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ABSTRACT

This dissertation reports the progress made towards mea-
suring the electron’s electric dipole moment (d,) using a
novel method dubbed the Electric Dipole Measurements us-
ing Molecules within a Matrix (EDM?) method, first proposed
by the EDM? collaboration in Ref. [1]. The measurement of
a non-zero value of d, has long been sought after as a mea-
sure of charge-parity violation, a phenomenon necessary to
explain the observed asymmetry of matter and antimatter in

the universe.

This work presents the production of a beam of cold bar-
ium monofluoride (BaF) molecules using a buffer-gas-cooled
laser-ablation source and the subsequent implantation of BaF
molecules into neon solids suitable for use in a measurement
of d,. Identification of several electronic and vibrational ex-
cited states of BaF within a neon matrix is demonstrated and
the characteristics of these states are studied. The rate of the

excitation for BaF molecules excited to the B*%;/,;(v = 0)
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state is determined and this result is used to estimate a den-
sity of BaF molecules of Niga > (5 £ 3) x 101°/mm?, which

is near the targeted value for a first measurement of d,.

Preliminary experiments demonstrate optical pumping of
the embedded BaF molecules with circularly-polarized light.
Further experiments show that the hyperfine structure of the
ground state can be directly targeted using radio-frequency
(RF) pulses that transfer population between the hyperfine
states of the X?%;,,(v = 0) ground state. These RF experi-
ments show that population in the F = 0, m; = 0 sublevel of
the ground state can be maintained for times on the order of

3 ms in a neon matrix held at 5.8 K.

With the results demonstrated in this work, the remaining
task prior to a measurement of the electron’s electric dipole
moment using the EDM?® method will be to demonstrate
precession and observe the coherence time associated with
the solids produced. Further purification of the molecular
beam will be necessary to reach the desired precession times

of t, > 10 ms. Improvements to the apparatus are underway
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by the EDM? group and their completion could remove the

last barriers to a measurement of d,.
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INTRODUCTION

1.1 MOTIVATION

1.1.1  The Standard Model

The Standard Model (SM) of physics is a theory of all known
elementary particles and their relation to the fundamental
forces (excluding gravity) that mediate the interactions be-
tween them. This modern theory of fundamental physics has
been very successful in making predictions on the proper-
ties, and even the very existence, of particles which can then
be tested experimentally. However, fundamental questions
pertaining to the nature of the observable universe remain
unanswered. Chief among these are the nature of dark mat-
ter and of dark energy, and the apparent matter/antimatter
asymmetry that persists in the observable universe. The SM is

inadequate for answering these questions; thus the search for



new physics to extend the model is ongoing. These extended
theories are labelled with the catch-all moniker: beyond-the-
Standard-Model (BSM) theories of physics. Fundamentally
the search for an electron electric dipole moment (eEDM) is
a test for new BSM physics and, in particular, a search for a
possible solution to the problem posed by the imbalance of
the quantities of matter/antimatter in the universe—a problem
known as baryogenesis. To better understand the relation of
the eEDM to matter and antimatter asymmetry, the widely-
held axiom of physics known as charge-parity-time (CPT)

invariance is examined in the following subsection.

1.1.2  Charge, parity, and time symmetries

In the realm of particle physics, there are three known and
discrete symmetries of great importance: that of charge conju-
gation (C; the transmutation of a particle into its antiparticle
counterpart), parity transformation (P; the act of inverting all
spatial coordinates), and time reversal (T; a transformation
which reverses the arrow of time). The product of these three

transformations leads to CPT symmetry. CPT-invariance is



strongly believed to be preserved for all physical processes
and systems. A violation of CPT-invariance would cause the
breakdown of Lorentz invariance in current quantum field

models [2].

Up until the 1950s it was thought that all physical processes
were invariant under all three transformations separately. In
1956, it was realized [3] that parity can be violated by pro-
cesses mediated by the weak force. In 1957, an experiment
was performed [4] in which P-symmetry was found to be vio-
lated while studying the beta decay of nuclear-spin-polarized
%0Co. It was also noted [5] in this experiment that C-symmetry

was broken. However, both CP- and T-invariance still held.

1.1.3 The Sakharov conditions

While physicists explored the ramifications of these symme-
tries and the violation of the various combinations of them,
Sakharov stipulated [6] three conditions that must have been
satisfied in the early universe in order to achieve the imbal-
ance of particles and antiparticles that is observed today. The

three conditions are:



1. Baryon number is not conserved.

2. A strongly CP-violating process must exist to generate

a baryon surplus.

3. There existed a time period during which the universe
was not in thermal equilibrium such that, even in a
dense universe, newly created particles and antiparti-

cles did not simply annihilate.

It is the search for processes that satisfy the second condition
that inspires experiments to detect an eEDM larger than pre-

dicted by the SM.

The SM does provide observable CP-violating processes,
notably encapsulated in the Cabbibo-Kobayashi-Maskawa
(CKM) matrix, which describes [7] the flavour-changing decay
of freely-propagating quarks. This CP-violating process may
seem to be encouraging for a within-the-Standard-Model
explanation of the second Sakharov condition; however, after
careful study, it has been found [8] that the these processes
are far too small to explain the asymmetry of matter and

antimatter that is observed today.



1.1.4 The electron’s electric dipole moment as a CP-violating

quantity

The idea of testing fundamental particles for an electric dipole
moment began in 1950 in a brief letter [9] penned by Purcell
and Ramsey. In this letter, Purcell and Ramsey note that if
such a moment were to exist it would be odd under parity
inversion. The Hamiltonian of an elementary particle with

both magnetic and electric dipole moments can be written as
H=—(ji-B+d-E). (1.1)

Here, both the magnetic dipole moment ji and the electric
dipole moment d must be directed along the axis of the
particle’s spin angular momentum S, therefore Eq. (1.1) can

be equivalently expressed as:
H=—(uS-B+dS-E)/|S|. (1.2)

Table 1.1 summarizes the result of applying charge-conjugation,
parity-inversion, and time-reversal transformations to each
term in Equation 1.2 (where + denotes an even quantity

under a given transformation and — denotes an odd quan-



C|P|T|CP|CPT
y§—+——+
as | —|+]- - +
B |—-|+|—-| - | +
E |-]-|+]+| +
uS B+ 4+ |+ + | +
dS-E|l+|—|—-| - | +

Table 1.1: CPT transformations on the electron’s Hamiltonian.
A summary of the effect of charge-conjugation,
parity-inversion, and time-reversal transformations
on a particle described by Equation 1.2. Because
]/tg - B is even under all three transformations,
charged particles with spin and magnetic moments
are not inherently CP-violating quantities. How-
evet, the electric dipole moment term dS - E is even
(4) under charge conjugation and odd (—) under
both parity inversion and time reversal. All terms

of the Hamiltonian are CPT invariant.



tity) to show that the addition of the second term (dS - E/|S))
introduces a CP-violating contribution. An elementary par-
ticle with only a magnetic dipole moment has no such CP-
violating contribution. The Hamiltonian of an elementary
particle is CPT invariant regardless of the inclusion of a elec-

tric dipole moment term.

