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Abstract

This thesis research paper presents the results of experiments using an optically
pumped, pulsed potassium vapor laser in a heat pipe. The absorption on the potassium
D, line, output laser characteristics, and Raman scattering in potassium vapor are
discussed. The spectral full width at half maximum (FWHM) of the D, absorption line
was much greater than predicted values for pressure broadening due to the high number
density of potassium atoms and the long path length. At 320°C and 0 torr of helium, the
FWHM was 765 GHz. At 100 torr it was 968 GHz. At 200 torr it was 1.12 THz. The
analyzed potassium laser output characteristics include the temporal dynamics of the
laser cavity, the instantaneous energy efficiencies, and the spin-orbit recycling rates. At
320°C with 2500 torr of helium, a potassium laser with 1.53 MW/cm® peak intensity and
8.25% slope efficiency was demonstrated. At 320°C and 0 torr of helium, stimulated
electronic Raman scattering occurred in the potassium heat pipe. First and second order
Stokes and anti-Stokes lines were visible with energy differences identical to the spin-

orbit splitting of potassium.
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CHARACTERISTICS OF A HIGH INTENSITY, PULSED,

POTASSIUM VAPOR LASER IN A HEAT PIPE

l. Introduction

Research Motivation

The first laser was successfully demonstrated fifty years ago by Theodore
Maiman at the Hughes Research Lab. Since then, lasers have found their way into nearly
every technology. Modern military applications, such as the Airborne Laser (ABL) and
Advanced Tactical Laser (ATL), demand high power lasers that are effective on the
battlefield but are also portable and energy efficient. The current state of the art
megawatt class laser is the chemical oxygen iodine laser (COIL). While it is effective, it
also has drawbacks. The COIL requires a Boeing 747 to house the laser, the chemicals,
and the optics. It has a logistics trail that includes hazardous materials. Finally, the
number of laser shots is limited to the finite amount of chemical stored onboard the
aircraft [1].

There are a number of ongoing research projects to develop the next generation
megawatt class laser. The primary options include solid state lasers, coherently matched
arrays of fiber lasers, and gas phase lasers. The main obstacle to high power solid state
lasers, such as the Nd:Y AG, is heat control. Heat generated by the laser and pump can
cause significant optical aberrations in the lasing crystal. Future power scaling depends

on the ability to rapidly cool the crystal during lasing. The coherent matching of fiber



lasers is possible and has been demonstrated. However, the process is technically
challenging because the propagation of light is highly dependent on environmental
conditions and distance traveled. A large number of highly sensitive wavefront sensors
would be required to coherently match the fiber lasers, possibly resulting in poor
reliability in the operational environment. The final option, and the motivation behind
this thesis, is the gas phase laser. The diode pumped alkali laser (DPAL) is a gas phase
laser that combines the advantages of other high power laser options without their
respective disadvantages. Its heat control properties are excellent due to the ability of gas
to rapidly transfer heat off the lasing axis. The DPAL coherently combines multiple
diode laser pump sources without the need for sophisticated wavefront matching. It is
capable of fitting in a relatively small volume and requires only electrical power to
operate.

Research on DPALSs began in 2003 with the successful demonstration of an
optically pumped rubidium vapor laser by Krupke [2]. Since then, cesium (Cs), rubidium
(RDb), and potassium (K) vapor lasers have been demonstrated and are the subject of
research at many institutions across the country. These include the Air Force Research
Labs at Kirtland AFB, the Air Force Institute of Technology, the Lawrence Livermore
National Laboratory, the United States Air Force Academy, and multiple businesses and
universities. Both continuous wave (CW) and pulsed lasers have been studied. There are
multiple measures of performance that can be used when analyzing the results of a DPAL
demonstration: overall slope efficiency, output intensity over threshold intensity, and

total power achieved are the most common. Prior to this thesis research the best slope



efficiency was 82%, the most power achieved was 145 watts CW, and 32 times threshold
was the best power scaling achieved [2] [3]. This thesis will focus on the limits of what

is possible with a high intensity, pulsed, potassium vapor laser.



Il. Literature Review

Laser Physics

An understanding of lasers begins with the laser cavity, which is almost always
designed as a stable optical resonator. Stable resonators can be created using two or more
flat or curved mirrors. At least one mirror must have a transmittance greater than zero to
allow laser light to escape the cavity. These cavities can be analyzed using techniques
from geometric optics. According to Verdeyen, the condition for a stable, two-mirror

cavity is:

<1 (1)

=c|nr~

where L. is the length of the cavity and Ry, is the radius of curvature of mirror n [4].
Stable cavities, also known as Fabry-Perot etalons, utilize constructive and destructive
interference to allow only a select set of wavelengths to pass through. Figure 1 isa
sample plot of this effect. The separation between these transmitted wavelengths, known

as the free spectral range (FSR), is:

c
Avpsr = 2nl, 2)

where C is the speed of light and n is the index of refraction. The full width at half max
(FWHM) of the transmitted wavelength band is dependent upon the reflectivity of the
mirrors by the equation:

Avpsg ’ 1= (p1p)*?
= AVpsSR——— 177
F ° n(p1p2) '/

3)

Avpwhm =

where py, is the reflectivity of mirror n and F is the Finesse of the cavity.



Figure 1. Laser Cavity Etalon Effects.
The FSR is proportional to cavity length and the line width is related to
mirror reflectivity.

