicine. Possible laser media comprise all states of matter - gases, liquids, solid
materials and plasmas. Laser emissions were observed from the X-ray to the mi-
crometer wave region [2]. The application determines the choice of laser and each
type of laser has specific advantages and disadvantages. Semiconductor lasers ex-
hibit very high efficiencies (up to 70%), are user-friendly but it is difficult to achieve
average powers exceeding several kW. Solid-state (mostly active ions in a host ma-
terial) lasers (SSLs) can produce larger output powers and pulse energies, however
at reduced wall-plug efficiency. The reason is that unlike semiconductor lasers that
can be pumped directly by electrical currents, SSLs are typically pumped optically

and thus require one more (lossy) step of energy conversion.

Soon after the invention of the laser (solid-state, Ruby laser) the first gas laser

was built (HeNe laser [3]). The most widely used pumping schema of gas lasers is an
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electrical discharge. Electron-atom, electron-molecule, or ion-atom collisions excite
the active gas medium (example COy), or a gas particle which then transfers energy
to the lasing gas (example HeNe). Continuous wave (CW) output powers of 150
kW have been achieved with COs lasers. Unlike solid state materials a gas medium
can be replenished relatively easily should it be necessary, which mitigates ”damage”
problems and heat dissipation. Wall-plug efficiencies of 10% have been reported for
COs lasers, which emit in the infrared spectral region (~ 10 gm). While this efficiency
is relatively high, gas lasers that emit in the visible spectral region typically have
efficiencies that are far less. Nevertheless, Ar-ion lasers (0.1% efficiency, typically P
~ 10 W) and He-Ne lasers (0.1% efficiency, typically P ~ 5mW) were among the
most widely used lasers until recently, when compact, more efficient solid-state and

diode lasers started to replace them.

Optically pumped gas lasers (OPML) have been around for over 40 years. Com-
pared to other types of lasers, gas lasers have a number of advantages. For example,
gases have very high resistance to optical damage. Gases can be cooled by convection.
Due to their broad spectra coverage from the ultra violet (UV) to the millimeter-
wave region, gas lasers can be useful for specific wavelengths that are unavailable
from other types of lasers [4]. The major drawback of OPML is the difficulty to find
a suitable gas medium which can be pumped with available laser sources. In addition
the line width of a molecular gas is on the order of hundreds of MHz; thus, a narrow

band pump source is necessary to efficiently deposit the pump energy into the gas.

About ten years ago a renewed interest in optically pumped gas lasers emerged.
The idea was to combine features of solid-state laser technology (high efficiency,
compact design) with the advantages of gas media (heat dissipation, resistance to
optical damage). In addition, gas media could allow access to wavelength regions,
in particular in the near and mid infrared spectral (NIR and MIR) region, where

the atmosphere is highly transmissive and where presently solid-state lasers are not
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available. These hybrid laser systems became possible when high-power lasers based
on solid materials could be made narrow-band to pump the narrow absorption tran-
sitions of gases efficiently. Possible pump sources were solid-state, semiconductor
and fiber lasers. Typically, these optically pumped gas lasers (OPGLs) if based on
molecules (OPMLs) have large Stokes shifts. A by-product of these laser systems
is a substantially improved output beam profile that is very forgiving of the pump

beam profile.

Another area of intensive research is the coherent combination of the laser output
of many individual fiber and or diode lasers. While the CW power of each individual
source is limited by fundamental material (damage) parameters, the coherent super-
position of many sources would allow output powers that are orders of magnitude
higher. Despite various successes [5], the principal problems remain: the individual
emitters to be combined have to be able to maintain a certain degree of coherence
with respect to each other. This is difficult to achieve if high power must be main-
tained at the same time [5]. Suitably chosen gases where the laser wavelength is
close to the pump wavelength (small Stokes shift) seem to offer the possibility to
act as coherent beam combiners. While emitting within a spectrally narrow range
depending on the gas medium, the individual pump sources do not have to maintain
coherence. The laser action itself will combine the mutually incoherent sources into

one coherent output beam with also dramatically improved spatial characteristics.

A crucial aspect of the hybrid laser is the combination of a viable pump source and
gas. This is not trivial since gaseous media and available attractive (efficient, widely
available) pump sources are limited. While in principle nonlinear optical devices such
as optical parametric oscillators and amplifiers, can provide tunable pump radiation
to match the absorption lines of gases, most such systems will only be of academic
interest. Today a viable concept must allow the potential use of a SSL, semiconductor

of fiber laser pump so that after demonstration of the proof of principle, a pathway to
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power and energy scaling can be devised. Only then will it be possible to move those
concepts out of research labs into the commercial sector. Therefore a considerable
part of the ongoing research is focused on identifying possible gas and pump sources.

At the same time the gas should be “user-friendly”.

In 2003, Krupke and coworkers demonstrated the first optically pumped alkali
atom laser[6]. The rubidium (Rb) laser is a three-level laser with a quantum efficiency
of 98% and thus exhibits an extraordinarily small Stokes shift. The active medium
is enclosed in a heat pipe and the temperature (393 K) controls the alkali vapor
pressure. Meanwhile laser action has also been demonstrated in other alkali vapors,
eg. Cs [7]. Efficiencies exceeding 63% have been observed in Cs lasers [7]. The output
of two different diode laser sources was combined and a total laser output power of
17W was achieved [8]. Despite these successes many issues remain. The lasers are
pumped in the 800 nm region and the output is shifted by only a few nm to longer
wavelengths. This output is not in the eye-safe spectral region, which is important
for many practical applications. The heated cell is inconvenient and there are issues
with contamination of the cell windows, limiting the time when the 17 W output was
observed to a few hours [8]. These problems could be mitigated by (molecular) gases
that do not require heated cells and that do not react with cell windows if one can

find appropriate pump sources.

Derived from this state-of-the-art of optically pumped gas lasers the following

goals were defined for the thesis.

1. In 2004, our group demonstrated an HBr laser pumped by a Nd:YAG laser [9].
This combination is very attractive because it uses a highly developed pump
source (Nd:YAG laser), which is energy scalable. At the same time the laser
output is in the 4 micron region where the atmospheric transmission is high.
It was necessary to improve certain experimental features of this laser and

to explore its operational limits. These experimental concept demonstrations
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were to be combined with simulations. The goal of the simulations was to
make predictions concerning the energy scalability, achievable efficiency, the

potential of CW operation and frequency tuning of this laser system.

2. It is very attractive to pump gases directly by diode and or fiber lasers. It
was necessary to identify gas media with resonances where those pump sources
emit. Also, these pump sources ought to be readily available to avoid extensive
pump source development. We identified as possible gas candidates hydrogen
cyanide (HCN) and acetylene (CyHs). Both have absorption bands in the 1.5
micron region (telecommunication C band) where diode and fiber lasers as
well as optical components are highly developed and cost efficient. Although
theses gases have been studied extensively key molecular parameters that are
necessary to assess the potential of lasing were not known. A combination of
measurements and estimations were envisioned to extract the necessary infor-
mation. Simulations and analytical laser models were to be applied to evaluate

optimal laser and pump conditions for pulsed and CW operation.

3. Using these results prototype HCN and CyH, lasers were to be developed and
demonstrated experimentally. Suitable cavity configurations needed to be ex-

plored experimentally and with simulations.

4. Hollow glass fibers (for example photonic bandgap fibers [10]) opened up at-
tractive possibilities for optically pumped gas lasers. These fibers can be filled
with an active gas and excited optically to emit laser radiation. Long interac-
tion lengths of a spatially confined pump and the gain media can be realized.
While these gas filled fibers have been used for nonlinear optical frequency con-
version, lasing based on population inversion remained an open problem. The
results for HCN and CyHy were to be evaluated with respect to demonstrating
the first hollow-fiber filled gas laser and, if possible, a proto-type hollow-fiber

gas laser was to be demonstrated.
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1.2 Outline of the Thesis

Chapter 2 summarizes molecular physics as it pertains to optically pumped lasers.
Molecular energy levels are introduced and the selection rules that govern optically
induced transitions between them are explained. The nature of vibration-rotation
spectra in thermal equilibrium is discussed. The interactions of molecules with ra-
diation and line broadening effects are described. Collision induced energy transfer

processes are discussed.

Chapter 3 discusses the three molecular gas media that were of interest for this
thesis in detail. We explain how molecular rate constants and parameters relevant

for lasers were obtained. They are compiled and summarized in tables.

Chapter 4 presents a second overtone pumped HBr laser using a Nd:YAG pump
laser operating at 1.34 pm. Improvements to the system concerning frequency shift-
ing of the pump, line narrowing and stabilization of the Nd:YAG laser are described

as well as the observed laser output.

Chapter 5 explores HCN and CyHy as laser media. We first investigated fluores-
cence emission after excitation with a source emitting in the telecommunication C
band. The results will be used to design a laser concept and demonstrate lasing with

both gases.

Chapter 6 is devoted to the numerical modeling of OPMLs. The model was set
up to serve generic OPGLs. As a case study, we applied it to describe and predict
the performance of an optically pumped HBr laser. We study a second-overtone
pumped pulsed and a first-overtone pumped CW laser. The model was also applied
to predict certain aspects of the CoHy and HCN laser.

In chapter 7 we analyze analytically the prospects of a CW laser with small Stokes

shifts. This model requires certain simplifying assumptions. Their justification will
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be scrutinized with the numerical model.

In chapter 8 we will first apply a simple laser model using the laser parameters
derived from previous chapters to assess the potential of a CyHs filled hollow fiber

laser. We will then report on the first gas-filled hollow laser based on population

mversion.

Chapter 9 presents a summary of the thesis and a brief outlook of future work.



Chapter 2

Molecular physics

The knowledge of molecular physics is crucial for the understanding of OPMLs. In
this chapter, a brief review of molecular physics related to OPMLs is presented.
The scope of the discussion is limited to mid infrared (IR) OPMLs. The aim of
this chapter is to develop an intuitive understanding of the molecular physics of mid
IR OPMLs that will be important for later chapters of the dissertation. We will
start with a description of molecular energy levels in section 2.1. The properties
of the energy levels are what set molecules apart from other laser media such as
solid state lasers. Light induced transitions are governed by selection rules, which
will be discussed in section 2.2. Section 2.3 introduces the Boltzmann distribution
which controls occupation numbers of energy levels at thermal equilibrium. This
distribution is also responsible for the typical shapes of vibration-rotation spectra. In
section 2.4, the molecular transition line widths are described. Section 2.5 discusses
collision induced energy transfer between active molecules (self collisions) or through
interactions (collisions) with atomic or molecular buffer gases. Such interactions
can lead to molecular transitions without the emission or absorption of radiation

(radiation-less transitions).
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2.1 Energy states of molecules

In general, the electronic system and the translational, rotational, and vibrational
degrees of freedom of the molecule determine four sets of discrete energy levels [11].
For mid-IR OPMLs, where typically optical transitions correspond to energies less
than 1 eV, we can neglect the electronic energy and assume that the electronic state
does not change. To illustrate the remaining three degrees of freedom let us consider

a diatomic molecule as an example, see Fig. 2.1.

Rotation

Vibration

Translation

Figure 2.1: A diatomic molecule translates, rotates and vibrates simultaneously.

A molecule has a total of 3N degrees of freedom where N is the total number of
atoms in the molecule, among them are three translational degrees of freedom [12].
Consequently a diatomic molecule has 6 degrees of freedom. From Fig. 2.1, it is
obvious that such a molecule has two degrees of freedom of rotational motion and

one degree of freedom of vibrational motion.

It should be mentioned that although the rotational and vibrational motions of
molecules can be illustrated from the viewpoint of classical physics, they follow the

rules of quantum mechanics [11]. The energy levels are quantized and therefore only
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certain rotational and vibrational energies are allowed.

2.1.1 Translational energy

The average translational kinetic energy of a single molecule corresponding to trans-
lation along each of the independent axes (z, y, and z) is equal to %kBT, where
kp is the Boltzmann constant and 7' is the absolute temperature. Thus the total
translational energy Ejgns = %kBT [13]. From the total translational energy, the

average speed of the molecule can be calculated [13]

2Bpas  [3ksT _ [3RT
m m M,

Upms = (2.1)
where m is the mass of a molecule, M, is molar mass of molecules (kg/mol) and R
is the universal gas constant(J/K/mol). The molar mass is related to the mass of
the molecule by M,, = Nym where N4 is the Avogadro constant, and the universal

gas constant R = N kp.

However the speed of molecule is generally referred to the mean speed which
can be derived from the Maxwell-Boltzman distribution. The mean speed is given

by [13],

8kpT
=1/ =2 =0.92 Vyps . (2.2)
m™m

The average displacement path of a molecule between collisions is called mean free

path. Asshown in Fig. 2.2, if gas molecules A have diameter D4 and gas molecules B

have diameter Dp, then the effective cross-section for collision can be given by [14],

Da+Dg\®> D>
UAB:W<%) :77'%. (2.3)

10
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D
AB

Figure 2.2: The collision between gas A molecule and gas B molecule.

In general, the collision rate per unit volume between molecules is given by [14]
Zap = V2 0apNaNgvag (2.4)

where N4 and Np are the number density of gas molecules A and B respectively.

The mean speed of molecule A and B (T4p) is,

1kgT
Tap = || —2— |, (2.5)
T™TMaRB

where m4p is the reduced mass [14],

mampg
Map = ———— | 2.6
AB ma+ mp ( )

where m4 and mpg are the mass of gas A and B respectively. The collision rate of
gas molecule A is then Z44 + Z4p. Therefore the collision rate per one gas molecule

A is written by,

ZaaA n ZAB

_ Zap 2.
AN, TN, (2.7)

There the mean free path of gas A in the mixture of gases A and B can be obtained

by the mean speed of gas A divided by z4. The mean free path is then,

1

ly = ,
V2N o4 + ﬂNBUAB\/—mS,::B

(2.8)

11
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For the self collision (Ny = Np, ma = mp and Ny + Ng = N, ), the expression

reduces to [13]

1

lf = ——. 2.9
f \/ENtO'A ( )

From the mean speed of gas A and its mean free path, the mean time between

collision of gas A can be obtained [13]

— (2.10)

2.1.2 Rotational energy

It is convenient to represent molecular rotation as a superposition of rotations about
three orthogonal axes. A molecule rotates about its center of mass with the moments

of inertia /; defined as [15]
L= mqa}. (2.11)

Here m; is the mass of the atom ¢ and r; is the orthogonal distance from the atom
to the axis of rotation The rotational axis corresponding to the largest moment of
inertia is defined as c-axis and its moment of inertia is labeled I.. The axis that has
the smallest moment of inertia is perpendicular to the c-axis: this axis is called a-axis
and its moment of inertia is defined as I,. The third axis, perpendicular to both the

c and a axis is labeled as b-axis and its moment of inertia is defined as I, [15].

Depending on the relationships between the three different moments of iner-
tia, five molecular rotational symmetries can be distinguished. They are spherical
top, prolate top, oblate top, asymmetrical top and linear molecules as shown in

Fig. 2.3 [16]. For the spherical top, all of the three moments of inertia are equal, i.e,

12
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I, = I, = I.. Examples of such molecules are CF4 and SFg. For the prolate top, the
moments of inertia are such that I, < I, = I.; CH3Cl is an example molecule. A
molecule that has the moments of inertia, I, = I, < I. is classified as oblate top; an
example is benzene. Molecules for which none of the moments of inertia are equal are
called asymmetrical top. HoO is an example. Linear molecules like for example HF,
HCN, CO, and CO, are characterized by I, = 0,1, = I.. The molecules of interest

in this thesis are of the latter type and we will restrict our discussion to them.

a

a b
: : b :
. SF6 - CH,C] Benzence
F S /F
\
F \ B
F
Spherical top Prolate top Oblate top
b
N
¢
Asymmetrical top Linear molecule

Figure 2.3: Examples of the molecular rotational symmetries.

The rotational energy of a linear rigid rotor is given by [15],
E(J)=BJ(J+1), (2.12)

where J is the rotational quantum number and B is the rotational constant. For

linear molecules B = h?/21I, (joules) [16] with I, = I.. However, by the nature of

13
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molecules, they are not rigid bodies. As they rotate, they experience the centrifugal
force in balance with a restoring force. This leads to higher order correction terms

in the rotational energy [16],
E(J)=BJ(J+1)—D[J(J+1)]*, (2.13)

where D is the centrifugal distortion constant.

The rotational constant (B) and the centrifugal distortion constant (D) are

weakly dependent on the vibrational state:
Ey(J)=ByJ(J+1) =Dy [J(J+1)], (2.14)

where

h?

By = —
\%4 2]V’

(2.15)

where [y, is the moment of inertia for a molecule in a particular vibrational state, V'

is the vibrational quantum number and Dy is the centrifugal distortion constant.

In usual spectroscopic notation, the energy and the rotational constants are given

in cm™!. In this thesis, the energy and rotational constants that are presented in

w~n

the units of cm~! will be denoted as eg., By and Ey. These quantities can be

converted to corresponding SI units (joules) by multiplying with 100hc. For eg.,

By =100 he By . (2.16)

2.1.3 Vibrational energy

As shown in Fig 2.1, the vibration of a diatomic molecule is fairly simple since it

has only one type of the vibration. However for a polyatomic molecule, the situation

14
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is more complex. The concept of vibrational normal mode is used to identify the
types of the vibrational motion. A normal mode is a summation of the molecular
motions in which the center of the molecular mass remains fixed, all atoms in the
molecule move along with the same phase and the vibration is harmonic [15]. There
are 3N —6 and 3N — 5 normal modes of vibration for a nonlinear and linear molecule,

respectively, where N (as defined in section 2.1) is number of atoms in the molecule.

A diatomic molecule has 2 atoms and subsequently only one vibrational normal
mode is expected. With anharmonicity, the vibrational energy of a diatomic molecule

can be written as [16]

E(V) = hv, (V + %) — hvexe (V + %)2 : (2.17)

where v, is the vibrational frequency, x. is the dimensionless anharmonicity constant

and V' is vibrational quantum number.

Polyatomic molecules have several vibrational normal modes. For example, tri-
atomic molecules as shown in Fig 2.4 have 3 atoms and 4 vibrational normal modes.
However their bending modes assigned as V5 have the same vibrational frequency [12].
In this situation, the bending modes are called doubly degenerate. In general to de-
scribe the vibrational state of a linear polyatomic molecule with vibrational normal

modes (M), we can use a set of vibrational quantum numbers (V3, Vs, ..., V).

The vibrational energy of such a polyatomic molecule is then [16]
1 1 1
EW, Vo, ..., Vi) = hiyy (V1+§) + hvs (VQ+§) + ...+ huy (VM+§) (2.18)

where v), is the vibrational frequency of normal mode M, V), is its vibrational

quantum number.

For triatomic molecules having degenerate vibrational normal modes such as the

15
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o000

Vi

o000

Vs

B A B
-«— — v «— —>
V1 V2 V3

(a)

A B C

“— — — v «— — —
Va '
(b)

Figure 2.4: Examples of the vibration normal mode of linear triatomic molecules (a)
AB, (b)ABC.

molecules in Fig 2.4, the vibrational energy is,
1 dy 1
E(Vi,V5,V3) = hiy V1+§ + hvy V2+7 + hvs V3+§ , (2.19)

where dy is the degree of degeneracy (in this case of the triatomic molecules, dy =

2).