1.2 REQUIRED PRECISION

1.2.1  Current best measurements of the electron’s electric dipole

moment

The most precise measurement of d, is performed by the JILA
collaboration, who measured [10] a value of d, = (—1.3 +
1.4) x 107%% cm, placing a 90% confidence upper bound on

the magnitude of d, of
|d.| < 4.1 x 10%% cm. (1.3)

This impressive measurement already excludes a vast array
of BSM theories. However, the possible gain in precision

from the EDM?® method presents an opportunity to achieve a



measurement which could further test BSM theories and thus

guide the course of theoretical understanding of the universe.

1.2.2  The expected value of the electron’s electric dipole moment

To the best of current knowledge, the electron behaves as a
point particle, yet it is not expected that the electron’s charge
distribution (if the cloud of virtual particles that surround it
are included) is perfectly spherical in nature and an electric
dipole moment is predicted. Using the SM, calculations have
been performed which predict [11] the magnitude of the

electron’s electric dipole moment to be

d, =~ 10~ %e cm, (1.4)

owing to CP-violation associated with the CKM matrix. Pre-
vious calculations of CP-violating processes within the SM
predicted [12] orders of magnitude smaller values for d..
Although Equation 1.4 is still far too small for current sensi-
tivities of experimental measurements, it provides a useful
floor for which to compare BSM theories not excluded by the
current experimental sensitivity. These BSM theories predict

[13—-15] much larger d, values. The values predicted depend



on the precise BSM theory, but are generally orders of mag-
nitude larger than the SM prediction. This tension between
SM and BSM theories, creates an environment in which im-
proved experimental determinations are of utmost interest,
as a measured value of d, could severely constrain the class

of theories that accurately describe the observed universe.

1.2.3  The feasibility of a measurement of d,

A measurement of the electron’s electric dipole moment
has been performed by many groups since the search for
larger CP-symmetry-violating processes began. Precision has
steadily, though perhaps slowly, increased as the experimen-
tal techniques and technologies behind such measurements
have improved. Figure 1.1 shows the upper bound placed on
the magnitude of d, by various measurements performed in

the last thirty years.

The most precise d, determinations come from measure-
ments using polar molecules or molecular ions. The large
internal electric fields within these molecules provides in-
creased sensitivity for measurements of d, (compared to ex-

periments using atoms). This fact is further discussed in
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Figure 1.1:

1990 1995 2000 2005 2010 2015 2020
year

Results from selected measurements of the elec-
tron’s electric dipole moment. The implied upper
bounds are based on data taken from Refs. [10,
16—25]. Measurements using molecules and those
using atoms are shown in different colours. The
SM value is taken from the calculations performed
in Ref. [11]. Note that the y-axis is presented on a

logarithmic scale.
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Section 1.3.1. Molecular beam experiments, such as the ex-
periments of the ACME collaboration [16] and the group
from Imperial College London [19], send a group of polar
molecules down a designated path where their states are
prepared and made to precess for some time (f, ~ 1 ms for
the ACME experiment) before being probed to extract phase
shifts in precession due to the presence of d,. Molecular-beam
experiments have a limited precession time and require a ho-

mogeneous magnetic field over a large volume.

The molecular-ion experiment of the JILA collaboration
[10] uses ions confined within an ion trap to increase the
precession time (the JILA experiment has precession times of
t, =~ 1 s). However ion-trap experiments are limited in the
density of ions that may be confined, ultimately limiting the

number of electrons that may be studied.

1.2.4 Statistically-limited precision
To better understand the limiting precision of a measurement

of d., the uncertainty that a statistically-limited measurement

of d. would yield is examined. The ultimate uncertainty (dd,)

11



of any statistically-limited measurement (i.e., the case where
systematic uncertainties are controlled below the level of this

intrinsic uncertainty) is given by

h
ody = ————, 1.
2Sefftp\/ N (1.5)

where N is the number of electrons studied, t, is the pre-
cession time, and &g is the effective electric field seen by
the electron. Equation 1.5 implies it is imperative to design

experiments which maximize £, N, and ¢,,.

1.2.5 Improvements required to increase the precision of a mea-

surement of d,

The most precise measurements to date [10, 16, 19] have all
managed to control the systematic uncertainties to below the
level of the statistical uncertainty of Equation 1.5. Table 1.2
shows the approximate values, for each quantity in Eq. 1.5,
on which éd, ultimately rests in each experiment and pro-
vides a comparison for the corresponding value that may be
achieved in an initial measurement using the EDM? method.

In Section 1.3.6 the EDM? method is described in greater

12



detail and in Section 1.3.7 the presented values are motivated

as reasonable estimates of precision.

1.3 THE EDM° METHOD

The EDM? method was first proposed by the EDM? collabo-
ration in 2017 [1] and sought to reduce both statistical and
systematic uncertainties in a measurement of d,. It proposes
using a novel method of trapping the electrons that are to
be studied in two nested layers. The first layer, as with other
modern eEDM measurements, is within polar molecules, giv-
ing the benefit of large effective electric fields experienced
by the valence electron within the molecule. The second is
to confine the molecules within trapping sites in a cryogenic
crystal lattice. This lattice is composed of an inert-gas solid,
which has only a limited effect on the local environment of
the trapped molecules. This limited effect on the molecule
means that experiments on polar-molecules within inert-gas
matrices are similar to measurement methods which use free
polar-molecules, with the additional benefit that the polar-
molecules within a matrix are stationary and have a fixed

orientation. Additionally inert-gas solids, as their name sug-

13



Collaboration Eott / (?—X) t, / (ms) | N | Ref.

ACME (actual) 78 1 102 | [16]

JILA (actual) 23 3,000 | 10% | [10]
EDM? (initial goal) 6 10 101

Table 1.2: Values from which statistical uncertainties for d,
measurements are derived. The first two rows are
the values achieved in recent experiments, while
the third row is the estimate from the EDM?3 collab-
oration for a potential first measurement. As in Eq.
(1.5), &t is the effective field the electron experi-
ences, t, is the precession time of the measurement,

and N is the number electrons studied.

14



gests, have the benefit of being chemically inert, allowing
for the confinement of radical polar molecules. These solids
are transparent to light within the visible and near-infrared
spectrum, which allows for laser spectroscopy experiments

on the confined molecules.

For this work the radical polar molecule chosen is bar-
ium monofluoride (BaF). The motivations for this choice of
molecule are discussed in Section 1.3.2. Neon is chosen as
the inert-gas host matrix (although argon has also been con-

sidered [26, 27] by the EDM? collaboration).