Most lasers rely on the fact that electrons exist in very specific quantum energy
levels in atoms and molecules. In order to achieve lasing, a population inversion between
an upper energy level and a lower energy level must be created. The upper state can be
pumped using a variety of methods including optical, electronic, and chemical excitation.
Figure 2 is a representation of an optically pumped 3-level laser, such as a DPAL.
Population in the upper energy levels can be removed through various processes
including spontaneous emission of photons, stimulated emission of photons, atomic
collisions, quenching, and nonlinear processes. The population in each state at any given
time can be modeled as a series of differential equations plus the conservation of atoms

equation:

dN. ay0(W)I N, N.
2 20()P[&NO_N] 2 2

dt hvye 194 2 _E_a )
%:&_O—lo(v)h‘ [Nl_&NO:I _ﬂ (5)
dt Ty huy, 9o T10

N =Ny +N;+N, (6)



where N, is the population in energy level <m», omy, is the cross section for absorption
between «m»> and <, Ip is the pump intensity, I, is the laser intensity, gm is the
degeneracy of «m», 7y is the radiative lifetime between (m» and «n», and y;; is the non-
radiative lifetime between <2 and <1». Before the pump is turned on, the population is
almost entirely in the ground state. Before lasing begins, the spontaneous emission term
dominates Equations 4 and 5. Once lasing has begun, this term can be approximated as
zero. An accurate picture of laser operation can be realized by solving these equations.
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Figure 2. Three-Level DPAL Representation.
This representation of a DPAL system shows optical transitions with
dashed arrows and mechanical transitions with solid arrows. Lasing
cannot begin until a population inversion has been obtained.

Alkali Metals

With the addition of hydrogen, the alkali metals form the first column of the
periodic table. From the top, this column includes lithium, sodium, potassium, rubidium,
and cesium. They each have one valence electron, making their quantum energy levels

easily calculated and well known. The ground state of the alkali metals is the 281 » State.



The first excited energy level has a fine structure with two distinct possibilities for total
angular momentum; the 2P3/2 and the 2P1 1 states. The magnitude of the fine structure
splitting is directly related to the strength of the electromagnetic field of the atomic
nucleus. Thus, heavier alkalis have a greater spin-orbit splitting than lighter alkalis.
Table 1 identifies the various alkali metals and the transition wavelengths to the first
excited state. The optical transition between 2P1 » and 281/2 1s known at the D, line and
the optical transition between 2P3/2 and 281/2 is known as the D; line. The energy
difference, AE, between 2P3/2 and 2P1 12 18 known as the quantum defect. The hyperfine
splitting of the alkali metals can be approximated as zero for use in DPALs, leaving >S
and 2P1/2 with two degenerate energy levels and 2P3/2 with four degenerate energy levels.

Table 1. D; and D, Transition Wavelengths & Quantum Defects

Alkali D; Line D, Line AE

Li 670.98 nm 670.96 nm 0.34 cm’™
Na 589.76 nm 589.10 nm 17.2 cm™
K 770.11 nm 766.70 nm 57.7 cm’!
Rb 794.11 nm 780.25 nm 237 cm’
Cs 894.59 nm 852.35 nm 554 cm™

The alkali metal potassium, element symbol K, is the subject of this thesis. It is
desirable for use in a DPAL because its spin-orbit splitting is large enough to allow for
optical pumping on a pressure-broadened D; line and small enough to enable very light
atoms and molecules to serve as effective collisional partners for spin-orbit relaxation.
Potassium is solid at room temperature and must be heated past its melting point of
63.65°C to produce any considerable vapor concentrations that could be used in a DPAL.

After its melting point, the vapor pressure can be found using the following equation:



4453
P =10747"" 7327315 )

where P is the pressure in mbar and T is the temperature in °C [5]. The density of

potassium atoms can then be calculated using the ideal gas law:

Px133322 1
= i o0 106 (8)
kg * (T +273) 106

n
where n is the density in cm® and kg is the Boltzmann constant. Potassium has an average
atomic mass, m, of 6.492x107%¢ kg. The radiative lifetime, g, of the first excited state is
26.37 ns and the natural line width, Avy, is 6.035 MHz.

In addition to natural broadening, the line shape of the D; and D, transitions are
affected by a combination of Doppler broadening and pressure broadening. Doppler
broadening occurs as a result of potassium atoms moving parallel to the pump path. The
wavelength of the incident radiation is modified slightly by the Maxwellian velocity
distribution of the individual atoms. Doppler broadening results in an inhomogeneous

line shape that is dependent upon temperature. The follow equations describe the

resulting Gaussian profile:

mc? 1/2
2k, (T + 27315)| ©

’81{ T In(2

where /g is the center wavelength of the transition and m is the average atomic mass. At

| mcr-2p)2
2kp(T+273.15)4% (9)

1
gp () = l_o[

an operating temperature of 320°C, the Doppler broadened full width at half max, Avp, is

1.09 GHz on the D; line, as seen in Figure 3.
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Figure 3. Doppler Broadening of the D, Line.

The FWHM of 1.09 GHz is calculated at 320°C and does not include

Buffer Gasses

natural or pressure broadening.

Every DPAL uses one or more buffer gasses to perform two important functions:

pressure broaden the D, transition and collisionally relax the alkali atoms from the 2P3/2

state to the 2P1/2 state. Pressure broadening is caused by collisions between the alkali

atoms and its neighboring atoms and molecules. It results in a homogenous line shape

that is dependent upon the number densities of the collisional partners. The following

equations describe the resulting Lorentzian profile for natural broadening plus pressure

broadening:

where

Ay/2

2= a0+ (459)] an

gu() =

A2 A2 (1
AAH = <?> AUH = ﬁ (; + Z kiPL'> (12)



where P; is the partial pressure of the i™ collisional partner and kK; is its collisional
broadening rate with the alkali atoms [6]. At 200 torr of helium pressure, the D,

absorption line of potassium vapor is broadened by 2.41 GHz, as seen in Figure 4.