A molecule vibrates and rotates at the same time. From the Born-Oppenheimer
approximation it follows that typical rotational energies are much smaller than vi-
brational energies. The vibrational-rotational energy of a molecule is simply the sum

of the two energies [15],

E(V,J)=E(V)+ Ey(J) . (2.20)
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Using Egs. (2.14), (2.17) the vibrational-rotational energy is given by

E(V,J) = hv, (v + %) +ByJ(J+1)=Dy(J(J+1), (2.21)

for a diatomic molecule. Using Eqs.( 2.14) and (2.18)

2
+ByJ(J+1) =Dy (J(J+1)) . (2.22)

1 d 1
E(Vi,Va,...,Vay,J) = hiy (Vl+§)+hy2 (1/2+7V>+...+hyM (VM+—)

for a polyatomic molecule where we assumed that normal mode 2 is doubly degen-

erate.

2.2 Selection rules

For gases to be used in (mid) IR OPMLs, we only need to consider translational,
rotational and vibrational degrees of freedom. We assume that all transition occur
within the electronic ground state. Energy transfer between these degrees of free-
dom is possible through molecular collisions. The three types of resonant interactions
between radiation and matter important in OPMLs are stimulated absorption, stimu-
lated emission and spontaneous emission. All these processes can produce population

changes of molecular states.

Population inversion producing optical gain is required for laser action. Let us
consider an upper laser level u and a lower laser level [. The small signal gain is
given by

g=o(v) <nu - @nl> =—a, (2.23)

17
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where n, and n; are the number densities of molecules in the upper and lower laser

state, respectively. g, and g; are degeneracy factors,
Guy = 2Juqy + 1, (2.24)

where J, (1) denotes the upper(lower) rotational state, and

o AE /\2 S(l/)

o(v) S : (2.25)

is the stimulated emission cross section where A is the photon wavelength, S(v) is
line shape profile! of a transition and Ag is the Einstein coefficient for spontaneous
emission given by [15]

6473

Ap = ————
E 12me he3

|R,—¢|* . (2.26)

Here v is the photon frequency, ¢, is the permittivity of free space and R, is the

transition moment.

In order to have laser gain ¢ > 0, and the population in the upper state must be
larger than the population in the lower state. In the opposite case, g < 0, radiation
is absorbed. Transitions can only occur if the transition moment R,_ s is non-zero.
Selection rules exist that predict allowed transitions for which the transition moment

1S nonzero.

An optically excited transition between two energy levels separated by AFE(V, J)
can occur by absorbing or emitting a photon of energy [hv = AE(V, J)]. While this

is a necessary requirement it does not predict whether the transition is allowed.

Molecular transitions are classified as either IR active or Raman active. Since
this dissertation deals with optical pumping and stimulated emission of radiation,

the following discussion is restricted to IR active selection rules.

IThe line shape profile will be discussed in section 2.4
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Molecules vibrate and rotate simultaneously. Therefore a change of the vibra-
tional state can be accompanied by a change in the rotational state leading to
vibration-rotation spectra. Consequently the selection rules combine transition rules

within vibrational and rotational states.

The vibrational selection rules are based on the harmonic oscillator approximation
and state that (i) the change in vibrational quantum number must be such that
AV = +£1 and (ii) that the vibrational motion must change the dipole moment
(oscillating dipole) [16]. In the latter case the molecule is said to be IR active.
The vibrational selection rule is less strict, that is AV = +1,42, ... is allowed, if
anharmonicity is taken into account. The transition probabilities of these overtone

transitions, however, become smaller with increasing |AV/|.

The rotational selection rule is related to the type of rotation. For diatomic
molecules, the vibrational selection rule is AV = +£1 and the rotational selection
rule is AJ = £1. Since a diatomic molecule has only one normal mode of vibration,
it has to have a permanent dipole moment to be IR active. Thus the diatomic

molecule must be heteronuclear.

Rotational transitions with AJ = 41 (AJ = —1) are referred to as R branch (P
branch) transitions. R branch and the P branch transitions are usually labeled as

R(J) and P(J) where J is the rotational quantum number of the lower state.

The vibrational selection rule AV = +1 and the possibility of higher overtone
transitions are also valid for polyatomic molecules. Polyatomic molecules do not
need to have a permanent dipole moment to be IR active. To verify that a transi-
tion of a polyatomic molecule is allowed, molecular group theory can conveniently
be used. This approach, however, does not provide the strength of an allowed tran-
sition. To use molecular group theory the concept of molecular symmetries has to

be described which is beyond the scope of this thesis- however there are sufficient
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literatures available on this topic for [16, 15]. However if the concerned vibrational
transition is allowed, the rotational section rules of linear polyatomic molecules are

the followings [15],

1. AJ = 41, i.e., P and R branches for the vibrational transitions between ground
state and the stretching vibrational normal mode(s) or between the stretching

vibration normal modes.

2. AJ =0,+£1, ie., P, Q and R branches for vibrational transitions stated other-

wise from the first rule.

Note that @ branch transition occurs when ( AJ =0 ).

2.3 Boltzmann’s distribution

In the previous section we have seen that a potential vibrational-rotational transition
can be predicted by the selection rules and group theory. After it has been concluded
that a certain transition is allowed, the question about the transition strength arises.
Let us discuss as an example molecular absorption lines. According to Eqs. (2.23),
(2.25) and (2.26), we can assume that RJ_  is about the same independent of the
actual rotational state involved. Obviously the absorption coefficient depends on the

number density of molecules in the rotational state of the vibrational ground state.

In thermal equilibrium, the population of molecular energy levels can be described

by a Boltzmann distribution [17],

(2 +1) e BV /iaT

S (27 + 1) e BVNET
V,J

n(V.J) = N (2.27)
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where Ny is the total number density of molecules and (2J + 1) is the degeneracy

factor of a rotational state with quantum number J.

It is obvious that kgT controls the fraction of molecules occupying a particular
rotational-vibrational state. Higher temperatures mean that the maximum popu-
lation shifts to states with larger J. A larger rotational constant By narrows the
n(V) distribution and moves the maximum to states to smaller J values. This is

exemplified in Fig. 2.5 for HBr and HCN. For one of the gases of interest, CoHs,

6—| T T T T T —
5_ .
B 1B
2 [CJHCN ]
£ 5t :
€ L B
S o 1
a L |
1011 |
I| ||II||I|..-_
0 5 10 15 20 25

30
Rotational state (J)

Figure 2.5: The rotational state occupation of HBr and HCN molecules in the vibra-
tional ground state at room temperature.

the nuclear spin also affects the population in thermal equilibrium. The Boltzmann

distribution of a nuclear spin molecule is given by [17],

2K+ 1) (27 + 1) e BV /ksT
n(V,J,K;) = N, RE+ D@27+ 1)e , (2.28)

> (2K +1) (2] + 1) e FVIksT
V,J
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where 2K; + 1 is the nuclear spin degeneracy factor and K; is the total nuclear spin
quantum number. Here K = 21,27 —1,...,0 The nuclear spin (I) is half-integer for

protons and integer for deuterium.

3.0 .

n (arb. units)
- = NN
ja) (V)] [e) ()]

o
W
T
1

o
o

0 5 10 15 20 25
Rotational state (J)

Figure 2.6: The rotational state occupation of CoHy molecules in the vibrational
ground state at room temperature.

For CyH,, each hydrogen atom has a nuclear spin (/) of 1/2, therefore, the possible
K values in Eq. 2.28 are 1 and 0. Thus the nuclear spin degeneracy factor of CoHs is
1 and 3. The assignment of the nuclear spin degeneracy factors is 1 for even J and

3 for odd J for CyH,.

(2] + 1) e~ P ko

N (20 1) e FODET 1§ 32 4 1) e BV kT
Vi Jeven ViJoad

3(2J 4 1) e BVD/ksT

Z (2J+ 1) e—E(‘/,J)/kBT+ Z 3(2J+ 1) B_E(V“])/kBT :
V,Jeven V,Jodd

n (‘/Ya JevemK = O) = Nt

n(V, Joaa, K = 1) = Ny

(2.29)
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This assignment can be explained by the Pauli principle. According to the Pauli
principle, the symmetry of the total wave function of molecules with equivalent nuclei
must be in agreement with symmetry requirements dictated by the interchange of
nuclei [18]. The interchange of nuclei of half-integer spin must result in an antisym-
metric wavefunction while for nuclei of integer spin the result is the opposite [18].

The total wave function can be written as,

wt = welwvibwrotwnuc . (230)

For the ground state of CoHs, the product of 11, is symmetric with respect to
nuclear interchange [18]. Therefore the product of 1., and 1, must be antisym-
metric. However, 1, is symmetric for even J and antisymmetric for odd J [18].
Furthermore the product of ,,. spin functions for two protons of the hydrogen
atoms in CoHy results in three symmetric spin functions and one antisymmetric spin
function [16]. Therefore the nuclear spin degeneracy factor is one for even J and

three for odd J.

R Branch P Branch
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Figure 2.7: The absorption spectrum of CoHs molecules in the 1.5 pym region at room
temperature. Modified from [19].
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The distribution of the population in rotational states for even J and odd J is
shown in Fig 2.6. These population distributions result in the absorption spectrum

of CoHs as shown in Fig. 2.7

2.4 Line widths

The spectrum of a molecule as seen for CoHy in Fig. 2.7 contains many absorption
lines. Each line has a finite width and characteristic shape defined by the line shape
function S(v) in Eq. 2.25. The integral of the line shape function is normalized to

unity,

/OO S(v)dv=1. (2.31)

The line width of the molecular transition is determined by three line broadening
processes - natural line broadening, collisional broadening and Doppler broadening.
While the first two mechanisms give rise to homogeneous broadening, the Doppler

effect gives rise to inhomogeneous line broadening.

First, let us discuss the three broadening mechanisms separately. The lifetime of a
molecular state is finite even for an isolated single molecule. In the absence of energy
transfer between normal modes, this natural lifetime is determined by spontaneous

emission. The natural lifetime is given by [16],
S (2.32)

According to the Heisenberg uncertainty principle, the lifetime of the state (7.) and

the uncertainty of its energy (AFE) are related [16],

T.AE > h. (2.33)
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The uncertainty of the energy results in the natural linewidth (Full width at Half
Maximum, FWHM),) of the line shape function which can be expressed as [16], (the

natural line shape function is Lorentzian [20])

1
Av, = .
2T,

(2.34)

In most practical situations the line broadening of a molecule in a gas is dominated

by the other two broadening mechanisms.

Pressure broadening is described by a Lorenztian (line-shape) function [20]

Av. /7

Se(v) =
) (Vo — v)* + Av?

, (2.35)

where 1 is the resonance frequency and Av, is the line width (Half Width at Half
Maximum, HWHM),

1
Av, = — | (2.36)
2T
where 7 is the collision time of a molecule as defined in Eq. (2.10). The pressure
broadening coefficients are specific for the resonant molecule and the collision partner

as derived in section 2.1.1. At resonance v = v, the line shape factor is,

Se(v,) = ! (2.37)

TAv,

Doppler broadening arises from the translational motion of molecules. Consider for
example a molecule having a resonance frequency v, and moving in z direction with
velocity (v, < ¢) away from a light source of frequency v. To the molecule the light

frequency appears to be shifted

Vi =v (1 - %> : (2.38)

Cc
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The molecule can absorb the Doppler shifted radiation if v/ = v,,. This means that

(2.39)

=2
[

—_
|
<

becomes the frequency of the light source that can be absorbed by moving molecules

(v =v)). Since (v, < ¢), the equation above can be approximated by,
/ Uz
V=, (1 n —) . (2.40)
c

For gases in thermal equilibrium, the fraction of molecules moving along the z axis

with velocity between v, and v, + dv, is given by the Maxwell-Boltzmann distribu-

tion [20],

m 12 2
Ndv, = —muZ/2ksT gy, 2.41
R : (2.41)

From Eq. (2.39) it follows that

V.= — (v —1,) . (2.42)
Vo
Using Eq.(2.29) with Eq.(2.30) and dv, = (¢/v,)dv, the Doppler line shape function

becomes [20],

1 [/4n2\YV? )
Salv) = 3 - (Tn) et/ (2.43)
where
9 (2%pT 1/2
Avy = X( n‘i ln2> , (2.44)

is the Doppler line width (FWHM).
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At resonance (v = v,) the Doppler line shape factor

Sa(ve) = — (45—”2)1/2. (2.45)

Ayy T

The total line shape function is a convolution of the these line shape functions intro-
duced above. The result is a Voigt profile, which is the superposition of the Doppler

line shape and the collision (Lorentzian) line shape.

The collision line shape function with the shifted frequency according to the

Doppler effect can be written as [20]

Av, /7
(Vo + Vo) — 1) + A2

Se(v,v,) = (2.46)

The Voigt profile is then the integral of the product between S.(v,v,) and the

Maxwell-Boltzmann velocity distribution

oV =
2rkpT T Jeoo (Vo + Vo0, /c — V)2 + Av?

1 & [* da e~
= ——— _— 2.47
/2 Av, /_oo (a 40+’ (247)

1/2
m
a = v,
(27rkBT>

b = (4m2)? LY

Avg
£ = (4ln2)"? i—ZZ . (2.48)
At resonance (v =v,) b =0 and
S = g [T (2.49
w12 Av,. J_, a® + &
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and

1 —a?
/ % = %erfcx({) . (2.50)

Here erfex(€) is the scaled complementary error function. With this notation the

Voigt profile at resonance frequency takes on the form [20],

an2\'* 1
Sy(ve) = (T”) Ay erfex(€) (2.51)
1
For high pressures, (£ > 1) resulting in erfcx(§) = —, the Voigt profile approaches

Ve

the collisional line broadening function and at resonance [20],

Sy(va) & Sa(ve) = — (2.52)

Ay,

At low pressure (¢ < 1) leading to erfex(§) = 1, the Doppler limit is represented [20],

Suv) = Salws) = = (41“2)1/2. (2.53)

Ayy T

The width of the Voigt profile can be approximated by [21]

Av, =~ 10692Av, +\/(0.8664A02) + Av] | (2.54)

With this approximation, the product of the Voigt profile (at resonance) and the
width of the Voigt profile is,

Sy (Vo) Av, = 0.64 | (2.55)
for the collision limit where Av, = 2Av, (FWHM), and

Sy(Ve)Av, =~ 0.94 | (2.56)
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Figure 2.8: The product of S,(v,)x Ay, as a function of pressure at room temperature
for HBr gas. The second overtone transition at 1.34 um was considered.

for the Doppler limit.

Figures 2.8 and 2.9 show line broadening parameters and the small signal ab-
sorption (see Eqgs. 2.23 and 2.25) as a function of pressure. We considered second

overtone transition at 1.34 pum of the HBr isotope 79 as an example.

At high pressures, the absorption coefficient is no longer increasing with pressure.
In this limit of collisional broadening the absorption coefficient, cf. Eq. (2.23) with
n, > n,, and from Eqgs. (2.9), (2.10), (2.27), (2.25) and (2.52) becomes
Gu Ap)2 [m (2] + 1) e BV/keT

= 142> 2.57
“= g1 8To 4 SkBTZ 2J+ E(V,J)/ksT ’ ( )

and thus does not depend on pressure.

From the preceding discussion, to obtain the highest possible absorption, OPMLs

should be operated at sufficiently high pressure. However at high pressures, collision
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Figure 2.9: The Voigt profile at resonance S,(v,) and the small-signal absorption
coefficient(a) of the second overtone transition at 1.34 pum of HBr as the function of
HBr pressure. The molecular parameter can be found in section 3.5.

induced energy transfer processes can lead to significant system losses and an overall
optimization also including additional processes must be performed. In the next

section we will discuss collision induced energy transfer.

2.5 Collision induced energy transfers

Collision induced transfer of energy can change the population numbers of molecular
states. Such collisions are termed inelastic collisions as opposed to elastic collisions,
which would only affect the line broadening. Inelastic collisions can provide a com-
peting channel for depopulation of the upper pump level (population quenching) of

a laser molecule (atom) and thus can directly affect the laser efficiency.

Let us consider an inelastic collision between two collision partners A and M

Ai+M; S A+ My + AE
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where the index ¢ (f) stands for initial (final) state and
AFE = EAf + EMf —Ea, — By, (2.58)

is the energy defect. The forward rate k; and the backward transfer rate k, are

related by
kp =k, e”AE/ksT (2.59)

Due the anharmonic nature of the vibrational ladder of a molecule and the discrete-
ness of the energy levels, there is typically a nonzero energy defect. This energy is

absorbed or provided in most cases by the translational degrees of freedom.

The rotational inelastic collision process is often called rotational relaxation which
describes the net population transfer in and out of the rotational state J within the
same vibrational state V' due to collisions. The rotational relaxation rate strongly
depends on the change of the rotational quantum number AJ and the energy defect
AFE of the collisions. The rotational relaxation rate decreases as AJ and AFE in-
crease. This relationship can be described by the exponential energy gap law model

(EG) [22],
kj_y =a e PAEs—y/ksT (2.60)

where J and J' are the initial rotational state and the final rotational state respec-

tively. a and b are adjustable fitting parameters.

Another collision induced energy transfer is called vibrational relaxation. The
vibrational relaxation is the process in which molecules exchange their vibrational
energies by collisions. In general, the vibrational relaxation can be distinguished
by the range of the energy defect If AE < kgT, the process called vibrational-

vibrational (V-V) relaxation. However if the energy defect is much higher than kT,
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the process is called vibrational-translational relaxation (V-T'). For collisions between
polyatomic molecules, the vibrational energy exchange can occur between the same

normal mode of vibration or between different normal modes of vibration.

For the collision between diatomic molecules, the energy defect usually deter-
mines how fast the relaxation process is and how efficiently energy is transferred.
Consequently, the R-R process is the fastest followed by the V-V process and the V-
T process. The order can be different for polyatomic molecules because vibrational

energies of different normal modes can be very close.

Since diatomic molecules have only one normal mode of vibration, it is not difficult
to predict relaxation pathways governed by V-V or V-T processes. In contrast,
vibrational relaxation of polyatomic molecules is much more complicated. As a rule
of thumb, those vibrational relaxation processes are favored for which the energy
defect(A E) is small and for which the change of the vibrational quantum number

(AV) is small [23].

2.6 Summary

For the gases to be used in mid-IR, OPMLs, the translational, rotational and vibra-
tional degrees of freedom are only need to be considered. The optical transitions
occurs between vibrational-rotational states governed by selection rules. Boltzmann
distribution controls the distribution of occupation numbers of energy levels at ther-
mal equilibrium. The linewidth of molecular transition depends on various physical
processes: natural line broadening, collisional broadening and Doppler broadening.
Collision induced transfer of energy is a competing process for depopulation of the

upper pump level of a molecule.
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HBr, HCN and CoH, molecules

3.1 Introduction

HBr is an attractive OPML medium since its overtone transitions can be potentially
pumped by well developed solid state lasers, for example Nd:YAG lasers, Tm:YAG
lasers and Nd:glass lasers. Furthermore its emission lies in the 4 yum region which
can be useful for applications such as remote sensing and imaging through the at-
mosphere. CyHy and HCN are of interest for OPML systems because they can be

pumped by readily available lasers emitting in the telecommunication C-band (~ 1.5

pum).

