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Abstract

A kinetic model for the performance of a potassium Diode Pumped Alkali Laser
(DPAL), including the role of higher lying states is developed to assess the impact
on device efficiency and performance. A rate package for a nine level kinetic model
including recommended rate parameters is solved under steady-state conditions. En-
ergy pooling and far wing absorption populates higher lying states, with single photon
and Penning ionization leading to modest potassium (K) dimer ion concentrations.
The fraction of the population removed from the basic three levels associated with the
standard model is less than 10% for all reasonable laser conditions, including pump
intensities up to 100 kW /cm? and K densities as high as 10' em™. To benchmark
this new model, fluorescence emitted by a high power, transverse flow potassium
DPAL was collected to characterize the highly excited state population at total alkali
densities of N = 0.15 — 1.87 x 10 em ™3, buffer gas pressures of P = 250 — 1200
Torr, and pump intensities of [, = 20 — 60 kW /cm?, with and without methane.
The population in these states was found to be less than 5% for all cases. The ef-
fects of these higher energy levels are demonstrated on a potasssium-helium system
with pump intensities larger than I, > 5kW/cm? with moderate number densities
N = 0.1 —10 x 103 em=3. The additional heat loading due to the quenching of the
higher states is minimal, < 1% of the spin-orbit mixing heat load. This extra heat
has a small effect on both Strehl and efficiency in the static system, but these can
be recovered with flow velocities commensurate with transit times across the pump

volume < 0.1 s.

v
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KINETICS OF HIGHER LYING POTASSIUM STATES AFTER

EXCITATION OF THE Dy TRANSITION

IN THE PRESENCE OF HELIUM

1.1 Alkali Lasers

I. Introduction and Background

The first Diode Pumped Alkali Laser (DPAL) was demonstrated in 2003 by

Krupke et. al using rubidium as the gain media (I]), pumping along the D, line

and lasing on the D;. Other demonstrations of this laser system quickly followed

in different alkali vapors and different pump sources. The alkali metals are of great

interest to the laser community, due to the small quantum defect between the pump

and laser levels, shown in Table[I], and their large optical cross sections. Additionally,

high powered and efficient laser diode arrays were already commercially available for

the Dy transitions in cesium (Cs), rubidium (Rb), and potassium (K)(2).

Table 1. Alkali Dy, D; lines, and associated splitting (3

Alkali | Dy Line | Dy Line | AE (em™) | Quantum Efficiency, 74
(nm) (nm)
Li 670.96 670.98 0.444 0.9998
Na 589.16 589.76 17.2 0.9990
K 766.70 770.11 o7.7 0.9956
Rb 780.23 794.98 237 0.9814
Cs 852.35 894.59 054 0.9531
1

www.manaraa.com



The alkali is pumped from the ground 29 1 state to the the QP%, along the D5 line.
In the presence of a buffer gas, the alkali is then collisionally relaxed via spin-orbit
mixing to the QP% state. When an inversion is realized, lasing then occurs along the

2P, — 2S5, or D, transition. This process is shown in Figure [1| for rubidium.
2 2

Energy

A s»,

"~ E,=12,816.5 cm!
X I ~
5Py, '

E;=12,578.9 cm™!

D, Pump D; Pump
Transition, TranimOﬂ,
~780 nm ~795 nm

e 5 :Sl-’E ————— L E

Figure 1. Energy Levels associated with a rubidium DPAL

0

High pressure buffer gas in needed to efficiently mix the two spin-orbit split excited
states. The spin orbit mixing rate needs to be significantly faster than the radiative
rate, 3.8x107 57! for QP% in potassium, for optimal laser performance. If the spin orbit
mixing is slower than the stimulated rates, bottlenecking occurs and laser performance

is degraded.
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In addition to aiding in spin-orbit mixing, the buffer gas is needed to pressure
broaden the absorption profile of the D, transition to better match the wide line
width of diode pump sources. The current technology is only able to narrow the line
shape of diode bar emission to a FWHM of ~ 10 GHz, while typical broadening rates
of the Dy transition are around 19 MHz/Torr (4)). Over an atmosphere of buffer gas
is required to efficiently overlap the two line shapes, even with diode narrowing to 10
GHz.

Because of the thermal management advantages of alkali vapor, the DPAL has
been identified as a possible weapon system for the Air Force. Scaling to weapons
grade power would enable air-to-air engagement for strategic military operations. The
first 1 kW/cm? alkali laser device was demonstrated in 2012 (5)) and the current CW
scaling limit is 30 kW /cm? (6).

The role of multi level kinetics is unclear and in one attempt at CW power scaling
in 2008, an apparent roll off of output intensity occurred as pump power increased,
shown in Figure [2[ (7). A controversy has sprouted as many explanations have been
offered to resolve this decrease in laser power. Thermal effects generated through the
spin-orbit mixing of the alkali elevate the temperature in the pump laser and drive
alkali out of the gain path and drive down power. There is evidence that alkali heating
is occurring (R)), but it may not be severe enough to cause this trend of decreased
ouput power. At the same time, excess pump energy is exciting alkali out of the lasing
process and producing higher lying atomic states and both atomic and dimer ions.
As mentioned above, it has been since demonstrated that CW output powers above
60 W are possible. Additionally, pulsed experiments have linear increase with pump
power up to 7 MW /cm? (9). Multi-level kinetics still remains a point of discussion
in the DPAL community.

Multiple attempts at modeling the higher lying levels have been accomplished.

www.manaraa.com
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Figure 2. Output laser power is shown as a function of pump power in both a CW (0O)

and pulsed (¢) experiment (7).

One such effort claims the ionization rate may be catastrophically high, however the
model is enacted without all restorative processes, such as recombination (10). A
static model for a cesium DPAL that incorporates kinetic and fluid dynamics was
also developed, but the findings were inconclusive (II). A kinetic mechanism and
fluid dynamics model to investigate static and flowing cesium DPAL was created that
focused on the role of hydrocarbons in the lasing process (12)). Direct measurements
of the ionization in a DPAL using optogalvanic techniques indicate that at low power
and low pressures, the degree of ionization is low < 107° of the total alkali density,
but it increases with pressure and pump power. The degree of ionization may become

problematic as the laser scales to higher powers (13]).
This research effort is focused on the creation of a mechanism to describe the
adverse effects of multi-level kinetics on high powered DPAL devices. This includes
characterization of the population in higher excited states as a function of alkali

density, buffer gas pressure, and laser pump intensity. A kinetic model is developed
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and benchmarked with observations of fluorescence from the higher lying states in a
high power, transverse flow, potassium DPAL. The effects of extra heat loading on

beam quality and efficiency due to these highly excited states is also examined.

1.2 Nine level kinetic model

The first portion of this work focuses on the formulation of the nine level kinetics
model, including a thorough literature review of the excitation and de-excitation
mechanisms in alkali vapors. This model expands on the well documented three level
model presented by Hager et. al (14} 15). Theoretical laser efficiency of the three
level model is compared with that of the nine level expansion. These calculations in
rubidium were presented at SPIE Photonics West in 2018, and are further developed

for potassium in Chapter [[I}

1.3 Fluorescence in a flowing DPAL

The new model is benchmarked with fluorescence measurements from a high pow-
ered, flowing, potassium DPAL at Air Force Research Labratory, Directed Energy
Directorate, Kirtland Air Force Base. Fluorescence from over 35 atomic lines in

2. This technique was

potassium were observed at pump intensities over 20 kW /cm
used only once previously in the literature, and no attempt was taken to characterize
the spectral output with alkali density, helium pressure, or pump intensity (16]). This
effort attempts to demonstrate the relative importance of energy pooling and wing
absorption to the production of intermediate states and will comment on the effect
that multi-level kinetics has on a flowing DPAL system. Data was collected in two
different collections, and the observations are reconciled with the model in Chapters

and [Vl An updated set of kinetic rates are suggested to accurately predict the

data.
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1.4 Heat loading due to higher level quenching

Lastly, this work aims to describe the degradation to beam quality due to heat
loading added by the higher lying states. Recently developed code used to describe
the temperature profile of a transverse flowing DPAL is updated to include the nine
level kinetics conceived here. Beam quality aberrations due to the additional heating
are also indicated. The restorative effects of flow velocity are shown, and optimal

beam quality is also described. These results are described in Chapter [V}

www.manharaa.com




II. Excitation of higher lying states in a potassium Diode
Pumped Alkali Laser

A kinetic model for the performance of a potassium DPAL, including the role of
higher lying states is developed to assess the impact on device efficiency and perfor-
mance. A rate package for a nine-level kinetic model including recommended rate
parameters is solved under steady-state conditions. Energy pooling and far wing
absorption populates higher lying states, with single photon and Penning ionization
leading to modest potassium dimer ion concentrations. The fraction of the population
removed from the basic three levels associated with the standard model is less than
10% for all reasonable laser conditions, including pump intensities up to 100 kW /cm?

3

and K densities as high as 10'® em=3. The influence of these effects can largely be

mitigated by proper control of the inlet alkali density.

2.1 Introduction

The Diode Pumped Alkali Laser (DPAL) is a quasi-two level laser system using
the lowest three energy states of the alkali vapor (14]). The gas is optically pumped at
the D, transition, nZS% — n2P%, then, in the presence of the buffer gas, is collisionally
relaxed to the fine structure split nQP% state. When the population is inverted, the
atom lases from there to the ground state in the near infrared (2). The DPAL is
a relatively new gas laser system for high power applications (2; [I7). The DPAL
system has been scaled to > 1kW, with optical efficiency > 80%, and promises
excellent beam quality (I8]). Ideal, quasi-two level performance is achieved when the
cycle rate is limited only by diode pump intensity. A pulsed potassium laser has been
demonstrated with the time scale for fine structure mixing of 70 ps (9)).

There are mechanisms that may populate higher lying levels, particularly for

highly scaled systems. If a significant alkali density is removed from the lower three
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levels, pump absorbance will be reduced, decreasing power efficiency. This effect may
be largely mitigated by proper control of inlet or initial alkali density. Spatial varia-
tions in alkali density could lead to higher order uncorrectable effects. Furthermore,
heat released from collisional deactivation of these higher lying states could adversely
effect beam quality. There has been some controversy regarding the role of ioniza-
tion in degrading efficiency at high pump intensity (10 [19; 20). Experiments have
shown that above 70 W of CW pump power, the output power falls off, dropping
from 20 W with 70 W pump to 15 W at 100 W pump intensity (7). Several theories
have been posited to explain this phenomenon, including heating, alkali diffusion, and
ionization.

Several previous models to describe ionization in DPALs have been developed
(105 [IT; 12). For example a kinetic mechanism and fluid dynamics model to investigate
static and flowing cesium DPAL, focused on the role of hydrocarbons in the lasing
process (12). Oliker et. al also produced a static model for a cesium DPAL that
incorporates kinetic and fluid dynamics (11)). This three dimensional model included
a look at thermal aberrations but neglects dissociative recombination. Knize suggests
ionization rates may be catastrophically high in all alkalies but does not fully evaluate
restorative processes like recombination (I0). Full plasma models have also been
produced. An analysis of a cesium DPAL suggested that laser power will experience
major degradation, but less when a stronger quencher, nitrogen, is added as the
buffer gas, as plasma formation is decreased (19). A second plasma model for a
cesium excimer pumped alkali laser (XPAL) concluded that with appropriate seed
electrons the degree of ionization would be 28.5% (21)). This model accounted for 53
species of cesium, argon, and nitrogen in the cell. Despite these analyses, high power
devices have been developed with excellent efficiency (I8; [19)

Processes that collisionally deactivate the higher lying levels may contribute to
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the total heat load and degrade device beam quality. The quantum defect in the
potassium DPAL is particularly small (0.005), and the heat load for the ideal three
level system is modest. Quenching of the diode pumped and upper laser levels by rare
gases is sufficiency low to be difficult to measure. The larger energies associated with
states near ionization might lead to substantially more heating, if the population of
high lying states is significant.

In this paper, a nine level model is developed to describe the degree of ionization
in a scaled potassium DPAL. The primary kinetic processes and their associated rate
coefficients are reviewed and developed. Analytic steady-state solutions for the state
populations are developed and used to assess the impact on laser efficiency. This
work extends the prior analytic three level model (14} [15) and forms the basis for

analyzing new high power, flowing potassium DPAL experiments.

2.2 Kinetic processes and rates

2.2.1 Energy Levels.

The energy level diagram for atomic potassium is provided in Figure [3| and a
summary of the key energy levels is provided in Table[2[ (3). The basic DPAL operates
by diode pumping on the Dy transition, 425’% — 42P% , collision induced transfer to
the fine structure split 42P% , followed by lasing back to the ground state. The fine

1 so that a statistical distribution at a

structure splitting in K is modest, 57.71 ecm™
temperature of 400 K yields a ratio for the population of the pumped and upper laser
level of 72 = Zexp(—(E3;—E»)/kT) = 1.624. The ionizational potential for potassium
is 4.359 eV (35009.814 cm™!), or 2.68 times the energy of the diode pumped, 42P%

state, requiring 3 photons to ionize. The intermediate 625 1 52P% e and 42D

ol

5
bE
states lie near the energy associated with two pump photons, shown as a solid line

in Figure [3] The dashed line in Figure [3] illustrates the lowest energy accessible
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to ionization via a single pump photon indicating that the 525 1 and 32Ds s are not

3
2

N|U

involved in single step photo-ionization, and are thus excluded from our designation as
intermediate states. Levels lying above the intermediate states we group and designate
the Rydberg states. We intend to track both atomic and dimer ions. The dissociation
energy of K, (X) = 0.76eV = 6130 cm ! (22). The DPAL alkali density is sufficiently
low, ~ 10 atoms/cm?® with melt pool temperatures of < 450 K, where the neutral
dimer concentration in the absence of optical excitation is low < 1.5% (23). We
neglect states with an orbital angular momentum quantum number L > 2 (*F2 Q).
We note that the fine structure splitting of the higher lying states is small, < 19em ™1,
and assume a statistical distribution between the J states, except for the pump and
laser 42P% 1 states. The kinetic model will be reduced to predicting the population

in nine levels of Table Pl

Table 2. Relevant potassium energy levels and term symbols

State Term Symbol Level, i | Energy, E; (em™) | g;
Ground State 425% 1 0 2
Upper Laser State 42P% 2 12,985.186 2
Pumped State 42P% 3 13,042.896 4
Intermediates 42D%7% 4 27,398.147 4
27,397.077 6
52P17§ 5) 24,701.382 2
o 24,720.139 4
625% 6 27,450.710 2

Rydberg States higher n 7 28,000-35,009
Atomic Ion 1S 8 35,009.814 1
Tonic Dimer X2y, 9 28,880 2

2.2.2 Three Level DPAL.

The power peformance of various DPAL systems is usually well characterized by

three-level kinetic models (24} 25)). The original model developed by Beach et al (26))
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Figure 3. A energy diagram of potassium. The lowest three states form the standard
DPAL system. The solid line at 21,996 cm ™! represents the energy of one pump photon
above the 4P states. States above the dashed line can be ionized by a D; or D, photon.
was extended to include longitudinal averaging (14]) and broadband diodes (15). More
recent variants and extensions of this approach have been reported (9; 27; 28} 29).
The current study of multi-level kinetics begins with the baseline performance of this
ideal three-level system.

Diode excitation from the ground 4 25% state, with a population nq, to the pumped

4 QP% state, with population ns, proceeds via optical absorption on the D, transition:
ny + hv, = ng (1)
11

www.manharaa.com




where h is Plank’s constant and the absorption cross-section at line center, o3, is:

2

=T0gq =2-FA 2
013 o 031 S 31931(”0) ( )

where g; is the degeneracy of the i-th state, A, is the pump wavelength, Ag; is the
spontaneous emission rate for the Dy transition, and gs;() is the spectral line shape.
The core line shape is nearly Lorenztian at the DPAL elevated pressures and at line

center,
2
TAv I

(3)

g31(vo) =

The Lorentzian width increases with pressure, Avy, = o?uM where the broadening
cross-section is weakly temperature dependent (30), u is the relative collision speed
for the alkali-rare gas partner, and M is the rare gas concentration. At T = 460 K
and helium pressure P= 760 Torr the D, line width is 40.3 GHz.

Fine structure mixing is induced by a buffer gas, typically helium, with concen-
tration M:

n3+M—>n2+M (4)

and is rapid, k33(400K) = 2.72 x 10719 cm? /atom — s (31). We use the most recently
derived value for the spin-orbit cross section, assuming independence of temperature,
however a temperature dependence may be derived from the many calculated values

of this measurement (31}, B2; 33; 34 35]). The inverse rate for fine structure mixing:

is favored for potassium, with the bi-molecular rate coefficient constrained by detail

balance:

k23 = k‘gg%@fp[—(Eg — EQ)/kT] = ]{33226_0 (6)
2
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where 0 = % is associated with the spin-orbit splitting.

For a helium buffer gas pressure of 10 atmosphere at T' = 400 K, the first order

1oor k = 733/A3 = 1,309 cycles per

mixing rate is v3p = k3 M = 4.99 x 10 s~
radiative lifetime. At higher pressures the fine structure mixing rate can be enhanced
by three body collisions . For a Rb-He mixture, three body collisions double the spin
orbit rate at 3,000 Torr (36). However, the much faster two body rate in potassium
will dominate the three body rate for realistic pressures, so it will be excluded from
the mixing rate.

Relaxation back to the ground state can proceed via spontaneous emission at the

pump or lasing frequency, v,;:

ng — ny + th (7)
N9 — Np + th (8)

with rates As; = 3.80 x 10" 57! and Ay = 3.75 x 107 571, or via quenching:

The quenching rates, k3; and ks, for collisions with pure helium are sufficiently low
to usually be neglected (37). We define the total decay rate from the two excited
states as 73 = A3y + k31 M and 5 = Ag; + ko1 M. Finally, the new lasing process

terminates on the ground state:

ne + hvy — ny + 2hy, (11)

13
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where the stimulated emission cross-section at line center is:

)\2
091 = 012 = §A21921(V0) (12)

The K-He D line collision induced spectral broadening cross section is 0! = 3.21 x
10719 em? (13.1 MHz/Torr) at 328 K, 66% of the D, rate of oP? = 48.7 x 10716 cm?
(19.8 MHz/Torr) (4 [38). We suggest scaling the broadening rates with temperature

assuming no temperature dependence for the collisional cross section (39):

D=

Avy — 7<T1>P<%> (13)

where T7 is the temperature at which the cross section is measured.
AFIT-ENP-DS-18-D-009A comparison of the performance for the K, Rb, and
Cs DPAL variants is provided in Table The quantum efficiency is high n, =
0.95 — 0.99, with fine structure splitting relative to the kinetic energy, 6 = (E5 —
Ey)/kT, ranging from 0.181-1.739 at 460 K. The He mixing rate is rapid in potassium
k32(460 K) = 2.91 x 1071% cm?/(atom — s) (32), moderate for rubidium k35(460 K') =
2.52 x 1072 em?/(atom — s) (40), and too slow for cesium, k3»(460 K) = 9.49 x
107 em?/(atom — s) (40). The Cs system requires the addition of a hydrocarbon to
induce sufficient mixing. The temperature dependence of the spin-orbit cross section
is missing in potassium, however it may be added using a recent scaling law from
Eshel et. al (41). The buffer gas pressure necessary to achieve a mixing rate 20
times larger than the radiative rate, k = ksaM /A3, increases for the heavier alkali
vapors. Each atom cycles in the lasing process x times per spontaneous event, a
remarkable feature of the DPAL system. The helium pressure required to achieve
this cycle rate increases from 125 Torr for potassium to 17,550 Torr for rubidium.