1.3.1  Polar molecules and the fields within them

Because the goal of the EDM® method is to trap an ensemble
of electrons and probe their electric dipole moments, it is
important to properly motivate why molecules in a matrix
are suitable to measurements of d,. Although it is possible to
trap atoms within inert-gas matrices and such systems have
been the subject of experiments probing the properties of
confined atoms [28-33], atomic systems have several draw-

backs in comparison to their molecular counterparts. Atoms

15



lack the large internal electric field that is intrinsic to polar
molecules and therefore an externally applied electric field
is necessary to observe the electron’s electric dipole moment
in an experiment. Certain atomic candidates, such as cesium,
introduce electric dipole moment enhancement factors of
on the order of 100 [34], which aid in the detection of d,;
however, considering that electric fields created within the
laboratory are limited to on the order of 10 kV/cm, even
atoms with these large enhancement factors are far less sensi-
tive than experiments performed on electrons within polar
molecules. The effective electric field experienced by the elec-
tron within a well-chosen polar molecules is on the order of
10 GV/cm, which leads to several orders of magnitude larger
sensitivity compared to atomic experiments. Large externally
applied electric fields contribute to the systematic uncertainty
of eEDM measurements and so the elimination of this exter-
nal field (as is possible for matrix-isolated molecules) also

eliminates a significant potential systematic effect.
Once embedded within the matrix, polar molecules are

firmly locked in place, with librator states replacing the free-

molecule rotational states. Theoretical understanding of li-

16



brator states within inert-gas matrices has been studied by
others [35—-38]. The additional confinement experienced by
the molecules is ideal, as the measurement of the electron’s
electric dipole moment requires that the molecules be fixed
in orientation with respect to the magnetic field. With fixed
molecule orientation, the EDM? collaboration plans to selec-
tively address molecules oriented in directions where the
effective electric field experienced by the electron is either
approximately aligned or counter-aligned to the applied mag-

netic field (as will be described in Section 1.3.6).

1.3.2 BaF as a choice of polar molecule

The polar molecule chosen for a measurement of d, must have
one unpaired electron whose spin will be allowed to precess.
Preferably, this electron will be as close as possible to a heavy
nucleus so that the effective electric field is maximized. A
molecule with a heavy nucleus and an unpaired valence elec-
tron in an s-orbital is the ideal candidate. Such molecules
typically tend to be chemically reactive and therefore are

more difficult to prepare. However, laser-ablation techniques

17



are able to produce large quantities of these molecules.

Table 1.3 shows a list of some candidate molecules that
have been considered for a measurement of d,. From this list
of polar molecules BaF has been chosen as the molecule for a
first measurement of d, using the EDM? method. Although
it is tempting to focus solely on the effective electric field
(Eefr), due to its direct relation to the statistically-limited un-
certainty on a measurement of d, (see Equation 1.5), there are

other practical factors in assessing polar-molecule candidates.

The *¥Ba and F isotopes have nuclear spins of 0 and 3,
respectively. For the electronic ground state X?X7, this to-
tal nuclear spin of 1/2, along with the 1/2 spin from the
unpaired electron creates a four-level hyperfine structure.
This structure has been precisely measured [44—47]. The BaF
molecule has several electronic transitions which can be laser-
excited with near-infrared laser radiation; a wavelength range
that is accessible with readily-available lasers. The accessi-
bility of these electronic transitions enables and facilitates

control of the molecule using well-established spectroscopic
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Molecule E.¢ (f—n‘j) Ref.

CaF 0.28 [39]
SrF 2.2 [39]
BaF 6.5 [39]
YbF 23 [40]
RaF 52 [41]
ThO 55 [42]

Hgl 109 [39, 43]
HgBr 109 [39, 43]
]
]

HgCl 114 [39,43
HgF 116 [39, 43

Table 1.3: A list of molecules considered for an eEDM mea-
surement. Their effective electric fields (Eeff) are cal-
culated in the specified references. Each molecule
contains an unpaired electron which would be al-

lowed to precess in a measurement of d,.
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techniques. Additionally, the structure of BaF is calculable

[48-51] and the molecule is extensively studied [52-58].

1.3.3 Neon as a host matrix

Although solids such as gadolinium-iron garnet and gadolinium-
gallium garnet [59, 60] have previously been used to study
the electron electric dipole moment, a cryogenic neon matrix
has several advantages. A cryogenic neon matrix is opti-
cally transparent and allows for laser excitation and induced
fluorescence to be observed for BaF molecules within the
matrix. The neon matrix also exerts minimal influence on
the BaF molecules due to the relatively large separation be-
tween the neon atoms in the lattice (neon matrices have a
lattice constant of 4.5 A [61]), meaning only relatively small
perturbations to the molecular structure must be studied and
understood. Because of the trapped BaF molecule’s similarity
to its free counterpart, a measurement for the matrix-isolated
molecule is similar to that of beam-line experiments utilizing
free molecules. However, BaF molecules confined within a
neon matrix are stationary, oriented by the matrix, and can be

highly concentrated (compared to the density in molecular
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beams or ion traps).

There are three stable isotopes of neon: *Ne,*'Ne, and
22Ne (with approximately 90%, 0.25%, and 9.3% natural abun-
dances [62], respectively). To ensure uniformity of the lattice
spacing of the cryogenic matrix, it is ideal to use isotopically
pure *Ne (the most abundant isotope), eliminating any dis-
tortion caused by the presence of the heavier neon atoms.
Additionally, >’ Ne has a magnetic moment [63] and this mag-
netic moment will distort the magnetic field for nearby BaF
molecules, reducing the maximum possible precession time
(tp) for a measurement of d.. A phase diagram for pure *’Ne
is presented in Figure 1.2, which demonstrates the suitability
of ’Ne as a host matrix based on its phase boundaries. The
system presented in this work allows for matrices cooled
below 7 K to be held and probed continually for months with

virtually no loss due to sublimation.

1.3.4 Assembly of a BaF-doped neon matrix

Both the properties of inert-gas matrices [61, 65, 66] and the

atoms or molecules [28, 30, 67-69] that have been confined
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Figure 1.2: Phase diagram for pure *’Ne. The diagram spans
the pressure and temperature regimes of interest
to the EDM? collaboration. The y-axis has a log-
arithmic scale. The diagram was constructed by
using properties of neon detailed in Ref. [64]. The
three phases present are shaded individually and
labelled. The triple point of neon is located at the

intersection of the phase transition lines.
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within them have been extensively studied and these previ-
ous studies are used as a guide for the research conducted in
this work. Vapour deposition of neon gas in the presence of
a small stream of BaF molecules onto on a cryogenic surface

is used to form the solids presented in this work.

The adjustment of vapour-deposition parameters allows
the neon-solid growth to be controlled precisely. After growth,
annealing is performed on the assembled solid, which allows
for the neon atoms and BaF molecules in the matrix to reset-
tle into energetically-favourable sites (similar to the process
observed for atoms in inert-gas matrices [31]). Annealing
in this manner helps to reduce the differences in trapping

environments produced during the growth process.

Solid neon has a number density of 4.5 x 10* neon atoms
per mm?3. Thus, even at a BaF:Ne dilution of 1 ppb, the
number of trapped BaF molecules within a 1 mm?® volume
of neon matrix is N = 4.5 x 10'°. The low density of BaF
molecules within the matrix, will help to ensure that they
see only small magnetic fields from the other BaF molecules,

leading to longer possible coherence times.
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1.3.5 Measurement process

Measurements of the electric dipole moment of the electron
are performed by observing the precession of electron spins
within prepared ensembles. This precession is affected by
both the coupling of a magnetic field to the electron spin and
the coupling of an electric field to the electric dipole moment.