In this chapter we will discuss the molecular properties of the above three gases, in
the context of relevance to OPML applications. Some of the data were extracted from
literatures, some parameters were obtained from estimations and extrapolations. In
addition to the above three gases, we will also provide spectroscopic data for HI as
another potential OPML medium which can be pumped by C-band lasers that could

be of importance for future studies.
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3.2 HBr molecule

HBr naturally occurs in two isotopes (HBr and H¥ Br) with almost equal abun-
dance [24]. HBr is a diatomic molecule and consequently has only one vibrational

normal mode (see Fig. 3.1). A schematic diagram of the vibrational and rotational

H Br

O—@

v

1

Figure 3.1: The vibrational normal mode of HBr.

energy levels of HBr shown in Fig. 3.2. As discussed in section 2.2, the vibrational
selection rule for a dipole allowed transition of a diatomic molecule is AV = +1.
Therefore the lasing transitions shown in Fig. 3.2 are justified by the selection rules.
However due to the anharmonicity of the vibrational levels of HBr higher over-
tone transitions of HBr are possible. The wavelength regions are 4 pm, 2 ym and
1.3 pm for fundamental transitions V' = 0 — V = 1, first overtone transitions
V =0 — V =1 and second overtone transition V= 0 — V = 2 respectively. For

experimental reasons’

, we consider a pump transition (from V =0 (J =4)to V =
3 (J =5)) for second overtone pumping. In our simulations, we are also interested

in the R(4) transition for first overtone pumping (from V=0 to V=2).

The Einstein A coefficients for the pump transitions (Ap,mpy) are 55! for the
fundamental, 0.1459 s™* for the first overtone transition [25] and 0.0083 s [24, 26] for
the second overtone transition. The Einstein coefficients Ap g for the laser transitions
are 5s~! for R branches and 7s™! for P branches of the fundamental (V to V-1)
transitions [24, 26]. The pressure broadening coefficient of HBr is 4.7 MHz/torr

Ithis will be discussed in chapter 4
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V=3 A i
V:2 :j‘ '
V=1 A ¥—
V=0 ¥

Figure 3.2: Energy level diagram of the HBr molecule. The solid arrows indicate
the fundamental, first overtone and second overtone pump transtions. The dashed
arrows stand for the multitude of possible R and P branch lasing transitions between
adjacent vibrational states.

(HWHM) [27]. Table 3.1 exemplifies the cross section of HBr obtained from Egs.

(2.25) and (2.51) at room temperature and pressure of 20 torr.

Table 3.1: Transition wavelengths and cross sections for fundamental and overtone
transitions of HBr at room temperature and a pressure of 20 torr.

Pump wavelength(ym) o (v,)m?

fundamental 3.794 8.2 x 1072
first overtone 1.962 5.1 x 10723
second overtone 1.339 1.1 x 107

Transition wavelengths of HBr shown in Table 3.1 can be calculated by using the
spectroscopic constants in Table 3.2 and 3.3. The transition wavelengths (m) are

calculated by,

1 . . . .
1 =100 | BE(V) = E(V') + ByJ(J +1) = By J'(J + 1)

—Dy (J(J + 1))+ D (J'(J' +1))° (3.1)
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Table 3.2: Spectroscopic constants of HBr [28, 29]

Constant (ecm™) V =0 V=1 V=2 V=3
E(V)— E(0) - 2558.913382  5027.33757 7405.2623
By 8.351030806 8.1190713 7.8876846  7.656200
Dy x10* 3.442872 3.41316 3.38745 3.3683

Table 3.3: Spectroscopic constants of H¥ Br [28, 29]

Constant (cm™) V =0 V=1 V=2 V=3
EOVY—E@0) - 2558.529082 5026.59650 7404.1938
By 8.348448996 8.116589 7.8853273  7.653943
Dy x10* 3.440715 3.41043 3.38578 3.36666

Rotational relaxation processes of HBr are induced by collisions
HBr(V,J)+ M < HBr(V,J)+ M (3.2)

where M could be an HBr or a buffer gas molecule. The R-R rate constants
kn(V,J — J) for J, J < 8 were determined using ab-initio calculations for HBr

and He as the collision partners [30].

Using the modified energy gap (MEG) fitting law [31] we extrapolated these
calculated rate constants to J, J' < 29. The example of the state to state rotational

relaxation rates for self collision of HBr are shown in Table 3.4.

For the collision between HBr and He, the example of the state to state rotational

relaxation rates for the collision between HBr and He are shown in Table 3.5.

The vibrational relaxation processes can formally be divided into

HBr(V,J)+ HBr(V,J) < HBr(V +1,J) + HBr(V — 1,J) , (3.3)
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Table 3.4: The state to state rotational relaxation rates (m® molecules™ s71) for self
collision of HBr.

3.5 | 2341127 ] 0.56 | 0.20
2.87 | 1.56 | 0.69 | 0.25
- 2.34 | 1.04 | 0.38
0.28 | 0.97 | 2.09 | - 1.91 | 0.69
0.13 045|097 | 2.00 | - 1.56
0.06 | 0.19 | 0.41 | 0.86 | 1.85 | -

1.26 | -
0.59 | 2.00

U =] N

Table 3.5: The state to state rotational relaxation rates (m® molecules™! s™!) for the
collision between HBr and He.

0 1 2 3 4 )

0.78 1 0.57 | 0.36 | 0.19 | 0.09
0.67 | 0.42 | 0.22 | 0.10
- 1057(031|0.14
0.08 1026|051 | - 0.49 | 0.22
0.0410.14 |1 0.28 | 0.51 | - 0.42
0.020.08 |0.15]0.28 {049 | -

028 | -
0.14 | 0.46

S N R =] N

for V-V processes,

HBr(V,J)+ M < HBr(V —1,J)+ M , (3.4)

for V-T processes where M could be an HBr or a buffer gas molecule, and

H"™Br(V,J)+ H*Br(V' J) < H°Br(V —1,J) + H*Br(V +1,J), (3.5)

for isotopic V-V process. We assumed here that possible buffer gases do not have

resonances near the vibrational energies of HBr.
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These vibrational relaxation processes have been studied by infrared florescence
excitation [32, 33, 34, 35]. The summarized forward rate constants of HBr are shown

in Table 3.6.

Table 3.6: Forward vibrational relaxation rate constants of HBr (m? molecule™s71)
at room temperature.

Relaxation process Collision partner  Rate constant

Ay HBr 3% 10 [33]
V-T HBr 1.8 % 10720 [33]
He 2.8 x 1072 [34]
H, 6.4 x 102" [32]
isotopic V-V HBr 1.5 x 10717 [35]

Since HBr is a polar molecule, dipole-dipole interactions determine the R-R, V-V,
V-T and isotopic V-V rates that are due to self-collisions. The kinetics and their
temperature dependence are very complex and their exact modeling is beyond the
scope of this thesis. However some assumptions and approximations were made to be
able to study HBr laser performances particularly by our laser models?. To the best
of our knowledge, there are no experimental data for the temperature dependence
of R-R rate constants of HBr molecules with and without the presence of a buffer
gas. We assume that the rates follow a /T dependence known from hard sphere

collisions [23].

The temperature dependence of the V-T rate constant for HBr self-collision pro-
cesses has been measured [36]. The V-T rate takes on a minimum at 350K and
does not change much from 273 K to 500 K. We approximated the variation in this
range also by a v/T law. There is no experimental data concerning the temperature
dependence of V-T processes in the presence of a buffer gas as well as for isotopic

V-V process. We approximated both rates with a v/T law. The variation of V-V

2Laser model will be discussed in chapter 6.
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rate constants for HBr with temperature has been measured [37] and a scaling law

of T—3/* was fitted to the data.

3.3 HCN molecule

HCN is a polyatomic molecule which consists of 3 vibrational normal modes as shown
in Fig. 3.3. It should be noted that the second vibrational normal mode is doubly
degenerate. The notation of HCN (V;V5V3) refers to the energy levels of the normal
CN stretch (1), bend (V3), and CH stretch (V3) modes, respectively.

H C N
“«— — — «— — —
v ;
Figure 3.3: The vibration normal modes of HCN

For HCN, our interest is to excite the gas with laser sources emitting in the
1.5 pm region. In polyatomic molecules, it is possible to excite more than one
vibrational normal mode simultaneously and such transitions are called combination
bands. Excitation at 1.5 ym excitation is overlap to the combination band (002) of

HCN as shown in Fig. 3.4.

Since HCN has three vibrational normal modes, there are several possible laser
transitions that can originate from the upper pump level (002). Table. 3.7 shows the
dipole allowed transitions from (002). We identified these transitions by applying
spectroscopic group theory [16] to the HCN molecule.

More accurate transition wavelengths for the pump transition at 1.5 ym and the

potential lasing transition at 3 pum of HCN can be obtained from Table. 3.8 and used
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(002) —=&

(001) Y

(000)

Figure 3.4: Energy level diagram of HCN molecule. The solid arrow denotes the
pump transition at 1.5 pm. The dot and dashed arrows indicate the lasing transitions
at 1.5 pm and 3 pum respectively as examples. The gray box stands for other potential
lasing transitions of HCN.

Eq. (3.1). It should note that for HCN, Dy is very small and can be neglected.

The HCN absorption cross section at 1.5 pum region has been estimated from
HCN absorption spectra [19]. An absorption loss of about 0.2 dB/cm and a line
broadening coefficient of about 45 MHz/torr (HWHM) for the peak absorption at
1535 nm were reported [19]. From this the absorption cross section is estimated to

be between 4.8 x 10722 m? to 1.8 x 10722 m? for pressures from 1 torr to 10 torr.

The HCN cross section for stimulated emission from the transition (002) to (001)
can be estimated from the absorption cross section of the transition (000) to (001)
since these transitions have the same vibrational normal mode exchange i.e. (001).
From the HITRAN database [40], the Einstein A coefficient of the transition (000)
to (001) is about 37 s~! for P and R branch transitions. By using this Einstein A
coefficient and Eqs. (2.25) and (2.51), the absorption cross sections of the transition
(000) to (001) are between 4.4 x 1072° m? to 1 x 102! m? for pressures from 1 torr

to 10 torr at room temperature.
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Table 3.7: Examples of dipole allowed transitions that can originate from the terminal
pumped state (002).

Dipole allowed transition Approximate wavelength of transition(um)

(002)—(000) 1.5
(002)—(010) 1.7
(002)—(100) 2.2
(002)—(110) 2.6
(002)—(001) 3

(002)—(120) 3.2
(002)—(011) 3.8
(002)—(200) 4.1
(002)—(130) 4.2
(002)—(021) 5.3
(002)—(140) 6

(002)—(031) 8.5
(002)—(150) 10.4
(002)—(111) 20
(002)—(041) 22

Table 3.8: Example of spectroscopic constants of H*¥CN [38, 39]

Constant (cm™) (000) (001) (002)
E(Vi, Vs, V) — E(0,0,0) - 3293.513232 6483.27812
By, vy vy 1.4399992 1.43037261  1.4204543

Typical state to state rotational relaxation rates of HCN are on the order of
15 x 10716 (m3*molecules™'s™!) [41] which are about 5 times larger than that of HBr
for AJ = £ 1. The state to state rotational relaxation rates of HCN were estimated

by multiplying by a factor of 5 to the state to state rotational relaxation rates of

HBr shown in Table 3.4.

The pathways for vibrational energy relaxation in polyatomic molecules are dif-
ficult to predict. It is conceivable that those relaxation steps where the energy
difference between the initial and final state is minimal are most probable [23]. In

addition the difference in vibrational quantum numbers should also be small.
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Figure 3.5: Simplified energy level diagram shows measured vibrational relaxation
rates of HCN standing from the upper pump level (002)

Selected vibrational relaxation rate constants of HCN have been determined for
various collision partners from laser-induced fluorescence decay experiments, which

yield the total removal rates from the excited vibrational states (see Fig. 3.5).

Table 3.9 lists data for self-collision controlled removal rates (m3molecules™!s™!)

for various vibrational states of HCN at room temperature.

Details of the depopulation pathway of the (002) state have not yet been identi-

fied, however the dominant channel is likely [42],

(002) + (000) — 2(001) . (3.6)

The relaxation pathway of the (001) state is not fully understood [43, 44, 45]. It is
likely initiated by the collision process [43],

(001) + (000) — (100) + (010) , (3.7)
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Table 3.9: Self-collision controlled vibrational (removal) rate constants of HCN at
room temperature.

HCN(V1V,V3) rate vibrational rate constant

(002) kops 6.8 x 10718 [42]
(001) koor 1.7 x 10718 [43]
2.4 x 10718 [44]
1.4 x 10718 [45]
1.9 x 10718 [45]
(100) k100 assumed ~ ko(n
(010) ko1o 2 2x 10718 [45]
(101) kigr 12.9 x 10718 [46]
(011) kotr 41 x 10718 [47]

which could be followed by

(100) + (000) — (000) + (000) , (3.8)
and

(010) + (000) — (000) + (000) . (3.9)

These vibrational relaxation processes involve non-radiation pathways of molecules
from the terminal pumped state (002) to the ground state (000). It should be men-
tioned that the vibrational relaxation process of the (100) state is assumed to have
the same rate as the vibrational relaxation process in (100) due to their similar nature

of the stretching mode.

In addition the vibrational relaxation processes,
(011) 4+ (000) — (001) + (010) , (3.10)
and

(101) + (000) — (100) + (001) , (3.11)
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were measured [46, 47].

It should be noted that the vibrational relaxations of HCN induced by buffer
gases such as He and Ar have been studied [48, 42] using laser-induced fluorescence

decay experiments. The processes are

(001) + M — (120) + M , (3.12)

and

(002) + M — (121) + M |, (3.13)

where M is the buffer gas.

Table 3.10: Buffer gas-collision controlled vibrational (removal) rate constants
(m*molecules 's™1) of HCN at room temperature.

HCN(V;1V,V3) M vibrational rate constant

(001) He 6.4x 1021 [43]
Ar 6.5 x 1072 [48]
(002) He 5.6x 1072 [42]

Ar 3 x 1072 [42]

For the rotational relaxation of HCN controlled by buffer gas, no literature data

are available.

3.4 CsH, molecule

CsH, has 5 vibrational normal modes as shown in Fig. 3.6. The fourth and the fifth
vibrational normal modes are doubly degenerate. The notation of CoHy (V3 V5V3V,V5)

stands for the energy levels of the vibrational normal modes.
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Figure 3.6: The vibration normal modes of CyHs.

The pump transition at 1.5 ym corresponds to the (00000) — (10100) transition.

There are several potential lasing transitions as listed in Table 3.11.

10100 =& ,
.
¥
10000 :
Y
00000

Figure 3.7: Energy level diagram of CoHs molecule. The solid arrow denotes the
pump transition at at 1.5 pym. The dot and dashed arrows indicate the lasing tran-
sitions at 1.5 pm and 3 pm respectively as examples. The gray box stands for other
potential lasing transitions of CyHs.

More accurate transition wavelengths for the pump transition at 1.5 ym and the
potential lasing transition at 3 pm of CyHy can be obtained from Table 3.12 and

used Eq.(3.1). It should note that for CoH,, Dy is very small and can be neglected.
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Table 3.11: Example on possible of dipole allowed transitions originating from the
terminal pumped state(10100).

Dipole allowed transition Approximate wavelength of transition(um)

(10100)—(00000) 1.5
(10100)—(00010) 1.6
(10100)— (01000) 2.1
(10100)—(00100) 3

(10100)—(10010) 3.7
(10100)—(11000) 7

(10100)—(11010) 14

Table 3.12: Spectroscopic constants of CoHy [49]

Constant(cm™) (00000) (10000) (10100)
B(Vy,Va, Vi, Vi, Vi) — £(0,0,0,0,0) - 33724 6555.9
Byi vavavins 1177 1170 1.164

A line broadening coefficient of about 6 MHz/torr (HWHM) for CoHy was re-
ported [50]. From the HITRAN database [40], the Einstein A coefficient of the
transition (00000) to (10100) is about 4 s~! for P and R branch transitions. By
using this Einstein A coefficient and Eqgs. (2.25) and (2.51), the absorption cross
section is calculated to be between 8.8 x 10722 m? to 7.2 x 10722 m? for pressures

from 1 torr to 10 torr.

The CoHj cross section at 3 pm region from the transition (10100) to (10000) can
be estimated from the absorption cross section of the transition (00000) to (00100) be-
cause these transitions have the same vibrational normal mode exchange i.e. (00100).
From the HITRAN database [40], the Einstein A coefficient of the transition (00000)
to (00100) is about 13 s~! for P and R branch transitions. By using this Einstein A
coefficient and Eqs. (2.25) and (2.51), the absorption cross sections of the transition
(00000) to (00100) are between 2 x 1072 m? to 1.4 x 1072 m? for pressures from 1

torr to 10 torr at room temperature.
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The state to state self collision of CoHy has been measured [51] which is about 4
times smaller than the state to state rate the energy exchange of A +J =1 of HBr
(see Table 3.4). We have multiplied the HBr rate constants in Table 3.4 by a factor
of 0.25 in order to get the rotational relaxation rate constants for CoH,. The state
to state rotational relaxation rate of CyHy by a buffer gas (Ar) is about 1 x 10716

(m*molecules™ts™1) [52].

A summary of vibrational relaxation rates that have been reported are listed in
Table 3.13. The vibrational relaxation process of the state (10100) has not been
measured. However the expected value of kqg199 should be in between the rate kggzoo

and Koo100-

Table 3.13:  Self-collision controlled vibrational (removal) rate constants
(m®*molecules™'s™!) of CoHy at room temperature.

CoHy(V1VaV3V,Vs) rate  vibrational rate constant

(10100) Kiowo 4—7 x 10717
(00300) koosoo 4 x 10717 [52]
(00100) k00100 7 x 10717 [53]
(00001) koooor 4 x 107" [54]

The depopulation pathway of the (00300) state has been studied by the infrared-
ultraviolet double-resonance technique (IRUVDR). The vibrational relaxation pro-
cess is according to [52]

(00300) + (00000) — (11120) + (00000) . (3.14)

The vibrational relaxation process of the (00100) state has also been investigated by

the IRUVDR technique. The vibrational pathway is [53],

(00100) + (00000) — (01010) + (00001) . (3.15)
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From the similar nature of the vibrational states involving the stretching vibrational
normal mode(s) of states (00300), (10100) and (00100), we assume the vibrational
relaxation of the (10100) having a value that is of the same order of magnitude as

the V-V rates of the state (00300) and (00100).

In addition, the V-V rate of the process,

(00010) + (00000) — (00000) + (00000) |, (3.16)

has been calculated [54].

(00300)

v k00300
(10100)

i klOlOO
(00100)

v
(00001) 00100
(00000) v Koooor

Figure 3.8: Simplified energy level diagram shows vibrational relaxation rates of
CsoHy

It should be mentioned that vibrational relaxation of CoHy due to collisions with
buffer gases has been reported for the (00100) state [55]. However the energy pathway
of the collision has not been identified. The rates are 1.57 x107' m3molecules 's~!

for Ar and 1.37 x1071° m®*molecules~*s~* for Kr [55].
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3.5 HI molecule

HI is a diatomic molecule and thus has only one vibrational normal mode as shown
in Fig. 3.9. The second overtone absorption line of HI falls into the 1.5 pum region

and therefore the molecule can be potentially pumped by C-band lasers. According

H

|
«— —

\Y

1

Figure 3.9: The vibration normal mode of HI.

to the HITRAN database [40], the Einstein A coefficients for the pump transitions
(Apump) is about 0.06 s~ for the second overtone transition. The Einstein coefficients
Ap g for the laser transitions are 0.12 s™! for P and R branches of the fundamental
(V to V-1) transitions. The pressure broadening coefficient of HI is 3.6 MHz/torr
(HWHM) [56]. Table 3.14 exemplifies the cross section of HI obtained from Egs.
(2.25) and (2.51) at room temperature and pressure of 20 torr for overtone R(4)

transitions.

