UCLA

UCLA Electronic Theses and Dissertations

Title
A Compact CO2 Amplifier Optically Pumped by a Tunable 4.3 €m Fe:ZnSe Laser

Permalink
https://escholarship.org/uc/item/3gw915xp

Author
Tovey, Dana

Publication Date
2021

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3gw915xp
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

A Compact CO2 Amplifier Optically Pumped

by a Tunable 4.3 um Fe:ZnSe Laser

A thesis submitted in partial satisfaction

of the requirements for the degree of Master of Science

in Electrical & Computer Engineering

by

Dana Thomas Tovey

2021






ABSTRACT OF THE THESIS

A Compact CO2 Amplifier Optically Pumped

by a Tunable 4.3 um Fe:ZnSe Laser

by

Dana Thomas Tovey
Master of Science in Electrical & Computer Engineering
University of California, Los Angeles, 2021

Professor Chandra J. Joshi, Chair

There is currently an ongoing worldwide effort to develop long-wave infrared (8-14 pm)
sources with GW-level peak powers and ~1 kHz repetition rate for HHG generation as well as
TW-level peak powers for particle acceleration and for long-distance atmospheric propagation.
CO; lasers can store a great deal of energy and have been demonstrated to amplify 9-10 pm
picosecond pulses to very high peak powers. However, the electric discharge typically used for
pumping limits these systems to low repetition rates and small aperture beams because of the
complexity of the large-scale high-voltage devices used for pumping and the difficulty in
maintaining a stable discharge across large apertures at the high pressures (>10 atm) required for
short pulse amplification. In principle, optically pumped CO- lasers offer a compact alternative
without these limitations, but the historic lack of high-energy pump sources at the appropriate

wavelength has inhibited the study of picosecond pulse amplification in such a gain medium.
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In this thesis, we first present a detailed analysis of 10 um lasing and gain dynamics in a
CO; medium optically pumped at ~4.3 um by a continuously tunable Fe:ZnSe laser system. We
then show that lasing can be achieved in a 6 cm long CO»-He cell at total pressures up to 15 atm
by tuning the pump wavelength far from the peak of CO; absorption. The optimization of
experimentally measured CO: vibrational temperatures allows optical-to-optical conversion
efficiencies of up to 30% to be reached at atmospheric pressures, falling to ~5% at pressures above
10 atm. At these high pressures, the gain lifetime is measured to be ~1 s, indicating the possibility
of building both multi-pass and regenerative amplifiers using an optically pumped CO; medium.
Numerical simulations based on density matrix formalism confirm that the amplification of a 3 ps
pulse and a sub-picosecond pulse to GW-level powers is feasible in such a compact high-pressure

optically pumped CO; amplifier.
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1 Introduction

Picosecond and subpicosecond pulses with TW-level power in the long-wave infrared region (8-
14 um) are desirable for the study of high-field physics and nonlinear optics in this region of high
atmospheric transmission [1-4]. At present, high-pressure CO; laser systems are the only viable
candidate for generating such pulses, because the CO2 molecule is capable of storing tens of Joules
of energy in a large volume for 10 pm amplification and does not face the damage threshold
limitations that inhibit an optical parametric amplifier from reaching high peak powers at these
wavelengths. In addition, while the individual rovibrational transitions of the CO; gain spectrum
have a relatively narrow bandwidth, these transitions can be broadened via collisions at high
pressures to overlap with one another and provide the THz bandwidth necessary for picosecond
pulse amplification (see Figure 1). CO; lasers have been used to amplify 10 pm pulses as short as
a few ps [5-7]. Recently, powers as high as 15 TW have been achieved using CO> lasers in a

master-oscillator power-amplifier (MOPA) system at the UCLA Neptune Laboratory [6], and 5
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Figure 1. The CO2 gain spectrum at total pressures of 1 atm (blue) and 20 atm (gray). The black

curve indicates the bandwidth of a transform-limited 1 ps pulse centered at 10.28 um.
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TW, 2 ps pulses have been generated using CO; amplifiers at the Accelerator Test Facility (ATF)
at Brookhaven National Laboratory [7]. CO; laser systems are typically pumped with an electric
discharge, however, and the voltage required for breaking the gap between electrodes scales
linearly with pressure. As a result, at the high pressures (>10 atm) needed for a smooth broadband
gain spectrum, it is extremely difficult to maintain a stable electric discharge in large volumes, and
repetition rates are limited.

In principle, the CO> active medium can be excited optically to circumvent this discharge
pressure limitation. As shown in Figure 2(a), a pump source at ~4.3 um can be used to directly
populate the upper laser level 001 of the 10 um laser channel and excite the entire asymmetric
stretching mode of the CO; molecule, while the lower laser level 100 remains only weakly
thermally populated. Optical pumping of a CO: laser was historically first demonstrated using an
incoherent CO-air flame to excite CO; at ~4.3 um, producing ~1 mW of cw radiation at 10.6 pm
[8]. Later, several groups explored the potential of optically pumping a high-pressure CO; laser,
which would exhibit continuous spectral tuning across the broad gain bandwidth. One such group

demonstrated lasing in optically pumped CO; at a total pressure of 33 atm using a pulsed ~4.23
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Figure 2. Optical pumping scheme for (a) direct excitation of CO2 and (b) indirect excitation of COz via CO.
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um HBr laser for pumping, but optical-to-optical conversion efficiency was not optimized or
reported [9]. In addition, the gain length was restricted to only ~1 mm due to the extremely high
absorption coefficient and short gain lifetime at such high pressures. This reduced the cavity round-
trip time but also decreased the single-pass gain in such a short CO; cell. The 101 level of the CO:
molecule has also been pumped using a ~2.7 um HF chemical laser [10,11], but this method was
not pursued beyond the initial experimental demonstration, as the fast collisional decay of the 101
level simultaneously populates both the upper (001) and lower (100) laser levels for the 10 pm
band. In general, the lack of available energetic pump sources operating at wavelengths that are
efficiently absorbed by CO, has prevented the demonstration of high gain in a high-pressure
optically pumped CO amplifier.

An alternative optical pumping scheme has also been explored, in which a partner molecule
is resonantly excited by optical pumping and the absorbed energy is then transferred to CO> via
collisions. This method enables the use of pump wavelengths that do not overlap directly with CO»
absorption lines and can also result in significantly longer gain lifetimes due to the slow exchange
of vibrational energy between different molecules such as N>O and CO. Figure 2(b) depicts such
a scheme using CO as the collisional partner molecule to be optically excited. The small quantum
defect between the first vibrational level of CO and the first level of the CO; asymmetric stretching
mode allows energy to be efficiently transferred from CO to CO,. Lasing was demonstrated in a
CO-CO2-He mix at a total pressure of 16 atm by pumping CO at 4.8 pm using the second harmonic
of a 9.6 um TEA CO; laser [12]. Less than 1 mJ of 10 pm light was generated, however, as this
method has faced a similar lack of energetic pump sources.

