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Abstract

Excited State: CaO, Cs, Rb
By Sean M. Bresler

Investigation of Rb, Cs, and CaO using gas phase spectroscopy will be described.
These molecules have been studied using the following techniques: laser-induced flu-
orescence (LIF), dispersed fluorescence, and laser induced photo-chemistry. Various
experiments were designed or modified including the following: flow cells, static cells,
vacuum chambers, and ion collection systems. Programs were written to control all
of these experiments and to produce the data reported.

Previous research suggests that diode pumped alkali lasers (DPAL) are a potential
route for high-powered laser design for use in ballistics defense and communication
due to their potentially favorable power scaling and useful wavelengths. Various
complications of these lasers are described, as well as attempts to quantify various
deleterious processes.

Laser induced fluorescence spectra for jet-cooled CaO have been used to exam-
ine the higher vibrational levels of the A’MI(Xon 1) state (v = 10 - 17) and the
v = 6-8 vibrational levels of the C'X+(Boo 1) state. A perturbation of v = 17
of the A’ state was evident, caused by a spin-orbit mediated interaction with the
b3YT(Q = 1)(Xoo 1) v = 14 level. Ro-vibrational constants for the A’ state were
obtained by fitting to the data for nominally unperturbed levels. The average ra-
diative lifetime for the A"'TI(Xon 1) state v = 10 — 17 levels was 10.6us with no
measurable dependence on v. This was consistent with the theoretical prediction of
a relatively small transition dipole moment for the AT - XISt band system. A
homogeneous perturbation of the C12+(B0071) v = 7 level was examined by means
of dispersed laser induced fluorescence (DLIF) and radiative lifetime measurements.
The DLIF spectra clearly demonstrate that the perturbing Q = 07 state is a compo-
nent of a triplet state. Intense transitions from this state to the a3II(07)(Xon 1) state
were observed. Configurational assignments are presented that support assignment
of the perturbing state as the v = 12 vibrational level of the previously unobserved
g31(07)(Bor 1) state.
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Chapter 1

Product channels of Rb

removal

1.1 Abstract

Branching fractions for product channels of the reactions of Rb(62P) with Hy, CHy
and CoHg involving energy transfer and chemical transformation have been mea-
sured using time-resolved pulsed laser techniques. Removal of Rb(6%P) atoms was
monitored using laser induced fluorescence (LIF) measurements. The RbH product
was detected using LIF of the A-X transition in the 500 — 530 nm spectral range.
Pump-probe measurements indicated a collisional loss of rubidium atoms due to the
reactions of Rb(62P) with Hy and CoHg with branching fractions YIC{hQ =0.217+0.03
and YthgHG = 0.107 £ 0.03, respectively. The measurements for Rb(62P) + CoHg
did not provide conclusive evidence for a reactive loss channel. We detected RbH
(v = 0, 1, and 2) produced from Rb(62P) in the presence of Hy. Surprisingly, the
RbH product was not detected with CH4 or CoHg, despite the fact that high-level

ab initio calculations show the existence of favorable pathways for RbH formation.



The branching fractions for the energy transfer product channels were found to be
yfg = 0.7940.05, Yg@éHﬁ =0.9240.05 and Ygellh — (.98 +0.05 for Hy,CoHg and CHy,
respectively. The undetectable loss of Rb via the reaction with methane suggests that

C9Hg may be the more stable diluting agent for use in the diode pumped Rb vapor

laser system.

1.2 Introduction

Reactions of excited alkali metal atoms with hydrogen and hydrocarbon molecules are
of interest because they can be used as models for testing the validity of theoretical
electronic-to-vibration (E—V) energy transfer and chemical processes involving elec-
tronic excitation [1-4]. In addition, these reactions play important roles in the active
media of diode-pumped alkali lasers (DPAL) [5-8] and laser-chemistry techniques for
the separation of alkali-metal isotopes [9, 10].

Siara and Krause [11] have studied the excitation transfer between the 62P fine-
structure sub-states in rubidium, as well as effective quenching cross sections of these
states due to collisions with Hg, HD, Do, No, CHy, and CD4 using sensitized fluo-
rescence techniques. In recent studies [7], experimental and theoretical techniques
were employed to characterize the removal of Rb(62P) by hydrogen, methane and
ethane. Fan et al. [2] determined the nascent quantum state distributions of the
RbH product resulting from the reactions of Rb(52D3/27 5/2; 7281/2) with Ho using a
laser pump-probe technique. It was found that the nascent RbH product molecules
were distributed among the three lowest vibrational (v = 0, 1, and 2) levels of the
ground electronic state. Chen et al. [12] have investigated the E-V energy transfer be-
tween electronically excited rubidium atoms Rb(52P1 /2,3 /2) and hydrogen molecules
using the coherent anti-Stokes Raman spectroscopy (CARS) technique. They found

that during E—V energy transfer processes Ho molecules are excited to the v =1 and



v = 2 vibrational levels with relative populations of 37% and 63%, respectively.
Renewed interest in the reactions involving excited alkali metal atoms is due to
the fact that the saturated hydrocarbons methane and ethane are often used as colli-
sional energy transfer agents in DPAL systems. These lasers use optical pumping of
the Do line (n2P3/2 — n281/2) and lasing on the Dy line (where n = 3, 4, 5, and 6 for
Na, K, Rb and Cs, respectively) [13-15]. Collisional energy transfer is used to move
the population from n2P3 /2 to the n2P1 /2 state. The collision partner used for this
step must have a negligible rate constant for np < ns quenching and be chemically
inert with respect to the alkali vapor. Saturated hydrocarbons CH4 and CoHg have
proven to be effective energy transfer agents [5, 6, 15]. The reactions of these species
with alkali atoms that have been excited to the np states are markedly endother-
mic. Despite this circumstance, the optically pumped alkali vapor does react with
saturated hydrocarbons over an extended period of laser operation [13, 16, 17]. This
process produces both metal containing products and carbon particles. The reactions
degrade DPAL performance through the loss of the alkali metal, the production of
light scattering particles in the laser medium, and photochemically induced cell win-
dow damage. A possible pathway for the reaction that overcomes the high barrier
involves the production of higher excited atomic states via energy pooling processes.

For example, in the case of Rb the energy pooling is of the form [18]
Rb(5°P) + Rb(5°P) — Rb* + Rb(52S) (1.1)

where ’s” indicates 728 or 52D (we have also observed emission from Rb(62P) following
pulsed excitation of the D1 or Dy lines). It has been established that the higher excited
states become populated during DPAL operation. As described below, Rb(62P) and
higher energy states have enough energy to abstract H atoms from Ho,CH,4 and CoHg,

but the corresponding reactions for Rb(62S or 4°D) are endothermic.
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In the present study we examine the reactive removal of Rb(62P) by Ho, CHy
or CoHg. The 62P state was chosen as it is the first level with sufficient energy for
exothermic extraction and insertion reactions. Use of this level avoids the complica-
tion of energy transfer between levels that are above the barrier to reaction. The 62P
kinetics are relevant to the other states populated by pooling because, as presented
in the theoretical section of this paper, transfer to the ground state potential energy
surface will occur prior to reaction. The measurements were carried out by means of
pulsed laser pump-probe methods. The energy levels of importance for these exper-
iments are shown in Fig. 1.1. A pulsed laser was used to excite Rb to the 62P3/2

level. Under low pressure conditions, radiative relaxation of the form
Rb(62P) — Rb(6%S) + hv; — Rb(5?P) + hvy (1.2)

Rb(62P) — Rb(4?D) 4 hvg — Rb(5?P) + hvy (1.3)

contributes significantly to the total removal of Rb(62P). The removal of Rb(62P) via
collisional transfer or chemical processes may also contribute to the removal kinetics

via the elementary reactions

Rb(6°P) + Hy — Rb(6%S or 4°D) + Hy »
1.4
— RbH+H

Rb(6°P) + CH4 — Rb(6%S or 4°D) 4+ CHy )
1.5

— reactive products



Rb(62P) + CoHg — Rb(62S or 4°D) + CHy o)
1.6

— reactive products

The only reactive product channel for Reaction 1.4 is RbH + H. Fan et al. |[2]
detected the presence of RbH from the reaction of Rb(52D3/2’ 5/25 7281/2) with Ho but
the branching fractions for the reactive and collisional product channels of Reaction
1.4 have not been determined. No information is available about product channels of
Reactions 1.5 and 1.6. To detect the reactive channels, a delayed probe laser pulse was
used in the present study to observe the ground state recovery following excitation

to Rb(62P). Incomplete population recovery was used as evidence of reactive loss.

1.3 Experimental

A schematic view of the apparatus used for the present measurements is shown in
Fig. 1.2. The fluorescence cell and experimental technique have been described in
detail in a recent publication [7]. Briefly, the fluorescence cell was constructed from
a six-way cross for the flow of gases, the passage of the excitation and probe laser
beams, and observation of laser induced fluorescence (LIF).

The Rb 62P3/2 — 5281/2 transition was excited by 10 ns light pulses (A =
420.29 nm) generated by an excimer pumped dye laser (Lambda Physik, Compex
Pro 201/FL3002 combination). Another similar laser combination was used to probe
the Rb number density via LIF of the same atomic transition. The delay between the
laser pulses was controlled by a digital pulse delay generator (Quantum Composers
model 9614).

To reduce window scattering problems for the laser beams, two baffle arms were

attached to the photolysis cell. UV grade fused silica windows were attached to the
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Figure 1.1: An energy level diagram for Rb. The transitions of importance are
excitation (upward solid arrows), radiative relaxation (downward solid arrows), and
collision induced energy transfer (dashed arrows)



ends of these arms. Fluorescence from the center of the cell was collected by a 5 cm
focal length lens, and focused on the entrance slit of a 1/8 m monochromator (Oriel
Corp. Model 1402). The dispersed fluorescence was then detected by an RCA 1P28
photomultiplier tube (PMT). The PMT output was signal-averaged using a digital
oscilloscope (Le Croy Scope Station 140). The time resolution of the detection system
was about 10 ns.

Rubidium vapor was entrained by flowing the Ho, CH4 or CoHg carrier gas over
a heated sample holder that contained approximately 0.1 g of Rb at the start of each
series of measurements. The temperature of the sample holder was measured using
a K-type thermocouple. Needle valves were used to control the gas flow rates. The
sample gases Ho (99.99% purity), CHy (99.99%), CoHg (99.99%) and the Rb metal
(99.99%, Aldrich) were used without further purification. The fluorescence cell was
evacuated by a rotary pump (Welch Duo-seal Model 1402), and the pumping rate
was adjusted using a ball valve. Pressure in the fluorescence cell was measured using

a capacitance manometer (MKS Baratron model 122A, 0-10 Torr).

1.4 Results and discussion

The 62P3 /2 5281 /2 transition was chosen to produce electronically excited Rb
atoms. For the conditions of these measurements, collisions with Hy, CH4 or CoHg
resulted in rapid energy transfer between the 62P3 /2 and 62P1 /2 fine-structure compo-
nents [11]. To simplify the kinetic analysis, the experiments were conducted using low
Rb number densities in order to avoid radiation trapping [5]. However, this approach
limited the fluorescence intensity and thereby the spectral resolution that could be
achieved. The small monochromator used for these measurements could not resolve
the fine structure of the 62P — 528 transition at the slit width required for workable

signal-to-noise ratios. Fortunately, an equilibrium population distribution between
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the 62P3 /2 and 62P1 /2 levels was achieved on a time scale that was short compared
to all other kinetic processes. This was expected based on the large energy transfer
rate constants reported by Siara and Krause [11] and supported by the observation
of the same kinetic behavior (in the current experiments) regardless of whether the
initially excited level was 6°Py /2 Or 6P, /2

The interaction of Rb(62P) with hydrocarbons proceeds via two mechanisms,
collisional relaxation (processes 4a, ba and 6a) and chemical loss (processes 4b, 5b
and 6b). As shown in Figure 1.1, the energy transfer processes result in population

of the 52P state through the processes
Rb(6°P) + M — Rb(62S or 4?D) + M — Rb(52P) + M. (1.7)

Here M is Ho, CHy4 or CoHg. The observed time-resolved fluorescence signals from
the Rb 52P — 528 transition are depicted in Figure 1.3 for two Ha pressures. As
can be seen from this figure, the rate of Rb(52P) formation increases with the Ho
pressure.

The differential rate equations for the populations of Rb atoms in the 62P and

52P states can be written as follows:

dNgp
d—t6 = —(Aygq + kniNar)Ngp (1.8)
dN5p
% = (Agp 654D + Ngp — (Asp 55 + k3T Nai)Nsp (1.9)

where A, = Agp-5s + Agp-6s, 4D, Aep-5s is the Einstein coefficient for the
6°P — 5°S transition, Agp 65, 4D 1s the total Einstein coefficient for 6°P — 625,
42D transitions, Asp sg is the Einstein coefficient for the 5P — 52S transition,
kyp = kﬁl + kﬁ/]f is the total rate constant for the removal of Rb(62P) by M = Hp,
CHy4 or CoHg, kﬁ/]f is the rate constant for the chemical processes 4b, 5b and 6b, kﬁl is

the rate constant for the processes 4a, ba and 6a, Ny is the number density of the M-th
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species, Ngp and Nyp are the number densities of Rb(62P) and Rb(52P), respectively,
k%/}j is the rate constant for the collisional energy transfer process Rb(5°P) + M —
Rb(52S) + M. As the radiative transfer from 62, 42D — 52P is much faster than the
62P — 628, 42D processes, the rate of transfer to 52P is limited by the 62P — 628,
42D processes. The validity of the approximation implicit in Equation (1.9) was
confirmed by numerical simulations performed using the Einstein coefficients from

reference [19]. The solution of Equation (1.8) is given by

Ngp = (Ngp)o exp[~(A g + kniNap)t] (1.10)

where (Ngp)g is the Rb(62P) number density at t = 0. Substituting Equa-
tion (1.10) in Equation (1.9) and taking into account that kl5\IPM < Asp 55 [20],

Equation (1.9) can be rewritten as follows:

dN5p
Tf =(Ngp)o(Agp_g5, 4D + k3 Nu) exp[-(A g + knNap)t] L1

~ Asp_5sNsp

From (10) we obtained the following temporal dependence for the population of

rubidium atoms in the 52P state:

(Ngp)o(Agp_gs, 4p + KL§Ny)
(Arag + kniNm) + Aspss (1.12)

x[exp(-Asp_5st — exp[~(Auq + kniNa)t)]]

Nsp(t) = -

Upon integrating (11) with respect to the time we obtain the expression for an

area S under the curve Ngp(t) as follows:
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(Nep)o(Agp-gs, 40 + Y55TknNy)
(Aygq + kvNa) Asposg

S = /OOO N5p(t)dt = (1.13)

where Yﬁl = kﬁl /K-

Areas under curves (in arbitrary units) for the LIF signals for the Rb(5%P — 528)
transition as functions of the number densities of Ho, CoHg or CHy4 are depicted
in Figures 1.4 to 1.6, respectively. For comparison, the calculated dependencies of
S(Npy,) are presented in Fig. 1.4 for Yﬁezl = 1 (dashed curve) and yﬁeé = 0 (dash-
dot curve) for A,y = 8.77 x 1051 [21], Agp 5g = 37 x 100 51 22],A6p_63, 4D =
6.4 x 10971 [19], and ki, = 7 x 10 cm3 s [7]. Tt is evident that Equation (1.13)
is an appropriate choice for definition of the parameter Yﬁl , which is obtained by
fitting to the experimental data presented in Figures 1.4 to 1.6.

Equation (1.13) was fit to the experimental data using kg, = (7.0 £ 0.2) x
1010cm3st ko, = 8-1% 1019¢m3s! and kop, = 6.2x 100cm3s! [7]. The Origin
software options “Fitting Function Builder” and “Nonlinear Curve Fit” were used
for fitting the value of Yﬁl. The smooth curves in Figures 1.4 to 1.6 are the best-fit
results with y{f = 0.79 + 0.05, and v{'y = 0.92 4 0.05, and v(§fy, = 0.98 £ 0.05,
respectively.

The branching fraction for the chemical loss channel was examined using a laser
pump-probe technique. First, we recorded the LIF signal (Ig) from the Rb(62P - 52S)
transition caused by the probe pulse alone. Then, we recorded the same signal (I)
but after a pump pulse. The laser intensity of the pump was sufficient for saturation
of the transition. The delay between the pump and probe pulses (~ 1 ys) was long
enough to make sure that the Rb (62P) atoms were deactivated, while being short with
respect to the diffusion of Rb atoms out of the probe laser excitation volume. The
dependencies of the signal ratios 1/Ij on the Hg, CoHg, and CH4 number densities

are shown in Figures 1.7 to 1.9, respectively. A decrease in the signal ratio with

increasing Hy (Fig. 1.7) and CoHg (Fig. 1.8) number densities indicated that some
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fraction of the Rb (62P) atoms was lost via chemical reactions.

A simplified kinetic model was used to extract the branching fraction for the
chemical loss channel from the experimental data presented in Figures 1.7 to 1.9.
The differential rate equation for the population of Rb atoms in the excited 62P
state can be described by Equation (1.10). The pump laser in these experiments was
used to saturate the 62P3 /2= 5281 /2 transition. Hence the concentration of Rb(6P)
immediately after the pump pulse (t = 0) was (NOP)y = 2Ngy,/3 , where Ngy, was the
total Rb number density prior to the pump pulse. Following laser excitation, the 62P
population decays by reactive and physical channels. The rate at which the products
of the chemical reactions are formed is given by

dN N

integration of this expression out to t = oo yields the result

ONp, KNy

N = 1.15
Prod 3 Amd + kNt ( )
At this limit the remaining concentration of Rb is
2 kN
Npp—N =N 1=- 1.16
Rb—Nprod = Ngyp ( SA T kMNM> (1.16)

As the LIF intensities are directly proportional to the Rb(52S) concentration: I ~

Nrb — Nppog and Ig ~ Nyy,, Equation (1.16) can be rewritten as

I 2 k{IN
— =1 MM (1.17)
in 3 Ao + KniNyp

Expression (16) was fitted to the experimental data presented in Figures 1.7 to 1.9,

using kg, = 7.0 100¢m3s 1, ko g = 8-1% 100c¢m3s ! and kogy = 6.2 1010¢m3s 1
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[7]. The Origin software options “Fitting Function Builder”and “Nonlinear Curve Fit”
were used to fit the value of YK/}IL to the experimental data for /1. The smooth curves

in Figures 1.7 to 1.9 are the best-fit results for YIC—IhQ =0.21£0.03, vy 0.10+0.03,

ch _
CoHg —
and th4 = 0.04 4+ 0.03, respectively.

For collisions between high-lying electronically excited Rb atoms and Hy molecules,

Fan et al. [2] observed the reactive process
Rb(5°D, 72S) +Hy — RbH (v =0, 1, and 2) + H (1.18)

using a laser pump-probe technique. RbH was detected using LIF of the A — X
transition in the 500 — 530 nm spectral range. Using the same approach, we also
detected RbH(v = 0, 1 and 2) produced from Rb(62P) in the presence of Hy, but not
in the presence of CH4 or CoHg. Note that there is only one possible chemical channel
for reaction 4. Reactions 5 and 6 may form several products. Failure in the detection
of an LIF signal from the A — X transition could be attributed to rapid quenching of
RbH(A) by methane and ethane. To test this hypothesis, we added either methane
or ethane to the Rb/Hg mixture. If CHy or CoHg deactivate RbH(A), their presence
should have caused a decrease in the LIF signal. However, adding CH4 and CoHg to
the Rb/Hy mixture up to 5 x 1016 ¢m3 number densities caused no noticeable effect
on the magnitude of the LIF signal. Our experimental data provided an upper bound
for the branching fraction < 0.02 Yﬁ/if for the RbH product channel for the reactions
5 and 6.

We applied ab initio electronic structure calculations to investigate the possible
products of the Rb + Ho, Rb 4+ CHy, and Rb + C9Hg reactions, and to find reaction
paths that are energetically feasible for reactions 5 and 6. Geometries of intermedi-
ates, transition states, and possible products were optimized using the BSLYP variant

of hybrid density functional theory (DFT) [23, 24] with the Def2-TZVP basis set and
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the MW46 pseudo potential for the Rb atom [25]. Vibrational frequencies were com-
puted at the same level of theory and were used to obtain zero-point vibrational
energy corrections (ZPE). Relative energies of various species were refined by means
of single-point calculations using the coupled cluster method CCSD(T) [26-29] with
the Def2-QZVPPD basis set [25] at the optimal geometries obtained from the DFT
B3LYP method. All DET B3LYP and CCSD(T) quantum chemical calculations were
performed using the GAUSSIAN 09 [30] and MOLPRO 2010 [31] program packages,
respectively.

If there is no orbital degeneracy in the ground electronic state of either reactant(s)
or product(s), the potential energy surface (PES) of electronically excited reactant(s)
adiabatically correlates with the PES of electronically excited products. For the reac-
tions of the electronically excited rubidium atom Rb(6%P) with M (Hs, CHy, and/or
CoHg), the path to electronically excited products is energetically unattainable. Re-
active pathways require a non-adiabatic transfer from an excited PES to the ground
surface as a result of internal conversion. In this view, possible products of the
Rb(62P) + M reaction are to be found on the ground state PES, which relates to the
Rb(52S) + M reaction.

The computed potential energy diagrams for the Rb(528) + M reactions are il-
lustrated in Fig. 1.10. There are two possible reactive pathways for the Rb + Ho
reaction, either through an insertion of Rb into the H—H bond or through a barrier-
less H abstraction that is endothermic by 65.2 kcal/mol. The first pathway occurs
via a distinct transition state (63.5 kcal/mol above the reactants) and leads first to a
HRbH intermediate. The intermediate can then dissociate to RbH+H without an exit
barrier via a loose transition state in a slightly endothermic process (1.6 kcal/mol).
The excitation energy of Rb(62P) (68.03 kcal/mol) exceeds the energy requirements
for both reaction paths and the RbH product can be formed. The experimental data

presented in this paper indicate that the collisional relaxation process (4a) is domi-
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nating. It was recently shown [7] that an avoided crossing between potentials that
correlate with the 62S and 6P states is responsible for the fast removal of Rb(6%P)
in the process (4a). The chemical transformation pathway leading to RbH + H can
be realized only when internal conversion steps continue all the way to the ground
state PES.