Table 3.14: Transition wavelengths and cross section for fundamental and second
overtone of HI at room temperature and a pressure of 20 torr.

Pump wavelength(ym) o (v,)m?
fundamental 4.3691 3.42 x 10722
second overtone 1.5392 1.44 x 10723

The transition wavelengths of HI can be calculated by using the spectroscopic

constants in Table. 3.15 and used Eq. (3.1). For HI, Dy is small and can be neglected.
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Table 3.15: Spectroscopic constants of HI [57]

Constant (cm™) V=0 V=1 V=2 V=3
EV)—E(©) - 22205817 4379.2261 6448.0343
By 6.426322 6.255213  6.082917  5.098767

The vibrational relaxation processes,
HI(\V,J)+ HI(V,J) - HI(V+1,J)+ HI(V —1,J) , (3.17)

have rate constants for the V-V process of 2.2 x107' m3molecules~'s™! [58]. For

the V-T process
HI(V,J)+ Hl <« HI(V —1,J)+ HI , (3.18)

the rate of 1.2 x1072° m®*molecules~*s~! [59]. Rotational relaxation process have not

yet been reported.

3.6 Heat capacity, thermal conductivity and gas

properties

Heat capacities and thermal conductivities of gases involved in this thesis are listed
in Table.3.16. If the gas consists of a mixture of an active gas (index a) and buffer gas
(index b) with partial pressure p, and pj,, heat conductivity x and the heat capacity
C' can be written as [62],

DPaka + PbKb
K=—"

Pa + Db (3.19)

and

. Co C
C:p + Do b

Pa + Db (3.20)
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Table 3.16: Heat capacity and thermal conductivity [60, 61].

gas  Heat capacity (J/mol-K) Thermal conductivityx10™> (W /m - K)

HBr 20.82 8.9

HCN 28.6 11.87
CoH, 33 18.51
HI 20.79 5.694
He 12.5 142.64
Ar 12 16.36
Kr 12 8.834

The brief descriptions and boiling temperature of gases are also listed in Ta-

ble 3.17.

Table 3.17: Gas properties [61].

gas  Description Boiling temperature (K) at 1 atm
HBr  colorless, toxic and corrosive 206.45

HCN  colorless, toxic and flammable 298.85

CoHy  colorless and highly flammable 189.15

HI colorless, toxic and corrosive 237.55

He colorless, odorless and tasteless 4.22

Ar colorless, odorless and tasteless 87.28

Kr colorless, odorless and tasteless 119.8

3.7 Summary

The three molecular gases that are of interest to this thesis have been discussed in
detail. The spectroscopic data such as transition wavelengths, cross sections, kinetic
rate constants are essential for estimations and interpretations in the context of rele-
vance to OPML applications. Their spectroscopic constants (for example rotational
constants) were obtained from the available literature. Possible lasing transitions

were identified by dipole selection rules. Data for various relaxation rate constants
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and the effect of buffer gas on the rate constants are obtained or extrapolated from
literature values. In addition, the molecular constants and spectroscopic data for an-

other potential molecular gas laser medium HI are also provided for future studies.
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Optically pumped HBr laser

4.1 Introduction

As outlined in the preceding chapter, HBr is a potential molecule that can be pumped
by solid state lasers and emits in the attractive 4 um wavelength region. Several op-
tically pumped overtone HBr lasers have been demonstrated. Lasing at ~ 4 ym has
been observed when optically pumped with a nanosecond pulsed optical parametric
oscillator (OPO) on the first overtone of HBr [25] at ~ 2 um. It has been proposed
by Jones [4] that Tm:YAG lasers emitting in the range of 1.9-2.2 um can be used to
excite the first overtone transition of HBr. The third overtone excitation of HBr by
Nd:Glass laser emitting at 1.05 pm has been reported [63]. The second overtone of
HBr pumped by a 1.34 um Nd:YAG laser was demonstrated by our laboratory [9].

In this chapter, we focus on the improvements on the HBr laser pumped on its
second overtone by a 1.34 um Nd:YAG laser [64]. Section 4.2 presents our approach
for frequency shifting, line narrowing and stabilization of a pulsed Nd:YAG laser
that was used for the second overtone excitation. Section 4.3 describes the char-

acterization of the HBr molecular gas laser. The goal of this was to improve our
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understanding of second overtone pumped HBr lasers and together with simulations

explore fundamental performance limits and energy scaling.

4.2 Q-switched Nd:YAG laser for optical pumping
of HBr

The Nd:YAG laser used to excite the second overtone of HBr is a modified flashlamp
pumped SEO Schwartz 1-2-3 laser with a linear cavity. The cavity mirrors have high
reflectivity in the 1.3 pum region and low reflectivity in the 1 pum region in order to

prevent lasing at the much stronger 1.06 um line.

The pump laser was modified by Kletecka et al [9] to emit a narrow band Q-
switched pulse at 1.34 pum to pump the V=0, J = 4 to V=3, J = 5 transition of the
79 isotope of HBr. In this section we describe improvements made to the pump laser

during this thesis. These improvements concern:

1. the temperature tuning of the emission of the Nd:YAG active medium,
2. the frequency tuning and single-mode selection using a birefringent filter,

3. the stabilization of the Nd:YAG cavity length to the frequency of the seed laser.

Before we discuss the details, let us look at the final layout of the pump laser,
see Fig.4.1. The Nd:YAG is Q-switched using an acousto-optic modulator. The
quater-wave plates prevent standing waves in the laser crystal. A diode seed laser
is stabilized to a reference HBr cell. The seed light is coupled through the first
diffraction order into the YAG cavity. This incoupling is switched-off when the Q-
switch is fired. Provided the YAG cavity has the correct length, the seed photons

initiate lasing at the correct wavelength. The detection of the Nd:YAG fluorescence
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Figure 4.1: Schematic diagram of the Q-switched, injected seed Nd:YAG laser. M;
is the outcoupling mirror having a reflectivity of 0.70 and M, is the rear mirror with
high reflectivity at 1.34 pm. QWP stands for quarter wave plate.

was performed to determine the potential lasing line of the Nd:YAG laser in the
1.3 pm region to excite the HBr molecule. The cavity mirrors of the Nd:YAG laser
were removed. The fluorescence from the Nd:YAG crystal was collected via lenses
and sent into a Czerny-Turner spectrometer. The signal out of the spectrometer
was detected by a InGaAS photodiode and averaged using a lockin amplifier. The
detected Nd:YAG fluorescence is shown in Fig. 4.2 along with the second overtone
transitions (P and R branches) of HBr. There are a number of the promising Nd:YAG
lines to excite the second overtone of HBr. However, we chose the 1.339 um line
because it is the strongest transition in the 1.3 pm region that overlaps with the
second overtone absorption lines of HBr. The measurements also show the difficulty
to match the HBr absorption and Nd:YAG laser because the Nd:YAG fluorescence
does not lie perfectly at the HBr absorption. In addition the absorption linewidth of
HBr is on the order of a few hundred Megahertz. In order to match the emission of the
Nd:YAG to the correct HBr absorption, we used temperature tuning of the Nd:YAG
emission wavelength. The spectrum of Nd:YAG moves to longer wavelengths when

the Nd:YAG crystal is heated. To tune the peak of the Nd:YAG fluorescence to a HBr
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Figure 4.2: Nd:YAG fluorescence in the 1.34 um region overlapped with with R and
P branch absorption lines (second overtone transitions) of HBr

absorption line, a 4 MHz linewidth Newport diode laser was used as the reference.
The diode laser was divided into two beams. The first beam was triple-passed through
a b0 cm long HBr absorption reference cell at a pressure of 30 torr. This path of the
diode laser was monitored and locked by the standard PID (proportional-integration-
differentiation) system control to ensure that the diode laser is on the absorption
dip of HBr. The second beam was sent to the spectrometer overlapping spatially
with the fluorescence beam of the Nd:YAG. A circulating bath with a mixture of
ethylene glycol and water was used to adjust the temperature of the Nd:YAG rod.
The fluorescence was recorded as a function of the bath temperature with a spectral
resolution of about 0.4 nm. Fig. 4.3 shows the temperature tuning results. It is
concluded that a temperature of 105 C° is needed to reach the HBr transition. From
the slope of A\(T") a temperature tuning coefficient of 0.0073 nm/K was determined
for the wavelength of 1.339 um Nd:YAG emission. In the free-running condition, the

Nd:YAG laser does not oscillate in the necessary single longitudinal mode regime.
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Figure 4.3: Temperature tuning of the Nd:YAG fluorescence in the 1.34 ym region.
The target wavelength, R(4) HBr absorption is at 1.33909 pm which corresponds to
the temperature of the chiller at 105 C°.

One reason is spatial hole-burning which can be avoided by placing the Nd:YAG rod
between quarter-wave plates. Furthermore a birefringent filter was implemented to
select the correct oscillation frequency and tune the Nd:YAG to the spectral range
of interest (see Fig. 4.4). This filter was designed to prevent the laser from lasing at
other wavelengths especially at the 1319 nm line (see Fig. 4.4). To efficiently pump
the molecular gas, the pump source must have a narrow linewidth. For this reason,
the Nd:YAG laser was injection seeded with a diode laser locked to the desired HBr
transition in order to further reduce the laser bandwidth to a few hundred MHz. A
schematic of the injection seeded and Q-switched Nd:YAG laser with the birefringent
filter is shown in Fig. 4.1.

A stable resonator configuration was chosen to produce a high-quality TEMqq
output beam. A 100% reflecting rear mirror of 5 m radius of curvature and a 70%

reflecting 4 m radius of curvature output coupler spaced about 1.5 m apart formed
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Figure 4.4: Nd:YAG fluorescence with birefringent filter (dashed line). The Nd:YAG
fluorescence is also plotted (solid line) without the birefringent filter.

the laser cavity. The free spectral range was 100 MHz. As stated before, to suppress
the much stronger laser transitions in the 1.06 pm region, the cavity mirror coatings

were chosen to have a very low reflectivity in the 1 pm region.

The seed diode is the same diode laser used in the fluorescence measurement.
As has been done before in the fluorescence measurement, a part of the diode laser
was triple-passed through a 50 cm reference cell filled with 30 Torr HBr and the
absorption of the R(4) second overtone transition of HBr was monitored continuously
using a photodiode which provided a feedback signal through the PID control system
to ensure that the diode frequency was always locked to the desired absorption line
of HBr. The rest of the diode laser was continuously injected and aligned to be
co-linear with the Nd:YAG along the first diffraction order of the Q-switch as long
as the Q-switch is on and the Nd:YAG is prevented from lasing. The seed makes
multiple roundtrips in the Nd:YAG cavity.
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Typical seed injection power was 1.5 mW in the first order. The leakage of the seed
beam through the rear mirror of the Nd:YAG cavity was monitored by an InGaAs
photodiode, which served as a probe for active monitoring of the cavity resonances
at the seed frequency. This probe also served to monitor the fluctuations (thermal,
mechanical) of the cavity in the absence of lasing. Suitable mode matching optics
were introduced in the seed beam to enable proper mode matching of the diode laser

and the Nd:YAG laser inside the Nd:YAG cavity.

When the flash lamp is fired and the Q-switch is off, the seed beam is no longer
injected into the Nd:YAG cavity. Under optimum conditions the remaining seed
photons in the cavity are efficient to control the frequency of the Nd:YAG output
and ensure that the frequency difference is less than the absorption line width of

HBr.

In order to optimize the injection seeding, the Nd:YAG cavity needs to be in
resonance with the mode of the seed laser. To obtain the optimum, cavity length
adjustment is required. Thus the output coupler (M;) was mounted on a piezo
electric translation stage. At the correct cavity length, the pulse build-up time of
the Nd:YAG laser is the shortest and the emission is in a single mode. However if
the seed diode frequency does not match with any longitudinal mode frequency of
the Nd:YAG cavity, the Nd:YAG laser starts from noise (spontaneous emission of
the Nd:YAG) resulting in a longer build up time and multi-mode lasing.

Figure 4.5 shows the measured pulse build-up time and the Nd:YAG cavity res-
onance as a function of cavity mirror position as the Nd:YAG cavity was ramped
through the free spectral range. The slew rate of the ramp in terms of the free
spectral range was 200 MHz/s. As is evident, at low seed power, the shortest pulse
build-up times occur near the peak of the cavity resonance. From these graphs the
time can be determined at which the Nd:YAG laser should be triggered for optimum

performance.
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Figure 4.5: (a) Transmission diode signal from the Nd:YAG cavity as a function of

the position of the M; mirror translated with a piezo-transducer. (b) Pulse build-up
time as a function of the position of the M; mirror.

Shortest build-up times also meant single mode emission as shown in Fig.4.6. For
the practical operation of the Nd:YAG laser a saw-tooth ramp was applied to the
piezo stage and the transmitted diode signal was monitored. The Q-switch was fired

when the diode signal reached a certain value. This method was preferred over a
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Figure 4.6: The single mode emission (a) versus multi-mode emission (b) of the
Nd:YAG laser.

more traditional cavity stabilization scheme because it reduced the impact of thermal
fluctuations and noise. The downside was that an exact repetition rate could not
be set. This, however, is of little importance for most OPMLs. Output energies
between 20 mJ and 50 mJ were obtained in a single mode at the correct frequency.

These energies were limited by the small-size Nd:YAG system available to us.

4.3 Characteristics of the HBr laser output

Suitable mode matching optics were used to couple the Nd:YAG output to the HBr
cavity efficiently. The Nd:YAG laser makes a double-pass in a 1-m long tube filled
with 25 Torr of HBr. The HBr cavity is sketched in Fig.4.7. The pump and HBr
beams were separated using a pair of CaF, dispersive prisms to facilitate multiple
pump passes and for independent control of the pump. The HBr was pumped on
its R(4) of the second overtone transition using 60 mJ, 200 ns pulses from the pump

laser. The laser output was sent to a monochromator (ORIEL model 77700A). The
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Nd:YAG

HBr

Figure 4.7: Layout of HBr cavity. Fl-Faraday isolator, MM-mode-matching optics.
M; and M, form the HBr cavity and M3 is a flat mirror for retro-reflecting the pump.

output from the monochromator was detected by a cooled-InSb detector and was
averaged using a lockin amplifier. We have observed lasing on 5 different transitions
of the V(3—2) and V(2—1) manifold as shown in Fig.4.8. The spectral resolution
was 12 nm although the specification of the monochromator was 4 nm. From our
HBr laser simulation!, we believe some of the transitions are being suppressed by
COy absorption particularly the line V(2—1)P(6— 7) and V(2—1)P(5— 6). To
reduce CO, absorption, the amount of cavity exposed to the atmosphere must be

reduced.

At this point we decided that we had enough experimental evidence to continue
with modeling to draw conclusion concerning energy scalibility and frequency tun-
ability of HBr lasers. A practical issue was that the seed diode laser broke and could
not be repaired. Apparently the specific wavelength of 1300 nm was not in the stan-
dard production line of Newport and would have required lengthly and costly custom
development with a somewhat uncertain outcome. From here on we concentrated on

experimental effort on CoHy and HCN OPMLs.

lwill be discussed in chapter 6
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Figure 4.8: HBr spectral output in the 4 um region

4.4 Summary

Single frequency emission of a Nd:YAG laser at the second overtone absorption of
HBr has been demonstrated using a combination of temperature tuning, injection
seeding and controlling the length of the cavity. The laser is used to optically pump

an HBr laser. Five lasing transitions in the mid-infrared region have been observed

from the HBr laser.
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Optically pumped CoHs and HCN

lasers

5.1 Introduction

Narrow band and high power telecommunication C-band (diode and fiber) lasers are
attractive pump sources for OPMLs. As mentioned previously, gases such as CoHg
and HCN have strong absorption lines in this spectral range and have been used
as frequency standards for stabilized diode and fiber lasers in the near IR regime.
Thus they can be excited by well developed high-power diode lasers or fiber lasers
at 1.5 pm. When pumped with C-band lasers, CoHy and HCN emission wavelengths
are between 1.5 ym and 20 ym owing to their multi-vibrational modes as discussed
in chapter 3. These make CoHy and HCN potential candidates for C-band beam
combiners. A number of optically pumped CoHy and HCN lasers have been reported.
A CW CO-CyH; laser at 8 ym has been demonstrated as means to transfer pump
photons at 4 pm from vibrationally excited CO to CoHs [65]. CoHs super radiant

pulse emissions of 13.6 um and 15.6 um excited by a narrow band optical parametric
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oscillator (OPO) at 3 um were observed [66]. A CW optically (2.5 pm) pumped HF-
HCN at 3.8 pum laser was demonstrated based on vibrational energy transfer from
excited HF molecules to HCN molecules [67]. To the best of our knowledge, we were
the first to explore and to demonstrate the optically pumped CyHs and HCN lasers
based on the excitation at 1.5 pm [68].

In this chapter, we describe the demonstrations of the optically pumped CyHs and
HCN lasers. Section 5.2 describes fluorescence measurements of CoHy and HCN. The
measurements served to evaluate the prospects of using both gases as laser media.
The observation of CW fluorescence at about 3 pum for CyHs and 3 pm and 4 pm
for HCN suggested the possibility to demonstrate laser action. We first investigated
amplified spontaneous emission (ASE) and then set up gas lasers with optical cavities

(section 5.3).

5.2 CW fluorescence of CoHy; and HCN

The schematic diagram of the CW fluorescence detection of CoHs and HCN is shown
in Fig.5.1. The CW fiber laser used in this experiment is an IPG photonics laser,
EAR-5k-C2-SF with a (collimated) output beam diameter of 1.6 mm and output
power of 5 W. This fiber amplifier is seeded by a 1 mW New Focus diode laser
(model Velocity 6300).

A fraction (0.5%) of the laser beam is used to probe the absorption of a reference
cell containing either ( CyHy at 50 torr or HCN at 100 torr ). The 4-cm long
fluorescence cells were filled with CoHy and HCN at 1 torr and 5 torr, respectively.
The cell windows are made out of the fused silica. The fluorescence cells were supplied
by Scientific Glass CO. Ltd. for CoHs and Technical Glass, Inc. for HCN. The
pump beam was focused by a lens (f; = 25.4 cm) to excite the gas media. The

side fluorescence was collected and focused into a monochromator (ORIEL model
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Figure 5.1: Experimental layout of CW fluorescence detections of CoHy and HCN .

77700A). The collection optics ( f3 = 2.54 cm and f; = 10.16 cm) were designed to

match the F-number of 3.9 of the monochromator.

A Ge window with transmission from 1.6 um to 12 pum was used to block the
pump radiation. The output from the monochromator was measured with a cooled-
InSb detector and a lockin amplifier with a time constant of 1 second. It was verified
that the fluorescence signals vanish when the fiber laser was tuned away from the

gas absorption.