Recently, significant progress has been made on solid-state lasers using iron-doped zinc

chalcogenides to provide tunable sources around 3-5 um that have the potential to be scaled up to



Joule-class energies [13]. Specifically, the development of an Fe:ZnSe laser system capable of
producing <60 mJ, 200 ns pulses at a wavelength tunable from 3.8-5.0 um has provided an
energetic pump source for optically exciting CO; either directly at ~4.3 um or indirectly by
pumping CO at ~4.6 um [14]. This has opened a new opportunity for studying the feasibility of
generating or amplifying picosecond or sub-picosecond 10 pm pulses in an optically pumped CO>
active medium, which has never before been thoroughly analyzed.

In this thesis, we present a detailed study of lasing and gain dynamics in a CO; active
medium optically pumped by such a tunable Fe:ZnSe laser. The thesis will be structured as follows.
Chapter 2 will introduce a generally accepted theoretical temperature model that describes an
excited CO2 medium, providing necessary background information for understanding the gain
dynamics of a CO; laser. Chapter 3 will detail our experimental results, including the
demonstration of high gain and high conversion efficiencies in optically pumped CO: at
atmospheric pressures [15], the optimization of pump wavelength to achieve lasing at total
pressures up to 15 atm, and measurements of gain lifetime as a function of pressure [16]. The
alternative pumping scheme in which CO; is indirectly excited via pumping CO will also be
discussed here [16]. We also evaluate experimentally a maximum repetition rate at which a CO»
medium can be optically pumped by analyzing the dissipation of pressure or heat waves caused by
the pump pulse [16]. Chapter 4 will detail theoretical simulations that model the amplification of
short pulses in a high-pressure optically pumped CO, amplifier [17]. Finally, Chapter 5 will

present our conclusions and look forward to future work.



2 Theory

Ultimately, the development of an optically pumped CO- laser system capable of generating high
power 10 um pulses requires a detailed understanding of gain dynamics in such an optically excited
molecular active medium. The properties of a discharge pumped CO; gain medium have been well
characterized using a generally accepted temperature model in which each vibrational mode is
assigned a vibrational temperature describing the Boltzmann distribution of population in that
mode [18-22]. This model can similarly be applied to an optically pumped CO; system, as the
relationship between the relaxation times of the main kinetic processes occurring in molecular

gases remains the same:

Tyr K Tyy K Typr (1)

where Ty, Tyy, and T+ are time constants describing the rates at which equilibrium is achieved
among rotational energy levels, among vibrational energy levels within a single vibrational mode,
and among different vibrational modes of the CO> molecule, respectively. Equilibrium is reached
among individual rotational levels first — such that the population among these levels can be
described according to a Boltzmann distribution with translational or gas temperature, T — on a
time scale of Ty = 0.2 ns at 1 atm of pressure [18]. The distribution of population within the
different vibrational energy levels in a single vibrational mode reaches a Boltzmann distribution
on a time scale of 7, ® 5 ns at 1 atm [18]. Equilibrium among different vibrational modes or
different gases (e.g. N2) within a mixture occurs on a much longer time scale of 7, <1 psat 1
atm [18]. This hierarchy of relaxation times in the CO; molecule is the main reason for the

applicability of this temperature model when considering a typical pump laser pulse on the order



of 100 ns. The population of each vibrational energy level can thus be accurately described using

a Boltzmann distribution with a different temperature, T;, assigned to each vibrational mode i:

N, = Ny exp (- ==2) 2

kpT;

where N,, is the population of molecules in level v of the mode, N, is the population of molecules
in the ground state, G; is the energy gap between levels in vibrational mode i, and h, c, and kg are
the usual physical constants.

The CO; molecule has three vibrational modes: symmetric stretching (T;), bending (T5,),
and asymmetric stretching (75). Figure 3 shows the vibrational energy levels of interest in a CO»
laser, with each column corresponding to a distinct vibrational mode. It can be seen that the upper

laser levels for 10 pm lasing transitions in CO» are energy states corresponding to excitation of the
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Figure 3. A simplified energy band diagram of the CO2 molecule, with the three

vibrational modes represented by columns as labeled.



asymmetric stretching mode. As a result, optimizing gain in a CO> active medium corresponds to
maximizing T3 without increasing T; and T5,. In the case of optical pumping with a ~4.3 um pump
source, it is reasonable to assume that all of the absorbed pump energy is stored in this asymmetric
stretching mode, while the vibrational temperatures of other modes, T; and T, tend to remain
equal to the translational temperature of the gas, T. As a result, optimization of gain is easier to
achieve in an optically pumped CO; active medium than in discharge-excited CO; systems [19].
This ability to selectively excite the asymmetric stretching mode via the absorption of 4.3 um
pump photons is an additional advantage of pumping CO- optically. It has been demonstrated that
in an optically pumped CO; medium, T3 values as high as 4200 K have been reached [23], while
traditional discharge pumped CO; lasers fail to reach T; values above 1800 K [18].

For optical excitation, the population of molecules in each individual energy level can be
determined with knowledge of the translational temperature, T, and this vibrational temperature,
T5. Full characterization of an optically pumped CO> gain medium can thus be achieved by making
time-resolved measurements of both T and T5. The translational temperature can be calculated
from measurements of small signal gain on multiple different regular band transitions. Figure 4
shows the envelope of the 10P branch of the normalized CO; gain spectrum as a function of
rotational quantum number j at an example temperature of T = 300 K. The shape of this envelope
depends on the translational temperature since the population of molecules in a particular

rotational-vibrational state vj is given by [18]:

2hcBy
kgT

Noj =Ny (B22) (2 + Dexp (-2 [B,jG + D = D2 G+ 1) ()
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Figure 4. The gain envelope of the regular 10 um P branch of CO: transitions at a translational
temperature of 300 K. Red diamonds indicate the rovibrational lines on which small signal gain was

measured in experiment.

where v refers to the specific vibrational state (for example, 001), N,, is the population of molecules
in the vibrational state as a whole (given in Equation 2), B, and D,, are rotational constants for the
particular vibrational state, and j is the rotational quantum number [23]. The translational
temperature T can thus be found by fitting a curve to experimentally measured small-signal gain
values on various 10P CO; lines. Analysis of this method of calculating T revealed that the slope
of the curve on the high-j side of the peak of the gain distribution is very sensitive to changes in
temperature. Chapter 4.2 will discuss our experimental measurements of T as a function of time
using this method; we chose to measure gain on the 10P(24), 10P(26), 10P(30), and 10P(36)
rovibrational transitions (see Figure 4) to maximize our temperature measurement accuracy. The
accidental overlap between regular band lines (001-100) and sequence band (002-101) or hot band
(011-110) lines was also considered when choosing rovibrational lines, as these overlaps can

distort the gain envelope and introduce additional error in the measurement of T [24,25].



The asymmetric stretching mode temperature, T3, can be calculated from measurements of
small signal gain on both a regular band transition and a sequence band transition using the

following relation [18,23]:

95e4 — 9 exp (— ’“63) (4)

which gives:

_ hcG
o = () ®

dseq

where ggeq is the small signal gain on a sequence band transition (002-101), and gy is the small
signal gain on a regular band transition (001-100) with an equivalent rotational quantum number
j. This equation, however, assumes a perfect Boltzmann exponential distribution of population in
the asymmetric stretching mode of CO». Previous experiments have indicated that for the very
high values of T; that can be achieved with optical pumping, the distribution of population in the

asymmetric mode can be more accurately described using a Treanor distribution function [23,26]:

Noon = Np exp <_ % (n_Gl - —n(n_;)wexe)> (6)

where Ny, Ny, and G; are defined above, and w,x, is the anharmonicity constant introduced in

this formula. This arises from the fact that the Boltzmann distribution is based on the assumption

9



that all vibrational levels in a single mode are evenly spaced. In reality, the separation between
levels in the CO; asymmetric stretching mode is not constant but rather decreases for higher levels,
resulting in a slightly less efficient exchange of energy between these levels and therefore a
distribution of energy that is not perfectly exponential.

