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Abstract

In this thesis, we will explore numerical modeling and fabrication of laser sources.

First, we demonstrate and distinguish experimentally the existence of special type

of Fano resonances at k~0 in a macroscopic two-dimensional photonic crystal slab.

We fabricate a square lattice array of holes in silicon nitride layer and perform an

angular resolved spectral analysis of the various Fano resonances. We elucidate their

radiation behavior using temporal coupled-mode theory and symmetry considera-

tions. The unique simplicity of this system whereby an ultra-long lifetime delocalized

electromagnetic field can exist above the surface and consequently easily interact with

added matter, provides exciting new opportunities for the study of light and matter

interaction. However, we confirmed that achievable quality factor (Q) is limited by
fabrication imperfection. Therefore, in the second part, we present an extensive fab-

rication optimization process, through which we established improved Q by a factor

of three.
Lastly, we report a comprehensive theoretical analysis and new experimental data

of high-pressure (> 1 Torr) lasing action in optically-pumped far-infrared (OPFIR)

lasers. No previous models could satisfactorily capture high-pressure operation be-

cause of the growing role of excited vibrational levels. Without these additional

excited vibrational levels, molecules are artificially trapped in lower energy vibra-

tional levels. This, in turn, prematurely triggers the so-called vibrational bottleneck

and quenches the lasing action at low pressures in the previous models. Even though

the high-pressure behavior can be more realistically modeled by including numer-

ous excited vibrational levels, it would dramatically increase the computation time,
and more importantly, the rate constants connecting all these levels are unknown.

We propose a new model with an expandable pool which embodies 120 excited vi-

brational levels. Moreover, the knowledge of state-to-state rates among the excited

vibrational levels is unnecessary in the proposed new model since the net rate related

to the expandable level can be found by equilibrium conditions. Together with a de-
tailed calculation of the pump rate and the wall collision rate, our model qualitatively

and quantitatively reproduces experimentally measured high-pressure behavior. The
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model can be universally used for any OPFIR gas laser system. Thus, our work
puts forward a theoretical formalism that could enable the advancement of compact
terahertz radiation sources.

Thesis Supervisor: Marin Soljaeid
Title: Professor of Physics and MacArthur Fellow
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thermal states, each in VOA and V3 A. J=4 in VOA and J=5 in V3 A

are directly connected by the pump (blue arrow), and are denoted as L

and U, respectively. Their adjacent non-thermal states are denoted as

L 1 and U 1, respectively, and population inversions (red arrows) are

created between L+1 and L (refilling inversion) and U and U-1 (direct

inversion). Details on each process are described in the text. . . . . . 55

4-2 Velocity (or IR frequency) distribution of the steady-state molecular

population for the L (J=4, K=3 in Vo) and U (J=5, K=3 in V3 ) states

at P = 300 mTorr induced by a 10 W pump. The total population

(T+NT) is divided into the thermal (T) and the non-thermal (NT)

parts. The homogeneously broadened (+Avp) Lorentzian non-thermal

velocity subclass pumped by the laser is offset by vp,,et = 30 MHz from

the center of inhomogeneously broadened (+AvD) Gaussian thermal

background. Thus, the pump action creates a Lorentzian dip(peak)

centered at vorfset on the Gaussian profile of L(U). voffset and Av are

equivalent to voffset and Ave, respectively, in velocity. . . . . . . . . 58

4-3 (a) r. as a function of pressure and pump power. (b) a-' as a function of

pressure and pump power. This represents the upper bound of optimal

cell length, above which un-pumped molecules will cause additional

absorption loss. The dotted line corresponds to 2 x L 11. . . . . . . . 62
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sphere with radius A lying outside the cylinder. T(x) is the average

time to reach the wall from x. Then, k,(x) is simply f.(x)/r(x). (b)

f.(x), r(x) and kw(x) at 50 and 100 mTorr are plotted. . . . . . . . . 64

4-5 Double resonance experiment for V 3A and V3 E at 20mTorr (top two
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simulation. The experiment data (blue) was obtained from Everitt

et al. (1993). The simulation data were obtained using multi-layer

system (green) and single-layer system (red) (see text for details on

the definitions of these two systems). . . . . . . . . . . . . . . . . . . 66

4-6 (a) Experimentally measured THz laser output power as a function of

pressure and pump power for the direct (right) and refilling (left) in-

versions in 1 CH3 F, plotted as a function of the intermediate frequency

(IF) produced when the laser radiation was mixed with a local oscilla-

tor operating at 247.0008 GHz. (b) Plot of the measured relative laser

power as a function of pressure and incident pump power for both in-

versions. Lasing was observed for the direct inversion at pressures as

high as 1.7 Torr. (Note: the direct inversion peaks appear stronger

than the refilling inversion peaks in (a). The data was obtained when

the system was tuned to maximize the direct inversion strength.) . . 69

4-7 Predicted gain < -y > for pump powers of 3.3, 6.6, and 10 W obtained

from the T-model using multi-layer system ('o') and single-layer sys-
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4-9 Population fraction of each thermal pool in the six-level model (left
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Chapter 1

Overview

Technology advancements in the past decades have enabled the design and fabrication

of structures at length scales comparable to, or even smaller than the wavelength of

light. The interaction of light with these nanoscale features such as photonic crystal

cavities leads to the tight confinement of light and significantly enhanced light-matter

interactions. Recent advances in computational power and high capacity data storage

have also enabled the numerical simulation of complicated light-matter interactive

systems. This provides numerous opportunities to build a theoretical model and

understand the physical mechanisms of the considered system. In this thesis, we will

explore novel fabrication and numerical simulation techniques to build and deeply

understand the light-matter interaction in laser systems.

In chapter 2, we demonstrate and distinguish experimentally the existence of spe-

cial type of Fano resonances in PhCs with quality factors that could, in principle,

approach infinity despite lying within the light cone [1]. These non-degenerate Fano

resonances are delocalized modes that decouple from the light cone states at k=O

due to symmetry considerations. A clear distinction between these modes and de-

generate Fano resonances with finite Qtoal at the I' point is presented by fabricating

a square lattice array of holes in silicon nitride layer and performing an angular re-

solved spectral analysis of the various Fano resonances. From the analysis, we found

that achievable QtatW is limited by non-radiative Q which comes from fabrication

imperfection, which motivated our second study.
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In chapter 3, we present a fabrication route for centimeter-scale two-dimensional

defect-free photonic crystal slabs with quality factors bigger than 10,000 in the visible,

together with a unique way to quantify their quality factors [2]. We fabricate Si3 N4

photonic crystal slabs, and perform an angle-resolved reflection measurement. This

measurement data is used to retrieve the quality factors of the slabs by fitting it

to a model based on temporal coupled-mode theory. The fabrication steps that we

established here improved Q by a factor of three from the previous study in chapter 2.

We further confirmed that IL is a more suitable method to fabricate macroscopically

large PhCs in terms of cost and time efficiency, compared to e-beam lithography.

We believe the fabrication route can be further improved by expanding the IL laser

beams to a wider angle or by shaping the beam profile to a more uniform distribution.

Then spatial power distribution will become uniform, and spatial variation of the

pattern will be decreased. Post-process thin dielectric film coating using atomic layer

deposition might also improve Q.

From chapter 2 and 3, the experimental realization of this special type of Fano

resonance modes has several important consequences: 1) the strongly enhanced field

close to the PhC surface and the simple access to it provides a new platform for

the study of light and matter interaction; 2) it offers an easy-to-fabricate structure

that supports delocalized modes with ultrahigh quality factors; 3) it can be shown

from coupled mode theory that up to 50% of external radiation can be coupled to

these strongly confined modes in symmetric PhC slabs, when one ensures that the

Q-matching condition between the radiative life-time, and the absorptive life-time is

satisfied; and 4) despite the macroscopically large area resonator, only a few high-Q

modes are supported within a fairly broad frequency range. The delocalized nature

of this mode is particularly important in applications where the interaction of an

enhanced electric field with a macroscopic volume of matter can dramatically improve

the performance of the process, such as in bimolecular sensing and organic light

emitting devices. Furthermore, the realization of this novel resonance could enable

the enhancement and the demonstration of new physical phenomena in laser physics,

energy conversion, nonlinear optics, and optical filters, as demonstrated in [3-5].
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In chaper 4, we report a methodology to simulate high-pressure lasing action of

optically pumped far-infrared (OPFIR) lasers. As pressure increases, the molecular

population in excited vibrational levels increases because it becomes difficult to dif-

fuse toward the wall and be de-excited to the ground state through wall collision.

This so-called vibrational bottleneck decreases pump rate and quenches the lasing

action, resulting in pump power insensitive cutoff pressure. This phenomenon was

observed from previous models with limited number of vibrational levels, which con-

tradicts experimental observations. Even though the vibrational bottleneck can be

circumvented by including numerous excited vibrational levels, it would exponentially

increase the computation time and more importantly, the rate constants connecting

all these levels are unknown. We propose a new model with a single expandable

level which embodies numerous vibrational levels. This is advantageous in that it

requires very small number of vibrational levels, while mimicking the environment

with numerous levels. Also, the knowledge of state-to-state rates among the excited

vibrational levels is unnecessary since the net rate related to the expandable level can

be found by equilibrium conditions. Together with more sophisticated definition of

the pump rate and the wall collision rate, our model qualitatively and quantitatively

reproduces experimentally measured high-pressure behavior. The model can be uni-

versally used for any OPFIR laser gas systems, and we believe that this report could

contribute to the development of room-temperature atmospheric-pressure compact

sources of far-infrared and terahertz radiation.
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Chapter 2

Observation and differentiation of

unique high-Q optical resonances

near zero wavevector in

macroscopic photonic crystal slabs

2.1 Introduction

The realization of high quality factor cavities in photonic crystals has led in the

past two decades to experimental observations of novel physical phenomena in both

fundamental and applied research [6-17]. Modes supported by such cavities fall into

two categories: 1) pure modes with infinite lifetimes that lie outside the light cone and

2) resonant modes with finite lifetimes that lie within the light cone and consequently

can couple to radiation modes. A proposed surprising exception to the latter involves

special Fano resonances of a macroscopic two-dimensional periodic photonic crystals

slab, whose lifetimes are predicted to approach infinity as their crystal wavevector, k,

approaches zero within the light cone [18-20]. The only possibility for these special

Fano resonances to completely decouple from the continuum of free-space modes is by

mismatching their symmetries. It is the periodic nanostructure that determines the
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symmetry of the modes and the macroscopic large area that enables their approaching-

to-infinity lifetime. Here, we employ a centimeters square photonic crystal slab to

demonstrate and distinguish k-0 non-degenerate Fano resonances with quality factors

as high as 104 that extend over 108 unit cells. The photonic crystal, fabricated using

interference lithography, consists of a square lattice array of holes in Si3 N4 layer with

periodicity of 320 nm. Through angle-resolved spectral measurements and temporal

coupled-mode theory, we determined the resonances' quality factors and the various

physical mechanisms that govern their value. Using symmetry considerations, we

elucidate the behavior of the different resonances at ke0. The physical origin of Fano

resonances in PhC slabs lies in the coupling between the guided modes supported by

the slab and external plane waves, which occurs because of the periodic modulation

of the dielectric constant. Typically all these Fano resonances have long lifetimes

or high quality factors (Q), but there is a special subset of them whose Q's have

been proposed to approach infinity. In theory, in a perfect infinite periodic PhC

slab, due to symmetry considerations, very unusual Fano 'resonances' at k=0 have

been predicted to completely decouple from the external world with infinite radiative

quality factor (Qa) despite lying within the light cone [18-20]. For k near zero, these

unique guided resonances have ultra-long (but finite) lifetime, providing an efficient

means to couple light in and out of the slab. In practice due to the finite size of

any experiment, the incoming and outgoing beams always include wavevectors with

k>0, and hence the resonance lifetime is finite. Although this very unique behavior of

Fano resonances in PhC slabs has been discussed theoretically [18-211, experimental

verification of high-Q Fano resonances near k=0 over a macroscopically large area has

yet to be demonstrated. The key challenge in observing these resonances is that in

practical structures, in addition to limits imposed by material absorption, fabrication

imperfections partially break the crystal symmetry which results in coupling of these

Fano resonances to radiating modes. In addition, the mode itself needs to extend

over a macroscopic area in order to support high Qrad, posing a significant fabrication

challenge.
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2.2 Sample fabrication

Realizing high quality-factor resonances in photonic nano-structures requires both the

careful consideration of the bulk material properties and the sub-wavelength structure

geometry. Material absorption sets the upper bound of the attainable quality factor,

while the structure geometry can be optimized to minimize scattering due to surface

roughness and non-uniformities of the periodic structure. A favorable candidate for

achieving high quality factor resonances in the visible is a slab of Si3 N4 deposited on

top of microns thick oxide layer of a silicon wafer [22]. With refractive index of 2.02,

Si3 N 4 provides sufficient index contrast with the SiO 2 below and air or fluids on top.

The Si3 N4 layer was grown by low-pressure chemical vapor deposition (LPCVD) on

top of 6 pm thermally grown SiO 2 layer on a silicon wafer (from Lionix). Using a

prism coupler, we measured propagation losses in the Si3 N4 layer to be less than 0.3

dB/cm at 632 nm.

We fabricated large area square lattice PhC with periodicity of 320 nm and unit

cell consisting of a 55 nm deep, 160 nm in diameter cylindrical hole in a 250 nm

thick Si 3N4 layer. Fig. 2-1 shows the fabrication process. The process started by

depositing a trilayer resist stack, which consists of a negative photoresist (PR) layer,

an SiO2 intermediate layer, and an antireflection coating (ARC). The thickness of

the ARC layer was optimized to minimize back reflection to the PR layer during

lithography. The PhC pattern was produced by the interference lithography (IL)

system using a 325 nm He/Cd laser. In the IL system, the laser beam is split into

two and then interfered to form a standing wave with a period of A/(2sin9). A second

exposure with the sample rotated by 900 relative to the first exposure defines the two-

dimensional grid pattern on the PR layer. The period of the pattern is determined by

the angle of incidence, while the diameter of the hole is determined by the exposure

dose. After the exposure, the sample was developed in a commercial PR developer.

Pattern transfer from the PR layer through the SiO 2 and ARC layers to the Si3 N4

layer was achieved with reactive ion etching (RIE). CF4 gas was used to etch the SiO 2

and the Si3 N4 layers, and He/0 2 gas was used to etch the ARC layer. Due to the
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(a) IL expose (b) Development

Negative Photoresist (PS-4)

Antireflection Coating (XHRiC-16)

(c) RIE (d) Remove remaining layers

Figure 2-1: Illustration of 2D PhC fabrication process. (a) PR is exposure using IL,
(b) PR development, (c) pattern transfer using RIE, and (d) removal of the remaining

stack.

anisotropic characteristic of RIE, vertical and smooth sidewalls were produced as well

as relatively small lateral roughness compared to wet etched samples. The average

period of the pattern and the average hole diameter both had standard deviation of 6

nm. Uniform periodic patterns were obtained on samples as large as 3 cm2 . For the

optical characterization however a smaller sample was needed due to size constrain

of the cell used to mount the sample. Thus all measurements shown in here were

obtained from 0.7x0.7 cm 2 sample. SEM images of the final sample is shown in Fig.