The angle of precession is given by

(g“l/lBg . §:i: degeff : §)tp
= _ , 1.6
Pp 7S (1.6)

where S is the electron spin, B is the applied magnetic field,
gup is the magnetic moment of the electron, geff is the effective
electric field within the molecule that the electron is subjected
to, t, is the precession time for the electron, and d, is the
electric dipole moment of the electron. In the case of aligned

and counter-aligned B and geff, Equation 1.6 becomes

¢p = (guBB = deest)ty /T (1.7)

The sign in Equation 1.7 shows the cases in which the electric

and magnetic fields are aligned (4) and counter-aligned (—).
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In Section 1.3.6 it is discussed how the EDM?® method
exploits the differing rates of precession caused by aligned
and counter-aligned magnetic and electric fields to engineer
a measurement that is sensitive to the effect of d, (the second
term in Equation 1.7), but not sensitive to up (the first term

in Equation 1.7).

1.3.6  Time sequence for an EDM? measurement

A proposed time sequence for an eEDM measurement using
the EDM? method is shown in Figure 1.3. These steps are
also discussed in Ref. [26], where it was first proposed as a
method of measuring the electron’s electric dipole moment

using BaF molecules in an argon host matrix.

The four states that make up the hyperfine structure of
the X?%{ ,(v = 0) ground state of BaF are shown as the four
lowest energy levels in each panel of Figure 1.3. The total
nuclear spin of the molecule is I = 1/2 and combines with
the electron spin of S = 1/2 causing the electronic ground

state X?¥1,, to have a four-level hyperfine structure with

quantum numbers F = 0,mf = 0 and F = 1,m; = +1. To
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Figure 1.3: Proposed sequence to perform a measurement of
the electron’s electric dipole moment. Modified
from Ref. [26]. The BaF molecules are prepared
in steps (a) - (c) using optical and RF transitions.
In step (d), the phases of the two components
of ¥ evolve for time ¢,. In steps (e) and (f), the
molecules are selected, based on orientation, and
prepared for detection. Finally, the molecules are
detected in (g) using cycling transitions using the

A?l13,,(v = 0) state.
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the extent that the BaF molecule has its orientation fixed by
the matrix it only has azimuthal symmetry and the Hamilto-
nian commutes with F, (making it a good quantum number),
while it does not commute with F? (allowing for a mixture
between the F = 0,my = 0 state and the F = 1, ms = 0 state).
Because this mixing is small these states are still referred to
using the F = 0 and F = 1 labels. It is this mixture that leads
to the energy difference between the F = 1,m; = 0 state
and the F = 1,my = 0, &1 states shown in Figure 1.3. The
A1y 5(v = 0) state similarly has four hyperfine levels, also

shown in Figure 1.3.

The steps required for performing a eEDM measurement
are shown in (a) through (g) of Figure 1.3. In (a) the BaF
molecules are optically pumped using a laser excitation from
the electronic ground state, X*3; ,(v = 0), to the electron-
ically excited AI1;/,(v = 0) state using o -polarized laser
light. As the molecules are excited by the laser light, they gain
Amg¢h = +h of angular momenta and eventually the molec-
ular population is transferred to the X?%o(F = 1,my = 1)

state, where the BaF molecules are no longer accessible to
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laser excitation.

Figure 1.3 (b) shows the use of a 7t-pulse to transfer the
BaF molecular population from the F = 1,m; = 1 sublevel to
the F = 1, my = 0 sublevel using o0, -polarized RF radiation.
This step is immediately followed by step (c) which uses an
X-polarized RF 7r-pulse to place the molecules into an even

superposition of the my = +1 states:

\mf = —1> + \mf = -|-1>

V2

p") = (1.8)

(Alternatively a Y-polarized RF pulse could be used to trans-
fer the population into an odd superposition of the mf = +1
states:

B _\mf:—1>—\mf:+1> §

After the BaF molecules are prepared into this superpo-
sition of states, step (d) in Figure 1.3 shows how the sys-

tem evolves freely in the presence of the applied magnetic
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field with the total time-dependent wavefunction during this

quantum-mechanical phase progression described by

|mp = =1)ertr 4 jmyp = +1)e "l

p(tp)) = 7 ,  (1.10)
or, equivalently,

[9(tp)) = cos(wpty) ™) +1i sin(wpty) ). (1.11)
Here

wy = (gpsB £ doEest) /1 (1.12)

is the angular frequency of precession due to the magnetic
and electric fields and is related to the angle of precession of

Equation 1.7 by ¢, = wt.

Step (e) of Figure 1.3 shows how the phase evolution
is stopped after time t, by applying X-polarized and Y-
polarized RF pulses which independently shelve the ')
and |¢~) components of |{(t,)) into the two m; = O states.

After this step, the populations in the two m¢ = 0 states are
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s = sin*(wpt,) and ¢ = cos*(wpt).

Step (f) of Figure 1.3 shows the application of an electric
field that causes a Stark shift in the hyperfine sublevels. These
shifts for BaF molecules confined within a matrix have been
calculated [26] and have a linear relation to the applied elec-
tric field AEgqrk o Exppliea- The sign of the shift is dependent
on the orientation of the molecule (and therefore its electric
dipole moment) relative to the applied electric field. This shift
allows RF 7r-pulses to independently address BaF molecules
which are aligned and those which are counter-aligned with

respect to the magnetic field.

Figure 1.3 step (f) shows a series of four different RF pulses,
all tuned to different Stark-shifted transitions, which serves to
shelve the molecules according to their orientation. Molecules
aligned with the magnetic field have the [{) component
placed into the same m¢ = 1 sublevel. The |¢_) component
for molecules counter-aligned to the magnetic field is shelved
in this same m; = 1 sublevel. Similarly, the [¢_) component
for molecules aligned with the magnetic field and the |, )

component for counter-aligned molecules are placed in the
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ms = —1 sublevel. This selective placement of molecular pop-
ulations allows for the extraction of the component of the
phase evolution caused by d, from the observed fluorescence

in step (g) of Figure 1.3.

Figure 1.3 (g) shows the optical cycling transition X*% 5 (v =
0) — A’ 2I3,5(v = 0), which is used for detection. This
transition has favourable Frank-Condon factors — returning
~ 95% of the population to the X?%;,,(v = 0) state (with
most of the remaining 5% going to the X?%,,(v = 1)) — mean-
ing every molecule will cycle, on average, 20 times (each time
emitting a photon) before being lost to a higher-vibrational
X?% /, state. With a fluorescence collection efficiency of 5%,
this allows for detection with near unity efficiency (with-
out the aid of any re-pump lasers to recapture the higher-

vibrational populations).