Buffer gas pressures of 760 Torr require very aggressive diode bar spectral narrowing

14
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for efficient DPAL performance; 125 Torr would require narrowing not yet feasible
at high pump powers. A helium pressure of 5.08 x 10° Torr would be required to
achieve a k = 20 for cesium. Therefore, in Table [3| 760 Torr of helium is assumed for
both potassium and cesium; whereas x = 20 for cesium is achieved by introducing a
modest amount of hydrocarbons. The melt temperature, T}, decreases for the heavier
metal atoms and correspondingly the alkali density, N, at 7" = 460 K increases. The
fractional population inversions, A/N, have been evaluated using the longitudinally
averaged pump intensity formalism by Hager et al (14). For the quasi-two level
(Q2L) limit, where the fine structure mixing rate is infinite and the pump transition
is nearly transparent, the steady state small signal (no lasing) inversion AOQQL, is
a larger fraction of the total alkali density for the heavier atoms, where the fine
structure splitting is larger. Indeed, for sodium and lithium, the system approaches
two levels, the fractional inversion is low, and lasing has not been achieved. The
fractional small signal inversion for the finite mixing rate associated with x = 20
and a longitudinally averaged intracavity pump intensity, = 10 kW /cm?, is most
similar to the Q2L limit for for the lighter alkali. The diode pump intensity required
to achieve Q = 10kW/cm?, with a high absorbance A = o9 nl = 100, increases
from 14.0 kW/em? for K to 20.9 kW/cm? for cesium. The relation between diode
pump intensity, I,,, and longitudinally averaged pump intensity, €2, is given, for lasing
cavity of length I, = 10 cm with nearly no loss (¢ = 0.97) and complete reflection
of the pump diode at cell windows, and an output coupler reflectance of r = 0.2,

corresponding to a gain threshold of gy, = 0.086 cm ™!, by (14):

[p
Q= (Ugl(ng — 2n1)lg)(€5ffp[2031(”3 = 2m)lg] = 1) (14)

Methods for calculation of the average intracavity lasing intensity, ¥, and the output

lasing intensity, I;, from the parameters described above is demonstrated by Hager
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et. al (I4). The optical-optical efficiency is generally high, 7,, = }—; =0.70 — 0.80.

Table 3. Three level DPAL performance characteristics at 7" = 460 K

Property Potassium, K | Rubidium, Rb | Cesium, Cs
n (ground state) 4 5 6

Aps Do (nm) 766.48 780.03 852.11
A, D (nm) 769.89 794.76 894.35
Nge = A\p/ i 0.995 0.982 0.953

0 = (B35 — E9)/kT 0.181 0.746 1.739
Az (sec™h) 3.80 x 107 3.81 x 107 3.28 x 107
A /Azn 0.984 0.947 0.873
Py (atm) 1 20 1
Ionization (eV) 4.340 4.177 3.984
Saturation Intensity (W/cm?) 22.28 350.17 16.80
T, (K) 336.4 312.3 301.4
N (460 K) (10 cm~3) 0.84 5.40 11.0
N(A =100) (10" cm™3) 0.11 1.80 0.11
AZ" n 0.048 0.222 0.551
Ao/n (k= 20) 0.039 0.183 0.513
I, (kW /em?) 13.6 141.4 20.8

I (kW/em?) 104 98.9 16.6
Noo 0.76 0.70 0.80

The output power of a DPAL system can be scaled by increasing diode pump
intensity, or increasing the pumped area. Figure 4] provides the intensity scaling for
the potassium system, assuming population is constrained to the three primary levels,
using the longitudinally averaged approach (14} [15). Threshold pump intensity is
controlled by the requirement to bleach the full volume and scales linearly with alkali
density. Scaling is linear with pump intensity until the system begins to bottleneck
and is limited by the fine structure mixing rate. Increasing the cycle rate with a higher
buffer gas pressure can increase this rate. The transition from the linear response to
the bleached limit is rather abrupt for narrow band diodes, but somewhat shallower
for broader spectral bandwidth.

The heat load for the three level system, in a volume V| is dominated by energy
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Figure 4. Scaling of laser intensity with diode pump intensity in different regimes of
Hager’s model (14; 15). The solid blue line corresponds to the parameters in Table
the helium pressure is raised to 2 atm for the red dashed line (—), and the potas-
sium density is doubled for the green dash-dot line (). The small, black dotted line
corresponds to a broadening of the pump source to 30 GHz and a pressure broadened
Lorenztian absorption feature of the D, transition. The red dots (e) represent the heat
loading of the original parameters in Table [3| with narrowband optical pumping.

release in the fine mixing rate, as the quenching of the n?Ps 1 states is quite low (14):

31
272

P, = ksyM(n3 — 2¢7ny) (Es — Ey)V (15)

For the conditions of Table [3] the potassium thermal power loading is, P, = 65.8 .
This corresponds to a heating rate of d7'/dt = 7,731 K/s, assuming no heat transfer.

To keep the temperature rise modest, about 5 K, a longitudinal flow velocity of 146

17
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m/s, or a transverse flow speed of 14.6 m/s is required. Excitation of higher lying
states will certainly increase the thermal effects and degrade beam quality or require
higher gas flow rates. With the three level baseline performance established, we now

turn to assess the influence of the multi-level kinetics.

2.2.3 Intermediate States.

The production of higher lying states will depopulate the three-level laser system,
reducing the number of alkali atoms available to cycle, n,, by an amount ¢, and thus
reducing output power. Increasing the initial alkali density to compensate for this
loss can largely mitigate this effect. The spatial distribution of alkali density due
to localized heating could prevent a complete compensation. Furthermore, the heat
load from quenching of these higher lying states may also degrade beam quality. To
address these issues, we develop a multi-level kinetics model.

First consider the intermediate K 6 25%, 5 QP% 1 and 4 D 5 3 states near the energy
associated with two pump photons, as shown in Figure . The 529 1 and 32D% 3
states lie below the energy required for single step photo-ionization, and are thus
excluded from the intermediate states. Several slow processes might contribute to
the production of the intermediate states, including: (1) energy pooling, (2) far wing
absorption of pump or laser radiation, and (3) two-photon absorption.

Energy pooling involves two excited atoms from the pumped or upper laser level
states, n; and n; = 2 or 3 colliding to produce an intermediate ny = 4 —6 and ground
state atom:

ni+nj—>nf+n1 (16)

The final states, f, include both fine structure split levels. The pooling rates for
excitation into each doubly excited (intermediate) state have been experimentally

derived for most of the alkalies (42} 43} [44; [45), and for many hetero-nuclear reactions
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(46)). The energy pooling cross section for this reaction in Rb-K and Rb-Na has been
modeled as a function of the energy difference for the pooled state and the sum of
the energies of the two parent states (47). We extend this scaling to the full set of
observed alkali pooling reactions as shown in Figure [J] The observed rates have been
re-interpreted when needed to include both fine structure split product states in the
cross-section. The experimental results were observed at temperatures ranging from
350 — 597 K (42} 44} [45; [47). The cross section, o?, is related to the rate coefficient,

kP, via the average relative collision speed, w:
Kijig = U9ijs (17)

While there is some scatter in the results, an exponential dependence on the ab-
solute energy difference is well supported. Angular momentum considerations appear
to be less significant. The scaling is asymmetric comparing results for excess and
insufficient energy collisions, so two fits will be given. An un-weighted fit of the
observations to the form:

01 g = Ohsctrm ST (18)

where AE = E; — E; — E;, yields ay = —0.71 £0.28 o%, = 3.58 + 1.8 x 10~ 4cm?
and a_ = 0.84+0.04 0%, = 1.60+0.58 x 10~ *em?. The fit values with the subscript
+ are used when AF > 0, and — when AE < 0. The rate coefficients for the most
resonant cases are near gas kinetic, k? ~ 107% em3/(atom — s), but the alkali density
is low, N~ 10 atoms/cm?, so the characteristic time scale is long 7, = 1/kP N ~
0.1ms. That rate corresponds to ~ 107° of the fine structure mixing rate and a
minor influence on upper laser level population. However, the relaxation rates will
be required to assess the steady state concentrations.

The experimental results presented in Figure [5| validates the need for a predictive
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tool, demonstrating significant scatter in individual results, an asymmetry about
the origin and a lack of consistency in J dependence. The values plotted here are
not J-state specific with regard to the final state, however, they are split for the
two exciting states. Additionally, some rates, like 4P — 42D in potassium and
52P — 62P in rubidium, are missing from the literature. Thus we use the scaled
rates rather than specific experimental observations. The factor of 5 difference in the
scaled and various experimental rates introduces less uncertainty than both the far
wing absorption and quenching rates in the final prediction. Their rates were found
to be between 4.00 — 7.07 x 10~ em?/(atom — s) at T = 460, and can be found as

summarized in Table [6
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Figure 5. Pooling cross section as a function of excess energy. The circled points
represent the rates in potassium. A positive AFE corresponds to an energy level below
the pooled energy. The dashed line is fit similar to Gabbanini et. al (47), where it is
suggested that the fit is better where AFE > 0.

Single photon absorption from the pumped or upper laser level may also populate

the intermediate states, but would be far from resonance (10). For potassium the
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D, pump radiation would lie 1,131 e¢m™! to the red of the nearest 42P% — 42D%
resonance. At 760 Torr of helium, this would correspond to 446 Lorentzian widths
from line center, assuming a broadening rate of 100 MHz/Torr. Experimental values
for the excited line shapes are not available. However, a better estimate for the

broadening rates for the 42P% L 42D s and 625% transitions might be provided

5
PR

by the quantum defect radii (41)). We use a helium radii of 7z, = 8.89 x 1072 ¢cm and

the radii of the intermediate states from quantum defect theory:

ERyd
* — 1
n ”EI—E (19)

1 I(l+1
<r>:a0n*2[1+§(1— (+1)

)] (20)

Eryq is the Rydberg constant, £y — E is the energy gap between the excited state,
E, and the ionization potential, E;. ag the Bohr radius, and [ is the orbital angular
momentum quantum number. The predicted broadening cross section using quantum
defect theory are:

ogp = T(rge+ <71 >)? (21)

The quantum defect broadening cross sections for the P-D and P-S transitions are
3.62 x 107 em? and 4.84 x 1074 em?, respectively. These cross sections corresponds
to 134.4 and 179.7 MHz/Torr at T' = 460 K. We assume that the broadening is

dominated by the upper (intermediate) state surface. Wing absorption to the 5 2P%

[T

states is excluded, as the transitions are not electric dipole allowed.

High pressure line shapes far from resonance are non-Lorentzian and can exhibit
secondary maxima due to extrema in the interaction difference potentials. These far
wing profiles are very sensitive to the interaction potentials (30; 48). Unfortunately,
the potentials for the higher lying state are available only at modest fidelity, not

including any spin orbit effects (49). The 2IT and 2% potentials are calculated for
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the K-He complex for the 4P and 4D states, and the difference potentials of these are
presented in Figure [f] The top plots represent the two difference potentials with the
2¥ T 4P state, and the bottom use the 2I14P. The attractive nature of the bottom
difference potentials will lead to an enhancement on the red side of this transition,
and the shallow minimum of the 2" 4D —2 II* 4P curve may lead to a satellite on
the blue side. Robust potentials are required to better assess these non-Lorentzian

effects.

1.47 T T T

1.46 _

1.45 ]
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1.4 ]

Difference Potential, A V, em’!
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Figure 6. Top: Difference potentials between two upper states—2%+ 4D (blue) , 2I14D

(orange)—and the 2XT 4P state. Bottom: Difference potentials between two upper
states—?%1 4D (blue) , 114D (orange)—and the 2I14P state.

The quantum defect Lorentzian cross section serves as a basis for evaluating the
absorption into the wings. In Table [4 each of the intermediate states is coupled to
both the pumped and upper laser levels by both pump and laser fields. While the

excess energy for each of these transition is nearly the same, the cross sections for
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have a much larger range.

Table 4. Absorption cross section into the far wings for each transition at 7" = 460 K
and P = 760 Torr.

Initial Final State | Broadening | Pump Energy Off | Cross-
State Cross sec- Source Line Cen- section
tion (cm?) ter (em™') | (em?)
12D, D, -1,369.0 6.29 x 10723
2 484 x 10-14 D, -1,426.3 5.77x 10~
42p, 12D, ' D, -1,370.0 1.03x 1072
2 2 D, -1,427.7 9.46x 104
D -1,422.6 9.76 x 10721
6 251 —14 1 ’
3 3:62 > 1075 =75 71,4803 888 x 10
D -1,312.3 4.78 x 1023
4 2D —14 1 9
2P : 484> 1075 ~1370.0 440x10° 23
2 D ~1,364.9 6.21x 102
629 : g ’
3 3:62 10775 1,4226 5.67x 102"

The uncertainty in cross sections and proximity of the D; and D, lines suggest

simplification of the wing absorption rate from each state, R, to a single term:

i
o _ ooy

! hv

(Q + U)n* (22)

where the total population in the pumped and upper laser level is defined as n* =
ne+ns. Recall, the intracavity pump intensity, € is given in Eq. [14)and the intracavity
lasing intensity, W, is developed for the three level system in reference (14). The
wing absorption is separated into the Lorenztian cross section, o%, and an adjustable
parameter, «, that accounts for the enhancement or degradation of the value due to
non-Lorentzian behavior. In general, weighting the pump and lasing fields equally is
likely inaccurate, with the rate due to the lasing field likely lower due to increased
detuning from line center. Numeric estimates for the absorption cross section 4P —5S5
transition near 1.2 pwm in potassium have demonstrated cross sections in the far

wings of the absorption profiles over two orders of magnitude larger than expected
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for Lorenztian detuning of 750 cm ™! (50). Other simulations show that the far wings
of the excitation cross section of the 45 — 4P can be increased over 1,000 times
larger than a Lorenztian broadened line (51). The value of alpha is a function of
helium pressure (52)), however experimental results are required to determine this
dependence. Further study of the far wing line shape for the excited-excited state
transitions is clearly needed. We use o = 1 for our baseline analysis.

Population of the intermediate states by pooling may dominate at higher alkali
density, lower pump intensity and lower buffer gas density. Assuming a wing absorp-
tion cross section of 1.05 x 1071 em?, commensurate to the 42P — 625 rate at 760
Torr, the K pooling and wing absorption rates are equal at n = 1.50 x 10'3 atoms/cm?
and Q, = 13.4kW/cm?, or n = 2.95 x 10 atoms/cm? and Q,, = 263 kW /cm?. Wing
absorption may dominate in most high power DPAL systems.

Two-photon excitation from the ground state to the 625 or 42D states is signifi-
cant when the pump radiation is tuned to the degenerate wavelength, 728.8 nm and
729.9 nm, respectively (53)). Indeed, these transitions can be bleached with pulsed
lasers, and lasing has been observed after two photon pumping with thresholds as
low as 260 kW /cm? (54). The two photon excitation cross section is a function of the
single photon dipole moments and degree of detuning of the virtual states from the

n?P states (54):

2

if 5h3c2e ~ Gign (Vpi —I/)ng fi

The sum introduced is over all atomic energy states, but only the states closest
to the virtual state contribute substantially to the total. The subscript n denotes
properties of these real intermediate states, p,; is the dipole moment between the
initial and intermediate states, v,; is the frequency associated with that transition,

and gf(vy; = 2v) is the line shape for the single photon transition from the initial
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to the final state. For example, the virtual state is detuned from the 42P% by 682.5
em~! for the K 4QS% — 625% two photon transition and the peak cross section is
predicted ~ 1.21072° em*/W. For a diode pump at 10 kW /cm? the corresponding
rate is 44.36 sec™!. However, at the pump and lasing wavelengths, the two photon
cross section is highly detuned from resonance and the rates are negligible. Thus, we
neglect the two photon excitation.

Radiative decay from the intermediate and higher lying states occurs via cascading
through several AL = =1 transitions. The spontaneous emission rates for K are
summarized in Figure 7| and Table [5| (3). For example, the 5 ZP% intermediate state
radiates most rapidly to the 525% state with a branching ratio of 0.63. Then the
523% state radiates to the 42P%7% states with a combined rate of 2.35 x 107 sec™".
The cascade fluorescence complicates the processes and increases the the number of

states that need to be monitored. This table also introduces a statistical fraction that

corresponds to the percent of the population in each spin orbit split state.

giexp (F;/kT)
¥jgjexp (—AE/KT)

fi= (24)

g; is the degeneracy of the state and the sum is over all the split states. When calcu-
lating the total A-coefficient out of model state, each individual term is modulated
by this fraction.

A=3%f;A (25)

Quenching by buffer gas collisions also contributes to the relaxation, but these rates
are less established. Quenching of higher lying S and D states in Na (55) and Rb
(56; 57), moderate S and D states in Cs (58) ,and the 10%P state in K (59) have
been observed. While quenching in the lowest P states is so slow as to be difficult to

measure (60)), inter-multiplet transfer strongly augments the rates for higher levels,
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with rates of 3.3 — 210 x 10~ cm3/(atom — sec). Quantum defect theory has been
used to predict these rates and has been experimentally verified in lithium (61)).

We choose to neglect the details of this relaxation and employ a single radiative
and quenching term for each intermediate state. The recommended values are pro-
vided below in Table @ The 5 2P states require extra care as they can be populated
by the other intermediate states, 42D and 625, via both spontaneous emission and
quenching. The branching ratios of the emission rates from 42D and 62S to 52P is
in Table , but the proportion of quenching that terminates on 52P is unclear. The
products created by quenching of the intermediate states, in general, are important
to the heat loading. The upper bound to the additional heat occurs if intermediates
were quenched directly to the ground state. This, while unlikely, would lead to the
least promising estimate of the beam quality. Quenching terminated on the nearest
lower state is a more likely scenario. A third approach is to follow the branching
ratios determined for the radiative rates as perturbation theory often leads to matrix
elements that share the dipole moment. We chose this approach as an intermediate
estimate between the other two extremes. Quenching from the Rydberg states will
assumed to equally populate the three intermediates states, as the heat release is
similar. The total quenching rate will be a model variable, and will require bench-
marking. New experimental observations, and analysis of side fluorescence in a 1 kW
flowing potassium DPAL system are in progress and will be particularly helpful in
defining the quenching rates.

Production of the lowest three levels due to radiative and collisional relaxation
from higher lying states is neglected, as the total population in the intermediate state
is expected to be a small fraction of the total alkali density.

Cascade lasing among these higher lying states has been observed, but only after

two photon excitation (54)). The energy pooling and wing absorption production rates
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Table 5. A-coefficient and branching of the intermediate states (3]

Initial Level | Statistical Terminating | A- Branching XA Total A Terminating | Model
Fraction Level Coefficient Ratio Model Level | Branching
(sec™1) Ratio
1 ’Pé 5.1 x 10 [J.U[]'% 5 0.9904
42D, 04 42P, 2.6 x 10 0.007 3.5 % 106
1 : 5iP§ 5.7 % 10° 0.163 31X 106 |5 00058
52P, 2.0 x 106 0.828
12D, 0.6 4 Pg 3.1 x 107 0.01 34 % 10 2 0.0008
7 EEPé 3.4 % 10° 0.99 1 0
4'51) 1.16 x 10° 0.16
5Py 065 5254 LG 107 ) 0.63 731 x 108 4 v
: 3°Ds 1.5 % 10° 0.02 . .
5 325, 1.4 % 106 0.10 723100 -
2 _ 2 0
4*5% 1.07 x 10° 0.15
520, 0.3 525, 455 10° | 064 7.07 x 10° . )
320 1.5 % 10° 0.21
1°F; 3.9 10° 0.34 5 0.42
2g 42p, 2.72 x 10° 0.24 . G . s [3 0.31
6|6 5% 1 S’PA L6 108 014 11.42 > 10° 11.42 x 10 5 a5
5 EP; 3.2 % 108 0.28 1 0
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appear too slow to invert these levels under cw excitation on the D, line.

2.2.4 Ionization.

All three intermediate states are within one pump photon from ionization; needing
only 7,611, 10,289, and 7,558 ¢m ™! to ionize from ny4, ns and ng, respectively, where

1 Excitation of the intermediates states to produce

a pump photon has 13,043 ecm™
ions may occur via direct photo-ionization, Penning ionization and Hornbeck-Molnar
ionization. Photo-ionization may dominate for high pump intensities and moderate

alkali densities. The three intermediates states, ¢+ =4,5, and 6, can be photo-ionized

by either the pump or laser radiation:

ni+hvy —nt +e” (26)

where n™ represents the concentration of the atomic ion and e~ represents the electron
density.

These photo-ionization cross sections, oF " have been computed as a function of
the excess energy of the free electron for many lower S and D states (62]). For the
potassium P states, only the pumped 4 2P states have been reported, so the same
trend was assumed for the higher P states (62)). The photoionization cross sections
for various excited states of potassium are provide in Figure [§. The cross section
for the D states are highest and that of the S states are significantly lower. The
photoionization cross sections were also computed using quantum defect theory (63)
and are included in the figure. As n increases, the photoionization cross section
decreases, but quantum defect theory does not capture this trend. While the cross
sections depend on wavelength, the rates for the pump D, and lasing D, fields are
nearly identical.