2-2.

2.3 Sample characterization

We performed optical characterization of the PhC slab using a super-continuum laser

source (SuperK Compact, NKT Photonics) with spot size of 2 mm at small incident

angles, measured from the normal to the PhC plane. (Fig. 2-3) The PhC slab was

placed in a precision liquid cell containing toluene (n=1.49), representing a potential

future incorporation of the slab into fluidic systems for organic lasers and sensing
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Figure 2-2: SEM images of the fabricated PhC. (a) Top-view, (b) Tilt-view, and (c)
Side-view SEM images of the fabricated PhC. The structure is made of a 250 nm thick

Si3 N 4 with periodic cylindrical holes on top of 6 pm thick SiO 2 layer with average

period of 320 nm, average hole diameter of 160 nm, and average hole depth of 55 nm.

The inset shows an image of the sample of around 7 x 7 mm2 . The pattern is defined

all over the area.

applications. The liquid cell was mounted on a precision motorized rotating stage

(ESP300, Newport) with a resolution of 0.01 . A schematic of the experimental

setup is shown in the inset of Fig. 2-4(a). Passing through a beam splitter, the laser

beam is back-reflected from the PhC slab at an angle set by the horizontally rotating

stage and collected by a spectrometer with a resolution of 0.03 nm (HR4000, Ocean

optics). The polarization of the randomly polarized incoming beam was set using a

polarizer to be either E- (horizontal) or Ey (vertical). Fig. 2-4(a) and 2(d) depict

the reflection spectra measured for each of the polarizations at 61 different angles

between 00 and 2' (measured from the normal towards the x-axis). The reflection

spectra reveal eight energy bands.

2.4 Finite-difference time-domain simulation

To corroborate these results we used finite difference time domain simulation [23] to

calculate the modes of the PhC. The computational cell consisted of a 250 nm thick

Si3 N4 with refractive index of n = 2.02 on top of an "infinitely" thick layer of SiO2

(n = 1.45). Hole with depth of 55 nm and diameter of 160 nm was introduced in
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Step 1. Reference Measurement
Mirror

SpectrometerI PhC sample on
a rotating stage

Broadband Laser S e I
Beam Splitter Flipping

Mirror

Step 2. Reflectivity Measurement

Spert

I Broadband Laser Source I
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A(nm)
Set It a5
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0.51
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1

0.5
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Figure 2-3: Optical measurement setup. The setup consists of a broadband laser

source, a rotating stage, and a spectrometer. To obtain the reflectivity of the sample,

a beam splitter and a flipping mirror was placed between the laser source and the

stage. @: Spectrum of the laser source, @: measurement mode is changed to a

reflectivity mode, @: spectrum of light reflected from the sample after flipping mirror

is flipped.

26



(a)

0 0.5 1 1.5 2
Angle (degrees)

(d)

58
E

... 59

61

0 0.5 1 1.5 2
Angle (degrees)

(b)

0 0.5
Reflectivity

(e)

0 0.5
Reflectivity

0 20.5 1 1.5
Angle (degrees)

Figure 2-4: Band diagrams of the PhC obtained from reflectivity measurement and

finite difference time domain (FDTD) simulation. Reflectivity measurements of the

PhC with (a) Ey and (d) E, polarized beam. (b), (e) A slice of the reflectivity
spectrum at 1.80. (c), (f) Band diagram of the eight lowest energy modes (measured at

the I' point) of the PhC obtained from FDTD simulation. The four lower frequencies

modes (numbered 1-4) are TE-like and the four higher frequencies (numbered 5-8)

are TM-like. Modes excited externally by odd (even) polarized source with respect to

the x-axis are colored purple (green); other modes are shown with gray dashed lines.

Their E2 field profiles at the center of the Si3 N4 layer at k = [0.01, 0]-(27r/a) are

also shown. Contour of the hole is shown with black dashed circle. The inset depicts

a schematic of the unit computational cell used in the numerical calculation. By

applying periodic boundary conditions the simulated structure becomes periodically

infinite.
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the center of the top surface of the 250 nm thick Si3 N4 layer and was filled with

refractive index of n = 1.49 corresponding to toluene. Periodic boundary conditions

in the in-plane directions were applied with periodicity set to 320 nm. A schematic

drawing of the computational cell is shown in the inset of Fig. 2-4(c). The realization

of the infinitely thick layers was achieved by burying the out-of-plane boundaries

into perfectly matched layer (PML) [24] while leaving enough space between the

PML layer and the Si3 N4 boundary. In the real structure, the SiO 2 and toluene are

each a few micrometers thick making the evanescent tail of the guided resonance field

negligible at their outer boundaries, therefore justifying modeling effectively infinitely

thick layers in the numerical calculations. We used the Harminv tool of MEEP [23] to

calculate the resonant frequencies of the structure and their radiative quality factors.

Fig. 2-4(c) and 2-4(f) show the dispersion curves of the eight lowest energy bands

along the F-X line (k(F) = [0, 0}-(27r/a), k(X) = [0.5, 0]-(27r/a), k = [k, k.] and kX

= (w/c)sin(6)). The four lower frequencies bands are TE-like (numbered 1-4) and the

four higher frequencies are TM-like (numbered 5-8). The presented E, component of

all eight modes are calculated at the center of the Si3 N4 layer at k = [0.01, 0]-(21r/a).

The calculated resonant wavelengths are shifted by not more than 0.5% from the

measured spectra, well within the uncertainty of the measured periodicity or the value

of the refractive index. Exception to that is the TE-like mode number 2 in Fig. 2-4(a)

that appear to be very faint (almost missing): we explain the cause for this later.

It is evident from the measured spectral reflectivity of Fig. 2-4(a) and 2(d) that the

incident beam may excite different modes of the PhC depending on its polarization.

This can be understood from symmetry considerations: exciting the PhC slab with

a source of one type of symmetry results in coupling to the modes of the same type

of symmetry only. Note that moving away from F to X the symmetry group changes

from C4, to Clh [25], reducing the number of irreducible representations from 5 to

2. Mirror reflection operation around the x-axis leaves the modes of one irreducible

representation unchanged, while the modes of the other irreducible representation are

altered by a factor of -1. We can determine the symmetry of each mode by examining

the mode profile of its E, component as shown in Fig. 2-4(c) and 2-4(f). Modes 1, 2,
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Figure 2-5: Simulation results for radiative quality factors. The high-Q singly-

degenerate modes are shown with solid lines, while the doubly-degenerate (at F)

are shown with dotted lines.

4, and 6 are altered by a factor -1 under mirror reflection operation around the x-axis

and hence excited by Ey polarized source, while modes 3, 5, 7, and 8 are unchanged

under the same operation and hence excited by E, polarized source.

Fig. 2-5 depicts the calculated Qt,.al of these eight bands. It reveals that while

the doubly-degenerate (at F) bands 3, 4 and 6, 7 have finite Q1,a' at k~0, the singly-

degenerate (at F) bands 1, 2, 5, and 8 have Qloal that go to infinity when approaching

k=0. This can be qualitatively understood from symmetry arguments. As mentioned

earlier, a mode at the F point belongs to one of five irreducible representations of the

C4, point group [20,25]. One of the irreducible representations is doubly degenerate

and has the same symmetry as free-space modes, while the rest are all singly degener-

ate and are completely decoupled from free-space modes. As a result, Q ,al of these

four singly-degenerate modes at the F point should be infinite despite lying within

the light cone, while the doubly-degenerate modes have finite Ql,.a'. As we move
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away from F to X the point group becomes Clh and doubly-degenerate modes split

into two. The two irreducible representations of the Clh point group share symmetry

with the free-space modes and therefore Q''l become finite for all resonances, as is

evident from the calculation.

2.5 Temporal coupled-mode theory

To gain a deeper insight into the physics of the measured resonances, we developed a

semi-analytical temporal coupled-mode theory model that accounts for the presence

of guided leaky resonances in the Si3 N4 layer [6,20]. We assumed that the energy of

the resonance is allowed to decay exponentially over time into one of the following

four channels: (i) far-field radiation into toluene, (ii) far-field radiation into the SiO 2

layer, (iii) material absorption in the Si3 N4 layer, and (iv) incoherent scattering losses

due to fabrication disorder. Coupling into each of these channels can be quantified

by correspondingly defining the following quality factors: (i) Q',d = Wora~/2, (ii)

QO2 T 2/2, (iii) Qaib, = wo-rit,/2, and (iv) Q t = worf0 '/2, where wo is
rad ~Oad los 088s 08s088

the resonant frequency in consideration and r is the lifetime over which the field

decays by e-. As such, the total radiation into the far-field is characterized by

l/Qtotal = 1 /Qtol + 1/Q~i2, while 1/Q*0tal 1/Qabs + l/Qsca, represents the totalrad - rad a )8 ents thes total

loss in the system. At 632 nm, using the prism coupling to the Si3 N4 layer of the

bare wafer, 1/Qabs of the Si3 N4 layer was measured to be higher than 105 (includes

scattering losses of the bare wafer). This provides us with an estimate of an upper

bound on Qb," of the PhC slab; Qi,, could be lower than that if the surface was

contaminated with absorptive material during the fabrication process.

We excited the model with an incident source propagating from the top and

impinging onto the Si3N4 layer resonant cavity. From first-order perturbation to

Maxwell's equation, energy conservation considerations, and neglecting second-order

effects, we attained the following expression for the reflectivity of our sample:

2 rytol ' (tolrd + SiO2 td) 2
iPhC rd - (w - w 0) + -yto O2 + /ioy (2.1)
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rd and td are the complex reflection and transmission coefficients of the sample

without the square lattice of cylindrical air holes. -yto and 7SiO2 are the coupling

strengths of the resonant mode to the top environment and the SiO2 layer respectively,

and can be related to the quality factors by 7y 2 = wo/QS2 and 7t?

From Eq. (2.1), it becomes obvious that there exist two temporal pathways: rd,

represents the direct transmission and reflection processes of the uniform stack, and

the second term represents the guided resonances excited within the Si3N4 layers

whose energy leaks into the far-field. It is the superposition of the two physical

processes that contribute to the typical narrow Fano line shapes superimposed on

a Fabry-Perot-like background that are observed in the reflectivity spectra of Fig.

2-4(b) and 2-4(e).

In order to retrieve the QtotaL from the measured data, we first fit the smooth

background without the narrow line shapes to retrieve rd and td by curve-fitting

the measurement results without the Fano resonances to an analytic formula of a

homogeneous slab with an effective refractive index [201. This accounts for the smooth

undulating background in the reflectivity spectrum, as can be seen from the fitted

blue line in the right inset of Fig. 2-6. Next, Eq. (2.1) is fitted to the desired

Fano resonance of the measured data (red circles in the right inset of Fig. 2-6)

using nonlinear least squares method to attain the values of toi, 7SiO2 , T o, and

wo. From these fitted values, the corresponding Qtotai is retrieved by 1/Qtoal =

1/Q,. + 1/QloS, ,where Qto, includes losses from both material absorption and

scattering due to fabrication imperfections.

The results are summarized in Fig. 2-6, with an example of a fitted Fano resonance

curve for the data measured at 0.80 of band 5. A complementary approach that also

provides further intuitive understanding to calculate the reflection from such structure

was proposed by Pottage et al [26].
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Figure 2-6: Qtota" values retrieved by fitting Eq. (2.1) to the measured data. Insets

show the reflectivity spectra of leaky mode 5 measured at three angles (0.10, 0.40,

and 0.8*). The right inset depicts an example of the curve fitting process discussed

in the text. Note the distinct higher quality factors of the singly-degenerate modes

close to zero angle (i.e. zero wave vector).

2.6 Discussion

Fig. 2-6 reveals a clear distinction between the singly-degenerate (modes 1, 2, 5, and

8) and the doubly-degenerate (modes 3, 4, 6 and 7) modes at small angles. While

the measured value of Qto'al increases when approaching k=0 for modes 1, 5, and 8,

the doubly-degenerate modes have decreasing or fixed values. We note that although

Qtotal as high as 104 are observed, the calculated Qt,.al (Fig. 2-5) of the singly-

degenerate modes are much greater at small angles, suggesting that close to k=0 the

resonant energy decay is dominated by absorption and incoherent scattering from

fabrication imperfections (Qtotal ~ Qfotal 104), both of which could be significantly

reduced by improving the fabrication process. On the other hand, the four low-Q

bands 3, 4 and 6, 7 in Fig. 2-6 have Qt*tal values that are comparable to the calculated

Q," and smaller than Qtoolf. Indeed, FDTD calculations of the resonant mode show

that the energy confinement is approximately unchanged within the plotted range of

angles, suggesting that Q is relatively constant in the considered range of angles.
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Apart from limiting the values of Qtotai and hence the linewidth of the resonant

lineshapes, the presence of relatively large scattering loss and absorption compared

to far-field radiation near normal incidence leads to reduced resonant amplitudes.

Conversely, the decrease of Qr1al away from the normal provides a better match

between Q"'J and Q ,l which leads to an increase in the height of the features.

This is consistent with Eq. (2.1), and also explains why band 2 appears only weakly

in the measurement results shown in Fig. 24(a). Unlike other high Q*,*al modes

whose values decrease rapidly away from the F point, the Q1a'l of the missing TE-

like band 2 remains high (Fig. 2-5) for most angles, resulting in small reflectivity

amplitudes which are harder to detect.

2.7 Concluding remarks

In conclusion, we experimentally differentiate and demonstrate the existence of a spe-

cial class of resonances in PhCs with quality factors that could, in principle, approach

infinity despite lying within the light cone. These non-degenerate Fano resonances

are delocalized modes that decouple from the light cone states at k=0 due to sym-

metry considerations. A clear distinction between these modes and degenerate Fano

resonances with finite Qtotal at the F point is presented. With future improved fabri-

cation that decreases the roughness and non-uniformities of the PhC slab, the current

observed quality factors of ~104 can be significantly enhanced. The experimental re-

alization of this mode has several important consequences: 1) the strongly enhanced

field close to the PhC surface and the simple access to it provides a new platform for

the study of light and matter interaction; 2) it offers an easy-to-fabricate structure

that supports delocalized modes with ultrahigh quality factors; 3) it can be shown

from coupled mode theory [27] that up to 50% of external radiation can be coupled

to these strongly confined modes in symmetric PhC slabs, when one ensures that

the Q-matching condition between the radiative life-time, and the absorptive life-

time is satisfied; and 4) despite the macroscopically large area resonator, only a few

high-Q modes are supported within a fairly broad frequency range. The delocalized
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nature of this mode is particularly important in applications where the interaction

of an enhanced electric field with a macroscopic volume of matter can dramatically

improve the performance of the process, such as in bimolecular sensing and organic

light emitting devices. Furthermore, the realization of this novel resonance could

enable the enhancement and the demonstration of new physical phenomena in laser

physics, energy conversion, nonlinear optics, and optical filters.
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Chapter 3

Fabricating centimeter-scale high

quality factor two-dimensional

periodic photonic crystal slabs

3.1 Introduction

High quality factor (Q) micro-resonators [28,29], characterized by narrow resonance

linewidths and long photon storage time, are excellent candidates for sensors with

enhanced detection sensitivity [30,31] and efficient large-area laser cavities [32,33].