Few possible reactive pathways exist for the Rb + CHy reaction. Insertion of Rb
into a C—H bond occurs via a distinct transition state (63.6 kcal/mol) and leads to
an intermediate HRbCHg3.This intermediate can dissociate by losing an H atom or
the CHg group without exit barriers. The energy required for H elimination is 12.6
kcal/mol higher than that for CHg loss and therefore the latter process is should be
preferable. Note that the HRbCHjg intermediate is predicted to be bound only by 0.1
kcal /mol with respect to CHg loss, and therefore represents only a metastable species.
The RbH + CHjs products can be also formed by direct abstraction of H from CHy
via a barrier of 65.6 kcal/mol. No paths to the RbCHy 4+ Hy products (endothermic
by 69.6 kcal/mol) could be found.

We did not detect RbH molecules when Rb(62P) was generated in the presence of
CHy4. The experimental data presented in Fig. 1.9 suggest that the chemical loss of Rb
atoms is negligible. The estimated branching fraction for reaction 5b, Y8%4O.O4i0.03,
is close to zero within the experimental error. Electronic structure calculations of
the long-range Rb 4+ CH, interactions [7] suggest that physical Rb(6?P) relaxation
proceeds via an electronic to ro-vibrational (E-V, R) energy transfer process, i.e., the
electronic excitation energy of Rb atoms is converted to the internal energy of CHy.
The chemical reaction to form RbH + CHg apparently does not occur either because
the ground state PES is not accessed via internal conversion or it is accessed on the
slope of a steep hill leading to the ground state Rb(52S) + CHy4 products. As can be

seen from the potential energy diagram in Fig. 1.10, a stable RbCHg molecule could
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be formed in the process

Rb + CH4 — RbCH;3 + H (1.19)

However, the gap between the reaction energy (AE = 77.5 kcal/mol) and the exci-
tation energy of Rb(62P) is about 9.5 kcal/mol, which makes this pathway highly
unlikely. This reaction path may noticeably contribute to the degradation of the
DPAL active medium where electronic states of Rb higher then 62P are formed, as
for example in processes involving multi-photon excitation and electron/ion recombi-
nation.

The analysis of the Rb + CoHg system shows that the reaction paths leading
to the formation of the RbH 4+ CoHy and RbCH3 + CHjs products are energetically
feasible and deserve attention. The first product pair contains RbH but we have not
detected this species in our pump-probe experiment. The reasons that RbH + CoHjp
are minor products are be similar to those discussed above for the Rb + CH4 reaction
not producing observable yields of RbH + CHs. However, the data presented in
Fig. 1.8 are indicative of a reactive loss of Rb atoms. Products RbCH3 and CHjy
could be formed via insertion of the Rb atom into the C — C bond. This pathway
is energetically accessible and could be responsible for the loss of Rb atoms in the

pump-probe experiments with CoHg.

1.5 Conclusions

Our measurements indicate that collisional removal of Rb(62P) by Ho, CH4 and
C9Hg predominantly occurs due to energy transfer processes with branching fractions
YL = 0.79+0.05, yg;l% = 0.92+0.05, and Yg@ﬁ4 = 0.98 £ 0.05, respectively. About
every fifth collision with Ho, and every tenth with CoHg leads to a chemical reaction.
Given that the total rate constant for the removal of Rb(62P) by CoHg is close to

the gas-kinetic limit [7], this indicates that energy pooling followed by the reaction
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could be a significant part of the observed performance degradation in static gas
Rb/ethane DPAL systems. The measurements for Rb(62P) + CHy do not provide
conclusive evidence for a reactive loss channel. The slight loss of Rb observed is
at the margins of the experimental error. This result suggests that methane may
be a somewhat more stable energy transfer agent for Rb DPAL systems. In this
context it is noteworthy that Bogachev et al. [8] reported a cesium vapor laser with
closed-cycle circulation of the laser-active medium. The power of the laser radiation
amounted to ~ 1 kW with a ’light-to-light’ conversion efficiency of ~ 48%. Methane
was used as the energy transfer agent in this device. In future studies it will be of
interest to measure the reactive branching ratio for Rb(x) +M with greater accuracy
and to explore the excited and ground potential energy surfaces and their conical
intersections to determine the dynamically accessible reaction channels.

Laser induced chemical reactions of alkali metals with hydrogen molecules can be
used for isotope separation with a ’photon-to-hydride’ conversion efficiency of ~ 20%.
The laser pump-probe method used here represents a promising approach to measure
branching fractions YIC—IhQ for reactions of a variety of isotopes in 2 distinct electronically

excited states.
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Figure 1.3: Typical LIF signals for the Rb(52P — 528) transition for two Hy pressures
(0.08 Torr - blue, 0.756 Torr - red) at T = 120°C and a fixed Rb atom number density.



19

S, a.u.
/

0.5 St -

5.0x10"° 1.0x10" 1.5x10"° 2.0x10"
H, number density, cm™

Figure 1.4: Areas under LIF curves (Equation (1.13)) versus Ho number density. The
symbols show experimental data. The solid red curve is the best fit of Equation (1.13)
to the experimental data. The dashed and dash-dot curves are the predictions of

Equation (1.13) for Yfle =1, Yﬁezl = 0 respectively.
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Figure 1.5: Areas under curves (Equation (1.13)) versus CoHg number density. Sym-
bols show experimental data. The solid red curve is the best fit of Equation (1.13)
to the experimental data. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Figure 1.6: Areas under curves (Equation (1.13)) versus CHy number density. Sym-
bols show experimental data. The solid red curve is the best fit of Equation (1.13)
to the experimental data. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Figure 1.7: The signal ratio I/Ij as a function of the Ho number density. The curve is
the best fit of Equation (1.17) to the experimental data (symbols). The dashed and
dotted curves are the solutions of Equation (1.17) for YIC{hQ =1 and YIC{}LQ =0

, respectively.
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Figure 1.8: The signal ratio I/Ij as a function of the CoHg number density. The curve
is the best fit of Equation (1.17) to the experimental data (symbols).
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Figure 1.9: The signal ratio I/Ij as a function of the CHy number density. The curve
is the best fit of Equation (1.17) to the experimental data (symbols).
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Figure 1.10: Potential energy diagrams of various channels for the reactions of
atomic rubidium with Ho, CH4, and CoHg calculated at the CCSD(T)/Def2-
QZVPPD//B3LYP /Def2-TZVP level of theory. The numbers show relative energies
of products, transition and intermediate states in kcal/mol with respect to reactants.
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Chapter 2

Rb Removal By

hydrocarbons

2.1 Removal of Rubidium

2.1.1 Summary

The saturated hydrocarbons methane and ethane are often used as collisional energy
transfer agents in diode-pumped alkali vapor lasers (DPALs). Problems are encoun-
tered because the hydrocarbons eventually react with the optically pumped alkali
atoms, resulting in the contamination of the gas lasing medium and damage of the
gas cell windows. The reactions require excitation of the more highly excited states
of the alkali atoms, which can be generated in DPAL systems by energy pooling pro-
cesses. Knowledge of the production and loss rates for the higher excited states is
needed for a quantitative understanding of the photochemistry. In the present study,
we have used experimental and theoretical techniques to characterize the removal of

Rb(62P) by hydrogen, methane, and ethane.
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2.1.2 Background

Diode pumped alkali vapor lasers (DPALs) have been actively developed over the
past 12 years [14, 15, 32]. These systems are driven by the optical excitation of the
n2P3/2 — n231/2 transition (D2 line) and laser on the n2P1/2 — n281/2 transition
(D1 line). The principal quantum number, n, is 3, 4, 5, and 6 for Na, K, Rb, and
Cs, respectively. Rapid energy transfer between the n2P3 /2 and n2P1 /2 levels is
essential for efficient operation of these lasers. It has been shown that the saturated
hydrocarbon molecules CH4 and CoHg are excellent energy transfer agents that do not
cause significant 2P — n2S quenching [6, 15]. However, there are chemical problems
associated with the use of hydrocarbons. In static gas fill systems they slowly react
with the optically pumped alkali atoms. The products include alkali hydrides and
carbon. Both generate particles that cause light scattering and window contamination
[17]. As the C-H bond energies of CH4 and CoHg are high, reactions with n?S and
n?P alkali atoms are markedly endothermic. Exothermic reactions are possible for
alkali atoms that have been promoted to higher energy states. For example, Rb in
the 62P, 628, or 42D states can react exothermically with Hoy [1, 33], which has a
greater bond energy than that of either H - CH3 or H — CoHy. The higher excited
levels are populated in DPAL systems via energy pooling processes [17, 34-37]. For

Rb, which is the focus of this study, the pooling processes are of the form
Rb(5°P) + Rb(5°P) — Rb* + Rb(52S) (2.1)

where Rb is 62P, 62S, or 42D. All of these states have sufficient energy for the
reactions Rb* + HR — RbH + R (R = CH3 or CoHj) to be exothermic. Hence,
energy pooling followed by a chemical reaction could be a significant degradation
process for hydrocarbon-containing DPAL systems.

We are currently investigating the Rb-hydrocarbon photochemical decomposition
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processes using pulsed laser excitation techniques. Figure 2.1 shows the relevant
excitation and relaxation pathways. The first step in this effort is to determine the
rate constants for collisional removal of population from the higher excited states.
For Rb, the population transfer out of the 62P state induced by collisions with Ho,
HD, Ds, No, CHy, and CD4 was examined previously by Siara and Krause [11].
Their rate constants were deduced from measurements of fluorescence intensity verses
collision partner pressure. In the present study, we employ time-resolved fluorescence
decay rate measurements as the means to determine the rate constants. The collision
partners Ho and CHy4 were examined to check for consistency with the earlier study,
while the kinetics for CoHg were characterized for the first time, to the best of our
knowledge. Electronic structure calculations for Rb* + Hy and Rb* + CHy4 have been

carried out to determine the nature of the dominant physical deactivation channels.

5D

7S — 312,52

il 12 62P

1/2,3/2

246°S

3/2,5/2
1/2

E/10*, cm™

04d5’S

12

Figure 2.1: Partial energy level diagram for Rb. Transitions of importance for this
study are indicated by solid lines (radiative) and broken lines (collisional). The up-
ward arrow indicates the initial pulsed laser excitation.
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2.1.3 Experimental

A schematic view of the apparatus used for studies of Rb(62P) removal in the presence
of Hg, CHy, and CoHg is shown in Figure 2.2. The fluorescence cell was constructed
from a six-way cross for the flow of gases, the passage of the excitation laser beam,
and observation of laser induced fluorescence (LIF).

The Rb 62P3/2 — 5281/2 transition was excited by 10 ns light pulses (A =
420.29 nm) generated by an excimer pumped dye laser (Lambda Physik Compex
Pro 201/FL3002 combination). The laser intensity was sufficient for saturation of
the transition. On the fluorescence cell, the laser entrance and exit windows were
mounted on baffle arms (35 cm long) to reduce interference from scattered laser light.
Resonance radiation was viewed along a direction that was perpendicular to the laser
beam. The light was collected by a 5 cm focal length lens, and focused on the en-
trance slit of a 0.125 m monochromator (Oriel Corp. Model 1402). The dispersed
fluorescence was then detected by an RCA 1P28 photomultiplier tube (PMT). The
PMT output was signal averaged using a digital oscilloscope (Le Croy Scope Station
140). The time resolution of the detection system was about 10 ns.

Rubidium vapor was entrained by flowing Ho, CHy, or CoHg carrier gas over a
heated sample holder that contained approximately 0.1 g of Rb at the start of each
series of measurements. The temperature of the sample holder was measured using
a K-type thermocouple. Needle valves were used to control the gas flow rates. The
sample gases Ho (99.99% purity), CHy (99.99%), CoHg (99.99%), and the Rb metal
(99.99%, Aldrich) were used without further purification. The fluorescence cell was
evacuated by a rotary pump (Welch Duo-seal Model 1402), and the pumping rate
was adjusted using a ball valve. Pressure in the fluorescence cell was measured using
a capacitance manometer (MKS Baratron model 122 A, 0-10 Torr).

To avoid complications due to radiation trapping [38], the experiments were con-

ducted using low Rb number densities. Measurements of the fluorescence decay made
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Figure 2.2: Apparatus used to study the removal rate of Rb(62P) by Ho, CHy4, and
CoHg. PMT, photomultiplier tube, MCH; monochromator.
under low-pressure conditions were used to ensure that the observed decay rate was
not significantly lower than the previously reported radiative decay rates (indicative
of trapping). As the low Rb concentration limited the intensity of the fluorescence
signal, relatively wide monochromator slit settings were used to obtain good signal-
to-noise ratios. The disadvantage of this approach was that the 62P3 /2 = 5281 /2 and
62P1 /2= 5283 /2 emissions could not be resolved. However, this limitation proved to
be unimportant for the collision partners and pressure ranges investigated. Evidence
that a rapid 62P1 /2 62P3 /2 transfer was occurring was provided by the observa-
tion of the same decay rates (within experimental error) for initial excitation of the
62P1 /2 OF 62P3 /2 levels. As the excitation of the latter is favored by the upper state
degeneracy, this was used for the majority of the measurements.

Figure 2.3 shows typical Rb(62P) fluorescence decay curves recorded at T = 380 K
for three Hy pressures. The fast removal of Rb(62P) within the first 10 ns was caused

by a stimulated emission due to a population inversion of the Rb(GQPl/Q) — 6281/2
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transition. This part of the signal was excluded in fitting the curves to obtain the first
order decay rates. The exponential component of each decay curve was analyzed using
the nonlinear fitting capabilities of the program Origin (OriginLab, Northampton,

Massachusetts).
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0.0 0.1 0.2 0.3 0.4
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Figure 2.3: Typical Rb(62P) fluorescence decay curves at T'= 380 K and Hg pressures
0.1 Torr (black curve), 0.35 Torr (red curve), and 0.76 Torr (blue curve)

Figure 2.4 shows a Stern-Volmer plot for the removal of Rb(62P) by Hy at a
temperature of T = 380 K. The slope defined a rate constant for removal of Rb(62P)
by Hp of kg, = 7.04+0.2 x 10710 cm3 571, The specified error is the 1o value for the
data set. Uncertainty in the measurements of the gas temperature introduces a 5%
error in the number density of the collision partner. Extrapolation of the fitted line
to a zero Ho number density gave a radiative decay rate for Rb(62P) of 7.9 x 100 ¢71,
which is close to the recommended value [19].

The dependence of the Rb(6°P) removal rate on the CHy and CoHg number
densities is shown in Figure 2.5. Linear fits to the data yield rate constants of kg, =

(6.24+0.2) x 10 19 em3 s 1 and ke, = (8.1£0.3) x 10 PV em3s L.
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Table 2.1: Cross Sections for Deactivation of Rb(62P) and Cs(7°P)
Collision Partner Rb(6?P)* 6/> Rb(6%P)P /2

H, 34+ 2 36 £ 9 60°
CH, 84 + 2 120441 30+ 24
CoHg 140 + 10 - 80 + 24

aThis work. Error Includes the effects of temperature
PReference [11]

“Reference [39]

dReference [38]. These are the values for 72Py /2

2.1.4 Discussion

The total Rb(62P) removal rate constants for Ho, CHy, and CoHg are close to the gas
kinetic values (i.e., transfer or reaction on every collision). In Table 2.1, we compare
the collision cross sections derived from the present measurements with those reported
by Siara and Krause [11]. To extend the comparison we include the corresponding
results for the collisional removal of Cs(72P) [38, 39]. Our cross sections for Rb(6%P)
with H2 and CH4 are in good agreement with the results of Siara and Krause [11].
It is also apparent that the cross sections for Cs(?QP) are of comparable magnitude.

For Rb(6°P) our measurements indicate that the loss is primarily due to colli-
sional energy transfer. This conclusion is based on the fact that we readily observed
emission from Rb(5%P) following excitation of the 62P state. There were both ra-
diative and collisional processes involved in this population transfer. Time-resolved
fluorescence from Rb(52P) exhibited a strong collisional transfer contribution for all
three collision partners. It is established that Rb(6%P) + Hy has a reactive removal
path, but our measurements show that this is a minor channel compared to a physical
energy transfer. Note also that the robust signals from Rb(52P) suggests that the
collisional processes favored transfer events that had the smallest energy gaps. This
could be confirmed by observing emissions from the 628 and/or 42D states, but the
wavelengths of these emissions were outside of the range detected by the photomul-

tiplier used in this study.
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Figure 2.4: Stern-Volnmer plot for the removal of Rb(6°P) by Hy at T = 380 K. The
line is a linear fit to the experimental data (symbols)
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Figure 2.5: Rb(62P) decay rates as a function of the CH, (M, red) and CoHg (@, blue)
number density for 7" = 350 K. The lines are least-squares fits of the experimental
data.
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To probe the reasons for the large energy transfer cross sections, we have charac-
terized the Rb+ Hg and Rb+ CHy interactions using electronic structure calculations.
The multi-reference configuration interaction (MRCI) method [40], as implemented
in the Molpro 2012 suite of programs [41], was applied. Calculations were carried out
using the Cs point group and the properties of the first nine states of A’ symmetry
were predicted. This set encompassed all of the relevant states arising from the Rb
5s; dp; 4d; 6s, and 6p orbitals. The electrons in the 4s and 4p orbitals were corre-
lated, but the orbitals were constrained to be fully occupied. Hence, for both Hy—Rb
and CH4 — Rb the active space consisted of one electron in fourteen orbitals. The
internal coordinates of Hy and CHy were held fixed at their equilibrium values. The
basis sets were the ECP28MDF relativistic core potential plus valence orbitals for
Rb, combined with the Roos ANO basis sets for H and C. Single point energies were
calculated for a range of Rb—Hg and Rb—CHy distances. For Rb—Hs we considered
both linear and T- shaped approach geometries. For RbCHy we used the approach
along a H— CHg bond axis (end-on) and the approach to the center of a tetrahedral
face (both Cg, symmetry).

Figure 2.6 presents the relevant potential energy curves for T-shaped Rb—Hsg. The
abscissa for this plot (R) is the distance from Rb to the mid-point of the Ho bond.
The unsigned projection of the electronic angular momentum along R (|Lg|) was
found to be a good quantum number. Figure 2.6 shows an avoided crossing between
the 6p and 6s; (|Lg|) = 0 potential energy curves at R = 4.15 A. It is likely that this
is an important channel for the removal of Rb(6?P) by Hsy in which the relaxation
proceeds via an electronic to translational (E—T) energy transfer process.

Potential energy curves for the end-on Rb + CH,4 approach are shown in Figure
2.7. In this case the abscissa is the Rb — C distance. Similar results (but shifted
to a smaller R) were obtained for the face-on approach. For this pair there is no

evidence to support a curve crossing mechanism for the Rb(62P) energy transfer.
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Hence, it seems likely that the relaxation proceeds via an electronic to ro-vibrational
(E ~ V,R) energy transfer process. The Rb energy gaps from 6°Pj to 62S; /2 are
3582.6 and 3660.1 cm !, for J = 1/2 and 3/2. This energy can be transferred to
the triply degenerate C — H stretching mode (3156.8 cm 1) or the symmetric stretch
(3025.5 cm ). As the energy released by the 6Py — 42Dy transfer will be slightly
greater, the same accepting modes will be accessible. Siara and Krause [11] previously
suggested an E -V, R transfer mechanism when they found a smaller transfer cross
section for collisions with CDy4. Given the large number of vibrational modes for
CoHg, it seems reasonable that Rb(62P) removal by this collision partner will also be

dominated by (E—-V,R) transfer.
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Figure 2.6: Potential energy curves for the side-on (Cay) approach of Rb to Hy. The
term symbols on the right hand side indicate the asymptotic atomic state of Rb.
The circles, squares, and triangles correspond to states with (|[Lr|) = 0, 1, and 2.
An avoided crossing between the (|[Lg|) = 0 components of 62S and 6P states is
apparent at 4.15 A

In this context, it is also of interest to note that the large vibrational spacing of Ho
(4161 cm™ 1) renders the Rb62P — 628, 42D E -~V transfer energetically unfavorable.
Transfer would therefore be expected to proceed via the curve crossing. Siara and

Krause’ s [11] data for Hg, HD, and Do, which yields cross sections with nearly
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Figure 2.7: Potential energy curves for the end-on (Csy) approach of Rb to CH4. The
term symbols on the right hand side indicate the asymptotic atomic state of Rb. The
circles, squares, and triangles correspond to states with (|[Lg|) = 0, 1, and 2.

overlapping error ranges, supports this view. Their cross sections for D9, the isotopic
variant for which the E -V transfer is clearly exothermic, are the smallest for this
group.

Lastly, the rapid deactivation of Rb(62P) by CHy and CoHg has implications
for ionization processes in hydrocarbon-containing DPAL systems. Knize et al. [37]
discussed photoionization processes that involved alkali atoms in states that were
populated by energy pooling or two-photon excitation. In their kinetic model, these
highly excited atoms were subsequently photoionized by either the pump laser or the
D1 laser light. Collisional deactivation of the higher energy states was not considered,
but it is evident that such processes are rapid for hydrocarbons, and will markedly

reduce the photoionization rate.
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Chapter 3

Energy Pooling in Cs

3.1 Background and Motivation

The previous chapters on Rb mention energy pooling processes as being one of the
potential causes for the deleterious effects noted in DPAL operation with hydrocarbon
buffer gasses. The experiments in Chapter 2 were attempted with cesium many times
to find either evidence of Cs(7?P) loss or CsH production while under the presence
of hydrocarbons, with the conclusion being reached that no CsH production was
occurring. It is notable to mention that in the Rb paper, there was no reporting
of confirmation of the null hypothesis that while using a noble gas, no Rb(62P) loss
should be observed. Using similar parameters in that experiment, but instead probing
the Cs(72P3/2) — Cs(6281/2) emission with He as a buffer gas, significant loss was
found in both a flow and static cell while introducing only alkali vapor and noble
gasses. This introduced the obvious idea that while the series of experiments did in
fact measure loss of Rb(62P) population, this need not be attributed to any chemical
reaction, and could be attributed to some combination of energy pooling, Penning
ionization, and resonantly-enhanced multi-photon ionization. This chapter essentially

involves numerous descriptions and arguments as to why the loss in the DPALs is
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exacerbated by extremely long-lived excited-state and ionized alkali population. In
cases where large quantities of hydrocarbon gas are added for spin orbit exchange,
the quenching of these higher states by the hydrocarbon increases the temperature
of the cell rapidly, and these high temperatures are what cause the catastrophic
failure of DPALs. This theory sufficiently describes the reasons for our and others’
inability to detect any alkali hydride products; the probability of a an excited cesium
atom colliding with a hydrocarbon and resulting in a chemical reaction is extremely
small, but if the excited state atoms are in a continuously high powered, excited
environment, as they are in an operating DPAL, that low probability is extended
over a large number of collisions so that the total number of collision events causes
catastrophic laser failure in an extremely short amount of time. Pan et al investigated
some of the potential influences of operating parameters on these deleterious processes

in side pumped cesium vapor DPALs with flowing gain media [42].