Penning ionization involves the collision or two excited alkali atoms and pools the
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Figure 8. The photoionization cross sections for the nP(x) and nD(o) in potassium are
calculated from both the quantum defect theory (red) and numeric methods (black)

(62).

energy to exceed the ionization potential:
ni+n; —>nt+e +my (27)

where ¢ = 4,5, or 6 and j can be any excited state. However, the concentration of the
pumped 4 2P states is considerably larger than the intermediates, so the rate with the
collision partner as ny or ng should dominate, and j = 2 or 3. The Penning ionization
rates have not been measured in potassium. However, they were observed in rubidium
for a wide range of energy levels, as shown in Figure |§| (64). The cross sections, gfe"
are scaled here by the quantum defect cross section, ogp, to express a probability of

Penning ionization. The effective quantum number is the most important factor in

controlling this cross section, with only small variations due to angular momentum.
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Even so, Penning cross sections are relatively independent of n, but as ogp grows with
n*, the probability decreases with more excess energy. This study did not distinguish
between ZP% and 2P% collision partners, and only measured these rates out of S and
D states (64). The values predicted for potassium have been added to Figure |§| along
the exponential fit, 07" /ogp = (47.69 £25.12) exp ((—0.67 £ 0.23)n*). The effective
quantum number, n* is very nearly equal for 42D and 625, so their points on the
line are nearly overlapped. The predicted values in potassium are provided in Table

0.

—
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Pen

Probability of Penning lonization, o /o oD
[y
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=
=
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™
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W

Figure 9. Cross-section for Penning ionization for: (e¢) Rb, (o) K, and (-) exponential
fit to Rb calculations. (64).

A third mechanism to ionization occurs with the formation of the alkali dimer.

This Hornbeck-Molnar ionization occurs when a collision between a ground state
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atom and an excited atom can create an ionic diatom and a free electron. The rate
coefficient for this is nearly 100 times smaller than the rate coefficient for Penning

ionization for all excited states of rubidium (64) and is excluded in the current model.

2.2.5 Ion Recombination.

The balance of the photo and Penning ionization production with recombination
processes controls the ion concentration. The rates for radiative recombination are

portioned into various atomic neutral states j:

n"+e —n;+hv (28)

and are slow, k™ < 1073 em3/atom — sec (65)), and excluded in the current model.

The three-body recombination:

nt+e +M-—>nj+M (29)

rate in Cs with helium as the collision partner is fast for such processes, ks3p =
4 x 1072 ecm®/s (66). For a helium density of M = 1.58 x 10" atoms/cm?, 760
Torr at T = 460 K, the effective bi-molecular rate coefficient is ksgM = 5.9 X
1071%c¢m?/atom — s, much faster than radiative recombination. We assume the dom-
inant channel produces Rydberg states only, 7 = 7.

Dissociative recombination:

ny +e —nj+n (30)

involves the diatomic ion with density, ny, and likely yields high lying neutral atomic

states with 7 = 7, the Rydberg states, as discussed below. In cesium, this rate
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constant was calculated to be kpr = 5.26 x 10~ "cm?/atom — s for T < 1,650 K (67)).
This rate coefficient is much larger than the three-body recombination rate and will
dominate if the dimer ion concentration is significant. This rate was calculated at
temperatures much higher than that of a typical DPAL, and the dependence of this
rate on temperature is not well established. In a less plasma-like environment, this
rate may be dramatically lower. However, it is the only value for this rate in the
literature, so it is cautiously used in this model. Molecular ions are created during a

three-body collision between a neutral alkali atom, alkali ion, and the buffer gas:

n+nt+M—ny+M (31)

Experimental data suggests that the rate of reaction is 100 times larger when the
third particle is another alkali. However, for DPAL conditions the rare gas density is
much greater, > 10° times larger, than the alkali density. The rate of reaction for the
formation of the cesium ionic dimer in argon is very fast, k, = 2.4x10723 em®/atom—s
(68), and is the key pathway for recombination. The rate for Eq. is much faster
than Eq. , which supports the dimer being the dominant ion specie, and n, ~ nj .

The density of electrons is not included in this model. It is possible that the
electron temperature is much higher than the gas temperature. Free electrons can
be excited collisionally or optically, coupling with the pump or lasing fields. Excited
free electrons can then give this energy back to the alkali or put it into the buffer
gas through quenching. The former will increase the population in the excited states,
while the latter will increase the thermal energy and heat loading. If ionization only

reaches 1%, the electron density will be ~ 1 x 10! e¢m =3, which may be enough to

observe the omitted adverse effects.
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2.2.6 Rydberg states.

The high lying levels above the intermediates states are likely produced primarily
by the dissociative recombination of equation [30] Curve crossings between repulsive
neutral dimer states and ground state ion dimer molecules lead to the formation of
excited potassium atoms during a collision with an electron. The dissociation energy
of the ground molecular state of the ionic dimer, X 22;, is D) = 0.76 eV (22)). These
states are probably quenched rapidly at higher buffer gas pressures and the radiative
and collisional cascade to intermediate states follows the discussion associated with
Figure [l We include theses states in the nine level model to enable comparisons
with visible and near infrared fluorescence spectra from flowing, high power DPAL

operation.

2.3 Rate equations

The rate equations for the nine level model are now developed and form the
basis for the performance model. We use the longitudinally averaged diode pump
intensity, {2, and the intracavity laser intensity, W, to characterize the optical rates,
as previously developed for the three-level system (I4]). The rate equations for the

ground, ny, diode pumped, n3, and upper laser level, n,, are:

dny Q g1 v
L LN o} — (o — 32
— o13 hw, (ny ~ n3) + o012 I (n2 —n1) + y2ng + y3n3 (32)
dn v
d_t2 = _012h_yl(n2 —n1) — Yen2 + Y2(ns — ”2269) (33)
dn Q
d_t3 = UlSh_yp(nl - %n?)) — Y3nz — Y32(ns — ”2£€9> (34)

where the degeneracy ratio, % = 2, the fine structure mixing rates are constrained

by detailed balance as in Equation [0 and the total decay rates include spontaneous
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emission and quenching, v3 = Az + ki, M and vy, = Ay + k3, M. Laser performance
is affected only by the depletion of total alkali density in the three lowest levels. The
three Equations [32)33], and [34] are not linearly independent, and Equation [32] can be

eliminated in favor of the conservation statement:
n1+n2+n3:Na:N—(5 (35)

where the total alkali density, /V, has been reduced to the concentration available to

the three level system, N,, by the concentration in the higher lying and ionized states
§ = (ng+ns+mng) +ny +n" +2ng (36)

Source terms from quenching and radiation of the intermediates states have been
omitted from Equations[32]33] and[34and the results are limited to the modest multi-
level excitation expected for DPAL conditions. We have also neglected the removal of
population from the pumped and upper laser levels due to Penning ionization, pooling
and wing absorption. That is, we are considering the perturbation to the three level
model to be small. Figure demonstrates why we can make this assumption. In
this, the rate of spontaneous emission from the 42 P% , n3As1, shown in blue is nearly
an order of magnitude larger than the energy pooling rate, discussed after Equation
45 shown in orange, and the spontaneous emission rate from the intermediate states,
discussed after equation 2], shown in yellow. Recall, the spin orbit rate, and therefore
the lasing cycle, needs to be at least 20 times faster than the spontaneous emission
rate to create an efficient laser.

For very high pump intensities where the D, transition is highly saturated, €2 >>
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Figure 10. Kinetic rates, shown as a function of alkali density, at 1 atm buffer gas and
pump intensity of I, = 25 kW/cm?. The blue line represents spontaneous emission out

of 42 P% , the orange is the pooling rate out of the same state, and the yellow is the total
spontaneous emissions from all of the intermediate states.

Lot = ALT’”, the first term in equation |34f demands a bleached population difference:

o3

(n1 - n3/2)b =0 (37)

When this occurs, and in the absence of lasing ¥ = 0, the Q2L, the small signal

solution of Table (3| is completed by requiring the equilibrium of the pumped and

upper laser level:

’}’32(2679712 - n3) — Y3N3g = 0 (38)
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When the fine structure mixing rate is very large, k = v32/A3s — 00,

2e %ny = ng (39)

and Equation replaces the CW solution to Equation |33, The limiting cases of
Equations |38 and |39| are not assumed when computing the lower three laser levels or
the lasing intensity, but allows for a significantly easier computation of the population
in the higher lying levels with and without lasing. This approximation is within 8%
of the true population after only 1 atm of buffer gas is added, and is off by < 1%
with 10 atm of helium.

The population in the intermediate states are defined by the rate equations:

dn e
d_: :(kg,2:4n2n2 + kg,3;4n2n3 + k3,314n3n3) + h—j(Q + \I/)(n2 + 77,3)
o (40)
PI 0y
— Yy — nuky  (ng + ng) — n4h—(Q + )
Vp
dn5 p p
L :(k2’2:5n2n2 + ky 3.5man3 + ks 3.5m3n3)
o_ph (41)
— 55 ”5ké3[(”3 +ng) — n5h%(9 + W) + Ya5n4 + Vo576
P
ar :(k2,2:6”2”2 + k2,3:6”2n3 + k3 3.6n3m3) + hT(Q + U)(ng + n3)
o (42)
— neYe — neks ' (n3 + ng) — n6hi(ﬂ + )
Vp

where v; = A; + k;M and represents the depopulation methods our of the excited
states; A; is the total Einstein A-coefficent and k; is the total quenching rate out of
excited state 7. Each of these can be broken down further into final state specific
rates: A; = ¥;A;; and k; = X;k;;. The final two terms in Equation [41] represent the
emission and quenching terms between the intermediate states, v45 = Ays +kjz M and

Y65 = Ags + kis M. This depopulation out of 42D and 625 are accounted already for
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in 4 and ~.

Due to the small energy differences between the 42D and 625, AE ~ 50cm™!, we
have assumed that the wing absorption rate to both states are equal. Additionally,
we have assumed that the wing absorption rate due to the two fields are equal.
Enhancement features in the far wings of the absorption line shape may be smaller
than these splittings. However, these line shapes have not been experimentally derived
or numerically calculated to the precision needed to assume a more precise value. For
the sake of simplicity, we employ a common wing absorption cross-section. Future
modification of the model to incorporate specific cross-sections is straightforward.

Equations are simplified by using the quasi-two level limit to make ng

a function of ng, for example:

26 !
n3 e

kp k224 2+k234 +k 34_]{:224 4 +k2342 +k33:4 (43)
n3

A similar technique can be used to consolidate the other Penning rates, as well as
the energy pooling rate coefficients. Additionally, these three levels can be combined

into a single kinetic level by summing Equations using the grouping of:

n** = ng + N5 + Ng (44)

dn** KP 2 + O (Q + \-[!)( + ) *x KPI ph
= n — n ng)—m n — n
dt 57 hu, 2 ’ hv,

—(Q4+ V) ="y (45)

An equal distribution for the three states is assumed, such that, K? = k) + kY + k&,
o = o' 4 o 4 6P and KPT = kDT + EPT + kP and 0, = o + 08 . Validation of
this assumption requires some experimental effort to investigate the true distribution
amongst these states. The value v = 74 + v + 76 — Va5 — Y65 requires careful
consideration, as transfer within this level does not effect the population, but will

still be a source of heat loading.

37

www.manaraa.com



The production of intermediates from decay of the Rydberg states or products of
the ionic dimer recombination are minor paths excluded from Equations and
This approximation allows for the decoupling of the intermediate states from the
higher lying levels and an equation of the total intermediate concentration directly
from the populations in the three level system.

The rate equations are completed by evaluating the populations in the Rydberg

(n7) and ionized states:

dn7 +

o= kprng (n3 +n") — yms (46)
dny + +(nt +
= kaMn™N — kprny (ny +n™) (47)
dn™* oPh
= K nan™ + h—yp(Q + U™ — k,MnTN (48)

where the electron density has been replaced by the sum of the atomic and dimer ion
concentrations, as required by charge neutrality, and the association rate proceeds
with all alkali collisions.

The effective rate coefficients for the reactions B24§| from the literature review

are provided in Table 6] The complete nine level model is made up of Equations [33]
B4, 35} {01 (A1}, {2} [46] [£7] and [48]

Table 6. Full table of kinetic rates for potassium

Parameter Reaction Recommended Units
Value

Asp ns — ny + hv 3.80 x 107 571

Aoy Ny — nq + hv 3.75 x 107 s71

Ay N4 — Njca + hv 3.44 x 106 s71

As N5 — Nics + hv 7.23 x 108 571

38

www.manharaa.com




Ag ng — Nicg + hv 11.42 x 106 571

Ay ny — Nijcr + hv 2.0 x 108 s

Ay ng — ns + hv 3.43 x 106 s71

Ags ng — ns + hv 4.80 x 108 571

oP! 4.87 x 10715 cm?

oD? 3.39 x 1071° cm?

k3 ng+M—ni+M|0 em?/(atom — s)
ko no+M —ni+M|0 em? /(atom — s)
k3o ng+ M —n3+ M | 6.68 x 10710 em?/(atom — s)
kas ng+M —ns+ M| 227 x 10712 em? /(atom — s)
kes neg+ M —ns+ M | 3.58 x 10713 em?/(atom — s)
ky ng+M — nig+M | 2.29 x 10712 em?/(atom — s)
ks ns+M — njes+M | 1.64 x 10713 em?/(atom — s)
ke neg+M — njcg+M | 8.52 x 10713 em? [ (atom — s)
ky ne+M — nicr+M | 5 x 10717 em?/(atom — s)
k3 5.4 ng +mng — ng +ny | 3.00 x 10711 em?/(atom — s)
kS 5.4 ng +n3 — ng+ny | 3.48 x 1071 em?/(atom — s)
kS 5.4 ng+nz — ng+n | 403 x 1071 em? /(atom — s)
1A n*+n* —ng+n; | 7.31 x 10711 em?/(atom — s)
k3 5.5 ng+mng — ns +ny | 1.71 x 10710 em?/(atom — s)
kS 5.5 ny +n3z — ns +ny | 1.51 x 10719 em? /(atom — s)
kS 5.5 ng+mng —ns+ny | .33 x 10710 em?/(atom — s)
KL n*+n* —ns+n; | 2.92x 10710 em?/(atom — s)
kS 9.6 Ny +no — ng +ny | 2.61 x 1071 cm?/(atom — s)
kS 5.6 ng+mng — ng+ny | 3.03x 10711 em?/(atom — s)
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kS 5.6 n3+mng — ng+ny | 3.51 x 10711 em?/(atom — s)

Kk n*+n* —ng+n; | 6.37x 1071 em3/(atom — s)

K? n* 40— N +ng | 429 x 10710 em?/(atom — s)

kP! nos 4+ na — ny+ | 5.79 x 1078 em?/(atom — s)
nt+e”

k&t nas +ns — ng + | 3.93x 1078 em?/(atom — s)
nt+e”

k&t nas +ng — ny + | 449 x 1078 em?/(atom — s)
nt+e”

Kt N3 + Muw — M1 + | 142 x 1077 1/(atom — s)
nt+e”

kpr ng +e — np+ | 526x1077 em?/(atom — s)
Ni£1

kq nt+n+M — ng+ | 2.40 x 10723 emb/(atom — s)
M

ol Nos + hvp — ny 3.62 x 107 cm?

ol Nz + hvp — ng 4.84 x 107 cm?

o 1

o ng+ hvpy — nt 4+ | 140 x 10717 cm?
o

ot ns + hvp; — nt 4+ | 6.37 x 10718 cm?
-

ol ne + hvp, — nt + | 3.41 x 1072 cm?
-
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oph n** +hv,; —nt+ | 2.03 x 10717 cm?

e

2.4 Steady-state and integrated rate solutions

The simplified rate equations can be solved analytically, as we assumed that the

population in the higher lying states did not affect the population in the three laser

levels. The steady state solutions for the lowest three states and the intracavity laser

intensity are:

(2 + y3)ns + (F2E + 72)ns

013V g12¥
hvp hy;

ny =

g12¥
Thoy 1 Y3273

012\11 + Yo + 2730 ?

No =

g1
2y30e 0y + ﬁn

%4"7326 O+ s

ng =

U = nolsat(ax — B)

Isat

where

(222)(26(1 — ) (22) = 1) — (3 +2(1 + 3e~")r(22))
2[(1 + k(1 —e79)) + 22

Isat

o =

1+ k(1 42028 0
B=(1+ "21") ( 721)))2[(1 +r(1—e ) +2
Jth Y21 Isat

Isat = th73 !
031

(53)

(54)

(55)

These equations can be solve simultaneously, to get the decoupled solutions as a

function of 2. The pump intensity needed to create the needed value for

Ip _ Q O’31(’I’L3 — 2n1)lg
6031(n3—2n1)2l9 _ 1

41
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In practice, I, is known and 2 is to be computed, but the model is more easily run
in reverse: finding the roots of Equations and then using Equation [56| to solve
for the pump intensity required. The results of this are presented by Hager et al, in
(14; 15).
The rest of the energy levels have similar steady state answers:
KL« n + %(Q + U)(ng + n3)

nygy = oph (57)
kltns + e (Q+ )+

B+ 3+ 7L(Q+ W) (na + ng)
Nng = z”h (58)
kg Tns + 3 (2 + ¥) + 76

kp 2
ng = 5 %13 + Ya5M4 + Y6576 (59)

h
Kns + 2 (Q + 0) + 7

EPI(ng + ng)n* + Z—Z}L(Q + U)n**

+ _ 4 60
" ko MN (60)
koM Nnt
n; _ BN (61)
kpr
+/ o+ +
7

Due to the rapid nature of three body association, Equation [71| has assumed nj >>

n™ and been simplified accordingly.

2.5 Model predictions

Figure|11{shows the ratio of ¢ (first defined in Equation [36)) to the total alkali den-
sity as a function of total alkali density at many different buffer gas pressures, in the
CW regime using the baseline rate parameters of Table |§| and Q = 19.3kW/cm?. At

low alkali density, when photo-excitation dominates, o grows slower than total density,
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and the curves trend downward. Because photo-excitation processes dominate, ion
density is both created and destroyed as a linear function of total alkali density, and
additional alkali does not create more ions. Because dimer growth depends directly
on the ion density, the dimer grows sub-linearly with respect to N and § grows slower
than total density. However, at higher density, when the rate of collisional processes
grow, ion creation goes like the square of alkali density and adding alkali causes an
increase in ions, resulting in  growth that is super-linear with N. In general, adding
helium causes the delta fraction to decrease and delays the take over of the collisional

3 and the population

mechanisms. Most DPAL systems operate with N < 10 cm™
in higher lying states is less than 6% of the total. The perturbation approach to the
three level system appears appropriate for normal operating conditions.

Figure demonstrates this 0 fraction as a function of pump intensity at a
fixed helium pressure of 1 atm. At high N, the ion concentration is dominated by
Penning ionization, and adding pump intensity does little to the excited population.
When density is low, N <~ 10*3, though, the excitation processes are dominated by
photo effects and population in the higher lying states rises dramatically. Current
diode technology limits pump intensity to < 50 kW /cm? and again, the fraction of
population in the higher lying states is limited to ~ 7%.

At high alkali densities and low pump intensity the delta fraction in Figure is
constant with respect to pump intensity. This is due to energy pooling acting as the
dominant mechanism. As pump intensity increases, though, photo-excitation pro-
cesses grow and begin to take over as the largest contributor. Figure (13| demonstrates
at what alkali densities and pump intensities each of the two excitation mechanisms
are dominant in producing ng density, at different buffer gas pressures. Each line
represents when the energy pooling rate and the photon excitation rate are equal;

at 760 Torr (blue), 1,520 Torr, (orange), and 3,800 Torr (yellow). As alkali density
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Figure 11. Fraction of population in higher lying states as a function of alkali density
for a series of helium densities. The dashed lower line represents the curve at a helium
pressure of 4.82 Torr and the dotted upper line represents helium pressure of 4,820 Torr.
The lines in between represent helium density increasing by a factor of 1.15, with the
bold red line corresponding to 760 Torr.
rises, more pump intensity is required to match the two rates, however increasing the
buffer gas pressure decreases the pump required for all alkali densities. The slope of
these lines are the ratio of the excitation cross section and the pooling rate coefficient,
going like oc k% /o9 .

As mentioned above, the quenching rates out of the intermediate states have

not been experimentally observed. Figure [14] demonstrates the effect changing these

rates has on the model. It shows the change in total § if ks (blue), k5 (orange),
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Figure 12. Delta fraction as a function of pump intensity and alkali density. The dotted
line here represents an alkali density of 1 x 10! cm ™ and the dashed has an alkali of
1 x 109 ¢m 3. The lines in between represent alkali density increasing by a factor of 20.
At low N, photo processes dominate and § grows rapidly with pump intensity.

and kg (yellow) is changed. This is shown at the base line conditions from Table
at I = 10kW/cm?. Decreasing any of the quenching rates increases d, but only
increasing ks causes a noticeable decrease. Much of the quenching from n, and ng
terminates into ns, so it does not decrease the total §, just the composition. Increasing
the rate out of ns, though, sends population back into the lasing levels.