In such practical device applications, it is desirable to realize high Q resonators with

simultaneously large areas and wide free spectral ranges (FSRs). Cavities with large

areas are desirable to trap sufficient energy for realizing sensing and energy harvesting.

In addition, a wide FSR ensures that adjacent discrete cavity modes are well separated

in order to promote single-mode operation. Several very high Q micro-resonators such

as defects in photonic crystals (PhCs) [32-35], micro-toroids [30,31,36], and micro-ring

resonators [37,38] have been extensively studied over the past few decades. However,

defect PhC devices have very small sizes, and while micro-toroids and rings are typi-

cally larger, their FSRs are fairly narrow. Here, we demonstrate optimized fabrication

of a centimeter scale 2D defect-free PhC through which we obtained increased Q by
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a factor of three compared to [1]. Thus, the final samples possess high Q, large area,

and wide FSR. By analyzing the resonances of our structure through reflectivity mea-

surement over a broad frequency range, the pattern quality was quantified in terms

of Q. This Q reflects not only the surface roughness and pattern shape, but also the

sidewall roughness and the nanometer scale variation of the pattern properties over

the whole structure, such as periodicity and hole sizes. Therefore, Q can systemically

quantify the average quality of millions of periodic patterns over a centimeter scale,

which is not feasible to do by characterizing a localized nanometer scale area with

atomic force microscopy (AFM) or scanning electron microscope (SEM).

3.2 Sample fabrication

To achieve high Q resonances in the visible wavelength range, both the bulk material

properties and the nanoscale geometry have to be considered. Experimentally attain-

able Q is bounded by bulk material absorption. A LPCVD-deposited Si3 N4 layer on

top of a 6 pm thick SiO 2 layer on Si substrate is used in this study. Through an

absorption test enabled by a prism coupler, Q limited by bulk materials absorption

is found to be 5x105 at A = 633 nm. With a refractive index of 2.02, Si3 N4 forms

sufficient index contrast with SiO 2 (index of 1.45) below and air or fluids on top, so

more than 80% of the mode energy is confined within this Si3 N4 layer with thickness

of less than 200nm. The fabrication process consists of deposition of a quadlayer

resist stack, pattern definition by interference lithography (IL) [39], pattern transfer

by reactive ion etching (RIE), and removal of the remaining resist. Fig. 3-1 shows the

schematic outline of the fabrication process. The quadlayer is comprised of a layer of

antireflection coating (ARC, XHRiC-16), a thin layer of SiO 2 deposited by electron

beam evaporation, a negative photoresist (PR, THMR-iN PS-4), and another thin

layer of ARC (ARC', XHRiC-16). XHRiC-16 is an ARC material specifically de-

signed for dry etching processes, which makes metal hard masks unnecessary. Metal

hard masks are robust, but even a very small amount of metal residue substantially

increases light absorption and therefore limits the highest achievable Q's. XHRiC-16
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is robust enough to etch several hundred nanometers of Si3 N4 and eliminates any po-

tential metal contamination. ARC is introduced to limit the amount of light reflected

back into the PR layer. Otherwise, this reflected light will form a vertical standing

wave with the incident light, which causes poor sidewall profiles in the PR layer. The

thickness of the ARC layer is optimized to minimize the reflection at the bottom of

the PR layer. Together with another thin layer of ARC (ARC') on top of the PR

layer, the reflection can be further reduced, as shown in Fig. 3-1(e). It reduces the

overall reflection by roughly a factor of two and the minimum reflection by a factor

of one hundred, which provides tolerance to an increase in reflectivity from a small

deviation in the thickness of each layer of the resist stack. The SiO 2 layer is used as

a hard mask while the ARC layer is etched.

After the deposition of the resist stack, IL uses a 325 nm He/Cd laser to define

the 2D periodic pattern on the PR layer. The laser beam is split into two mutually

coherent beams, and the angle between the two beams determines the periodicity of

the pattern. A single exposure defines a ID grating pattern, and a following perpen-

dicular exposure defines the 2D square array pattern [401. The shape and the size

of the holes after development are determined by the exposure time. Short expo-

sure results in large diamond shape holes, and long exposure results in small circular

shape holes. Optimal exposure typically produces round holes with a diameter to

periodicity ratio (d/a) of 0.3-0.5. The ratio, d/a, is 0.5 in this study. Two types of IL

systems are explored here: Lloyd's mirror (LM) and Mach-Zehnder (MZ) [41]. Higher

Q's were observed from the samples exposed using MZ. The comparison between the

two IL systems will be further discussed in a later section. The exposed PR is hard

baked (110 'C, 90 sec) and developed in a commercial developer CD-26 (20 'C, 60

sec). The image of a 4-inch wafer after development is shown in Fig. 3-2(b). The 2D

periodic pattern on the PR layer produced a diffraction pattern when two external

fiber light beams illuminating it. Then, the PR pattern is transferred to the Si3 N4

layer using RIE (Plasmatherm 790). The two ARC layers are etched with He:0 2 =

16:8 sccm (10 mTorr, 200 V), and SiO 2 and Si3 N4 are etched with CHF3:02 = 16:3

sccm (10 mTorr, 400 V). After the RIE steps, the remaining ARC layer is removed
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Figure 3-1: (a)-(d) Schematic outline of the process flow: (a) Deposition of the resist
layers, where ARC' stands for a thin ARC layer, (b) pattern definition by interference
lithography followed by development, (c) pattern transfer to the Si3N 4 layer by RIE,
(d) removal of remaining resist stack. (e) Reflectivity at the bottom of the PR layer
as a function of the thickness of the ARC layer. It is important to minimize the
amount of light reflected back into the PR layer because it forms a vertical standing
wave with the incident light. This produces poor sidewall profiles after development,
and hence low Q's of resonances. The green and red curves represent the reflectivity
with and without 45 nm of ARC' layer, respectively. The existence of the ARC' layer
reduced overall reflectivity by roughly half and so did the minimum reflectivity by a
factor of one hundred.
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Figure 3-2: (a) Schematic drawing of the reflectivity measurement setup. Enlarged

view of reflection path of light from the PhC sample is also represented on the right.

(b) Image of an exposed 4-inch wafer after development. The two diffraction beams

were produced by two fiber light beams. This shows the 2D periodic pattern was

defined over the entire area of the wafer. (c) Top-view scanning electron micrograph

of the final sample with periodicity of 375 nm.

completely by immersion into a commercial post-etch residue remover EKC-265. A

top-view SEM image of the final PhC structure is shown in Fig. 3-2(c). Higher Q's

were observed when the PR after development is descummed using 02 RIE. This

descumming step smoothens the wavy sidewalls of the PR pattern, allowing more

anisotropic pattern transfer afterwards. This step will be further discussed in a later

section.
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3.2.1 Interference lithography

IL is the most important step that defines the periodicity and the shape of the holes.

IL has many benefits compared to the conventional photolithography. First of all,

it doesn't require a photo mask. Therefore, you don't have to spend time making a

photo mask, and your pattern is not limited by the feature size of the photo mask.

Second, it is very quick (order of a few minutes) and generates dense features over

a wide area (order of cm2 ) without loss of focus. In 1 cm2 area, around one billion

holes are be defined in only a few minutes, while it takes tens of hours to generate

the same number of patterns with an e-beam lithography. The smallest feature size

that IL can make is half of the wavelength of the beam, so with UV lasers a pattern

with a feature size as small as few hundreds of nm can be produced. The drawback

of IL is that the shape of the pattern it can make is very limited. You cannot make

an arbitrary pattern with IL. A single exposure can make a 1D grating, and a double

exposure can make a 2D square array of cylindrical pattern. Using more than one

beam can make hexagonal array patterns, but still there is limited freedom in pattern

shape.

An illustration of the Lloyd's mirror IL system is shown in Fig. 3-3. The source

is a 325 nm He/Cd laser. Consider the two large-area monochromatic plane waves of

wavelength A and amplitudes E1 and E2 , as shown in Fig. 3-3(b). Two waves can be

represented as

El(r, t) = i 1Elcos[ki - r - wt + # 1(t)] (3.1)

E2(r, t) = 62E2cos[k2 r - Wt + 02 (t)] (3.2)

where 01 (t) and 02 (t) are reference phases of each beam. The combined field ampli-

tude at r is E = E1 + E2 , and thus the intensity of the interference pattern is given

by
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(a)

(b)

Mirror-

After development

Figure 3-3: (a) Diagram of the Llyod's mirror setup. Since the beam is split at

the mirror, path difference of two beams is minimized, so the pattern becomes less

vulnerable to vibration. (b) Magnified diagram of the stage. The angle of incidence

is controlled by rotating the stage. (c) A ID grating pattern defined on PR after a

single exposure.

41

Spatial Filter 
Wrror

Subsrt 

Stage



=A A

24/40A

0 200 200
0 MO

4400 -1

200-

Figure 3-4: Field intensity distribution after double exposures and its contour diagram

I(r) oc < IE1(r, t)1 2 > < 1E2(r, t)1 2 > + 2 -< E1(r, t) -E2 (r, t) >

= Ej'/2 + Ej/2+ < ($1 - 2 )E1E2 cos[(ki - k2 ) - r + 4 1 (t) - 42(t)I >

= E /2+ Ej/2+ < ( e1- 2) > E1E2 < cos[(k1 - k2 ) -r 1)1 (t) - #()

(3.3)

As can be seen in Eq. (3.3), there are two conditions to be satisfied for a stable

interference pattern: i) < (6 i - e^) ># 0 and ii) #1i(t) - 1)2 (t) is stationary. Therefore,

two beams have to be mutually coherent and their polarization direction must not

be orthogonal. Solving the cosine term gives the period of the pattern, A = A/2sin9.

Path difference is minimal in this setup, and its relatively long coherence length

compared to the path difference ensures the mutual coherence condition.

A single exposure defines a iD grating pattern, as shown in Fig. 3-3(c). A double

exposure with the second exposure after rotating the sample by 900 defines a 2D

square array pattern on the PR layer. The shape of the pattern depends on the

exposure time and the type of PR, and it is illustrated in Fig. 3-4 and 3-5. Fig. 3-4

shows that the contour changes from circular (red) to diamond (green) to circular

(blue). A negative PR is a type of PR which becomes insoluble after it is exposed to
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Negative PR

Positive PR

-b

Figure 3-5: Illustration showing how the pattern on a negative and a positive PR
change with exposure time. For a negative PR, the pattern changes from the rods
to the holes. Cylindrical rods initially appear at maximum intensity points, and the
insoluble area expands and meets as exposure time increases, and finally leaves holes.
Near the saddle point, the pattern becomes a diamond shape.

light. Therefore, with very short amount of exposure, the area around the maximum

intensity (red) becomes insoluble first, so cylindrical rods are made. As exposure

time increases, the insoluble area expands, and the cylindrical rods become diamond

(green) rods, and finally the rods meet each other and leaves cylindrical (blue) holes.

This process is illustrated in Fig. 3-5 for both types of PR. Theoretically, either type

of PR can produce both cylindrical rods and holes. However, too short exposure time

produces lots of noise, and the resulting pattern rarely has high quality. Therefore,

a negative (positive) PR should be used for holes (rods). With right amount of

exposure, a 2D square array of cylindrical hole pattern can be obtained from a negative

PR. A reasonably circular pattern has size of d/a ~ .3~0-.5, which can be controlled

by exposure time. To get a larger (d/a > 0.5) hole, you need to use Asher (isotropic

dry etching machine) to expand the holes after development.

Mach-Zehnder (Fig. 3-6) is the other type of IL system. MZ shares exactly the

same principle, but it generally produces better patterns at the cost of complexity of

system alignment. Two most notable strengths of MZ are 1) stable exposure and 2)

larger exposure area. MZ has a piezo sensor which detects even very small vibrations

and move the beam-splitter stage to compensate the vibrations. MZ has much longer

arm length than LM, which enables larger exposure area.
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Figure 3-6: Diagram of the Mach-Zehnder setup. Llyod's mirror and Mach-Zehnder

share the same principle: formation of a standing wave with two mutually coher-

ent laser beams. Compared to Lloyd's mirror, Mach-Zehnder produces more stable

pattern since it has a piezo sensor which recognizes and minimizes even very small

vibrations from the environment.
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Figure 3-7: (a) The band diagram calculated with MEEP. The frequency is plotted
along the x-axis, and the wave vector is converted to the angle and plotted along
the y-axis. The numbers inside the graph (Qth) represent the theoretical radiative
quality factors of each mode calculated with MEEP. The two lines on the left are low
Q modes degenerated at the F point, and the line on the right is a high Q mode whose
radiative Q diverges at the F point. (b) Experimental reflectivity data measured at
0.20. The frequencies of the peaks agree well with the calculation result. (c) The high
Q peak in (b) was measured again with a higher resolution, and the data was fitted
to the reflectivity formula derived from coupled mode theory. The red dots are the
measured data, the blue curve is the fitted background, and the green curve is the
final fitting result.

3.3 Sample characterization

The characterization of the PhC slab is performed when the light from a super-

continuum laser source (SuperK Compact, NKT Photonics) is reflected from the

sample, and this light is recorded with a high resolution scanning monochromator

(1250M, HORIBA) at small incident angles (0-0.5'). The measurement setup is il-

lustrated in Fig. 3-2(a). The sample was placed in a precision demountable liquid

cell containing methanol, and the whole cell was mounted on a motorized rotational

stage (ESP300, Newport). To corroborate experimental results, finite difference time

domain simulation, MEEP [23], was performed to calculate the modes of the PhC.

Figs. 3(a) and 3(b) show the simulation and the experimental results, respectively.

Fig. 3-7(a) is the band diagram of the PhC. Wave vector k is converted to
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angles on the y-axis while the frequency is represented by the x-axis. Calculated

Qrad of each mode is also shown in the plot. The singly degenerate mode has infinite

Qrad at F, while the doubly degenerate mode has finite Qrad at F and split into two

modes as k-point moves away from F towards X [1]. Fig. 3-7(b) is the reflectivity

measurement result at 0 = 0.2'. In Fig. 3-7(a), the doubly degenerate mode starts

to split at 6 = 0.20, and this was experimentally observed, as shown in Fig. 3-7(b).

Also, the spacing between the doubly degenerate (or low Q) mode and the singly

degenerate (or high Q) Fano resonant mode in Fig. 3-7(a) and the one in Fig. 3-7(b)

agree well with each other. As the reflectivity measurement approaches 6 = 00, the

observed Qtotal (where 1/Qtotal = 1/Qrad + 1/Qio&,) of a high Q Fano resonant mode

can be approximated to be the same as Qis,. In this way, the degree of fabrication

imperfections was quantified in terms of Qtotal. This is a valid approximation because

Qrad of the high Q mode diverges as k-point moves toward F, while Qi0, was found

to be almost constant [1]. The sidewall roughness and variations in periodicity and

size of holes are taken into account in the Qtota, as well as the surface roughness and

pattern shape. Therefore, this approach enables measurement of the average quality

of overall PhC structure, while the common visual analysis tools such as AFM or

SEM provide quantitative descriptions of microstructure details. Note that, however,

the exact origin of Ql. is hard to trace using this approach.