3.1.1 Processes leading to higher excited states and ions of

alkali vapor

The possible processes for excitation to higher states of alkali vapors include energy
pooling, Penning ionization, Hornbeck-Molnar ionization, and multi-photon ioniza-
tion. Energy pooling is a phenomenon that involves two excited atoms or molecules

colliding and exchanging their electronic energy in the following scheme:
M* + M* - M*™ + M (3.1)

Where Eppe+ > Ey+ > Epp. It is notable that a number of other potential outcomes
for this collision exist, including no electronic energy exchange, and in the case of two
highly excited atoms, both atoms could end up in completely different excited states.

Rate coefficients have been measured for the processes Cs(62P3/2) + Cs(62P3/2) —
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Cs(nly)+Cs(65; /5) and Cs(62P1/2)+CS(62P3/2) — Cs(nly)+Cs(6S; /9). For both of
these processes, the summed total rate coefficients for all observed Cs(nly/) products,
including Cs(7Py j9), (TP3/9), (6D3/9), (6D5/2), (4F7/9), (4F5/9), and (8Sy9) were
found to be kpqo1 & 4 X 100 em? s (6 ~ 1 x 107 cm?) for Cs(6P3/9) and kpoop ~
9% 100 em3s! (6~ 3x 1014 cm?) for Cs(6P1 ), with temperatures ranging from
337-365 K [43]. The majority of the contributions to the total reported cross sections
involved pooling to the (6D) levels, which are approximately double the energy of the
(6P) states.

As pooling collisions occur en masse throughout the cell, ions are inevitably pro-
duced when higher electronic states of alkali vapor collide with each other. This is

called Penning ionization, and is defined by the following process:

Cs* 4 Cs* — Cst 4 Cs (3.2)

The ions produced are singly charged because of the high energy required to
produce doubly-ionized alkali ions. Huennekens et. al. estimate the process to have
a rate on the order of 10? cm3 s ! [44] for alkali metals. After creating these ions
though pooling processes, the pathway back to ground state has a specific favored
mechanism. Although a sophomore chemist might expect the most obvious radiative
recombination process

Cst 4+e — Cs+hy (3.3)

to be dominant because of the coulombic attraction between the oppositely charged

3571 for potassium

species, this has been measured to be slow with kg < 10713 cm
[45], so it is likely this component can be ignored in the case of cesium. The electron
binding energy must be accounted for. Recombination rates are greatly enhanced if

some third body collides concurrently with the charged species and electron in order
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to absorb the electron-ion binding energy:
Cst+e +M— Cs*+ M (3.4)

Where M is some third body and ’«’ is some state |*) of cesium. For a number density
of M = He = 1.58 x 1019 em™3, 760 Torr, at T = 460 K, the effective bi-molecular
rate coefficient for this process is k%/}g =59x100cm?s! [46]. This proposed
mechanism still does not completely describe the observed pathway, since observations
by Arimondo et all [47], and our own observations, show no dependence on ion lifetime
with regards to initial ion concentration. The following conversion process accounts
for these observations and is the primary mechanism which is thought to control the

kinetics of neutral cesium recovery:

CsT +Cs+M — CS§r +M (3.5)

Csy +e — Cs+ Cs* (3.6)

Where Cs* is a Rydberg state of cesium. Experimental data has shown that the
rate of the first equation is very fast. In argon, ky = 2.4 x 10 23 cm%s 1 [48]. The
constant for the dissociative recombination step (Equation 3.6) has been calculated
to be kpp = 5.26 x 1077 cm3s ! for T < 1650 K, which is much larger than kg,
so that the rate controlling step is the dimer ion formation [49]. The dominant
final states of the dissociated atoms are thought to be Rydberg states, which are
states that are extremely close to the ionization limit. Radiative lifetimes of ultra-
cold magneto-optically trapped Cs have been investigated, and it was found that
natural lifetimes for Cs(nl) from n = 30 — 60 ranged from 15— 40 us [50]. Given
our observations suggesting rapid quenching of higher excited states of cesium, these

Rydberg states would be predominantly non-radiatvely relaxed by hydrocarbons in
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DPALSs, increasing the heat load.

Wallerstein, Perram, and Rice used a collection of previously reported parameters
for all of the previously described processes to create a model for the population
of higher lying states in a potassium and rubidium pumped DPAL [46, 51]. Using
the models described in those publications, the authors claimed upper bound of 10%
potassium loss by transfer to upper states for all reasonable laser conditions. For
rubidium the results were less clear. Lineshape data for higher excited one and
two-photon transitions are necessary to refine and validate the model. Nevertheless,
potential loss was found to be insignificant, and the authors recommend a flowing gain
media to remedy the population loss issues. Use of flowing gain media should remove
excited cesium from the path of the pump diodes, replacing it with ground state
alkali metal and allowing for some cooling to take place. The authors maintain that
at low alkali density, photo-excitation processes dominate, while at higher number
densities (> 1016 cmf?’), collisional processes begin to dominate, so tuning the alkali
vapor density and pump intensity may yield more optimal parameters that avoid
catastrophic failure.

Hornbeck-Molnar ionization is described by the following process [52]:

A¥™ +B = AB' +e¢ + AEmn (3.7)

Where A™* is a Rydberg atom, B is a ground state atom, and AEgy is the
energy defect or excess of the reaction. The current models discount this process as
being important for DPAL systems, so this process is excluded. [46, 51].

The effects of energy pooling and ionization have been noted in sodium [53] potas-
sium [54], and rubidium [55]. This process has also previously been investigated ex-
tensively in cesium [56-58]. The cross section of the energy pooling processes which
lead to ionization are many orders of magnitude larger than the cross sections for

multi-photon ionization in nearly all cases. For example, in [55], the authors report
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a cross section o = 3 £ 1.5 x 10 ¢m? for the process Rb(52P3/2) + Rb(52P3/2) —
Rb(5D) + Rb(5S) .

3.1.2 Hydrocarbon breakdown mechanisms

Chapter 1 describes theoretical predictions that if a reactive channel exists during an
excited Rb + CHy4 or Co9Hg collision exists, that the most likely product is RbH.The
predictions suggest that while Rb 52S, 52P, 62S and 42D have an endothermic path-
way to RbH when colliding with methane or ethane, the states above these have an
exothermic path. Beyond direct collisions between electronically excited alkali va-
por, alternative pathways for hydrocarbon breakdown exist. Electron collisions with

methane have the potential to create the following hydrocarbon breakdown reaction:

CHy+e — CHJ +H (3.8)

Vibrational excitation of the methane by the impacting electron is also possible.
Cross sections for processes involving electron methane collisions are compiled and
compared in Reference [59]. The hydrocarbons could be impacted by many electrons,
progressively exciting vibrational modes of the gasses and eventually breaking the C—
H bonds. Cambier and Madden argue that the conditions in an operating DPAL lead
to a non-Maxwell-Boltzmann distribution for free electrons [60]. The free electrons’
velocity distributions would then favor electron impact ionization for cesium neutrals,
and this has an overall effect of increasing the heat load in the DPAL, as well as
creating a new channel for hydrocarbon breakdown through electron impact excitation
and eventual breakage of the C—H bonds. Such a process would explain our lack of
direct evidence of RbH and CsH formation in the presence of ethane and methane,
since this process would require continuous, high powered pumping of alkali vapor

to generate a sufficient density of hot electrons. If this process were found to be
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occurring at significant levels, soot and CsH formation would be obvious byproducts

of the process.

3.1.3 Optical Trapping

After moving from a flow cell to a static cell due to inability to reliably control various
parameters of the flow cell, a phenomenon called optical trapping became relevant due
to the potential for increased number density of cesium. Optical trapping becomes
obvious in alkali metals at moderate number densities (~ 1017 ¢cm™). In conditions
favorable to optical trapping, radiated photons emitted from excited cesium are re-
absorbed by other cesium atoms in the mixture. This has the effect of lengthening
observed emissions, and at its most basic level can be though of as being extended by
a multiple n of the natural lifetime t of the molecule, where n is the number of times
a single photon produced by a source is absorbed by a trapping substance. Given
this rudimentary explanation, it seems that trapping could be easily dealt with with
some simple calibration and extrapolation based on temperature. Unfortunately, the
practical outcome is that there are a huge number of variables that effect the exact
trapping mechanisms including: velocity distributions of offending particles, their
spectral emission profiles which depend highly on experimental conditions, and even
the geometry of the apparatus and the detector’s orientation with regards to that
unique geometry. In most kinetic experiments involving atomic vapors, the current
strategy to dealing with optical trapping is to avoid it entirely by limiting atomic
number density [61].

Optical trapping is important to the overall picture of DPALSs because it increases
the total energy of the system. When the total energy of the system increases, the
lasing cell becomes hotter and the atoms become more excited, causing them to move
faster, collide more frequently, and eventually produce the plethora of excited states

of cesium that are extremely undesirable in a laser, since the DPAL systems optically
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perform with all alkali population in the nP and nS states, where n is the principal
quantum number of the single valence electron of any alkali metal in its lowest energy

configuration.

3.2 Experimental details

3.2.1 Experimental Configuration

The flow cell design is described in Chapters 1 and 2. An overview of the experimental
configuration used for the static cell is shown in Figure 3.1. A quartz cell containing a
cold finger was filled with 1 gram of cesium in a glovebox. After evacuation overnight
to a pressure no more than 104 Torr, the cell was charged with variable amounts of
gasses including He (99.999%, Nexair), Ar (99.999%, Nexair), Kr (99.997%, Spectra
Gasses), CHy (99.997%, Praxis) , and CoHg (99%, Matheson). The pressures of added
gasses were measured with capacitance manometers at room temperature (0—10 Torr,
0 — 100 Torr, MKS Inc.). The charged cell was sealed and taken to an aluminum
heating block. The block was heated and maintained at some temperature with a
PID controller (Omega, CN7833), and the cold finger, or melt pool was held at a
lower temperature, and the temperature defined the alkali vapor number density.
An Nd:YAG (Quanta-Ray, DCR-2A) pumped dye laser (Quanta-Ray, PDIL-2) was
used for pumping the Cs(6281/2) — Cs(72P3/2) transition at A = 455.5 nm. A
XeCl (A = 308 nm) excimer (Lambda-Physik, COMPex Pro 201) pumped dye laser
(Lambda-Physik FL3002) produced laser light for product probing. A digital delay
generator(Quantum Composers, 9614+) controlled the timing of those lasers’ firing,
and triggered the oscilloscope as well (Tektronix, 2024). A fast Si photodiode placed
close to the vapor cell was used to determine the relative arrival time of the two lasers

(Thorlabs, DET10A).
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Figure 3.1: Overview of LIF experiments using the Cs Vapor Cell. DG = delay
generator, Scope = oscilloscope, PC = personal computer, PMT = photomultiplier
tube, MCH = monochromator, PD = photodiode, C = vapor cell, DL = dye laser,
TC = temperature controller, L, = lens. The red line is a K-type thewrmocouple.

3.2.2 LIF of CsH

The LIF spectrum of CsH in the presence of Hy is shown in Figure 3.3. The (12,0)
band of the A'ST < XIXT transition was selected for its high transition strength
and ease of both excitation wavelength production and emission detection. Using
PGOPHER [62], fits to the spectrum yielded rotational constants B” = 2.676 cm™!
and B/ = 1.146 cm_l, which is consistent with previously reported values [63]. It is
notable that while this spectrum was taken with a cell temperature of 393 K, the
simulated spectrum showed a rotational temperature Tyot = 300 K, which is only
slightly above room temperature. The attempted LIF spectra were particularly trou-
blesome upon introduction of hydrocarbons CHy4 and CoHg, since it at first appeared
that these hydrocarbons were producing CsH in the presence of Cs(?zP). The CsH
LIF signal degraded over the course of about an hour, and it became apparent that
some trace gas, likely either water vapor, gas impurities, or Hy contaminant from

previous runs, was responsible for CsH production.
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If only trace amounts of CsH are being produced by collisions between hydrocar-
bons and Cs(?QP), the amounts are not detectable by the capabilities of the setup
used for these experiments. Notably, a long pass filter was used for emission detec-
tion with no monochromator, so there were no simple ways to improve sensitivity
with the available equipment. One finding that should be mentioned is that collisions
between cyclopentadiene and Cs(?QP) certainly do produce CsH. Pearl Jean is owed
acknowledgement for helping synthesize the compound on-demand, and the Blakey
lab, a synthetic organic chemistry group at Emory University, for allowing her to use

their equipment for synthesis.
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Figure 3.2: Laser Induced Fluorescence spectrum of the (12,0) band of the A+ —
X1yt transition in the presence of Hy, with the Cs vapor being pumped to its 72P
state shortly beforehand. While similar spectra were found in the presence of CH4 and
C9Hg, the spectra were not able to be attributed to the addition of those gasses. The
top trace is experimental data (black), and the bottom trace is a simulated spectrum
(red) using PGOPHER, with Ty, = 300 K, B” = 2.676 cm !, and B/ = 1.146 cm 1.
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3.2.3 Cesium number density determination

The number density of alkali metal is determined by the vapor pressure of the surface
of the melt pool of alkali metal. The following formulas were used to determine vapor
pressure of the cesium vapor cell in Torr at a given temperature for solid and liquid

phases respectively, where T} = 301.7 K [64]:

]oguﬂPV)::2881+—4711§2§g (3.9)
3830
log1o(Py) = 2.881 +4.165 -~ (3.10)

The physicists’ ideal gas law then determines the number density of cesium in the

cell:

n P+

V kT

(3.11)

Where T is the temperature of the region of interest, in this case, the higher

temperature zone of the cell.

3.2.4 DLIF of Excited Cesium

The first evidence that ionization was occurring in the cesium sample is shown in
Figure 3.3. While pumping the Cs(62S; /2) — (7%P,4 /2) transitions at increasingly
high temperatures, routine DLIF spectra revealed transitions that were not possible
without some type of energy pooling or ionization process, since emissions appeared
from states above the pumped level. Figure 3.3 shows a typical remission profile in
the visible range of a subset of the emissions that were detected, with T = 423 K and
[Cs] = 2.2 x 1014 cm 3. An analogous result was also observed by former graduate

student Daniel Semiaticki with rubidium vapor [65]. At the time, photo-ionization
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was assumed to be the dominant process due to the presumed limited number density
of Rb generated by the flow cell. The redesigned system for the present data allows

for constant control of the number density of cesium.
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Figure 3.3: DLIF of Cs emissions when pumping the 72P3/2 — 62P1/2 transition at
a temperature of 423 K.

3.2.5 Pump-pump-probe cesium depletion experiment

The design of the experiment in Chapter 1 was replicated in the controlled conditions
of the static cell setup, with numerous improvements to the experimental design
including automation of the experiment so that thousands of traces could be recorded

for a given condition.

3.2.6 Ion Collection Experiment

To prove that ions were being generated under our experimental conditions, the flow
cell was fitted with a set of parallel plates with a potential difference supplied by
a DC voltage unit. A schematic is shown in Figure 3.4. The plates were switched
on with a high voltage switching unit (DEI, PVX-4140) modulating a high voltage

power supply (Stanford Research Systems, PS350 5000V /25W) at some time after the
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exciting optical pulse was delivered, with the cut-on time of the pulse being delivered
by a DDG (Quantum Composers, 9614+). The DDG also controlled the timing
of optical the pump pulse. A LabVIEW program was developed to automatically
sweep through ion collection delay times and collect the traces associated with each
delay from the oscilloscope (Tektronix, TDS 2014) which was connected to the pulsed
plate in parallel with a 1k resistor to ground. The integrated voltage signals from
the oscilloscope for each charged-plate time delay after excitation with 1.6 Torr of
flowing background He buffer gas are shown in Figure 3.5, and an exponential fit
yielded a lifetime 1o+ = 91.982 + 5.06 us . Comparing this to Reference [47], where
a lifetime about 20 us with no background gas which represents an upper limit given

the proposed mechanism, the lifetime values found in this study were about a factor

of 5 larger.
DDGI—
, ——®
+HV (—Switch < 5 Lasers
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0 Scope

A

Figure 3.4: Schematic for ion detection as a function of current developed on parallel
plates. The resistance value used was 1k(2.
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Figure 3.5: Plot of integrated fits of measured current hypothesized to have been
produced by Cs™ at time intervals from 0—1000ps. The exponential decay fit yielded
a lifetime of T+ = 91.982 4 5.06 ys.

3.2.7 Pooling and recombination

The oscilloscope traces associated each of the peaks in Figure 3.3 yield a peculiar
intensity pattern that reinforces the importance pooling and ionization in metal va-
por cells. A view of the Cs 102P3/27 12 = 52D5/273/2 emissions when exciting
the 72P3 /2 6281 /2 transition in the presence of varying pressures of CHy with
Teen = 413 K. is shown in Figure 3.6. The first spike in voltage is attributed to
energy pooling processes that do not result in ionization, and the longer growth and
decay is attributed to ion recombination. Increasing the pressure of the colliding gas
in the cell appeared to decrease the total number of ions produced, while increasing
their rate of formation and decay. Another view of the same transitions are shown in
Figure 3.7, this time with no backing gas added, and a temperature variation from
393 K to 433 K in 5 K increments. The pooling and recombination effects are clearly

seen to increase in magnitude with [Cs]. Plotting lifetimes of the long tails of Fig-
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ure 3.7 against the inverse number density of cesium results in the graph shown in

Figure 3.8. A slope of 9.07 x 10 8cm? s was found, with R? = 0.95, confirming that

the dimer ion recombination pathway is the mechanism of neutral cesium recovery.
Here is a sample kinetics model attempting to quantify the pooling and recombi-

nation for cesium, including all of the steps considered to be dominating the kinetics:

fxkp "
Cs(7P) + Cs(7P) — Cs(6S) + Cs (3.12)
1-fk
Cs(7P) + Cs(7P) 225, cg68) 4 Cst 4o (3.13)
Cs(TP) 25 Cs(6S) + hv (3.14)
Cs™ + Cs Ko, Csar (3.15)
Csf +o DB,y Cs* + Cs(69) (3.16)
Cs* 220, Cs(6S) + hv (3.17)
fxk
Cs(7P) + Cs(7P) —25 Cs(6S) + Cs* (3.18)

Where is the fraction of the total pooling constant, kp, that leads to penning
ionization, and 1 - f is the fraction of kj that leads to energy pooling. The system of

ODE’s relating these rate coefficients is given by the following:
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% = D'zpnyy — kingny + kogng + kpgng + kpn%w (3.19)
% - fkpn%w ~kangny (3.20)
% = kprngne — kogng + (1 - f)kpnﬁv (3.21)
dr;tw = Trpmy, - 2fkpn, (3.23)
% = —kprngne + flpn, (3.24)

Where nj are the number densities for Cs(6S) (i = 0), Cs™ (i = 1), Cs* (i =
2), and Csy (i = 3). Cs* represents all excited cesium neutral states. Fits for the
data shown in Figures 3.6 and 3.7 were attempted. While parameter adjustments for
the constants yielded a simulated trace that agrees with the time evolution of the
experimental data, the solution space is vast, yielding many different combinations

of variable kinetic rates, and only experimental data for ng(t) was available.

3.3 Recommendations for future work

An ideal alkali vapor source for pooling and recombination effects would include the

following features:

e Dual heating zones for precise alkali vapor number density control and window

condensation control.
o A system for arbitrarily modifying number densities of buffer gas.

o Metal construction, allowing for a wide dynamic of pressures from mtorr to

~ 1000 Torr.
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Figure 3.6: Time-resolved fluorescence traces of Cs 102P3 /2,1/2 = 52D5 /2,3/2 emis-

sions when targeting the 72P3 9 6281 /2 transition in the presence of varying pres-
sures of CHy with T = 413 K. The initial spike is attributed to pooling processes
that do not result in ionization. The secondary growth is attributed to ion recombi-
nation.

o Electrical feedthroughs for charged-plate ion collection and analysis
o A variety of tunable CW and pulsed lasers.

e Notch filters centered at critical cesium transitions, with a monochromator for
less critical transition monitoring. Notch filters will enhance S/N and will allow
for lower number densities of cesium to be used, which mitigates optical trapping

problems.

« calibrated capacitance manometers to monitor pressures at all relevant ranges

in real-time.

o A variety of photosensors with ~ 1 ns time response, covering the range of

0.3-2um

o Fully computerized data collection systems to eliminate subjectivity in data
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Figure 3.7: Time-resolved traces of 102P3/2’ 1/2 = 52D5/2’3/2 emissions when tar-

geting the 6281 /2 = 72P3 /2 transition in the presence of varying pressures of CoHg
with Tee = 413 K. The initial spike is attributed to pooling processes that do not
result in ionization. The secondary growth is attributed to ion recombination.

recording and reporting.

e Good sensitivity, but minimal amplification. I found that amplifying stages
often influenced temporal characteristics of the signals produced by the photo-

SENSsors.

Many of these improvements were implemented, and are described in Chapter 4. A
static cell is recommended for analysis because of difficulties determining and stabi-
lizing alkali vapor number densities when using a flow cell.

The experiment needs to be broken down into digestible measurements that can
be more easily modeled. More data needs to be collected among highly excited states
to resolve the complex kinetic situation that is brought about by a combination of
trapping, pooling, and ionization processes. Data shown in this section provides

a starting point for a large number of projects. The updated apparatus described
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Figure 3.8: Lifetime fits of the tails of the slow decays from Figure 3.7 plotted against
the inverse number density of Cs.
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in Chapter 5 was not used for this experiment, and the apparatus used for this
experiment had several major pitfalls. The first was that the system clearly had
leaks in the filling station and cell; these have been fixed by installing Kalrez o-
rings in the cell, and by rebuild. Combining the filling station with the rest of the
experiment so that live modifications can be made during irradiation and heating
of the cell eliminates many issues and hastens data collection. Future work should
involve adding a laser that is capable of efficient Nd:YAG third harmonic or UV
excimer production so that the Cs(?QP) state can be accessed with a dye laser. While
the information provided in this chapter is qualitatively true, reported rates have
large experimental uncertainty due to various problems with the experimental design
and execution. Methodically cycling through various excited states of Cs and probing
for CsH production in the presence of various hydrocarbons in the new system might
reveal that some higher excited state of Cs is reacting with those hydrocarbons to
produce CsH.