As described above, step (f) of Figure 1.3 populates the
my = +1 states in a precise manner. The phase contribution
from an electric dipole moment of the electron is added to the
magnetic-dipole contribution when the magnetic field and

the electric field are aligned (see Equation 1.7) and the phase
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contributions subtract when the fields are counter-aligned.
By tuning the magnetic field (B) and the precession time( £,),
¢, can be set to

+ 4, us
gbp—wptp—Znn—i—Z—l—(Si, (1.13)

where 0, and é_ are small. Here,
0y = 0ptde =t dggefftp/h, (1.14)

where 0p results from applying a slightly incorrect magnetic
field, d¢ = d.Ecsit, /T Tesults from the electric dipole moment
of the electron, and the =+ refers to the molecules which are
aligned and counter-aligned to the magnetic field. The de-
sired information is contained entirely within ¢, and this
information can be extracted by exploiting the relation of the
even, odd, aligned, and counter-aligned molecular popula-

tions. Examining the even component of populations (c.):

_ 2 .+
C+ = COS wptp

1 7T
= 5(1+cos(2[2mn + - +44)))

1 (1.15)
= 5(1 —sin(264))
= % — 01+ O(63).
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Similarly, the odd components give

Sy = % + 04 — 0(5‘1) (1.16)

The total populations that end up in the m; = +1 sublevel of

the ground state is

Pr=fTci+f s, (1.17)
whereas

Po=f"c_ +fTs, (1.18)
is the total population in the my = —1 sublevel. Here, f* is

the fraction of molecules oriented with their effective electric
field aligned (f*) and counter-aligned (f ) with the magnetic

field. The difference between the two populations is

Pr—Po=(fTei+fs-)—(fe—+fTsy)
—2f 5. —2f*5,
= 2f_ (53 — 55) — 2f+(513 + 55)

=20p(f — ") = 20e(f + 7).

(1.19)
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In the approximation that the same fraction of BaF molecules
are in both orientations (i.e., f* = f~) the magnetic field
term falls away from Equation 1.19 and what remains is a

measurement that is only sensitive to d,

B Zdegefftp

P~ Py =

(1.20)

However, it is not necessary to assume that f* = f~. If a sub-
sequent experiment is performed with an inverted magnetic
field, the population difference for this new experiment is

given by
Pl Py = —205(f" — f)—20e(f"+ 7). (121)

The sum of the population difference in Equation 1.19 and

Equation 1.21 is

B 4degefftp

(P —P) + (P —P;) = P

(1.22)

which gives a measurement of the electron’s electric dipole
moment that is insensitive to the magnetic field applied as

well as being insensitive to the fractions f* and f~.
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1.3.7 Targeted sensitivity for the EDM® method

The systematic tests possible with the EDM?® method should
allow for the study and reduction of systematic effects with
a goal of having the statistical limit of Equation 1.5 as the
dominant uncertainty (similar to previous high precision
measurements of d, [10, 16, 19]). In Section 1.3.8 the advan-
tages of using the EDM? method for reducing systematic

effects are discussed in greater detail.

To estimate a statistical uncertainty obtainable with the
EDM? method, it is necessary to determine a reasonable
estimate for each contributing quantity in Equation 1.5. In
inert-gas solids, coherence times of order 100 ms have been
observed [29, 32, 70] with times approaching 1 s for other
solids [71]. Here, it is assumed that a precession time of
t, = 10 ms is possible for cryogenic neon cooled below 4 K
for an initial measurement. Although the effective electric
field in molecules cannot be directly measured, calculations
have been performed by a number of groups for many polar
molecules. The effective electric field for BaF has been calcu-

lated [39, 42] to be & = 6 GV /cm. A sample of BaF-doped
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solid neon with a concentration of 1 part per billion (ppb)

3> would provide 4.5 x 101 confined

and a volume of 1 mm
molecules. To estimate the number of measurements that can
be performed on a single solid, use is made of the fact that a
single solid can be kept frozen and used for experiments for
many weeks. It is possible to envision performing measure-
ments, each taking 100 ms to perform (10 ms precessions and
a duty cycle of 10%), continually for a month. This would re-
sult in 26 million experiments, which gives a value of as large
as N = (4.5 x 10'%) x (26 x 10°) = 10'® precessions observed.
However, it may be that only a fraction of the implanted
BaF molecules are suitable for a measurement of d.. Only
molecules whose orientation has a component aligned or
counter-aligned to the applied magnetic field will participate
in the measurement. Variance in trapping sites within the
neon may play a role, calculations [72] show that while a site
with ten neon atoms substituted for a single BaF molecule
is the lowest-energy configuration for BaF in a pure *°Ne
matrix, a thirteen-substitution is also a stable trapping site
(as it is a local minimum in the energy favourability curve).

Additionally, neon and barium have other stable isotopes at

natural abundances of approximately 10% and 30%, respec-



tively, which will affect any measurement performed. This
will lead to slightly altered sites (due to other Ne isotopes)
and unusable BaF molecules. To account for these potential
sources of loss, an assumption is made that only 1 in 100
BaF molecules participates in the measurement, N is reduced
to 10'6. The estimated statistical uncertainty for an initial
measurement using the EDM?® method is then
od, = n
2(6 GV /cm)(10 ms)+/1016

=5x%x10"% ¢ cm.

(1.23)

This is an improvement to the current most precise measure-
ment by two orders of magnitude. Additionally, it is imagin-
able that further improvements to the experiment (such as
larger samples, molecules with larger £.¢, longer coherence
times, and many months of measurements) may be able to
bridge the gap that remains between the measured value and

the value of d, predicted by the SM.

1.3.8 The study of systematic effects

To reach the desired precision, it is paramount to test all sys-

tematic effects to limit their contributions to the uncertainty.
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The EDM?® method has a number of advantages that may lead
to smaller systematic effects. A non-exhaustive list of these
advantages has been presented in Ref. [26] and is repeated

here. They are:

1. A small experiment volume over which the applied

magnetic field must be controlled.

2. There is no applied electric field during precession (Fig-

ure 1.3 (d)).

3. The BaF molecules are fixed in orientation and position

by the matrix.

4. Oppositely oriented molecules serve as co-magnetometers

eliminating the effects of the applied magnetic field.

5. The cryogenic environment suppresses motion, thermal
voltages, and currents, as well as allowing the possibility

of shielding of magnetic fields using super-conductors.

6. A large number of reversals (e.g., magnetic field direc-
tion, the orientation of the sample) may be performed

alongside a measurement to limit systematic effects.



7. A large dynamic range of experimental parameters (e.g.,
size of the magnetic field, time of precession) can be

used.

8. Matrices may be grown repeatedly with different con-
centrations of BaF molecules, concentrations of impu-
rities, and imperfections to study the effects on a mea-

surement.

9. The modularity of the experiment allows for a change of
polar molecule or inert-gas host to perform comparative

measurements.

With the context of the EDM® method, this work reports on
the progress towards a measurement of d,. Chapter 2 of this
work describes the experimental apparatus used in pursuit
of a measurement. Chapter 3 reports on the progress made
towards this measurement and the results used to better
understand BaF molecules within neon matrices are shown.
Finally, Chapter 4 summarizes these results, reports on the
tasks that remain before a measurement using the EDM?
method can be performed, and discusses the steps underway

to achieve these goals.
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EXPERIMENTAL APPARATUS

2.1 EXPERIMENTAL OVERVIEW

The BaF molecules for this experiment are produced inside
of a cryogenic helium-buffer-gas cell via laser ablation of a
barium rod in the presence of a small flow of sulphur hex-
afluoride (SF¢) gas. The cell design used in the present work
is based on the one developed [73] by the group at Imperial
College London. A cutaway view of this cell is shown at the
left of Figure 2.1. The BaF molecules, which are entrained in
the flow of helium through the cell, exit the buffer-gas cell
and are sent downstream to be co-deposited on a cryogenic
sapphire substrate alongside neon gas, as shown at the right
of Figure 2.1. Both freeze onto the substrate with the neon
acting as a host matrix for the BaF molecules. After produc-
ing this solid, the BaF molecules trapped within the neon

matrix can be excited with a single-frequency widely-tunable
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Figure 2.1: Cross-sectional diagram of the 5.5-kelvin section
of the apparatus. BaF molecules are produced by
ablating a pure barium rod in the presence of a
0.06 sccm flow of SFq gas. These molecules are
swept out of the buffer-gas cell by a steady flow
(of 10 sccm) of cryogenic helium gas and travel
20 cm downstream to the sapphire substrate on
which neon is co-deposited during the growth
procedure. After producing and annealing the
doped neon solid laser-induced fluorescence is

observed.
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laser, with the resulting laser-induced fluorescence detected.