766.695 766.700 766.705 766.710 1
Figure 4. Pressure Broadening of the D, Line
The FWHM of 2.41 GHz is calculated at 200 torr of helium and does not
include Doppler broadening.

Spin-orbit relaxation, also known as fine structure mixing, is essential to the
operation of DPALs. When the spin-orbit rate is faster than the lifetime of the 2P3/2 state,
the atoms will collisionally relax to the 2P1/2 state rather than decay to the ground state.
When the population of alkali atoms in this upper lasing state is greater than the
population in the ground state, the population inversion required for lasing has been

created. The collisional relaxation rate, y, depends upon the following equations:

Vps),oPy), = MgasOps; Py, Vr (13)
where
8kyT [ 1 1 \]V?
V= + (14)
T Malkali mgas
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_,p.. 1s the cross section

and where Ng,s 1s the concentration of buffer gas in the cell, op »

3/2

specific to the collisional partners, and V, is the average relative velocity of the collisional
partners, based on a Maxwellian speed distribution.

Buffer gasses serve an additional purpose in DPALs; they move excess heat from
lasing and atomic collisions off the lasing axis. When the pump laser is turned on, the
temperature immediately begins to rise in the path of this beam. Unchecked, this would
create a pressure differential that would significantly reduce the number of alkali atoms
available for lasing. In addition to efficiently moving this excess heat, the buffer gas also
serves as a barrier to alkali atom migration. This barrier helps to maintain a significant
concentration of alkali atoms on the lasing axis. There is a tradeoff when selecting the
best buffer gas. Light buffer gasses will have greater relative velocities and move excess
heat off the lasing axis quicker than heavy gasses. However, heavy buffer gasses will
serve as better barriers to alkali migration.

The buffer gasses useful for spin orbit relaxation are limited to those inert gasses
that will not chemically react with the alkali vapor. The most common candidates are the
noble gasses and molecules such as ethane. The cross section for spin-orbit coupling is a
measure of the probability that an alkali atom and buffer gas will collide and relax the
alkali from the 2P3/2 state to the 2P1 1 state. These values vary greatly between collisional
partners. As shown in Equation 14, temperature also plays an important role in the
overall spin-orbit relaxation rate. The cross sections in Table 2 were measured at 95°C

and the spin-orbit rate was calculated using Equations 13 and 14 [7].

11



Table 2. Spin-Orbit Relaxation Gasses

Collision Partner  Cross Section S.0. Rate (100 torr)
He 40.8+2.1 A? 1.57 GHz
Ne 9.45 +0.68 A* 190 MHz
Ar 224+1.6A° 369 MHz
Kr 40.7+1.8 A? 577 MHz
Xe 723 +2.2 A? 965 MHz

Heat Pipe Theory

The math and physics of a DPAL system are straight forward, but the actual
implementation and demonstration of a working system reveals many engineering
problems that must be solved. First, the alkali needs to be confined in order to avoid
chemical reactions with the atmosphere. The alkali then needs to be heated to high
temperatures in order to achieve higher vapor pressures. This heating will limit the types
of materials that can be used to construct an alkali cell. Any cold spots on the cell, such
as the optical windows, will cause the alkali to condense. This heating and cooling will
eventually move the alkali away from heating element and could potentially obscure the
optical windows. Adding high pressures of buffer gasses will put additional physical
stresses on the cell. The solution to these problems is the heat pipe shown in Figure 5.

The heat pipe is designed to confine the alkali vapor to the center of the cell
without physically touching the optical windows or the buffer gas inlets which would
normally act as the cold points. Solid potassium placed at the center of the heat pipe is
heated to some temperature above the melting point. The resulting potassium vapor
flows upward and outward towards the optical windows. As it approaches the cold
blocks, which are held at some temperature below the melting point, the vapor condenses

back to its liquid form. A wicking material installed along the edges of the heat pipe

12



pulls the potassium back towards the center of the heat pipe where the process begins

again.

Figure 5. Heat Pipe Theory.
Solid potassium is heated to form a vapor which then moves away from
the heat source. At the cold blocks, it condenses to a liquid and is wicked
back towards the center.

Raman Scattering

When a photon collides with an atom or molecule, it can either be absorbed or
scattered. There are three known types of scattering: Raleigh, Brillouin, and Raman.
Raleigh scattering can be described as the elastic absorption and reemission of a photon
and accounts for the vast majority of scattered light under normal conditions. This
process may redirect the photon but does not change its energy. Brillouin scattering is
the inelastic scattering of a photon from a medium with a fluctuating density gradient.
The photon can either gain or lose energy during this process through the absorption or

emission of phonons, magnons, or other sources of quantized energy. Raman scattering

13



is the inelastic scattering of a photon between rotational, vibrational, and/or electronic
energy states. Stokes transitions occur when a photon is absorbed in a lower energy state
and relaxes back to a higher state, yielding a new photon that is lower in energy by the
difference in energy between the two states. Anti-Stokes transitions occur when the
opposite happens, yielding a photon with more energy than the original. Figure 6 is a

visualization of Rayleigh and Stokes scattering from a diatomic molecule.

Figure 6. Elastic and Inelastic Photon Scattering.
Rayleigh scattering is elastic and does not change the incident photon’s
energy. Raman scattering is inelastic and can yield a photon with more or
less energy than the original [15].