Qtotal of the sample is retrieved by fitting Eq. (3.4) to the reflectivity measurement

data. This formula has previously been derived from temporal coupled mode theory

[1].

2 =t - (ytrd + -ybtd) 2

i(w - wo) + -y2/2 +7y/2+ 1/+ i(4

rd and td are the complex reflection and transmission coefficients of the sample

without the 2D pattern, which can be obtained by fitting the background data (Blue

line). -y and -yb are the coupling strengths of the resonant mode to the top (Methanol)

and the bottom (SiO 2 ) layers, respectively. wo and 1/Tloss are center frequency of the

resonance and resonant energy decay rate due to fabrication imperfections. These
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Table 3.1: Fitted Qttal of various PhC samples.

QtotaI Hole Depth
60nm 120nm 180nm

LM 10K O(103) (12
MZ 16K 14K 9K

Optimized MZ 32K 19K 17K
E-beam lithography 10K 7K 6K

four parameters are fitted using a non-linear least squares method (Green line) and

used to compute QtOtal. The fitting process is shown Fig. 3-7(c). Table 3.1 shows

Qtotal obtained from PhC slabs fabricated with various methods and hole depth. The

thickness of Si3 N4 layer was 180 nm, and holes were etched 60, 120, and 180 nm. In

general, deeper hole depths resulted in lower Q because of longer RIE step.

3.4 Discussion

IL is a fast, inexpensive, and maskless lithography method; therefore, it is an optimal

choice to fabricate large area periodic patterns. We studied two IL systems: LM

and MZ [41]. Both systems share the same principle: formation of a standing wave

with two mutually coherent laser beams. The MZ setup has a piezo sensor which

recognizes and minimizes even very small vibrations. MZ can also expose larger size

substrates. As shown in Fig. 3-2(b), the entire 4-inch wafer can be exposed with a

single exposure. Therefore, it provides a high throughput as well as ease of quality

control. Since all samples produced from the same exposure have the same degree

of exposure quality, we were able to determine whether Q measured from the PhC is

attributed to the exposure or other factors. In contrast, in the LM setup, each piece

has to be exposed one by one, resulting in varying degree of exposure quality. In table

3.1, PhCs fabricated from LM showed Q of 10K [1], but the ones from MZ (other

conditions were not changed) showed Q of 16K. As shown in Fig. 3-8(a), PR sidewalls

were wavy and not perfectly vertical after development. Common positive PRs that

do not cross-link may be heated up to their softening point and reflowed. However,

because most negative PRs (including THMR-iN PS-4) cross-link, they cannot be
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Figure 3-8: (a) After development, sidewall profiles were wavy and slanted. (b) After

02 RIE process, sidewall profiles became more vertical and straight.

smoothened out through a reflow process. Therefore, 02 RIE was used to make the

sidewalls of the PR layer more even and vertical, as shown in Fig. 3-8(b) [42]. This

allows more anisotropic etching in the subsequent layers. Improvements in the Q's

were observed when this step was implemented. This 02 RIE etches the ARC' layer at

the same time. Different gas compositions for SiO2 and Si3 N 4 RIE were also studied.

We confirmed that the mixture of CHF3:02 = 16:3 results in higher Q than CF4

gas [37]. After all of these optimization steps, Q of 32K was measured.

Lastly, we fabricated PhC slabs using electron beam lithography (F-125, Elionix).

The pattern area was 600 x 600 pm2 , which is sufficiently large that Q is not limited by

its pattern size [17]. Exposure took around 6 hours, but their Q's were not higher than

the ones fabricated using IL. By optimizing exposure conditions, Q can be further

improved, but the low throughput and limited pattern area prevents electron beam

lithography from being considered as the optimal candidate for large area high Q

PhC fabrication.

3.5 Concluding remarks

In conclusion, we reported a centimeter scale large-area high-Q defect-free 2D PhC

fabrication process and a unique way to measure and comprehensively quantify the

quality of 2D PhC slabs. The fabrication steps that we established here improved Q
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by a factor of three from our previous study [1]. We further confirmed that IL is a more

suitable method to fabricate macroscopically large PhCs in terms of cost and time

efficiency, compared to e-beam lithography. Since theoretical Qr"a is unbounded,

improving the fabrication process can further enhance attainable Q in the future. For

example, by expanding the IL laser beams to a wider angle or by shaping the beam

profile to a more uniform distribution, spatial power distribution will become uniform,

and spatial variation of the pattern will be decreased. Post-process thin dielectric film

coating using atomic layer deposition might also improve Q [43]. Furthermore, the

fabrication and measurement schemes presented here can be universally used for other

materials or structures. Along with the fact that the 2D pattern studied here has

ultra high Q, large area, strong confinement near its surface, and ease of incorporating

into a system, this work could be utilized to realize biomolecular sensors, organic light

emitting devices, large area lasers, and other energy conversion systems.
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Chapter 4

Terahertz lasing action in

high-pressure optically-pumped

molecular gases

4.1 Introduction

Optically-pumped far-infrared (OPFIR) molecular gas lasers, which operate through a

rotational state population inversion induced by an infrared (IR) pump laser, remain a

powerful source of terahertz (THz) radiation [44-46. Commercially available OPFIR

lasers are typically huge (1-3 m long x 2 cm radius) because of their low-pressure

operation and the need to absorb pump power [45-481. Various models have been

developed to explain the behavior of OPFIR lasers, whose primary inversion occurs

between two rotational states in an excited vibrational level of the molecule. [44-

46]. Later, a significantly improved theoretical framework was introduced to describe

the spatio-temporal dynamics of OPFIR lasers by considering both spatial diffusion

and collisional processes to estimate radial population gradients and overlap of the

inversion and the various cavity modes [49]. The results of that model agreed quite

well with the experimentally measured low-pressure behaviors and allowed the net

effective gain to be predicted accurately.
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However, Ref. [50] demonstrated an OPFIR laser more than 1,000 times smaller,

and it was experimentally observed that this compact laser operated at much higher

pressures than could be explained by these models. High-pressure operation provides

power and frequency tunability, but a high pressure limit - or cutoff pressure - is

reached through a mechanism called the vibrational bottleneck. Since the primary

relaxation channel for pump-induced vibrational excitation is diffusion to and collision

with the cell walls, vibrationally-excited molecules become increasingly trapped there

as pressure increases. Consequently, as the rotational levels fill at high pressure,

the pump-induced inversion is quenched. Applying existing models of OPFIR laser

performance to the compact, 0.25 cm diameter laser cavity incorrectly predicted that

the vibrational bottleneck would occur at a cutoff pressure of 0.44 Torr, independent

of pump power [50]. However, the experiment showed lasing up to 1.7 Torr with a

cutoff pressure that increased with increasing pump power.

Through subsequent analysis of the collisional energy transfer, it was found that

high-lying vibrational levels become increasingly important to the operation of the

laser [50-56]. Indeed, this vibrational excitation collisionally redistributes molecules

to higher levels in a manner that depends on the pump rate, explaining the pump

power-dependent cutoff pressure observed. However, to our knowledge, no physical

model of this high pressure performance has been developed that adequately describes

the increasing role these excited vibrational levels play.

Here, we expand the theoretical framework of Ref. [49] and provide new experi-

mental data to describe for the first time how the excited vibrational levels contribute

to high-pressure operation of compact OPFIR lasers. The new model addresses the

three main limitations of previous models. First, a detailed calculation of the dynam-

ically evolving pump rate is developed. Second, a detailed diffusion model for the

wall collision rate is derived in order to estimate spatial population gradients. Third,

a faithful representation of how high-lying vibrational energy levels contribute to the

high pressure operation is constructed in spite of the fact that the salient collisional

energy transfer rates to these levels are unknown. The pump rate involves many

dynamical elements that evolve as the various energy transfer pathways operate, in-
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cluding spectral hole burning, saturation, varying pump power absorption length,

and radial field and population distributions. The diffusive wall collision rate is rig-

orously derived from first principles, and the methodology for involving high-lying

vibrational energy level system is made to reflect the fact that an increasing number

of vibrational levels are involved as pressure and pump power increase. Combining

these elements, we present a redesigned OPFIR laser model that qualitatively and

quantitatively reproduces new experimentally-measured high-pressure behavior for

two rotational inversions observed in the popular OPFIR laser gas 13CH 3F. However,

the model can be universally applied to any OPFIR laser gas. In this work, we use

13CH 3F in a cylindrical copper cavity (radius R = 0.25 cm and length Lee11 = 15 cm)

as a prototypical example to simplify the discussion and notation.

The theoretical analysis presented in this paper accounts for OPFIR lasing action

in the high-pressure regime while more accurately describing lasing action in the

low-pressure regime. Section 4.2 describes the concept of a thermal pool and how

it simplifies numerical simulation of the system. Section 4.3 elaborates the pump

rate definition, and Section 4.4 derives the wall collision rate. Section 4.5 presents

newly measured experimental results. Section 4.6 shows the limitation of the basic

energy system presented in Section 4.2, and Section 4.7 introduces a more accurate

vibrational energy level system that can be used for high-pressure operation.

4.2 Thermal Pool

The THz lasing action of a polyatomic molecular gas excited by a narrow-linewidth

and line-tunable IR CO2 laser is modeled in this paper. The model considers the 1 3 C

isotopomer of methyl fluoride, 1 3CH3 F, as a gain medium. Without any simplifica-

tions, the rotational and vibrational energy levels of 13 CH 3F and collisional energy

transfer mechanisms among them are very complicated to be modeled accurately.

A collisional process, where a molecule in a rotational state i collides with another

molecule and changes to a rotational state j as a result, can be expressed as:
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k -
Mi -:L+M VijE[1,n] (4.1)

If there are n states that are thermally populated, then n2 /2 collisional rate con-

stants (ki,) are needed to describe energy transfer pathways connecting all rotational

states (divided by two due to detailed balance). Considering there are approximately

n ~P 3,000 thermally populated states for 1 3CH3 F at T = 300K, there are n2 /2 -

4.5 x 10' rate constants, most of which are unknown. Fortunately, it was found ex-

perimentally that the vast majority of rotational states in a vibrational level remains

in rotational equilibrium among themselves; consequently, these rotational states may

be collectively represented as a "thermal pool" [51,57-59]. The total population of

the thermal pools may evolve in time through the flow of energy governed by the

collisional and diffusive processes. A thermal pool can thus be regarded as a collec-

tion of rotational states that are in thermal equilibrium, so the relative population

of rotational states separated by AE are populated according to a Boltzmann dis-

tribution (Ni/Nj = exp (-AE/kBT)) at the operating temperature T = 300K. This

thermal pool concept enables consolidation of numerous rotational states into a very

small number of thermal pools, enabling one to account for many rotational states

with only a few easily measured rate constants. The thermal pool concept has been

introduced in several OPFIR laser models [51, 57], and was validated by extensive

double resonance measurements [52,56].

Fig. 4-1 illustrates the six lowest vibrational energy levels of 13CH3 F and the var-

ious energy transfer mechanisms among the rotational and vibrational levels initially

considered in this work. The six vibrational levels are: Vo (ground), V3 , V6 , 2V3 ,

V 3 +V 6 , and 2V6 [60]. In methyl halides, each vibrational level is further split into two

thermal pools, one for each symmetry type (A and E) that represents the effectively

immutable symmetry associated with the nuclear spin alignment of the three H nuclei.

Before pumping the gas, these vibrational levels can simply be modeled as thermal

pools because all rotational states in the vibrational levels are in rotational equilib-

rium. However, upon pumping, the rotational states in VO and V3 that are directly
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Figure 4-1: Illustration of vibrational energy levels of 13 CH3 F in a six-level model.

A collection of rotational states under rotational equilibrium can be modeled as a
thermal pool. Each vibrational level has two thermal pools with symmetry types of
A and E. The six-level model considers the six lowest vibrational levels (12 thermal

pools) and nine K=3 non-thermal states, each in VoA and V3 A. J=4 in VoA and

J=5 in V3 A are directly connected by the pump (blue arrow), and are denoted as

L and U, respectively. Their adjacent non-thermal states are denoted as L 1 and

U 1, respectively, and population inversions (red arrows) are created between L+1

and L (refilling inversion) and U and U-1 (direct inversion). Details on each process

are described in the text.
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connected to the pump (as well as several neighboring states) no longer maintain

rotational equilibrium with their respective thermal pools; they include additional

population that cannot be described by Boltzmann statistics at thermal equilibrium.

Thus, this cluster of rotational states can no longer be considered part of the thermal

pools and must be modeled separately as "non-thermal" states, labeled as J=3, J=4,

... , J=11 in Fig. 4-1. As a result, the population of any of these rotational states can

be expressed as the sum of its thermal and non-thermal parts, where the non-thermal

part is the amount of population that differs from thermal equilibrium. The total

population of a non-thermal rotational state at J=i is

Nji = C .=i - Np + Nj=, (4.2)

where Cj=i is the rotational state fraction of the corresponding thermal pool popu-

lation Np,,, and Nj=i is the excess or deficient non-thermal population induced by

the pump and subsequent collisions. Note that Nj=i is initially zero when the pump

is off and is either positive or negative for only a few rotational states in V3 or VO,

respectively, when the pump is on.

The six-level model in Fig. 4-1 assumes nine non-thermal states (J=3 to J=11) in

VOA and V3 A each, all with the same K=3 quantum number as the states connected

by the pump (blue arrow in Fig. 4-1): J=4 in VoA and J=5 in V 3A. These lower and

upper non-thermal states are denoted as L and U, respectively, and their adjacent

states are L 1 and U 1. Population inversions (red arrows in Fig. 4-1) are cre-

ated between L+1 and L (refilling inversion) and U and U-1 (direct inversion). This

six-level model is an extension of the one presented in Ref. [49] where low-pressure

behavior was the main focus. The need to predict high-pressure behavior motivated

the extension of the vibrational energy level system. In Section 4.7, another vibra-

tional energy level system will be presented to predict even higher-pressure behavior.

The important collisional processes and how their rates are handled will be discussed

shortly, but first we need to discuss the pump process and how non-thermal popula-

tions are created since it is through the non-thermal states that the OPFIR rotational
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population inversion occurs.

4.3 Pump Rate

The IR pump creates the rotational inversion, and the pump rate (Rmp,) is defined

as

Rmp(r, t) = PL-u (r, t) ANpump(r, t), (4.3)

where pLU(r, t) is pump transition rate that is directly proportional to the pump

power Ppmp [49], and ANpump(r, t) is total molecular density difference between the

two rotational states L (J=4, K=3 in VoA) and U (J=5, K=3 in V3 A) connected

by the pump. As defined in Section 4.2, total molecular density in a rotational state

is the sum of the corresponding fraction of the thermal population and non-thermal

population (if it has any).