The measured fluorescence signals are plotted in Fig. 5.2. Since the signals were

rather small and our focusing optics were not optimized, opening the slits of the

66



Chapter 5. Optically pumped CyHs and HCN lasers

monochromator was necessary which resulted in low spectral resolutions.
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Figure 5.2: The detected fluorescence signals (a) CoHs (b) HCN. The excitation
source was a 5 W laser at about 1535 nm. CyH, the transition P(19) was excited.
HCN the transition R(7) was excited.

The monochromator was scanned form 1.5 pm to 5 pm The detector’s spectral
response was from 1 to 5 um. We observed one spectral component for CoHsy at
about 3.0 um, and for HCN we found two spectral components at about 3 um and 4

pm, respectively. The observed fluorescence from CoHj is produced by a transition
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from (10100) to (10000). This transition is dipole allowed as discussed in section 3.3
and 3.4. The two fluorescence components from HCN correspond to the transition
from (002) to (001) for 3 pm region and from (002) to (011) for the component at

~ 4 pm region.

5.3 CyH; and HCN lasers pumped by a ns pulse
OPO

5.3.1 Experimental setup

The fluorescence measurements suggest that lasing at 3 um is most likely. However
to increase the possibility to obtain the gain required for 3 pm lasing, a ns OPO
was used as the pump source. This OPO is a commercial system provided by Laser
Vision. The pulse duration of the OPO is about 5 ns operating at 10 Hz repetition
rate. The OPO bandwidth at 1.5 pm is about 3.5 GHz.

The schematic of the optically pumped CoHs and HCN laser is shown in Fig. 5.3.
For the CyH, laser, an 80 cm gas cell filled with 2.2 torr of gas was used. The gas
was optically pumped by the nanosecond OPO tuned to the R(7) absorption line at
1.521 pm. The absorbed pump energy was about 2.3 mJ. Lasing action could be
observed for absorbed pumped energy exceeding 100 pJ. The OPO pump was sent
and focused to the center of the cell by a 2 m focal length lens which produces a
pump spot of diameter of about 4 mm. The 1.4 m long laser cavity consisted of
two 5 m concave mirrors having a high transmission to the pump wavelength and a
reflectivity of 0.9 in the 3 um region. Since the substrate material of the available
mirrors was BK7 which has a very low transmission at the laser wavelength, the laser

output was detected from the reflection off a CaFy window inside the laser cavity.
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Figure 5.3: Experimental layout of optically pumped CyHs and HCN lasers.

For the HCN laser, a 4 cm HCN cell filled with 5 torr was optically pumped by
the OPO to excite the R(9) absorption line at 1.536 pm. The laser cavity length
was 73 cm. The OPO pulse was focused to the center of the cell using a 1 m focal
length lens producing a pump spot diameter about 2 mm. The 0.5 m concave front
cavity and the rear end mirrors were transparent to the pump wavelength and had a
reflectivity of 0.9. The absorbed pump energy was about 140 uJ. The laser threshold
occurred at 40 pJ of absorbed pump pulse energy. In the case of HCN, the laser
output was detected from the reflection off the HCN cell window.

It is worth mentioning that ASE emission (direct output) were observed for CoHo
and HCN (no external cavity mirrors). In these experiments, the OPO pump was
focused to the center of the cells by a 1-m focal length lens resulting in a spot of

diameter of about 2 mm. The length of the cells were 80 cm with CoH, filled at 2
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torr and 1 m HCN filled at 5 torr. The ASE emissions were observed for absorbed
pump energies exceeding 200 pJ and 415 pJ, for CoHy and HCN respectively.

The laser and the ASE spectra were recorded by the monochromator used in
the CW fluorescence detection. The temporal profiles of the laser output and ASE

emission were detected by a fast detector.

5.3.2 Results and discussion

The observed spectrum of the CoH, laser is shown in Fig.5.4(a), an example temporal
laser profile is depicted in Fig.5.4(b). The corresponding ASE traces are shown as
insets. The laser emission shows two peaks separated by about 40 nm in the 3140 nm
region. The two peaks correspond to the R(7) and P(9) transition. Both originate
at the upper pump level with J = 8 of the (10100) vibrational state and terminate
at J=9 in the (10000) vibrational state as shown in Fig.5.5.

The two spectral laser components do not represent transitions from the allowed
rotational states adjacent to the pumped level to the (10000) vibrational level. Their
wavelength separation would be about 9 nm, which is estimated from the known
value of the rotational constant for the (10100) state as provided in chapter 3. The
rotational relaxation time of the pumped level is about 18 ns for a pressure of 2.2
torr, hence one would not expect any laser transitions to occur from the neighboring
states during the pump pulse. It is instructive to note the absence of any emission
signature from the lower laser state (10000) to the ground state (00000), which would

be at about 3 pm. This transition is not dipole allowed.

The exact temporal profile of the laser output fluctuated somewhat from shot to
shot and was slightly dependent on the cavity alignment. It reflects a superposition of

longitudinal and transverse modes and showed the typical mode beating frequencies.
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Figure 5.4: CyHy laser pumped with 5-ns pulses at R(7)(a) spectrum (b)temporal
profile. The insets show the ASE spectrum and temporal profile.

The longitudinal mode spacing is given by [69],

c
AVL = ﬁ ; (51)

where L is the laser cavity length.

The transverse mode spacing is given by [69],

1
Avp = AVL; cos ' (V9192) (5.2)
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where the parameter g; is defined as

L
ng = 1-— E s (53)

where R, 5 is the radius of curvature of the cavity mirror.

From our cavity geometry of CoHj laser, Avy, ~ 107 MHz(~ 9 ns) and Avy ~ 26
MHz (~ 38 ns) by using Egs. (5.1) and (5.2). Therefore the observed periods of 9.3
ns and 36.6 ns are in agreement with what one expects from the cavity and mirror

geometry.

10100 = ; §
RO PO).
10000 ’ —
R(7)
00000

Figure 5.5: The observed laser transitions of optically pumped CyH,

Figure 5.6 shows the spectral and temporal profile of the HCN laser and ASE.
The spectrum in Fig. 5.6(a) shows a main peak at ~ 3165 nm. The peak corresponds
to the P(11) transition originating from the initially populated level J = 10 of the
(002) vibrational state. The observed structure in the short-wavelength tail of the
peak is likely from P line emission originating at adjacent rotational states (J = 8

and J = 9) because of the short (~ 5ns) rotational relaxation time.

The modulation of the temporal profile is attributed to transverse mode beating.
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The temporal spacing between transverse modes in the HCN cavity was estimated

to be 79 MHz (by using Eq.(5.2)) which corresponds to 12.6 ns mode beating.
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Figure 5.6: HCN laser pumped with 5-ns pulses at R(9) (a) spectrum (b)temporal
profile. The inset shows the corresponding ASE spectrum and temporal profile.

The exact relaxation pathway from the lower laser level to the ground state and
relevant time constants are not completely known. There is a possibility for another
laser transition between vibrational levels (001) and (010) producing radiation at
about 4 pm. There is also another potential laser transition from level (001) to the

ground state (000), which would emit at about 3 gm. None of these lasing lines were
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observed. Likely reasons are insufficient pump energy and inadequate bandwidth of

the cavity mirrors.

002 F— ;
R(9)§ P(11)§ EP(J)

001 y L=

R(9)

000

Figure 5.7: The assigned laser transitions of optically pumped HCN where P(J) is the
neighboring transition observed from laser output. The R(9) transition was observed
from the ASE experiment.

The ASE spectrum shows an additional (weaker) spectral component at about
3.1 pm, which most likely represents the R(9) transition. In the laser, due to gain
competition, the weaker line is suppressed. The spectral components in the short-
wavelength tail of the laser line can originate from P(9) and P(8) transitions. Similar
emission was not observed for CoHs. The reason is that the rotational relaxation

constant in HCN is about 10 times larger.

5.4 Summary
We demonstrated the first CoHy and HCN lasers that were optically pumped at the

communication band. A tunable nanosecond pulsed optical parametric oscillator

(OPO) is used to optically pump CaHy and HCN on their absorption lines at 1.5 um
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to the combination band states of CoHy and HCN. We have observed laser lines
in the 3 pum region that originate from the terminal pump states to combination
states of CoHy and HCN. We also have observed mirrorless directed emission from
these molecular gases. The results demonstrate the potential of CoHy and HCN as

promising gas media for beam combiner systems for communication band.

75



Chapter 6

Laser model

6.1 Introduction

In this chapter we will introduce a general model of OPMLs that is based on
vibration-rotation transitions. Several laser models have been developed based on
the assumption of instantaneous rotational thermalization [70, 71]. Comprehensive
laser models have been introduced that are able to handle realistic rotational energy
transfer [72, 9]. Our laser model is a further development Ref. [9] and enables rota-
tional energy exchange up to A J = +4, keeps track through 8 vibrational and 30
rotational levels and allows a temperature dependence of molecular constants and

takes into account heat dissipation.

In section 3.2, the numerical laser model is explained for a diatomic molecule.
Occupation numbers of molecular states are described by rate equations taking into
account the interaction with radiation fields and collisions. The temperature change
and its effect on relaxation rates and equilibrium level occupations are included. This

model can be applied to any polyatomic molecule.
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In section 3.3 we will first apply the model to HBr and compare the results to
our experimental data. We also adapt this model to CoHy and HCN and compare

the simulation results to our experimental observations.

In section 3.4, the performance and spectral tuning of optically pumped HBr
lasers are evaluated by the laser model as an example. In this section, the second
overtone pulse excitation and the first overtone CW excitation of HBr are studied,

which lead us to many conclusions that are of general nature concerning OPMLs.

6.2 Numerical model

Because of the complexity and variety of polyatomic molecules several simplifying
assumptions have to be made to maintain a certain degree of generality. A schematic

energy diagram is shown in Fig. 6.1.

RR ]
J+A) = : kV\\|u>
i eV
i Laser EV‘V \\\\
RR ! | RR |
Pump Y ' 7z = 1)
j+aj b S
VT T VT
R-R
1= r 4 o)

Figure 6.1: A simplified molecular energy level diagram. |o) |u) |[) and |i) denote
vibrational states with rotational manifolds.
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Molecules are optically pumped from a rotational level (rotational quantum num-
ber J ) of the vibrational ground state |o) to a rotational level with quantum number
J' = J+ AJ of an excited vibrational level |u). AJ = £1,0 for an R, P and Q tran-

sition, respectively.

The laser transition occurs between a rotational level (rotational quantum number
j ) of the vibrational excited state |u) and a rotational level with quantum number
Jj' =7+ Aj of a vibrational level |I). For the laser transitions, Aj = +1,0 for a P,
R, Q transition, respectively. The state |¢) can represent a single or an ensemble of
vibrational states that do not couple to the pump and laser radiation. The molecules
can relax back to the vibrational ground state via |i) and from the lower laser state
1) by (V —=V) and (V —T) relaxation processes. For diatomic molecules for example,
the intermediate state |i) can represent vibrational states of higher energy populated
by collisions (vibrational ladder climbing). For each vibrational state, the thermal
equilibrium population within the rotational manifolds is produced by rotational

relaxation (R — R).

The excited state population that does not contribute to stimulated emission
(lasing) can transfer energy to other rotational levels or vibrational levels mediated
by collisions. Thus the laser gain will depend not only on the strength of the pump
and lasing transitions but also on competing relaxation processes. Therefore the
performance of OPMLs is controlled by the interplay between the pump transition,

the laser transition and the collision induced population transfer processes.

For diatomic molecules, such as HBr, an intermediate level |i) is not necessary,

since the system is simple enough to treat the various relaxation process in detail.

The schematic energy level diagram that will be used for modeling a diatomic
molecular laser is shown in Fig. 6.1. Eight vibrational states with quantum numbers

V =0,1, 2, ..., 7 are considered to allow for vibrational energy exchange between
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the terminal pump state, which in our case is at V' = 2, 3, and vibrational states

with higher energy (ladder climbing). For each vibrational state, 30 rotational states

are taken into account with quantum numbers J =0, 1, ..., 29.
V=7 J=129
| I=0
' . | 1=29
E J=29
A 2 2
V=2 Ik — J=0
| J=29
V=1 ¥ 1=0
| 1=29
V=0 Y 1=0
Figure 6.2: Energy level diagram of a diatomic molecule. V. =0, 1, ..., 7 are the
quantum numbers of the vibrational levels and J = 0, ..., 29 are the rotational

quantum numbers. The solid arrows indicate the optical pump transitions exciting
a first or a second overtone. The dashed arrows stand for a multitude of possible R
or P branch lasing transitions between adjacent vibrational levels.

A schematic diagram of the laser layout that is used in the model is shown
in Fig. 6.3. The pump laser is coupled into the cavity through mirror M; and
retroreflected by mirror My (double pass). Mirror M; is the end mirror and mirror
M, acts as the outcoupler. A uniform (flat top) pump profile in the transverse
direction is assumed. In addition, all population numbers are understood as values
averaged over the gas cell. The laser output in general is a superposition of laser

lines resulting from different R and P branch rotation-vibration transitions.
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Figure 6.3: Schematic diagram of the optically pumped gas laser on which the model
is based.

The rate equations governing the intracavity photon densities (photons/m3) of
these laser lines, ®p(V, J), and ®g(V, J), can be written as

d®pr(V,J) L Spr(V,J)

L
dt = CfggP,R (V, J) — +Q ARRTL(V, J)fg y (61)

Te
where the subscripts p,r denote the P and R branch transitions of a molecule, and
the quantum numbers in parenthesis (V, .J) denote the upper lasing state. n(V,J) is
the population density (molecules/m?) in the state (V, J). The quantity Q is a geo-
metrical factor describing the survival rate per round-trip of spontaneously emitted
radiation. The passive cavity photon life-time 7. = 2L/c/ [—In(1 — Rr) — In(Ry)] is
determined by the reflectance Rj; of the outcoupler and the combined other linear
losses per round-trip, Ry. Appg is the Einstein coefficient for spontaneous emission.

The gain coefficient for a transition starting at molecular state (V, J) is

2J+1)n(V-1,J+1)

_ — 2
gP,R(‘/?J) O-P,R(‘/a‘]) n(‘/ﬂ]) 2(<]:|:]_>—|—1 ) (6 )
where
Apr b5 Spr(V, J
opalV..g) = A8 2nn S B T) 63)
8T
is the gain cross section, A\p g is the laser wavelength, and “—” (“4") stands for the
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R (P) transition. Spr(V,J) is the line shape function (Voigt profile), which was
introduced in Eq. (2.51).

At thermal equilibrium at temperature 7', the population densities follow a Boltz-

mann distribution. From Eq. (2.27)

(2J + 1) e~ BV:)/kBT
Z (27 + 1) e~ BVD/ksT )

V,J

n(V.J) =N (6.4)

where V; is the total number density of molecules, kg is the Boltzmann constant
and E(V, J) is the energy of state (V, J) introduced in Eq. (2.21). In most case only
the level with V' = 0 will be occupied at room temperature at thermal equilibrium
without the presence of a pump laser. If a pump pulse excites a certain level with
V' # 0 a Boltzmann distribution can be established within the rotational manifold
of this vibrational state provided that the vibrational depopulation occurs on a slow

enough time scale.

The evolution of the population densities is governed by the interaction with the
pump and laser fields, and by collisions. The corresponding rate equations can be

written as

dn (V,J)

o = (VD) g (V4 1.7 +1) — gr (V..])]

—c®p(V;J)[gp (V,J) —gp (V +1,J = 1)]

+ Rpump (V, 1) 6 (V =V, J = J,,)

— Roump (V, )6 (V =0, — J, — 1)

+ AWV, )+ B(V,J)+C(V,J)+D(V,J) , (6.5)

where Rpump(V, J) is the pump rate (molecules/s/m®) averaged over the gas cell and
0 is the Kronecker delta function. The terms A, B,C' and D describe rates due to

various collisionally induced transitions.

81



Chapter 6. Laser model

The spatially averaged pump rate is approximated by
Q
Byunp = Gpump (Va) [1 = ¢~ Coumnl6] 7 ¢~ 0pumpter (6.6)
q=0

where ¢pump(V4) 1s the incident pump-photon flux density (photons/s/m?), and Q
is the number of cavity roundtrips by the pump. Note that ) = 1 refers a double
pass through the gain medium. This approach does not take into account that the
pump varies longitudinally inside the gain medium, which is consistent with the rate

equation approach that uses quantities averaged over one cavity round trip.

The absorption coefficient for the pump radiation is

2J,+1
mp — um u o’ 7 L1\ 1 y Ju +1)— wy Ju) | .

where V,, and J, are the vibrational and rotational quantum numbers of the upper
pump level, respectively.

The pump cross section in Eq. (6.7) is

Aum /\2um Sum VvaJ
Tpump(V, J) = ——2 P é’ﬂp vl ). (6.8)

Here Apump is the Einstein coefficient for spontaneous emission. Spump(V, J) is the
line shape factor and A,ump is the pump laser wavelength. The factor of (2.J, +
1)/(2(J, £ 1) + 1) is obtained from the degeneracies of the upper (J, ) and lower
(J. £ 1) rotational state of the pump transition. It should be noted that “—" (“+”)
stands for the R (P) transition. We also assume that the spectral width of the pump

laser is much smaller than the width of the transition profile.

The terms A(V,J), B(V,J), C(V,J), and D(V,J) represent population changes
associated with R-R, V-V, V-T, and isotopic V-V process. The latter process takes
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into account population transfer between isotopes that may be present. Typically the
pump can only excite one isotope because of the narrow pump spectrum. However,
the molecular energy states of isotopes can be very close so that resonant energy
transfer can have large cross sections. For example for the two isotopes of HBr
(~ 50% abundance) the difference between alike rotational states is on the order of

0.4 kgT at room temperature [35].

The collision induced energy transfer processes depend on the molecule and its
collision partner (same molecule or buffer gas). The isotopic V-V process is not
present in isotopically pure samples. To briefly discuss processes A through D, a

hypothetical diatomic molecule AB is used.

The term A(V,J) in Eq. (6.5) describes the R-R relaxation process. For one

particular collision,
AB(V,J)+ M < AB(V,J' )+ M + AERr g . (6.9)

In this case, M could be another AB molecule or a buffer gas molecule and AEg_g =
E(V,J)— E(V,J') is the energy mismatch of the participating rotational states as-
suming that the energy state of M does not change. The term A(V, J) can be written

as

AW =3 Ky (Vid = ) = kag (VoI = J) n (V)] g (6.10)

M J'#J

where ky(V, J' < J) is the rate constant (m®*molecule™'s™!) for population transfer

from level J' to J and ny; is the total number density of collision partner M.
The forward and backward rate constants k), (V,J < J') and ky(V, J" «— J) are

related to each other by

2J 4+ 1
Ky (Vo — T =ky (V,J ) 2;: 1e—AERfR/kBT , (6.11)
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where J' > J.

The term B(V,J) in Eq. (6.5) describes the V-V relaxation process. Since the V-
V energy transfer probability falls off rapidly for increasing energy mismatch [23] , we
consider only the collisions of AB molecules that are initially in the same vibrational

state
AB(V, J) + AB(V, J) — AB(V + 1, J) + AB(V -1, J) +AFEy_y . (6.12)

which is the process producing the smallest energy mismatch.