Stimulated Raman scattering (SRS) occurs when the Stokes or anti-Stokes
transition is initiated by a signal photon. The energy from an incident pump photon is
transferred into a new signal photon that exactly matches the phase and direction of the
original signal photon. This process is similar in nature to stimulated emission, from
which lasers are possible. However, since the upper laser state is a virtual energy level,
there is no requirement for a population inversion. Raman lasers and optical amplifiers in

fiber optic cables can be readily created using SRS.
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I11. Methodology

Experimental Setup

The general purpose of the experiments detailed in this thesis was to characterize
the performance of a high intensity, optically pumped, pulsed potassium vapor laser in a
heat pipe. There were three separate experiments that each utilized the same general
setup: the D, absorption feature experiment, the K-DPAL experiment, and the SRS
experiment. Figure 7 is a layout of the relative positions of equipment installed on the
optics table. The purpose of each item along the laser path will be explained in this

section.

Periscope

Dye Laser Spectra-Physics

i Q LDS 765 < Pulsed Nd:YAG
741-790nm 10 Hz Rep Rate

1 | [ VanableAperiure

) T ;
Polarizing } Power :
Beam | | >
Splitter ! Meter !
i b

HR
30%0.C R=50cm
' ., PBS
?““ﬁe Power )
Meter Heat Pipe
—— 1
‘(\D‘.(f d
| q b\qb Beam Block
Beam Block

Figure 7. Experimental Setup.

The K-DPAL system is pumped by a tunable dye laser with a 5 to 8 ns
pulse. The pump beam is coupled into the stable laser cavity using a
polarizing beam splitter. The output laser is measured with a power meter,
a photodetector, and a spectrometer.

15



The laser pulse began with a Spectra-Physics Quanta-Ray Nd:YAG laser
frequency doubled to 1064 nm. It was a Q-switched type laser which operated at a 10 Hz
repetition rate. This laser was used to pump a Sirah PRSC-D-18 pulsed dye laser
containing the LDS765 solution. This dye produced its peak power very close to the
potassium D, transition and had a usable range between 741 and 790 nm. The
wavelength emitted by the dye laser was selected by two 90 mm, 1800 lines/mm gratings.
The dye laser cavity was open to the atmosphere and the selected wavelength
compensated for the index of refraction of air, n = 1.000293. The spectral line shape
produced by this grating had a FWHM of approximately 31 GHz and sat on a spectral
plateau that was up to 4 nm in width [8]. From this point on, the output of the dye laser
will be referred to as the pump laser. The pump laser traveled through a low-loss
periscope to be positioned exactly 6” above the optics table. A flat high reflecting mirror,
M, directed the beam through a variable aperture fixed at 5.0 mm in diameter. The
aperture was aligned such that the hot spot of the pump laser was allowed to pass while
most of the wings were blocked. The spot size of the pump laser was highly dependent
upon output power. The aperture eliminated this variable, leaving it a constant for
varying pump powers.

The spatially controlled pump laser was incident on a polarizing beam splitter,
PBS;. A small fraction of the light passed through the PBS and scatted off a beam block.
The temporal pulse shape of this scattered radiation was detected by a New Focus Model
1621 visible nanosecond photodetector and recorded on a LeCroy Wavepro7300 3 GHz

oscilloscope. The recorded pulse shapes were the convolution between the actual pulse

16



shape and the system impulse response. The majority of the pump laser was reflected off
the PBS and traveled in the direction of the DPAL cavity. At this point, a Coherent
Powermax PM30 power meter was moved into position to detect the time-averaged
power incident on the laser cavity. When this power meter was not blocking the beam,
the pump laser reflected off another flat mirror, M, and entered the laser cavity through a
second beam splitter, PBS,.

The laser cavity consisted of a flat 30% output coupler (OC), PBS,, the heat pipe,
and a high reflector (HR) with a 50 cm radius of curvature. The optical windows at either
end of the heat pipe each had approximately an 8% loss. The heating element was a large
aluminum block driven by a Watlow SD6C temperature controller using eight
C1E14-L12 heater cartridges and a thermocouple-controlled switch. The cooling
elements were smaller aluminum blocks that used cold flowing water supplied by a pair
of Neslab RTE-111 chillers. The inlet valves on the heat pipe were connected to a
plumbing system that allowed the cell to be vacuum pumped or to be pressurized with
one or more buffer gasses.

Any light that passed through the OC could be measured in three different ways: a
Coherent Powermax PM10 power meter displayed the time-averaged output power, an
Ocean Optics HR4000CG spectrometer recorded the spectral frequencies of the output
onto a laptop, and a second photodetector recorded the temporal pulse shape onto the

oscilloscope. The first photodetector served as the trigger for the second.
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Procedures

The following procedures were used to align the optical components for each of
the experiments conducted for this thesis. Before the laser cavity optics were positioned,
a helium neon (HeNe) laser was installed approximately 30 cm behind the HR. The
HeNe was precisely aligned to pass straight through the center of the heat pipe and
remain perfectly level at 6” above the optics table. PBS; was installed such that the
reflection of the HeNe fell back upon the source. The 30% OC was also aligned using its
reflection. When the curved HR was installed, it yielded two reflections: one from each
surface. By aligning both reflections back on the source, the HR could be perfectly
centered on the laser axis. External to the laser cavity, the HeNe light passing through
the OC was used to center the power meter on the expected path of the K-DPAL. The
HeNe laser reflected off PBS, was steered using M, to strike the center of PBS;. Unlike
the visible HeNe laser, the pump laser had to be aligned using an infrared (IR) card.
Using Mj, the pump laser was steered to the center of PBS;. Finally, by holding the IR
card just in front of the HR, the fine controls on the mount for PBS; could be used to
precisely align the pump laser with the HeNe laser. With the HeNe laser securely
installed on the optics table, realignment of the DPAL system could be accomplished at
any time with minimal effort.