Energy pooling results similar to those depicted in Figure 3.3 has recently been
observed and reported when pumping the Cs(62P3 /2) state [66]. In this experiment,
the laser pulse used had a duration of 100 us, which was short enough to avoid
catastrophic effects associated with thermal runaway, but long enough to produce
higher excited states of cesium through collisional processes. Experiments pumping
the Cs(62P3 /2) were attempted in our laboratory, but some combination of the pump
power and laser duration were not sufficient to observe pooling effects when pumping
that state.

Another direction for the experiment is to pump some excited state of cesium or
rubidium with a cw-laser while heating the cell to a high temperature. Recreating
the conditions where thermal breakdown occurs would allow for the opportunity to
identify and possibly quantify the reactions that occur. At high alkali vapor density,

constant irradiation of cesium vapor should rapidly increase the temperature of the
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vapor in the cell. Using the Andor iStar intensified charge-couple device (iCCD) in
our lab to capture the dynamics of the thermal breakdown could provide interesting
information. While high temperatures will reintroduce the optical trapping problems,
purposefully creating the conditions that lead to soot production provides a clear
starting point for future study. The highest temperature recorded in the cell was 470
K, so caution should be used when attempting to increase the temperature further.

High resolution capture of the excited state lineshapes is another direction for fur-
ther experimentation, as noted in [46]. This type of experiment would require high
resolution instrumentation such as a tunable continuous-wave laser. A Titanium-
doped sapphire laser (Ti:Sapph) or two might work for this purpose, but the Heaven
laboratory does not have the doubling crystal for this unit, so the D2 line Cs(6281 /2 =
CS(62P3/2) (A = 852.1 nm) would be a good place to start, given that these values
have already been reported [67]. Modifying pressures within the cell should modify
the lineshapes of the transitions, and this data would be very useful to kinetic theo-
reticians ability to create accurate pooling models. True et all have used this scheme
to find broadening parameters for the Cs(62Py /2) = Cs(8%8, /2) transitions in He,
Ar, and Kr [68], as well as the lineshapes from Rb(5%P) to Rb(4?D) and Rb(7%S)
[69]. If a frequency doubling unit were able to be acquired and made to work for a
Ti:Sapph, the Rb(62P) and Cs(72P) levels would be an excellent target for pressure
broadening analysis, and would only require a single laser. The experiment as it is
currently designed should require little modification for such an experiment, and the
Heaven lab has a chopper and lock-in amplifier, as well as photodiodes, to replicate
the recent literature’s experimental design.

The final recommendation for this experiment is to look at various 1-1.6 um tran-
sitions for the alkali metals. Chapter 4 describes one experiment, but there are nu-
merous other transitions that can be prepared through collisional transfer from some

other state. Quantifying transfer cross-sections by exploiting these longer wavelength
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emissions will fill in important gaps in knowledge that are necessary to disentangle
the complex energy transfer mechanisms that occur in atomic alkali vapor systems.
Overall, the original research from this section combined with evidence from other
sources offers a cohesive argument that it is the higher excited states of cesium that are
being generated though a variety of undesirable processes that are contributing to the
heat load and subsequent failure of DPAL systems at high pump powers. Finding an
alternative buffer gas that does not quench the highly excited states creates a problem
where the lasing efficiency will decrease by cesium population to those upper sates.
The best buffer gas would essentially have the same quenching properties as methane,
but with the additional quality of having superior stability in the presence of alkali
vapor neutrals and ions in a high temperature environment. If the light hydrocarbons
are chosen as the buffer gas, the solution to this problem involves finding a way to
offload the heat generated by quenching of the upper states. The current approach
to this is to utilize flowing gain media in the DPAL cavity to constantly refresh the

cesium and buffer gas [70].
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Chapter 4
Spin Orbit Mixing in Cs

4.1 Introduction

Diode Pumped Alkali Lasers (DPALs) are three-level lasers proposed in 2003 that use
stacks of diodes to pump an alkali metal vapor from the ground state to the D9 line,
which corresponds to the n2P3/2 — n281/2 transition, where n = 2, 3, 4, and 5 for Na,
K, Rb, and Cs respectively [71]. Collisional relaxation with a buffer gas allows spin
orbit-exchange n2P3 /2t M < n2P1 /2t M, and if this rate is sufficiently fast relative
to spontaneous emission to n281 /2, @ population inversion on the Dq line results in
lasing down to the ground state, n2Sl /2- Unfortunately, proper buffer gas selection for
the spin-orbit exchange step of the process is difficult for several reasons. A candidate
gas must satisfy three constraints: the gas needs to have a large cross-section o for
collisional exchange, it must be chemically nonreactive with the alkali metal, and
it must have a small ¢ for the quenching reaction n?P, /2,32 M — n’s, /2. For
example, while lasing has been demonstrated with Rb and Cs DPALs using CHy and
CoHg as buffer gases, a reactive channel, likely involving some excited state of alkali
metal, produces soot, destroying lasing media and dirtying the windows of the cell

[72, 73]. Notably, the reaction need not involve n?P, since Penning and multiphoton-
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ionization, as well as energy pooling processes, produce higher excited states of alkali
metal and singly-charged ions, as observed in Chapter 3. While evidence for the
reactions Rb(62P) + Hy — RbH + H and Cs(72P) + Hy — CsH + H, in the form of
RbH and CsH detection with pump-probe laser induced fluorescence (LIF) have been
observed [74-76], no direct evidence for alkali-hydride formation has been observed in
the presence of hydrocarbons, despite deliberate attempts and theoretical predictions
that this could occur [77].

There is a controversy around the role of higher excited states in operational
DPALs. Alkali metals are highly susceptible to energy pooling and penning ionization,
and these effects scale with alkali vapor density. Furthermore, the relaxation paths to
ground state for excited atoms and ions are complex. While the effects of this process
seem to be mitigated by introducing flowing gain media, the underlying mechanisms
which are thought to contribute to catastrophic failure of DPAL using hydrocarbons
as a buffer gas have many gaps in knowledge. Kinetic models have been developed
for potassium and rubidium DPALs that attempt to account for the effects of these
processes [46, 51|, but more data is required, especially for the higher excited states
of the heavier alkali metals. For example, while the design of the DPAL exploits the
D1 and D2 lines of cesium which have been shown to have extremely low quenching
cross sections with hydrocarbons methane and ethane, higher excited states of cesium
are strongly quenched by hydrocarbons. Accounting for this unexpected energy loss
and heating is critical to designing an optimal DPAL.

Beyond applications toward DPAL development, alternative schemes to this laser
have been demonstrated such as utilizing the two-photon transition 823, /2 625, ot
2hv in Cesium vapor [78]. The two-photon excitation produces a blue laser light from
the 72P3 /2,12 6281 /2 emissions. This two-photon pumping scheme allows for
a starting point in investigation of higher excited cesium states and their interac-

tions with gases. Beyond DPAL mechanism elucidation, studies of the kinetics of
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these higher-excited state alkali vapor lasers are useful for general laser development.
Given that there is only one naturally occurring isotope of cesium, Cs-133, alkali
vapor cells operating under lasing conditions can be used as frequency reference stan-
dards. Other similar schemes involving pumping two-photon transitions have been

demonstrated in a variety of alkali metals [79].

4.2 Experimental

An overview of the experimental apparatus is shown in Figure 4.1. Cesium ingot
(99.8% purity, Sigma-Aldirch) was placed in a 5 cm long cylindrical sample cell with
a reservoir at the bottom. The sample cell was then placed in an aluminum heat-
ing block. The cell contained two temperature zones, one being the aluminum cell
enclosure, and the other being a stirred oil bath containing the melt pool of cesium,
each controlled by one of two proportional-integral-derivative (PID) temperature con-
trollers (Omega, CN7833). The sample cell was connected to a gas line, which was
then evacuated with a tubromolecular pump (Pfeiffer-Balzers, TPH240) backed by a
rotary-vane pump (Edwards, E2M2) down to a pressure of at least 107 Torr, which
was measured with an Beyart-Alpert type ion gauge (Ideal). After closing the line
to evacuation, a separate input line allowed for an arbitrary amount of gas to be
added to the sample cell. A solid state relay (SSR) (Crydom, 240D25) allowed for
intermittent opening of the system to vacuum for automatic pressure adjustment.
Pressure readings used for the measurements were produced by a pair of capacitance
manometers at ambient temperature (0 — 10 Torr, 0 — 100 Torr, MKS Inc.), and a
combination driver/readout device produced a voltage associated with the measured
pressure. (MKS, PDR-C-2C)

The lower zone containing a melt pool of cesium of the sample block was heated to

343 K and the upper zone, where measurements were recorded, to 373 K, to prevent
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condensation on the windows. Additionally, the number density of cesium in the cell
is defined by the vapor pressure of the melt pool so that the number density of cesium
can be managed. A ~ 10 ns pulsed frequency-doubled (A = 532 nm) Nd:YAG (Big
Sky) drove a dye laser (PDL-1 Quanta-Ray) to produce a tunable light source. After
directing the beam through the sample cell, the wavelength of the dye laser was tuned
to A = 822.46 nm which corresponds to half of the energy of the Cs(62S) — Cs(8%S)
transition, which is an allowed two-photon transition. Effects of radiation trapping
were not observed at melt pool temperatures below 353 K.

An output window on the block perpendicular the optical axis allowed for ob-
servation of fluorescent emission from the cesium vapor. A condensing optic (f =
5 c¢m, Thorlabs) was placed between the viewing window and a 1/8 m monochro-
mator (77250B, Oriel). The grating used was ruled at 600 lines/mm with a blaze
wavelength of 1000 nm (77299, Oriel). The monochromator was retrofitted with a
stepper motor and driver (1067 0B, Phidgets), and the assembly as a bandpass filter
for the observations. The filtered light was directed onto a mid-IR photomultiplier
tube (H10220A-75 Hamamatsu), and its time-dependent intensity measured with a
digital oscilloscope (TDS 2014, Tektronix)

A program was written in LabVIEW 2020 to control, monitor, and record various
aspects of the experiment, including pressure, temperature in both regions of the cell,
monochromator position, and the oscilloscope readout. Analog measurements from
the capacitance manometer and digital signals to control the SSR were accomplished
with a data acquisition module (DAQ) (USB-6001, NI).

The measurement campaign consisted of time-resolved fluorescence intensity mea-
surements of the Cs(4%F7 9 5/9) — Cs(5?Dj 5) transitions (A = 1012.34, 1012.36 nm,
respectively). The spin orbit structure was not able to be resolved, so all transitions
measured involve both 42F levels. The colliding partners investigated in the present

study were He (99.999%, Nexair), Ar (99.999%, Nexair), Kr (99.997%, Spectra gases),
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CHy (99.997%, Praxis) , and CoHg (99%, Matheson). These transitions only appear
when a colliding partner interacts with Cs(82S) to produce Cs(42F), offering an op-

portunity to directly study the collisional mixing between the CS(SQS) and Cs(42F)

states.
B1 B2
bl
Laser
1 CsBlock| «——
W ( < Lens
T|| T2
Rotary Vane Turbo Mono

PMT

Gas

Figure 4.1: Experimental apparatus used for the study. B1, B2; capacitance manome-
ter. T1, T2; PID temperature controller. PMT; photomultiplier tube. Mono;
monochromator.

4.3 Results

4.3.1 Kinetic Interpretation

The populations of Cs(82S) and Cs(4%F) are given by the following first-order ordinary

differential equations (ODEs):

% =—(I9 + Q9 + Roq) na(t) + Ryony (t) (4.1)
E S (Fl + Q1+ ng) nj (t) + Rglng(t) (4'2>

dt
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Figure 4.2: Subset of the energy levels of Cs of interest to this study, along with
their associated transfer rates. Adding a perturber to excited Cs(8281 /2) Allows for

collisional transfer to the 42F states. Relative energies are not to scale.
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Where subscript "1’ denotes |1), CS(SQSl/Q), subscript ’2” denotes [2), Cs(4%F), n;
is the population of a cesium state, I'; is the rate of spontaneous emission of pop-
ulation in state [i) to all possible lower states, Q; is the quenching rate, and Rjj is
the collisional mixing rate for the process |i) — [j). For this study, Cs(4%F /2) and
Cs(42F5 /2) are treated as degenerate due to their negligible energy difference and in-
ability to resolve distinct transitions from those states, giving an effective degeneracy
g =T

If excitation of the 8281/2 state is treated as a delta function at t = 0, n1(0) > 0

and n9(0) = 0. Equations 4.1 and 4.2 can be solved, yielding the following equations

(66, 80]:
na(t) = —?xli())lif (M) (4.3)
() = G (O +an)e 4 O o) ™) (1.4)

where A+ and A_ are given by:

Ay = [(0(1 +ag) £ \/(Oq ~02)2 + 4R12R91) (4.5)

DN | —

Where a1 = I'1 + Rio + Qq and ap = I'o + Roy + Q9. Direct comparison of the
populations of ny and ns is difficult, but lifetime comparison of the time evolution of
the two populations is self-referenced, eliminating the need for both detector calibra-
tion given well understood time-response profiles for the photon detectors, and also
avoiding having to make an absolute determination of the absolute number densities
in |1) or |2). When pumping the |1) state, tracking the relative population of |1) by
watching an emission from |1) will yield a double exponential in the form of Equa-
tion (4.4). Fitting this exponential will yield two coefficients, associated with each of

the components of the exponential, and these two coefficients define 2:
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(4.6)

When pumping state |1) and tracking the time evolution of |2) by watching an
emission from |2), the temporal emission profile will resemble a growth characterized
by A4+ followed by a decay characterized by A—. As perturbing gas M is added to the
system, both A+ and A- will increase, such that the growth and decay simultaneously
increase, with the relationship A+ > A_ holding true throughout.

Collisional state-to-state mixing rates Ro; and Rq9 are related by the principle of
detailed balance:

Ri2/Ro1 = i—?eAE/kBT =X (4.7)

where g; is the degeneracy of the associated state given by 2L;+1, kg is the Boltzmann
constant, and AE = 155 cm™ ! is the energy difference of the 2 states.

The principle of detailed balance connects Rjo and Raq, so that given complete
information about the time evolution of states |1) and |2) and information about the
natural lifetimes of those states, all relevant rate constants (Q7, Qg, R12,Ro1) can be

described by the following linear system of equations [81]:

At +

woita(f Qe [ OT)
1

Q= — ([1- 0"+ [R+ @020 Ty (49)

(@) ()

Given the absence of time resolved data for the temporal evolution of state |1},
some approximations can be made to gain insight into the system studied. For exam-
ple, Equation (4.5) can be solved under the assumption that the quenching rates for

Cs(828) and Cs(4%F) are approximately equal. If Ay > A, the independent quanti-
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ties are poorly determined, so this strategy can only be used in the case that A4 and
A are similar in magnitude.

In the case that Ay > A_, the model can be simplified to the following relations:

xI'1+ 12
A =R+ Ro1 + 5——+= 4.11
(x+1) (4.1)

14y 1+y
Q=y" (4.13)

The model leads to an exponentially rising and decaying population of |2) char-
acterized by A4 and A respectively. Plots of Ay and A against [M] give slopes of
ko1 (1+y) and kigy(1+y) ' 4+kog(1+y) ! respectively. This means that the quenching
rates Q; and Q9 cannot be determined independently, but their linear combination,
Qtot, can be calculated. The rate coefficients kio and ko9 can then be converted
to collisional cross sections, ojj, using the relation kj; = (v)ojj, where (v) is the av-
erage relative speed of the collision pair given by the following equation, assuming

hard-sphere collisions in a Boltzmann distribution:

(v) = ( 81;]3T> v (4.14)

Here y is the reduced mass of the collision pair, in this case, Cs and M:

_Mmeshm (4.15)

H_mCs“'mM

The y-intercepts of the A+ and A- values found in Stern-Volmer plots of A and

A also contain weighted averages of the lifetime values I'; and I'2 according to the
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following system of equations [82]:

XFl +I'y
=L — = 4.16

IR
N=——£~ < 4.17
y+1 ( )

Taking the sums and differences between the two eigenvalues leads to the following

relationships:

M+ =11419 (4.18)

I'+19
o= (1)Lt E2

S (4.19)

If data is recorded at very low number densities of perturbing gas, the values
of A+ and A_ deviate from linear pressure dependencies, and instead independently

converge to I'g and I'; respectively.

4.3.2 Explanation of Stern-Volmer plots

The Stern-Volmer plots presented in Figures 4.4, 4.6, 4.7, 4.8, and 4.3.4 are the
results of fitting each trace, which corresponds to the population of CS(42F) in time,
to Equation 4.5 with fitting software (Igor Pro 8.04, Wavemetrics) and finding a linear
fit to those A and A_ versus number density of non-alkali buffer gas added, also called

the perturbing gas. The errors shown in the figures are statistical errors only.

4.3.3 Noble gases, He, Ar, Kr

For the noble gases, the data fitting procedure for the case that A; > A was used,
since the quenching in all cases was found to be very small. An example for the

traces observed which correspond to Cs(4°F /2,5/2) = (5°D5 /2) transitions under
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varying pressures of He is shown in Figure 4.3. A steady progression appears from
what appears to be a simple single exponential at high pressures to the more com-
plicated growth and decay exponential shown in Equation (4.5) is readily appar-
ent. For helium, the fit parameters yielded 011{26 = (44+08) x 1016 cm 2 and
oge = (1.7£0.3) x 1017 em 2 Addition of gasses Ar and Kr yielded results compara-
ble to each other, with 011X2r = (2.0£0.8) x 10 " cm? and o%r = (2.240.4) x 10 P cem?.
The quenching cross section o information collected for Ar and Kr yielded no sta-

tistically meaningful results, but an upper limit of o <1 x 10717 ¢cm?

4.3.4 Methane, Ethane Results

For the hydrocarbons, both 19 and OQu Were readily determined using fits to
Equation (4.5), under the assumption that ; = Q9. The linear fits of the data
shown in Figures 4.8 and 4.3.4 yielded formulas with y-intercepts within 50% of
the weighted lifetimes noted in [83-85]. For CHy, the quadratic equation solutions
yielded cross sections 0?2}14 = 5.8 x 10 1% cm? and 08H4 = (1.140.2) x 10 cm?.
For C9Hg, the determined parameters were G%HG = (3.340.7) x 10 cm? and
020 = (234 0.5) x 10714 em?,

The relationships in Equations 4.16 and 4.17 were tested for the methane data,
with the two-run averaged fits yielding y-intercepts 2.2 x 107 s 1 and 1.3 x 107 s1
for A4 and A~ respectively. These values correspond to lifetimes tgg = 100 =+ 30 ns
and t4p = 39 £ 12 ns. Previously found experimental values for these lifetimes are

88y = (874 9) ns and t4p = (40 £ 6) ns, with the spin-orbit components of the 42F

states having indistinguishable lifetimes. The other data sets yielded similar results.
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Figure 4.3: Example traces for the Cs(42F7/27 5/2) = (52D5/2) transition in varying
number densities of He. (a) 200 Torr, (b) 150 Torr, (c¢) 75 Torr, (d) 25 Torr, (e) 4
Torr, (f) 1.5 Torr, (g) 0.8 Torr.

Table 4.1: Derived parameters for Cs(8%S, /2) = Cs(4%F, /2,5/2) collisional transfer,
units in 10 19 (cm?)

Gas 012 oQ
He®  0.44+0.08 0.01740.003
Ar?® 20+04 < 0.001
Ar? 0.12 -
Kr? 22+04 < 0.001
Hy 0 5.1 -
CHy ¢ 5.8 +1 11+2
CoHg ¢ 33+7 23+5
% This work

b Reference [86]
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Figure 4.4: Example fit for A (Top, A) and A~ (Bottom, o) for the Cs(42F7/27 5/2) =
52D transition in varying number densities of He. The error bars represent errors
5/2

from the fits for each trace. The solid (blue) lines are least-squares linear fits yielding
the fine structure mixing and quenching rates.
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Figure 4.5: Low pressure data for A4 (Top, A) and A~ (Bottom, o) for the
Cs(42F7/2’ 5/2) = (52D5/2). The linear fits for A and A deviate from linear pressure
dependencies when measured at low pressures, approaching the rates I'y and I'y as
the colliding gas number density goes toward 0.
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Figure 4.6: Example fit for A4 (Top, A) and A (Bottom, o) for the Cs(42F7/27 5/2) —

(5°Dg /2) transition in varying number densities of Ar. The error bars represent errors
from the fits for each trace. The solid (blue) lines are least-squares linear fits yielding
the fine structure mixing and quenching rates.
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Figure 4.7: Example fit for A4 (Top, A) and A (Bottom, o) for the Cs(42F7/27 5/2) =

(52D5 /2) transition in varying number densities of Kr. The error bars represent errors
from the fits for each trace. The solid (blue) lines are least-squares linear fits yielding
the fine structure mixing and quenching rates.
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2.0 x10° I

Figure 4.8: Example fit for A (Top, A) and A (Bottom, o) for the Cs(42F7/27 5/2) =

(52D5 /2) transition in varying number densities of CHy. The error bars represent
errors from the fits for each trace. The solid (blue) lines are least-squares linear fits
yielding the fine structure mixing and quenching rates.

I I I I

8F CoHg Stern-Volmer plot|Example fit for A+ (Top, A) and A- (Bottom, o) for the
Cs(42F, /2,5/2) = (5%D5 /2) transition transition in varying number densities of CoHg.
The error bars represent errors from the fits for each trace. The solid (blue) lines are
least-squares linear fits yielding the fine structure mixing and quenching rates.
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4.4 Discussion

The Cs(828) — (42F) state-to-state collisional mixing interaction has previously been
studied with gases Ar and Hg [87], and the results from that study are included in
Table 4.1. While the present study uses lifetime analysis as a means of extracting ki-
netics parameters, previous studies used steady-state integrated intensities to derive
their rates, which are susceptible error arising from varying conditions such as PMT
gain, wavelength sensitivity, sensor linearity, and fluctuations in [Cs] over time, all
of which are avoided by using lifetime-based analysis as long as radiation trapping
conditions are avoided. This study also examines a larger array of gases, while ex-
cluding Hg due to problems collecting reliable data due to cell window clouding by
CsH formation and deposition on the cell windows, which decreases the laser intensity
through the cell as well as decreasing the amount of transmitted fluorescence through
the side window.