Calculations have been performed to determine whether this change in distribution function
plays a significant role for an optically pumped CO> medium. Figure 5(a) displays the normalized
population in each 00n energy level of CO2 when calculated using a Boltzmann distribution and a
Treanor distribution for T; values of 1800 K and 4200 K. Recall that these two values correspond

to the respective temperatures that are typically reached when pumped by electric discharge and
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Figure 5. (a) Normalized population of CO2 molecules in each energy level of the asymmetric mode when calculated
with a Treanor distribution function (in red) and a Boltzmann distribution function (in blue) for Ts temperatures of
1800 K (top) and 4200 K (bottom). (b) The normalized gain spectrum for a gas mixture of 1 atm COz and 19 atm

He, optically pumped to a Ts value of 4200 K.
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that can be reached when pumped optically. It is apparent that, in comparison with the Boltzmann
distribution function, the Treanor distribution function places a significantly greater portion of the
total population in the 00n energy levels for n > 3, increasing the gain present on upper sequence
bands (00n-10(n-1)). It should be noted that while these bands are red-shifted due to
anharmonicity, the transition frequencies of their R and P branches are relatively close to that of
the regular band (<100 MHz difference) and are therefore still involved in the amplification
process for the case of picosecond pulses. Figure 5(b), which displays the normalized gain
spectrum around 10 um for a 20 atm CO»-He gas mix (containing 1 atm pure CO;) that has been
optically excited to a T; value of 4200 K, illustrates how sequence bands (00n-10(n-1)) contribute
to the overall gain spectrum. The yellow curve represents gain on the regular band transitions,
excluding extra gain from the sequence bands discussed above. The blue and red curves represent
the gain spectrum with all sequence bands included when determining the asymmetric mode level
populations using a Boltzmann distribution function and Treanor distribution function,
respectively.

The yellow gain curve depicted in Figure 5(b) demonstrates that sequence band transitions
have a significant contribution to the overall gain spectrum in a highly excited CO; gain medium.
The red and blue curves show that the difference in peak gain at high pressures when calculated
using a Treanor function in place of a Boltzmann function is negligible for realistic T3 values at
high pressures. It should be noted that the use of a Treanor function instead of a Boltzmann
function to model population only substantially affects higher levels and sequence bands. As a
result, using the Treanor function does slightly red-shift the wavelength at which gain is
maximized, but the overlap between sequence band and regular band rovibrational lines at high

pressures eliminates any significant disparity. Because differences in the gain spectrum at high

11



pressures using different population distributions are negligibly small (see Figure 5(b)), the

remainder of this thesis uses a Boltzmann function to describe population and to measure 7.

3 Fe:ZnSe pump laser

The experiments discussed in the following chapter of this thesis were performed using a Fe:ZnSe
MOPA system for optically pumping a CO> gain medium [14]. A simplified schematic of this
system is shown in Figure 6(a). A flashlamp-pumped, Q-switched 2.94 pm Er:YAG laser
producing ~200 ns pulses of ~250 mJ of energy is used to pump the system, with the 2.94 um
pulse being split in multiple ways to pump both the oscillator and the three power amplifiers as
shown. A diffraction grating within the Fe:ZnSe master oscillator laser cavity allows for
continuous tuning over a wavelength range of 3.8-5.0 um. A picture of this master oscillator with
the diffraction grating, Fe:ZnSe crystal, and Er:Y AG pump laser labeled is shown in Figure 6(b).
It should be noted that because the Fe:ZnSe gain spectrum is peaked at ~4.15 pm, the gain medium
will produce broadband amplified spontaneous emission centered at ~4.15 um when the master

oscillator is tuned to operate at long wavelengths >4.6 pm. As a result, while this did not affect
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Figure 6. (a) A simplified schematic of the Fe:ZnSe MOPA system. (b) The Fe:ZnSe master oscillator.
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our operation of the Fe:ZnSe laser for pumping CO: at ~4.3 pm, studying the indirect pumping
scheme in which CO is optically pumped at ~4.6 um required the introduction of an unpumped
Fe:ZnSe crystal as an absorbing element between the master oscillator and power amplifier to
eliminate this parasitic self-lasing [14].

Figure 7(a) shows measurements of pulse energy as a function of output wavelength under
different pumping conditions. The black curve shows the tuning curve of the master oscillator,
multiplied by 4 for visibility. The black, red, and blue markers show the tuning curve of the MOPA
system at full pump energy without any absorbing element, at full pump energy with the absorbing
element, and with reduced pump energy without any absorbing element, respectively. For the low
pressure optically pumped CO, experiments discussed in Chapters 4.1-4.2, only the master
oscillator with pulse energies of <2.5 mJ was used for pumping CO., as the power amplifier system

had not yet been fully developed [27]. For the high-pressure experiments discussed in Chapters
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Figure 7. (a) Output energy of the Fe:ZnSe MOPA as a function of wavelength for the (i) master
oscillator, (i1)) MOPA system at full pump energy without absorbing element between MO and PA,
(iii) MOPA system at full pump energy with absorber, and (iv) MOPA system at reduced pump
energy without absorber. (b) Typical temporal pulse profiles for (i) the 2.94 um Er:YAG pump laser,

(i1) the master oscillator, and (iii) the MOPA output.
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4.3-4.6, the full MOPA system was utilized, with the absorbing element put in place for the indirect
pumping scheme results discussed in Chapter 4.5. Figure 7(b) shows typical temporal profiles for
the 2.94 um Er:YAG pump laser, the master oscillator, and the entire MOPA system. Further

details on this system can be found elsewhere [14].

4 Optically pumped CO: active medium

Experimental measurements of lasing and small-signal gain in an optically pumped CO> medium
were all performed using a similar experimental setup, which is shown in Figure 8. The green
arrows indicate the optical path of the Fe:ZnSe pump laser. A NaCl wedge angled at 45 degrees
was used to sample ~1% of the pump pulse to diagnose the input pump energy prior to reaching
the CO> cell as shown. For all experiments discussed in this chapter, the entire experimental area
was purged with N> or Ar gas to eliminate any absorption of the pump pulse by CO: in the ambient
air.