The following tasks were used at various times to prepare the potassium heat pipe
for data collection. To give enough time for the heat pipe to reach the desired operating
temperature, the heater and chillers were turned on at least one hour before collecting

data. The thermocouple connection on the Watlow controller was not wired correctly, so
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a J-type thermocouple was connected to a calibrated HH506 Multilogger thermometer for
a much more accurate temperature reading. The accuracy of the J-type thermocouple at
the operating temperatures used in these experiments was £2.2°C [9]. To prevent
possible contamination, the heat pipe inlet valves were only opened when adding or
removing buffer gas. In order to minimize the loss of potassium atoms, the vacuum
pump was used to reduce buffer gas pressure only when the temperature was below the
melting point of potassium. Buffer gas could be added at any operating temperature by
opening the inlet valves and using a separate needle valve plumbed into the system to
control the flow. An MKS Baratron 15000 torr pressure transducer measured the
pressure at a point just outside the inlet valves. The error for this transducer was

+0.15 torr. If the cell was already heated when buffer gas was added, the new sample

required 10 to 15 minutes to stabilize.

Data Collection

The procedures to collect data for the D, line absorption feature experiment are
discussed in this paragraph. The general experimental setup detailed in Figure 7 was
modified by replacing the curved high reflector with the PM30 power meter. This setup
allowed for the measurement of the transmittance of a single pass of the pump laser. To
gather data points across the D, absorption line, the pump laser was manually scanned
between 764 and 769 nm in increments of 0.2 nm. Increments of 0.1 or 0.05 nm were
also used when appropriate to maintain the resolution of the data. The pump laser was
set to its minimum power setting and the input and output power values were recorded
for each incremental wavelength. Prior to heating the potassium or adding any buffer

19



gas, a dataset was collected to quantify the baseline optical losses of the laser cavity.
This would be useful in characterizing the laser performance and pump absorption. The
heat pipe was then heated to 320°C and data was collected at buffer gas pressures of 0,
100, and 200 torr of helium. No pulse shape or spectroscopic emission data was
collected for this experiment.

The procedures to collect data for the K-DPAL experiments are discussed in this
paragraph. The pump laser was set at a wavelength of 766.923 nm to account for the
index of refraction of air in the dye laser cavity. The pulse shape data was collected
using one of the photodetectors and averaged over 30 seconds on the oscilloscope, which
equated to 300 actual laser pulses. Saturation of the photodetectors occurred at
approximately 1.4 V as displayed on the oscilloscope. In order to get the largest signal
possible without the effects of saturation, the final averaged pulse shape had to have an
amplitude between 1.3 and 1.4 V. Pulse shapes that did not meet this criterion were
rejected and recompleted. The pump laser pulse shapes were recorded using a 300
sample dataset for each of the five amplifier settings on the Nd:YAG. The output from
the power meters was recorded manually. The spectroscopic emission data was recorded
onto the laptop using a 10 ms integration time. The laptop was also used to ensure the
system was actually being pumped on the D, line and lasing on the D, line. The heat
pipe was heated to 320°C and data was collected at buffer gas pressures of 0, 100, 200,
500, 1000, 1400, 2000, and 2500 torr of helium.

The procedures to collect data for the stimulated Raman scattering experiments

are discussed in this paragraph. The purpose behind this experiment was to further
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analyze the unidentified emission line detected during the K-DPAL experiments when no
buffer gas was present in the system. The same experimental setup and data collection
strategy was used, but the dye laser was programmed to scan between 760 and 780 nm,
which covered both the D; and D; lines. The spectrometer was setup to record the

resulting emissions in 0.1 nm increments while the dye laser was running the scan.
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IV. Results and Analysis

D, Absorption Feature

The Doppler broadening, Figure 3, and pressure broadening, Figure 4, line shapes
of the potassium D transition were calculated independent of path length and number
density. These curves could be considered probability distributions for the absorption of
incident radiation at those wavelengths. When path length and/or number density
became extremely large, the probability of absorption far into the wings of the
distribution curves actually became quite significant. When the heat pipe was heated to
320°C, the number density of potassium atoms increased to as much as
9.7x10"° atoms/cm’. Given the spot size of the pump laser and the estimated path length
containing potassium vapor, there were up to 2.85x10'® atoms in the pump laser’s path.

The results of the D, absorption feature experiment indicate that the potassium
vapor was absorbing photons that were relatively far from the transition’s center
wavelength. With no helium added to the system, and thus no significant pressure
broadening, the FWHM was 765 GHz, a factor of 769 over the calculated Doppler
broadening of 1.09 GHz. Add 200 torr of helium and the FWHM increased to 1.12 THz,
a factor of 464 over the calculated pressure broadening of 2.41 GHz. These line widths,
shown in Figure 8, may seem unreasonable, but preliminary work by Dr. Gordon Hager
has confirmed the order of magnitude of these values [10]. Hager’s model, shown in
Figure 9, was based on the following key assumptions: a Gaussian pump beam, a

longitudinally averaged population density, and a pressure broadened system. In reality,
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the pump beam had a significant hot spot and the longitudinal distribution of the

population density was unknown.

Figure 8. Experimentally Obtained D, Line Shapes.
Due to the large concentration of potassium vapor and the long path length
of the pump laser, the absorption line width is extremely large, even for
relatively low pressures of helium.