The discrepancy in argon’s influence on state-to-state mixing requires attention.
The present study finds a cross-section 19 twenty times greater than in Reference [87].
The new values are recommended due to the lifetime-based methods used in this work.
Notably, 612 was found to be greater for Ar and Kr than for He. Previous studies
on spin-orbit exchange collisions inducing the processes Cs(n?Dg /2) = Cs(n?Dy /2)
(n=6,7,8,9) have consistently found that oﬁr < 011{28 (84, 88-90]. The hydrocarbons
and Hg results show a progression that implies that heavier hydrocarbons increase
probability that Cs82(S; /2) = Cs(4°F) transfer will occur.

Contamination of the argon and krypton cylinders is a possible reason for the
higher values found for kf‘g and kIer. However, the slopes associated with A in
Figure 4.4, helium, with those of Figures 4.6 and 4.7, argon and krypton indicate
that less quenching occurred in the latter cases. In fact, the values for A— were
found to be slightly negative for several runs, although taking the upper error bounds

made them slightly positive. Furthermore, Figures 4.8 and 4.3.4 showing methane
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and ethane give positive evidence that the models used for these fits properly identify
quenching behavior in gases. Furthermore, traces at high pressures, where A4 is much
faster than the capabilities of our detectors, resembled a single exponential with a

decay rate faster than the natural lifetime of the Cs4%F states.

4.5 Conclusions and Future Work

Experimental collisional quenching and state transfer values have been determined
for the process Cs(8281/2) +M — Cs(42F7/2’5/2) for gases He, Ar, Kr, CHy, and
CoHg. The cross section for transfer between the 8S and 4F states was found to
be smaller for helium than for argon and krypton. Hydrocarcarbons CHy and CoHg
were found to have both higher collisional mixing and quenching cross sections, which
were measured for the first time, when compared to Hyo measurements from a previous
study.

In regards to expansion of this technique to elucidate the rates of other energy
transfer mechanism processes in excited alkali vapors, an analogous Rb(52D) — (72S)
excitation transfer mechanism in He, Ar, and Hy has been investigated [86]. Prepa-
ration of the Rb(7281 /2) state through two photon excitation of ground state ru-
bidium (62S; /2) and investigation of the collisional transfer process Rb(72S, /2) =
Rb(42F7/27 5/2) through monitoring the Rb(4?F) — Rb(4?D) emission at 1.344 ym
would add experimental values for theorists to include in their DPAL energy transfer
models, as well as a direct comparison between S <+ F cesium and rubidium collisional

transfer conducted on the same experimental setup.



76

Chapter 5

Perturbations of Calcium

Oxide

5.1 Preface

This section shows the primary outcome of the modifications I made to the LIF
chamber. The publication of this paper shows the strength of the ablation and jet
cooling methods our lab uses: this was actually the result of looking for hypermetallic
CaOCa. In direct contrast to the alkali vapor experiments, jet-expansions allow you
to produce a multitude of products to study. The potential directions of discovery
are further augmented upon adding dispersive methods. I recommend to any aspiring
scientist that they pursue experimental methods that are likely to produce a variety
of positively identifiable results, especially as a beginner. This part of my career was
very satisfying, and I enjoyed working with Bob Field, my advisor Michael Heaven,

and co-worker Joel Schmitz on this topic!
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5.2 Introduction

The electronic spectrum of the CaO molecule is complex due to the large number of
low-energy electronic states and the many rovibronic interactions among them [91—
103]. Field and co-workers have contributed many pioneering studies of CaO [95-103].
They developed an atomic-ions-in-molecule model and a configurational notation that
greatly facilitates discussion of the electronic structure [95, 97]. The ground state of
CaO is X'¥F, which is formally attributed to Cat2(183)0% (1Sy), a configuration
that gives rise exclusively to one electronic state of 131 symmetry. All of the lower
energy excited electronic states are attributed to configurations of the Ca®™ + O~
atomic-ion pair. These states can be mapped as combinations of molecular states
from CaF [104] (which is a model for the electronic structure of the Ca™ ion in the
axial field of the O™ ion) and NaO [105] (which is a model for the electronic structure
of the O~ ion in the axial field of the Ca™ ion). The Ca™, Xo, An, and Bo orbitals
correspond to the X227, AZH, and B2t states of CaF. For O™, the t ! and 61 hole-
orbitals correspond to the X2II and A2ST states of NaO. The various occupations
of these atomic-ion orbitals combine to give the electronic configurations of the CaO
molecule. For example, the Ca® (4s)O ™ (2po?2pn3) configuration is specified as Xon !
and gives rise to the molecular states AMI and aIl;. A convenient table showing the
lower energy configurations and their associated electronic states is given in reference
[97].

High-level theoretical studies of CaO have been reported, mostly focused on the
ground state and the group of low energy states arising from Xom 1 (A T and a3Hi)
and Xoo H(A'ST and b3S 1) [94, 106-110] configurations. Khalil et al. [108, 109]
used high-level multi-reference configuration interaction (MRCI) methods with basis
sets of 5-zeta quality to predict the potential energy curves, dipole moments and
electronic transition dipole moments for the X, A, A’, a, and b states. The potential

energy curves and wavefunctions from that work were used in subsequent calculations
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of the ro-vibronic eigenstates [109]. Spin-orbit and L-uncoupling perturbations were
included, producing results that could be compared directly with measured term
energies. In 2016, Yurchenko et al. [111] refined the potential energy curves and
perturbation matrix elements of Khalil et al.[108, 109] by fitting to a very extensive set
of experimentally determined term energies. Einstein A coefficients for spontaneous
emission were also reported [111]. These data have been included in the ExoMol
database [112], the use of which includes the identification of molecular species in the
absorption and emission spectra of astrophysical objects. A pertinent example being
the detection of CaO emission bands from the wake of a meteorite in 2018 [113]

A comprehensive summary of the experimental studies of the CaO spectrum
was provided by Yurchenko et al. [111]. Here we mention selected studies that
are of particular relevance to the present work. Data for the A/'TI(Xon 1) state
was obtained from emission spectra and deperturbation analyses. Field et al. [103]
observed a vibrationally resolved A’ 11 - X2+ chemiluminescence spectrum, and
reported band heads that included the A’ 1I_I(XGTFl) vibrational levels from v =
9 to 21. Rotationally resolved A’-X emission bands, originating from the A’'II
v = 0-3 vibrational levels, were reported by Focsa et al. [114] Perturbations of
the A> v .= 2 and 3 levels were analyzed and attributed to interactions with the
3Nt (Xoo 1) state. The adIl(Xon 1) state was observed as part of the “orange
bands” of CaO. The a’Il(Xon !) v = 0 level was characterized through observa-
tions of the 3N (Ann 1) — a1l B3A(Ann!) — a3ll, and e3Y (Anc1) (0,0) bands
(95, 97, 100, 101]. Data for the vibrationally excited levels was derived from the
BAAr D) - a3 (Xorw ! (1,1) and BUI(Aro 1) -a?I1(07)(Xon 1) (3,0) bands, while
perturbations, mostly resulting from interactions with the Alpt state, yielded infor-
mation for the v =6, 9, and 12 levels of the a?’H(OJr state. Perturbing interactions be-
tween A/MI(Xomw 1) and A/MI(Xon 1) were also investigated by Field [103] and Focsa

et al. [114] Spin-orbit perturbations between the A’'TI(Xon 1) and b*E+(Xoo )
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states have been observed. The A’MII state is a pure X = 1 state with e- and f-
symmetry components for every value of J. The spin-orbit interaction is homogeneous
and follows the AQ = 0 selection rule. The b®St state has three spin-components,
F1 and F3 are of f-symmetry and are approximately 50:50 mixtures of X = 0 and 1
whereas Fg is of e-symmetry and of pure X = 1 character. Perturbations involving
the F1 and Fg components of the b state will be observable in the Q branch of the
A’-X transition and those involving the Fo component will be observable in the R
and P branches of the A’-X transition.

Higher energy states have been investigated [91, 92, 96, 97, 115, 116], includ-
ing those that originate from the Ann !, Ano !, Bor !, and Aco ! configurations.
Of significance for the present study, Stewart et al. [116] examined the laser in-
duced fluorescence (LIF) spectrum of expansion-cooled CaO over the energy range
28,000 —33,150 cm L. They observed progressions of the C12+(Boo’1) ~ X2t and
FII(Born 1) - XIS+ and FUI(Bon 1) - XIS+ transitions that provided data for the
higher vibrational levels of the excited states. Three vibrational bands of an uniden-
tified Q = 07 — X2+ (v// = 0) transition were also observed. One of these vibronic
states was found to be a perturber of the ClZJF(Boo’l) v = 7 level, pushing this

state up in energy by approximately 7 cm L.

In the following we designate this
new state as YO©. Based on an extrapolation of the known vibrational levels of the
C'ut (Ann!) state, Stewart et al. [116] speculated that the Y0~ X2 T bands may
be part of the /1St - X2t system. However, based on spin-orbit selection rules for
perturbations mediated by a one-electron operator (e.g., spin-orbit and L-uncoupling
interactions), Field [117] argued that the matrix elements between the C'¥+ (Boo 1)
and C'ot (Ann!) states would be small. He suggested that the g3II(0%)(Bon™) or
f3T1(07)(Ano 1) states were viable candidates for interactions with the C'X*(Boo 1)

state, and that the triplet character of the perturbing state could be established by

observing the dispersed fluorescence spectrum.
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There were two main motives for our reexamination of the spectrum of expansion-
cooled CaO. The red spectral range (13,700-17,150 cm’l) was covered as part of our
search for bands of the hypermetallic oxide CaOCa [118, 119]. Bands of CaO were
present under all of the conditions used for this survey, and rotationally resolved data
were obtained for the A’ 1H(Xon’1)—XlE+ transition for upper state vibrational levels
spanning the range v = 10-17. The second objective was to probe the identity of the
state that perturbs the C'¥ T (Boo™) state near v = 7 by means of wavelength and

time-resolved fluorescence measurements.

5.3 Experimental

Figure 5.1 shows the instruments used to record LIF and dispersed laser induced
fluorescence (DLIF) spectra of CaO. To produce the oxide, 1064 nm light from a
pulsed Nd/YAG laser (Quanta-Ray, DCR 1A) was focused onto a Ca rod target
(ESPI Metals, 99.9% pure) using a 30 cm focal length lens. The plane polarized
output from the Nd/YAG laser was attenuated to the 1-10 mJ/pulse range by means
of a Glan-Taylor prism housed in a rotatable stage (Thorlabs CCM1-PBS25-1064-
HP/M). The Ca rod was rotated and translated continuously to ensure a fresh metal
surface for each ablation pulse. The calcium vapor was entrained in a gas mixture
consisting of He and O9 in a 9:1 volume ratio. The operating pressure behind the
valve was 15 atm. Gas pulses were generated by a Parker-Hannifin General Valve
(Series 9) with a pulse duration of 1 ms. The entrained metal vapor-gas mixture was
supersonically expanded through a 2 mm diameter orifice into a vacuum chamber.
The vacuum was maintained by a Roots blower (Leybold, RUVAC WSU 251) backed
by a rotary vane pump (Leybold, TRIVAC D65B). The average background pressure
in the chamber was typically less than 100 mtorr under gas loading, such that a

Campargue expansion was formed.
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Molecules present in the supersonic expansion were probed with a pulsed tunable
dye laser (Lambda-Physik, FL3002e), pumped by a XeCl excimer (Lambda-Physik,
Compex Pro 201), with a pulse repetition frequency of 10 Hz, nominal pulse duration
of 10 ns and linewidth (FWHM) of 0.3 cm . For the recording of rotationally resolved
data, the linewidth was reduced to 0.06 cm ™1 by adding an intracavity etalon. The
absolute wavenumber calibration was established by directing a fraction of the dye
laser light through a cell of iodine vapor for simultaneous recording of the Iy B-X
excitation spectrum (LIF detected by a Hamamatsu R955 photomultiplier). Resultant
spectra were fitted to the Iy spectral transition energies of Salami and Ross [120]. To
access states of CaO in the near ultraviolet spectral range, the output from the dye
laser was frequency doubled by an angle-tuned BBO crystal (Lambda Physik, FL30)
while the wavenumber calibration was obtained by using the dye laser fundamental
to record the Iy spectrum.

The laser light was directed into the vacuum chamber, perpendicular to the su-
personic expansion, 3 cm downstream from the pulsed expansion nozzle. A two-lens
telescope consisting of a collimating lens (Thorlabs, focal length f = 6 cm, diameter D
= 5.1 ecm) and an achromatic focusing lens (Thorlabs, f = 25 cm D = 5.1 ¢m) collected
light orthogonal to both the jet expansion axis and the probe laser beam axis. Two
4-channel digital delay generators (DDG) were used to control the timings between
the ablation and probe lasers, as well as the data collecting equipment (Quantum
Composers Model 9614 and Stanford Research Systems DG535).

For LIF measurements, a PMT (Hamamatsu R955) with a longpass filter, typically
with a 50% transmission edge at a wavelength 50 nm longer than that of the laser,
was placed near the imaging focal point of the lens system. The signal from the
PMT was sent to both an oscilloscope (Tektronix TDS 2014) and a pair of time-gated
boxcar integrators (Stanford Research Systems, SRS 250). The background signal was

subtracted from the fluorescence signal and averaged using an analog signal processor
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(Stanford Research Systems, SRS 235). A combination digital/analog input/output
data acquisition device (DAQ) (National Instruments, USB-6210) was used to collect
the 30-shot averaged data for each laser wavelength, and the laser wavelength was
advanced in 0.003 nm increments using the same DAQ. A LabVIEW 2018 (National
Instruments) routine managed the incoming and outgoing signals. The uncalibrated
wavelength from the laser diffraction grating sine drive, CaO fluorescence signals and
I, reference data were stored for later calibration and interpretation. Time-dependent
fluorescence decay curves for selected rovibronic levels were collected by averaging the
oscilloscope traces from 128 laser pulses.

For the DLIF experiments, the emitted light was directed into a monochromator
(Instruments SA, 0.64 m, f/5.8, 1200 grooves/mm diffraction grating) and then to
either an intensified charge-coupled device camera (iCCD) (Andor iStar USB) or the
PMT. A custom C program was developed, housed on an embedded system (Arduino
Mega 2650), to drive two stepper-motor controller units, one of which controls a
stepper-motor connected to the sine drive of the monochromator diffraction grating,
and the other was used to raise or lower a mirror that diverted the dispersed light to
either the PMT or iCCD to obtain temporal or broadband spectroscopic information,
respectively. The camera was controlled and data collected using the Solis (Andor)

software.

5.4 Results

5.4.1 The A'TI(Xon 1) - X!2T bands

LIF spectra recorded in the 13, 700-17, 150cm ! range were dominated by the AlZJr(Xoafl)
- XIst and A'MI(Xon 1) - XIST bands. The latter were ecasily distinguished from
the A-X bands as they exhibited Q-branches in the rotationally resolved scans, and

much longer fluorescence decay lifetimes. Figure 5.2 shows the rotational structure
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Figure 5.1: Apparatus used to record the laser induced fluorescence and dispersed
LIF spectra of CaO. For excitation on the visible range, the BBO crystal and the
short-pass filter were removed.
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of the A’-X (10,0) band, along with a simulation generated by means of the PGO-
PHER software [62]. Fitting of the A’ state band origins and rotational constants was
carried out using PGOPHER. The A’-X bands have a combination difference-defect
between the Q-lines and the P/R-lines because these transitions sample respectively
f-symmetry and e-symmetry lambda-doublet components [114]. However, this com-
bination defect was below the precision of the present measurements and the bands
were fitted with the lambda-doubling parameters set to zero. The relatively cold
rotational population distributions (TgRyt < 100 K) limited the range of rotational
levels observed, such that the fitted centrifugal distortion constants were not statisti-
cally significant when treated as adjustable parameters. The theoretical calculations
of Yurchenko et al. [111] provide some indication of the magnitudes of the neglected
terms. Examination of the A”'TI(Xon 1) energy levels from the ExoMol database in-
dicates that the lambda doublet splitting for v = 10 increases from 5 x 104 em ™ for
rotational level J =1 to 0.08 cm ™ at J = 25 (the range of J typically observed in the
spectra). Fitting to the mean energies of the -e and -f parity levels yields a centrifu-
gal distortion constant of 4.4 x 107cm !, in reasonable agreement with the prediction
from the Kratzer relationship of De = 5.5 x 107 cm 1. As we did not have sufficient
resolution to determine the lambda doublet splittings and distortion constants, and
did not have a reliable way to predict these values due to the presence of perturba-
tions, they were set to zero in the fits to the rotational line positions. Hence, only the
band origins and upper state rotational constants were varied in the spectral fitting.
The resulting effective molecular constants are listed in Table 5.1. The rotational
line positions for all A’-X bands observed in the present study have been provided as
Electronic Supplementary Information. Fluorescence decay lifetimes were recorded
for all rotationally resolved A’-X bands. In a series of test experiments, we found that
the lifetimes did not exhibit any significant variation with the rotational level. Con-

sequently, the lifetime data reported here were obtained from measurements made
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using excitation of the most intense rotational line of a given band. Each fluorescence
decay curve was well-represented by a single exponential function, and the fitted life-
times are listed in Table 5.2. Non-linear least squares fitting was carried out using

the program Origin Pro 8.5.1.

5.4.2 Wavelength- and time-resolved fluorescence measure-

ments for the C!X¥(Boo 1) and y0 states

Stewart et al. [116] observed transitions to the gamma0™ state at 32037.0, 32479.5
and 32955.2 cm’l, and these upper states were labeled as the vibrational levels n—1,
n and n + 1. The yO© n state interacts strongly with C12+(B0071) v = 7, while
vO™ n—1 and n + 1 lie above and below C v = 6 and v = 8, respectively. This
smaller vibrational spacing of the YO state relative to that of the C12+(B0071) state

1 configuration. To facilitate configurational

implies that the yOT state belongs to a 7
assignment of the yOT state we recorded DLIF spectra for excitation to each of the
Y0 vibronic levels and to the ClZJr(BoO*l) v = 6, 7, and 8 levels. These data
are presented in Figure 5.3, where the energy scale gives the energy of the lower
vibronic state of the observed transition relative to X!XT v = 0. The bands in
these traces were readily assigned using term energies from the literature. All of
the fluorescence transitions to states that lie below 12,000 cm ™! terminate on the
vibrational levels of the X!©% state. The bands observed in the 12,000-16,000 cm
range terminate on XX+ (Xoo 1) v = 1-5 and a311(0") v = 10-12. Fluorescence
decay lifetimes were measured for the six upper states and these are collected in
A/1H(X0n71). Decay curves were obtained with the laser tuned to the band head for

each vibronic transition, corresponding to an upper state rotational quantum number

of approximately J = 4.
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Figure 5.2: LIF spectrum of the CaO A I(Xon 1)~ X12+(10,0) band. The down-
ward going trace is a simulation generated using the program PGOPHER.

Upper Lower
State 13 14 State
T o ® olate

(@)%
v=6

Y0 10
v=n-1 "

(@)%
v=7

Y0*
v=n

[@xg
v=8

yO* 14 15 16 1
v=n+1

T T T T T T T
2000 4000 6000 8000 10000 12000 14000

Relative Wavenumbers (cm'1)

o —
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Table 5.1: Molecular constants for the A”'TI(Xon 1) state.
v By (ecm )2 Ty (em )P 8E,[102] BE, [111] Number of lines in fit

10 0.3175 13787.23 2.8 0.8 38

11 0.3148 14276.94 3.1 1.1 63

12 0.3121 14761.41 1.6 1.7 60

13 0.3101 15240.50 2.5 2.1 52

14 0.3074 15714.72 0.3 2.8 64

15 0.3079 16184.08 2.5 3.5 26

16 0.3014 16648.80 5.2 4.5 20

17 0.3016 17108.85 4.2 -10.7 24
Too 8608.1(2)

e 546.2(1)
WeXe 2.57(1)

Be 0.3440(15)

Oe 0.00255(11)

a1 — g error +0.0005 cm L.
by o error +0.05 cm 1.

Table 5.2: Fluorescence decay lifetimes for the A/IH(chl) state.

Vibrational level T/us®
10 2.4
11 2.7
12 2.6
13 2.5
14 2.6
15 2.8
16 2.9
17 2.7

& £ 0.2 ps with the inclusion of experimental errors
5.5 Analysis and Discussion

The band origin data for the A’1H(Xoo’1) state are compared to the results from
the experimental study of Field et al. [103] and the line list data of ExoMol [112]
in Table 5.1, where we present the differences between the literature values and the
present determinations. Field et al. [103] reported band head data for the red-
shaded emission bands, so it was expected that the heads would lie approximately 2

cm ! higher in energy than the origins. There is a significant deviation for the v =
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Table 5.3: Fluorescence decay lifetimes for the C1S+ (Boo 1) state.

State 7/ns?
C'yt(Boo ) v=56 29
CletBoo Hv=71 32
Clet(Boo ) v=28 24
y0Tn—1 46
Y0 n 35
Y0 n+1 42

& + 5 ns, with the inclusion of experimental errors.

17 level, but it is apparent from both the rotational constant and the term energy
that this level is perturbed in the ExoMol model [111]. The last column in Table
5.1 is the difference between the R(0) transition energies obtained from the ExoMol
line list [111] and the measured values. The difference increases with increasing v,
suggesting that the perturbation model requires further refinement. We also compared
rotational constants derived from the ExoMol [111] data to the measured values. For
this purpose, we generated rotational constants from ExoMol by fitting the rotational
energies to the rigid rotor expression Ey(J) = ByJ(J 4+ 1) for the range of rotational
levels sampled by the jet-cooled spectra (J = 1-25). With the exception of Big
and By (predicted values of 0.3026 and 0.3062 cm ! and observed values of 0.3014
and 0.3016 cm 1), the ExoMol rotational constants were within the experimental
uncertainties of the constants given in Table 5.1. Rovibrational constants for the
A/ 1H(Xoofl) state were determined by fitting to the energy levels that appeared to
be relatively unperturbed. We have used the v = 0 and 1 term energies provided
by Focsa et al. [114] and the v = 10-15 data from the present measurements. The

vibrational term energies were fit to the expression

Ty0="Too+ wev— weXeV(V + 1) (5.1)

The standard deviation of the fit was 0.23 cm 1, and the constants are listed in

Table 5.1. Trial fits that included the xey, anharmonicity constant did not yield
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statistically significant results for this parameter. Rotational constants for this same

set of vibrational levels were fit by the expression
By = Be —ae(v+1/2) (5.2)

and the resulting constants are given in Table 5.1. The standard deviation for this
fit was 0.0007 cm ! (this was the standard deviation of Byops — Bvﬁt).