For lasing experiments, the laser cavity was formed by two curved dichroic mirrors
surrounding a gas cell sealed with Brewster-angled NaCl windows. The dichroic mirrors are 99.5%
reflective at ~10.6 um and 99% transmissive at ~4.3 um and have a radius of curvature of 70 cm.
Low-pressure lasing measurements were performed using a 25 cm long cell; high-pressure lasing
measurements where CO» absorption was stronger were performed using a 6 cm long cell. For all
measurements, the cavity length was ~50 cm. The 10.6 pm laser radiation decoupled through the
downstream (leftmost in Figure 8) dichroic mirror was measured as shown. A 10 pm narrow-
bandpass filter was used to eliminate any residual 4.3 um pump radiation. As indicated in Figure
8, one of the dichroic mirrors could be replaced with a diffraction grating to vary the cavity Q
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Figure 8. Experimental setup of the optically pumped COz laser. DM — dichroic mirror, the left DM can be

replaced by a diffraction grating.

factor. For this configuration, the zeroth order of the grating was used to decouple radiation out of
the cavity. Two different diffraction gratings were used in this study, with measured reflectivities
of ~71% and ~97.7% at 10.6 um and groove densities of 135 gr/mm and 150 gr/mm, respectively.

To measure small-signal gain, the left dichroic mirror was removed, and a commercial,
low-pressure, discharge-pumped, pulsed CO» laser was used to probe the active medium. Typical
probe pulses contained a few mJs of energy and consisted of a short (~100 ns) spike followed by
a long (>20 ps) tail. Measurements were performed on the tail of the pulse such that the probing
peak power was only a few Watts, far below gain saturation.

For the low-pressure gain measurements on both the regular and sequence bands described
in Chapter 4.2, the 97.7% reflective diffraction grating was placed in a non-Littrow configuration
within the probe laser cavity such that this probe laser pulse is doubly diffracted. The probe laser
cavity length of ~1 m and this double passing through the diffraction grating increased dispersion
to allow for precise tuning of the probe laser on individual rovibrational transitions of both the

regular and sequence 10 pm branches of CO» [28]. Recall from Chapter 2 that measuring gain on

15



several rovibrational transitions allows for time-dependent measurements of the vibrational mode
temperatures in a CO; active medium. To maximize the Q-factor of the cavity, the zeroth-order
reflection of the grating was used as an output coupler. Note that even with this scheme, only
sequence lines with a high rotational quantum number (j > 21) were observed. This is a result of
the frequency separation between adjacent CO> regular band and sequence band transitions
increasing with rotational quantum number j such that the nearby regular band transition
dominates lasing within the cavity for low j sequence band transitions. The probe pulse was sent
through the optically pumped CO; cell in a double-pass scheme with the rightmost dichroic mirror
used for reflection. A 50/50 beam-splitter directed the reflected pulse into a HgCdTe signal
detector for measurement. Time-resolved gain could then be determined from comparison of the
temporal profiles of the probe pulse and pump pulse, and, thus, time-resolved measurements of T
and T were obtained using the methods described previously in Chapter 2.

For the high-pressure measurements of gain lifetime discussed in Chapter 4.4, where
precise tunability was no longer required, the intra-cavity grating was removed from the probe
laser cavity and a 50% reflective mirror was used as an output coupler. To prevent cross-interaction
between the pump and probe laser, the probe beam was aligned through the cell and reflected off

the right dichroic mirror at a slight angle, measuring gain in a V-shaped double-pass scheme.

4.1 Low-pressure lasing

Our first experimental results were the demonstration of efficient lasing in an optically pumped
CO; active medium at low pressures. Figure 9(a) shows the 10 um energy generated from lasing
in a cell containing 35 Torr of pure CO> optically pumped by ~2 mJ pulses generated by the

Fe:ZnSe master oscillator. Here, the 97.7% reflective diffraction grating was used as an output
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Figure 9. (a) The amount of 10 um energy generated in the optically pumped COz laser as a function of absorbed
pump energy. A least squares linear fit to the aggregate data is shown in black. (b) Optical-to-optical conversion
efficiency in the optically pumped COz laser for a pump wavelength of 4.23 um. The black curve indicates a

least squares parabolic fit to the data.

coupler in place of the second dichroic mirror shown in Figure 8. The ~4.3 um pump pulse energy
was measured before the cell using the reflection off of the NaCl wedge and after the cell by
measuring the pump energy reflected off of this diffraction grating. Blue dots correspond to lasing
output when the pump laser was tuned to 4.29 um, the peak of the 4P branch of the CO; absorption
spectrum. Red dots correspond to a pump wavelength of 4.23 um, the peak of the 4R branch, where
absorption is naturally higher, allowing for more efficient pumping. A linear slope can be seen
with no indication of pump energy saturation. Figure 9(b) shows the optical-to-optical conversion
efficiency of 4.23 um pump energy to 10.6 um lasing energy as a function of total pressure in
mixtures of 50 Torr of CO and ballast He. A peak conversion efficiency of >30% was measured,
nearing the theoretical quantum limit of ~40%.

Using this diffraction grating as an output coupler, lasing was not observed at pressures >1
atm. Using a second identical dichroic mirror to maximize the Q-factor of the cavity, however,

allowed for the observation of lasing at total pressures up to 3 atm (50 Torr CO: diluted with He).
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At such pressures, the collisional broadening of rovibrational lines resulted in stronger absorption
of the pump energy, and it was thus necessary to tune the pump wavelength along the high-j
transitions of the 4P absorption branch to ~4.35 pum, where absorption is significantly lower.
Stable lasing also required a precise tuning of the pump laser wavelength on the line center to
avoid resonant nonlinear optical effects in CO,, as self-focusing and -defocusing of the pump beam
were observed when pumping CO; on the red side and the blue side of resonant rovibrational
transitions, respectively [29]. It was discovered that both of these nonlinear effects negatively
impacted the efficiency of the optically pumped CO: laser, and a cylindrical “pencil-like” pump
beam was optimal.

Prior to the development of the MOPA system, the pump pulses provided by the master
oscillator were limited to energies of <2.5 mJ, and it was estimated that this lack of pump energy
limited the observation of high gain and lasing at pressures above 3 atm. To confirm this
hypothesis, a more detailed study of the gain dynamics in optically pumped CO; was then carried

out, which will be described in the following section.

4.2 Gain dynamics

As detailed in Chapter 2, the distribution of population and thus the gain dynamics of an excited
CO; medium can be accurately described using a temperature model [20,21]. Knowledge of
temperature kinetics is critical for laser optimization, and experimentally observed molecular
kinetics in CO; lasers have been shown to deviate considerably from theoretical modeling,
especially at high levels of vibrational excitation [20,23]. To study this, we performed small-signal

gain measurements on different rovibrational lines of the CO; gain spectrum to experimentally
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Figure 10. (a) The asymmetric stretching mode vibrational temperature T3 and (b) the translational
temperature T within a cell of 50 torr pure COz optically pumped at 4.3 um as a function of time.
The blue curves show the results of raw data; the red curves show this data with a 50 point moving

average filter applied to reduce noise. The pump pulse temporal profile is shown in black.

measure the vibrational temperature, T3, and the rotational temperature, T, as a function of time in
a CO; cell optically pumped at ~4.3 pm using the methods described in Chapter 2 [15].