The cryogenic apparatus used for producing and study-
ing these BaF-doped solids consists of two nested layers:
the inner layer which is held at a temperature of as low as
5.5 K (as shown in Figure 2.1), and a 60-K outer layer (see
Figure 2.2), which serves to protect the inner layer from room-
temperature black-body radiation. The details of these layers

are discussed in Section 2.2.4 and Section 2.2.3.

The buffer-gas cell shown on the left side of Figure 2.1 has
entry ports for helium and SF, gases (marked with arrows
corresponding to their direction of flow). The barium rod is
at the base of the buffer-gas cell and a pulsed laser beam,
used for laser ablation, passes through the top of the cell
down a long cylindrical protrusion capped by a sapphire
window. The helium entering the buffer-gas cell is precooled
to the base temperature of the apparatus (6.8 K during op-
eration of the buffer-gas cell). The helium flow rate is set
to 10 standard cubic centimetres per minute (sccm) during
laser ablation. A constant flow of SF is also provided during

laser ablation at a rate of 0.06 sccm, allowing for the ablated
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barium to react and form BaF radicals. The BaF molecules are
quickly thermalized and entrained within the helium flow.
The helium gas and BaF molecules exit the buffer-gas cell via
a 3.5-mm-diameter orifice. The measured forward velocity
for the BaF molecules ranges from 150 to 300 m/s. Molecular
beam velocity measurements are discussed in greater detail

in Section 3.1.3.

The beam of BaF molecules is observed using an absorp-
tion laser tuned to 859.839 nm, which is in resonance with
the transition from the lowest vibrational and second lowest
rotational state of the ground electronic state of BaF to the
lowest-lying I state ( X?Z1,0(v = 0,N = 1) — A%[1;5(v =
0,7 = 1/2%)). The resonance structure and broadening for the
observed absorption feature is discussed in Section 3.1.2.The
absorption-laser beam is a distance of 1.5 mm away from the
output of the buffer-gas cell, intersecting the beam of BaF
molecules at a angle perpendicular to the forward velocity of
the molecules (as shown in Figure 2.1). The absorbed light
from this laser beam provides an estimate of the total number

of BaF molecules produced and this estimate is discussed in
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detail in Section 3.1.4.

The BaF molecules travel 20 cm downstream to a cryogenic
sapphire substrate (see Figure 2.1), where a flow of neon gas
is co-deposited at a rate of 20 sccm on the substrate to grow
a neon matrix doped with BaF molecules. Growth continues
for approximately one hour, in which time the solid reaches
a thickness of approximately 1 mm. In the 20-cm region
between the buffer-gas cell and the sapphire substrate, the
sides of the 5.5-K cryogenic enclosure of Figure 2.1 are coated
with a layer of activated charcoal, which reduces the partial
pressure of helium and other contaminants by efficiently cry-

opumping the helium gas ejected from the buffer-gas cell.

The intensity of the laser-induced fluorescence from BaF
molecules within the solid is monitored and is found to in-
crease approximately proportionally to the time since the
start of growth. From this proportionality it is deduced that
the solid is sufficiently transparent for efficient transmission
of the laser and fluorescence light. Fluorescence detection dur-
ing solid growth is discussed in greater detail in Section 3.2.2.

Once a BaF-doped neon matrix is grown, the solid is allowed
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to cool to a temperature of 5.8 K. Several annealing cycles (in
which the temperature of the substrate is raised to 8.4 K at a
rate of 2 K per minute, left at this temperature for 5 minutes
then once again cooled, at the same rate, back to 5.8 K) are
performed. In Section 3.2.4 this annealing procedure and the

resulting solids produced are discussed in greater detail.

The annealed BaF-doped neon solid is illuminated with a
tightly focused laser beam (with a diameter of 40 microns for
intensity to be reduced to 1/¢?) with a maximum beam-centre
intensity of 80 kW /cm? in order to induce fluorescence from
the embedded BaF molecules. The fluorescence is collected
at an angle perpendicular to the excitation laser propaga-
tion direction using a 2-inch-diameter lens (see Figure 2.2)
located 6 cm beyond the substrate. The light collimated by
this lens is sent through a vacuum window at the far end of
the experiment chamber. The fluorescence collection system
collects approximately 1% of the total fluorescence emitted
from the solid (4.5% of 47t steradians with an 84% loss).
Outside of vacuum, wavelength filtering and subsequent
focusing onto the detection instrument is performed. The

filtered and focused light is observed by one of two spectrom-
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eters (whose characteristics are discussed in Section 2.6.2), a
liquid-nitrogen-cooled indium-gallium-arsenide (InGaAs) de-
tector (discussed in Section 2.6.3), or a single-photon counter

(discussed in Section 2.6.4).

2.2 VACUUM SYSTEM AND CRYOGENIC COMPONENTS

2.2.1  Vacuum system

Figure 2.2 presents a diagram, drawn to scale, of the full
vacuum chamber, magnetic coils, and cryogenic apparatus to
provide a relative sense of scale between components. The
vacuum system is composed of three identical super-cross
vacuum chambers. Each super-cross vacuum chamber con-
sists of an 18-inch-diameter spherical body intersected by
three orthogonal 12-inch-diameter cylinders of 20 inches in
length. The full cryogenic apparatus (left side of Figure 2.2)
is contained entirely within the first chamber while the two
remaining chambers are used for connection of essential
instruments for maintaining and monitoring the vacuum en-
vironment of the experiment. These two additional vacuum

chambers have the added benefit of being easily adaptable



to future experimental modifications. The vacuum system is
designed to use stainless steel flanges with all-metal seals
and is capable of ultimate pressures of below 10~ torr using
a single Edwards 1000 L/s turbo-molecular pump. For conve-
nience some all-metal seals have been temporarily replaced
with viton seals which are capable of an ultimate pressure of
5 x 1077 torr, which is sufficient for the current experiments.
These viton seals allow the use of lighter, and more easily

modified, aluminum flanges on the vacuum chamber.