In order to describe the pump rate accurately, the velocity distribution of the

molecules must be considered. Molecules move in random directions at velocities

distributed by the Maxwell-Boltzmann statistics, resulting in a velocity distribution

with respect to a reference frame at rest. When a transition occurs, the Doppler effect

broadens the width of the distribution of frequencies through

= - , (4.4)
VO C

where vo is the IR transition frequency which corresponds to the energy difference

between L and U. Fig. 4-2 shows a relative velocity (or frequency) distribution of the

total (red), thermal (blue dashed), and non-thermal (blue solid) populations of L and

U at steady state under P = 300 mTorr and Ppmp = 10 W. Note that vo is close to but

typically not equal to the IR pump frequency v1 pump, and their difference Ivpmnp - vol

is referred to as the pump offset frequency voffet. Without loss of generality, we

reference vo to zero in Fig. 4-2; thus, the pump frequency is located at voffset.

When the pump is off, both L and U have inhomogeneously Doppler-broadened
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(a) Lower state, L

0 250
Velocity, m/sec

(b) Upper state, U

0 250
Velocity, m/sec

Figure 4-2: Velocity (or IR frequency) distribution of the steady-state molecular

population for the L (J=4, K=3 in Vo) and U (J=5, K=3 in V3 ) states at P =
300 mTorr induced by a 10 W pump. The total population (T+NT) is divided into

the thermal (T) and the non-thermal (NT) parts. The homogeneously broadened

(tAvp) Lorentzian non-thermal velocity subclass pumped by the laser is offset by
voffset = 30 MHz from the center of inhomogeneously broadened (tAVD) Gaussian

thermal background. Thus, the pump action creates a Lorentzian dip(peak) centered
at vloffset on the Gaussian profile of L(U). voffset and Av are equivalent to voffset and

Ave, respectively, in velocity.
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Gaussian frequency distributions of width (+ivD) centered at zero (which repre-

sents vo) with populations derived from their respective thermal pool. The pump

action changes the frequency distribution of the total molecular density of L and U.

When the pump is turned on, the molecules in the homogeneously pressure-broadened

Lorentzian velocity subclass of width (Aivp) centered at voffet (which represents

,-Pump) are transferred from L to U. Thus, a non-thermal Lorentzian dip(peak) cen-

tered at /offset appears on the thermal Gaussian profile of L(U). Note that in Fig. 4-2

the relative contribution of the non-thermal part (blue solid) to the total molecular

population (red) in V3 is more significant than that in Vo due to the smaller thermal

pool population in V3 -

ANpump(r, t) is calculated by integrating the difference between the two total

molecular population profiles (red solid lines in Fig. 4-2) within the velocity subclass

(+Avp) centered at vioffset after degeneracy (gjj = 2j + 1) is removed. At a given

radial distance r and time t, ANmp is defined as:

/voffset+AVPANpump = ANpump(v) dv, (4.5)

CL - Ngf - f(i/) + NYO . fp(i, /offset)
ANpump(v) L

Cu poo - fD(V) + N (A poffset)

9U

IVN 3)A and N ()A are thermal pool and non-thermal population, respectively, as de-

fined in Section 4.2. fD(v) and fp(v, voffset) are area-normalized Doppler-broadened

Gaussian and pressure-broadened Lorentzian functions, respectively,

fD (V) 1 -- exp [ln2 - (A/DJ](4.7)

fp(i/,i/offet) ( -v i/of fset) 2 + (AVP)2 (4.8)
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for which the half-width at half-maximum values of fD(v) and fp(v, Vofiset) for

1'CH 3 F are defined as:

AvD = - -1n2- = 3.58 x 10- 7vO - (4.9)
c m m

1
Av = 15(MHz/Torr), (4.10)

2_7rA- Ar"

where m is molecular mass in AMU and AT is mean collision time [60].

Within the velocity subclass centered at Voffset, the upper state population in-

creases and the lower state population decreases, and the difference in population

is reduced as the pump operates. Since the pump power absorption is proportional

to this difference in population ANpump(r, t), when the difference approaches zero,

pump saturation occurs. Pump saturation is strongly evident in very low-pressure

regime (< 20 mTorr for our 0.25 cm radius cell) because the number of molecules is

small and the velocity subclass is narrow. When this happens, power-broadening in-

creases the width of the non-thermal feature, somewhat mitigating pump saturation

and maintaining Rpmp > 0. These frequency- and pump power-dependent thermal

and non-thermal populations are also important at higher pressure, as their relative

strength determines the population inversion, as will be discussed in detail in Section

4.6.

In addition, the pressure-dependent absorption of the IR pump beam must be

considered for more accurate lasing predictions. The pump power Ppmp decreases

exponentially as the pump beam propagates through the cavity through Beer's law

(e-IRL ), where aIR is the IR absorption coefficient of the laser gas at the pump

frequency vpump [60] and L is the distance. Clearly the pump is most effective at

the entrance of the cavity and least effective at the rear. Therefore, the effective

pump power in the cell, p-ff = Ppump - ', may be used, where Pum, is the incident

pump power and = fo' e-IRL dL) /Lceu = (1 - aIRLcel)/aIRLcej as defined in

Ref. [49]. As shown in Fig. 4-3, for a given pump power, aIR increases with pressure,

so r, decreases with pressure. For a given pressure, aIR and K also depend on pump
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power because of the population redistribution induced by the pump. Specifically,

aIR decreases with increasing pump power as a result of pump saturation: a higher

pump power leads to faster saturation of the pumped transition velocity subclass,

reducing absorption and increasing r.

&IR also determines the optimal cavity length for a given pressure and pump

power. The pump power will be highly absorbed in the front section of the cavity, so

the strongest lasing action will occur there. However, if the cell is too long, the back of

the cavity will not be pumped, and these un-pumped molecules will absorb the lasing

field generated in the front of the cell, adding unnecessary loss to the system. To avoid

this, the cavity length should satisfy 2 x Le1 < 1/aIR. The factor of two arises from

the round trip distance of the pump beam, which results in a stricter upper bound of

Le 11. Fig. 4-3(b) plots 1/aIR and 2 x L, 11. The cell length used in our experiment

is shorter than 1/2aIR throughout the range of operating pressure considered in this

work, so there is minimal loss generated from any un-pumped molecules.

4.4 Wall Collision Rate

The primary vibrational relaxation pathways of molecules are collisions with the

cell wall and through extremely rare hard inter-molecular collisions. A thorough

treatment of the diffusive process by which wall collisions occur is presented next,

and the plethora of molecular collision processes will be addressed in Section 4.6.

The wall collision process in a cylindrical cell is dependent on molecular diffu-

sion, which acts to produce a radial spatial variation in the molecular populations.

Furthermore, molecular collisions with the wall produce a Boltzmann distribution of

rotational and vibrational population based on the wall temperature (assumed to be

300K in this work). Therefore, the majority of vibrationally excited molecules are

de-excited to Vo after wall collision and are distributed thermally in the two ther-

mal pools (A and E) while preserving symmetry type. Wall collisions in Ref. [49]

were modeled by defining balanced excitation and de-excitation level-to-level rate

constants among the excited thermal pools and VO. Their model approximated the
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wall collision rate at a radial position x (where 0 < x < R) as k = vA/(R - X)2

if x E [0, max(, R - A)] and k, = Vabs/(R - x) if x E [max(, R - A), R]. Here, A

is the pressure-dependent mean free path, v is the average relative velocity between

molecules, and Vabs is the average absolute velocity of molecules. Even though k is

qualitatively correct in that it increases in value as x approaches the wall, this simpli-

fied treatment of the wall collision rate was increasingly inadequate at high operating

pressures (> 1 Torr).

We rigorously re-derived wall collision rate k from first principles by considering

the geometry of the laser cavity and simple molecular dynamics. k represents the

fraction of molecules that will collide with the cavity wall per unit time when starting

from a given radial position in the cell. We considered first order velocity-randomizing

gas kinetic collisions. At a given temperature T and pressure P, the mean free path

A is defined as A = 0.732 T/P cGK, where cGK is gas kinetic collision cross section.

Here, A is in cm, P is in mTorr, and UGK is in A2 . It may be assumed, without

loss of generality, that only molecules located within A of the wall have a chance to

collide with it and be de-excited. Therefore, the fraction of those molecules that reach

the wall may be estimated as the fractional surface of a sphere with radius A that

intersects the cylindrical cell wall.

As illustrated in Fig. 4-4(a), the fraction of molecules that collide with the wall

f.(x) at a given radial position x is equal to the fractional surface of the sphere

intercepting the cylinder and is given by

2 f,/2 2A2sin cos1R2 sinX2)
J' 2A in 2,Xxsmn d

fW(x) = 4 2 (411)

where 0 = sin- 1 ((R - x)/A) (see Ref. [61]). f,(x) is zero for x E [0, R - A], and

gradually increases to a number slightly larger than 0.5 at x = R. For clarity, Fig.

4-4(a) shows a horizontal cross section of the system at 0 = 7r/2, where 9 is the polar

angle measured from the vertical axis of the sphere. 0(0) measures the angle at which

the horizontal cross section of the sphere intercepts the cylinder at 0. For a molecule

that can reach the cavity wall, its actual distance to the wall varies with its starting
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Figure 4-4: (a) Schematic diagram for wall collision rate derivation. When a molecule

is located at x, f.(x) is the fraction of molecules that can collide with the cell wall,

which is equal to the surface fraction of the sphere with radius A lying outside the

cylinder. T(x) is the average time to reach the wall from x. Then, k.(x) is simply

f.(x)/r(x). (b) fw(x), r(x) and kw(x) at 50 and 100 mTorr are plotted.
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position and direction of motion. By averaging over all directions V)(0) towards the

wall, the average distance to the wall at a given radial position x becomes

f f, () 1(x, 6,4") sin6 do' dO
I(x) = (4.12)

fr fv(O) sinO do' dO

where

(x (,0) =) + (-xcoso' + Vx 2cos2ip _ x 2 + R2 ) 2 . (4.13)
Vt an 0

The denominator is the solid angle, and V)(0) = cos_1( R2 2_) [61]. Note that

the average distance to the wall is only a function of radial position x, but the time

to reach the wall varies with the molecule's speed. Since a molecule's speed follows

a Maxwell-Boltzmann distribution, the average time r(x) for the molecule at x to

reach the wall is expressed as

r(x) - j fMB(v) dv, (4.14)
V V

where fMB(v) (2 8 T) 3  4irv 2 . exp . Then, the wall collision rate is

simply

k(x) (X) (4.15)

Fig. 4-4(b) plots f,(x), k,(x), and T(x) at 50 and 100 mTorr. k,(x) is zero within

x E [0, R - A] and rapidly increases beyond R - A. Note that the non-zero k"(x)

range narrows as pressure increases.

In Fig. 4-5, examples of time-resolved THz double resonance spectra for repre-

sentative V 3 A, V 3E, V6A, and V6 E rotational transitions in a radius R = 1 cm cell

are presented [55]. Double resonance data reveal the propensities and rates of colli-

sional processes moving molecules into and out of the monitored levels, from which

the related rate constants may be extracted. Ref. [55] experimentally obtained the
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Figure 4-5: Double resonance experiment for V3 A and V 3E at 20mTorr (top two plots)

and for V6 A and V6E at 40mTorr (bottom two plots). A 0.5 psec pulse pump of 1W

was used for both experimental measurement and simulation. The experiment data

(blue) was obtained from Everitt et al. (1993). The simulation data were obtained

using multi-layer system (green) and single-layer system (red) (see text for details on

the definitions of these two systems).

66



double resonance data by pumping the cavity with a short laser pulse (0.5 [psec, 1

W) and measuring the flow of population into and out of the various levels or ther-

mal pools. The top two plots show the time-varying absorption of representative

transitions in the V3 A and V 3E thermal pools of 12CH 3F at 20 mTorr, while the

bottom two plots show the evolving absorption of V6 A and V6 E of 13CH3 F at 40

mTorr. Then, the temporal behavior of the model (using gas kinetic collision cross

section O-GK = 44.1A 2 [62]) is compared to the experimentally measured double reso-

nance data using the rate constants in Table 4.1 and without any fitting parameters.

From Fig. 4-1, the pump (blue arrow) excites molecules from VoA to V 3 A. The ex-

cited molecules then transfer to other thermal pools such as V3 E and V6 through

various collision processes (e.g. V-swap [52,55, 56]), and are eventually Boltzmann

distributed through wall collisions. This explains why the time to reach the peak is

shortest for V 3A in Fig. 4-5 (since the pump excites molecules directly to V3 A) and

other thermal pools reach their peaks later. Since wall collisions play a large role in

the temporal evolution, excellent agreement between the experimental data and the

model predictions confirm the adequacy of the wall collision rate developed here 1.

Interestingly, the double resonance behavior predicted from the multi-layer model

can be obtained from a rather simple single-layer model too (red dashed lines in

Fig. 4-5), if the radial distribution of population need not be modeled [55]. In the

multi-layer model, the cavity is divided into multiple (50 in this work) concentric

cylindrical layers to account for the spatial variation and diffusion of the molecules.

The wall collision rate of each layer is calculated at the middle of the layer. On the

contrary, the single-layer model has only one layer. Thus, a different wall collision

rate definition must be used. Assuming that gas molecules are scattered uniformly

throughout the cell, the average distance traveled between collisions is the mean free

path A. Since velocity is randomized after collision, the wall collision rate can be

calculated as k, = 0.31/P - R2 (psec-1) for CH3 F at 300K [60], where P is pressure

'Disagreement at early time in the top plot is due to an overlapping non-thermal transition of

12 CH3 F. In 12CH3 F, the pump transition occurs from J=12, K=2 state, but its small overlap with

J=12, K=1 state pumps both states at early time. For this reason, a lag in the peak is observed

from the experiment.
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in mTorr and R is cavity radius in cm. It is worth noting that the single-layer model

saves computation time due to its simplicity, but the multi-layer model simulates more

realistic diffusion and population excitation gradients and can be easily expanded to

represent spatially non-uniform systems. Indeed, the multi-layer model is necessary

to determine the spatial distribution of inversion and its overlap with cavity modes

required to predict OPFIR laser performance [49].

4.5 Experimental measurements

Experimental THz laser output was newly measured in this study. A heterodyne

receiver system was used to measure the pressure- and power-dependent performance

of the direct (U -+ U-1) and refilling (L+1 -+ L) inversions in a compact OPFIR

laser. The OPFIR laser consisted of a copper cylindrical laser cavity with R = 0.25

cm and Le,1 = 15 cm [50]. The front and the rear reflectors were gold (Au) coated

with a 1 mm diameter pinhole in the center of the front reflector that serves as the

input port for the IR pump radiation and as the output coupler for the molecular

laser. The OPFIR laser was pumped by a grating tuned continuous wave CO2 laser

operating on the 9P(32) laser line at 9.657 Mm. The output power of the OPFIR

was measured by a Virginia Diodes, Inc. heterodyne receiver with a local oscillator

(LO) operating at 247.0008 GHz so that the direct inversion at 245.3508 GHz and

the refilling inversion at 248.5594 GHz produce an intermediate frequency (IF) of

1650 and 1559 MHz, respectively. The IF output was monitored with an Agilent

N9322C spectrum analyzer with integrated power reported over a 100 MHz bandwidth

centered on the laser transition under examination.