These results yield two potential impacts to the overall DPAL effort. One
potential advantage is that DPAL systems utilizing large number densities and high
buffer gas pressures could use commercial off-the-shelf (COTS), high power diode lasers
to pump the system. The highly broadened D, line would absorb photons not normally
available to DPALSs using small number densities and low pressures. This would

eliminate or reduce the need for the research and development of narrow-band, high

23



power diode lasers. One potential disadvantage for the K-DPAL is that the potassium D,
and D, absorption lines could begin to overlap, causing the pump laser to excite the
potassium atoms to both the 2P3/2 and 2P1 1 states simultaneously. This would degrade the
population inversion necessary for lasing to occur. Fortunately, the cesium and rubidium
DPALs have much greater spin-orbit energy differences and would not be vulnerable to

this effect.

Figure 9. Simulated D, Line Shape.
Given the K-DPAL operating parameters, Hager’s computer model
calculated the D, absorption line width at over 1 THz, verifying the
experimental results in order of magnitude [10].

Pulse Shape Dynamics

For these experiments, six different pump laser power levels were used and each
delivered an increasing amount of energy to the system. The duration of these pump
laser pulses was dependent upon the pump power. The corresponding pump pulse

energies, durations, and peak powers are listed in Table 3. The pulse shape for each
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pump power is shown in Figure 10. The average pulse duration was 7.0 ns and the cavity
round trip time was 3.0 ns. Both of these values had a significant impact on the temporal
dynamics of the resulting K-DPAL. In a CW laser, the balance between pump input and
laser output involves a steady state distribution among the available energy states.
However, in this short-pulsed K-DPAL, there was not enough time to reach steady state.
In order to achieve lasing, the potassium vapor had to be fully bleached along the lasing
axis. Bleaching occurred when every atom that could absorb a pump photon had done so.
This could be considered the lower limit for the threshold pump intensity of this
K-DPAL. Bleaching the cell was easily accomplished as the pump pulse had many

orders of magnitude more photons than there were potassium atoms in the beam path.
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Figure 10. Pump Laser Pulse Shapes.
When the amplifier on the Nd:YAG was turned on, a large step-up in
pump power and pulse duration occurred. When the amplifier was tuned
higher, there were modest increases in power and duration.
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Table 3. Pump Laser Pulse Properties

Time-Avg Energy Pulse Peak Power
Pump Power Delivered Duration

20 mW 2.0m]J 5.1 ns 1.95 MW/cm?
95 mW 9.5 mJ 6.8 ns 6.85 MW/cm?®
115 mW 11.5mJ 6.9 ns 8.19 MW/cm?
135 mW 13.5mJ 7.1 ns 9.42 MW/cm?®
150 mW 15.0 mJ 7.2 ns 10.1 MW/cm®
180 mW 18.0 mJ 7.4 ns 11.9 MW/cm®

As the pump pulse propagated through the laser cavity, it immediately began to
shape the outgoing K-DPAL pulse. Figure 11 is a visual aide to the following theoretic
description of the temporal dynamics of this K-DPAL system. A few key assumptions
were needed to develop this theory: 1) there were significantly more pump photons than
could be absorbed by the potassium vapor, 2) the spin-orbit relaxation rate was much
faster than spontaneous emission, and 3) there were no losses or other nonlinear effects
such as changes of the index of refraction in the gain medium. At point A and time
t = 0 ns, the pump pulse entered the section of the heat pipe containing potassium
vapor. As the pump pulse was absorbed, the atoms were relaxed to the *Py, state and
spontaneous emission on the D line began to occur in 4x steradians. As the wavefront
reached point B, the cell became fully bleached. Photons emitted on the D; line could
then be amplified through the entire gain medium. Those photons with the correct
polarization that were also traveling along a stable optical path, as determined by the
cavity mirrors, were returned to the system by the OC for amplification. After one round
trip through the laser cavity, the K-DPAL was considered activated and could be
measured by the photodetector. Given the length of the pump pulse, there was enough

time for only two round trips through the cavity. Furthermore, the pump laser was
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reflected off the HR and focused to a point near the center of the gain medium.
Additional pump photons could be absorbed during this period of reverse propagation.
When the end of the pump pulse passed back through point A, no more energy could be

added to the system. The population inversion rapidly diminished after this point.

Figure 11. Pump Pulse Propagation through the Laser Cavity.
The pump pulse enters point A att=0. ASE in 4= steradians begins
immediately and lasing begins after the cavity round trip time.

Buffer gas pressure had a direct impact on the K-DPAL, both on the pulse shape
and on the total energy per pulse. The pulse shape was determined by the temporal
dynamics described in the previous paragraph. Figure 12 shows the pulse shapes for each
helium pressure using 95 mW of pump power. The gentle rise between t = 0 and 3 ns
was likely the result of amplified spontaneous emission visible to the photodetector and

may have also contained a relaxation oscillation. The two intensity peaks corresponded
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to the first and second round trips through the gain medium. The slope of the trailing
edge was slightly less than the leading edge, indicating a gradual rather than
instantaneous shutoff of the gain medium. The shallow slope after the trailing edge was
an artifact of the system response and could not be eliminated from the results. The
relative height of the second peak increased with helium pressure, indicating that more
gain was available for the second round trip. This is likely due to an increased ability to

absorb photons from the focused, counter-propagating pump pulse.
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Figure 12. K-DPAL Pulse Shape vs. Helium Pressure.
This dataset was collected using 95 mW of pump power. The output
intensity increased with pressure until a maximum was reached. Increased
intensity was possible with high pump powers.