Figure 10 shows the results of these measurements for an active medium of 50 torr pure
CO2 pumped at 4.29 pum. Asymmetric stretching mode vibrational temperature, T3, and
translational temperature, T, are shown as a function of time. It can be seen that almost
immediately after the absorption of the pump pulse (at time t = 0), a peak T3 value of ~2400 K is
reached, while translational temperature is measured to be near room temperature (~300 K) as

expected. This T3 value corresponds to a record-high peak gain coefficient of ~30%/cm. Note that
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a TEA CO; laser pumped by electric discharge rarely achieves a T; value above ~1800 K or gain
coefficients above 2-3%/cm [18]. Even optimized, non-self-sustained discharge-pumped CO»
systems are typically only capable of reaching gain coefficients of 4-6%/cm. The asymmetric
stretching mode then collisionally relaxes and energy is redistributed to other modes, resulting in
a decrease in T3 and an increase in T as shown in Figure 10. It should be noted the observation of
gain on a sequence band transition (002-101), which was required for this measurement of Tj,
immediately after pumping gives further confirmation that the asymmetric stretching mode reaches
equilibrium before the gas mixture as a whole.

These measurements were repeated for various CO»-He mixtures to determine the effect of
adjusting total pressure and CO> concentration on peak values of T;. Large T; values were only
obtained in mixtures with small amounts of CO; gas, again indicating that greater pump energy is
required to obtain high T; values in a larger partial pressure of CO.. To study the scalability of this
system to the high pressures required for sub-picosecond pulse amplification, theoretical
calculations were performed to estimate the 4.3 um pump energy required to achieve high gain in
CO; at different pressures. Figure 11 shows theoretical calculations for the vibrational temperature,
T3, and the corresponding peak gain coefficient as a function of absorbed energy per unit volume
for various amounts of pure CO; gas. The pump energy is assumed to be entirely deposited into
the asymmetric stretching mode, resulting in the following equation relating T; and absorbed pump

energy [23]:

_ Nco,(E9-1E,N,)
Eabs - 9 N

v=0""V
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where N¢, is the total number density of CO> molecules, E,, is the energy of the 00v vibrational
state, and N,, is the population of this state (see Equation 2 in Chapter 2). The diamond markers in
Figure 11 indicate experimentally measured T3 values and their corresponding peak gain
coefficients. It is estimated that nearly all of the pump energy is absorbed in the cell in the 200 torr
case, corresponding to an absorbed energy per volume of ~60 mJ/cc. It is thus apparent that a much
greater amount of pump energy is required to achieve T3 > 2000 K in more than 50 torr CO; due
to simple conservation of energy. The lack of absorbed energy in the 10 torr case is attributed to
the extremely small width of the 4.3 um CO> absorption spectral lines at such low pressures in

comparison with the ~2 nm bandwidth of the 4.3 um pump laser.
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Figure 11. (a) The asymmetric stretching vibrational mode temperature Ts and (b) the
corresponding peak gain coefficient in an optically pumped CO: active medium vs. absorbed
4.3 pm pump energy per volume. Each color corresponds to a different amount of pure COsz.

Experimental measurements are shown in diamonds.
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To further investigate gain limitations in an optically pumped CO; system, measurements
were performed in mixtures where the concentration of CO; is heavily diluted with Helium. Note
that adding He serves two purposes, as it both collisionally broadens the CO; lines and efficiently
removes heat deposited in the gas. Figure 12 shows experimental measurements of peak T as a
function of pressure in pure CO; (blue curve) and in CO»-He mixtures containing a constant 10
torr of CO; and ballast He (red curve). It is clear that increasing the amount of CO> reduces T for
the reasons discussed above. It is also evident, however, that increasing the amount of Helium
while maintaining constant partial pressure of CO; increases T5. This result is attributed to
increased absorption of 4.3 um pump energy due to the broadening of spectral lines via CO»-He
collisions. These results give further evidence that very high vibrational temperatures can be
achieved in a CO» system optically pumped by Fe:ZnSe laser pulses, but a multi-atmosphere CO»

laser requires a much more energetic pump source.
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Figure 12. The peak asymmetric stretching vibrational mode temperature, T3, in an optically pumped
CO: active medium as a function of total pressure for pure CO: (see blue curve) and for dilute CO2

mixtures (see red curve).
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4.3 High-pressure lasing

The development of the Fe:ZnSe MOPA capable of producing <60 mJ pulses allowed us to
confirm whether increased pump energy could result in gain at high pressures. In addition, the
tunability of the Fe:ZnSe pump laser allowed us to study the effects of varying absorption within
the CO; active medium by changing the wavelength of the pump pulse. Again, lasing was studied
using the experimental setup depicted previously in Figure 8. A 6 cm cell was filled with various
mixtures of CO2 and Helium gas and pumped at several different wavelengths with the objective
of observing lasing at the highest possible total pressure.

Figure 13(a) shows the normalized absorption spectrum at ~4.3 um for a mixture of 0.75
atm CO2 and 9.25 atm Helium, which was close to the optimal ratio as will be discussed below. It
can be seen that varying the wavelength of the continuously tunable Fe:ZnSe pump laser along
this CO> absorption spectrum can give access to a broad range of absorption values. The red
markers in Figure 13(a) indicate the five pump wavelengths studied in this experiment, ordered
from maximum (~3.5 cm!) to minimum (~0.2 cm!) absorption. Wavelengths were chosen to study
a range of absorption from the peak to the wing of the distribution, and 4.256 um (marker 2 in
Figure 13(a)) was chosen specifically because it corresponds to the fourth sub-harmonic of the
wavelength of a Nd:YAG laser (1064 nm), a possible alternative pump source [30,31].

Figure 13(b) displays the maximum total pressure at which lasing was observed as a
function of measured absorption coefficient for a cell filled with different partial pressures of CO»
and ballast He. The numbers next to each marker indicate the corresponding pump wavelength as
shown in Figure 13(a), and the dashed lines indicate a calculated absorption coefficient that would
correspond to 50% and 99% of the pump energy being absorbed over the 6 cm cell length. Note

that for each of the markers to the right of the second dashed line, the entire pump pulse energy
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Figure 13. (a) Normalized absorption in 0.75 atm CO: and 9.25 atm He. Red markers indicate pump wavelengths
used in experiment. (b) Maximum lasing pressure vs estimated experimental absorption coefficient. Numbers
correspond to pump wavelengths indicated in (a). The green star indicates maximum lasing pressure after increasing

the pump intensity by a factor of ~2 to ~5.3 MW/cm?.

was absorbed. It can be seen that tuning the pump wavelength far from the peak of the absorption
spectrum was necessary to achieve lasing at high pressures. This is attributed to the fact that in
high absorption mixtures, nearly all of the pump energy was absorbed over a short distance,
reducing the gain length of the CO; active medium. Increasing the partial pressure of CO allowed
for increased gain coefficients, but this also increased absorption and thus reduced the gain length.
Note that lasing was not achieved at pressures above 5 atm when the cell was pumped at 4.256
um. The relatively high absorption coefficient here dictates that, if using an alternate pump source
limited to this wavelength, efficient short pulse amplification will require cell length optimization
or utilizing a transverse pump configuration.

For high-pressure lasing in a 6 cm cell, the optimal partial pressure of CO2 was found to
be 0.75 atm and the optimal pump wavelength was found to be 4.40 um. Further focusing of the
pump beam to increase the intensity by a factor of ~2 to ~5.3 MW/cm2 allowed for the

achievement of lasing at total pressures up to 15 atm, as indicated by the green star in Figure 13(b).
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Figure 14. Beam profiles of (a) the 4.4 um pump laser and (b) the 10.6 pm optically

pumped COz laser output at a total pressure of 15 atm.