We examined the energy level predictions from the ExoMol [111] model to iden-
tify the state that would be the most probable cause of the perturbation of the
A/ 1H(Xcscfl) v = 17 state. It was immediately apparent that the calculated ener-
gies for the A’MI(Xoo ™) v = 17 (17098.7 cm 1) and b3S+ (Xoo 1) v = 14 (17109.9
cm’l) states were close enough for a significant interaction. These states can be
coupled by the one-electron spin-orbit operator to give 0 matrix elements of the form
[103, 114] Hgp = ax (A’,v/|b,v) , where the term in bra-ket notation is the vibrational
wavefunction overlap integral, and ay is the spin-orbit coupling constant for o! (ap-
proximately 121 cm 1) [103]. A quantitative test of this model was made using Morse
potential energy curves (MPEC) for the A"'TI(Xoo 1) and b3 T (Xoo 1) states, in
order to generate vibrational wavefunctions and overlap integrals. The MPEC for the
A"TI(Xoo 1) state was determined using the molecular constants given in Table 5.1.
The MPEC for the b3%+(Xoo 1) state was more difficult to assess due to the lack of
spectroscopic data (only the v = 1 level has been observed [99]). As a starting point
we used the theoretically predicted of constants [108] Ty = 9282, x, = 585.7 and
Xe — Xe = 3.16 cm ™!, with an equilibrium distance of Re = 1.96A. The energy levels
generated from these parameters were compared to the experimentally determined
term energy for b3S (Xoo 1) v = 1 of 10073.3 ecm™! [99], and the predictions from
ExoMol. The above molecular constants underestimated the known energy of the

3L (Xoo 1) v = 1 level and the ExoMol prediction that the b3%+ (Xoo™!) v = 14
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level is just above A’lﬂ(Xonfl), v = 17. Consequently, we adjusted the T, xe and
XeXe values for b32+(Xoo’1) to produce this latter condition, while also imposing
the restriction that the fitted molecular constants recovered the experimentally de-
termined term energy for b3%+ (Xoo 1) v = 1. The constants Ty = 9489, xe = 590.4,
XeXe = 3 cm 1 satisfied these conditions. The AMTI(Xon 1) — b3%H(Xoo 1) Franck-
Condon factors were then calculated using the program LEVEL 8.0 [121], and the
unsigned overlap integrals were obtained as the square roots of the Franck-Condon
factors. This procedure yielded | (v/ = 17|v = 14) | = 0.054 and a spin-orbit matrix
clement of Hgy = 4.6 cm™ 1. Unperturbed rotational constants were predicted to be
Bi7 = 0.300 cm ™! for A/MI(Xon ') and B14 = 0.344 ecm™! for b32 T (Xoo™1)). With
an energy gap of 12 cm ™! between the J = 0 levels of the unperturbed A/1H(Xon71)
v = 17 and b3L T (Xoo 1)) v = 14 states, a two-state perturbation model recov-
ered the experimental value for the effective rotational constant for low rotational
levels of AMI(Xon ) v = 17. The model indicated that the band origin had

been pushed down by 1.6 cm .

As part of this exercise, we also examined the
A'IH(Xcm’l) v =16/ b3Yt(Xoo 1) v = 13 pair to assess the degree to which they
interact. In this case the b3§]+(Xoo’1) v = 13 state is estimated to lie 30 cm ! below
A/ 1H(Xoo’1) v = 16. Due to this larger energy gap, and the small overlap integral
0 (| (v/ =16]v = 13) | = 0.0046), we found this interaction to be unimportant for the
resolution of the present experiments. Overall, this analysis supports the assignment
of the A"'TI(Xon 1) v = 17 state perturbation to the interaction with b*E+(Xoo ™)
v = 14.

Fluorescence decay lifetimes for the A’'I(Xonw 1) state were found to be almost
independent of the vibrational level over the range v = 10-17. Field [103] had noted
that the A’MI(Xon 1)~ XIS transition dipole moment would be small, resulting in

spontaneous decay lifetimes on the order of 10 ys. The observed values are somewhat

shorter, but consistent with the argument presented in Ref. [103]. As the ExoMol
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database [112] also includes the Einstein A coefficients, it was possible to generate
theoretical values for the lifetime of the A’1H(Xon’1) state by summing the A coeffi-
cients over all final states. This yielded lifetimes that decreased from 11.4 ys for v =
10 down to 8.5 us for v = 15. The predicted lifetime for v = 17 was anomalous, being
15.4 pys. This suggests that the calculated Einstein A coefficients for A’ v = 17 have
been decreased by the effects of mixing with a long-lived state (a prediction that is
not supported by the present lifetime measurements).

DLIF and lifetime measurements for the C'S* (Boo ™) and v0 states provide
useful insights for establishing the configurational parentage of the Y0 state. We
begin by considering the DLIF spectra for the C1X+(Boo™) v = 6 and v0* n 1
levels. The energy separation between these levels is large enough (59.4 cmfl) that
mixing between them is expected to be weak. The relevant traces in Figure 5.3
show that C'SF(Boo 1) v = 6 radiates back to both the X12+ and A'S+(Xoo™
states, as expected. A transition to a3II(07)(Xoo 1) v = 11 is also present. This is
probably mediated by the mixing of this lower level with nearby levels of the X1X+
and ANt (Xoo 1) states (see Fig. 7 of reference [109]). In contrast, the DLIF
spectrum obtained using excitation of YO n — 1 is dominated by transitions to the
aSTI(0")(Xon 1) state v = 10 and 11 level. The transitions to singlet lower states are
barely discernible above the noise level. This clearly indicates that the yOT state is
a triplet state. Furthermore, the short radiative lifetime of yO* n 1 indicates that
the y0* — a3I1(07)(Xon 1) transition has a large transition dipole moment. Similar
trends are evident for the C1XT(Boo 1) v = 8/y0T v = n + 1 pair of states, which

are separated by 52.3 cm L.

The emission from yO™ n + 1 is dominated by the
triplet bands, but, as compared to the spectrum from the n—1 level, the singlet bands
are somewhat stronger. This suggests that the n + 1 state has a small fractional

singlet character. The emission from the C'Y T (Boo 1) v = 8 level was dominated

by transitions to singlet final states.
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Next, we consider the C'S T (Boo 1) v=7 /y0T n pair of states. The perturbation
analysis presented in Ref. [116] concluded that these states were separated by 9.4 cm ™!
prior to their mutual repulsion. The eigenvectors from the deperturbation analysis
indicated a nearly 50:50 mixing of the two states. This prediction was borne out by the
DLIF spectra that show both singlet and triplet bands with comparable intensities.
Note also that the lifetime behavior is consistent. The results for ClZJr(BOG*l) V=
6 and 8 give an average lifetime of 27 ns, and those for yO™ n—1 and n + 1 give a
lifetime of 44 ns. Hence a 50:50 mixed state, in the absence of interference effects,
should exhibit a lifetime of 33 ns (based on the weighted sum of decay rates). This
is the average of the values observed for C!X T (Boo 1) v = 7 and y0* n.

Having established that the y0T state derives from 3 triplet state, the next step
was to determine the identity of the state. This process was guided by the obser-
vations that yOt perturbs C1SH(Boo 1) and radiates to a3II(07)(Xon ). Viable
candidates for the perturbing state are g3II(0")(Bor 1) and II(07)(Anc1). Of
these two, g3II(0F)(Bor 1) can radiate to a3II(07)(Xon 1) via a one-electron pro-
cess while the transition from f3II(07)(Ano 1) would require a two-electron process.
Based on these considerations, and the indication from the vibrational intervals that
v0T is derived from a n ! configuration, we recommend the assignment of the y0T
state as g3I1(07)(Bor 1). Finally, we speculate on the vibrational numbering for the
observed levels of the g3I1(07)(Born 1) state. This state has not been characterized
previously, but the term energy of the v = 0 level can be estimated by considering
the singlet-triplet energy splittings associated with the 71 states. The Born ! config-
uration also gives rise to the FIII state, for which the term energy and vibrational
constants have been determined (Tgy = 26794.5, x¢ = 521.3, XeXe = 2.59 cm’l)
[116]. Representative isoconfigurational singlet-triplet energy splittings are provided
by AE(AMI - a311(1), Xonw 1) = 257 em ™', AE(D'A - d®A(2), An 1) = 210 em 1,

and AE(E'S™ 3% Ann 1) = 53 em ! [97]. If we assume that the vibrational
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constants are the same for the g3II(07)(Born 1) and FHI(Born 1) states, we can use
the vibrational interval between the v.=n + 1 and v = n — 1 states to obtain the
energy of the n = 12 level. Extrapolation to v = 0 then yields a term energy for the
g3I1(0T), (Bom 1) state of Tog = 26,644 cm L, and a singlet-triplet energy splitting
of AB(FI-g3(07),Bor 1), = 151 em 1. The vibrational numbering n = 11 and n =
13 would yield unlikely values for AE(FMI - g3I1(07)(Born ). Overall, this analysis
shows that the assignment of Y01 as the (g3I1(07)(Bor 1) state is entirely consistent

with the atomic-ions-in-molecule model for CaO.
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Appendix A

Appendix A: Linelists for
CaO

This section contains all of the found lines for the A’'TIT — X2+ transitions. All of
the lower terms of the transitions are V = 0, and upper states from V = 10— 17 are
provided. The tables in the section were all generated by PGOPHER [62]. Wave-
length calibration was achieved through comparison to a coincident Iy LIF spectrum,

and matching those emissions to an Is B-X excitation spectrum atlas [120] .



Table A.1: Assignments for the A"MTI(Xomw 1) (v/ = 10, v” = 0) band.

J S| J7 ] S” | Obs Calc Obs-Calc | Assignment | v’ | v”
4 |e |3 |e | 13788.184 | 13788.2142 | -0.0302 R(3) 1010
3 |e |2 |e |13788.184 | 13788.3332 | -0.1492 R(2) 1010
2 |e |1 |e |13788.184 | 13788.2012 | -0.0172 R(1) 1010
5 |e |4 |e |13787.83 | 13787.8439 | -0.0139 R(4) 1010
1 e |0 |e |13787.83 | 13787.8179 | 0.0121 R(0) 1010
6 |e |D |e 13787.178 | 13787.2225 | -0.0445 R(5) 1010
7 |e |6 |e |13786.322 | 13786.3499 | -0.0279 R(6) 1010
2 |f |2 |e |13786.322 | 13786.43 -0.108 Q(2) 1010
3 |f |3 |e 13785.64 | 13785.6764 | -0.0364 Q(3) 1010
8 |e |7 |e |13785.172 | 13785.2261 | -0.0541 R(7) 1010
4 | f |4 |e |13784.649 | 13784.6718 | -0.0228 Q4) 1010
9 |e | 8 |[e | 13783.756 | 13783.8511 | -0.0951 R(8) 1010
2 e |3 |e |13783.756 | 13783.7732 | -0.0172 P(3) 1010
5 | f |5 |e |13783.427 | 13783.4159 | 0.0111 Q(5) 1010
6 [f |6 |e |13781.912 | 13781.9089 | 0.0031 Q(6) 1010
10]e |9 |e 13782.15 | 13782.225 | -0.075 R(9) 1010
3 |e |4 |e 13782.15 | 13782.134 | 0.016 P(4) 1010
7 | f |7 |e |13780.204 | 13780.1507 | 0.0533 Q(7) 1010
11 e |10 | e | 13780.204 | 13780.3477 | -0.1437 R(10) 1010
4 |e |5 |e |13780.204 | 13780.2438 | -0.0398 P(5) 1010
8 [f |8 |e |13778.169 | 13778.1413 | 0.0277 Q(8) 1010
5 |e |6 |e |13778.169 | 13778.1023 | 0.0667 P(6) 1010
12 e |11 | e 13778.169 | 13778.2192 | -0.0502 R(11) 1010
9 |f |9 |e |13775.848 | 13775.8807 | -0.0327 Q9) 1010
6 |e |7 |e |13775.848 | 13775.7097 | 0.1383 P(7) 1010
13|e |12 | e 13775.848 | 13775.8396 | 0.0084 R(12) 1010
10(f |10 |e |13773.24 | 13773.369 | -0.129 Q(10) 1010
7 |e |8 |e |13773.24 | 13773.0659 | 0.1741 P(8) 1010
14 e |13 |e | 13773.24 | 13773.2088 | 0.0312 R(13) 1010
11| f |11 |e | 13770.674 | 13770.6061 | 0.0679 Q(11) 1010
151e |14 | e | 13770.674 | 13770.3268 | 0.3472 R(14) 1010
8 |e |9 |e |13770.297 | 13770.1709 | 0.1261 P(9) 1010
121f [ 12 |e 13767.631 | 13767.592 | 0.039 Q(12) 1010
9 |e |10 |e |13767.161 | 13767.0247 | 0.1363 P(10) 1010
16 |e | 15| e | 13767.161 | 13767.1937 | -0.0327 R(15) 1010
13 |f |13 e | 13764.41 | 13764.3268 | 0.0832 Q(13) 1010
10]e |11 |e 13763.744 | 13763.6274 | 0.1166 P(11) 1010
17 e | 16 | e | 13763.744 | 13763.8093 | -0.0653 R(16) 1010
14|f |14 |e | 13760.878 | 13760.8104 | 0.0676 Q(14) 1010
11]e |12 |e 13760.115 | 13759.9789 | 0.1361 P(12) 1010
18 e | 17 | e | 13760.115 | 13760.1738 | -0.0588 R(17) 1010
15| f |15 | e | 13757.087 | 13757.0428 | 0.0442 Q(15) 1010
12 e |13 | e 13756.153 | 13756.0792 | 0.0738 P(13) 1010
19 e | 18 | e | 13756.153 | 13756.2872 | -0.1342 R(18) 1010
16 | f |16 | e | 13753.102 | 13753.0241 | 0.0779 Q(16) 1010
13 e |14 | e | 13751.977 | 13751.9284 | 0.0486 P(14) 1010
20 e | 19| e | 13751.977 | 13752.1493 | -0.1723 R(19) 1010
17| f |17 | e | 13748.776 | 13748.7541 | 0.0219 Q(17) 1010
14 e | 15| e | 13747.601 | 13747.5264 | 0.0746 P(15) 1010
18 | f |18 | e | 13744.156 | 13744.233 | -0.077 Q(18) 1010
15 e |16 | e | 13742.874 | 13742.8732 | 0.0008 P(16) 1010
19| f |19 |e | 13739.482 | 13739.4608 | 0.0212 Q(19) 1010
16 e |17 |e 13737.967 | 13737.9689 | -0.0019 P(17) 1010
20 | f |20 |e |13734.559 | 13734.4373 | 0.1217 Q(20) 1010
17 |e | 18 | e | 13732.851 | 13732.8133 | 0.0377 P(18) 1010
23 | f |23 |e | 13717.846 | 13717.86 -0.014 Q(23) 1010
20 e |21 |e | 13715.896 | 13715.8397 | 0.0563 P(21) 1010
21 e |22 |e | 13709.726 | 13709.6795 | 0.0465 P(22) 1010




Table A.2: Assignments for the A/'TI(Xon 1) (v/ = 11,v" = 0) band.

J7 S| J7 | S” | Observed | Calculated | Obs-Calc | Assignment | v’ | v”
4 e |3 14277.949 | 14277.9208 | 0.0282 R(3) 1110
3 [ |2 |o | 14277.045 | 14278.059 | 0.114 | R(2) 110
2 e |1 |e 14277.945 | 14277.9412 | 0.0038 R(1) 1110
5 e |4 |e 14277.54 | 14277.5267 | 0.0133 R(4) 1110
1 |e |0 |e |14277.521 | 14277.5674 | -0.0464 R(0) 1110
6 |e |5 |e | 14276.849 | 14276.8766 | -0.0276 R(5) 11]0
1 | f |1 |e |14276.828 | 14276.6818 | 0.1462 Q(1) 11]0
7 |e |6 |e |14276.013 | 14275.9705 | 0.0425 R(6) 11]0
2 [f |2 |e |14276.014 | 14276.17 -0.156 Q(2) 11]0
3 | f |3 |e |14275.391 | 14275.4022 | -0.0112 Q(3) 1110
8 e |7 |e 14274.884 | 14274.8083 | 0.0757 R(7) 1110
4 |t |4 |e 14274.456 | 14274.3784 | 0.0776 Q4) 1110
9 |e |8 |e 14273.458 | 14273.39 0.068 R(8) 1110
2 |e |3 |e | 14273.438 | 14273.5132 | -0.0752 P(3) 1110
5 | f |5 |e |14273.135 | 14273.0987 | 0.0363 Q(5) 11]0
6 |f |6 |e |14271.679 | 14271.563 | 0.116 Q(6) 11]0
10e |9 |e 14271.683 | 14271.7156 | -0.0326 R(9) 110
7 |t |7 |e |14269.797 | 14269.7713 | 0.0257 Q(7) 11]0
11 e [ 10 |e | 14269.798 | 14269.7851 | 0.0129 R(10) 1110
4 |e |5 |e |14269.798 | 14269.9504 | -0.1524 P(5) 1110
8 |f |8 |e 14267.77 | 14267.7235 | 0.0465 Q) 1110
12 e |11 ]e 14267.767 | 14267.5983 | 0.1687 R(11) 1110
5 |e |6 |e | 14267.767 | 14267.7851 | -0.0181 P(6) 1110
9 [f |9 |e | 14265.434 | 14265.4196 | 0.0144 Q(9) 1110
6 |e |7 |e |14265.435 | 14265.3638 | 0.0712 P(7) 11]0
13|e |12 |¢ 14265.182 | 14265.1553 | 0.0267 R(12) 11]0
10 | f |10 | e | 14262.818 | 14262.8596 | -0.0416 Q(10) 11]0
14 e |13 | e | 14262.461 | 14262.4559 | 0.0051 R(13) 1110
11 [f |11 ]e 14260.07 14260.0435 | 0.0265 Q(11) 1110
8 |e |9 |e 14259.759 | 14259.7531 | 0.0059 P(9) 1110
15|e |14 ]e 14259.495 | 14259.5002 | -0.0052 R(14) 1110
12 | f | 12 | e | 14256.975 | 14256.9711 | 0.0039 Q(12) 1110
9 |e |10 | e | 14256.531 | 14256.5636 | -0.0326 P(10) 11]0
16 | e | 15 | e | 14256.29 | 14256.288 | 0.002 R(15) 11]0
13]f |13 |¢ 14253.64 | 14253.6425 | -0.0025 Q(13) 11]0
10 | e | 11 | e | 14253.098 | 14253.118 | -0.02 P(11) 1110
17 e | 16 | e | 14252.741 | 14252.8193 | -0.0783 R(16) 1110
14| f | 14| e | 14249.999 | 14250.0575 | -0.0585 Q(14) 1110
11 |e |12 ]e 14249.362 | 14249.4163 | -0.0543 P(12) 1110
18 |e |17 | e 14249.013 | 14249.094 | -0.081 R(17) 1110
15| f | 15 | e | 14246.166 | 14246.2162 | -0.0502 Q(15) 1110
12 | e | 13 | e | 14245.395 | 14245.4583 | -0.0633 P(13) 1110
19 | e | 18 | e | 14245.005 | 14245.112 | -0.107 R(18) 11]0
16 | f | 16 | ¢ 14242.089 | 14242.1184 | -0.0294 Q(16) 11]0
13|e |14 |e | 142412 14241.2441 | -0.0441 P(14) 1110
20 e |19 ] e | 14240.805 | 14240.8732 | -0.0682 R(19) 1110
17| f |17 | e | 14237.773 | 14237.7641 | 0.0089 Q(17) 1110
14|e |15 ]e 14236.763 | 14236.7735 | -0.0105 P(15) 1110
21 e |20 |e 14236.383 | 14236.3777 | 0.0053 R(20) 1110
18 | f | 18 | e | 14233.17 | 14233.1532 | 0.0168 Q(18) 1110
15| e |16 | e | 14232.082 | 14232.0466 | 0.0354 P(16) 1110
22 e | 21 | e | 14231.629 | 14231.6252 | 0.0038 R(21) 11]0
19 | f |19 |¢c 14228.359 | 14228.2856 | 0.0734 Q(19) 11]0
16 | e | 17 | e | 14227.086 | 14227.0632 | 0.0228 P(17) 11]0
23 |e |22 |e | 14226.575 | 14226.6156 | -0.0406 R(22) 1110
20 [ f |20 |e 14223.281 | 14223.1612 | 0.1198 Q(20) 1110
17 e |18 | e 14221.875 | 14221.8233 | 0.0517 P(18) 1110
21 [f |21 |e 14217.848 | 14217.7801 | 0.0679 Q(21) 1110
18 e |19 | e | 14216.346 | 14216.3268 | 0.0192 P(19) 1110
25 e | 24 | e | 14215.795 | 14215.825 | -0.03 R(24) 1110
22 [f |22 | e | 14212.15 | 14212.142 | 0.008 Q(22) 11]0
20| e | 21 | e 14204.511 | 14204.5636 | -0.0526 P(21) 11]0
23 | f |23 | e | 14206.201 | 14206.2468 | -0.0458 Q(23) 11]0
24 [ f |24 | e | 14200.112 | 14200.0945 | 0.0175 Q(24) 1110
21 e |22 e 14198.271 | 14198.2969 | -0.0259 P(22) 1110
25| f |25 |e 14193.723 | 14193.685 | 0.038 Q(25) 1110
22 e |23 |e 14191.842 | 14191.7732 | 0.0688 P(23) 1110




Table A.3: Assignments for the AMTI(Xomw 1) (v/ = 12, v/ = 0) band.