The energy defect is,
AEy_y = EV, )+ EV,J)—EV +1,J)—EV —1,J). (6.13)
The term B(V,J) can be written as
BV, J)=kiyn(V+1,J)n(V —1,J) = kyn(V, J)n(V,J) , (6.14)

where ky and k{, are rate constants (m® molecule™! s™!) for the forward (exothermic)

and backward direction, respectively, and kf, = kye 2Fv-v/ksT,

The terms C(V,J) in Eq. (6.5) describe the V-T energy transfer process. Since
the transition from V' to V' — 1 has by far the largest cross section, we have included

only the following process in the model:

where AEy_r = E(V,J) — E(V — 1,J) is the energy supplied or absorbed by the

translational degrees of freedom. The term C(V, J) can be written as

C(V,J) = [yn(V = 1,0) = kan (V. J) ns (6.16)
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where Ky, k), are the rate constants (m® molecule™! s7!) for the forward (exothermic)

and backward direction, respectively, and

Khy = ke AEv-1/keT (6.17)

For simplicity, the term D(V,.J) in Eq. (6.5) considers only vibrational energy

exchange of two isotopic molecules A*B and APB in collisions,

A“B(V,J)+ A'B(V', J) «» A*Br(V —1,J) + A’B(V +1,J) + AE, . (6.18)

The corresponding term D(V, J) can be expressed as:
D(V,J) = > k,n"(V =100V +1,0)> ~kion"(V,J)n"(V',J) , (6.19)
v v
where
ABy, = E*(V,J)+E' (V' J)—E*(V —1,J)—E"V' +1,J). (6.20)

The rate constants (m?® molecule™!s™'), k;,, and k!

!, represent the forward (exother-

mic) and backward direction and

K= ke Niso/kBT (6.21)

180

The gas temperature changes during the pump and laser process. Assuming a
constant volume (gas cell) the pressure will also change. Both temperature and pres-
sure thus modify linewidths and relaxation rates during the laser process. Through
the temperature the equilibrium (rotational) population numbers are also expected

to change. All these effects are taken into account phenomenologically in our model.
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Figure 6.4: The layout of the pump cylinder that the temperature dependent model
was based on.

We consider that the pump excites a cylinder of radius r; uniformly as shown in

Fig. 6.4.

To discuss the principal effect of temperature and heat conduction on the laser
output in a semi-quantitative way we made some simplifying assumptions. In general

the rate equation of the temperature change can be written by,

dT;
dt

dQ
dt

- - , (6.22)

1
oC
L | Pabs — Pows  dEyiro  dEeo
pC v, dt dt

where V,, is the pump volume, C' is the heat conduction, p is the gas density. The
net heat energy deposition per unit time, d@Q/dt, is calculated from the absorbed
pump power P, minus the power emitted by the lasing process and by spontaneous
emission, P,,;. Thermal energy can be transported to the cylinder wall denoted as
dE.on/dt. The rate of change of the vibration-rotation energy density in the pump

volume dE,;,/dt is also taken into account [23] where

’U’LT‘O V J
Z E(V, J dnlV,J) (6.23)
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In steady state the pump and laser produce a gas cylinder of radius r; that has a
constant temperature T; within the cylinder of radius ry. The cylinder wall is kept at
constant temperature Ty, which leads to a linear temperature gradient with respect

to the radius coordinate from rg to r;.

Under steady state conditions thus dE,;.,/dt = 0 and we used the solution of the

heat conduction equation through a cylindrical surface which is given by [73]

dEcon . 2/‘{(7—; — To)

= ' 6.24
dt r?ln(re/r;) (6.24)
where k is the thermal conductivity.
The rate equation for the temperature 7; reads
dT; 1 [Puws — P 26 (T; — T,
_ b, . t ";( 0) : (6.25)
dt pC | mriLlwg r# In(ro/r;)

This equation is solved simultaneously with the rate equations introduced previously
in each time step and the molecular rates are changed if necessary for the next time

step.

6.3 Model predictions and comparison to experi-

mental results

In this section, we will compare our numerical results of HBr, HCN and CsHslasers
and experimental results discussed in chapter 4 and chapter 5. The main purpose

was to verify the observed lasing lines.
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6.3.1 Second overtone pumped HBr laser

The characteristics of the HBr laser output was discussed in section 4.3. We have
observed a total of 5 lasing lines, namely, P(6), P(5), P(4) for the transitions V(3 —
2) and P(4), P(5) for the transitions V(2 — 1).
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Figure 6.5: HBr laser pumped at R(4) (a) Lasing transitions from V(3 — 2) (b)
Lasing transitions from V(3 — 2). The peak of the 200 ns pump pulse is at 800 ns

To simulate the HBr laser, we used the laser parameters from our experiment.
The energy input was 60 mJ (pulse duration = 200 ns), double pass pump (that is
Q=1 in Eq.( 6.6)) with the spot size (radius) of 1.75 mm. The gas pressure of HBr
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was 25 torr yielding an absorbed energy of about 8.7 mJ. The laser cavity length
was 1.4 m and the HBr cell was 1 m. The reflectivity of the outcoulping mirror
was 0.75. Figure 6.5 shows the simulated temporal profiles of the lasing transitions
using laser parameter close to the experiment. Figure 6.5 shows some additional
lines compared to what we observed in our experiment. The line P(7) is the weakest
line from the transition V(3 — 2) and this line could be at the noise level of the
recorded spectrum in Fig.4.8. According to the parameters shown in Table. 3.2, the
wavelength of this transition is 4428.22 nm. Since our model did not include the
CO, absorption, the simulation produced P(6) and P(7) lines from the transition
V(3 — 2). In the experiment the COy absorption is strong enough to completely
suppress these laser lines. To include the COy absorption in our model, the exact

COs line positions with respect to the HBr lasing transitions are required.

Laser transitions from V=2 can occur only after transitions from V=3 have estab-
lished large enough populations in rotational states n(V=2,J). Therefore the onset

of these laser lines in delayed relative to transition V(3 — 2).

6.3.2 3 um lasing of C,Hy; and HCN lasers

The CsHy and HCN laser outputs were shown in section 5.3. Based on the laser
parameters given in section 5.3.1, we simulated the laser outputs of CoHs and HCN.
It should be noted that the pump diameters are about twice larger than the laser
mode diameters both of CoHs and HCN lasers. Therefore the absorbed pump energies
in the laser mode volumes are about 1/4 of the total absorbed pumped energies. The
simulation results are shown in Fig. 6.6 and Fig. 6.7. The peak of the pump pulses

in both cases is at 20 ns.

The obtained CyH, laser lines are identical to those observed in the experiment

(cf.Fig.5.4 and Fig.5.5). The simulated temporal profile persisted over a longer time
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Figure 6.6: CyH, laser pumped at R(7). The laser lines arise from the transition
between (10100) and (10000).

period owing to a laser cavity with mirrors having a reflectivity of 0.9 which agrees

what we observed in the experiment (see.Fig.5.4).
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Figure 6.7: HCN laser pumped at R(9). The laser lines occur from the transition
between (002) and (001).

The HCN laser lines from our simulation (Fig. 6.7)are in qualitative agreement

with the observed laser output shown in Fig.5.6 and assigned in Fig. 5.7. The
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strongest laser line is P(11) and the structures in the short wavelength tail of the
main peak correspond to P(10) and P(9). These structures are possible due to the
fast rotational relaxation (about 5 ns), which is of the same time scale as the pump
pulse duration (5 ns). The simulated temporal profile of the HCN laser output also
agree with the observed temporal profile (see Fig.5.6). It should be noted that the
rise time is slow compared to that of CoHy. This is due to the short length of the

gas cell, which requires more cavity roundtrips for the pulse to reach the peak.

6.4 Performance and spectral tuning of optically

pumped overtone HBr lasers

In this section, we will discuss the HBr laser performance and its spectral tuning
ability when pumped with a pulse and CW. For the former we consider a second
overtone pump as was realized in the experiments described in section 4.3. For the
latter we will assume a CW pump in resonance with the V = 2 vibrational state

(first overtone).

For the case of second overtone pumping a short pump pulse (100ns) is consid-
ered. A quadruple pass of the pump is assumed (that is Q=3 in Eq.( 6.6)). For the
first overtone pumping a quasi CW source is assumed and a double pass through the
gain medium (@) = 1). A shown in the experimental section, second overtone pump-
ing is possible with a pulsed Nd:YAG laser tuned to 1.339 um . The first overtone
transition of HBr at 1.962 um can be accessed with a CW Tm-doped fiber laser or
a pulsed optical parametric amplifier. As mentioned previously, we assume that the
pump linewidths are much smaller than the absorption linewidth of HBr; the latter

is typically hundreds of MHz (cf. Table 3.1).

The laser efficiency 7 presented in the result is defined as the laser output energy
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divided by the absorbed pump energy. This efficiency relates better to the intrinsic
efficiency of the system; it is not affected by the number of pump passes through the

gain medium or the length of the gain medium.

For both laser scenarios, we will discuss the pressure and temperature dependence
of the laser performance. As mentioned previously, the lasing transitions of HBr are

in the 4 pum region and they can be used for atmospheric applications.

Co, élliorption

1.0 T A0 ™ L T ':ATW" ;/lﬂwi' T 1
0.8 - | -
= N
5 N
‘a 0.6F = -
Rz o
= i
= 04 [ §
< : I
S | |
= ]
02} 0o -

0.0 " 1 " 1 " i 1 " 1 " P 1 "
1.0 15 20 25 3.0 35 4.0 45 50 55 6.0
Wavelength (um)
Figure 6.8: Atmospheric transmission in spectral range from 1 ym to 6 um obtained

from IRTRANS4[74]. The spectral region covered by a second overtone and a first
overtone pumped HBr laser are shown as an example

As shown in Fig. 6.8, some of laser transitions of HBr fall into the high absorption
region of COs,. It is therefore desirable to be able avoid these laser transitions and
shift the energy to transitions in the high transmission region. We will discuss the
possibility of spectral tuning of the laser output by inserting suitable filters into
the cavity. We will also consider a waveguide laser that can realize long interaction

lengths. At the end of the section we will evaluate the ultimate limits of the achievable
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laser efficiency.

6.4.1 Second-overtone transition excited by a pulsed pump

The simulations with a short pump pulse (100 ns) refer to the laser cavity shown in
Fig. 6.3. Reflectances of mirrors M; and M, for the laser radiation are 100% and
75%, respectively, unless mentioned otherwise. The pump beam has a uniform beam
diameter of 3 mm, the length of the gas cell is L, = 1.0m and the total cavity length
L=13m.

The collision time of HBr at typical laser gas pressures about 20 torr is on the
order of 1 ns and thus much shorter than the pump pulse duration of 100 ns. We
therefore assume that the temperature increase of the pumped gas region is instan-
taneous. At room temperature, the thermal velocity of an HBr molecule is about
300 m/s. Neglecting collisions, it would take the molecule about 10 us to traverse a
distance corresponding to the pump beam diameter. Since this time scale is so much
longer than the lasing event we can safely neglect heat dissipation (conduction) out

of the active region for pulsed excitation.

For a general overview of the laser performance, we simulated the onset of the
various laser transitions and the laser efficiency as a function of pump input energy

and plotted the results in Fig. 6.9.

It is the evident that immediately after the laser threshold is reached transitions
between V = 3 and V = 2 as well as between V = 2 and V = 1 occurred. In general,
P-branch transitions have lower lasing thresholds than R-branch transitions owing

to a more favorable degeneracy factors as seen in Eq. (6.2).

The last step of the lasing cascade (transitions V(1—0)) is achieved only at large

pump energies (fluences exceeding 14 J/cm?). A complete lasing cascade is desirable
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Figure 6.9: Laser efficiency and compilation of lasing transitions for four different
pump energies. The underlined laser transitions indicate emission outside the atmo-
spheric transmission window.

for large efficiencies. Achieving a population inversion between V = 1 and V =
0 requires a sufficient depletion of the ground state. This is easier to achieve for
pump pulse durations that are longer than the R-R relaxation time, which allows
for a larger number of molecules to be excited from a certain rotational level of the

vibrational ground state.

After the transitions from V = 1 to V = 0 turn on, the laser efficiency increases
rapidly. For high input energies (~ 10J) the laser efficiency is expected to be about
69%. This is where the pump transition begins to saturate. Beyond this point (not
shown in Fig. 6.9), the laser efficiency increases slowly and the maximum achievable

laser efficiency is expected to approach 80%.
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6.4.1.1 Pressure and temperature dependence

Pressure and temperature of the gas can be controlled relatively easily in the ex-
periment. Their effect on the laser performance will be discussed next to predict

optimum operation conditions.
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Figure 6.10: Absorbed energy and output energy as a function of pressure, T' = 298 K
for the second overtone, pulse-pumped laser.

Figure 6.10 shows the laser energy as a function of HBr pressure p without the
presence of buffer gas. Changing the pressure of the active gas impacts the laser per-
formance through (i) the number density of absorbing molecules, (ii) the collisional
line broadening factor and consequently the absorption and emission cross sections,
and (iii) the collision rates that control rotation and vibrational relaxation times. At
high pressures of HBr, the absorbed energy levels off due to pressure broadening (cf.,
section 2.4). The laser output energy decreases at higher pressure as more absorbed
energy dissipates radiationless due to the increase of V-V and V-T energy transfer

rates.

While experimentally somewhat more challenging to change, the temperature is
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Figure 6.11: Laser efficiency and absorbed pump energy normalized to its value at
T = 298K as a function of initial gas temperature. The pump energy was 1J.

another parameter that will affect the laser performance. Figure 6.11 shows the
expected efficiency of the laser for initial gas temperatures from 273 K to 800 K,
assuming a constant ratio p/kgT (p = 20 torr at 298 K). This constant ratio ensured

a constant molecular number density.

Due to more favorable Boltzmann population at low temperatures, pump absorp-
tion increases as the gas temperature decreases. This results in an increase of the
laser efficiency with decreasing temperature. The relative population of the lower
pump level to the total number density increases from 12% at 800 K to 16% at 273 K.
Another factor which contributes to the enhanced efficiency at lower temperature is
the smaller line width of the laser transitions at lower temperatures increasing the
absorbed pump energy and stimulated emission cross section. The temperature de-
pendence of the R-R rate had only a minor effect on the laser output (results not
shown) in this pressure range. The corresponding R-R thermalization time at tem-

perature of 800 K is only 1.7 times faster than at a temperature of 273 K.
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6.4.1.2 Manipulating the laser spectrum with intracavity spectral filters

As indicated in Figs. 6.9 and Fig. 6.8 an optically pumped molecular laser can po-
tentially oscillate on tens of vibration-rotation transitions, and in the case of HBr,
covering a spectrum from 3.95 um to 4.63 um. Following the excitation of a particu-
lar rotational state is a fast rotational energy transfer out of this state to establish a
Boltzmann distribution if lasing and vibrational relaxation are neglected. This fast
energy transfer between rotational states provides attractive possibilities to tune the

spectral output of the laser without substantially sacrificing the laser efficiency.
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Figure 6.12: Laser efficiency as a function of the pump energy for (i) total output with
no intracavity filter, (ii) the output in the atmospheric transmission window (ATW)
with no intracavity filter, and (iii) the output in the ATW with an intracavity filter
that blocks the laser lines outside the ATW.

A particular practical application to force the laser emission into the atmospheric
transmission window (ATW) is proposed. Some of the possible laser transitions
(underlined in Fig. 6.9) fall outside the atmospheric transmission. A suitable spectral
filter that increases the cavity losses in the area of high atmospheric absorption

(4.2 pm to 4.45 um) was incorporated in the rate equation model and prevented
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lasing in this spectral region.

Figure 6.12 depicts the laser efficiency of emission into the transmission window
with and without filter as a function of pump input energy. The results indicate the
possibility to tailor the spectral output of the laser without substantially sacrificing
the laser efficiency. This is possible because of the fast rotational relaxation during
the pump event that replenishes the population of rotational levels from which lasing
occurs from rotational states that cannot depopulate through lasing because of the

filters.

6.4.2 First-overtone transition excited by a Quasi-CW pump
6.4.2.1 Temperature and heat dissipation effects

To achieve CW lasing under conditions when the cascade is not complete is difficult
and will generally result in low efficiency. In such a case, to maintain lasing, the
lowest vibrational level has to be depopulated by vibrational relaxation which is
rather slow. Addition of a buffer gas to facilitate relaxation to the ground state can
help to reduce this bottleneck. For simulating CW excitation, we used a step function
pump profile and the simulations were carried out until steady state was reached.

The steady-state laser parameters then represent CW laser output parameters.

In a high power CW laser heat generation and dissipation are issues. Unlike in
solid state lasers thermal effects in gas lasers can be mitigated by circulating the gain
media (gas flow). In addition, or as an alternative option, heat dissipation through
the walls of the laser tube can be utilized. This requires sufficiently small transverse
dimensions of the tube and possibly the addition of a buffer gas of significant ther-

mal conductivity. Waveguide (WG) like structures' seem to be ideal candidates for

!The waveguide can be made of, for example, a silica tube (capillary) coated internally
with Ag and Agl or coated with dielectric multi-layers using an Omniguide design for
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realizing long interaction lengths between a laterally confined pump beam and the

active gas while permitting efficient heat transfer to the walls of the tube.

For such a cavity we investigated the thermal effects on the performance of a CW
pumped laser. In general, a temperature increase will affect the line broadening of the
transitions, accelerate vibrational and rotational relaxation and shift the maximum of
the thermal equilibrium (Boltzmann) distribution to higher energy states. Whether
the process is constant volume (sealed tube) or constant pressure (open tube with
gas flow) will further influence the behavior of some of these parameters. In what

follows we will refer to the case of a sealed tube.
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Figure 6.13: Schematic diagram of an optically pumped gas laser using a waveguide
cavity. The reflectance of mirror M; for the laser is 100% with maximum transmission
for the pump. The end face of the waveguide (M;) acts as outcoupling mirror with
a reflectance of 65% and has maximum reflectance (100 %) for the pump.

The simulations refer to the geometry shown in Fig. 6.13. The WG end faces
can act as mirrors providing optical feedback for the pump and the laser radiation.
We assume here a 1.5-m long WG with 13% round trip loss with a core diameter of

1 mm.

The heat conductivity x and the heat capacity C of buffer gases and HBr gas are
listed in table 3.16. If the gas consists of a mixture of an active gas (HBr, index a) and

buffer gas (index b) with partial pressure p, and p, the resulting heat conductivity

extremely large bandwidth [75].

99



Chapter 6. Laser model

x and the heat capacity C' can be calculated by using Egs. (3.19) and (3.20).

The laser performance (efficiency) and the temperature behavior were modeled
as a function of the heat conductivity under conditions that resulted in a complete
lasing cascade from V = 2 to V = 0. We assumed a pump power P = 230 W, p, =
2.5torr, p, = 37.5torr, rg = 0.5mm and r; = 0.225 mm.

The temperature dependencies of R-R, V-V, V-T and isotopic V-V rates discussed

in section 3.5 were incorporated in our simulations.

Figure 6.14 and Fig. 6.15 show the laser efficiency as a function of the heat
conductivity. To discuss the role of radiationless depopulation of vibrational states
we simulated in Fig. 6.14 the laser performance for a sequence of increasing V-T
deactivation rates, starting from the actual rate for HBr, while the realistic rates for
R-R, V-V and isotopic V-V processes were used. The initial gas temperature was
273K in all cases. The operational steady-state temperature in the lasing volume,
T;, is shown for the smallest and largest value of the thermal conductivity on the

corresponding graphs.