Using the model created by Hager et. al, a prediction of laser intensity can
be calculated as a function of alkali density, for a given laser design. Fig.
displays the output laser intensity of a longitudinally pumped, static, CW DPAL,
with geometry as described in (14)), with a gain length of [, = 10 cm and a threshold

gain of gy, = 0.086cm ™!, shown as the solid line. The pump intensity is set to
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Figure 13. Pump intensity required to match the wing absorption rate to the energy
pooling rate, as a function on number density, at P = 760 (blue), 1,520 (orange ——),
and 3,800 (yellow e) Torr.

I, = 10kW/em? at a buffer gas pressure of 1 atm of pure helium, at 7" = 460 K
setting k = 279.8. For N < 3 x 102em ™3, bleached gain is less than cavity losses,
and no lasing is achieved. There is an optimum alkali density at n = 1.66 x 103 cm ™3
after which the lasing decreases, as absorption in the cell becomes too large. The
alkali density available to the lasing process including multi-level kinetics is reduced
to N, = N—4. In Figure[L5] §/N = 0.0099, and the intensity decreases by 1.73 W/cm?
or < 0.03%. If the fraction of the population in higher lying states were to increase
(e.g. by increased wing absorption) the power loss also increases. The loss ratio is
defined as 1-(output power with multilevel kinetics / without multi-level kinetics), is
illustrated by the dotted curve in Figure For example, if 6/N = 0.2 at the peak
output power, the loss ratio would be 0.235.

The scaling of laser output intensity with pump intensity for the base line con-
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Figure 14. The change in § is plotted as a function of the change in the quenching
rates. Modulating the k, is in blue, ks is in orange (——), and kg is in yellow (e).
ditions is illustrated in Figure similar to the cases provided in Figure |4 The
bleached limit occurs near I, = 20 kW/cm?, as the fine structure mixing rate limits
output power and the system becomes bottle necked. At higher pump intensities, the
production of higher lying states increases, 0 /N increases, and output power declines.
At 100 kW/em? the degradation is significant with a loss factor of ~ 5%. The roll
off of power exhibited at very high pump powers may be similar to that shown ex-
perimentally by Zhdanov et. al in (7)), but occurring at much higher intensities here.
The rolloff exhibited at lower powers is likely not do to multi-level kinetics, but can
be caused by any effect that drives the apparent alkali density down; diffusion due to
temperature gradients in the alkali can cause ¢ to increase.

These figures illustrate the limited effect ionization has on laser power. The density

of alkali available to lase decreases a small amount and that can have adverse effects
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Figure 15. Three level laser performance as a function of alkali density, at 10 kW/cm?
pump intensity and 1 atm helium buffer gas. The solid vertical line represents the
number density in which the intensity out is maximized and the dashed vertical line
represents the alkali density available to lase if set to the maximum total alkali density
and higher level kinetics are included. The magnitude of the degradation is shown with
the loss ratio (e).

on laser power. However this loss can be recovered by simply adding more alkali to the
cell, to compensate for these deleterious processes. Due to the imperfect measurement
techniques of alkali density, the ¢ fraction may be lower than the error of the density
measurement.

As mentioned above, one of the primary assumptions required to create this model
was that ¢ is a small perturbation of the lower three levels, only effecting the total
population available to lase, such that the true alkali density is N, = N — ¢§. Using
this, the model should converge on a value of § when iterated. To do this, 9§ is
computed using the total alkali density. The alkali density is reduced by this value
and a new ¢ is recomputed. Figure [17] shows that it does converge. After the first

iteration ¢ is varied by < 2.1% and only < 0.03% after the second iteration.
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Figure 16. Laser intensity as a function of pump intensity, with and without multi-level
kinetics (——). The cases presented here are the same as in fig:PsiOmega. The blue is
consistent with the parameters in Table |3 the alkali density is doubled for the green
and the helium density is doubled for the red.

2.6 Conclusion

With the goal to resolve the controversy surrounding multi-level kinetics in a
DPAL, a thorough literature review on mechanisms relevant to DPAL ionization has
been conducted and the best rates of each mechanism is given. New scaling laws were
developed to appropriately determine some rate constants, specifically, energy pool-
ing, broadening of higher transitions, and Penning ionization. Some of these rates are
well established in the literature, such as the spin-orbit mixing rates and the absorp-

tion cross section of the pump and lasing transitions; others were found measured
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Figure 17. The values of § as a function of alkali density at P = 250 Torr is iterated to
assure convergence. The initial value is the blue solid line, the first iteration is the red
dashes (——) and the second iteration is shown as black filled circles (o).

for potassium and are likely accurate, such as energy pooling and photoionization.
Rates for Penning ionization, dimer formation and dissociative recombination have
only been determined for other alkali metals, so the true value may be different than
the one presented here. Lastly, quenching rates of the intermediates and absorption
line shapes for high transitions have not been measured at all and require significant
future study.

A new nine level kinetic model has been produced adopting the most important

mechanisms found in the literature. Using existing laser performance data as a guide,
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appropriate approximations allow for this model to be analytic and predict the pop-
ulation that has escape the lasing process as a function of laser system parameters.
Population is excited to the intermediate states by both energy pooling and photo-
excitation into the far wings of the absorption profile. The intermediates are then
ionized mostly through Penning and photo-ionization. Atomic ions quickly undergo a
three body collision that forms the ionic dimer, and dissociative recombination pop-
ulates the Rydberg states. The Rydberg states radiate and quench in a cascading
fashion back to the ground state.

The model predicts small values for §/N, between 1 — 12% depending on laser
parameters, and recommends methods to mitigate any adverse effects on laser power.
The ionic dimer is a major component of §, when the suggested rates are used,
resulting in the model presented here. If not for this large dimer population, a simpler
four level model would be possible. However, the added complexity gives use to side

fluorescence measurements taken from DPAL systems.
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ITII. Kinetics of higher lying states in a high power,
transverse flow diode pumped potassium vapor laser

Fluorescence emitted by a high power, transverse flow potassium DPAL was col-
lected to characterize the highly excited state population at total alkali densities of
N =0.63 — 1.87 x 10" em =3 and buffer gas pressures of P = 250 — 1200 Torr. The
population in these states was found to be less than 5% for all cases. The observations
are compared to a nine level kinetic model and a new rate package is recommended

to accurately match the observed densities.

3.1 Introduction

Dramatic progress in power scaling of Diode Pumped Alkali Lasers (DPALSs) has
been achieved with 1-2 kW systems demonstrated in potassium (I8) and cesium (/)
and recently ~ 30 kW for Rb (6). Ideal, quasi two-level performance is achieved
when the cycle rate is limited only by diode pump intensity. For example, a pulsed
potassium laser has been demonstrated with the time scale for fine structure mixing
of 70 ps (9). The influence of higher lying states and ionization on DPAL power
efficiency and beam quality is a current topic of some controversy. Some studies
indicate that the rate of photoionization is significant in situations with high buffer
gas pressures ([10; [13). However, pulsed experiments have pumped 30 times higher
than threshold with no significant loss in efficiency (69).

Several previous models to describe ionization in DPALs have been developed
(10; 11 12). For example a kinetic mechanism and fluid dynamics model to inves-
tigate static and flowing cesium DPAL, focused on the role of hydrocarbons in the
lasing process (12)). Oliker et. al also produced a static model for a cesium DPAL
that incorporates kinetic and fluid dynamics (II]). This three dimensional model in-

cluded a look at thermal aberrations but neglects dissociative recombination. Knize
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suggests ionization rates may be catastrophically high in all alkalies but does not
fully evaluate restorative processes like recombination (10). We recently developed a
kinetic mechanism for the population in the excited states (70). This nine level model
includes the 3 primary lasing levels—42 S 1, 42 P and 42 Py in potassium-3 intermedi-
ate states—62S,52P and 42D- the Rydberg states, the atomic ion, KT and the ionic
dimer, K5 . This model suggests that multi-level kinetics do not significantly reduce
laser performance for typical operating conditions if the alkali density is properly
controlled. However, experiments to benchmark these models and specify key rates
are lacking. In particular, the dominant mechanism for populating the intermediate
states, the collisional de-excitation rates of the intermediate and Rydberg states and
ion recombination rates require further study.

Prior alkali laser fluorescence studies were primarily limited to energy pooling and
spin orbit kinetics at low pressure and pump intensity (42; 43; 58). Characteristic
alkali spectra has been collected mostly with multi-photon excitation, where strong
blue lines (in addition to the near IR lines) were observed (71} [72). Observations of
emission from higher lying states under DPAL conditions are rather limited. Zhandov
et. al observed side flourescense from a static DPAL and identified four sets of atomic
lines, however effects of alkali density and helium pressure were unreported (16).

In the present study we compare the nine level model derived in (70) with obser-
vations from a high power (~kW), transverse flow potassium laser. Emission from
~ 30 atomic potassium states with principal quantum number as high as n = 11 are
observed for pump intensities of > 10 kW /cm? Quenching rates for the 42D and
625 intermediates are determined. A comparison of the data and model indicate

additional rates of population and destruction of the excited states.
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3.2 Experimental setup

The flowing K DPAL experimental apparatus is shown in Figure [I8] The laser

system is designed with a transverse diode pump laser and transverse gas flow. Six

DILAS diode 425 W modules pump the alkali volume, each module consists of 8

micro channel cooled bars coupled to a single 600 pum core fiber with NA = 0.22.

These are temperature tuned with a volume Bragg grating (VBG) with a bandwidth

of 51.6 — 56.3 pm (26.4-28.8 GHz) as current increases, i = 40 — 96 A. The combined

spectral bandwidth at 3 kW is 58 pm (29.7 GHz) FWHM (73)). For this study, the

diodes were run at ¢ = 54.6 A, with an output power of 1.2 kW . The diode current

was maintained within £.05 A, to assure laser power variation of < 10W. Diode

power transmitted through the cell was measured using an Ophir 5000W-SH power

meter placed ~ 15 cm behind the cell.

Pump, ¥
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Figure 18. A block diagram of the laser setup used in this experiment.

Two Thorlabs ALL100200-B aspheric lenses (10 cm diameter, 20 cm focal length,

N-BK7 glass) reimage the fiber bundle onto a LEO negative cylindrical lens (10 cm
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by 8 cm, -15 cm focal length, UV fused silica) to spread the beam and match the
width of the alkali flow. The irradiance at the focus is I = 37.4 kW /cm?, or ~ 1,550
times the saturation intensity.

The alkali chamber is described in detail in reference (18). The stainless steel
chamber houses an alkali flow, the potassium density in the chamber was held between
N = 0.63 — 1.87 x 10'* em =2 and monitored as described below. The melt pool tem-
perature was T = 473 — 533 K, indicating 12 — 42% saturation. Two Machined Glass
Specialists, INC. TSC-3 substrate windows, etched with a random anti-reflection
coating, are installed in the pump direction and two similar uncoated windows are
installed at Brewster’s angle in the laser direction to minimize reflections and para-
sitic lasing. A secondary helium gas flow is circulated across these windows to protect
them from contamination. Gaseous helium, type 1 grade A, provided by Air Prod-
ucts and Chemicals, Inc. is optionally mixed with Airgas UHP GR 4.0 methane and
is streamed over the alkali melt pool, consisting of Sigma-Aldrich potassium-ingot,
99.95% metals basis, and into the cell. The primary contaminants are rubidium (143
ppm), sodium (48 ppm), and titanium (48 ppm). The melt pool temperature, as well
as the entire cell temperature, is regulated by Watlow EZ-ZONE heat controllers.
Temperature was monitored at twelve different locations with the key measurements
before and after the potassium bed and in the laser cavity with Omega TMQSS-
125G-6 K-type and T-type thermocouples.

The vacuum system supported helium flow rates of up to 250 SLM, but these tests
employed 50 SLM using an MDC inline valve. The flow speeds correspond to residence
times of 0.022—0.104 s over the melt pool. Two Honeywell 060-J033-01ZA transducers
measure the pressure immediately before and after the laser chamber. Two Stellar
Technology ST1550-1000A-107 sensors are used to measure the pressures in the flow

of the two buffer gases, helium and methane, and Stellar Technology ST1550-100A-
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107 sensor measured the pressure over the potassium bed. The pressure traducers
are rated to 6.8 atm (5,170 Torr), but the total pressure was maintained between
250 — 1200 Torr for the entire study.

Optical diagnostics included two spectrometers for visible and near infrared flo-
rescence, power meters, and laser absorbance for potassium density. The side fluores-
cence was collected, just off of the lasing axis. One LG-455-020-3 fiber bundle in the
forward lasing direction, passes the visible spectrum using a ThorLabs F810SMA-780
output coupler and a 750 nm short-pass filter, and entering a Acton SpectraPro-275
monochrometer with a Princeton Instruments, PI-MAX 2 CCD. This visible spec-
trometer is fitted with two 1,200 gr/mm gratings, with a blaze at 750 nm or 300
nm. The spectral resolution was typically 0.036 nm. The bandwidth of ~ 35 nm
required 13 spectra to cover the full range of 381-715 nm. Spectra were recorded with
an integration time of 1 sec, and summed in the vertical slit direction. The smallest
signal to baseline ratio was 3, while the largest was over 10000. An additional Thor-
labs BFL200LS02 fiber bundle is placed on the backwards lasing axis, behind the
LEO RX-700-900-B-MPC high reflector mirror, to collect the near IR spectrum. A
Thorlabs F810SMA-1310 fiber bundle, transmitted the emission to a 218 McPhearson
0.3 meter scanning monochrometer (600 gr/mm, 1.25 um blaze grating) and Roper
Scientific, OMA V InGaAs array. The spectral resolution for this was 0.1 nm and the
band width was ~ 100 nm, so 5 spectra were required for the range of 900 — 1,335
nm.

Detector response was characterized in two steps, D = D, Dy, as the product of rel-
ative spectral response D, and absolute D, response. The relative spectral response of
both spectrometers was calibrated with an Oriel Instruments Quartz Halogen lamp,
and peaked at 900 nm. The absolute response of the visible monochromator was

estimated using three approaches. First, an estimation using radiometry, using the
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collection solid angle of 0.057 rad, and a viewing volume defined by the diode pump
beam at the focus of 0.24 cm?, yields a detectivity value of D, = 0.0011. A second
estimate of absolute detectivity, D;, can be obtained from the observed D, line. The
population in the 42P% state, m3, is bleached by the intense diode pump, so that
ns/N = 0.47 (14). However, the peak of the D, line is obscured by scattered diode
radiation. The far wing, detuned by 900-1,230 cm ™! from line center is observable.
While the line shape is non-Lorentzian at high pressure, the numerical predictions are
available (51). The predictions are sensitive to the accuracy of the surface calcula-
tions (74). Unfortunately, the detectivity computed in this manner depends on alkali
density, D; = 0.004 —0.018 (70). Finally, the absolute detectivity could be estimated
by the emission from the 42D state, using the kinetic model for populations discussed
below. For a predicted ZD%% density of 4.47 x 10%m =2 at N = 1.87 x 10" em =3
and pure helium at 250 Torr we obtain D; = 0.0043. These three methods provide
a range of detectivites of D; = 0.11 — 1.8 x 1072, and we use D, = 0.43 x 1072 in
reporting photon densities.

Potassium density was measured by tunable diode laser spectroscopy on the
428% - 52P% transition at 404.41 nm. A 45 mW Toptica Photonics tunable diode
laser with 100 kHz line width was transmitted along the diode pump axis, [ = 2.53
cm, prior to each experiment. The laser is sent through a waveplate, then split into
four beams; one beam through an etalon, one through a low pressure reference cell
held at 393 K, one through the laser cavity, and one through free space to serve as Ij.
The beam that traverses the etalon is monitored by a Thorlabs PDA100A Si amplified
detector, while the other three use New Focus 2032 large-area UV photoreceivers.

These tests were completed in March 2017. Over 50 full bandwidth spectra were
collected with potassium bed temperatures between 473 — 533 K, corresponding to

potassium densities N = 0.65 — 1.87 x 10 em ™2 in the cell. Buffer pressure was
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varied from 250 to 1200 Torr. Most of the tests were performed in pure helium, but a
few were collected with methane added, 7.9 and 16.13 % by mass. All of these tests
were collected at a single pump power, 1.23 kW, in the absence of lasing. The output

coupler was removed from the laser setup and transmitted power was monitored.

3.3 Results

3.3.1 Potassium Density Measurements.

Characterization of the potassium density delivered to the gain cell is critical to
the kinetic conditions for these experiments. Typically, the fraction of the saturated
vapor pressure (75)) realized in the flowing system is 10 — 50%), and is measured using
the tunable blue absorption diagnostic, with a typical absorption spectrum illustrated
in Figure [19]

A Lorenztian fit is also shown in Figure and is used to determine the peak
absorbance and potassium density. This diagnostic was primarily designed for mod-
erate temperatures and high pressure. The Lorentzian width of the K 425’% — 52P%
line centered at A = 404.4 nm was fit to 8.5+ 0.1 GHz. The integrated absorbance of
3.653 £ 0.005 x 10'° Hz yields a K density of N = 6.352 4= 0.009 x 10'3 em ™3, using a
integrated cross section of [0 = 7.54 x 107° ¢m? — Hz. This cross section has been
evaluated using values from the NIST database (3]).

TDLAS observations are compared with the vapor pressure in Figure 20, The
degree of saturation decreases from 41.8—5.4% as the melt pool temperature increases
from 473 —513 K, so that the potassium density is rather constant, N = 0.64 —0.96 x
10** em™3. The density at the highest tested temperature, T = 533 K is considerably
higher, N = 1.87 £ 0.17 x 10" em™3, 12.2% of the saturated vapor pressure.

To confirm the K density measurement, the transmitted diode pump power was

measured as shown in Figure[21] The transmitted power declines slightly with helium
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Figure 19. An example K 4251 - 52P3 diagnostic with K density of N = 0.65 x 10" em™
at bed temperature of T = 473 K: red points represent the observed spectra, and the
black curve is the Lorentzian fit.
pressure primarily due to improved matching between the absorption line shape and
the diode spectral distribution. The transmitted power is weakly dependent on melt
pool temperature for T = 473 — 523 K, consistent with the TDLAS observations.
At 533 K, the transmitted power decreases from 900 W to 400 W, as expected for
the higher potassium density. The transmitted power has been predicted using a
three-level DPAL model (14). The potassium densities required to match the model
and observed powers are compared with the TDLAS observations in Figure The
TDLAS measurements are preferred, as the DPAL model assumes an unfocused pump
beam, clearly violated in the present apparatus.

The number density depends on helium pressure as shown in Figure Number
density in the gain path is influenced by both flow transit time over the potassium bed
and condensation of the alkali between the bed and the gain path. Helium pressure is

regulated in the cell by varying flow speed, which effects both of these factors. Slower
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Figure 20. Potassium density measurements: (black line) vapor pressure as a function
of melt pool temperature (75), (blue ¢) TDLAS measurements, (red o) estimates from
transmitted power, and (green [J) estimates from K 42D emission. Observations for
helium pressure of 250 Torr and flow speed of 0.98 m/s, and melt pool residence time
of 0.104 s.

flow increases the flow transit time over the bed increasing the vapor saturation, but

it also increases the likelihood of alkali condensing on the walls before it reaches the

laser. The alkali density, as estimated by the K 42D population, trends downward .
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Figure 21. The pump power transmitted through the alkali cell as a function of buffer
gas pressure for T =473 K (+), 483 K (e), 493 K (o), 503 K (%), 513 K (x) and 533 K
(A). The incident pump power is 1.23 kW.
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Figure 22. The alkali density as estimated by the K 42D emission as a function of
helium pressure at alkali bed temperatures of T'= 473 K (blue o) and T" = 533 K (red o).
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3.3.2 Fluorescence Spectra.

A sample visible spectrum is provided in Figure 23] The spectral assignments
have been annotated and include n = 4 — 11 with 32 atomic transitions in potassium
as well as 4 rubidium and 2 sodium lines. A list of the observed atomic transitions
are provided in Table [7] and illustrated graphically on the energy level diagram in
Figure [24] The intermediate states, 65, 5P and 4D, lie near the energy of two pump
photons, indicated by the higher dashed line in Figure 24 The energy associated
with one pump photon below the ionization level is indicated by the lower dashed
line. The strong blue emission arises from the 5P — 45 transition. The higher lying
P states emit outside the range of the visible spectrometer, including the 6P — 45
line near 344 nm, and the 9P — 55 line near 839 nm.