2.2.2  External components for the cryogenic system

Figure 2.3 shows a simplified diagram of the cryogenic sys-
tem, which consists of a cryocooler (Sumitomo Heavy Indus-
tries Gifford-McMahon model RDK-408D2) connected to a
compressor (Sumitomo model FyoL) by way of 20-foot-long
pressurized helium gas lines. The cryocooler extracts heat
from the apparatus and transfers this heat to the FyoL com-
pressor which unloads the excess energy into a closed-loop
water system. A steady supply of 23°C water from a water-
to-air compact chiller (SMC-automation model HRSHogo) is

used. By using a closed-loop, this system is able to contin-
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Figure 2.2: Experimental vacuum chamber cross-section. This
diagram, drawn to scale, depicts the vacuum sys-
tem, magnetic field coils, and the experimental
apparatus contained within the vacuum chamber.
The vacuum system is composed of three identi-
cal super-cross vacuum chambers. The diagram
provides a relative sense of scale for the cryo-
genic region (the rectangular region on the left)
and the total volume available within the vacuum
chamber. The BaF-doped matrices grown are illu-
minated with laser light (directed into the page at
the sapphire substrate) and the induced fluores-
cence is collimated with a single 2-inch-diameter
lens in the vacuum system placed 6 cm away from
the matrix. The collimated light passes more than
1 m through the vacuum system and is focused

onto a detection instrument outside of vacuum.
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uously run the experiment with only basic monitoring of
water flow and temperature. This cooling system allows for
cryogenic temperatures to be maintained continuously for

over six months.

The cryocooler provides cooling to two distinct stages: the
first stage, which has a base temperature of 32 K when sub-
jected to heat loads of 50 W or less, and the second stage,
which has a base temperature of 3 K. The first and second
stages of the cryocooler are independently attached to the
outer and inner layer of the cryogenic apparatus, respectively,
using flexible 57-mm-long copper braids ( Technology Ap-
plications, Inc. model P50-502). These flexible copper braids
limit the transfer of vibrations from the cryocooler to the
apparatus while ensuring efficient heat transfer between the

cryocooler and custom cryogenic apparatus.

2.2.3  Outer layer of the cryogenic apparatus
Figure 2.4 shows the outer layer of the cryogenic apparatus,

which is connected to the first stage of the cryocooler. The

outer layer’s main body is constructed from aluminum pan-
y y
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Figure 2.3: Cryogenic system schematic. A simplified dia-
gram showing the active components used in
the cryogenic system. The arrows indicate the
direction of flow for helium and water, which
are used as media to transfer heat from the cryo-
genic apparatus in the experiment to the air of
the laboratory. The components are individually
labelled from left to right: the SMC-automation
water-to-air compact chiller supplying 23 °C water
for the closed loop system, the Sumitomo com-
pressor transferring heat from the warm helium
to the closed-loop water circuit, the Sumitomo
cryocooler which carries heat out of the experi-
ment chamber, and the custom cryogenic appa-
ratus described in Section 2.2.3 and Section 2.2.4.

The diagram is not to scale.
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Figure 2.4: Outer layer of the cryogenic apparatus. A dia-

gram of the outer layer of the cryogenic appara-
tus, drawn to scale, with various components and
feedthroughs highlighted. Silicon-diode tempera-
ture sensors, each near an accompanying heater,
are highlighted in red and labelled: (a), (b), and
(c). This outer layer is kept at a temperature of
60 K and protects the inner layer from the am-
bient room-temperature thermal radiation. The
sapphire windows provide optical access for ab-
sorption and excitation lasers and for fluorescence,
while blocking most of the room-temperature
black-body radiation from the surrounding en-

vironment.
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els that are easily removable for modification purposes. This
outer layer is thermally stood off from the room-temperature
vacuum chamber by way of four 0.5-inch-diameter polyether
ether ketone (PEEK) posts that are 6 cm in length (see Fig-
ure 2.4). These posts serve as thermal breaks to minimize
points of contact between the chamber and cryogenic appa-
ratus while maintaining enough structural integrity to fix
the cryogenic apparatus firmly in place. The thermal conduc-
tion from the vacuum chamber to the outer layer through
the thermally-isolating posts has been modelled and the esti-

mated heat flow is < 10 W.

Optical access through the outer layer is via sapphire win-
dows, which are able to transmit light in the wavelength
regions of interest for spectroscopic studies of BaF molecules,
while blocking most of the black-body radiation emitted by
the surrounding room-temperature chamber. Multiple open-
ings (denoted as slits in Figure 2.4 ) are strategically placed
on every side of the outer layer to allow for sensor and heater
wires to pass through. These openings are carefully covered
with thin strips of copper (shown in Figure 2.4), after all rout-

ing of the sensor and heater wires is completed, to ensure
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no direct lines of sight are available for black-body radiation
from the room-temperature vacuum chamber to the inner

layer.

The outer layer of the cryogenic system is maintained at a
temperature of 60 K (read by sensor (c) in Figure 2.4), while
components that are thermally stood off from the outer layer
(such as those with at the locations of sensors (a) and (b) in
Figure 2.4) are heated to warmer temperatures of approx-
imately 100 K. Even at 100 K, these components produce
thermal radiation at an intensity of 1% of that emitted from

room-temperature bodies.

2.2.4 Inner layer of the cryogenic apparatus

Figure 2.5 shows the inner layer of the cryogenic appara-
tus, which is constructed from oxygen-free high-thermal-
conductivity (OFHC) copper and maintained at a base tem-
perature of 5.5 K. The base temperature of the cryocooler
with no external heat load is 3 K, indicating that the appa-
ratus may yet be further cooled by further isolating it from

ambient heat loads.
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Figure 2.5: Inner layer of the cryogenic apparatus. A dia-
gram of the inner layer of the cryogenic appa-
ratus, drawn to scale, with critical components
highlighted and annotated. In this figure the front
wall of this layer has been made partially trans-
parent to provide a view into the central volume
of the apparatus. Three silicon-diode temperature
sensors are highlighted in red and labelled: (d),
(e), and (f). Three circular cutouts that provide
optical access to the molecular beam path and
sapphire substrate are labelled: (g), (h), and (i).
This layer is constructed from OFHC copper and
activated charcoal is epoxied to the inner panels to
efficiently cryopump helium from the operation

of the buffer-gas cell.
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The inner layer of the cryogenic apparatus is bolted to-
gether with a thin layer of indium placed between compo-
nents to ensure good thermal connectivity, creating a uniform
temperature for the entire layer. The inner-layer box has in-
ner dimensions of 33.3 cm in length, 8.9 cm in width, and
8.9 cm in height. The relatively large volume enclosed within
it houses the buffer-gas cell and the sapphire substrate, sepa-

rated by a distance of 20 cm.

A series of three circular holes (see (g), (h), (i) in Figure 2.5)
in the front panel (and three similar holes in the back panel)
of the inner layer provide optical access. The large distance be-
tween the buffer-gas cell and the sapphire substrate provides
the required space to implement a system to deflect the BaF
molecules in order to separate them from other unwanted
ablation products. Three such deflection schemes have been
proposed by the EDM? collaboration [74—76]. The furthest
circular hole from the output of the buffer-gas cell, (i) in Fig-
ure 2.5, is used for the excitation laser beam incident on the
sapphire substrate on which the BaF-doped neon matrices

are grown. A 2-inch-diameter sapphire window is located
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at the end of the inner layer (this window is embedded into
the panel to the right of the sapphire substrate in Figure 2.5)
and allows for the laser-induced fluorescence from the BaF
molecules to be collected with a lens placed in vacuum (see

Figure 2.2).