Typical spatial beam profiles of the Fe:ZnSe pump pulse and the 10.6 um optically pumped CO>
laser pulse are shown in Figure 14. Note that the maximum pressure in this experiment was
ultimately limited by the gas handling system, and higher pressures can be reached with further
optimization. In addition to advantageously increasing the absorption length in the cell, pumping
this far from the peak of absorption eliminates the need for purging the experimental area with Ar
or N», as CO; absorption in the ambient air at a wavelength of 4.40 um is negligible. It should also
be noted that the experimentally measured absorption using high intensity, 4.40 um radiation was
significantly higher than that theoretically predicted using HITRAN molecular constants [32]. This
can be attributed to the fact that, within the cell, there may be significant absorption on the 001-
002 and 002-003 absorption bands, as all vibrational levels in the asymmetric mode are populated
and the absorption transitions of these sequence bands are red-shifted due to CO> anharmonicity.
This may also indicate a non-Boltzmann distribution of population among rovibrational energy
levels for highly excited CO2 molecules and requires further study.

The optical-to-optical conversion efficiency was also measured using several different
output couplers with this same optimal CO, pressure and pump wavelength. Figure 15(a) shows

the conversion efficiency as a function of total pressure for cavities formed by a second dichroic
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Figure 15. (a) Optical-optical conversion efficiency of the optically pumped COz laser as a function of pressure using
three different output couplers. (b) Conversion efficiency as a function of cavity Q factor at three different pressures.

(c) 10 um lasing energy generated vs. 4.40 um pump energy absorbed at 7 atm total pressure.

mirror, a 97.7% reflective diffraction grating, and a 71% reflective diffraction grating as indicated.
It should be noted that flat reflective diffraction gratings were used, while the dichroic mirror had
a radius of curvature of 70 cm, which likely helped reduce diffraction losses and therefore the
lasing threshold. Figure 15(b) shows the same set of data, here presenting the conversion efficiency
as a function of cavity Q factor. It was found that the highest reflectivity output coupler provided
the best performance both in terms of maximum achievable lasing pressure and in terms of highest
conversion efficiency.

Figure 15(c) shows measurements of 10.6 um lasing energy as a function of absorbed 4.40
um energy at a total pressure of 7 atm for the cavity utilizing a second dichroic mirror as an output
coupler. Note that for this measurement, the range of absorbed energy was controlled not by tuning
wavelength but by attenuating the pump pulse energy by a factor of 2, and small variations in the

data reflect the day-to-day change of the output of the Fe:ZnSe pump laser. There is no sign of
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saturation with increased pump energy, indicating the potential for scaling 10 um output to higher

energies.

4.4 Gain lifetime

Small-signal gain measurements were also performed to study the gain lifetime of an optically
pumped CO> active medium. Relaxation rates have previously been measured in CO> systems
pumped at ~4.3 um [33,34]. However, the extreme excitation of the CO> asymmetric stretching
mode that is presented in this study may lead to different relaxation rates and has not been tested
experimentally. To study this, small-signal gain and gain lifetime were measured by probing an
optically pumped CO> system in the V-shaped double-pass scheme described previously [16].
Figure 16 shows a typical measurement of the 4.40 pm pump pulse (in blue) and the total
amplification factor of the 10.6 pm probe pulse (in red) as a function of time for an example gas
mix of 0.75 atm CO> and 10.25 atm He. It can be seen that, even at 11 atm, amplification reaches

a maximum after the termination of the pump pulse, indicating the importance of repopulating the
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Figure 16. The 4.40 um pump pulse (blue) and the amplification factor of the 10.6 um probe

pule (red) as a function of time for a gas mix of 0.75 atm CO2 and 10.25 atm Helium.
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Figure 17. (a) Total amplification of the 10.6 um probe pulse in the 6 cm optically pumped COz cell and

(b) gain lifetime as a function of total pressure.

upper laser level 001 by intramode collisional energy exchange to reach the maximum gain
coefficient. Figure 17(a) shows the peak of this total amplification factor as a function of pressure.
The blue and red curves correspond to measurements made in pure COz and in 0.75 atm CO> mixed
with ballast He, respectively. Fitting an exponential curve to the decay of these measured gain
signals over time resulted in the measured gain lifetimes displayed in Figure 17(b). The dashed
lines in Figure 17(b) correspond to values calculated using the experimentally determined
relaxation rates for CO2-CO, and CO;-He collisions measured by Inoue et. al. and Lepoutre et. al.
[33,34]. From the data in Figure 17(b), it is clear that our measured gain lifetimes agree well with
these previously published values, indicating that for our pumping conditions, the physical
processes occurring in an optically pumped CO> active medium do not differ significantly from
those published in literature for a lower degree of excitation. Importantly, a long gain lifetime of
~1 ps at high pressures >10 atm opens the opportunity for building both regenerative and multi-

pass amplifiers suitable for amplifying short seed pulses. Thus, in the direct optical pumping
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scheme using 4.4 um Fe:ZnSe lasers, a high conversion efficiency of ~10% could be reached when

the stored energy can be extracted in a short pulse.

4.5 Lasing in indirectly pumped CO>

Using the <60 mJ Fe:ZnSe MOPA system, lasing was also studied in CO-CO>-He mixtures
utilizing the indirect pumping scheme, in which CO molecules are optically excited and energy is
collisionally transferred to the CO> asymmetric stretching mode and thus the upper laser level (see
Figure 2(b)). This scheme is motivated by the potential of further increasing the gain lifetime at
high pressures due to the slow exchange of vibrational energy in a dual molecular system where
the absorbing two-atomic molecule has a long relaxation time [12]. This scheme may also be used
to avoid deleterious nonlinear refraction that can occur in CO2 [29], which has a dipole moment
three times larger than that of CO.

The same setup illustrated in Figure 8 was used for these measurements, with the Fe:ZnSe
pump laser wavelength now tuned to ~4.6 um to coincide with absorption in the 0-1 vibrational
band of CO. Figure 18(a) shows the normalized absorption spectrum of 1 atm CO, and the red
markers indicate the pump wavelengths used in this experiment. Figure 18(b) shows the maximum
total pressure at which 10.6 um lasing was analyzed for two different gas mixtures as shown. The
two dashed lines again indicate the absorption coefficients at which 50% and 99% of the pump
pulse energy are absorbed over a length of 6 cm, and all pump energy was absorbed for the
rightmost two data points. Note that lasing at pressures above 4 atm was not achieved in either the
9:1 CO2:CO or the 10:3:27 CO,:CO:He mixes, and varying the absorption by tuning pump
wavelength did not have an observable positive effect on the maximum lasing pressure. While we

have indeed observed a gain lifetime that is several times longer than that for direct pumping, the
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(b) Maximum lasing pressure vs estimated experimental absorption coefficient. Numbers correspond to pump

wavelengths indicated in (a).

gain values and 10 um output stability were clearly inferior to those measured in the case of 4.4
pm pumping of the CO> medium.