For a constant buffer gas pressure, the K-DPAL pulse shape was also affected by
the pump power. Figure 13 shows how the second peak grows in proportion to the first
peak with increasing pump power. At the lowest pump power setting of 24 mW, the

pump pulse duration was only 5.0 ns. This was not enough time to allow for two round
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trips through the laser cavity. Thus, there was no second peak on the K-DPAL at 24 mW.
Since the pump pulse duration increased with pump power, the time available for gain

also increased. This led to a steady increase in the relative magnitude of the second peak.
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Figure 13. K-DPAL Pulse Shape vs. Pump Power.
The pulse shapes for the 2000 torr of helium dataset show the progression
of the second intensity peak with increasing pump power.

K-DPAL Power Efficiency

Measuring the power efficiencies of the experimental data was an important first
step in the analysis of this K-DPAL. Two important characteristics of the laser gain
medium were estimated using simple linear regression on the data. The slope of the
resulting line was the quasi two-level limit for K-DPAL efficiency, which was

approximately 11.25%. The x-intercept was the threshold intensity for lasing, which was
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approximately 1.22 MW/cm?. This data can be found in Figure 14. While this method

worked for a quick analysis of the data, it is better suited for CW applications.

Figure 14. K-DPAL Average Power Efficiency.
The output power of the K-DPAL was directly dependent upon helium
pressure. A quasi two-level limit of 11.25% and threshold intensity of
1.22 MW/cm? can be estimated from this plot.

A more accurate measure of the slope efficiency for this pulsed laser was the plot
of pump pulse power versus K-DPAL pulse power at discrete moments in time. A
comparison of efficiencies from each method is provided in Table 4. The key to
generating an accurate plot of the instantaneous efficiency was to match the leading edge
of the K-DPAL pulse with the leading edge of the pump pulse. While this was not what
physically happened in the laser cavity, it was appropriate for this analysis because it
aligns the transfer of energy from the pump to the K-DPAL. The time constant, T, for

the delay between these two points was determined through trial and error. Figure 15
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shows how the selection of T can modify the resulting plots. The actual time constant
for each dataset varied slightly with helium pressure and pump power, but it was always
very close the cavity round trip time. These results also support the temporal dynamics

theory previously discussed.

Table 4. K-DPAL Efficiencies at 95 mW Pump Power

Helium Average Instantaneous
Pressure Efficiency Efficiency
100 torr 0.53% 0.75%
200 torr 0.94% 1.25%
500 torr 2.21% 3.00%
1000 torr 4.95% 7.00%
1400 torr 7.37% 9.75%
2000 torr 8.63% 8.25%
2500 torr 8.74% 8.25%
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Figure 15. Instantaneous Efficiency vs. Selected Time Constant.
Each time constant yielded a different curve. When T was close to the
cavity round trip time, the curve fell back upon itself.
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The instantaneous efficiency plots were difficult to analyze because there were a
few features that did not exist in previous pulsed DPAL work accomplished by Cliff
Sulham [3]. As displayed in Figure 16, the pulse duration used in that experiment was
long enough for a quasi-CW laser to develop. After factoring in the appropriate time
constant, the curves fall back upon themselves. In this experiment, however, the two-
peak K-DPAL pulse shape complicated the analysis. It caused the sudden drop and
subsequent rise of the efficiency curves seen in Figure 15. It also made it impossible to
measure a single slope along the entire length of the curve. Instead, the linear region of
the increasing edge was used to determine the efficiency of the K-DPAL. This linear
region corresponded to the leading edges of the pump pulse and the K-DPAL pulse. It
was the most accurate indicator of the true K-DPAL efficiency because it simultaneously

measured the increasing pulse powers while eliminating the effects of the system’s

Figure 16. Quasi-CW DPAL Instantaneous Efficiency.
The results from Sulham’s pulsed rubidium laser yielded nearly linear
instantaneous efficiencies because the pulse duration of 100 ns was long
enough for steady state conditions to develop. [3]
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impulse response. As discussed before, the efficiency of the K-DPAL was directly
related to helium pressure. The effect of pressure on the instantaneous efficiency curves

can be seen in Figure 17.
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Figure 17. Instantaneous Efficiency vs. Helium Pressure.
The K-DPAL efficiency curves were nonlinear due to the short pulse
nature of the pump laser. The identified linear regions corresponded to the
alignment of the pump and K-DPAL pulse leading edges.

Atomic Recycling

The reason helium pressure increased the efficiency of the K-DPAL was because
the atomic recycling rate increased. Each potassium atom was able to absorb more pump
photons and emit more K-DPAL photons during a single pump pulse. More specifically,
the collisional relaxation rate between the 2P3/2 and 2P1 1 states increased as described by
Equation 14. The rate of absorption on the D, line and the rate of stimulated emission on

the D; line remained constant. Previous work by Wooddy Miller demonstrated that the
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maximum DPAL output energy increased with respect to the atomic recycling rate [11].
That DPAL used rubidium vapor collisionally relaxed by ethane. For comparison, Figure
18 is a sample of Miller’s results — it shows a near linear increase in pulse energy with

respect to the rubidium recycling rate.
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Figure 18. Atomic Recycling in the Pulsed Rb-DPAL .
The results of Miller’s work demonstrated a nearly linear relationship
between DPAL energy and the number of atomic recycles available during
the length of the pulse [11].

The atomic recycling rates in the K-DPAL were similar in magnitude to the
Rb-DPAL, though much higher concentrations of buffer gas were needed. The pulse
energies were three orders of magnitude higher because the heat pipe generated much
higher concentrations of potassium atoms than the standard glass cell used in the
Rb-DPAL experiment. In Figure 19, four sample pump powers are displayed. The pulse

energies generated by the 95 mW pump power began to roll off as the atomic recycling
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rate increased. The curve regained its linearity with higher pump powers thanks to the

increased pulse durations and ability to keep the potassium vapor bleached longer.
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Figure 19. Atomic Recycling in the Pulsed K-DPAL.
The number of cycles per pulse was directly related to helium pressure.
An increase in DPAL energy was evident as pump power and pulse
duration increased.