Measurements were performed on an isotopically purified sample of 1 3CH3F. The

laser mode producing the highest output gain for a specific inversion was assumed

to be the mode that maintained lasing at the highest operating pressure. Therefore,

either the direct or refilling lasing transition was initially measured at an intermediate

13CH 3F pressure that produced strong emission, and the cavity length was adjusted to

maximize the laser power. Next, the pressure was increased, and slight cavity length

68



3:
0

0

.07

0.50
- + - - -- , .2

0.00
'4100

14 300

900

1100

A300

1550 1600 1650 17bo
IF Frequency (MHz)

1.6
-4-Refilling 3.3W
-0- Refilling 6.6W

1 .4 .. .... ..-...-. ...-. .... .... ..- ....
-.- Refilling 1oW
- 0-Direct 3.3W

1.2 - . - - - -0-Direct 6.6W
- - Direct 1OW

D 0.8 - - - .-
3: :s0

~0.6 - - --

0.4 - - *---- -- -

0.
0 . ......

0 200 400 600 800 1000 1200 1400
Pressure, mTorr

Figure 4-6: (a) Experimentally mneasured THz laser output power as a function of
pressure and pump power for the direct (right) and refilling (left) inversions in13CH3F,
plotted as a function of the intermediate frequency (IF) produced when the laser
radiation was mixed with a local oscillator operating at 247.0008 GHz. (b) Plot of
the measured relative laser power as a function of pressure and incident pump power
for both inversions. Lasing was observed for the direct inversion at pressures as high as
1.7 Torr. (Note: the direct inversion peaks appear stronger than the refilling inversion

peaks in (a). The data was obtained when the system was tuned to maximize the
direct inversion strength.)
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adjustments were made, until a pressure was reached at which the lasing action was

quenched. After reducing the pressure slightly to re-establish lasing, the OPFIR laser

power was recorded as the pressure was systematically lowered by cryogenic trapping

to produce the curves in Fig. 4-6. The pressure lowering and measurement were

repeated until no lasing was observed for one inversion, then the measurements were

repeated for the strongest mode associated with the other inversion. The process was

performed for pump powers of 3.3, 6.6, and 10 W coupled into the laser cavity.

Because the existing models cannot reproduce this data, several characteristics

should be recognized that must be demonstrated by any successful model of OPFIR

laser performance. First, notice that the laser operated at pressures much higher than

the model-predicted cutoff pressure of 0.44 Torr in Ref. [50]. The direct inversion was

observed to operate up to 1.7 Torr for 10 W of pump power. Second, the cutoff pres-

sure for the direct inversion increased linearly with pump power, while existing models

predicted a cutoff pressure that was independent of pump power [50]. Third, notice

that the THz power decreased linearly with increasing pressure at a constant slope

that did not change with pump power (i.e. the lines are parallel). This indicates that

a maximum cutoff pressure was not being approached and that even higher operating

pressures could have been achieved with more pump power. Fourth, the pressure at

which maximum THz power was produced increased with increasing pump power for

both inversions. Fifth, the refilling inversion grows faster in strength with increasing

pump power than does the direct inversion, and it actually produced the most THz

power for the strongest pump power. Finally, the refilling inversion quenches at a

much lower pressure in a manner that increases linearly with pump power, just as

the direct inversion did, indicating that even more THz power and higher pressure

operation can be achieved for the refilling transition with more pump power.
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4.6 Low-pressure regime

4.6.1 Rate equation modeling

Following the action of the pump to move ground state molecules from L (J=4, K=3

in VOA) to U (J=5, K=3 in V3 A), laser action is achieved by the creation of popula-

tion inversion (upper red arrow in Fig. 4-1) between U and the rotational state U-1

immediately below it (J=4, K=3 in V 3A). This direct population inversion (ANd,)

is the total molecular density difference between these two rotational states per de-

generate state, accounting for both the non-thermal population and corresponding

fraction of the thermal population as

ANd - CU - N - fSHB + U

9U (4.16)
Cu_1 -N * fSH B +1 1 WU-1

9U-1

Here, fSHB (spectral hole burning) accounts for the fraction of thermal molecules in

the pumped velocity subclass within Av centered at v 0 1 1 set (Fig. 4-2), and is ap-

proximated as fSHB = ffsi1' fD(v) dy. 2 From Eq. (4.16), the direct population

inversion exists as long as the population density difference between the non-thermal

populations of U and U-1 is greater than the difference in their respective portions of

the thermal pool over the width of the SHB centered at vof f set.

To appreciate the significance of this, consider the refilling inversion ANv (lower

red arrow in Fig. 4-1) between L and L+1 (J=5, K=3 in VoA), which may be

calculated as an obvious modification of Eq. (4.16). Because the thermal populations

in L and L+1 are so large, it would be nearly impossible for the pump to deplete

L enough for the non-thermal population to overcome it and create an inversion.

However, the non-thermal population needs only to overcome the thermal population

in the pumped velocity subclass to produce lasing. Therefore, correct prediction of

2Better approximation of fSHB can be achieved by considering the velocity distribution of
molecules for the THz transition separately and integrating that over a proper velocity range. This
requires further research, and will be presented in: Jeongwon Lee, Dane J. Phillips, Samuel G. Holl-
iday, Song-Liang Chua, Jorge Bravo-Abad, Marin Soljacic, and Henry 0. Everitt, "Terahertz lasing

action in high-pressure optically-pumped molecular gases" (in preparation).
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the refilling transition depends sensitively on how accurately fSHB is calculated. The

same methodology is then applied to the direct transition, for which inversion is much

easier to achieve over the small thermal populations in V3 at low pressures. However,

achieving a direct inversion grows much more challenging at high pressures as the

vibrational bottleneck dramatically increases the quenching thermal populations and

pressure broadening increases the width of the SHB. The remaining discussion will

be focused primarily on this high pressure behavior of the V3 direct inversion, but

the VO refilling inversion can also be understood in a very similar way.

Prior models such as those presented in Ref. [44,45,49,53,63] included at most

three lowest vibrational levels: VO, V3 and V6 . Pump-induced population inversion is

responsible for lasing action, but becomes quenched when the thermal contribution

exceeds the non-thermal contribution in the states involved. Thus, the thermal pool

population plays an important role in determining whether or not lasing can occur.

As pressure increases, the population in the thermal pools of excited vibrational lev-

els (e.g. V3 ) increases as diffusion toward the walls slows; this reduces the molecular

collisions with wall and hence, their de-excitation back to the ground state. This

vibrational bottleneck is the principal mechanism by which lasing is quenched, but

is incorrectly predicted from the prior models due to the small number of vibrational

levels. Consequently, thermal pool population is overestimated and lasing is under-

estimated. Since numerous vibrational state-changing collisional processes become

increasingly effective as V3 fills, adding more high-lying vibrational levels and these

additional energy transfer processes allows the excited molecules to be distributed

among vibrational levels above V3 [50]. However, because of the large number of vi-

brational levels involved and the unknown collisional rate constants connecting them,

no satisfactory method for simulating these phenomena has yet been developed. The

main goal of this work is to report a methodology to model this effectively.

To understand the new approach described here, first consider only two vibra-

tional levels, VO and V3 . In the high-pressure regime, V3 fills up much faster than

it should because there are no other vibrational relaxation channels through which

molecules in V3 may be transferred out. The artificially expanded population in V3
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Table 4.1: Model parameters

Parameters
Gas kinetic collision cross section, UGK

Dipole-Dipole cross section, UDD

SPT cross section, USpT

V3 -+ V6 cross section, U36

V-swap cross section, oys
V-split cross section, avsp,
Mass, m (AMU)
IR transition frequency, vo (THz)
Pump offset frequency, voffset (MHz)

THz transition frequency (Direct/Refilling), vTHz (GHz)

(in A')
44.1 (Ref. [62])
320 (Ref. [51])

137 (Ref. [52,56])
3.21/2 = 1.61 (Ref. [55,65])

21.0 (Ref. [52,56])
12.4 (Ref. [65])

35
31.042748

30
245.38/248.56

is increasingly trapped there, prematurely triggering the vibrational bottleneck and

quenching the inversion created by the pump. Indeed, it can be shown that this

mechanism produces a maximum lasing pressure regardless of pump intensity [50].

By adding more vibrational levels and the processes that connect them to V3 , a more

realistic model can be produced.

As a first attempt to simulate the effect of additional vibrational levels, a six-

level multi-layer model was constructed in which each vibrational level contains two

symmetry-defined thermal pools and all the associated collisional rate constants are

known (see Table 4.1). In Table 4.1, the factor of two in o3 6 was introduced to take

account of double degeneracy in V6 . In addition, a total of 18 rotational states, nine

each in VOA and V3 A, contain non-thermal population (see Fig. 4-1). The fastest

molecular collisional mechanism [51,57] connecting the rotational states, which is only

observable among states with non-thermal population, is the long-range dipole-dipole

collision for which the selection rule is AJ = 1, AK = 0 [64] and the cross section

is 320 A2 [51]. This mechanism is represented as vertical black arrows in Fig. 4-1.

Detailed balance takes into account degeneracy and energy difference between two

adjacent rotational states so that the system maintains or is driven toward steady

state.

Other rotational state-changing collisions must also be modeled [64]. A class of

collisional processes that have the effect of moving molecules among rotational states
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of the same symmetry type has been observed [52, 56, 64]. The cumulative effect

of these "symmetry preserving thermalization" (SPT) processes transfers molecules

in all non-thermal states to the corresponding thermal pool of the same symmetry

type. For symmetric top molecules with three-fold symmetry, this process requires

the selection rule AK = 3n, where n is an integer, and has been referred to as the K-

swap process [49,51,52,55-59]. This process is represented as horizontal black dashed

arrows in Fig. 4-1. The SPT process does not have reverse process from the thermal

pool to the non-thermal states since the only mechanism that can create non-thermal

states is the pump. Consequently, the non-thermal states are depleted by the SPT

mechanism and return to zero when pump is turned off. The cross section for this

process has been measured to be 137 A2 [52,56].

Among thermal pools, molecules are transferred via a variety of non-resonant and

near-resonant vibrational energy transfer processes [55,56,65]. Of the non-resonant

type, the most common is the collisional process that transfers molecules between

V3 and V6 . The energy separation between those levels is ~150 cm- 1 , so collisions

of V3 or V6 molecules with Vo molecules can sometimes be hard enough to transfer

a sufficient fraction of the 200 cm-1 translational energy to induce this vibrational

transition. The cross section for this process has been measured to be 3.21 A2 [55,65].

Near-resonant vibrational energy transfer occurs when two colliding molecules

exchange quanta of vibrational energy. The most common form of this collision

occurs between a V3 and a Vo molecule, and the resonant energy exchange places

the Vo molecule in V3 and vice versa while preserving the symmetry type of each.

Because of the resonant nature of this exchange, the cross section is much larger, 21.0

A 2 for CH3 F [52,56]. Variants of this "V-swap" process abound, including the "V-

split" process in which a molecule in 2V3 collides with a Vo molecule producing two

molecules in V3 , or the converse process in which two V3 molecules collide to produce

one Vo and one 2V 3 molecule. The cross section for V-split processes can also be

large, the latter of which was measured to be 12.4 A2 [65]. The list of near-resonant

collision processes is shown in Table 4.2, and the associated collisional cross sections

are shown in Table 4.1. Most importantly, these V-split processes move molecules
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Table 4.2: Near-resonant vibrational energy transfer collision processes (V36 =

V3+V 6 )

A-symmetry E-symmetry

VoA+V 3 E ++ V3 A + VOE
VoA+V6 E + V6 A + VOE

VOA+2V3A 44 V3A + V3A VOE+2V3E V3E + V3E
VoA+2V6A 44 V6A + V6A VoE+2V6E V6E + V6E
VOA+V36A ++ V3A + V6A VOE+V36E V3E + V6E

VoA+V 36E - V3 A + V6E or V 3 E + V6A
VoE+V36A e V3A + V6E or V 3E + V6A

V 3A+V 3E - VoA + V2 3E or VOE + V23 A
V6A+V 6 E + VoA + V2 6E or VOE + V26 A

from V3 to higher lying vibrational levels, and they grow more effective as V3 fills

through the vibrational bottleneck.

These processes are important in that they are the only, albeit indirect, path that

connects and equilibrates thermal pools of opposite symmetry types. The V-swap pro-

cess also operates on non-thermal molecules, and thermalizes them by transferring

them to the same symmetry type thermal pool in the other vibrational level. For ex-

ample, when a non-thermal molecule in V 3A collides with a molecule in VoE[A], they

become thermal molecules in VOA and V3E[A], respectively. Thus, one non-thermal

molecule in V 3 A is effectively thermalized to V 3 A and V3 E with equal probability.

(This also applies to non-thermal molecules in VoA.)

The rate equation for the rotational state U can be written as:

dNJ3A(r, t) Ryump + E (DDu-+U - DDU-U)
dt=U1 ut (4.17)

-SPT -VS+Diff ,

where Rpurnp is the pump rate from Eq. (4.3), DDi- = k -j NV3A (r, t) is the

dipole-dipole collision rate, SPT = ksPT - NU3A(r, t) is the SPT process rate, VS =

kvs -.N 3A(r, t) is the non-thermal V-swap process rate, and Diff = D - rNUA

is the spatial diffusion rate, where D is the diffusion constant [49]. The rate constants
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can be derived from the corresponding cross sections: ki = ntot -v i = (R) - [ cr

where ntet is the total molecular density.

As shown in Fig. 4-1, molecules are pumped from L to U, and through dipole-

dipole collisions they rapidly transfer into adjacent rotational states (e.g. U+1 and

U-1) with the same K quantum number. These non-thermally distributed pumped

molecules may also transfer into V3 thermal pools through SPT (same symmetry)

process or V-swap (both symmetry types). Since SPT preserves symmetry type,

only VOA and V 3A can receive molecules from the non-thermal states created by the

pump, while the V-swap process move molecules into thermal pools and vibrational

levels of both symmetry types. Spatially, the molecules also move diffusively between

adjacent layers through random walk - velocity scrambling gas kinetic collisions - until

the system reaches steady state. For rotational states other than U or L, the rate

equations have the same form as Eq. (4.17), except the pump rate term.

The number of the non-thermal states that must be modeled depends on the

relative cross sections for the dipole-dipole mechanisms, and the SPT and V-swap

mechanisms. The former redistributes molecules among the non-thermal rotational

levels, while the latter two mechanisms depopulate these levels. Since the probability

of a AJ = +1 collision is generally similar to the probability of a AJ = -1 collision,

the dipole-dipole process distributes non-thermal populations in a random walk man-

ner. Consequently, it is difficult for a non-thermal molecule to reach rotational states

more than [(USPT + aVS)/( DD + 0 SPT + uVS)VI away from L or U. This number is

rounded up to 4 for 1 3CH3F, which is why nine of these states were modeled in each

of Vo and V 3 here.