For both mixtures, an audible noise corresponding to heat or pressure waves inside the cell
could be heard upon the arrival of the pump pulse. The gas mixtures were flowed slowly through
the cell to reduce the effects of this, but these pressure waves can play a significant role in
vibrational energy exchange processes, thus hindering the performance of indirectly pumped CO»
laser and limiting the maximum total pressure to <4 atm in this experiment. A fast flow of the gas

should be able to mitigate this effect, but extra modifications were beyond the scope of our study.

4.6  Possibility of repetition rate scaling

While all the measurements above using the full Fe:ZnSe MOPA system have been conducted at
arelatively low repetition rate of 3 Hz, it is important to identify the rate at which the gas molecules

in the system recover from the disturbance of pressure waves caused by the absorption and
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Figure 19. (a) Deflected probe signal (in blue) and Fe:ZnSe pump pulse (in red). (b) Deflected probe signal

and recovery. The dashed white line indicates an exponential fit with a time constant of 0.33 ms.

dissipation of heat caused by the energetic pump pulse. To do this, we used a visible cw He-Ne
probe laser to analyze how quickly the refractive index of the gas recovers after absorption of the
pump pulse. Figure 19 indicates the results of these red beam deflection measurements in a gas
mixture of 0.75 atm COz and 9.25 atm He pumped at 4.4 pm.

Figure 19(a) shows the probe signal in blue and the Fe:ZnSe laser pump pulse in red on a
microsecond time scale. It can be seen that immediately after the ~200 ns pump pulse, the probe
signal remains unaffected, but ~1 ps after the pump pulse, the probe beam is deflected, and the
signal is reduced. Figure 19(b) shows the recovery of the probe signal for a similar pump pulse
energy on a longer time scale. It can be seen that after >1 ms, the gas system has returned to
equilibrium and the visible probe signal returns to the initial value. Fitting an exponential curve
gives a relaxation time constant of ~0.33 ms at this 10 atm total pressure. A similar result was
measured in CO-CO, mixes, where the relaxation time constant was measured to be ~0.50 ms in a
mix of 1 atm CO, 0.1 atm CO,, and 8.9 atm He. Given that this relaxation time is inversely
proportional to pressure, it can be estimated that for the high pressures (>10 atm) desirable for
short-pulse amplification, the system will reset in <1 ms. This indicates that an optically pumped

COz laser system is capable of operating at a repetition rate of ~1 kHz.
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There are currently two feasible options for the development of a 1 kHz solid-state source
capable of pumping a CO> active medium for the amplification of 10 um pulses to GW level
powers (with a few mJ in a few ps). A 1 kHz Fe:ZnSe laser system pumped by Er:YAG lasers
providing mJ-level output has already been developed and could be scaled to provide tens of mJs
utilizing commercially available 50 mJ, 1 kHz Er:YAG lasers for pumping [13]. Alternatively, the
efficient frequency down-conversion of 1064 nm Nd:YAG laser pulses could be used to generate
pulses at 4.256 um, the fourth sub-harmonic of this wavelength. Nd:YAG lasers are capable of
operating at a kilohertz repetition rate, and efficient conversion of 15 ns pulses from 1064 nm to
2128 nm and from 2.1 pm to ~3-5 um has already been demonstrated with optical parametric
oscillators operating at or near the degeneracy point [30,31]. It should be noted that for such a CO»
laser system producing multi-watt average powers, a certain heat exchanger similar to that used in

industrial CO; pulsed lasers should be designed and utilized.

5 Simulation results

The demonstration of lasing and gain at high pressures up to 15 atm indicate that an optically
pumped CO> amplifier can achieve a broad bandwidth capable of amplifying picosecond or sub-
picosecond pulses. Historically, however, the interest in high-pressure, optically pumped, compact
CO: lasers was motivated by the prospect of continuous spectral tuning, and thus the experimental
realization of amplifying short pulses in such a medium has never been performed or even analyzed
numerically. Recently, we have shown a path towards achieving high peak powers in 10 pm pulses
by the direct amplification of a 3 ps pulse and the chirped-pulse amplification of a 1 ps pulse in a
CO; amplifier pumped by a tunable 4.3 pm pump source using numerical simulations [17]. These
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simulations were performed using the co2amp software program, which is based on density matrix
formalism and analyzes broadband pulse amplification in a CO> active medium [35].

As discussed in Chapter 1, pressure broadening allows the CO> gain spectrum to reach a
bandwidth of ~1 THz (FWHM) for the amplification of short pulses (see Figure 1). Gain
narrowing limits the minimum pulse duration to ~3 ps [6], but by introducing CO, isotopologues
with frequencies that are slightly shifted from that of the regular 2C'®O, molecule, it is possible
to further increase the bandwidth of the CO> gain spectrum to realize the amplification of even
shorter pulses. Adding the *C'®O, isotopologue into the active medium extends the bandwidth
due to the overlap between the '>C'°0, 10P branch with the '*C'0, 10R branch [36]. Numerical
optimization of the ratio between '2C'%0, and 3C'®0O; in a gas mix of 1 atm total CO; and 19 atm
He was performed to provide an approximately constant gain over a >1 THz bandwidth. The
resulting mix consisted of 63% '2C'°0; and 37% '3C'°O,. Figure 20(a) shows the calculated gain

profile of such a laser mix optically pumped to a vibrational temperature, T3, of 3300 K. Note that
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Figure 20. (a) The gain spectrum of an active medium comprised of 1 atm CO2 (63% '2C'®0; isotopologue, 37%
13C1%0;) and 19 atm He, pumped to a T3 value of 3300 K. The dashed black line shows the frequency spectrum of a
500 fs seed pulse centered at 10.7 um. (b) The normalized gain spectrum of an active medium comprised of 1 atm
CO:2 (21% '2C'%0, 43% '2C'80», and 36% 2C'°0'0 isotopologue) and 19 atm He. A total bandwidth of ~3 THz

centered around 9.3 um wavelength is achieved.
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regardless of which CO; isotopologue absorbs the pump radiation, near resonant interactions
between the upper laser levels of the two CO» isotopologues quickly establish equilibrium between
these levels, ensuring that a single vibrational temperature, T;, can be applied to both
isotopologues. Later, in section 5.2, we will show the results of simulations describing the
amplification of a 0.5 ps pulse in a gas mix with the gain spectrum presented in Figure 20(a).

Amplification of sub-picosecond (0.3-0.5 ps) pulses requires further broadening of the gain
spectrum. The necessary bandwidth can be achieved, for example, around 9 pm wavelength with
the 12C'%0, and '*C'%0'¥0 isotopologues. Figure 20(b) shows the normalized gain spectrum of a
mix of 1 atm CO, isotopologues and 19 atm He. An optimized ratio of 21% !2C'°0,, 43%
2C160"0, and 36% !2C'30, was used. It should be noted that while this particular gain spectrum
was not used in the simulations discussed in this thesis, a similar mixture of CO> isotopologues at
lower pressures (~10 atm) was recently used to amplify 9.2 um, 2 ps pulses to the multi-TW level
at Brookhaven National Laboratory [7].