Stimulated Raman Scattering

Early in the course of this research, a K-DPAL was attempted using zero helium
pressure with the heat pipe raised to 320°C. The idea was to see if K-K collisions could
be used for spin-orbit relaxation. Instead of finding a signal from the D, line on the
spectrometer, the scattered light from the pump laser was visible on the D, line as well as
an unexplained line higher in frequency than the pump. The distance between the two
lines was the same as the spin-orbit separation. After further investigation, the results

seen in Figure 20 were obtained.
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Figure 20. Stimulated Raman Scattering in Potassium Vapor.
First and second order Stokes and anti-Stokes lines were found while
pumping on the D; line with 0 torr of helium pressure. First order
scattering was also visible while pumping off line center.

The five spectral lines seen in Figure 20 can be readily explained as stimulated
electronic Raman scattering; a specific type of SRS utilizing the electronic energy states
of atoms instead of the rotational or vibrational energy states of molecules. The
following is a brief explanation of each spectral line. The center line was scattered light
from the pump laser on the D; line. The high intensity line to its left was the anti-Stokes
centered at 763.4 nm. The low intensity line on the far left was the second order anti-
Stokes line centered at 760.1 nm. The first line to the right of the pump was the D, line
and simultaneously the Stokes line. They had the same frequency but were emitted

through different processes. The line to the far right is the second order Stokes line
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centered at 773.7 nm. Each one of these lines can be explained using the virtual energy

levels seen in Figure 21.

Figure 21. Potassium SRS Energy Level Diagram.
This theoretical description of the SRS system dynamics used first order
Stokes and anti-Stokes photons to pump the second order photons through
four different virtual energy states.

Stimulated Raman scattering in potassium vapor also occurred when the pump
laser was off resonance with the D, line. A combination of the D, line’s large absorption
feature and the wide spectral plateau of the dye laser meant that the *Ps, state was still
being pumped, even when the center wavelength of the pump laser was as far as 3 nm
from the potassium D; line. The Stokes and anti-Stokes lines were offset from the pump
line and not the D, line. Second order Stokes and anti-Stokes lines were not visible.
Similar effects could also be found while pumping the D, line. However, only Stokes
lines could be generated because of the lower pump frequencies. This data is in strong

agreement with the work accomplished by D. J. Bradley in 1970 [12].
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V. Conclusions

Conclusions of Research

The results of this thesis will benefit the diode pumped alkali community,
especially those researchers using high temperatures and/or high buffer gas pressures in
their systems. At these temperatures and pressures, the already large cross section for
absorption of the potassium D; line yields an extremely large absorption feature. This
feature could prove very useful when pumping a DPAL with commercially available
diode lasers. If all the pump photons can be used to excite the potassium atoms to the
2P3/2 state, then the efficiency of the DPAL will increase significantly.

The high intensity pulsed laser used in this thesis simulated the intensity of a
weapons grade DPAL, if only for a few nanoseconds at a time. The large concentration
of alkali atoms and the very fast atomic recycling rate proved capable of handling these
very high intensities. The heat pipe configuration of this system provided many other
advantages. The potassium vapor was confined to the hot region of the heat pipe and
could not condense on the optical windows. The long length of the gain medium was
able to absorb nearly all the pump photons. Most importantly, the heat pipe could hold
the high pressures of helium needed to reach the peak efficiencies found in this thesis

research.

Recommendations for Future Research
A better understanding of the cesium, rubidium, and potassium D, absorption
features for high temperatures and pressures would be essential to the DPAL community.

The results should be compared to the line shapes of COTS high power diode lasers. If
38



the spectral overlap was good, then no further development of diodes would be required
for the weapons grade DPAL effort.

The effect of the heat pipe on the fluid dynamics of alkali vapor is currently being
studied by Charles Fox using low power CW lasers. This work should be extended to
high power CW lasers at high temperatures and pressures to discover if a significant
fraction of alkali vapor moves off the lasing axis. If so, a DPAL could be optimized to
fill the entire gain medium, thereby creating a small gradient and reducing the movement
of alkali vapor away from the lasing axis.

Designs for a transversely pumped, scalable heat pipe should be developed. This
heat pipe would allow multiple diode or fiber lasers to be placed along the beam path and
optically pump the system. However, the beam quality from a laser cavity with heavy
turbulence in the gain medium (such as in a heat pipe) would likely be very poor. A
better solution might be to use the heat pipe as an optical amplifier. A high beam quality
seed laser could be passed through the amplifier after it has been adjusted for the
turbulence in the heat pipe using adaptive optics. The resulting laser would have both
high intensity and high beam quality.

Stimulated Raman scattering could prove to be an issue for very low pressure
DPALs where the cross sectional rate of SRS is greater than the spin-orbit relaxation rate.
Future work should focus on finding these rates as well as the threshold intensity for SRS

in cesium, rubidium, and potassium.
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Appendix A. K-DPAL Data and Figures

K-DPAL Pulse Shapes: 100 Torr He, 320°C
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K-DPAL Pulse Shapes: 200 Torr He, 320°C
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K-DPAL Pulse Shapes:

500 Torr He, 320°C
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K-DPAL Pulse Shapes: 1400 Torr He, 320°C
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Power (kW)

K-DPAL Pulse Shapes: 2500 Torr He, 320°C
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