J7 S| J7 |87 ] Obs Calc Obs-Calc v v
4 e |3 |e |14762.387 | 14762.3341 | 0.0529 R(3) |12]0
3 |e |2 |e |14762.387 | 14762.494 | -0.107 R(2) |12]|0
2 |e |1 |e | 14762.387 | 14762.3926 | -0.0056 R(1) |12]0
5 |e |4 |e |14761.955 | 14761.9128 | 0.0422 R(4) |12]0
1 |e |0 |e |14761.955 | 14762.0298 | -0.0748 R(0) |12]0
6 |e |5 |e |14761.257 | 14761.2302 | 0.0268 R(5) |12]0
1 |f |1 |e |14761.257 | 14761.1442 | 0.1128 Q1) 1210
2 |f |2 |e |14760.677 | 14760.6214 | 0.0556 Q(2) 1210
7 |e |6 |e |14760.346 | 14760.2864 | 0.0596 R(6) |12]0
3 |f |3 |e | 14759.882 | 14759.8372 | 0.0448 Q3) 1270
8 |e |7 |e |14759.139 | 14759.0813 | 0.0577 R(7) |12|0
4 |f |4 |e |14758.842 | 14758.7917 | 0.0503 QM4) 1210
2 |e |3 |e |14758.033 | 14757.9646 | 0.0684 P(3) |12]0
5 |f |5 |e | 14757.568 | 14757.4848 | 0.0832 Q(B) 1210
3 |e |4 |e |14756.301 | 14756.2948 | 0.0062 P(4) 120
6 |f |6 |e |14755.907 | 14755.9166 | -0.0096 Q6) 1210
10 e |9 |e | 14755.907 | 14755.8875 | 0.0195 RO |12]0
7T f |7 |e |14754.027 | 14754.0872 | -0.0602 Q) | 1270
11 e | 10 | e | 14754.027 | 14753.8989 | 0.1281 R(10) |12 ] 0
8 |f |8 |e |14752.016 | 14751.9965 | 0.0195 Q@B 1210
5 |e |6 |e |14752.016 | 14752.1712 | -0.1552 P6) |12|0
12 e | 11| e | 14751.646 | 14751.6494 | -0.0034 R(11) | 12| 0
9 |f |9 |e |14749.619 | 14749.6446 | -0.0256 QO 1210
6 |e |7 |e |14749.619 | 14749.7174 | -0.0984 P(7) |12]0
13 e |12 e | 14749.079 | 14749.1388 | -0.0598 R(12) | 12| 0
10 | f |10 | e | 14746.992 | 14747.0315 | -0.0395 Q(10) |12 ] 0
7 |e |8 |e |14746.992 | 14747.0024 | -0.0104 P 120
14 e | 13 | e | 14746.316 | 14746.3674 | -0.0514 R(13) |12 ] 0
11| f |11 | e | 14744.048 | 14744.1573 | -0.1093 Q(11) | 12| 0
8 |e |9 |e |14744.048 | 14744.0261 | 0.0219 PO |12|0
15 e | 14| e | 14743.248 | 14743.3351 | -0.0871 R(14) | 12| 0
12 | f |12 | e | 14740.96 | 14741.0222 | -0.0622 Q(12) | 12| 0
9 |e |10 |e | 14740.747 | 14740.7886 | -0.0416 P(10) |12 |0
16 | e | 15| e | 14739.983 | 14740.0421 | -0.0591 R(15) | 12| 0
13 |f |13 ]e | 1473759 | 14737.626 | -0.036 Q(3)|12]0
10 e |11 | e | 14737.219 | 14737.2899 | -0.0709 P(11) |12 |0
17| e | 16 | e | 14736.414 | 14736.4885 | -0.0745 R(16) |12 0
14 |f |14 | e | 14733.958 | 14733.969 | -0.011 Q(14) | 12| 0
11 e | 12| e | 14733.514 | 14733.5301 | -0.0161 P(12) | 12| 0
18 e | 17| e | 14732.676 | 14732.6743 | 0.0017 R(17) | 12| 0
15 | f |15 | e | 14730.075 | 14730.0511 | 0.0239 Q(15) | 12| 0
12 e |13 | e | 14729.495 | 14729.5094 | -0.0144 P(13) | 12| 0
19 e |18 | e | 14728.604 | 14728.5997 | 0.0043 R(18) | 12| 0
16 | f |16 | e | 1472597 | 14725.8725 | 0.0975 Q(16) | 120
13 e |14 | e | 14725.296 | 14725.2276 | 0.0684 P(14) |12 |0
20 e | 19| e | 14724.315 | 14724.2647 | 0.0503 R(19) |12 ]0
17 | f | 17 | e | 14721.502 | 14721.4333 | 0.0687 Q(17) | 12| 0
14 e | 15| e | 14720.742 | 14720.685 | 0.057 P(15) |12 |0
21 e |20 | e | 14719.712 | 14719.6694 | 0.0426 R(20) | 12| 0
18 | f | 18 | e | 14716.788 | 14716.7335 | 0.0545 Q(18) | 12| 0
15|e |16 | e | 147159 14715.8815 | 0.0185 P(16) | 12| 0
22 e |21 |e | 14714.82 | 14714.8141 | 0.0059 R(21) | 12| 0
19 | f |19 | e | 14711.827 | 14711.7733 | 0.0537 Q(9) | 12]0
16 | e |17 | e | 14710.83 | 14710.8173 | 0.0127 P(17) |12 |0
23 |e |22 |e | 14709.66 | 14709.6987 | -0.0387 R(22) |12 ]0
20 | f | 20| e | 14706.539 | 14706.5527 | -0.0137 Q(20) | 12| 0
17 e | 18 | e | 14705.474 | 14705.4925 | -0.0185 P(18) |12 |0
24 e |23 | e | 14704.247 | 14704.3235 | -0.0765 R(23) |12 |0
21 | f |21 |e |14701.056 | 14701.0718 | -0.0158 Q(21) | 12| 0
18 e |19 ] e | 14699.842 | 14699.9071 | -0.0651 P(19) | 12| 0
25 | e |24 | e | 14698.627 | 14698.6885 | -0.0615 R(24) | 12| 0
22 | f |22 | e | 14695.304 | 14695.3309 | -0.0269 Q(22)|12]0
19 e |20 | e | 14694.019 | 14694.0613 | -0.0423 P(20) | 12 |0
26 e | 25| e | 14692.694 | 14692.794 | -0.1 R(25) |12 ]0
23 | f |23 | e | 14689.361 | 14689.3299 | 0.0311 Q(23) | 12| 0
20| e |21 |e | 14687.958 | 14687.9551 | 0.0029 P(21) | 12| 0
24 | f |24 | e |14683.136 | 14683.0691 | 0.0669 Q(24) | 12|10
21 | e |22 | e | 14681.64 | 14681.5886 | 0.0514 P(22) |12 |0
25 | f | 25| e | 14676.673 | 14676.5485 | 0.1245 Q(25) 1120
22 | e |23 |e | 14675.018 | 14674.9621 | 0.0559 P(23) | 12| 0




Table A.4: Assignments for the A"MTI(Xon 1) (v/ = 13,v” = 0) band.

J S| IS Obs Cale Obs-Calc | Assignment | v’ | v”
4 |e |3 |e 15241.603 | 15241.4358 | 0.1672 R(3) 1310
2 |e |1 |e |15241.603 | 15241.5215 | 0.0815 R(1) 1310
5 |e |4 |e | 15241.081 | 15240.995 | 0.086 R(4) 1310
6 [e |5 |e |15240.327 | 15240.2889 | 0.0381 R(5) 130
1 [ f |1 |e |15240.327 | 15240.2808 | 0.0462 Q(1) 1310
2 [f |2 |e |15239.7 15239.7503 | -0.0503 Q(2) 13]0
7 |e |6 |e |15239.325 | 15239.3173 | 0.0077 R(6) 1310
3 1f |3 Je 15238.924 | 15238.9545 | -0.0305 Q(3) 1310
5 |f |5 |e 15236.576 | 15236.567 | 0.009 Q(5) 1310
9 |e |8 |e 15236.576 | 15236.5775 | -0.0015 R(8) 1310
6 [f |6 |e | 15234.915 | 15234.9753 | -0.0603 Q(6) 1310
10]e |9 |e |15234.915 | 15234.8092 | 0.1058 R(9) 13]0
7 |f |7 |e |15233.081 | 15233.1181 | -0.0371 Q(7) 13]0
4 |e |5 |e | 15233.428 | 15233.4654 | -0.0374 P(5) 130
11 e |10 | e | 15232.663 | 15232.7752 | -0.1122 R(10) 130
8 |f |8 |e |15230.925 | 15230.9954 | -0.0704 Q) 1310
12 e | 11 | e | 15230.397 | 15230.4754 | -0.0784 R(11) 1310
9 |f |9 |e 15228.642 | 15228.6071 | 0.0349 Q9) 1310
6 |e |7 |e 15228.642 | 15228.7761 | -0.1341 P(7) 1310
13 e | 12 | e | 15227.867 | 15227.9096 | -0.0426 R(12) 1310
10 | £ | 10 | e | 15225.875 | 15225.9532 | -0.0782 Q(10) 1310
7 |e |8 |e |15225.875 | 15226.0333 | -0.1583 P(8) 13]0
14 e |13 | e | 15224.949 | 15225.0778 | -0.1288 R(13) 130
11| f |11 | e | 15222.988 | 15223.0336 | -0.0456 Q(11) 1310
8 |e |9 |e |15222.983 | 15223.025 | -0.037 P(9) 1310
15 e | 14 | e | 15221.925 | 15221.9799 | -0.0549 R(14) 1310
121f |12 e 15219.817 | 15219.8482 | -0.0312 Q(12) 1310
9 |e |10 e 15219.817 | 15219.7511 | 0.0659 P(10) 1310
16 | e | 15 | e | 15218.588 | 15218.6157 | -0.0277 R(15) 1310
13 |f | 13| e | 15216.317 | 15216.3968 | -0.0798 Q(13) 130
10 | e | 11 | e | 15216.317 | 15216.2116 | 0.1054 P(11) 130
17 e |16 | e | 15214.976 | 15214.985 | -0.009 R(16) 13]0
14| f |14 | e | 15212.734 | 15212.6794 | 0.0546 Q(14) 1310
18 e |17 | e | 15211.105 | 15211.0878 | 0.0172 R(17) 1310
15| f | 15| e | 15208.746 | 15208.6959 | 0.0501 Q(15) 1310
12 e |13 ]e 15208.436 | 15208.3354 | 0.1006 P(13) 1310
19|e |18 e 15206.993 | 15206.9238 | 0.0692 R(18) 1310
16 | f | 16 | e | 15204.494 | 15204.4461 | 0.0479 Q(16) 1310
13 |e | 14 | e | 15204.088 | 15203.9984 | 0.0896 P(14) 1310
20 e |19 | e | 15202.518 | 15202.4929 | 0.0251 R(19) 1310
17| f [ 17 | e | 15200 15199.9298 | 0.0702 Q(17) 13]0
14|e [ 15 |e |15199.49 | 15199.3954 | 0.0946 P(15) 13]0
21 e |20 |e |15197.84 | 15197.795 | 0.045 R(20) 1310
18 |f | 18 | e | 15195.14 | 15195.147 | -0.007 Q(18) 1310
15|e |16 | e 15194.532 | 15194.5263 | 0.0057 P(16) 1310
22 e |21 |e 15192.833 | 15192.8298 | 0.0032 R(21) 1310
19 | f |19 | e | 15190.091 | 15190.0974 | -0.0064 Q(19) 1310
16 | e | 17 | e | 15189.33 | 15189.3909 | -0.0609 P(17) 1310
23 e |22 |e | 15187.533 | 15187.5972 | -0.0642 R(22) 13]0
20 [ f |20 |e | 15184.768 | 15184.7809 | -0.0129 Q(20) 13]0
17 e |18 |e | 15183.997 | 15183.989 | 0.008 P(18) 13]0
24 e |23 ]e |15182.005 | 15182.0969 | -0.0919 R(23) 1310
21 [f |21 |e 15179.174 | 15179.1974 | -0.0234 Q(21) 1310
18|e |19 e 15178.301 | 15178.3206 | -0.0196 P(19) 1310
25|e |24 |e 15176.275 | 15176.3288 | -0.0538 R(24) 1310
22 [ f |22 |e | 15173.376 | 15173.3466 | 0.0294 Q(22) 1310
19 e | 20| e | 15172406 | 15172.3854 | 0.0206 P(20) 1310
26 e | 25 | e | 15170.341 | 15170.2926 | 0.0484 R(25) 130
23 [ f |23 |e |15167.308 | 15167.2284 | 0.0796 Q(23) 13]0
4 | f |4 |e |15238.006 | 15237.8934 | 0.1126 Q4) 13]0
8 |e |7 |e |15238.006 | 15238.0802 | -0.0742 R(7) 1310




Table A.5: A881gnments for the A"MI(Xomw 1) (v/ = 14,v" =

JS|I Obs Calc Obs-Calc | Assignment | v’ | v”
4 |e |3 |e | 15715.752 | 15715.5568 | 0.1952 R(3) 14 | 0
3 |e |2 |e |15715.752 | 15715.7549 | -0.0029 R(2) 14 |0
2 |e |1 |e |15715.752 | 15715.6822 | 0.0698 R(1) 14 |0
5 e |4 |e 15715.201 | 15715.0876 | 0.1134 R(4) 14 |0
1 (e |0 |e 15715.201 1571) 3384 -0.1374 R(0) 140
6 e |5 |e 15714.427 0.0794 R(5) 14 [0
T |1 |e 20.0258 | Q(1) 140
2 [f |2 |e 0.046 Q2 4]0
7T le |6 |e 0.0434 R(6) 14|10
3 1f |3 |e 01419 | Q(3) 40
4 1f |4 |e 10712.106 13712 01-14 0.0916 Q(4) 14 |0
8 |e |7 |e |15712.106 | 15712.0547 | 0.0513 R(7) 14 |0
2 |e |3 |e |15711.307 | 15711.2542 | 0.0528 P(3) 14 (0
5 [f |5 |e |15710.612 | 15710.6596 | -0.0476 Q(5) 14 (0
9 |e |8 |e |15710.612 | 15710.5018 | 0.1102 R(8) 14 | 0
3 |e |4 |e |15709.53 | 15709.5557 | -0.0257 P(4) 14 |0
6 [f |6 |e |15709.049 | 15709.034 | 0.015 Q(6) 14 |0
10]e |9 |e | 15708.654 1o7()8 6779 | -0.0239 R(9) 140
7 |f |7 |e |15707.105 (()7 157-1 -0.0324 Q(7) 14 [0
11 e |10 |e 15706.477 -0.1062 R(10) 1410
8 |[f |8 |e |15704.966 -0.0039 Q(8) 14|10
12 (e |11 | e | 15704.117 | 15704.2175 | -0.1005 R(11) 140
5 |e |6 |e |15705.24 | 15705.346 | -0.106 P(6) 1410
9 [f |9 |e |15702.479 | 15702.5314 | -0.0524 Q(9) 14|10
13 |e |12 |e | 15701.416 | 15701.5808 | -0.1648 R(12) 14 (0
10 f [ 10 [ e | 15699.769 | 15699.8219 | -0.0529 Q(10) 14 |0
7 |e |8 |e |15699.769 | 15700.0526 | -0.2836 P(8) 14 (0
14 | e |13 |e | 15698.501 | 15698.6732 | -0.1722 R(13) 14 |0
11 f |11 ]e 15696.822 | 15696.8416 | -0.0196 Q(11) 14 |0
8 |e |9 |e |15696.822 | 15696.9995 | -0.1775 P(9) 14 |0
15|e |14 e 15695.341 | 15695.4947 | -0.1537 R(14) 14 |0
12| f |12 | e | 15693.539 | 15693.5903 | -0.0513 Q(12) 14 [0
9 e | 10| e | 15693.539 | 15693.6754 | -0.1364 P(10) 14 [0
16| e |15 | e | 15691.889 | 15692.0452 | -0.1562 R(15) 14 [0
13 f [ 13 ]e | 15690.046 | 15690.068 | -0.022 Q(13) 1410
10 e |11 | e | 15690.046 | 15690.0803 | -0.0343 P(11) 14 |0
17 e | 16 | e | 15688.296 | 15688.3248 | -0.0288 R(16) 14|10
141 [ 14 ]e | 15686.297 | 15686.2748 | 0.0222 Q(14) 14 |0
11 e |12 | e | 15686.297 | 15686.2144 | 0.0826 P(12) 14 |0
18 e | 17 | e | 15684.309 | 15684.3334 | -0.0244 R(17) 14 (0
15| f |15 | e | 15682.256 | 15682.2107 | 0.0453 Q(15) 14 |0
12 e | 13 | e | 15682.256 | 15682.0775 | 0.1785 P(13) 14 |0
19 e | 18 | e | 15680.143 | 15680.0711 | 0.0719 R(18) 14 | 0
16| f |16 | e | 15677.987 15077 8750 0.1114 Q(16) 14 |0
13|e |14 ]e 15677.716 0.0464 P(14) 14|10
20e |19 e 15675.545 0.0072 R(19) 14 |0
171f [ 17 e 15673.465 0.1954 Q(17) 1410
14 e |15 | e | 15673.149 l (‘72 .)‘)08 0.1582 P(15) 14|10
21| e |20 |e | 15670.83 | 15670.7336 | 0.0964 R(20) 14|10
18| f [ 18 |e | 15668.518 | 15668.3926 | 0.1254 Q(18) 1410
15|e | 16 | e | 15668.175 | 15668.0411 | 0.1339 P(16) 14 |0
22 e |21 |e | 15665.692 | 15665.6585 | 0.0335 R(21) 14 |0
19 [ 19 ]e | 15663.344 | 15663.2447 | 0.0993 Q(19) 14 |0
16 [ e | 17 | e | 15662.879 | 15662.8204 | 0.0586 P(17) 14 (0
23 e |22 e 15660.204 | 15660.3124 | -0.1084 R(22) 14 |0
20 [ f |20 | e | 15657.887 | 15657.8258 | 0.0612 Q(20) 14 |0
17 (e |18 | e | 15657.301 | 15657.3288 | -0.0278 P(18) 14 |0
21| f |21 e 15652.06 | 15652.136 | -0.076 Q(21) 14 |0
18 e |19 |e 15651.446 | 15651.5662 | -0.1202 P(19) 14|10
25|e |24 |e 15648.718 | 15648.8074 | -0.0894 R(24) 14 [0
22(f |22 e |15646.139 -0.0363 Q(22) 14 |0
19 e |20 |e | 15645.426 -0.1067 P(20) 14|10
23 [ f |23 e | 15640.017 : 0.0734 Q(23) 14|10
20| e |21 |e | 15639.224 | 15639.2282 | -0.0042 P(21) 14|10
27| e |26 | e | 15636.175 | 15636.2187 | -0.0437 R(26) 14 |0
24 | f |24 | e | 15633.541 | 15633.441 | 0.1 Q(24) 14 |0
21 | e |22 | e | 15632.698 | 15632.6528 | 0.0452 P(22) 14 (0
25 [ f | 25| e | 15626.829 | 15626.6674 | 0.1616 Q(25) 14 |0
22| e |23 |e | 15625.84 | 15625.8065 | 0.0335 P(23) 14 |0
26 [ f | 26| e | 15619.711 | 15619.6229 | 0.0881 Q(26) 14 | 0
23| e |24 |e | 15618.676 | 15618.6892 | -0.0132 P(24) 14 |0
21| £ |27 | e 1561 1| 15612.3075 | 0.0135 Q(27) 140
24|e |25 e 1561 6 | 15611.301 | -0.045 P(25) 14 [0
28 f |28 e 15604.592 | 15604.7211 | -0.1291 Q(28) 1410
25| e |26 | e | 15603.531 | 15603.6418 | -0.1108 P(26) 1410

0) band.
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Table A.6: Assignments for the A'TI(Xonw 1) (v/ = 15,v" = 0) band.
J7 S| J” | S” | Observed | Calculated | Obs-Calc | Assignment | v’ | v”
4 e |3 |e |16184.98 | 16184.8437 | 0.1363 R(3) 1510
3 e |2 |e |16184.98 | 16185.0686 | -0.0886 R(2) 1510
2 e |1 |e |16184.98 | 16185.0159 | -0.0359 R(1) 1510
5 e |4 |e 16184.344 | 16184.3412 | 0.0028 R(4) 1510
6 [e |5 |e |16183.579 | 16183.5611 | 0.0179 R(5) 1510
1 |f |1 |e |16183.579 | 16183.7999 | -0.2209 Q(1) 1510
2 | f |2 |e | 16183.281 | 16183.2447 | 0.0363 Q(2) 1510
7 e |6 |e | 16182457 | 16182.5033 | -0.0463 R(6) 1510
1 Je |2 |e |16182.092 | 16182.0287 | 0.0633 P(2) 1510
4 |f [4 |e 16181.213 | 16181.3013 | -0.0883 Q(4) 1510
8 |e |7 |e 16181.213 | 16181.1679 | 0.0451 R(7) 1510
2 e |3 |e |16180.593 | 16180.5879 | 0.0051 P(3) 1510
5 | f |5 |e |16179.928 | 16179.9132 | 0.0148 Q(5) 1510
9 |e |8 |e |16179.607 | 16179.5549 | 0.0521 R(8) 1510
3 |e |4 |e |16178.963 | 16178.8694 | 0.0936 P(4) 1510
6 |f |6 |e |16178.232 | 16178.2475 | -0.0155 Q(6) 1510
100]e |9 |e |16177.657 | 16177.6643 | -0.0073 R(9) 1510
4 e |5 |e |16176.88 | 16176.8733 | 0.0067 P(5) 1510
7T | f |7 |e |16176.291 | 16176.3041 | -0.0131 Q(7) 1510
11 e |10 | e |16175.461 | 16175.496 | -0.035 R(10) 1510
5 |e |6 |e |16174.537 | 16174.5996 | -0.0626 P(6) 1510
8 |f |8 |e |16174.128 | 16174.0831 | 0.0449 Q(8) 1510
12)e |11 |e | 16172977 | 16173.0501 | -0.0731 R(11) 1510
6 [e |7 |e |16172.055 | 16172.0483 | 0.0067 P(7) 1510
9 |f |9 |e |16171.55 | 16171.5845 | -0.0345 Q(9) 1510
13]e |12 e | 16170.21 | 16170.3266 | -0.1166 R(12) 1510
7 e |8 |e |16169.254 | 16169.2193 | 0.0347 P(8) 1510
10 [ f | 10 | e | 16168.857 | 16168.8083 | 0.0487 Q(10) 1510
8 e |9 |e | 16166.181 | 16166.1127 | 0.0683 P(9) 1510
11 |f |11 ]e 16165.915 | 16165.7544 | 0.1606 Q(11) 1510




Table A.7: Assignments for the A"MTI(Xomw 1) (v/ = 16, v" = 0) band.
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J S| J7 | S” | Observed | Calculated | Obs-Calc | Assignment | v’ | v”
4 e |3 |e |16653.074 | 16653.0275 | 0.0465 R(3) 16 | 0
3 |e |2 |e |16653.074 | 16653.2649 | -0.1909 R(2) 16 | 0
2 |e |1 |e |16653.074 | 16653.2215 | -0.1475 R(1) 16 |0
1 e |0 |e |16653.074 | 16652.8973 | 0.1767 R(0) 16 |0
5 e |4 |e | 16652.567 | 16652.5095 | 0.0575 R(4) 16 | 0
2 | f |2 |e |16651.689 | 16651.4503 | 0.2387 Q(2) 16 | 0
3 | f |3 |e | 16650.631 | 16650.6081 | 0.0229 Q(3) 16 | 0
7 e |6 |e |16650.631 | 16650.6311 | -0.0001 R(6) 16 | 0
4 |f |4 |e |16649.467 | 16649.4851 | -0.0181 Q(4) 16 |0
8 |e |7 |e | 16649.467 | 16649.2709 | 0.1961 R(7) 16 |0
2 e |3 |e |16648.78 | 16648.7935 | -0.0135 P(3) 16 |0
5 | f |5 |e | 16648.076 | 16648.0815 | -0.0055 Q(5) 16 | 0
3 |e |4 |e |16647.079 | 16647.0657 | 0.0133 P(4) 16 | 0
6 |f |6 |e | 16646.414 | 16646.3971 | 0.0169 Q(6) 16 |0
10e |9 |e |16645.618 | 16645.7081 | -0.0901 R(9) 16 |0
4 |e |5 |e |16644.727 | 16645.0571 | -0.3301 P(5) 16 |0
7T | f |7 |e | 16644.252 | 16644.4319 | -0.1799 Q(7) 16 |0
11 e |10 | e | 16643.588 | 16643.5056 | 0.0824 R(10) 16 | 0
5 e |6 |e |16642.744 | 16642.7679 | -0.0239 P(6) 16 | 0
8 |f |8 |e | 16642.319 | 16642.1861 | 0.1329 Q(8) 16 | 0
121e |11 |e 16640.929 | 16641.0224 | -0.0934 R(11) 16 | 0
6 |e |7 |e | 16640.153 | 16640.1979 | -0.0449 P(7) 16 |0
9 |f |9 |e | 16639.689 | 16639.6595 | 0.0295 Q(9) 16 |0
8 |e |9 |e |16634.41 | 16634.2157 | 0.1943 P(9) 16 |0
11 f |11 | e | 16633.694 | 16633.764 | -0.0700 Q(11) 16 | 0




Table A.8: Assignments for the A"MTI(Xon 1) (v/ = 17,v" = 0)
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band.