From Fig. 6.14 it is evident that for a given V-T relaxation rate only small ther-
mal conductivities have a substantial impact on the laser efficiencies. Only for small
thermal conductivities is the change in operational temperature large enough that
temperature induced changes in the V-T relaxation rates reduce the laser efficiency.
This trend becomes more pronounced for V-T relaxation rates that are larger than
the actual rates. Note that the V-T relaxation scales with the temperature approxi-
mately as /T [23]. The V-T relaxation provides nonradiative depopulation pathways
that are in competition with the laser process. An increase in thermal conductiv-
ity, for example by adding buffer gas, reduces the temperature and the impact of

nonradiative relaxation.

The efficiency presented refers to the laser power transmitted through the out-
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Figure 6.14: Laser efficiency as a function of the thermal conductivity of the gas in
the waveguide for a first overtone CW pumped laser for various V-T relaxation rates
for the transitions from V=2 to V =0 and from V =1 to V = 0, e - actual V-T
rates, o - 2 x actual V-T rates, <-4 x actual V-T rates, x - 8 x actual V-T rates, >
- 16 x actual V-T rates, and * - 103x actual V-T rates, see section 3.5 for V-T rate
constants.

coupling mirror. If we lump the WG losses into the outcoupling mirror all quoted
efficiencies must be multiplied by a factor of 1.37. This suggests that the theo-
retically achievable efficiency is as high as ~92% using the actual HBr vibrational
relaxation rates and the highest thermal conductivity. This maximum possible effi-
ciency reduces to a value close to the quantum efficiency of ~48% in the case where
lasing occurs only on the V = 2 to V = 1 transitions. This is the case shown in the
bottom curve of Fig. 6.14, where the V = 1 state is depopulated by fast (artificially

increased) V-T relaxation.

Figure 6.15 shows the laser efficiency as a function of the thermal conductivity
for different initial gas temperatures for constant pump power (230 W) and for con-
stant absorbed pump power using the actual V-T rates. For the constant pump case

increasing temperature is associated with diminishing absorbed power owing to ab-
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Figure 6.15: Laser efficiency as a function of the thermal conductivity for three
different initial gas temperatures (o- 273K, o- 600K, % 800K). The dotted lines
represent the case of a constant incident pump power, the solid curves were obtained
for a constant absorbed pump power equal to the pump power for an initial gas
temperature of 273 K. The steady-state temperatures for the smallest and the largest
heat conductivities are also shown. The pump power was 230 W.

sorption line broadening (Doppler and pressure broadening), which consequently de-
creases the absorption rate. Therefore, it is apparent that the efficiency for constant
absorbed pump power exceeds the corresponding efficiencies for constant incident
pump power. For constant absorbed pump power the efficiency also decreases with

increasing temperature as a result of increasing V-T rates.

6.4.2.2 Spectral tuning

We also modeled the CW pumped laser with an intracavity spectral filter. To es-
timate the efficiency of R-R relaxation in channeling energy into desired rotational
levels we restricted lasing to arbitrarily selected individual lines out of V = 2 while

admitting all transitions from V = 1.
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Figure 6.16: Laser efficiency obtained with an intracavity filter normalized to the
free-running laser as a function of the single rotational state (J level) at V = 2 that
was allowed to laser. All transitions from V = 1 to V = 0 were permitted.

The laser output was simulated as a function of the rotational quantum number

J of the upper laser level (V = 2). The results are shown in Fig. 6.16.

It is apparent that the laser efficiency is generally similar to that of the entirely
free running laser case. The small variation around 100% is due to the change in
mean photon energy of emission relative to that of the laser without constraints.
The output power can reach more than 98% of that of the free running laser for
transitions starting at J = 8 in V = 2. This is remarkable considering that the pump
populates the level J = 5. This demonstrates the efficiency of the R-R energy transfer
mediated in part by the He buffer gas and aided by the vibrational level life-time of
~500 ps of HBr for the specified gas mix.

Another approach is to limit the laser bandwidth around a desired center wave-
length. This would mean only a certain group of transitions are allowed. Corre-
sponding results are shown in Fig. 6.17. The filter bandwidth was adjusted between
2nm and 15nm so that exactly one transition from V = 2 and one transition from

V = 1 occurs.
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Figure 6.17: Laser output normalized to the free-runing case as a function of the
filter pass wavelength. One lasing transition within the filter bandwidth was allowed
from each vibrational level.

The efficiency and laser output is maximum where lasing out of V = 2 is allowed
from the upper pump level (J = 5) producing the P(6) line. There are also cases
where weak lasing out of V = 3 can be expected as a result of population transfer

via V-V processes (ladder climbing).

6.5 Summary

A comprehensive laser model was been developed to predict the performance of
optically pumped molecular lasers under pulsed and continuous wave excitation con-
ditions. The model dynamically keeps track of the population of 8 vibrational states

and 30 rotational states. Collision induced relaxation among rotational levels, vi-
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brational levels, energy transfer to translational degrees of freedom, and interactions
with buffer gas, and the temperature dependence of these processes are included.
General features of CW and pulse pumped higher overtone molecular gas lasers
are discussed using parameters of HBr gas as an example. For a second overtone
pulse pumped HBr laser, a complete lasing cascade can be expected at a certain
pump pulse fluence resulting in maximum achievable efficiencies approaching 80%.
Frequency tuning and spectral narrowing of the laser output is possible with the
insertion of intracavity filters without sacrificing laser output power owing to effi-
cient energy redistribution between rotational levels mediated by appropriate buffer
gases. CW lasing using waveguide (WG) like geometries is possible with efficiencies
approaching 92% for first overtone pumped lasers. Heat conduction through the ac-
tive gas enhanced by buffer gases and subsequent heat dissipation through the cooled

WG walls are expected to handle the thermal load up to kW output power levels.

The laser model was used to compare the experimental results in HBr, HCN and
CsH, lasers. The simulation results show good agreement with the experiments. The
general conclusions drawn from the model could be applied to other similar overtone

optically pumped molecular gas lasers.
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Optically pumped molecular lasers

with small quantum defect

7.1 Introduction

In the preceding chapter, a comprehensive laser model was introduced to predict the
performance and spectral tuning ability of an OPML system. A first and second
overtone pumped HBr laser was studied with this model. It should be mentioned
that it is also possible to pump a fundamental transition and to obtain lasing on a
transition back to the ground state from the excited rotational level or from a different
rotational level resulting small energy defect between the lasing transition and the
pump transition. Such a laser would be similar to atomic vapor lasers in terms of

very high quantum efficiency and large slope efficiency as discussed in chapter 1.

For a small quantum-defect optically pumped laser (SDOPML),lasing has to oc-
cur between the pumped vibrational level and the vibrational ground state. Such
molecular lasers would have a number of attractive features. They can be operated

at room temperature, and a certain amount of frequency tunability exists owing to
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the multitude of possible vibration-rotation transitions.

The first SDOPML was demonstrated by Skribanowitz et al in 1972 by using
hydrogen fluoride (HF) as the gas medium [76]. This concept was first analyzed by
Golger and Letokhov in 1973 [70]. From 1970s to 1990s, several optically pumped
ammonia (NHj) lasers have been demonstrated. Up to date, the small defect optically
pumped (NHj) laser is still the most powerful optically pumped gas laser that has

ever been reported [77].

In this chapter, we analyze theoretically the potential of a continuous wave (CW)
molecular laser operating on vibration-rotation transitions with small quantum de-
fect. In order to make this approach applicable to a broader class of molecules

including polyatomic molecules we include an intermediate state, cf. Fig. 7.1.

The fact that pump and lasing transitions involve only two vibrational states
allows us to approach the laser problem analytically if we make some simplifying
assumptions. We will first develop the theoretical background for a general molecule
(section 7.2) and then apply the results to HCN (section 7.4). We will also test the

validity range of the analytical equations with our computer model (section 7.3).

7.2 Analytical laser model

A schematic energy level diagram of the molecules to be considered is shown in
Fig. 7.1. The pump laser excites a transition between a rotational level (rotational
quantum number J ) of the vibrational ground state |o) and a rotational level with
quantum number J' = J+ AJ of an excited vibrational level |u). AJ = £1 for an R
and P transition, respectively. The molecule can relax back to the vibrational ground
state via an intermediate state |i). The time 7, represents a characteristic time for

collision induced vibrational relaxation back to the ground state if an intermediate
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state |7) is not occupied, that is 7, = 0. In general, other vibrational states can
be involved in the relaxation paths shown in Fig. 7.1 with the two effective time
constants being a simple representation of this situation. Such relaxation paths
can include intermediate vibrational states that are located energetically between
|u) and |o) and states with energies higher than |u) (vibrational ladder climbing).

For an analytical approach let us first assume that rotational relaxation within one

j
¥ [u)
J+AJ
T
~.u
|1)
J + AJ //// T
// O
)’/
J |o)

Figure 7.1: Simplified molecular energy level diagram. |o) and |u) denote vibrational
states with rotational manifolds that in thermal equilibrium are populated according
to a Boltzmann’s distribution. |i) can represent an ensemble of states that participate
in the relaxation of the excited vibrational state |u) to the ground state |o). 7, and 7,
are effective relaxation times indicating how fast |u) is depopulated and |o) populated.

vibrational state is fast so that at all times a thermalized rotational population in |o)
and |u) exists’ The occupation numbers in a certain rotational state J at temperature

T are thus given by

No,u

1
S (7.1)

Nou(J) = (2 41) ¢ Porul))

'We will later scrutinize the ramifications of this assumption with the numerical model.
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where S, , = Z(QJ—i— 1) e Pu) with B, .(J) = E, ./ (kgT). For a simple

J
diatomic or linear molecule the rotational energy relative to the rotational ground
state of the respective vibrational level E,, = h*J(J+1)/(2I) where I is the
moment of inertia, N, , is the total population density in the vibrational states, and

kp is the Boltzmann constant.

The gain coefficient for a transition from |u, j) to |o, 7 + Aj) can be written as

2j+1
2(j +Aj) +1

g = 0j nu(])_ no(]+AJ> ) (72>

where o0 is the gain cross section. The occupation numbers needed to calculate g
can be obtained from Eq. (7.1). The rate equations for the total occupation numbers

in a certain vibrational level in steady state are:

= - o) | N, — 2220 N, | + = = .
- =g —¢ o +1=0 (7.32)
dN; N, N
i N Ny 7.3b
dt Tu To ( )
N, = N,+N,+N; | (7.3¢)

where AB,; = 8, (J) — Bu (J + AJ), and the pump rate (photons/s) R, = ¢, 0 is

the product of the pump photon flux and the absorption cross section.

Assuming S, = S, = 5, the gain coefficient becomes

g(J,AJ, j,Aj) =

UjQJ‘;,L 16_6“(‘]) N,

t 2J€r1 + Rye= ) (7, + 7, + 7, €8P0 )

TuRp eiﬁo(‘]) (]_ — eABuJ“FAﬁu]) _ eAﬁu]

, (7.4)

where AB,; = By (j) — Bo (j + Aj). The assumption of equal S; was made to simplify

the analytical expressions.
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From Eq. (7.4) it is obvious that positive gain can occur only if Q@ = AB,; +
ApB,; < 0. This means that the laser photon energy must be smaller than the pump

photon energy. The condition,

2

I3
Q= —ﬂ(AJ2+2JAJ+AJ+Aj2+2jAj+Aj) JkgT <0, (7.5)
determines which combinations of pump and lasing transitions are not possible for
lasing to occur independently of the pump rate and relaxation parameters. For
example, excitation of a P-line transition and lasing on a R-line transition would

result in £ > 0, which according to Eq. (7.4) does not permit positive gain.

To include the lasing process from state |u, j) to state |o, 7 + Aj) we can add to

Eq. (7.3a) a term

2%+l 4 iiins
Ry =L D) o3 N, N (7.6)

where Ry, = o0; ¢, is the product of the laser emission cross section o; and the laser

photon flux ¢r. The rate equation for ¢, after steady state has been reached can be

written as,
dor, Ly (2741 _50Ant —Ag . oL
W = CO_jQSLfg {Te Bo(j+A7) |:€ Aﬁu]Nu — No}} — T—C =0 , (77)

where 7. is the photon cavity lifetime, L is the cavity length and L, is the length
of the gain medium. The cavity lifetime 7. = 2L/c¢/[—In(1 — Ry) — In(Ry)] is
determined by the reflectance Rj; of the outcoupler and the combined other linear

losses per roundtrip, Ry.

Note that to force this one-mode laser operation on the transition from j to
j+ Ay, if necessary, a suitable spectral filter can be placed in the cavity preventing

all other lasing transitions. In steady state the gain coefficient equals the cavity loss
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coefficient:

L, (27+1 A 1
gL = ajfg {—‘7 i e Poli A7) [e’Aﬂ“fNu — No}} = . (7.8)

S CTe

Equations (7.8) and (7.3a) with the addition of the laser term Eq. (7.6) yield the

steady-state laser output:

2 1 !
P, = hl/jALgQ{Rp J; e_ﬁo(J) |:Nt(1 —€Q) _ S (1 +’Y€A6uJ)
Te
1 [s
1 {_ N NteAﬁwH | (7.9)
Tu [ Tec

where h is the Plank constant , v; is the laser frequency and A is the cross section

of the laser beam which is assumed to be the same as the pump beam cross section,

fy - Tw i T, )
Lg (2] + 1) CO'J' ’
and
Boli+A))
@ = 7(1 + ye=ABui) efuli)
As is obvious from Eq. (7.9) , to obtain lasing, a pump photon rate
R Sefel) S’ + 7.NeAPui
>
P (2J + 1) 7 [ TNt (1 —€2) — S (v 1 + eBbur)
- Rth , (710)

is required, where Ry, is the threshold pump photon rate. The, threshold pump
power is then Py, = Ry, hv, A /o, where v, is the pump laser frequency. From,

Eq. (7.10) one sees that for a given molecular energy structure,
~1
TC Nt(l - 69) - eABuJ

5 (7.11)

Y > VYmin =
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is necessary to enable positive gain. This imposes a condition on how fast the upper
level can empty (7,) and how slowly the ground state can be repopulated (7,). It
is also important to note that the energy spacing of the rotational states matters,
which is contained in the term (1 — ) in Eq. (7.10). Larger spacings relax the

conditions on the pump fluence and lower the value of 7.

The laser output power Eq. (9) can be rewritten as

PL:T/(Pp_Pth)a <712)

where P, is the pump power and

; 2 1 !
1=2Qost, e [N (1= - Zanedn)|
p

&
is the laser slope efficiency.

It should be noted that an optically thin active medium for the pump is assumed
in the analytical approach which is of course detrimental to a high overall laser
efficiency even though the slope efficiency can be made very high. The assumption
was however necessary for the analytical approach, which assumes spatial uniformity:.
This situation can be reached under high pump saturation conditions. Using a
numerical approach, we will show below that in a real system large overall pump

absorption and laser efficiency can be achieved simultaneously.

7.3 Numerical laser model
The analytical approach assumes an instantaneous thermalization among the rota-

tional states of the vibrational levels and an intracavity filter that permits only one

line to lase. To test if the main qualitative conclusions drawn above are still valid
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under finite thermalization rates we used a computer model described in section 6.2
that simulates relaxation processes between the rotational states in detail. In our
model we consider only collisions where |AJ| = |J" — J| < 4. The rotational rate
constants were extrapolated from the experimental data using the modified energy
gap (MEG) fitting law. The numerical model was simplified identically to the an-
alytic model in which consider 3 vibrational states. However for each vibrational

state, the total 30 rotational states were included.

7.4 Model predictions and discussions

HCN was chosen as an example. We consider for the pump process a transition from
HCN (000), J = 8 to HCN (002), J + AJ = 9 and lasing from HCN (002), j = 9 to
HCN (000), j+Aj = 10. The spectroscopic data of HCN can be found in section 3.3.

The necessary long interaction lengths between the active gas and high pump
intensities can in principle be realized using hollow fibers which have been used for
example for saturated absorption spectroscopy with CoHy [78] and for stimulated
Raman scattering in Hy [79]. Unless introduced otherwise, we assume the pump
beam to have a uniform beam profile with a diameter of 10 ym and a 1.5 m long
WG filled with 10 torr of HCN. The WG and outcoupling losses (assumed to be 5%)

are lumped into the cavity round trip loss (linear loss).

Fig.7.2 shows the threshold pump power as a function of the cavity roundtrip
loss. It is evident that small values of 7,/7, are favorable. Smaller 7,/7, ratios mean
less efficient relaxation channels that compete with the laser process. The threshold
pump power predicted by the analytical model is validated by the comparison to the
numerical calculation for the chosen set of laser parameters. Note that the steady
state condition from the analytical approach can be applied to pulsed excitation when

the duration of the exciting pulse is longer than the effective vibrational relaxation
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Figure 7.2: Pump power necessary to reach the laser threshold as a function of the
cavity round trip loss for two different ratios 7, /7, obtained from the analytical model
(lines) and the numerical calculation (data points). Pump and laser beams having
uniform beam profiles with diameters of 10 um and a 1.5 m long WG filled with 10
torr of HCN were assumed.

times ( 7, and 7,). Therefore the predicted threshold of CW excitation can be scaled

to the expected peak threshold pump power of such a long pulse excitation.

Figure 7.3 compares the laser output obtained from the analytical and numerical
simulation as a function of the ratio 7,/7,. The horizontal bar indicates the probable
range of 7,/7, values for HCN that can be estimated from published kinetic molecular

rates discussed in Appendix A.

As already suggested by Fig. 7.2, small ratios of 7, /7. are favorable. It turns out
that only one transition is lasing (from |u, 9) to |o, 10)), channeling energy away from
other possible laser lines. The insertion of a filter to obtain single line output is thus
not necessary. The actual rotational relaxation rate of HCN for 7" = 300 K and p
= 10 torr corresponding to a rotational thermalization of approximately 2 ns was
used in Fig 7.3. The good agreement between the analytical and numerical results

show that the assumption of an infinitely fast rotational thermalization is justified
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Figure 7.3: Laser output as a function of 7, /7, for two different pump powers obtained
from the analytical model (lines) and the numerical calculation (data points). Pump
and laser beams having uniform beam profiles with diameters of 10 ym and a 1.5
m long WG filled with 10 torr of HCN were assumed. Total linear losses of 5% are
used for the calculations.

for these conditions.