The observed intensities in Figure I, have been scaled by detector response, D,
for an integration time of 1 s. For example the blue emission near 404 nm, observed
a peak spectral intensity of I = 4.18 x 10° counts/nm, with a detector response
corresponds of D = 8.95 x 1072 counts/photon-s, corresponding to a photon emission
rate of 4.67 x 10" 1/nm-s. Figure demonstrates a simultaneous fit for these
two blue transitions, 52P%7 1= 428 1. The spectral resolution, as specified by the
Lorentzian FWHM is 0.28 nm. The instrumental line shape is rather symmetric but
exhibits some non-Lorentzian character, resulting in residuals of 6% (of the peak) in
the wings. A constant baseline was found to be less than 1 x 1073 the peak value.
These Lorenztian fits are used to calculate the densities in the excited states.

The spectral signal-to-noise of 3,000 leads to a well determined amplitude of 1.224
0.02 x 10'7. Similar fits for all the lines yield the observed intensities reported in the
final column of Table [7.
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Figure 23. Visible fluorescence spectrum collected at a K bed temperature of 533 K at
250 Torr of pure helium.

Table 7. Observed atomic K transitions with A-coefficients, and fit intensity amplitude
for test conditions 7 =260 K (N = 1.87 x 10'* em~3) and P = 250 Torr.

Upper Lower Aij, nm A;j, 105 s Observed Intensity
State, i State, j Intensity Uncer-
tainty

52 P% 42 S% 404.41 1.16 2.88 x 1017 | 3.9 x 10*°
52 P% 42 S% 404.72 1.07 1.52 x 107 | 2.6 x 10%
1125, 42 Py 484.98 0.14 2.81 x 10" | 5.9 x 10'?
92 D% 42 P% 485.61 0.18 5.25 x 10 | 6.1 x 102
112 S% 42 P% 486.35 0.29 4.57 x 10" | 5.9 x 102
92 Ds 42 Ps 486.97 0.035

: . 1.33 x 10% | 7.7 x 10*2
92 D% 42 P% 486.98 0.21
102 S, 42 P% 494.20 0.213 2.60 x 10" | 1.2 x 103
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]2 Dy 42 Py 495.08 0.22 7.01 x 10 | 1.2 x 10*3
102 S1 42 Py 495.61 0.425 0.22 x 10 | 1.2 x 10*3
82 D; 42 p; 496.50 0.046

2 2 3.07 x 10" | 1.6 x 10'3
]2 Ds 42 Py 496.50 0.26
92 S1 42 Py 508.42 0.35 7.290 x 10 | 1.3 x 10'3
72D% 42 Py 509.72 0.29 1.37 x 105 | 2.5 x 1013
92 S1 42 Py 509.92 0.70 9.51 x 10" | 2.5 x 103
7 D3 42 p; 511.22 0.076

2 2 2.87 x 10'® | 1.7 x 103
72Dg 42 Py 511.23 0.35
]2 S1 42 Py 532.32 0.63 3.39 x 10%5 | 4.5 x 103
]2 S1 42 Py 533.97 1.26 6.12 x 10** | 5.7 x 10'3
62 Dy 42 Py 534.30 0.40 3.13 x 10*° | 4.8 x 1013
62 Ds 42 p;s 535.95 0.076

2 2 7.14 x 10 | 5.4 x 103
62 Ds 42 Py 535.96 0.46
72 S1 42 Py 578.24 1.23 1.13 x 10'6 | 7.6 x 103
72 S1 42 Py 580.18 2.46 2.18 x 10'¢ | 8.8 x 10'3
52 D 42 Py 581.21 0.28 5.82 x 10 | 7.0 x 10'3
52 D3 42 p; 583.17 0.054

2 2 1.34 x 10'6 | 7.1 x 103
52Dg 42 Py 583.18 0.32
62 S1 42 Py 691.11 2.72 7.72 x 1016 | 5.3 x 10
42 D3 42 p, 693.63 0.026

2 2 1.49 x 1017 | 7.0 x 104
62 S1 42 Py 693.88 3.9
42 D3 42 ps 696.42 0.0051

2 2 2.79 x 10*® | 4.4 x 10
42 Ds 42 Py 696.47 0.041
32 Dy 42 Py 1169.02 22.0 4.95 x 10'° | 4.4 x 10*4
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32D; 42 p;s 1176.96 4.24
2 2 8.73 x 10'* | 6.0 x 10"
32 Ds 42 Py 1177.28 25.9
52 S1 42 Py 1243.22 7.9 8.22 x 10*° | 1.2 x 104
52 S% 42 Py 1252.21 15.6 1.22 x 10 | 1.3 x 10™
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Figure 24. Energy diagram for potassium with observed spectral lines. The states
between the two dot-dash lines are the intermediate states, and the Rydberg states are
all states above the second blue line.
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Figure 25. An example of the Lorenztian for the two blue lines at a potassium bed
temperature of T =533 K, and N = 1.87x 10" em ™2 at a pure helium buffer gas of P = 250

Torr.

The dependence of the fluorescence spectra on buffer gas (He and methane) pres-
sure and potassium density are provided in Figures The intensity of nearly
all lines decreases at higher pressure due to quenching of the excited states. There
are a few non-Lorenztian features that grow as buffer gas is increased, in the far blue
wing of the Dy line and near the two blues lines. The intensity of the primary atomic
lines increases significantly with alkali density as expected. The highest intensities
of atomic lines are observed with no methane. At 7.6% methane, the fluorescence
intensity is decreased by a factor of 3-10. Non-Lorenztian features begin to grow as
methane is added, specifically the far wing of the Dy line. There are also additional
molecular spectral features that arise in the range 475 — 550 nm.

The higher lying excited states are statistically distributed with temperatures of

T = 1,860 — 2,620 K, as shown in Figure 29 A Boltzmann gas temperature of the
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Figure 26. The addition of more buffer gas decreases the intensity of all of the transi-

tions. The black curve are at 250 Torr, blue at 700 Torr, and yellow represents 1200
Torr, all with a density of 1.9 x 104 em =3,

Rydberg states can be calculated from the observed lines by fitting a curve to

i _ &eAE/kT (63)

o go
where n; o is the population in the fine structure split state ¢ and the ground state,
respectively, and g, are their degeneracies, AE = E; — Ej is the energy difference
between the upper and ground state, and k is the Boltzmann’s constant. This curve
does a poor job of estimating the lower states because the population in the excited
states is not statistically distributed, driven instead by a complex kinetic mechanism.
The Rydberg states are likely rapidly equilibrated, though, so a Boltzmann tempera-
ture may be appropriate. The density in the higher P states which are not observed
in the visible spectra can be estimated using this temperature. The curves on Figure

correspond to gas temperatures of T' = 2,620 4290, 1,210 4 350, and 1, 860 4 250
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Figure 27. The fluorescence of the lines goes up with alkali density. The density of the
red curve is 0.6 x 10" ¢m ™3 and the black represent a density of 1.87 x 104 cm ™3 with
pure helium buffer gas at a pressure of 250 Torr.

K for pressures of P = 250, 700, and 1,200 Torr, respectively.
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Figure 28. Methane rapidly quenches fluorescence. Methane mass fractions are 0%
(black), 7.6% (green), and 13.5% (purple) with a total pressure of 250 Torr, at 1.9 x
1014 em=3.
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Figure 29. Boltzmann temperatures derived from excited state density at buffer gas
pressures of 250 Torr (blue), 700 Torr (red), and 1,200 Torr (black). These tempera-
tures range from 1,050-1,350 K.
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3.4 Kinetic modeling

3.4.1 Reaction mechanism and rates.

A kinetic model describing the population of the higher energy states was recently
developed (70). The two major parameters that this model seeks to predict are the
density excited out of the lowest lasing states, d, and the additional heat loading
of the alkali vapor due to the relaxation of these highly excited states. The model
considers nine energy levels as described in Table [§l The model builds on the prior
analytic formulation of the three lasing states, ni, ng, and ns (14). The population
moved out of these states is considered as a small perturbation. The intermediate
states, 4% D(ny), 5% P(ns), and 6% S(ng) are populated through photo-excitation into

the far non-Lorenztian wings of the absorption feature and energy pooling.  Photo-

Table 8. Relevant potassium energy levels and term symbols

State Term Symbol Level, i | Energy, E; (em™) | g;
Ground State 429 1 1 0 2
Upper Laser State 42P% 2 12,985.186 2
Pumped State 42P% 3 13,042.896 4
Intermediates 42D%7g 4 27,398.147 4
27,397.077 6
5Py 2 5 24701382 | 2
24,720.139 4
625% 6 27,450.710 2

Rydberg States higher n 7 28,000-35,009
Atomic Ton 1So 8 35,009.814 1
Tonic Dimer XQEQ 9 28,880 2

excitation occurs when a pump or laser photon is absorbed by an atom in the 4P
states and is excited to either the 4D or 65, K(4P) + hv — K(4D,6S). The rate
of this excitation is uncertain as insufficient potential surfaces for the upper states

exist (76). Energy pooling occurs when two excited alkali collide resulting in the
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formation of a doubly excited atom and one in the ground state, K (4P) + K(4P) —
K(4D,5P,6S) + K(4S). The rates for these processes have been studied in some
detail for in all alkali metal vapors (42} 43} [44; [45]).

Destruction of the intermediate states occurs through radiative processes, colli-
sional de-excitation (quenching), and ionization. lonization occurs primarily through
photo-ionization and Penning ionization. Penning ionization is the ionizing analogue
of energy pooling (77). The ion density is monitored as n*. The dominant recombi-
nation process passes through the ionic dimer, nj (78)). Dissociative recombination
creates a ground state alkali and excited states, above the intermediate states. All
levels above the intermediate states are combined into one model level, the Rydberg
states, ns.

The steady state solutions for all nine levels in a CW regime have been recently

developed (70) and are:

(% + v3)ns + (”ﬁil\l’ + Y2)n2

ny = 64
1 T+ o
12V
e TV T Y3213
No = T L 7 " (65)
e, T2 27326
2y30en + %m
ng = 0130 ) (66)
hw, T V326770 + 73
40.4
kG« n3 4+ 24 (Q+ U) (ng + ng)
e = e (67)
ki (n2 + ns) + 7-(Q+ W) + 74
KE % n2 + ﬂ(Q + W) (ny + n3)
ng = —— (68)

h
KE (n + ng) + T (Q+ W) + 7

kP « 2
s = 5 * N3+ Y4574 + Y6576 (69)

ph
kP (ng + ng) + %(Q + V) + 95
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EPT(ng + ng)n™ + Z—ZZ(Q + U)n**

+
nt = N (70)
koM Nnt
ng =)~ (71)
kpr
T +
Y7

where 043 12 are the stimulated emission cross section for the pump and lase transition,
respectively, ) and U are the intracavity longitudinally averaged pump and laser
intensity, respectively, and v,; are the pump and lasing frequencies. The pseudo first
order spin-orbit mixing rate for the 4 2P states, 3» constrained by detailed balance
with 0 = AFs3y/kT, where AFs, is the spin orbit splitting. All other excited states
decay radiatively and collision with the rates v, = A; + kM, where A; is the sum
of the Einstein A-coefficients out of the given state, k, is the quenching rate, and M
is the buffer gas density. The effective pooling rate out of ny3 to n45¢ are specified
by kj 5 and oy, is the wing absorption cross section to ny¢ by either a pump or lase
photons. The rate coefficients I@f é,(s and optical cross sections 05276 are for Penning
ionization and photo-ionization out of the intermediate states. Lastly, k, is the dimer
association rate and kpg is the dissociation recombination rate. The mechanism
and recommended rate coefficients from the literature review in reference (70) are

summarized in Table O

Table 9. Kinetic mechanisms with updated rates

Parameter | Reaction Recommended | Modified Value | Units
Value (70) (current result)
Az ng — ni + hv 3.80 x 107 3.80 x 107 571
Ay ng — ny + hv 3.75 x 107 3.75 x 107 571
Ay Ny — Nica + hv | 3.44 x 10° 3.44 x 108 s71
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7.23 x 108

7.23 x 108

As N5 — Ni<cs + h s

Ag N — Nicg + hv | 11.42 x 106 11.42 x 106 57!

Az Ny — Njer +hv | 2.0 x 106 2.0 x 10° st

Ays ng — ns + hv 3.43 x 10° 3.43 x 106 st

Ags ng — ns + hv | 4.80 x 10° 4.80 x 108 571

oD 48T x 1075 | 487 x 1075 | em?

ObDQ 3.39 x 1071° 3.39 x 1071° cm?

k31 ns+M —ni+ | 0 0 em?/(atom — s)
M

ko no+M —ni+ |0 0 em? /(atom — s)
M

k3o ng+M — n3+ | 6.68 x 10710 6.68 x 10710 em? [/ (atom — s)
M

ks ng+M — ns+ | 2.27 x 10712 5.53 x 10712 em? [/ (atom — s)
M

kes ne+M — ns+ | 3.58 x 10713 2.32 x 10712 em? /[ (atom — s)
M

ky ng + M —|229x 1072 1.11 x 1071 cm? [ (atom — s)
Nica + M

ks ns + M —|1.64x10713 1.11 x 10712 em?/(atom — s)
ni<s + M

ke nge + M — |852x10713 5.53 x 10712 em?/(atom — s)
Ni<e + M

ky ny + M — | 854 x 10712 1.7 x 10712 em?/(atom — s)
ni<r + M
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1A n*+n* —ng+ | 7.31 x 10711 7.31 x 1071 em?/(atom — s)
n

kL n*+n* = ns+ | 292 x 1071 1.18 x 10710 em?/(atom — s)
n

KE n*+n* = ng+ | 6.37 x 1071 1.21 x 10711 em?/(atom — s)
U3

kPt nas + ng — | 579x 1078 5.95 x 1078 em? /(atom — s)
n+nt4+e”

k&t nas + ny — | 3.93x 107 8.07 x 1078 em? /[ (atom — s)
n+nt+e

k&t nas + ng — | 4.49x 107 1.11 x 1077 em? /[ (atom — s)
ng+nt+e

KT Nos + Mex — | 1.42x 1077 2.51 x 1077 1/(atom — s)
ny+nt+e”

kpr ng +e” —ni+ | 526 x 1077 5.26 x 1077 em?/(atom — s)
Tzl

ko nt+n+M— | 240 x 1072 2.40 x 10723 em®/(atom — s)
ng + M

o Nas + hupy — | 3.62x 10714 | 3.62x 1074 | em?
Ty

o8 Nos + hvy — | 484 1071 | 484 %1074 | em?
e

at 1 1.23 x 103

ab 1 0.62
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o ng 4+ hu,; — | 1.40 x 10717 1.40 x 10717 cm?
nt +e”

ol ns 4+ hu,;, — | 6.37 x 10718 6.37 x 10718 cm?
nt+e”

ob” ne + hvpy — | 341 %1072 | 341 %1072 | em?
nt+e”

oph n** + hvyy — | 2.03 x 1077 2.03 x 1077 cm?
nt+e”

3.4.2 Revised rates from observed fluorescence.

Figures compare the densities of the intermediate and Rydberg states ob-
served in the present study with the model’s predictions of Equations [64{72] A better
agreement between the observations and predictions is obtained with the modified
rate parameters reported in Table [9] A justification and methodology for obtaining
the best agreement is provided in the following discussion.

Constraining the pooling rate to the prior recommended value, the wing absorption
rate and quenching rate were modified to best fit the data. The mechanism presented
in (70) for ny production is dominated by energy pooling, and the population grows
rapidly with alkali density at densities seen here. The wing absorption rate is increased
here so that it is non-negligible and matches the trends seen here, as shown in Figure
. The red open circles are the prediction of (70) and grow superlinearly with
alkali density. The blue open circles represent the new rate suggested here and trend
correctly with the observed populations, here as the filled blue circles.

A similar approach is taken to better estimate the quenching rate of the 42D

state. Figure demonstrates the need for the new quenching rate recommend in
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Figure 30. The density in 42D (normalized to the population when N = 0.68 x 1014 em™=3)
as a function of alkali density. The new prediction suggested here (blue o) trends with
the data (e¢) much better than the previous values of (70) (red O) at P = 250 Torr.
this study. Again, the open red circles are predicted from the previous quenching rate
and the open blue circle are predicted with the new rates and match the data much
better (filled blue circles).

The 42D population is shown in Figures [32[33] The error bounds in Figure
are determined from the statistical error in fitting the Lorentzian peak of the
associated spectral feature. The systematic errors though, such as that associated
with the Einstein A-coefficients, will only change the scale of these measurements
and not their trends. For this reason, they will not be shown on these plots. The
solid lines from the prediction of Equation [77], assumes a constant potassium density
independent of helium pressure. The comparison is poor, particularly for lower K
density and higher helium pressure where the degree of vapor saturation is strongly

varying. The pressure dependence of the K density, as illustrated in Figure 22} can
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Figure 31. The density in 42D (normalized to the population when P = 250 Torr)
decreases rapidly with pressure. The new prediction suggested here (blue o) trends with
the data (e) much better than the previous values of (70) (red ) at N = 1.87x 10 cm 3.
be ascertained by requiring the observed 42D state density to equal the prediction.
The values for these K densities at 250 Torr are compared with the TDLAS and other
observations in Figure[I9] These results are generally higher than the TDLAS results,
and lower than the transmitted power results. Figure 33| demonstrates the perfect fit
of the model and the data when these new densities are used. These new K density
values will be used to predict the population in the other excited states.

A similar approach is taken to adjust the rates for the 625, 52P, and Rydberg
states. Figure [34] demonstrates this for the 62S. The mechanism from (70) greatly
over predicts the number density, so the pooling rate is greatly decreased to match
the observed data. This requires modification to the wing, Penning and quenching
rate as well, to match the trend with pressure.

The predicted and observed population of 625, 52P, and the Rydberg states are
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Figure 32. Predicted and observed (e) density in the 4D states as a function of pres-
sure for bed temperatures of 473 (cyan), 483 (yellow), 493 (green), 503 (orange), 513
(blue), 523 (purple), and 533 (red), assuming a constant number density for each bed
temperature. The uncertainty is the statistical error in fitting the Lorentzian peak.

shown in Figures and |37 respectively. The error bar associated with the fit’s
statistical error (< 2.5%) is smaller than the data’s marker on all of these figures.
The Rydberg state population is the sum of the population in all of the observed
states and the unobserved P states with energy less than the highest observed state
using the temperatures from Figure The modified model does an excellent job
of predicting the data in the 625 states, though at low density and high pressure
the observed values are systematically elevated over the model. The model also
adequately predicts the 52P population; with a similar under prediction the density
at high pressure. The 52P state is directly populated by relaxation from both the
62S and the 42D states and any variability in their predictions is propagated to
this comparison. These issues are even more pronounced in the Rydberg population

comparisons, as all the uncertainties in the three previous levels are prevalent.
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Figure 33. Predicted (o) and observed (s) density in the 4D states as a function of
pressure for bed temperatures of 473 (cyan), 483 (yellow), 493 (green), 503 (orange),
513 (blue), 523 (purple), and 533 (red).

Figure [38] demonstrates the predicted and observed values of the higher excited
states as a function of potassium density. The model predicts a near linear rise with
alkali density, though, the data indicates that superlinear growth maybe possible at
lower alkali densities. The inability to more accurately predict the 52P density (and
by extension the Rydberg density) at low alkali density is due to bounds set by in-
variable rates. The linear production of 52P cannot be larger than the quenching
rate of the other intermediate states, and the destruction is bounded below by the
A-coefficient. These two constraints make it impossible to correctly predict the pop-
ulation of 52P at all densities, with the current mechanism. This is shown in Figure
The data requires that pooling be less dominant in production than the model
suggests, however there is no other production mechanism that can be modified.

This seems to indicate that additional kinetics may be in play here. This exper-
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Figure 34. The density in 625 (normalized to the population when N = 1.13 x 104 ¢m =3

on the right) as a function of number density (left) and pressure (right). The new
prediction suggested here (blue o) trends with the data (e) much better than the
previous values of (70) (red () at N = 1.87 x 10 em 3.

iment was unable to collect any electron density data, nor provide any information
on the ion recombination rate. Compared to the helium density, the electron den-
sity is quite small. But even a small electron population could be coupled to the
neutral density or the incident laser fields and effect the population in the higher
states. The ion recombination rate dictates the electron density observed. Addition-
ally, the ion density, specifically the dimer ion, makes up a majority of the total alkali
density out of the lowest laser states. Figure [40] demonstrates this and shows the im-
portance of the recombination rate on excited population. The solid line represents
§ = ng +ns +ng +nt +2n3 + ny, the total alkali density removed from the lowest
three levels, and the dashed line represents the potassium density in the dimer ion

state. The dimer ion makes up more than ~ 90% of the total for all alkali densities.