J S| J7|S” ]| Obs Calc Obs-Calc | Assignment | v’ | v”
3 e |2 |e |17109.852 | 17109.8125 | 0.0395 R(2) 1710
2 |e |1 |e |17109.852 | 17109.7741 | 0.0779 R(1) 1710
4 e |3 |e | 17109.589 | 17109.5685 | 0.0205 R(3) 1710
1 e |0 |e |17109.589 | 17109.4533 | 0.1357 R(0) 1710
5 |e |4 |e |17109.024 | 17109.0421 | -0.0181 R(4) 1710
1 [f |1 |e |17108.541 | 17108.5677 | -0.0267 Q(1) 1710
7 e |6 |e |17107.097 | 17107.142 | -0.045 R(6) 1710
3 | f |3 |e | 17107.097 | 17107.1557 | -0.0587 Q(3) 1710
1 |e |2 |e | 17106.683 | 17106.7965 | -0.1135 P(2) 1710
4 |f |4 |e 17106.011 | 17106.0261 | -0.0151 Q(4) 1710
8 |e |7 |e |17105.75 | 17105.7684 | -0.0184 R(7) 1710
2 e |3 |e |17105.358 | 17105.3461 | 0.0119 P(3) 1710
5 | f |5 |e |17104.616 | 17104.6141 | 0.0019 Q(5) 1710
9 |e |8 |e | 17104.093 | 17104.1123 | -0.0193 R(8) 1710
3 |e |4 |e |17103.57 | 17103.6133 | -0.0433 P(4) 1710
6 |f |6 |e |[17102.954 | 17102.9196 | 0.0344 Q(6) 1710
10(e |9 |e | 17102.166 | 17102.1739 | -0.0079 R(9) 1710
4 |e |5 |e |17101.609 | 17101.5981 | 0.0109 P(5) 1710
7 | f |7 |e |17100.954 | 17100.9428 | 0.0112 Q(7) 1710
11 e |10 | e | 17099.876 | 17099.953 | -0.077 R(10) 1710
8 |f |8 |e | 17098.7 17098.6836 | 0.0164 Q(8) 1710
12 e | 11 | e | 17097.47 | 17097.4498 | 0.0202 R(11) 1710
6 |e |7 |e |17096.669 | 17096.7204 | -0.0514 P(7) 1710
9 |f |9 |e |17096.183 | 17096.1419 | 0.0411 Q(9) 1710
13 e |12 |e | 17094.68 | 17094.6641 | 0.0159 R(12) 1710
7 e |8 |e |17093.86 | 17093.858 | 0.002 P(8) 1710
10 f |10 | e | 17093.373 | 17093.3179 | 0.0551 Q(10) 1710
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Appendix B

Appendix B: LIF System

B.1 System Overview

B.1.1 Ablation Translation/Rotation Holder

The original ablation/rotation metal rod holder was designed by Dr. Jacob Stewart
and Dr. Michael Sullivan to minimize the number of holes. This is a good idea, since
holes create leaks, and those leaks decrease the total amount airflow across the metal
rod and ultimately the jet output which is directed toward the instrument optics. The
translation and rotation was accomplished by using a threaded screw attached to a
stepper motor. The disadvantage to this design was that it was extremely difficult
to align the ablation laser onto the metal rod since the laser input was the same as
the jet expansion output, and the signal was overall very unreliable. One notable
advantage of this approach is that fewer holes in the block design allow for better
pressure transfer through the output port.

The second iteration was designed by Dr. Daniel Fhroman and modified by Joel
Schmitz. This design used the more traditional approach for our lab, which involves

using a separate hole perpendicular to the expansion axis for the ablation block. The
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translation and rotation used the same single-motor scheme as the previous design.
This design allowed much more facile ablation alignment, but the entire system led to
a high degree of rod-instability. Overall, the simpler ablating laser alignment made
this system an adequate replacement for the previous iteration.

I imagined and assembled the current version of the rotation translation assem-
bly. The assembly features multiple articulation points for adjusting the stepper
motors and rod, as well as the pulsed jet output. The entire assembly can also be
translated along the bottom of the chamber without changing the relative alignment
of any of the other parts. The parts for the device are commercially available from
ThorLabs, so that anyone can easily replicate the assembly. A diagram of the bare
device is shown in Figure B.1. The support is extremely rugged and effectively has
an unlimited support weight for any reasonable application. The design is straight-
forward with only few components, and allows for mounting of nearly anything to to
the breadboard style stages, so that future additions to the ablation block such as a
discharge source, which has been designed by Ariana Rodruiguez and Joel Schmitz,
are easily added. The stepper motors used in the final version of this assembly was a
custom combination unit from Hayden-Kerk (LR35SKH4AE-05-001), which Thomas
Persinger and I collaborated on for shipment. I had discovered that the coatings in
the motor were sublimating under the high vacuum of our chambers, causing the
electromagnets to fail, and Thomas negotiated with the engineers at Hayden-Kerk
to produce and deliver a custom version of the motor, which contained high-vacuum
grease containing Teflon. These motors were installed in both the LIF chamber and
the REMPI/ZEKE chamber, and although the motor has burnt out once in the lat-
ter chamber, likely due to an over-current event due to user error, the motor has
been a workhorse in the LIF chamber to the best of my knowledge. It is notable
that the motor controller programs were modified to include maximum current con-

trols, and these should be included in any program that is designed in the future
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to control Phidgets stepper motor boards. Heat loading on the stepper motors be-
comes an issue in ablation systems that are completely inside the vacuum chamber,
since there is no air for thermal transport. An alternative solution is to have the
motors run outside the chamber, but this adds complexity to the system since some
motion transfer solution needs to be added to get the rotational motion to the rod
inside the experiment. The Hayden-Kerk motors cost about $500 each; a two year
replacement cycle is acceptable although no ideal. An alternative, implemented by
group member Noah Jaffe, is to simply pack the windings of cheap stepper motors
with high-vacuum grease. This solution requires that the experimentalist design and
construct their own rotation-translation scheme, but has the advantage of lessened

motor replacement cost.

Figure B.1: CAD drawing of the Modern translation/rotation holder assembly.
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B.1.2 Optical train

B.1.3 Monochromator

The monochromator addition was originally designed to more easily interface commu-
nicate with modern computer software, as well as to allow for 2D-LIF measurements.
Unfortunately, the grating installed in the monochromator (1200 lines/mm) is un-
suitable for the molecules that we study, given that the bandwidth of an image is
about 15 nm under when this grating is installed. If a 300 lines/mm grating were
to be installed on the device, the bandwidth would increase to 60 nm, giving usable
images. The gratings must be custom ordered for the monochromator, since the unit
is rather old and the . Additionally, the drivers for LabVIEW had not been updated
in some time, so the control box for the monochromator was replaced with a more
modern stepper motor driving unit, which interfaces more easily to our data collection

system.

To Mono

45 Deg Motor A

ﬂﬂ AA Battery ‘
|

]: Asaneg yy

fritzing

Figure B.2: Cartoon showing the main idea of the connections to the 25-pin serial
port to the monochromator. The batteries are actually a 70W power supply unit,
and the motor controllers are functionally similar.
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B.2 Monochromator Source Code

Here is the source code for the monochromator. Copying and pasting this into the
Arduino IDE, along with including the EEPROM.h and digitalWriteast.h libraries,
will allow you to compile and run this an an Arduino MEGA. Reading the code
essentially describes all of the pinouts and serial commands for the device, and these

values can be modified if desired.

/ /%% %% %%« INCLUSIONS

#include <FEPROM.h>
#include <digitalWriteFast .h>
//changes write operation speed to ~125 ns

//instead of ~6000 ns

/ [ #x %%+ x CONSTANTS

const int motorAPUL = 52;

// Pulsing pin for Up_ Down motor

const int motorBPUL = 11;

const int motorADir = 53;

const int motorAEna = 24;

const int btnPinADir = 23;

// the pin that the motor A Dir pushbtn is attached to

const int btnPinAEna = 25;

//const int motorBPUL = 11;

const int motorBDir = 28;
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const int testBtn = 30;

const int motorAStateAddress = 0;
const int motorSpeedDial = 0;

const int motorBPositionAddress = 0;

const int motorALowLimit= 46;
const int motorAHighLimit = 47;
const int motorBLowLimit = 48;

const int motorBHighLimit = 49;

const int btnMotorBDown = 50;

const int btnMotorBUp = 51;

const long interval = 500;
const long backlashInterval = 4000;

unsigned long previousMicros = 0;

const int backlash = 50; // adds backlash for N steps

/[ %%k x5 %% x VARIABLES

int motorAState = LOW;
// motorAState used to set Motor A ENA
int motorBState = LOW;

// motorBState used to set Motor B ENA



bool motorBDirVal = LOW;

//Variable to keep track of direction of motor

bool motorBPULVar = LOW;
bool motorAPULVar = LOW;

int btnlnterval = 0;

int btnPushCounter = 0;

// counter for the number of btn presses
int btnState = 0;

// current state of the btn

int lastBtnState = 0;

// previous state of the btn

bool eventMotorAFlag = 0;

bool motorAPosition = 0;

// Position of motor A is either up or down.

long motorBPosition = 0; //Position of motor B is

long steps = 0;
long desiredDialReading = 0;
long readingA = 0;

long motorBPositionNew = 0;

// Generally , you should use ”unsigned long”

// for variables that hold time

// The value will quickly become too large for an
// int to store

unsigned long previousMicrosA = 0;

variable.

109
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// store last time LED update

unsigned long previousMicrosB = 0;

// constants won’t change
long potRead = 0;

// interval at which to blink (milliseconds)

int frequencyA = 2000;
int frequencyB = 4000;
long pulseDelay = 0;

double rotations = 1;

const long product = 400000;

int backlashFlag = 0;

enum State
{
idle ,
sendSerialStatus ,
//Send the current position of motor A and motor B
moveMotorA |
// Motor Attatched to up/down mirror
moveMotorAUT,
// Motor A control from buttons
moveMotorB ,
// Motor attatched to diff grating (200 steps/rev)
moveMotorBUI ,
//Motor B control with buttons

backlashState ,
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updateVals ,

b
enum State state; //the actual instance, so can’t be a typedef

[ [ %%k k88 sk k ok ok« SETUP

void setup ()
{
state = idle;

Serial . begin (9600);

pinMode (motorADir, OUTPUT);
pinMode (motorBDir, OUTPUT);

pinMode (testBtn , INPUT);

pinMode (motorAPUL ,OUTPUT) ;
pinMode (motorBPUL ,OUTPUT) ;

pinMode (btnMotorBDown , INPUT);

pinMode (btnMotorBUp, INPUT);

pinMode (A0, INPUT);

//limit switches

pinMode (motorALowLimit , INPUT);

pinMode (motorAHighLimit, INPUT);



pinMode (motorBLowLimit , INPUT);

pinMode (motorBHighLimit , INPUT);

motorAPosition = EEPROM. read (motorAStateAddress );

/[ %k ko k ko« MAIN. PROGRAM

void loop ()

{

if (state = idle)
{
HandleSerial ();
HandleUI ();
}
if (state = updateVals)
{
//UpdateVals ()
}
if (state = moveMotorA) //Move the mirror motor
{
long i = 0;

while (i < steps)
{
if (digitalRead (motorALowLimit)
= HIGH && digitalRead (motorADir) = LOW)
{
Serial . println (”Lower limit reached”);

break ;
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}
if (digitalRead (motorAHighLimit)

— HIGH && digitalRead (motorADir) = HIGH)
{

Serial.println (?”Upper limit reached”);
break ;

}

unsigned long currentMicros = micros ();

if (currentMicros — previousMicros >= interval)

{

previousMicros = currentMicros;

if (motorAPULVar = LOW)

{
digitalWrite (motorAPUL ,HIGH ) ;

motorAPULVar = HIGH;

++i

else

digitalWrite (motorAPUL ,LOW);
motorAPULVar = LOW;

}

state = idle;
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if (state = moveMotorB) //Move the diffraction grating motor
{

if (steps > 5000)

{
backlashFlag = 1;

long i = 0;
while (i < steps)
{
if (digitalRead (motorBLowLimit)
— HIGH && digitalRead (motorBDir) = LOW)
{
Serial.println (”Lower limit reached”);
break;
}
if (digitalRead (motorBHighLimit)
— HIGH && digitalRead (motorBDir) = HIGH)
{
Serial.println (”Upper limit reached”);
break ;

}

unsigned long currentMicros = micros ();

if (currentMicros — previousMicros >= interval)

{

previousMicros = currentMicros;

if (motorBPULVar = LOW)
{



digitalWriteFast (motorBPUL ,HIGH) ;

motorBPULVar = HIGH;

INEE

if (motorBDirVal = HIGH)
{

4++motorBPosition;

}
if (motorBDirVal =— LOW)

{

—motorBPosition;

}

else

digitalWriteFast (motorBPUL ,LOW);
motorBPULVar = LOW;

if (backlashFlag = 1)
{

state = backlashState;

}

else

{

Serial .println (”done”);

Serial . println (motorBPosition );
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state = idle;

if (state = backlashState)

// activate backlash

{

if (backlashFlag =— 1)

{

digitalWrite (motorBDir, LOW);
}
if (backlashFlag = 0)
{

digitalWrite (motorBDir, HIGH);
}

long i = 0;

while (i < backlash)

{
if (digitalRead (motorBLowLimit)
— HIGH && digitalRead (motorBDir) = LOW)
{

Serial . println (”Lower limit reached”);
break;
}
if (digitalRead (motorBHighLimit)
= HIGH && digitalRead (motorBDir) = HIGH)
{

Serial.println (”Upper limit reached”);
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break;

unsigned long currentMicros = micros ();

if (currentMicros — previousMicros >= backlashInterval)

{

previousMicros = currentMicros;

if (motorBPULVar = LOW)
{

digitalWriteFast (motorBPUL ,HIGH ) ;
motorBPULVar = HIGH;

i

else

digitalWriteFast (motorBPUL ,LOW);

motorBPULVar = LOW;

}
if (backlashFlag = 1)

{
backlashFlag = 0;

state = backlashState;

else

Serial.println (”done”);
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Serial.println (motorBPosition );

state = idle;

if (state == moveMotorBUI)
//Move the diffraction grating motor
{
btnlnterval =
while (digitalRead (btnMotorBDown )

(—19xpotRead)+20000;

digitalRead (btnMotorBUp) = 1)

=1 ||

if (digitalRead (motorBLowLimit)
= HIGH && digitalRead (motorBDir) = LOW)

{

Serial.println (”"Lower limit reached”);

break ;

}
if (digitalRead (motorBHighLimit)

— HIGH && digitalRead (motorBDir) = HIGH)

{

Serial.println (”Upper limit reached”);
break;

}
unsigned long currentMicros = micros ();

if (currentMicros — previousMicros >= btnlnterval)

{
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previousMicros = currentMicros;

if (motorBPULVar = LOW)

{
digitalWriteFast (motorBPUL ,HIGH ) ;

motorBPULVar = HIGH;
if (motorBDirVal = HIGH)

{

++motorBPosition;

}
if (motorBDirVal = LOW)

{

—motorBPosition

}

else

digitalWriteFast (motorBPUL ,LOW);

motorBPULVar = LOW;

}//end loop

/] #xxxxkkkkoxoxoxx FUNCTIONS

/] kkkxxxxkkkk Serial

void HandleSerial ()



while (Serial.available() > 0)

{

char incomingCharacter = Serial.read();

switch (incomingCharacter)

{

case '—’: // Move the Mirror Down
steps = 3600;

digitalWrite (motorADir, HIGH);
state = moveMotorA ;

break ;

case '4+’: // Move the mirror Up
steps = 3600;
digitalWrite (motorADir, LOW);

state = moveMotorA ;
break;
case ’'d’: //motor B goes down

steps = 200;
digitalWriteFast (motorBDir , LOW);

motorBDirVal = LOW,

state = moveMotorB;

break ;

case 'u’: //motor B goes up
steps = 200;

digitalWriteFast (motorBDir, HIGH);

motorBDirVal = HIGH;
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state = moveMotorB;
break ;
case 'p’: //print current position

Serial.println (motorBPosition );

break ;

case ’'l’: // motor B goes to motor position X
Serial . println (motorBPosition );
motorBPositionNew = Serial.parselnt ();

Serial . println (motorBPositionNew );

steps = motorBPositionNew — motorBPosition;
if (steps < 0)
{

digitalWrite (motorBDir, LOW);

motorBDirVal = LOW;

steps = —lxsteps;

else

digitalWrite (motorBDir, HIGH);

motorBDirVal = HIGH;

state = moveMotorB;

break ;
¥
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}

[/ wkskskskksxxx btnUI

void HandleUI()
{

btnState = digitalRead (testBtn );

// compare the btnState to its previous state
potRead = analogRead (A0);

//Serial.println (potRead);

//uncomment to read the potentiometer through serial

if (digitalRead (btnMotorBDown) ==1)

{
digitalWrite (motorBDir, LOW);

motorBDirVal = 0;

state = moveMotorBUI,;

if (digitalRead (btnMotorBUp) ==1)

{
digitalWrite (motorBDir, HIGH);
motorBDirVal = 1;
state = moveMotorBUI,;
}
if (digitalRead (testBtn) = 1)
{

eventMotorAFlag = 1;
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if (btnState != lastBtnState)

{

// if the state has changed, increment the counter
if (btnState = HIGH)
{

// if the current state is HIGH then the btn

// went from off to on:

btnPushCounter—++;

Serial . println ("on”);

Serial.print ("number of btn pushes: 7);

Serial . println (btnPushCounter );

else

// if the current state is LOW then the btn
// went from on to off:
Serial . println (”off”);

}

// Delay a little bit to avoid bouncing

// save the current state as the last state,

//for next time through the loop

lastBtnState = btnState;

if (eventMotorAFlag — 1)

{

if (motorAPosition = 0)
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digitalWrite (motorADir, HIGH);
tone (motorAPUL,1000);

delay (3000);

noTone (motorAPUL);
eventMotorAFlag = 0;
motorAPosition = 1;

EEPROM. write (0, motorAPosition );

else

digitalWrite (motorADir, LOW);
tone (motorAPUL,1000);

delay (3000);

noTone (motorAPUL ) ;
eventMotorAFlag = 0;
motorAPosition = 0;

EEPROM. write (0, motorAPosition );

B.2.1 Camera Attachment

The monochromator’s output port required a coupling unit so that the Andor ICCD
(Andor, 334T) could be coupled to it. After reviewing implementations in other labs
for the attachment, it became clear that telescoping functionality would be extremely
useful, since the sensor’s distance from the image formed by the monochromator was

not exactly known. Given my lack of formal engineering training, I try to design
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things so that they do not need to be exact so that no further of the machined
parts is necessary, since these modifications tend to result in aesthetic and functional
disaster. The attachment works very well and accomplishes all of the design goals.
Thank you to the machine shop at Georgia Institute of Technology for machining this

part; the end-product exactly matched the supplied design documents.

Figure B.3: CAD model of the monochromator to camera attachment (left) and
camera attachment to camera (right). The triangular screw pattern locks in camera
rotation and translation about the rotational axis.
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