Lower pressures and / or temperatures would decrease the rotational relaxation
rates and the analytical model will no longer be able to describe the system ade-
quately. To evaluate the range of thermalization rates for which the analytical model
can be applied we compared the laser output power obtained from the analytical and
numerical approach. Fig. 7.4 shows the ratio of the two output powers as a function
of the rotational thermalization rate used in the numerical model. It is evident that
as k' becomes large, which means fast rotational relaxation times, the results of the
analytical and numerical models are approximately the same. In practice, such a
situation can be approached by adding a buffer gas. A comparison of Figs. 7.2 and
7.3 shows that the behavior of the laser above threshold is more sensitive to a finite
thermalization time than it is at threshold. The overall laser efficiencies cannot be

predicted adequately by the analytical model as it is based on the assumption of
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Figure 7.4: Relative laser output power obtained from the numerical and analytical
model as a function of the rotational thermalization rate k% normalized to the actual
rate kg at 10 torr and 300 K. Pump and laser beams having uniform beam profiles
with diameters of 10 um and a 1.5 m long WG filled with 10 torr of HCN were
assumed. Linear losses of 5% and 7,/7, = 5 are used in the calculations.

axially homogenous gain and absorption. Since this type of laser requires relatively
high pump saturation the laser efficiencies would be rather low. In practice, one
would use conditions in which the pump saturation varies in order to increase the
overall pump absorption and conversion to laser output. To analyze this situation
numerically we divide our gain medium axially into slices of length Az. We use the
model described in Eqs. (7.3) to (7.7) for the population numbers and the laser gain
in each slice, and assume 7,/7, = 0, (7, = 0) (no intermediate state) for simplicity.
We consider two passes of the pump through the active medium. Lasing starts from
spontaneous emission and we follow the temporal evolution of the laser output until
steady state is reached. In each slice, the laser and the pump photon flux is the sum
of the forward and backward propagating field. Interference effects (standing wave
effects) are neglected. Figure 7.5 shows results of such a calculation for various HCN

pressures. An increase in HCN pressure decreases 7,. When the pump absorption
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Figure 7.5: Pump utilization (fraction of absorbed pump) and laser efficiency as a
function of HCN pressure. Pump power = 5 W, 20 um WG diameter, 1.5 m long
WG and WG loss = 0.02 dB/m), outcoupling loss =25%.

approaches 75% the laser efficiency is approximately 55%. No attempt was made to
determine optimized operating conditions. However this example illustrates the fact
that the pump field can couple efficiently to the laser field. The pump power that
is not converted will contribute to heating. This represents the energy loss due to

radiationless relaxation channels.

It should be noted that the condition S, = .S, assumed in section 7.2 is equivalent
to the assumption that the rotational constants for the ground and excited vibrational
state are identical. In general, the rotational constant decreases with increasing
vibrational quantum number (cf. section 3.3) resulting in S, < S,. For HCN,
the discrepancy between the rotational constants for (000) and (002) is about 1%.
Thus for HCN the assumption that S, = S, is well justified. In systems where
S, is considerably larger than S, one can expect a smaller gain from the terminal
pump state because more population is transferred to other rotational levels. At the

same time the gain for transitions starting at other rotational levels and ending at
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Figure 7.6: Normalized gain coefficient as a function of rotational state (J) of P
branch lasing transition, i.e., P(J) for differen ratios S, /S,. The pump transition is
from HCN(000), J = 8 to HCN(002), J = 9.

rotational levels of the vibrational ground state that have little thermal population
may increase as shown in Fig. 7.6. An assessment whether the laser output from the
strongest line increases or decreases if S, < S, would require the evaluation of a real

system and the outcome will depend on the system parameters.

7.5 Summary

The small quantum defect laser based on rotation-vibration transitions was analyzed
using an analytical approach in which the instantaneous rotational relaxation (ther-
malization) condition is assumed. HCN is used as an example gas for the small
defect laser. The lasing of HCN is possible resulting quantum efficiencies of ~ 99 %.
The conditions necessary for critical molecular relaxation parameters were derived

under which lasing is possible. These conditions can be applied to similar other
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potential gases for the small defect laser systems such as CoHy and HI which are at-
tractive particularly for the C-band excitation. Numerical simulations suggest that
the analytical predictions are approximately valid for a broad range of rotational
thermalization rates and also applicable to pulse pumping if the pulse durations are
sufficiently long. Long interaction lengths between the (focused) pump laser beam
and the active gas can be realized using hollow fiber waveguide structures. Although
for this small defect laser concept to work strong pump absorption saturation is re-
quired, the long interaction lengths can result in strong overall pump absorption.

Numerical simulations predict overall laser efficiencies exceeding 55 %.
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Chapter 8

Preliminary results on a gas filled

hollow core fiber laser

The experiments and estimations were carried out in parallel to writing the thesis.
We report here only on the proof of principle demonstration. The positive outcome

of these first experiments opens up exciting new directions for future work.

Photonic bandgap fibers that have a hollow core are wave guides whose disper-
sion and loss characteristics can be controlled by the core size and the distribution
and shape of additional voids in the material surrounding the core [10]. The name
photonic bandgap stems from the similarity of solid state bands that disallow cer-
tain electronic energy states to exist within the photonic bandgap. Similarly certain
photon modes are not allowed outside the core confining guiding modes to the hol-
low region [10]. Photonic bandgap hollow fibers are commercially available and core
diameters are typically of the order of 20 pum or less. These fibers are often designed

to guide in the visible and near infrared spectral region.

These fibers can be filled with a gas. It is tempting to explore the application

of those fibers for nonlinear optics. The overlap of the radially confined excitation
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laser and the nonlinear medium can be made large reducing the power necessary for
generating nonlinear optical signals. In the past groups have successfully for example

stimulated Raman scattering in Hy [79].

Our plan was to use a gas filled hollow fiber and demonstrate the first laser based
on population inversion. A successful demonstration of this concept would open up

many new and exciting avenues for optically pumped gas lasers.

From the previous chapters we know that for example acetylene can lase at about
3 pm when excited by a pulsed laser emitting at about 1.5 ym. While guiding at 1.5
pm is not problematic, in fact many commercial hollow-core fiber lasers will permit
this, guiding at 3 microns is a problem. Presently commercially available hollow core

fibers do not guide in this wavelength region.

Figure 8.1: Cross section of kagome lattice structure. Supplied by K. Corwin (KSU)
and F. Benabid (University of Bath).

In 2006, a group from Bath University (UK) succeeded in demonstrating hollow
core fibers that are not based on photonic bandgaps [80]. Rather these hollow fiber
designs allow fiber guided modes to cohabit with cladding modes without notably
interacting. This is possible by a high degree of transverse field mismatch between
the core and fiber modes [80]. There are circumstances where cladding and fiber
modes of the same frequency can coexist. Figure 8.1 shows the cross-section of such

a fiber with a Kagome lattice structure.
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Core diameters exceeding 70 pm are possible. Although the guiding properties at
3 pm were unknown the relatively large optical gain prompted us to evaluate those

fibers for OPMLs.

The experiments were carried out at UNM in collaboration with Dr. Nampoothiri
and with Kansas State University (A. Jones and K. Corwin) and University of Bath
(F. Benabid). As a first step the losses were measured in transmission experiments
where the fiber was successively cut shorter. A ns OPO served as light source. Loss
coefficients of about 20 dB/m were obtained, which hinted that 3 pm radiation can

propagate as a weakly guided mode.

Encouraged by these results we used a simple model to predict the likelihood of
lasing of such a fiber filled with acetylene and pumped by a 5-ns OPO pulse. We
first propagated a pump pulse through the fiber assuming that created a population
inversion. We then send a weak probe pulse and calculated the output energy. Both
pump pulse and probe pulse are Gaussian pulse. The output was independent of the
incident probe pulse energy if the latter was small enough as it should be. To take
into account propagation effects the fiber was divided into slices for which the pump

attenuation and probe amplification were calculated using the equation [81]

GO e“l(t)
1+ GO (€ul(t) — 1) ’

L) = L,(#) (8.1)

where [(t) is the input(pump or probe) pulse intensity, I5(t) is the output (pump
or probe) pulse intensity, Gy is the small signal gain (absorption) (e(™9 ') and u, ()

is the energy normalized to the saturation energy [81],

Here wy(t) = fjoo I,(t)dt and the saturation energy per unit area,

_hl/

T 2

(8.3)

Ws
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where ¢ is the gain (absorption) cross section.

After each amplification step (slice) the pump and laser intensities were subject

to linear fiber loss. The line width of OPO is wider than the line width of CoHy. To

simulate pulse propagation and saturating conditions would require solving a set of

Maxwell-Bloch equation and to take into account homogeneous and inhomogeneous

contributions to the line broadening. For order-of-magnitude estimations we used

some crude approximations. We determined an effective absorption cross section

that takes into account the practical overlap of pump pulse spectrum and absorption

profile. This cross section o.rs was obtain from experiment where the small signal

transmission of the pump through a 0.8 m long cell (2 torr of CoHy) was determined.

From this o.¢f= 3.4 x 10~ Y9¢em?.
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Figure 8.2: Calculated laser energy and the pump energy as at the output of the fiber
as a function of the pump input energy. The fiber length = 1.65 m, and pressure of

2 torr. Fiber diameter is 20 pm

Figure 8.2 shows the expected laser energy as a function of the pump energy

coupled into the fiber for a fiber core diameter of 20 um and a gas pressure of 2 torr.
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It also depicts the pump energy at the output of the fiber as a function of the pump

input energy.
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Figure 8.3: The laser energy as a function of the fiber length.

Figure 8.3 displays the calculated laser energy as a function of the fiber length
with the energy input of 1 uJ for the gas pressure of 2 torr. From the simulations
it seemed possible to reach the laser threshold. Note, many fiber laser do not need
external mirrors for feedback provided the net gain is large enough for the output to

saturate the gain medium.

The experimental setup is sketched in Figure 8.4 together with a photo of the
laser. The two ends of a 1.65-m long fiber (Kagome structure, University of Bath)
were inserted into small vacuum chambers (KSU), which were then filled with acety-
lene. Using an acetylene reference cell the OPO was tuned to the R(7) absorption
line. The pulses were focused through the window of the vacuum chamber and cou-
pled into the hollow fiber. In these first experiments no attempts were made to

optimize coupling efficiencies. Figure 8.5 shows the fiber laser output as a function
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OPO

Figure 8.4: The experiment setup of the fiber laser. VC denotes to the vacuum
chamber.

of pump pulse energy for 2 torr of gas pressure. The laser output shows the onset of

saturation as the pump pulse starts to saturate the absorption transition.

Figure 8.6 depicts the spectrum of the laser output. The laser transitions are
assigned to P(9) and R(7), and are the same as what we have observed in the

conventional laser cavity (see Fig. 5.4 ).

This was the first demonstration of a gas-filled hollow fiber laser based on popula-
tion inversion. The output energy is low because of gain media saturation (saturation
fluence 200 mJ/cm? at 2 torr). Some improvements here are possible using a fiber
with a larger core diameter. The real advantage of this system is the low threshold
pump energy owing to the long interaction length of a confined pump and “laser
mode”. Future work should involve the demonstration of a CW acetylene or HCN
laser along the schema discussed in Chapter 7. We estimated that a pump power

in the range of 5 to 10 W is necessary to reach the laser threshold for a 1.5 m long
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Figure 8.5: Measured fiber laser output as the function of pump pulse energy at gas
pressure of 2 torr.

waveguide. While these pump lasers are commercially available, the existing 5-W

pump in our laboratory may be not sufficient.
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Figure 8.6: The spectrum of the fiber laser output.
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8.1 Summary

We demonstrate the first hollow fiber gas laser based on population inversion. Pump-
ing the gas filled fiber (1.65 m) with pJ pulses from a 5-ns OPO resulted in the emis-
sion of two laser lines at 3.12 um and 3.16 um. These lines correspond to the R(7)
and P(9) transitions originating from the initially populated rotational state of the
(10100) vibrational level and terminating at the (10000) vibrational state of acety-
lene. In this configuration both the pump and laser pulses saturate the respective
transitions. A preliminary model has been developed to predict the laser output as a
function of the pump input. The laser combines the advantages of fiber lasers, such
as the confinement of pump and laser light over long interaction lengths in a com-
pact configuration, with those of gas lasers: high damage thresholds, a wide variety
of possible (eye-safe) emission wavelengths in the atmospheric transmission window,

and the potential for coherent emission from mutually incoherent pump sources.
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Chapter 9

Summary and outlook

The thesis comprises experimental and theoretical research on optically pumped
molecular gas lasers. A theoretical model was developed to predict the performance
of such lasers and make predictions concerning their spectral tunability and power
and energy scaling [82]. The model takes into account the population of 30 rotational
states for each vibrational state considered. It follows the population evolution due
to the interaction with the pump and laser field, and due to collisions of the molecule
with other active or buffer gas molecules. Heat dissipation and temperature changes
in the active volume are taken into account in an approximate manner. As an
example the model was applied to a second-overtone, optically pumped HBr laser.

The main conclusions from this simulation are:

e Simulations show that both pulsed and CW HBr lasers can operate on the full

lasing cascade, realizing efficiencies approaching to 80% and 93% respectively.

e Spectral tuning to a desired output is possible by an intracavity filter without

sacrificing much of the laser efficiency for pulse and CW pumping.

128



Chapter 9. Summary and outlook

The stability and performance of an existing, second-overtone pumped HBr laser
was enhanced by improving the temperature tuning of the Nd:YAG pump laser
operating at 1.34 um. Improved stability resulted from the stabilization of the pump
laser cavity to the seed laser frequency. Five lasing transitions have been observed

with a low energy pumped HBr laser [64].

These experimental and theoretical results indicate that the HBr laser is a viable
energy scalable system that can be operated pulsed and CW with the output tuned
to regions of high atmospheric transmission around 4 ym. Further improvements are
possible by using isotopically pure HBr, which was prohibitively expensive for our
small-scale laboratory system. Waveguide structures (for example capillaries) are

attractive cavity configurations.

Our search for attractive matches of gases and pump sources resulted in the
selection of HCN and CyH,. Both gases can be pumped with diode and fiber lasers
emitting in the telecommunication C band at about 1.5 um. Rate constants were
obtained from the literature and estimated when not available to assess the potential
of using the molecules as active laser media. Two potential operating scenarios
emerged. Pulsed excitation and pulsed output at about 3 ym and CW excitation
and CW output at in the 1.5 pum region with a small Stokes shift relative to the
pump. Operational parameters were estimated using computer simulations and an
analytical approach. Lasing of both gases in a gas cell was demonstrated with a ns
pump pulse obtained from an OPO [68]. The two spectral components of the laser
output correspond to the 10100 — 10000 transition of CoHy and to the 002 — 001
transition of HCN, respectively. Due to the large gain directed output (ASE) was

also observed without external cavity mirrors.

An analytical approach was chosen to analyze the potential of a CW laser with
small Stokes shift relative to the pump based on either CoHy or HCN. It was estimated
that a pump power in the range of 5 W to 10 W is sufficient to reach the laser

129



Chapter 9. Summary and outlook

threshold. Theoretical laser efficiencies of 55% are possible [83].

The experimental results and data from simulations for CoHy and HCN indicated
the possibility to achieve lasing in a gas filled hollow core fiber laser. We used a
Kagome structure [80] because of the existence of weakly guided modes in the 3
pm region in contrast to commercially available photonic bandgap fibers. Lasing
was demonstrated for a ns pump and CoHs gas, which represents the first gas filled

hollow fiber laser based on population inversion [84].

We have accomplished many aspects of theoretical and experimental studies of

optically pumped molecular lasers. Our publications from this thesis are listed below

1. A. Ratanavis, N. Campbell, A. V. V. Nampoothiri, and W. Rudolph. Optically
pumped HBr gas laser operating in regions of high atmospheric transmission.

Proc. SPIE. 7005:70051P, 2008.

2. A. Ratanavis, N. Campbell, A. V. V. Nampoothiri, and W. Rudolph. Per-
formance and spectral tuning of optically overtone pumped molecular lasers.

IEEE J. Quant. Electron. 45:488, 2009.

3. A. Ratanavis, N. Campbell, and W. Rudolph. Feasibility study of optically
pumped molecular lasers with small quantum defect. J. Opt. Commun. In

press, 2009.

4. A. V. V. Nampoothiri, A. Ratanavis, N. Campbell, and W. Rudolph. Molec-
ular CoHy and HCN lasers pumped by an optical parametric oscillator in the

1.5-um band. Optics Express. Submitted, 2009.

5. V. Nampoothiri, A. M. Jones, A. Ratanavis, R. Kadel, N. Wheeler, F. Couny,
F. Benabid, B. R. Washburn, K. L. Corwin, and W. Rudolph. Mid-IR laser
emission from a C2H2 gas filled Hollow Core Photonic Crystal Fiber. Photonics
West. Submitted, 2010.
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From this thesis two major avenues for future work emerge - the exploration of new

concepts and further development of designs researched in this thesis.

e As new efficient narrow-band fiber and diode pump sources are developed other
matches of gaseous active media and pump sources should be explored and
more efficient cavity geometries investigated. HI molecules, for example seem
already be attractive candidates because available waveguide structures based
on coated capillaries should be explored to increase the mode overlap of pump

and laser.

e Research based on the two gases HCN and CsHj should continue to explore
their full capability as laser media. This must involve the measurement of fun-
damental rate constants and their behavior if buffer gas is added. Another open
question (because of the lack of sufficient spectroscopic data) is the possibility
of a second lasing cascade back to the ground state. This would improve the

efficiency dramatically.

e Finally, the demonstration of the gas filled hollow fiber lasers will likely spur the
development of compact gas lasers with low pump thresholds. Improvements
in the Kagome design can lead to considerably lower losses in the mid infrared
spectral region. This in turn would lower the threshold even more. The hollow
fibers can be connected to traditional fiber systems to deliver the pump at 1.5
pm. There is also the option of pumping through the fiber cladding. The com-
bination of CW pumping at 1.5 um and the use of larger core diameters could
lead to narrowband output powers. This would be an attractive step toward
using these systems to coherently combine the output of several independent

laser sources.
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Appendix A

HCN relaxation and estimation of

To and 7,

Figure A.1 illustrates the most probable relaxation pathway of molecules from the
(002) state to the ground state. The total removal relaxation time of the upper laser
level (7,) discussed in section 7.2 can be calculated by the rate kgg2 given in Table 3.9
where 7, ~ kgT/ (133 pkooz) . However the relaxation pathway of molecules from
the (001) state to the ground state have involved the collision processes described in

Eqgs. 3.3, 3.3 and 3.3.

The rate equations for the population numbers Nyg1, N1go and Nyig are,

dNoor — Noot
- Tom
dNoio Noor  Nowo
7 B Ta B To10
dNwo  Noow  Nioo
dt N Ty B T100
N = Nooo + Noo1r + Noio + Nioo , (A.1)
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Figure A.1: Simplified relaxation pathway from the (002) state to the ground state.

where

1 1 1
— = — 4, (A.2)

Too1 Ta Th

Wlth Tool = k‘BT/ (133 pk’om) , To10 = k‘BT/ (133 pk'()lo) and T100 = kBT/ (133 pk’loo).

Assuming the initial condition Nigo(0) = Np1o(0) = 0 and Ngo; (0) = N, the

general solution for Nyg(t) is

T0107001 _ _
N, t = N — NO e t/To10 __ t/T001
000( ) 001 Ta(7'010 - 7'001) ‘ c )
+ e—t/7001
+ __TooToor (6*75/7’100 _ e*t/7’001) ) (A.3)

75(T100 — To01)
Because of the similar nature of the (001) and (100) vibrational (stretch) modes

we assume that kgg; ~ kigo. Derived from experiments a lower limit of the relaxation

rate out of the (010) state has been reported. The corresponding rate koy is of about
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the same order of magnitude as kgg;. From Table 3.9 we may assume kg1 = k1o =

ko0, thus 7001 & Ti00 & To10 and the solution of Nygo(t) simplifies to,

t
Noog(t) = N — N&le_t/mm (1 + —) . (A4)

Too1

The time after which the ground state is 63% repopulated is used for an estimate
of 7,. From the kgp; listed in the Table 3.9 we obtain 7,, which is about 5 to 10 times

longer than 7,.

Strictly speaking the above discussion applies only to a weakly excited gas where
collisions essentially occur only with ground state molecules. The situation is more
complicated under strong pumping conditions. As a result vibrational ladder climb-
ing is possible, which adds additional relaxation pathways. For most of these channels
relaxation rates are not known. This may increase 7, and 7, compared to the case

discussed above.
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