Two simulations are presented in this chapter, both targeting the achievement of GW-level
peak powers. The first considers the direct amplification of a 3 ps pulse, while the second considers
the chirped-pulse amplification (CPA) of a shorter, sub-picosecond pulse. CPA reduces the
intensity of the pulse via stretching before amplification, keeping the intensity of the pulse below
the damage threshold of optical elements. CPA is considered only for the sub-picosecond pulse,
for which a reduction of intensity becomes necessary. A length of 3 ps is chosen for the longer
pulse specifically because direct amplification of 3 ps pulses in a high-pressure CO, amplifier is
possible without measurable pulse broadening [4-6]. Only the '2C!®Q, isotopologue is considered
for this 3 ps pulse amplification, but a mixture of >C'60, and '3C'®O; isotopologues are considered

for the case of sub-picosecond amplification (see Figure 20(a)).
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Almost all other simulation parameters are kept identical for both cases. The seed pulse
has an energy of 10 pJ, chosen to represent a 10 um pulse energy typically generated by a laser
system using optical parametric amplification pumped around 1 pm and difference frequency
generation [37]. Amplification occurs in a 10 cm cell filled with 20 atm of CO»-He (1:19) gas mix.
Due to the relatively low gain and short interaction length in a CO» gas laser, reaching GW-level
power will require the use of a regenerative amplification scheme, so the simulations consider a
cell located between two mirrors with 100% reflectivity. Details on the density matrix-based model

used for simulations can be found elsewhere [35].

5.1 Direct amplification of a 3 picosecond pulse

The results of a simulation of direct amplification of a 3 ps pulse centered at 10.29 um are shown
in Figure 21. The central wavelength is chosen to correspond to the peak gain of the 10R branch
of the CO; gain spectrum. At pressures above ~7 atm, the 10R branch is superior to the 10P branch
due to the smaller frequency separation between individual rotational lines. The active medium
contains 1 atm CO; excited such that T; = 4200 K and 19 atm He. Figure 21(a) shows the temporal
profile of the pulse before and after passing through 80 cm of active medium. Over this length, a
10 pJ pulse is amplified to ~3 mJ, and the pulse length is very slightly increased to 3.1 ps. Figure
21(b) shows pulse energy as a function of amplifier length. The frequency spectrum of the final
pulse is not modified, and all of the amplified energy is contained in a close to transform-limited

pulse.
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Figure 21. Simulation results for the amplification of a 3 ps pulse centered at 10.29 pm in a gas mix of

1 atm CO2 and 19 atm He optically excited to a T3 value of 4200 K. (a) The temporal profile of the pulse
before (top) and after (bottom) amplification. (b) The pulse energy as a function of amplifier length,

discounting losses due to propagation or output coupling.

5.2  Chirped-pulse amplification of a sub-picosecond pulse

The next simulation is of the chirped-pulse amplification of a sub-picosecond pulse. As discussed
earlier, amplification of a pulse of this short duration requires stretching and compressing it to
avoid the damage of optical elements due to the high intensity of this pulse and to increase
efficiency of interaction in a cm-scale cell. For this simulation, a 0.5 ps input pulse is considered.
The pulse is stretched to 160 ps, amplified, and then compressed. A loss of 50% during
compression is assumed. The amplification of sub-picosecond pulses requires gain tailoring of the
active medium, which is done here with the introduction of the *C!60; isotopologue as described

previously. For this simulation, the CO, medium is excited to a T3 value of ~3300 K. The smaller
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Figure 22. Simulation results for the amplification of a sub-ps pulse in an optically pumped CO2 amplifier
comprised of 1 atm CO2 (63% '2COz, 37% 3CO2) and 19 atm He. The temporal profile of the pulse before
stretching (see top), after amplification (see middle), and after compression (see bottom) are shown on the left.
The frequency spectrum of the pulse at each stage is shown on the right. 50% loss of energy during

compression is assumed.

T; value for this gas mix accounts for slightly reduced absorption of the ~4.3 um pump pulse, a
result of the smaller Einstein coefficients of the 3C!°O, isotopologue [38].

Figure 22 shows the results of a simulation of CPA of a 10 pJ seed pulse centered at 10.7
um, where the gain is peaked. The temporal profile and frequency spectrum of the seed pulse

before stretching (see top panel), after stretching and amplification (see middle panel), and after
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the final compression (see bottom panel) are shown. The imperfect overlap between the frequency
spectrum of the pulse and the gain spectrum of the active medium results in a longer final output
pulse of 1.2 ps, but this pulse-broadening (gain-narrowing) effect is minimal and still allows for a
peak power of 1 GW to be achieved, as a pulse energy of 1.4 mJ is reached after accounting for
losses during compression. It is thus demonstrated that a 10 pJ, 0.5 ps pulse can be amplified to
GW-level power used chirped-pulse amplification in an optically pumped CO; cell containing both

12C1%Q, and 3C!%0;, molecules.

6 Conclusion

In this thesis, lasing and gain dynamics are studied in a CO; active medium optically pumped at
~4.3 pm for the first time using a tunable Fe:ZnSe laser. When ~2 mJ pump pulses are used,
optical-to-optical conversion efficiencies as high as 30% are demonstrated in a low-pressure (<1
atm) optically pumped CO; laser. The asymmetric stretching mode vibrational temperature, T3,
and translational temperature, T, are measured as a function of time; T5 values as high as 3600 K
are measured in dilute CO2 mixtures at a total pressure of 1 atm, and record peak gain coefficients
of ~30%/cm are detected in 50 torr of pure CO?2.

The use of a more energetic Fe:ZnSe MOPA system as a pump source allowed for 10 um
lasing at total pressures up to 15 atm. It is experimentally demonstrated that tuning the pump
wavelength to reduce the absorption coefficient is critical for the achievement of lasing at high
pressures, and an optimum pump wavelength is found to be 4.40 um. A high optical-to-optical

conversion efficiency of ~10% is measured at 7 atm total pressure, falling to ~5% at pressures
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above 10 atm. This efficiency could be further optimized using a two-pass or transverse pumping
scheme, as only ~70% of the total pump energy was absorbed at optimal conditions.

Gain lifetime is also measured as a function of pressure, and the ~1 ps lifetime observed at
high pressures indicate the feasibility of using optically pumped CO. as a multi-pass or
regenerative amplifier. Simulations are performed in which a 3 ps pulse and a sub-picosecond
pulse is amplified in such a regenerative amplifier to GW-level peak powers. It is shown that gain
tailoring with the use of other CO; isotopologues can provide the broad bandwidth needed for
amplifying sub-picosecond pulses. An alternative pumping scheme in which CO; is indirectly
excited via pumping a collisional partner molecule CO is also studied, but it is determined that low
gain coefficients and the generation of heat or pressure waves within the cell hinder the
performance of this method. He-Ne laser probe beam deflection measurements demonstrate that a
high-pressure CO; laser can be pumped at a maximum repetition rate of ~1 kHz.

Our results at and above 10 atm make a compact, high-pressure optically pumped CO>
medium a promising candidate for short 10 um pulse amplification. With the development of even
more energetic pump sources at ~4.4 um and further work on the design optimization, such an
amplification scheme may be used to progressively increase the output to TW-level power in a
sub-picosecond 10 um pulse, potentially providing a novel, compact source for high-field science

and studies of atmospheric nonlinear optics in the long-wave infrared.
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