The rate equation for the representative thermal pool V 3A can be written as:

dNV3 A

dt = 
) VVu Wall+ RD U (4.18)

+ (SPT +VS') +Diff ,
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where VV' = kvs -NV(r, t) - N;,, (r, t) is the vibrational energy transfer process

rate between V3 A and a thermal pool u (for such bimolecular collisions, ki = v Oi),

Wall = kw(r) - N V3(r,t) is the wall collision rate from section 4.4, SPT' = kspT-

N V3A(r t) is the SPT process rate from a non-thermal state i in V3 A, VS' = kVs-

NYV3A(r t)/2 is the V-swap process rate from a non-thermal state i (the other half

goes to V3 E thermal pool), and Diff = D _ V N A(r, t) is the spatial diffusion rate.

To simplify the redistribution of vibrationally thermalized molecules following a wall

collision, a temporary pool NTemP(r, t) was created to accumulate these molecules and

instantly redistribute them according to RD = fv3A - NTemP(r, t) = fV3 A - k"(r) -
iE All

N j (r, t), where fi = gi - exp (- )/ g -exp (-E), and Ej is the energy of
kBT jAll kT

jth vibrational level. Thus, following wall collisions molecules are redistributed among

the vibrational levels according to a Boltzmann distribution at T = 300K, effectively

removing the pump-induced vibrational excitation and returning most molecules to

V0 .

The thermal pools of each vibrational level are connected through non-resonant

(e.g. V3 -+ V6 ) and near-resonant V-split (e.g. V3 + V3 -+ VO + 2V3 ) vibrational

energy transfer processes. In the model, the source for excess molecules in the thermal

pools of VO and V3 is non-thermal molecules transferred through the SPT and V-

swap processes. For vibrational levels other than VO or V 3 , the rate equations of the

constituent thermal pools have the same form as Eq. (4.18), except the SPT and the

VS terms.

4.6.2 Lasing action

Initially, thermal pools are occupied according to a Boltzmann distribution at 300K,

and non-thermal states are initialized to zero. Upon pumping, molecules are excited

from L in VOA to U in V3A, creating non-zero non-thermal populations (negative in

VOA, positive in V3 A). The non-thermal molecules move into adjacent non-thermal

states through dipole-dipole collisions and into the two thermal pools of that vibra-

tional level through SPT and V-swap processes. They may also transfer into the
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thermal pools of other vibrational levels through non-resonant and near-resonant

collisions, and eventually returned to a T = 300K thermal Boltzmann distribution

through collision with the cavity wall.

When the OPFIR laser reaches steady state, all these processes and all spatial

diffusion to and from adjacent layers are equilibrated. Since the dominant vibra-

tional relaxation mechanism occurs through wall collisions, diffusion of vibrationally

equilibrated molecules away from the wall following wall collisions creates a spatial

population gradient: the population density of the thermal pools in Vo is highest near

the wall and decreases away from it, while the population density of the thermal pools

in higher-lying vibrational levels is lowest near the cavity wall and increases away from

it. Since the pump rate is proportional to ANpump(r, t) [Eq. (4.5)], it is highest near

the cavity wall, and so the pump-generated rotational population inversion is also

strongest there. The spatial variation of the steady-state (t,) effective population

inversion < ANin,(t.) > and effective gain < -y > are defined as in Ref. [49]:

< ANi(t) >_fvAcT drIEo(r)2 ANinv(r,too) (4.19)
fVACT drIEo(r)1

AC
<y > = < ANinv(t,) > 2 2 T A . (4.20)

47r2n27,,onAVTg,

Eo(r) is the normalized THz E-field intensity at radial position r, and the refractive

index n ~ 1 for the gas. The width of the rotational transition AVTHz is the pressure-

broadened linewidth - except at the lowest pressures (< 100 mTorr) when Doppler

broadening dominates - that causes gain to decrease with increasing pressure for a

hypothetically fixed inversion. Of course, the magnitude of the inversion ANin (r, to)

varies significantly with pressure and pump power. VACT is the volume of active region

of the entire cavity, ATHz is the wavelength of the THz lasing output, and Ts.t is the

spontaneous emission lifetime, which is roughly chosen to be 100 see for the direct

inversion in 13 CH3F [66].

There are two cavity loss mechanisms considered in this paper: ohmic loss aohmic

due to E-field penetration into the copper cavity wall, and reflection loss from the
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cavity reflectors. Therefore, total loss can be expressed as: atota = 2 ahomic -

In(Ffront1back)/Lceji, where Ffront, rback are the reflectivities of the front and back

cavity reflectors [49]. Assuming the copper is 100 % reflective with aohmic = 0.0014

cm- 1 [67], atotal = 0.0055 cm-1 for an r = 0.5 mm diameter coupling hole in a R =

2.5 mm cavity whose Ffrmt = 1 - (-rr2/7rR 2 ) = 0.96. Note that there is no loss from

un-pumped molecule absorption, as discussed in Section 4.3. The cavity mode that

is expected to start lasing first is determined by the total loss atotal and the effective

gain < 7 >, the latter of which is proportional to the spatial overlap of mode profile

and the rotational inversion [Eq. (4.19)]. TEoi mode experiences minimum ohmic

loss because it is strongly localized in the center of the cavity. TE21 mode, on the

other hand, has a strong field near the wall, resulting in a greater overlap with the

inversion. Although this produces a greater ohmic loss, the loss is offset by the much

greater effective gain, which ultimately yields a higher net effective gain (given by

< -y > - agtat). Therefore, TE2 1 is the likely laser mode and is assumed in this paper.

Lasing action occurs as long as the pump-induced difference in non-thermal pop-

ulation is large enough to overcome the corresponding thermal pool contribution and

the cavity losses. The cutoff pressure occurs when the high pressure effective gain

< y > equals the total loss atotal, so the net effective gain is zero. At low pressure, in-

version grows with pressure as there are more molecules in L, while rapid wall collisions

keep the thermal pool population in V 3 relatively low (hence increasing ANpump). As

pressure increases, the pump rate eventually stops increasing fast enough to overcome

the increased thermal population trapped by a decreasing wall collision rate, and it

is near this pressure that the strongest lasing action occurs. Beyond this pressure,

inversion starts to decrease with increasing pressure, and eventually a cutoff pressure

is reached where the thermal pool quenches the non-thermal population difference

to stop lasing action. Therefore, the magnitude of inversion as well as lasing output

power shows bell-shape curve with pressure as shown in Fig. 4-6(b). Fig. 4-7 plots

the model-predicted effective gain < -y > as a function of pressure for the six-level

multi-layer model. It shows the total loss and effective gains from both the direct and

refilling inversions at three different pump powers: 3.3, 6.6, and 10 W. It is interesting
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Figure 4-7: Predicted gain < -y > for pump powers of 3.3, 6.6, and 10 W obtained

from the Tn-model using multi-layer system ('o') and single-layer system ('x'), overlaid

by total loss atota = 0.0055 cm-1. The effective gain is the amount of gain above

this line, and a power-independent cutoff pressure near 1.5 Torr is predicted for the

direct inversion.

to note that almost the same effective gains were predicted in the single-layer model

too. Lasing occurs when the gain exceeds the loss, and at the lowest pressures the

refilling inversion produces more laser power than the direct inversion. However, the

thermal pool in Vo is much larger than in V 3 , so the refilling inversion quenches at a

lower pressure than the direct inversion. The low-pressure behavior (< 700 mTorr)

of the model agrees well with the experimental measurements in Fig. 4-6(b).

Notice that the effective gain and the cutoff pressures for the refilling inversion

in Fig. 4-7 increase with increasing pump power: the pump indirectly depletes the

quenching VOA thermal pool when it attempts to refill the non-thermal states being

drained by the pump. Conversely, the effective gain for the direct inversion show a
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pump power-independent characteristic at high pressures. It is clear from the slope

of the lines that effective gain at pressures above 1.7 Torr cannot be achieved for any

pump power. Note that the model-predicted cutoff pressures for the direct inversion

are significantly higher than the 0.44 Torr predicted from Ref. [50 where only Vo and

V3 are considered. Clearly the addition of four more vibrational levels in the six-level

model has raised the cutoff pressure by providing additional pathways to deplete the

V3 thermal pools, but pump power-independent behavior of effective gain for the

direct inversion does not agree with the experimental measurement in Fig. 4-6(b).

Thus, the six-level model of Fig. 4-1 significantly improved the agreement with

the experimental data compared to models considering only the lowest two or three

vibrational levels. However, the predicted pump-independent cutoff pressure is incor-

rect because the number of accessible vibrational levels is artificially capped and still

not enough. Indeed, it appears that any model containing a limited number of vibra-

tional levels cannot reproduce the pump power-dependent cutoff pressures observed.

Clearly more vibrational levels are involved, and they must be added to the model

to accommodate all the excited molecules in the high-pressure regime. The number

of vibrational levels increases rapidly at higher energy through a growing variety of

fundamentals (e.g. V1, V2 , V4 , V5 ), overtones (e.g. 3V 3 , 3V6 ) and combinations (e.g.

2V3 +V 6 , 2V6+V 3 ). Note that these vibrational levels are even higher in energy, yet

they clearly contribute to the laser performance.

4.7 High-pressure regime

The inability of any model with a limited number of vibrational levels to reproduce

the pump power-dependent cutoff pressure for the direct inversion indicates that

the number of molecules excited to higher-lying vibrational levels and the number

of vibrational levels involved increases with pump power and especially pressure,

as the vibrational bottleneck fills V3 and V-split type processes become more active.

Although more vibrational levels must be added to the model, following the modeling

procedure in Section 4.6 would dramatically increase the computation time, and more
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importantly, the rate constants connecting all these vibrational levels are unknown.

Instead, we propose to model the contribution of all accessible vibrational levels

with one expandable thermal pool which embodies them all, containing separate

subpools for the A and E symmetry types. This expandable pool, labeled VE, contains

all 120 vibrational levels higher than V3 up to 6959 cm- 1 , taking into account the

specific energies and degeneracies of each. By including so many vibrational levels,

VE eliminates the artificial trapping of population in Vo and V3 by simulating the

increasingly favorable vibrational redistribution mechanisms that become effective as

V3 fills. Consequently, the reduced thermal pool populations in Vo and V3 reduce

the inversion quenching and increase the gain, especially in the high-pressure regime.

A schematic diagram of this new model is illustrated in Fig. 4-8(a). There are

only six thermal pools: A and E symmetry type pools for each of Vo (ground), V3 ,

and Vp,. The 120 lowest vibrational levels, all below 6959 cm-1, are included in Vs.

The fractional population in Vr is obtained using the Boltzmann vibrational partition

function

QV(TV) = g -exp (-kE v. (4.21)

To calculate the un-pumped equilibrium population of Vr for initial vibrational tem-

perature at Tv = 300K, consider first the fractional population in Vo and V3 , which

is f = 1/Q and fVO = exp(-E /kBTv)/Qo, where Q0 is defined as Qv(Tv) at T,

= 300K. From this, it is easy to see

= Z 1exp (k)3. (4.22)

V iVo,V3

For CH3F at T, = 300K, f4, = 0.984 and fo3 = 6.43x10- 3 , so f = 9.56 x10-3

Because each vibrational level is represented by two symmetry-preserving thermal

subpools, each receives half its vibrational level's respective fraction. We will shortly

see that these 120 vibrational levels appear to be enough to accommodate excited

molecules in the pressure range of our interest, but one can easily add more vibrational

levels if required.
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Figure 4-8: (a) T-model has total six thermal pools. Vr is an expandable thermal

pool which combines 120 high-lying vibrational levels. (b) T, as a function of pres-

sure and power is plotted. T represents the distribution of population among the

vibrational levels. As pressure and power increases, T, increases, meaning that more

molecules populate Vr.

To consider the rate constants connecting V3 and VE, many more vibrational

processes than those listed in Table 4.2 are needed. An alternative and simpler

way to represent the net rate between V3 and Vr may be found by applying two

fundamental principles that operate when the laser reaches steady state [50]: 1) The

number density of molecules being pumped (upward) is equal to number density of

molecules returning to Vo through wall collisions (downward), and 2) the population

distribution among the vibrational levels constituting Vr may be represented by a

single vibrational temperature T,. The net rate between V3 and Vr is thus chosen

to establish that T, which grows from T, = 300K when the pump is turned on,

eventually to reach a steady-state value that we must ascertain. As a consequence,

the model attempts to estimate the final steady-state distribution produced by the

pump ab - initio rather than allowing this population to evolve dynamically with

time from T, = 300K. The following parts describe an iterative process of finding this

steady-state vibrational temperature from these two principles at a given pressure

and pump power.

83



The net rate between V3 and VE effectively encompasses all vibrational state-

changing processes between them. At steady state, every level must have equal in-

coming and outgoing population densities (dN/dt = 0). Likewise, for Vo the outgoing

population density pumped by the IR laser from Eq. (4.3) must be equal to the in-

coming population density produced from the wall collisions from V3 and VE. This

equilibrium condition may be expressed as:

Rpttmp = kw [(Nv 3 - NV3 ) + (NvE - Nh,)], (4.23)

where Nv 3 and Nv,, are the final steady-state population densities in V3 and Vs, and

N 3 and N&, are the initial (before pumping) population densities. Of course, this

condition is satisfied when the pump is turned off (when Rmp = 0, Nv3 = NS3 and

NvE = NvE). Since

Nv3 + NvE = No(fv 3 + fv ) = No(1 - fvo)

( 
(4.24)

and similarly NV3 NE = No(1 - 1/QO), Eq. (4.23) becomes:

Rpump = kwN0 . (4.25)

When solved for Q,

kwNoQo (4.26)QV = kwNo - RpRump -Q"

kwNo

At this point Q, is unknown because Rpump in steady state is less than the initial Rpump

for reasons discussed in Section 4.3. However, it may be assumed that the distribution

of population in VE may be characterized by Q,(Tv) as in Eq. (4.21), where T, is the

final but also unknown steady-state vibrational temperature. Assuming steady state

conditions in which the pump moves molecules directly into V 3 and indirectly into
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Vr and using this unknown Q, the net rate constant from V3 to VE for maintaining

steady state must be

Rv 3-+vr = Rump- fvr Rvump -f Q , (4.27)
fV 3 +fvE Q -1

because fv3 + fv = 1 - fvo = 1 - 1/QV = (QV - 1)/QV.

The process then is to set an initial guess for Tv as Tnit, from which QV" can

be found from Eq. (4.21), and the net rate from V3 to VE can be found from Eq.

(4.27). If the initial guess Q 7ini is correct, then the condition of Eq. (4.23) is sat-

isfied, and Qfifla calculated from Eq. (4.26) using the steady-state pump rate will

be identical to Qnit. If the initial guess is incorrect, the rate equation model adjusts

Tvnit until Q"nit = Qin"'l. Note that Rv3-v, evolves dynamically as a function of

the redistribution of population induced by the pump, whose rate also depends on

the redistribution of population through Eq. (4.3). This explains why an iterative

approach is necessary.

In this simplified single-layer T-model, all other attributes, such as the wall col-

lision rate, population inversion, effective gain, and losses, are inherited from the

six-level model described in Section 4.6. The new expandable V, pools and the net

rate from V3 to VF are the main differences between the six-level and the Ta-models.