As the ion recombination rate changes, this proportion changes as well, but the dimer
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Figure 35. Predicted (o) and observed (e) density in the 65 states as a function of
pressure for bed temperatures of 473 (cyan), 483 (yellow), 493 (green), 503 (orange),
513 (blue), 523 (purple), and 533 (red).
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Figure 36. Predicted (o) and observed (e) density in the 5P states as a function of
pressure for bed temperatures of 473 (cyan), 483 (yellow), 493 (green), 503 (orange),
513 (blue), 523 (purple), and 533 (red).

still makes up > 70% of ¢ when the ion recombination rate is increased by a factor

of 10 from the recommended value, in green on Figure [40]
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Figure 37. Predicted (o) and observed () density in the Rydberg states as a function
of pressure for bed temperatures of 473 (cyan), 483 (yellow), 493 (green), 503 (orange),

513 (blue), 523 (purple), and 533 (red).
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Figure 38. The population of the ny (a), ng (b), ns (c), and n; (d) states observed (e)
and predicted (o) as a function of alkali density for bed temperatures of 473 (cyan),

483 (yellow), 493 (green), 503 (orange), 513 (blue), 523 (purple), and 533 K(red).

No ionic lines were observed in this experiment, that does not indicate the ab-

sence of molecular ions in the pumped volume. The first excited state of KT is at
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Figure 39. The density in 52P (normalized to the population when N = 1.87 x 104 ¢m =3

and P=250 Torr) as a function of number density (left) and pressure (right). The
new prediction suggested here (blue o) trends with the data (e) much better than the
previous values of (70) (red () at N = 1.87 x 10 em 3.

151,008 cm! (3). While ion density likely exists in the cell, it cannot reach an excited
state and no fluorescence is observed. Similarly, the ionic dimer may too be present,
even though no observed fluorescence is attributed to the ionic dimer. There are cur-
rently no potential energy surfaces for the ionic dimer in the literature, it is unclear

at what wavelengths the fluorescence spectra from the ionic dimer would be. With

adequate estimates of these surfaces, it may be possible to identify this spectra in

future studies.
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Figure 40. The dimer (—) and § population (solid) as a function of alkali density for
different ion recombination rates: the rate recommended in (70) (blue), half of that
rate (red), and 10 times larger (green).

3.5 Conclusion

Florescence spectra from a high power, transverse flow K laser setup (in the ab-
sence of lasing) has been analyzed in light of the recent multi-level kinetic DPAL
model. The 9-level mechanism is consistent with the observations, if the quench-
ing rates, pooling rates, and wing absorption cross-sections are reasonably adjusted.
The scaling with K density suggests a strong wing absorption for the P-D tran-
sition. Further validation of this result would be enabled via observations under
lasing conditions. The quenching of the intermediate states is moderately fast,
k=0.11—1.11 x 10" "em?/(atom — s), with the primary products leading to produc-
tion of the high lying P states. The comparison of observations and model predictions
is adequate, but not fully satisfying, with the scaling of excited state density with

K density at higher pressure most problematic. Improved agreement may be achiev-
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able even within the limits of the present mechanism, by further optimization of the
rates, particularly when considering the trade between pooling, wing absorption and
Penning ionization. Indeed, the recommended modification to the rate coefficients
currently reported must be validated with additional experiments, as the solution is
not unique. The current analysis does not consider the role of free electrons, which

could significantly alter the conclusions.
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IV. Power scaling effects on multi-level kinetics of high
power, transverse flow diode pumped potassium vapor laser

Fluorescence emitted by a high power, transverse flow potassium DPAL was col-
lected to characterize the highly excited state population for pump intensities of
I, = 20 — 60 kW /cm? in buffer gas of pure helium and containing methane. The new
observations are compared to previous fluorescence data and discrepancies in the two
are identified and resolved. The effects of methane on higher state density is discussed

and the model is updated with new rates for the inclusion of methane.

4.1 Introduction

A nine level kinetic mechanism has been formulated to describe the higher lying
state populations in a high power Diode Pumped Alkali Laser (DPAL). The primary
production mechanisms in this are energy pooling and photo-excitation into the far
wings. A full set of kinetic rates has been recommended for both potassium and
rubidium in pure helium (70; [79). Prior experiments were under taken to quantify
the ratio of energy pooling to far wing absorption and a new set of rates for potassium
was presented (80). However, this study neglected the dependence on pump intensity.

Hydrocarbons, such as methane or ethane, are often added to buffer gas to opti-
mize laser output (12)). The spin orbit mixing rate is much faster than in pure helium
(81)) and low pressure systems become possible (82). The current helium rate package
would require modification to predict the effects of methane.

In this experiment, more observations from a high power (~ 1-2 kW), transverse
flow potassium laser are compared to the nine level kinetic model. Emission from
~ 30 atomic potassium states with principal quantum number as high as n=13 are
observed for a range of pump intensities of 22 — 56 kW /cm?, in both pure helium and

helium-methane buffer gas. These new observations are integrated with the previous

89

www.manaraa.com



ones and the incongruities are explained. The required modifications to the kinetic

rate package due to the addition of methane are also analyzed.

4.2 Experimental setup

The flowing potassium DPAL apparatus is similar to the system used in Chapter
[} and the new apparatus is shown in Figure [dI] This data collection included an
additional spectrometer and replaced the output coupler to achieve lasing. The new,
209 McPherson 1.3 meter scanning monochrometer (1,800 gr/mm, 350-800 nm blaze
grating) outfitted with a Princeton Instruments, PI-MAX 2 CCD also monitored the
visible spectrum, but did so with a much better spectral resolution, 0.0087 nm. It has
a bandwidth of ~ 4.2 nm and 30 spectra were required for the range 475 — 600 nm.
A CeramOptec 8325 bundle situated behind the high reflector mirror transmitted the

emission to this new spectrometer.

Output
Coupler

High
Reflector

] Flowing
Potassium Vapor

2;%;3;;1 McPherson 0.3m
Acton 0.25 Lens monochrometer
monochrometer
OMAV
PI-MAX 2 Focusing InGaAs
CCD Optics
McPherson 1.3m
6 DLAS Diode monochrometer
Modules
PI-MAX 2
CCD

Figure 41. A block diagram of the laser setup used in this experiment.

A comparison of the two spectrometers’ observation of sets of lines is shown in
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Figure 42} The two are normalized such that the peak at 578 nm have the same
area. The spectrum from the 1.3 m demonstrates a lower baseline and well defined
peaks, so it will be used to compute the densities in the Rydberg states. The Acton
spectra detector was placed much further from the laser cell than that for the 1.3 m,
so the Acton’s response is normalized to the peak at 578 nm for each run to correct

for variable viewing volume.
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Figure 42. Spectral lines as collected by the Acton (black solid) and 1.3 m McPherson
(red ——) spectrometers.

Alkali density was monitored in this experiment in real time. The tunable diode
laser absorption introduced in Chapter [[T] has been updated to probe a volume ~ 25
cm beneath the lasing plane. This results in more accurate measurements than the
last collection. As in Chapter [[TI} the detector response was chosen by equating the
42D state observed density with that of the model presented in Chapter , in this
case using alkali density of N = 1.77 x 10" ¢m ™3, pure helium buffer gas pressure

of P = 450 Torr, and pump intensity of I, = 34.2 kW /em?, in the absense of lasing.
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Using these values, we establish D, = 4.37 x 1074

The gas temperature was measured 4.75 cm above and below the center of gain
region. Before the gain medium is measured using an Omega TMQSS-125G-6 K-
type thermocouple and after with an Omega TMQSS-125G-6 T-Type thermocouple.
Temperatures are collected every 0.3 seconds during the duration of the experiment.
All other measurements are kept the same, including flow speeds and pump beam
focus.

This experiment was undertaken in June 2018. Over 35 full bandwidth spectra
was collected with pump laser intensities ranging from [, = 22.4 — 56.0 kW/cm?.
Pure helium and helium-methane buffer pressure was varied from 250 to 1,200 Torr.
The alkali density in the cell ranged between N = 0.83 — 19.4 x 10 em™3. No
attempt optimal cavity was taken, however weak lasing still occurred with lasing

power P, =5 — 100 W /cm?,

4.3 Results

4.3.1 Laser Performance.

Laser intensity is plotted as a function of pump intensity in Figure [43] for both
pure helium and helium-methane buffer gas mixtures. Laser performance was not the
purpose of this investigation, so little cavity optimization was done. This manifests as
poor mismatch of the pump and laser volume, as well as poor focus of the pump beam.
Using a pump area of A, = 0.3cm? and lasing area of A; = 0.046 cm? the broadband
three level model presented in (I5]) can accurately match the data. The diodes are
quoted as Gaussian with ~ 0.5 nm bandwidth. This output power prediction is also
shown in Figure The addition of methane to the cell greatly enhances lasing and
may be due an apparent decrease in alkali density in the pump laser path with just

helium. The heat capacity of methane is larger than helium, and it is significantly
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more massive, therefore experiencing slower diffusivity. It requires more heat to raise
the temperature and more time for the alkali to diffuse out of the beam path when
methane is added. An alkali density decrease of 60% in the pure helium buffer gas is

required to match the three level model to the observations.

Pump Intensity, lp, KW/cm?
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Figure 43. Observed () and predicted (o) laser intensity as a function of pump intensity,
for pure helium (blue) and helium-methane (red). The alkali density is N = 3.3 x
10'3e¢m ™13 for the methane case and a pressure P= 450 Torr. The pump laser has an
assumed 0.5 nm bandwidth. The pump area and lasing area are A4, = 0.3cm? and
A; = 0.046 cm? respectively. A decrease in the number density by 60% is required to
match the observations in pure helium.

4.3.2 Fluorescence Spectra.

With the new, longer spectrometer is capable of resolving an additional 8 atomic

lines in potassium. These lines and their associated A-coefficients are shown in Table

93

www.manaraa.com



10} The dependence on pump intensity is shown in Figure [44 The intensity of all
lines grows with pump intensity, but this trend is very sensitive to number density

and tends to be most prominent at low alkali densities.

Table 10. Observed atomic K transitions with A-coefficients (3)) and fit intensity am-
plitude for test conditions N = 1.87 x 10 ¢m ™3, P= 450 Torr and I, =224 kW /em?.

Upper Lower Aij, hm Ay, 10° s Observed Intensity
State, i State, j Intensity Uncer-
tainty
132 S% 42 P% 474.09 0.80 6.38 x 10'2 | 4.5 x 10!
11° Dy 42 Py 474.43 0.98 1.36 x 103 | 4.5 x 10"
132 Sé 42 P% 475.39 1.60 1.00 x 10* | 4.7 x 10™
112 D3 4% Py 475.74 1.90
. 2 2.40 x 1013 | 5.9 x 10!
112 D% 42 P% 475.74 1.20
122 S% 42 P% 478.65 1.03 6.95 x 102 | 4.9 x 101!
102 D% 42 P% 479.10 1.30 1.82 x 10" | 5.4 x 10"
1225, 42 Py 479.98 2.07 1.64 x 10" | 5.3 x 10"
102 Ds 4% Ps 480.43 0.26
2 2 3.89 x 101 | 6.7 x 101!
102 D% 42 P% 480.43 1.60

A summary of the data is presented in Figure [45] the intermediate density as
a function of pump intensity. As intensity is increased, the intermediate density is
mostly unchanged. This indicates that wing absorption is the dominant production
mechanism. As helium pressure increases from P = 450 Torr (red) to 850 Torr (blue)
the intermediate density is increased by a factor of ~ 3. This is unexpected, as
pressure decreased the intermediate density in the previous study, in Chapter [TI]
also annotated on the figure as pentagrams (%) for similar alkali density and helium

pressures. An attempt to explain this discrepancy is presented below. The addition of
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Figure 44. The fluorescence of the lines goes up with pump intensity. The pump
intensity of the red curve is 22.3kW/cm? and the black represent an intensity of
34.2 kW /cm? with pure helium buffer gas at a pressure of 450 Torr and an alkali density
of 3.43 x 1013 em =3,

methane greatly decreases the alkali density, by a factor of over 100, shown in green.
This result does not indicate that the addition of methane greatly decreases the
adverse effects of multi-level kinetics. The density in the higher states is also almost
negligible with just helium. The addition of methane cannot increase performance,
as it is minimally effected in the first place.

The observed density in the intermediate states is shown as a function of pump
intensity in Figures Figures illustrate this comparison for N ~ 2 x
103 em=3. For these low density cases the 52P and 625 states are well described by
the prediction, but the 42D is over estimated.

The same plots for the higher density cases, N ~ 1 x 10 ¢em ™3 are shown are
Figures The model does a very poor job of predicting the data for all interme-
diate states. The unexpected pressure dependence is exhibited for only the 42D and
625, where increasing pressure causes an increase in the intermediate density. This

trend is not observed for the 52P density, where the model over estimates the data
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Figure 45. Observed intermediate density as a function of intensity at N ~ 1.5x10"cm =3

for no lasing (o) and weak lasing (o), at P= 450 (red) and 850s Torr (blue) of pure
helium buffer gas, and P= 450 Torr of 6.7% methane buffer gas (green). The results
from Chapter |ILI| are shown in *.

for both pressures.

The Rydberg density observed in shown in Figures and b8 The same
trends observed in the other energy states are seen here as well: the Rydberg density
is under estimated at low alkali density and increase with pressure at high alkali
density. The Rydberg density is dependent on the intermediate densities, so it is

expected that the trends are similar.
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Figure 46. The observed (e) and predicted (o) density in the 52P state as a function
of pump intensity at N ~ 2 x 103 e¢m ™3 with helium pressures of P= 450 (black) and
850 (blue) Torr. The model presented in (80) is used to calculate the intermediate
prediction.
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Figure 47. The observed (e) and predicted (o) density in the 42D state as a function
of pump intensity at N ~ 2 x 10" ¢m =3 with helium pressures of P=450 (black) and
850 (blue) Torr. The model presented in (80) is used to calculate the intermediate
prediction.
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Figure 48. The observed (e) and predicted (o) density in the 62S state as a function
of pump intensity at N ~ 2 x 1013 cm~2 with helium pressures of P= 450 (black) and
850 (blue) Torr. The model presented in (80) is used to calculate the intermediate
prediction.
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Figure 49. The observed () and predicted (o) density in the 52P state as a function
of pump intensity at N ~ 1 x 10* ¢m =2 with helium pressures of P= 850 (blue) without
lasing, and P= 450 with (red) and without (black) lasing. The model presented in (80)
is used to calculate the intermediate prediction.
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Figure 50. The observed (e) and predicted (o) density in the 42D state as a function
of pump intensity at N ~ 1 x 10 ¢m~2 with helium pressures of P= 850 (blue) without
lasing, and P= 450 with (red) and without (black) lasing. The model presented in (80)
is used to calculate the intermediate prediction.
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Figure 51. The observed (e) and predicted (o) density in the 625 state as a function
of pump intensity at N ~ 1 x 10 ¢m~2 with helium pressures of P= 850 (blue) without
lasing, and P= 450 with (red) and without (black) lasing. The model presented in (80)
is used to calculate the intermediate prediction.
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Figure 52. The observed (o) and predicted (o) density in the Rydberg states as a
function of pump intensity at N ~ 2 x 10!® ¢m~2 with helium pressures of P= 450 (black)
and 850 (blue) Torr. The model presented in (80) is used to calculate the intermediate
prediction.
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Figure 53. The observed (o) and predicted (o) density in the Rydberg states as a
function of pump intensity at N ~ 1 x 10!* em ™ with helium pressures of P= 850 (blue)
without lasing, and P= 450 with (red) and without (black) lasing. The model presented
in (80) is used to calculate the intermediate prediction.
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Only a few conditions could have changed between the previous and current study
to explain the population discrepancies: detector response stability, number density
diagnostic accuracy, diode spectral intensity, and cell contamination.

Density calculation is extremely sensitive to detector response, and even small
changes can greatly effect the observed density. If this value was changed day-to-day
or between collections, the intermediate populations would vary together. This is not
observed as the 42D and 6 2S populations are under estimated by the model and the
52P density is overestimated.

The TDLAS diagnostic was used in real time; the alkali density was likely more
accurate in this experiment. Additionally the alkali density required for the model to
correctly predict the 42D density in Figure [50| is too large to be reasonable, so it is
unlikely number density accuracy is causing the observed trends.

The diode bars used during this collection were not the same as used previously.
They may exhibit different spectral intensities, especially in the far wings, drastically
changing the wing absorption rate. If this increase were severe enough, the 42D and
625 could increase with pressure. However, this explanation can to be discounted
as Figures show only a marginal dependence of excited state population with
pump intensity.

Cell contamination would result in an higher apparent helium quenching rate,
molecular species, such as nitrogen and methane have larger quenching rates than
helium. The excess contamination in the cell would manifest additional temperature
rise across the pumped volume. Thermocouples measured the gas temperature a few
cm before and after the pump region. The temperature rise across the gain length
for different lasing conditions are shown in Table The previous experiment saw
temperature rises of 250 — 400 K, while this test had increases < 100 K. This could

explain the over estimation of the 52P density, as the 5 2P state is populated through
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quenching of the other two intermediate levels. Figures [54| and [55) demonstrate a new
prediction with quenching rates lessened to best match the 52P data, k2., = 0.05k%,.

The quenching rate of ny and n3 with molecular nitrogen is ky, = 1.47 x 10710
em3 /(atom — s). If this value is used for the quenching of the intermediate states due
to contaminants, 0.71% of the buffer gas must be contaminants in order to support
this modification. It is likely that the quenching of the intermediates happens faster
than that of ny and ns, however gas kinetic rates are on the order of 10719, so it is
unlikely that the intermediate quenching rate is elevated by that much. The additional

temperature rise shown in Table [11}is commensurate with this additional quenching.

Table 11. Heat rise across the beam path

Experiment Date | Alkali Density, N, | Buffer Gas Pres- | Pump Intensity, I, | Percent Methane | Temperature Transmitted
cm™? sure, P, Torr kW /em? Rise, K Power, W
March 2017 187 x 10T 400 374 0 350.5 410
March 2017 1.87 x 10™ 550 374 0 350.5 495
March 2017 1.87 = 1017 850 374 6.7 250.2 465
June 2018 1.70 x 1077 450 34.2 0 53.5 775
June 2018 1.20 x 101 850 34.2 0 168.2 600
June 2018 0.48 x 10™ 850 34.2 6.7 477 280

This increased temperature rise may be due to other factors though. The absence
of lasing, as in the March experiments, can create a increase in fluorescence heating,
where the spontaneous emission is absorbed by the gas or the wall, and increases
the temperature. However this difference is likely insignificant, as the total energy
released in fluorescence is nearly the same as the spin orbit mixing rate, ) ~ 67 W.
The rise in temperature increase can be due to different thermocouple locations in the
cell. The thermocouple distance to the wall can create different dependency of the
wall temperature on these measurements. However, Table [11] also shows the power
transmitted through the cell during the data collection. More power was transmitted
in these newer experiments, which is consistent with the picture presently described;
an increase in quenching will allow for an increase in power absorbed.

Using new values for intermediate quenching, the density in the high P state is
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now adequately described using the model. However, it is impossible to increase
density with pressure simply by decreasing quenching; cell contamination still does

not explain this unusual trend.
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Figure 54. The observed () and predicted (o) density in the 52P state as a function
of pump intensity at N ~ 1 x 10* ¢m =2 with helium pressures of P= 850 (blue) without
lasing, and P= 450 with (red) and without (black) lasing. All intermediate quenching
rates have been updated commensurate with a cleaner cell.

Detector response stability, number density diagnostic accuracy, diode spectral
intensity, and cell contamination have systematically been eliminated as the source
for the increase intermediate density with pressure. While the presented mechanism
can largely express all of the data collected in both experiments, unfortunately, no
universal kinetic rate package can allow for this single anomalous point, while still

accurately predicting the rest of the observations.

Spectra was also collected with the addition of methane. Methane greatly reduces
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Figure 55. The observed (e) and predicted (o) density in the 42D state as a function
of pump intensity at N ~ 1 x 10** ¢m~2 with helium pressures of P= 850 (blue) without
lasing, and P= 450 with (red) and without (black) lasing. All intermediate quenching
rates have been updated commensurate with a cleaner cell.

the densities in all higher excited states, demonstrated in Figures The density
in the 52P and 42D is nearly cut by a factor of 100, and the fluorescence from the 625
state is not bright enough to be distinguished. The intermediate population grows at
similarly with and without methane. The potential energy surfaces associated with
the alkali-methane collision are different from those associated with alkali-helium.
The absorption cross section, especially in the far wings, will be distinct for the two
collision partners. However, even with the addition of methane, far wing absorption
is not dominant over energy pooling, especially at high alkali densities.

Modifying the quenching rates is all that is required to match the methane obser-

vations to the model, as shown in Figures, [50] and 57 Here, the quenching rates are
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8 times larger than the rates recommended in Chapter [[TI} or 160 times larger than

the pure helium quenching rates derived above.
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Figure 56. The observed () and predicted (o) density in the 52P state as a function
of pump intensity in a 6.7% methane buffer gas, in the presence of very weak lasing,
I; = 100W/cm?. The black dots represent N ~ 1 x 10*® cm =3, P= 450 Torr, red is N ~
5 x 103 em ™3, P= 450 Torr, and blue has N ~ 6 x 10'3 ¢cm =3, P= 850 Torr.
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Figure 57. The observed (e) and predicted (o) density in the 42D state as a function
of pump intensity in a 6.7% methane buffer gas, in the presence of very weak lasing,
I = 100W/cm?. The black dots represent N ~ 1 x 10*3c¢m =3, P= 450 Torr, red is N ~
5 x 103em ™3, P= 450 Torr, and blue has N ~ 6 x 10'3¢m ™3, P= 850 Torr.
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Figure 58. The observed (e) density in the Rydberg states as a function of pump inten-
sity in a 6.7% methane buffer gas, in the presence of very weak lasing, I; = 100W/cm?.
The black dots represent N ~ 1 x 103cm =3, P= 450 Torr, red is N ~ 5 x 10'3 em ™3, P= 450
Torr.
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4.4 Conclusion

Additional fluorescence data from a high power, transverse flow K laser is col-
lected to further benchmark a recent multi-level kinetics DPAL model. With a single
exception, the new data agrees with the model if a modification of quenching rates to
account for different contamination is permitted. Weak scaling with pump intensity
supports the wing absorption rate previously determined. The quenching rate of the
higher states is increased by a factor of 160 when methane is added to the buffer gas,
and the fluorescence is greatly decreased. Most of the data is adequately explained
by the current mechanism, but an anomalous increase of intermediate density with
pressure still remains unexplained. Free electrons are not considered, and their effects

with pressure are unknown.
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V. Effects of multi-level kinetics on beam quality and power

efficiency in high power transverse flow Diode Pumped
Alkali Lasers

The effects of higher energy levels on a high powered Diode Pumped Alkali Laser
(DPAL) are demonstrated on a potasssiun-helium system with pump intensities larger
than I, > 5 kW/cm? with moderate number densities N = 0.1 — 10 x 10" em™>. The
additional heat loading due to the quenching of the higher states is minimal, < 1%
of the spin orbit mixing heat load. This extra heat has a small effect on both Strehl
and efficiency in the static system, but these can be recovered with flow velocities

commensurate with transit times < 0.15 s.

5.1 Introduction

The Diode Pumped Alkali Laser (DPAL) is a quasi-two level laser system that
utilizes the lowest three energy states of the alkali vapor (I4]). The vapor is optically
pumped along the D transition, nzS% — nQP%, then, in the presence of the buffer
gas, is collisionally relaxed to the fine structure split nQP% state. From there the atom
lases to the ground state in the near infrared (2). The DPAL is a relatively new gas
laser system for high power applications (2 [I7). The DPAL system has been scaled
to > 1 kW, with optical efficiency > 50%, and promise for excellent beam quality
(83). Ideal, quasi-two level performance is achieved when the cycle rate is limited
only by diode pump intensity. A pulsed potassium laser has been demonstrated with
the time scale for fine structure mixing of 70 ps (9).

Dramatic progress in power scaling of DPALs has been achieved with 1-2 kW
systems developed in the potassium (I8)) and cesium (5) and recently a 30 kW Rb
system (€). There is a controversy in the community over the influence of multi-level

kinetics on the lasing media at these higher powers. These deleterious effects may
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preclude from power scaling, and the additional heat load can adversely affect beam
quality. Some modeling efforts indicate that the rate of photoionization is significant,
on the order of i%i in situations with extremely high buffer gas pressures (10), and
some effects have been shown experimentally (13). However, pulsed experiments have
pumped 30 times higher than threshold with no significant loss in efficiency (69).

Three level kinetic models have been developed for the longitudinally pumped
static DPAL (14} [15]) and been bench marked by relevant experiments (24} 25). These
models have been expanded upon to include additional kinetic levels, including ion-
ization (70). The nine level model monitors the alkali density outside the lasing
manifold and indicates that population lost is manageable in a relevant parameter
space and should not hinder power scaling. Side fluorescence measurements from a
high powered flowing DPAL show highly excited alkali densities much less than that
in the lasing processes, which supports the assertion that multi-level kinetics will not
seriously degrade laser performance (80).

The heat loading in a DPAL is primarily due to the spin orbit mixing. The quan-
tum defects are very small, 95—99% (3]), but very rapid cycle rates, 1 ns (9)) can cause
temperatures of over 1,500 K in static 100 W lasers (84). Favorable temperatures can
be recovered by introducing modest flows, and several models have been formulated
for both longitudinal and transverse flow geometries (85} [86). Supersonic flows have
been identified to further reduce laser temperatures and increase power scaling (87)).

Modeling efforts of DPAL beam quality is rather limited. A wave optic simula-
tions for static DPALS (88)) and computational fluid dynamic models (89) are being
developed. An analytic model was produced for high power DPAL, with a longitu-
dinally pumped, transverse flow(90). For an 100 kW laser, modest flow rates are
sufficient to control thermal gradients and achieve a Strehl ratio of > 0.9. All of these

are constructed in the absence of multi-level kinetics. Due to the significantly larger
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energy difference, even a small population in the higher atomic levels could seriously
contribute to the heat loading of a DPAL. The energy released due to quenching of
the intermediate atomic states is 19.6 — 251.8 times that of the fine structure splitting
of the lowest P state (3).

This study will extend the analytic model produced by Gavrielides et. al in Ref.
(90) to include the intermediate states from the nine level kinetic model introduced
in Ref. (70). This paper will begin with a summary of the nine level kinetic model
and the 1-D flow model, then describing how the two are integrated. The effects
of the additional mechanisms on performance, such as efficiency and Strehl, will be
reported before ending with a discussion of when multi-level kinetics must be carefully

considered.

5.2 Laser model

5.2.1 Three levels formulation.

Laser rate equations for a transverse flow DPAL were constructed using longitudi-
nally averaged populations, also similar to Hager et. al in Ref. (14} [15]). The complete
model is presented in Ref. (90), the highlights are presented here. The populations in
the two excited laser states (ns3) and the longitudinally averaged pump and laser in-
tensities (2 and W) are calculated by solving a system of partial differential equations

in the flow direction, 77, and time, t. These equations in steady state are:

v Ong

Ea_n = — 121091 (ng — nl)h_yl + kg x (ng — 2 % 67%2) — ol (73)
v Ong (n — 2% m1) kg2 * (n3 — 2% € "ny) — ngl’ (74)
—_— = g — - - -

w on H31031(N3 1 hw, 32 3 2 3131
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1

ps1031(ng — 2 % nq)l, (75)
ds?

% [Tp]pm(€u31031(n3—2*n1)1g -1+ Rpeu31031(n3—2*n1)lg) — 203113 * 4_71_1?]

Q:

i)
21} saro21m2 2

_,u21021(n2 - nl) — Gth

U= (76)

In this, v is is the flow speed and w is the width of the flow channel. o; represents
the optical cross section of transition i for temperature and pressure at the inlet
(T, Py); they are pressure and temperature dependent and are modulated for the
exact position by u; = o;(T, P)/o;(To, Py). 0 = AE/k/T is the ratio of the P state
energy splitting to the Boltzmann constant, k,, times the temperature, T. k3o is

the spin orbit mixing rate for the lowest P doublet. I';; is the total decay rate

q
K

from state i to state j; for the two excited states presented here, I';; = A;; + k
the spontaneous emission rate (A;;) and the first order quenching rate (kf;). The
quenching rate is small for this alkali-buffer gas pair and is negligible compared to
A;j. Iy is the pump intensity incident on the laser cavity, 7}, is the transmission loss
of the pump beam at the windows, R, is the reflectivity of the high reflective mirror,
G, 1s the threshold gain, and [, is the gain length. % represents the solid angle

subtended by the laser mirrors, acting to seed the laser from spontaneous emission.
Ij sat = }”’Ul—im is the saturation intensity for the laser transition. Solving this system
of equations also requires the assumption that the density in the higher energy levels
is exceedingly small, that is to say that all of the density is in the lower three laser

levels, N = nq + ny + ns.

5.2.2 Nine level expansion.

A kinetic model describing the population of the higher energy states is presented
in (70). A brief introduction will be presented here, but the entire derivation can

be found there if interested. The model presented here is for potassium, but can be
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easily converted to any of the other alkalies.

The energy levels associated with the different populations monitored are shown
for potassium in Table [I2 Hager’s complete formulation of the three lasing states,
ni, ng, and nz (14) serves as the foundation for this model as well. The population
moved out of these states is considered small, so the population in those levels is un-
changed. The intermediate states, n? D(ny), (n+1)? P(ns), and (n+2)? S(ne) are pop-
ulated through photo-excitation into the far non-Lorenztian wings of the absorption

feature and energy pooling.  The primary mechanisms for population of the doubly

Table 12. Relevant potassium energy levels and term symbols

State Term Symbol Level, i | Energy, E; (em™) | g;
Ground State 428 1 1 0 2
Upper Laser State 42P% 2 12,985.186 2
Pumped State 42P% 3 13,042.896 4
Intermediates 42D%’g 4 27,398.147 4
27,397.077 6
5°P; 5 5 24,701.382 2
24,720.139 4
625% 6 27,450.710 2

Rydberg States higher n 7 28,000-35,009
Atomic Ion 1So 8 35,009.814 1
Tonic Dimer XQZQ 9 28,880 2

excited, intermediate states are photo excitation into the far wings and energy pooling.
Photo-excitation occurs simply when a pump or laser photon is absorbed by an atom
in the n P states and is excited to either the nD or (n+2)S, K(4P)+hv — K(4D,65).
The rate of this excitation is unclear as incomplete potential surfaces for the upper
states (76) make calculating the far wing absorption cross section difficult, and no
experimental studies have been done on these higher states. Energy pooling occurs
when two excited alkali collide resulting in the formation of a doubly excited atom

and one in the ground state, K(4P) 4+ K(4P) — K(4D,5P,6S) + K(4S). The rates
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for these processes are well known in all alkali metals (42} 143} 44} [45]).

Destruction of the intermediate states occurs through radiative processes, colli-
sional de-excitation (quenching), and ionization. The quenching rates of the interme-
diates are unknown in the literature, but they are responsible for the most additional
heat loading to alkali. An estimate of the quenching rate of potassium intermediate
states in helium is given in Chapter [[II| and will be used here.

Ionization proceeds primarily through two processes, photo-ionization or Penning
ionization. Penning ionization is the ionizing analogue of energy pooling (77). A
collision with an excited alkali atom creates an ion and ground state atom. Both are
included as the dominant ionization process depends on the parameter space of the
laser design. The ion density is monitored as n™.

The dominant recombination process passes through the ionic dimer, nj, as the
three body creation of the dimer is much faster than three body recombination (78]).
From there dissociative recombination creates a ground state alkali and a very excited
alkali, above the intermediate states. All atomic levels above the intermediate states
are combined into one model level, n;, or the Rydberg states.

The single mechanism that adds the most additional heat loading is quenching of

the intermediates states. The population in those states is given by:

K n2 + a::% (Q+ W) (ny + n3)
ny = L n (77)

kP Tng + 2 (Q + 0) + 44

KE % n2 + a::% (Q+ W) (ny + n3)
Ng = L n (78)

K s + 25 (Q + W) +

kp 2
ng = 5 * Ny + Ya5Ma + Vo576 (79)

- h
k?“s*‘%@"‘@*‘%

where 2 and ¥ are the intracavity averaged pump and laser intensity, respectively,

118

www.manaraa.com



and v,; are the pump and lasing frequencies. These states decay radiatively and
collision with the rates 7, = A; + ki M, where A; is the sum of the Einstein A-
coefficients out of the given state, ky; is the quenching rate, and M is the buffer gas
density. kj ;¢ represent the effective pooling rate out of ny3 to n4s56 and o7° is the
Lorenztian absorption cross section to ny ¢ by either a pump or lase photon and ayg
serve as a modifier to correct for non-Lorenztian features in the far wings. The values

for all of these rates for potassium are in Table

Table 13. Abbreviated kinetic model with associated rates

Parameter Reaction Recommended Units
Value (80)

Asy ns — ny + hv 3.80 x 107 s71

Aoy Ny — nq + hv 3.75 x 107 s71

Ay ng — Nijcyq + hv 3.44 x 106 st

As Ns — Nics + hv 7.23 x 106 s71

Ag ng — Nicg + hv 11.42 x 106 571

A Ny — Nicr + hv 2.0 x 108 571

Ay ng — ns + hv 3.43 x 106 s71

Ags ng — ns + hv 4.80 x 106 st

oP? 4.87 x 10715 cm?

oP? 3.39 x 10715 cm?

ks ng+M—n,+M |0 em? [ (atom — s)
ko no+M —ni+M|0 em?/(atom — s)
k3o ng+ M —n3+ M | 6.68 x 10710 em?/(atom — s)
ka5 ng+ M —ns+ M | 5.53 x 10712 em?/(atom — s)
kes ng+ M — ns+ M | 2.32 x 10712 em? [ (atom — s)
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(&

ky ng+M — njcg+M | 1.11 x 10711 em?/(atom — s)
ks ns+M — njes+M | 1.11 x 10712 em3/(atom — s)
ke neg+M — njcg+M | 5.53 x 10712 em?/(atom — s)
1A n*4+n* —ng+n; | 7.31 x 1071 em?/(atom — s)
k2 n*+n* —ns+n; | 1.18 x 10710 em?/(atom — s)
KL n*+n*—ng+n | 1.21 x 1071 em?/(atom — s)
kP! nas +ny — ng + | 5.95x 1078 em?/(atom — s)
nt+e”
k&t nas +mns — ng + | 8.07x 1078 em?/(atom — s)
nt+e”
k&t nas +mne — ng + | 1.11 x 1077 em?/(atom — s)
nt+e”
ot Nz + hvpy — ny 3.62 x 107 cm?
ol nog+ hvpy — ng | 4.84 x 10714 cm?
at 1.23 x 103
ab 0.62
ob” ng+ hvpy — nt 4+ | 1.40 x 10717 cm?
-
ol” ns + hv,, — nt 4+ | 6.37 x 10718 cm?
-
O'gh ne + hvpy — nt + | 3.41 x 10720 cm?

Figure [59 shows the heat load due to spin orbit mixing of the excited laser levels,

in red, and the quenching of the intermediate levels, in blue, at 760 (solid) and

1,520 (dashed) Torr of buffer gas pressure, at [, = 10kW/cm?, and 760 Torr of
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buffer gas at I, = 50 kWW/cm? (). As alkali density increases the lasing threshold
grows from 0.50 kW/cm? at N = 0.5 x 1023 em™3 to 10.54 kW/cm? at N = 10 x
10'3 em =3, with 760 Torr of helium, which accounts for the slow increase of heat load
from spin orbit mixing. The heating from the spin orbit mixing is much larger than
the intermediate quenching for all number densities, for both helium pressures and
both pump intensities. Adding additional helium increases the heat loading of both
mechanisms at moderate number densities. Additional pump intensity increases both
mechanisms at moderate helium pressures as well, but regresses to the previous value
as no additional pump energy can be absorbed at higher alkali densities. Figure

k%

also illustrates the intermediate density, n** as compared to the total alkali density.
It tends to grow at higher alkali densities, but is exceedingly low for all cases in
the figure. The density in the intermediate states is less at higher pressures, but
the additional helium causes an increase in the quenching rate, and the heat load
increases.

The intermediate quenching is the largest additional heating added by the newer
model, it may not be the largest additional heat loading currently being neglected.
As discussed in Section [£.3] cell contaminants may play a large role on the quenching
rate of excited states. This effect is not limited to the intermediate states, the pump
and lasing states may too be rapidly quenched by contaminants. Due to the much
larger population, the additional heat by the quenching of these lower states is quickly
much larger than the heat loading of the intermediate quenching. This conclusion is
shown in Figure An exceedingly small quenching rate for n, and ns is required
for the heat loading due to quenching of those two levels to be larger than that of
all three intermediates; kg; 31 = 1.18 x 107'° em3 Jatom — s for a total alkali density
of N = 1.0 x 101 em™3, 760 Torr of buffer gas, 10 kW/cm? pump intensity, or

ko131 = 0.64 x 107" e¢m?/atom — s if the pressure is raised to 1,520 Torr. The
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Figure 59. The heat loading due to the spin orbit mixing of the laser states (red)
and the quenching of the intermediate states (blue) is shown as a function of number
density at P=760 (solid) and 1,520 (dashed) Torr, at I, = 10 kW /cm?, and 760 Torr of
buffer gas at [, = 50 kW/cm? (o). The intermediate density fraction, n**/N is also shown
(black).
quenching rate of the 42P state with molecular nitrogen has been determined as
1.87 x 107 em?/atom — s (91)). Contamination of 6.3 ppm of nitrogen would be
enough to drive additional heat loading due to quenching of laser levels higher than
that of intermediate quenching. Additionally, the quenching rate of the 52P states in
rubidium with helium is 4.92 x 10715 ¢m ™3 (36)). If this rate is consistent in potassium,
the intermediate quenching would not be the next beam quality consideration.
There is additional heat loading caused by the creation of the dimer, as an energy
difference of ~ 6130cm ™! is associated with this reaction. However, due to the

exceedingly small population of n™ this heat load is negligible, under 1 W is added

for the conditions shown in Figure [60]
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Figure 60. The heat loading due to quenching of n, and nz is shown as a function
of quenching rate. The alkali density is N = 1.0 x 10 ¢m ™3, pump intensity of I, =
10 kW/em?, and buffer gas pressures of P= 760 (blue) and 1,520 Torr (red). The dashed
lines represent the heat loading due to intermediate quenching at the same conditions.

5.3 Analysis of results

5.3.1 Laser performance.

A simple design for a 100 kW K-He DPAL system is shown in Table[14 Diode bar
technology is currently able to provide I, = 10 — 50 kW/cm? of intensity with spec-
trally narrowed bandwidths of Ay, = 10 — 100 GHz (92;93). At I, = 127.5 kW /cm?
with a spot size of 5 em?, 73% optical-to-optical efficiency will produce over 100 kW of

laser power. Aggressive diode narrowing, Ay, = 10 GHz is selected to achieve a rea-
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sonable spectral coupling at modest pressures. The alkali density, Ny = 4 x 103 em =3,

is chosen to balance threshold and required spin orbit recycle rate. The alkali density
is limited by the melt pool temperature. For potassium, the alkali density associated
with T= 460 K is N = 8.33 x 10" e¢m =3 and N, represents 48% saturation of the gas
flow. For a given buffer gas pressure, adding more alkali into the cell increases the
power out, until bottle necking occurs when the buffer gas is not fast enough to cycle
gain medium. At 760 Torr and 460 K, the spin orbit mixing rate is 298 times faster
than the radiative rate. Additionally, the density in the cell must be such that the
diode pump path is always optically thick, A = o13Nyl, > 10, and the corresponding
DPAL gain is high g9; > 3. The optical cross section for absorption for the pump
transition, o3 depends on both buffer gas pressure and cell temperature. For potas-
sium, at 760 Torr, the absorption cross section spectral width is 15.1 GHz. A higher
pressure DPAL system will provide greater pressure broadening of the pump tran-
sition and lessen the demand for diode bar narrowing, however additional pressure

decreases absorption, which can limit power out.