The physical significance of these changes is that 120 vibrational levels (or more as

needed) are implicitly involved by introducing an expandable thermal pool V>,, which

thereby makes the vibrational bottleneck dependent upon the pump power and pro-

duces a much higher, pump power-dependent cutoff pressure. One additional benefit

is that fewer rate constants are required in the model because all of the vibrational

state-changing collisional processes in Table 4.2 and many others are captured in the

net rate from V3 to VE of Eq. (4.27).

As Eq. (4.26) indicates, T, is also a function of pressure, as plotted in Fig. 4-8(b)

for three different pump powers of 3.3, 6.6, and 10 W. The most important insight

comes from recognizing that T, increases with increasing pump power. This means

that more molecules reach higher vibrational levels with higher pump powers, so the
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Figure 4-9: Population fraction of each thermal pool in the six-level model (left bars)
and in the T-model (right bars) at five different pressures and 1OW pump power. The
difference between the two models in the high-pressure regime shows the important
role of V, in the T-model. Notice how V3 is always less populated in the Tn-model.

population density in VE grows. In fact, it grows at a faster rate than the population

density in V 3 grows, and this explains why quenching of the inversion and the cutoff

pressure depend on the pump power at high pressures. The flaw in previous models

now becomes apparent. Because of the fixed number of vibrational levels, previous

models generate unphysically high values of the population density in V3 , quenching

both the pump rate and the rotational inversion at a lower cutoff pressure. This also

explains why the predicted cutoff pressure in those models is less sensitive to pump

power: the more V3 is overfilled through the vibrational bottleneck, the more the

pump rate is reduced, reaching a saturation population that is relatively independent

of pump power.

To ascertain whether the six-level model truly suffers from artificial trapping of
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molecules in the existing vibrational levels and whether the T-model alleviates this,

consider Fig. 4-9 which shows the fractional population of each vibrational level at

steady state for five different pressures and P,,,,p = 10 W. For each pressure, the

left bar represents the six-level model, and the right bar represents the T,-model.

Since the vibrational bottleneck traps more molecules in excited vibrational levels at

high pressure, the portion of Vo decreases while other thermal pools increase with

pressure.

As can be clearly seen from Fig. 4-9, the fractional population differs signifi-

cantly as pressure increases. For example, the fraction of Vo/V 3 /VE at 1600 mTorr

is 0.56/0.08/0.36, while the fraction of Vo/V3/V 6 -2V6 is 0.57/0.17/0.26. Note that

V3 has more than twice the population in the six-level model than in the Tn-model,

while the higher excited vibrational levels have only 2/3 the population. This is be-

cause molecules that should be distributed in vibrational levels higher than 2V6 are

artificially trapped among the six vibrational levels in the six-level model. Thus, the

six-level model artificially increases the fractional population of Vo and V3 , which ex-

plains the pump power-independent behavior of the direct inversion at high-pressures

in Fig. 4-7. Since the higher fraction of molecules in Vo and V3 makes it harder

for the pump to create population inversions, the six-level model underestimates the

high-pressure performance. Not surprisingly, the six-level model predicts a quenched

inversion, while the three level model predicts gain in agreement with experimental

measurements.

The effective gain and the total loss calculated from the T-model is plotted in

Fig. 4-10. The model prediction shows the behavior of both types of inversion

(direct and refilling), and it agrees well with the experimental results in Fig. 4-

6(b). The refilling inversion dominates in the low-pressure regime, and the direct

inversion is dominant in mid- and high-pressure regime. Since Vo has much more

thermal population than V3 , the refilling inversion is quenched earlier than the direct

inversion. Increasing pump power generally increases net effective gain at a given

pressure. Bell-shape curves were obtained from both the model and the experiment,

both of which indicate that higher pressure operation is possible with higher pump
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Figure 4-10: Predicted gain as a function of pressure and pump power from the

Tn-model, overlaid by the total cavity loss. Both refilling and direct inversions are

predicted, and their behavior matches very well with the experimental measurement

in Fig. 4-6(b). The refilling inversion dominates in the low-pressure regime, but only

the direct inversion operates in the high-pressure regime. The model prediction of

the cutoff pressure (occurring when gain equals loss) quantitatively agrees with the

experiment.
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powers. Cutoff pressures predicted by the model occur when the gain curves cross

the loss line, and the values match very well with the experiment. This quantitative

and qualitative agreement between the model prediction and the experiment confirm

that the Tn-model involving an increasing number of vibrational levels can accurately

simulate pump power-dependent lasing action of OPFIR systems.

It is worth noting the differences between Fig. 4-7, the predictions from the six-

level model, and Fig. 4-10, the predictions from the Ta-model. They show basic

agreement in low-pressure regime, but deviate in high-pressure regime. Vs in the

T-model contains 120 vibrational levels compared to the six-level model; therefore,

it provides extra channels for molecules in Vo and V3 to be redistributed. As shown in

Fig. 4-9, this effect becomes more significant in high-pressure regime. Since molecules

are not artificially trapped in Vo and V3 in the Ta-model, vibrational bottleneck can

depend on pump power, and the inversions can survive to higher pressures. The

T,-model involves significantly fewer rate equations and avoids the need to know

hundreds of collisional cross sections. If these were required, the six-level model

involving 30 rate equations would become the 122-level model requiring 262 rate

equations and 7,442 unknown collisional cross sections. Instead, the T,-model only

requires 24 rate equations for which all the collisional cross sections are known.

4.8 Concluding remarks

We have reported a comprehensive theoretical analysis of THz lasing action in optically-

pumped rotationally excited "CH 3F molecular gases confined in a copper cavity. We

have shown how an expanded version of the six-level model developed in Ref. [49] can-

not accurately predict the high-pressure behavior of the system, and we introduced

a new T,-model that effectively reproduces the experimentally observed behavior at

all pressures and pump powers. The T-model includes an expandable thermal pool

VE to mimic the environment of having numerous high-lying vibrational levels, and

we derived the rate constant connecting that pool to V3 using equilibrium conditions.

This model is advantageous in that it does not require detailed knowledge of state-
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Figure 4-11: This is a plot of the horizontal cavity cross section (blue line) and the
maximum range a molecule can traverse in one A (dashed line) starting at (x, 0) for
X E [R - A, R1.

to-state rates among the high-lying vibrational levels, since they are all captured in

one net rate, Rv,,v,.. The model prediction of the lasing output was verified exper-

imentally, and we observed qualitatively and quantitatively correct behavior of both

direct and refilling inversions. This model could contribute to the development of

compact sources of far-infrared and THz radiation and may be used to design novel,

spatially non-uniform cavity designs to improve the performance of high-power THz

lasing sources.

4.9 Appendix: Wall Collision Rate

4.9.1 Maximum radial angle, i(0)

I assume a spherical coordinate centered at (x, 0) where the molecule is located. In

the spherical coordinate, polar angle 0 measures an angle from a fixed zenith direction

that passes through (x, 0).

At 0 = r/2 (as shown on Fig. 4-11),
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sin = , sin 6 = -

cosR= R

sin J = ()sinOp

cos6 -x + Acoso
R

sin2 j + cos2 6 = 1

(-) 2 sin2,o+(
x + A cosv 2

R
= 1 (4.31)

(4.32)A 2 + x2 + 2xAcosi - R2 = 0

R2 _ A 2 
- x2

.-. COS 2xA
(4.33)

Horizontal cavity cross section at 0 -$ 7r/2 will be the same as Fig. 4-11, but only the

radius of maximum range to traverse will change to A sin 9. Therefore, the maximum

radial angle 0 is a function of 9.

R2 _ (A sin 9)2 _2

2x(A sin 9)

) Cos-1 [R2 - (A sin )2 - X2
- 9 -2x(A sin 0)

(4.34)

(4.35)

4.9.2 Minimum polar angle, 0o

From Fig. 4-12,

(4.36)
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Figure 4-12: This is a plot of the vertical cavity cross section (blue line) and the

maximum range a molecule can traverse. It shows the minimum polar angle 00.

... = sin [R x] (4.37)

Therefore, integrating polar angle range is [0o, 7r/21.

4.9.3 Collisional fraction, f,(x)

Since all molecules can travel A, the ratio of molecules hitting the wall is equal to the

fraction of the area that intercepts the cavity wall. Here, this fraction is calculated

as a function of cavity radius R and mean free path A for a molecule located at (x,

0).

The upper half of intercepting area F(x) is expressed as below. A(x) is the

intercepting area of a band with polar angle 9. As shown in Fig. 4-13, its length

is equal to A sin 0 x 20(0) and its width is equal to AdO. F(x) is, therefore, the

integration of A(x) within 9 E [0, 7r/2]. 0(9) and 9o are derived in section 4.9.1 and

4.9.2, respectively.

F(x) = o A(x, 0) do = fo 2 A sin 0 - 20(0) - Ado

//2R 2 - (A sn)2 
]_ j 2A2 sin0cosi (R 2 (in i2_X2) dO (4.38)

00 2x (A sin 0)
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I~9
(xO)

Figure 4-13: This is a plot of the cylindrical cavity (blue line) and the maximum

range a molecule can traverse (black dashed line). To calculate the fraction of the

area intercepting the cavity wall, the spherical shell is divided in z-direction.

f (x) = 2 F(x) (4.39)
47rA2

4.9.4 Average distance to the wall, T(x)

At a given x, 9, #, the distance to the wall l(x, 0, *) can be divided into two parts:

l(x, 9, 4') =1 + l. l represents the vertical part, and ii represents the horizontal

one. From the left hand side of Fig. 4-14, 1L can be easily shown as:

1L = R-x (4.40)
tan 0

Note the analogy to Fig. 4-11 and the right hand side of Fig. 4-14. Thus, we can

say,

R2 _ 12 _X2

cos 2 = (4.41)
2 x i1

= -X cos 7P + +2 cos2
-_ I- R2 . (4.42)

93

'X dO



Horizontal cross section at 9

R(

II
'(0C(x 0)l(

--Cylinder

Figure 4-14: On the left hand side is a plot of the cavity (blue dotted line) and the

maximum range a molecule can traverse. It shows that the distance to the wall varies

with the polar angle 0. On the right hand side is a plot of the horizontal cross section

at 9. The distance to the wall also varies with the azimuthal angle 4'. Green dotted

line represents the maximum horizontal range a molecule with a polar angle 9 can

traverse, which is equal to A sin 9.
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Hence, the average distance t(x) from x to the wall can be expressed as the

integration of 1(x, 0, 0') over the range of angles divided by the solid angle. (Only the

first octant space is integrated for simplicity.)

-/2 f o(f ) l(x,9,") - sin 0 do' d
f 2 () sin 9 d4' dO

frr/2 f'0(0 ) (R)2 + x cos 4" + v/x2 cos2 4" - x 2 + R2 ) sin 0 do'd9

fr/2 f"(O) sin 9 do' dO

(4.43)

Note that i1 has to satisfy two

side of Fig. 4-14, when 4' = 0, 111

has to be equal to A sin 9.

boundary conditions. As shown on the right hand

has to be equal to R - x, and when 4' = 0(0), l1

Proof. When 4' = 0,

lij = -x cos + x2 cos2 4"- x2 + R2

=-x + lx 2 -x 2 + R 2 = R - x (4.44)

lI

Proof. When ' = V(0) = cos-1 [2-(Asin)2 2
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li = -x cos ') + vX2 cos2 4 _ 2 + R2

R2 - (A sin0)2 _X 2  (R 2 _ (A sin0)2 x 2 Y X2+ R2
2(A sin 0) + 2(A sin) )

2A in R2 - (A sin _)2 - x 2 - (R2 - (A sin 0)2 _ X2) 2 + (R2 - X 2 ) - (2A sin 0)2

= - 1
2A sin 0

1
2A sin 0

1

2Asin0

A sin 0

[R - (A sin ) 2 - X2 - (R22 +(A sin 0)2)2]

[R2 - (A sin ) 2 - x2 - (R2 -x 2 + (A sin 0) 2 )]

[-2(A sin 0)2]

(4.45)

l

4.9.5 Average time to reach the wall, T(x)

From section 4.9.4, we derived the average distance to the wall from a position x,

[(x). The time to reach the wall T, however, depends on the velocity. Assuming

molecules' speed is Maxwell-Boltzmann distributed, the average time to reach the

wall is a weighted average of T(x, v).

T(X, V) = ___

V

T(x) = T(X, v) - fMB(v) dv

= r 3/2 12 2 d
T(x, v)-4rv exp - ] dv

0 27k-B 2kBTJ

(4.46)

(4.47)

4.9.6 Wall collision rate, k,(x)

Wall collision rate k, is simply,
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k((x) = . (4.48)

f.(x) and r(x) are derived in section 4.9.3 and 4.9.5, respectively.
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Chapter 5

Conclusion & Outlook

In this thesis, we presented the fabrication and numerical simulation of laser sources.

We first experimentally verified the existence of unique high-Q modes that are

singly degenerate at I'. We fabricated 2D square-lattice photonic crystals with cylin-

drical holes on silicon nitride wafers, and measured their reflectivity in a range of

angles. By stacking the reflectivity graphs with respect to the angle, we obtained

the photonic band diagram. By fitting the resonance peaks to the theoretical reflec-

tivity formula, we were able to extract Q *t* values and track how each mode's Q

changes with the angle. In this way, we experimentally verify the existence of the

unique high-Q bound states embedded in the continuum of extended modes. More-

over, we concluded that the observed Q tl is limited by Qon-,ad which comes from

any imperfections in fabrication.

Therefore, the fabrication optimization steps are presented next. Through the

optimization, we obtained three times higher Q values. This involves innovation in

IL tool, materials, RIE parameters, post-development treatment, and optical mea-

surement tool. We also explored e-beam lithography, but its low throughput makes

IL an ideal tool for large-area, high-Q, defect-free 1D&2D photonic crystal fabrica-

tion. I believe that the fabrication process can be further improved and enhance

attainable Qtotal in the future. For example, by expanding the IL laser beams to

a wider angle or by shaping the beam profile to a more uniform distribution, spa-

tial power distribution will become uniform, and spatial variation of the pattern will
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be decreased. Post-process thin dielectric film coating using atomic layer deposition

might also improve Q by mitigating surface roughness.

We next presented the numerical simulation of high-pressure lasing action in

optically-pumped rotationally excited molecular gases. Previous theoretical models

under-predicted the lasing output in high-pressure regime because of the vibrational

bottleneck. The vibrational bottleneck comes from lack of channels to dissipate the

pumped molecules. Adding a few numbers of vibrational levels to provide additional

channels for them was not enough to avoid the vibrational bottleneck. Our completely

new three-level model includes an expandable vibrational model, which effectively rep-

resents 120 vibrational levels. The rate constant related to this new level was derived

from the equilibrium conditions. Since there are enough channels for the excited

molecules, the vibrational bottleneck was not observed in the three-level model, and

its model prediction agrees with the experiment not only qualitatively but also quan-

titatively. The model can be universally used for any OPFIR laser gas systems, and

we believe that the model could contribute to the development of room-temperature

atmospheric-pressure compact sources of far-infrared and THz radiation. Current

three-level model assumes single-layer, which can model only spatially uniform sys-

tem. In the future, we believe that novel spatially non-uniform cavity designs, which

can be simulated by three-level multi-layer model, should be explored to improve the

performance of high-power THz lasing sources.
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