Table 14. Baseline laser parameters

Laser Parameter Design Value
Inlet Gas Temperature, T 460 K
K Density, Ny 4 x 108 em™3
Helium Pressure, P, 760 Torr
Pump Power, P, 137.5 kW/cem?
Pump Area, A, 5 cm?
Gain Length, [, 14.7 cm
Output Mirror Reflectivity, Ry 0.20
Transverse Flow Velocity, v bm/s
Diode spectral bandwidth 100 GHz

Figure demonstrates laser performance as a function of input intensity, at

different alkali densities and flow rates. The blue curves in the figure represent an

124

www.manaraa.com



absorbance of A = 130, and the number density is doubled for the red curves, for
A = 260. The dashed lines represent the laser intensity with an infinite flow rate,
that is no thermal effects taken into account. The solid lines brings the flow speed
to v9 = 1m/s and is the results of the model using only the three lasing states.
The output intensity initially rises linearly, but levels off as no more pump can be
absorbed. Doubling alkali density increases the magnitude of this plateau but the
slope of the initial rise is unchanged. This slope is dependent on helium pressure.
The open circles are calculated using full nine level multi-level kinetics model, with
flow vg = 1m/s. A full description of the influence of multi level kinetics on the

DPAL is discussed in a later section.
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Figure 61. The laser intensity is shown here as a function of pump intensity at different
densities to show laser performance at Ny = 2 x 102 cm ™2 (red) and Ny = 1 x 1013 em™3
(blue), with an infinite flow velocity (dashed) and a finite speed, vy = 1 m/s (solid) using
the three level model. The open circles (o) utilize the full nine level model for the finite
speed and the filled circles (o) are the infinite velocity. The helium pressure is set to
760 Torr. The lower plot represents the normalized difference of the values for the
three level evaluation and the nine level kinetics at vg = 1m/s.
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The effects of the heating on optical-to-optical efficiency, or output laser intensity
compared to the diode pump intensity, € = I,u/Ipmn, is shown in Fig. . It is
possible for the slope efficiency to be near the quantum limit, ;. = 0.99, with optimal
alkali density and helium pressures, even when considering the multi-level kinetics.
The optical-to-optical efficiency is reduced by threshold. In Figure [62] the maximum
efficiency is 85%, for a pump intensity of 10 kW /cm? with 760 Torr of buffer gas,
occurs when the alkali density is consisted with A ~ 150, with no heat load. This is
higher than the best experimentally observed efficiency of 81%, in a surrogate Ti:S
pumped cesium system (82)). Typical optical efficiencies of existing high powered
systems are even less, 50 — 75% (92)).

At high alkali densities, the efficiency shown in Figure [62] trends downward. This
is due to the higher number of photons needed to fully bleach through the entire
cell, an effective increase in the threshold. The efficiency is poor at lower density
because there are less atoms available to cycle and the output power is limited. As
demonstrated in Ref. (90)), as the flow rate is decreased, the efficiency is as well.
Temperature gradients in the gain media force alkali out of the beam path and less
diode power is absorbed.

Multi-level kinetics effect the efficiency here in two ways, decreasing the available
density to lase and increasing the heat loading. As the alkali density is increased
including the higher energy levels in the model actually increases the theoretical
efficiency. The removal of population into the intermediate states moves the available
alkali closer to the optimal density and the efficiency increases. The effects of added
heat loading is observed as the flow velocity is lessened. As the flow is decreased from
10 m/s to 1 m/s, the difference in the two model’s expected efficiency increases by a
factor of ~ 3. However, this effect is rather small, causing less than 1% decrease in

efficiency with flows greater than 1m/s.
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Figure 62. Laser efficiency is presented as a function of absorbance, A = o13Nyl, at flow
velocites of 0.05 m/s (black), 1 m/s (blue), 10 m/s (red) and infinite flow speed (green).
The solid curve represents the calculations using only the three level laser model, while
the open circles (o) include the nine level kinetics. The helium pressure is set to 760
Torr. The lower plot represents the normalized difference of the values for the 3 level
evaluation and the nine level kinetics.

In Figure [61] the effects of the additional levels is also inconsequential. When
implemented, the multi-level model caused a maximum decrease of < 3% in output
intensity and at moderate pump powers, I, > 5 kW /cm? the difference shrinks even

smaller, < 1.5%.

5.3.2 Beam quality considerations.

Aberrations in beam quality are caused by the phase variation in the flow direction.
This phase variation is created by changes in the index of refraction due to heating.
The fractional temperature rise in along the flow is shown in Figure [63| as a function
of flow velocity at different helium pressures. Temperature rise is dramatic at near

static conditions but when moderate flow velocities are introduced, the temperature
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rise drops dramatically, less that 5% across a 14.7 cm gain length for flows faster than
5 m/s. Increasing buffer gas pressure in the cell lowers the temperature rise at all
flow velocities, due to an increase of heat capacity.

Figure|63|also shows the effects of intermediate quenching on the temperature rise.
Additional heat loading is added to the gaseous alkali from intermediate quenching
causing a slight increase in the temperature rise, however, that increase is extremely
small. Even with near 0 flow speeds, this increase is less than 5% for pressures P> 760

Torr.
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Figure 63. Normalized temperature rise in the flow direction is plotted as a function
of flow velocity for helium pressures of P= 760 (blue) and 1,520 (red) Torr. The alkali
density is set to Ny = 2x10'2 cm ™3 and pump intensity to I, =10 kW /em?2. The solid curve
represents the calculations using only the three level laser model, while the open circles
(o) include the nine level kinetics. The lower plot represents the normalize difference
of the values for the three level evaluation and the nine level kinetics.

A scalar value to characterize beam quality is Strehl, S; it is the ratio of far field,
on axis intensity relative to the diffraction limited performance (94]). Laser weapon

engagement models use system Strehl to assess many important performance metrics,
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like effective range and required dwell time (83)). The Strehl is calculated from the
complex phase error across beam, but can be estimated using the integrated phase
variation:

S=e" (80)

where 02 =< ¢ — ¢ >? is the phase variance. This approximation is best for large
Strehl, exhibting less than 10% error for Strehl > 0.3 (94).

Figure [64] demonstrates the effect of multi-level kinetics on the Strehl ratio at
different flow velocities as a function of alkali density. In low flow velocity cases,
increasing alkali density rapidly decreases the Strehl. This is caused by an increased
number of alkali atoms cycling in the spin orbit mixing process and releasing more
heat. If the flow is fast enough to disperse this heat load, then the effect is mitigated.
The heat loading added by intermediates is still minimal. The difference in expected
Strehl between the models is < 0.5% and this value decreases as alkali density grows.

The phase error is often expanded in a complete basis set, known as the Zerinke
polynomials, in which each term represents a optical aberration (95). The often
largest Zernike polynomials represent tilt and defocus. Tilt is the average slope across
the wavefront and defocus is the apparent changing of the focal length, both due to
inconsistencies in refractive index. Tilt and defocus can be removed with careful con-
struction of the optic path, without the need for deformable mirrors. This corrected
Strehl is plotted as a function of flow velocity in Fig. [65] As demonstrated, with
even moderate flow velocities, vy > 0.5m/s the corrected Strehl becomes excellent,
Seor > 0.99 for both the three and nine level implementation. While it appears that
inclusion of the multi-level kinetics does increase the optical aberrations, most of them
are in the first order and are easily removed, allowing recovery of the beam quality.

Figure also demonstrates the effects of flow velocity on efficiency. Efficiency

also grows with flow velocity, but not as fast as Strehl does. At flow speeds larger than
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Figure 64. The full Strehl ratio is plotted as a function of absorbance at flow velocities
of 10 m/s (red), 1 m/s (blue), and 0.05 m/s (black). The solid curve represents the
calculations using only the three level laser model, while the open circles (o) include
the nine level kinetics. The helium pressure is set to 760 Torr. The lower plot represents
the normalized difference of the values for the three level evaluation and the nine level
kinetics.

vo > 1m/s, the efficiency is over 92% of the infinite flow efficiency. For all speeds,
the efficiency of the the three level model is closer to its theoretical maximum than

that of the nine level, but as flow increases the that difference narrows drastically; at

vo = 20m/s the difference between the three level and nine level is less than 0.01%.

5.4 Conclusion

As the Diode Pumped Alkali Laser continues to scale to higher power effects of
multi-level kinetics are a point of contention in the community. Removal of population
from the lasing process and additional heat loading from other collisional process
both can occur through these deletrious mechanisms. The beam quality implications

of intermediate quenching in a longitudinal pumping and transverse flow DPAL have
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Figure 65. Corrected Strehl ratio (red) and laser efficiency (blue) is plotted versus flow
speeds. The plot is made using a pump intensity of 10 kW /cm? and an absorbance of
A = 156. The solid curve is calculated using just the three lasing levels, while the open
circles (o) utilize the entire nine level model. The lower plot represents the normalized
difference of the values for the three level evaluation and the nine level kinetics.

been analyzed, with little detriment to overall laser performance. Modest flow rates
with residence times below 0.15 s is enough to recover any additional thermal lensing
that intermediate quenching has introduced, coming within 5% of both the Strehl
and laser efficiency when compared to the three level model. The decrease in Strehl,
though, is almost all first order aberrations, which are easily removed with proper
beam control; corrected Strehl is even closer in the two different models. The decrease
in laser efficiency can easily be recovered by injecting more alkali at the inlet. The
error in alkali density propagated by the exclusion of the nine levels is likely smaller
than the accuracy in the number density diagnostic, so it can be optimized around

just the same.

This model is limited in both the implementation of the flow and the multi-level
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kinetics. The flow only considers one dimension and excludes turbulence, both of
which will effect the final answer. Additionally, the only heat loading included in the
mutli-level kinetics is the intermediate quenching. Quenching of the Rydberg states
and collisional processes that create and destroy the ionic dimer will too add heat
loading, however the exact rates of these processes and energy released in each event
make the heat loading uncertain. The intermediate quenching is likely dominant

mechanism, though, and will have the largest effect on laser performance.
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VI. Conclusions

Prior to this research, no kinetic model reported populations in higher lying states
as a method to characterize multi-level kinetics on laser performance. This allows for
the characterization of the parameter space in which the higher order kinetics will
have a noticeable effect on DPAL performance. Only one article considered a similar
set of mechanisms, but that focused mainly on reactions between the alkali vapor and
hydrocarbon buffer gas. Given the interest in power scaling in the DPAL community,
a better understanding of the effects of multi-level kinetics is required and shown in
this work.

Fluorescence spectroscopy has never been utilized to calculate the populations of

the higher lying states in a DPAL system. This research has collected fluorescence

3

Y

spectrum of a flowing potassium DPAL for alkali densities of N = 0.1—2.0x 10 em™
pump intensities of I, = 20 — 60 kWW/cm?, and buffer gas pressures of P = 250 — 1200
Torr, with and without the addition of methane. The associated densities observed
provide insight into the influence of the mechanisms to the production of the higher
lying states.

The beam quality consequences of the density in the higher lying states was also
numerically evaluated. An existing 1-D model for rubidium was updated to describe
potassium and expanded to include the new multi-level mechanisms. This analysis
has been done for the simple three level model, but while previous multi-level models
attempt to determine the adverse effects on efficiency and output power, none have

commented on the effects of additional heat loading.
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6.1 Nine-level kinetic mode

Using the best rates available in the literature, a nine level expansion to Hager et.
al’s three level DPAL model (14} 15) indicates that the population outside the three
laser levels is less than 6% of the total alkali density for all relevant alkali densities,
buffer gas pressures, and pump intensities. This corresponds to a loss of less than
10% output intensity at pump intensities over 100 kW. This power can largely be
recovered by simply increasing the temperature of the alkali bed to recuperate the
small population lost to the higher levels. In fact, alkali diagnostics are often unable

to determine the true alkali density in the gain length to this accuracy.

6.2 Fluorescence in a flowing DPAL

This work has observed densities of atomic potassium states as a function of
alkali density, buffer gas pressure and pump intensity to offer a possible update to
the kinetic rate package previously suggested. While the wing absorption rate is
significantly larger in the far wings than a pure Lorenztian would predict, it likely
does not dominate over energy pooling. The new rate package still indicates that the
total alkali density loss to the higher states is not large enough to significantly degrade
laser performance. Estimates of quenching rates for the intermediate states with
helium are derived, however, it seems that these rates may not be the true value with
pure helium as contaminants may play a larger role than previously expected. Cell
construction plays a major role in laser performance and contaminants will greatly
change the higher state population. An anomalous data point indicates growth with
pressure that cannot be explained with current model may suggest that some other

mechanism is crucial but missing from the current model.
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6.3 Heat loading due to higher level quenching

This work has shown that the addition of the quenching of the intermediate states
results in only a slight decrease for both Strehl ratio and laser efficiency, less than
5%, with modest flow velocities. Increasing flow velocities can recover much of this
difference and the maximum Strehl and efficiency both approach the same value with
infinite flow velocities. The added thermal aberrations can be corrected for without
use of deformable mirrors; flow velocities with residence times near 0.1 s can achieve

a theoretical Strehl of 1 with only corrections for tilt and defocus.

6.4 Proposed future work

There is a great deal of work needed to enhance the recommended rate package.
The absorption line shapes of the higher P — D and P — S, especially in the far
wings, as a function of buffer gas pressure need to be determined, possibly through
absorption spectroscopy. The quenching rates of the intermediate states with both
helium and methane should also be directly measured; likely determined with time
resolved fluorescence measurements. These are the most influential rates on the alkali
population not part of the lasing process, and remain unexamined in the literature.
Additionally, both the rates for the creation and destruction of the dimer have only
been determined in cesium at gas temperatures much higher than naturally occurring
in a DPAL.

Fluorescence spectroscopy is only able to evaluate density in atomic states, so it
offers no information on the population of the ionic species, as no ionic transitions are
observed in the current experiment. The current mechanism indicates that the ionic
dimer makes up most of the highly excited population. An absorption spectroscopy
experiments may be done to evaluate the ion population, both molecular and ionic,

and find a true estimate of the total population in the higher excited states.
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All of these observations have been with potassium. The different energy level
locations of rubidium and cesium may lead to different kinetic pictures for the other
alkali vapors. Fluorescence measurements should be collected for rubidium and ce-
sium to benchmark this model for the other metals. However, this would require
access to high powered CW devices. Alternatively, high powered pulsed devices can
be used as a surrogate. The kinetics would need to be modified however to account
for the pulsed dynamics. A brief explanation of this is demonstrated in Appendix [A]

This model is noticeably missing mechanisms involving free electrons. A new
thorough literature search is needed to understand the dominant mechanisms that
involve free electrons. While the density is not overly large, excess laser energy can

couple to the free electron population and possibly change the expected dynamics.
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Appendix A. Pulsed application

The dynamics in a pulsed regime are different than in CW as the densities in
excited states are decreased during the time between pulses. Collisional processes
will have a more prominent role as they can still occur when the pump laser is off.
Additionally, a pulsed system will never reach an equilibrium, exciting to the densities
for Equations when the pump is on, and decaying down between pulses. Instead

we discuss the average densities:

T
n; = lim n;dt (81)

T—o00 0

In this, we do not require the parameter T to actually tend toward infinity, instead
only that it be a time scale on the order of the decay rate of the excited states. It
can be shown that, for large values of k, ns decays in 1/v3 sec between pulses, so we
will assign that value to T. In general, the average values will be less than the steady
state solutions derived above, and will depend on the ratio of pulse duration to the
decay rate.

A similar approach to finding the steady state solutions is employed to find the
averages, integrating the rate equations from Section and setting them to zero.
Assuming that the pump’s intensity is such that the alkali medium is instantaneously
bleached and lasing starts immediately with the pump, the average value for the
intermediate states can be expressed as

o KPP F(N ) R (2 U) (05 + ) — F (2 )

o — (82)
T KPIndg(N, ty, 73, ...) + Yas

n** is the average population in the intermediate states, n3, nJ, and n#* is the steady
state populations from equations [51] and respectively. The functions

f(N,t,,vs...) and g(IV,t,, ¥s...) are enhancement functions for the collisional mecha-
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nisms. The exact form these functions take is difficult to predict as they rely heavily

on the full time dependence of the levels involved with lasing. They are likely a

function of alkali density, pulse duration, and decay rates, but may also include other

kinetics rates, such as spin-orbit mixing.

Averages for the highest lying states are

x oPh *ok
RGN, s ) + B (2 W
ntT =

koM N

- k,MNn*
ny Ro A VIV

+
kDR”Q()

- kDRnQ(-)i_(n_;- + n_+)

nr
Y7

(85)

where ny is the steady state solution of the ionic dimer when the laser is on, from

Equation |61}
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Appendix B. Spectral response calibration

Callibration of the Acton Spectrometer was completed using both a broad spec-
trum quartz halogen lamp, Oriel Instruments model number 5-123. A spectral irra-
diance is quoted by the manufacturer for a distance of 50 cm from the lamp. The

equation is given as:

42.98953— 4583.98173 + 21)1\%19 _ 1.4232251E8 + 3.847842FE10 _ 3.8965903FE12

I=)"xe A x 1 5 ,

A A

where I is irradiance in W/m?nm, X is the wavelength in nm, h is Plank’s constant,
and c is the speed of light. Taking this number and multiplying by the detector area
and exposure time, and the the energy of a photon, %, gives the number of photons
at each wavelength incident onto the detector. The detectivity of the spectrometer is
found by dividing this photon density by the counts recorded by the spectrometer.
The detector spectral response for the spectrometers used in Chapters [[IT] and [[V]
are shown in Figures Each disjoint curve represents a single grating position
on the spectrometer. Additionally, a different grating is used between 525 nm and
550 nm, so the larger jump is expected. To ensure minimal error, every collection was
taken using identical grating positions. Between the two collections, the spectrometers

were disassembled for transport, so it the differences between Figure [66] and [68] are

understandable.
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Figure 66. The detector response of the Acton spectrometer as a function of wavelength
for the first data collection, March 2017.
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Figure 67. The detector response of the McPherson 0.3m spectrometer as a function
of wavelength for the first data collection, March 2017.
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Figure 68. The detector response of the Acton spectrometer as a function of wavelength
for the second data collection, June 2018.
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Figure 69. The detector response of the McPherson 1.3m spectrometer as a function
of wavelength for the second data collection, June 2018.
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Appendix C. Other spectral features

Spectral features were observed in the fluorescent data that do not correspond to
any known atomic lines. First observed in the March 2017 experiment, these unknown
features prompted additional study with better spectral resolution. Fluorescence
collected in the 475 — 550 nm range not corresponding to any alkali atomic lines
first observed is shown in Figure These emissions grow as buffer gas is added,
especially when that gas includes methane. These spectral features may correspond
to ro-vibrational bands of potassium hydride, specifically 8-0, 7-0, 6-0, 81, 7-1, 5-1

(v" — ") vibration transitions in the hydride (96]).
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Figure 70. Rise of spectral features not associated with atomic transitions, taken at
N =187 x 10" e¢m™2 in a helium-methane buffer gas of 7.6% methane, at P = 500 Torr
(black), 850 Torr (red), and 1,200 Torr (blue).

Similar, yet distinct, features were also observed in the second study, shown in
Figure[71] The magnitude of the features grows as methane is added, from no methane
(blue) to 6.7% with 450 Torr (red) to 6.7% with 850 Torr (black). The spectral
assignment of these lines is incomplete at this time. Each spectral window seems
to have an inherent structure unobserved in the pure helium sample, clouding the

truth. Additionally, there are two new spectral features that were not present in the
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previous study, near 573 nm and 599 nm. Additional study is required to identify

these unknown features.
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Figure 71. Rise of spectral features not associated with atomic transitions, taken at
N = 5.0 x 10*e¢m ™3 in a helium-methane buffer gas of 7.6% methane at P = 450 Torr
(red) and 850 Torr (black), and in a pure helium buffer gas with P = 450 Torr (blue).
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Appendix D. Additional experimental setup information

Some information, including cell dimensions and flow speeds, must be removed
from the official dissertation document due to proprietary rights, and to allow for
public release. Figure shows the simulated irradiance profile across the pumped
volume at the focus, and Figure [73| displays the size of the beam radius through the
cell, from two different perspectives. The beam waist occurs about halfway through
the gaseous alkali in the flow axis. In the lasing axis, it is as wide as the alkali flow
until it is past the cell, where it diverges. Figure also shows the length of the
cavity and the location of lasing mirrors; the cavity is much longer than the alkali
flow. The alkali flow has a volume of 2.54 x 1.27 x 1.22cm. Lastly, the flow speeds
through the cell were a function of the buffer gas pressure and were measured between

0.98 — 4.72m/s for pressures of P = 250 — 1200 Torr.

37400 W/em”2
33660 W/em”2
29925 W/em”2
26180 W/em”2

0.65 mm 22440 W/em”2

JEE = T ...

0 12.7 mm
14960 W/cm”2

11220 W/em”2
7480 W/em”"2
3740 W/em”2

0 W/em”™2

Figure 72. The irradiance profile at the focus of the pump beam. The peak irradiance
is 37.4kW/em?.
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[Cell geometry as seen along the pump axis.]
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