Activated charcoal is epoxied to the inside surfaces of the
panels of the inner layer of the cryogenic apparatus to cry-
opump helium gas during operation of the buffer-gas cell.
Silver-infused epoxy is used to maintain good thermal con-
tact between the charcoal and the inner-layer copper, as the
the capture efficiency for helium gas in charcoal is strongly
temperature dependent. The epoxy is cured by heating the
panels in an oven at 400 K for several hours. Once the appa-
ratus is placed in the vacuum system it is further baked at
330 K for 48 hours under vacuum, to expel any residual water
vapour (or other gases) condensed within the charcoal and
on the surface of the apparatus. It is found that the output
of the buffer-gas cell is strongly dependent on whether the
system has been baked in this manner. Efficient cryopumping
of helium gas by the activated charcoal layer is necessary as,

if not captured by the charcoal, the partial pressure of helium



gas in the apparatus during growth is sufficient to thermally

connect the inner and outer layers.

Two thin copper tubes serve as electrodes (see Figure 2.5)
to deflect any positive or negative ions (or electrons) exiting
the buffer-gas cell. The electrodes carry voltages of £15V,
and are fed into the inner layer through a thin slot. They
are thermally anchored to the 60-K outer layer to reduce the
emission of black-body radiation. These electrodes are held
at a distance of 1.2 cm from the output of the buffer gas cell

and 1.5 cm to either side of the beam of BaF molecules.

2.3 BUFFER-GAS CELL AS A SOURCE OF POLAR MOLECULES

2.3.1 Buffer-gas cell design and operating conditions

Figure 2.6 shows the buffer-gas cell used for this experiment.
The design is based on a cell first developed by the group
at Imperial College London [19, 73, 77-80]. The buffer-gas
cell consists of a 10-mm-diameter chamber (see Figure 2.6b)
carefully sculpted using electrical discharge machining, from

a solid block of OFHC copper to create a smooth flow of
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Figure 2.6: The buffer-gas cell. Panel (a) shows the buffer-gas

cell with the rotation-feedthrough housing made

partially transparent. Panel (b) provides a cross-

sectional view into the cell with a clear view of

the 10-mm-diameter ablation chamber where BaF

molecules are formed.



precooled helium gas injected at the back of the cell. The
helium gas is cooled by wrapping (and bonding) the 0.0625-
inch-inner-diameter-copper gas feed line around two bobbins
thermally anchored to the outer layer and inner layer (as

shown in Figures 2.4 and 2.5, respectively).

The ablation-laser beam comes from above and passes
through an extended cylindrical protrusion of the cell which
is capped by a transparent sapphire window (shown in Fig-
ure 2.6b). The protrusion is designed to reduce the amount of
ablation products that are able to reach this sapphire window.
These ablation products create a cloudy film on the sapphire
window, which reduces the intensity of the ablation laser on
the barium surface below. The 20-mm-diameter barium rod
is at the base of the cell (see Figure 2.6b) and can be rotated
from outside the vacuum chamber using a rotation shaft and
a rotational feedthrough. This rotation shaft attaches to the

housing shown in Figure 2.6a.
The rotational shaft is thermally anchored to the outer

layer (its position is annotated in Figure 2.4) of the cryogenic

apparatus and constructed from insulating materials to limit
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the transmission of heat between the two cryogenic layers.

An SFg gas inlet (see Figure 2.6a), directed at the ablation
spot allows an ablated barium atom to form a BaF molecule
by stripping a fluorine atom from an SFs molecule. During
growth, the SF¢ gas line is held at 300 K to keep the SFs
in a gaseous state. The SFy gas inlet is thermally stood off
from the buffer-gas cell by way of a thin PEEK fitting (see

Figure 2.6a) to limit the heat transfer from this gas line.

2.3.2  Spectroscopic absorption and molecular beam velocity

To detect buffer-gas-cell-emitted BaF molecules and deter-
mine the efficacy of the production of BaF molecules, an
absorption laser is employed. The multiple laser-beam paths
along which absorption is detected are show in Figure 2.7
(labelled: (1), (2), and (3)). An external-cavity diode laser
(Toptica Photonics model DL-Pro / LD-0860-0080-AR-1) is
used to excite the ¥BaF X% ,,(v = 0,N = 1) — A2I1;,;
(v =0,j =1/2") transition (as discussed in more detail in
Section 3.1.2). This transition is well-studied and used in

many laser-cooling and laser-manipulation schemes [47, 50,
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81, 82].

The output of this laser is coupled into a single-mode
optical fibre which transmits the light to an optical bread-
board just outside of the vacuum system. This laser light
is split into three separate paths along the BaF beam line
and sent through the vacuum chamber and cryogenic ap-
paratus through sapphire windows in the outer layer (see
Figure 2.4) and circular holes in the inner layer (highlighted
in Figure 2.7). The absorption laser beams (1), (2), and (3)
of Figure 2.7 intersect the molecular beam at distances of
0.15 cm, 10 cm, and 20 cm from the output of the buffer-gas
cell. Once it passes through the apparatus, the laser light for
each path is focused onto an amplified photodiode (Thorlabs
model PDA36A). A band-pass filter, which filters light out-
side of a 850-nm-to-870-nm wavelength band, and a notch
filter at 1064 nm (used to specifically attenuate the light pro-
duced from the powerful ablation laser) are placed in front
of each photodiode to ensure that only the light from the
absorption laser is detected. The laser beam passing through
the BaF molecular beam is focused to a 1/¢? intensity diam-

eter of 1.75 mm and a laser power of 10 yW is used for the
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Figure 2.7: Laser paths. A diagram, drawn to scale, provid-
ing a top-down cross-sectional view of the inner
layer of the cryogenic system and the various laser
paths used throughout this work. The absorption
laser branches into three different paths (labelled
(1), (2), and (3)) that intersect the beam of BaF
molecules at locations, 0.15 cm, 10 cm , and 20
cm downstream from the output of the buffer-
gas cell. The excitation laser enters the apparatus
using the farthest circular hole and illuminates
the neon solid at an angle of 45° relative to the

sapphire substrate.
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absorption measurements.

In Section 3.1.2 the results from absorption experiments
are used to determine the total number of BaF molecules
exiting the buffer-gas cell and in Section 3.1.3 laser absorption
signals from the three locations along the trajectory of the
BaF molecular beam (see Figure 2.7: (1), (2), and (3)) are used
to perform a coarse measurement of the forward velocity of

the beam of BaF molecules.

2.4 MAGNETIC FIELD AND RADIO-FREQUENCY GENERA-

TION

2.4.1 Magnetic field generation

Figures 2.2 and 2.8 show the coils used to produce magnetic
fields in the apparatus. Four coils provide a uniform magnetic
field at the location of the substrate with field strengths of up
to 30 G. These four coils are placed symmetrically, in pairs,
around the substrate and are aligned so that the magnetic
field will be parallel (or anti-parallel) to the direction of the

axis of the excitation-laser propagation. The coils are 56 cm
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Figure 2.8: A diagram, drawn to scale, showing the four mag-
netic field coils used to generate a magnetic field.

The coils are placed in two pairs symmetrically
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around the BaF-doped neon solid on the sapphire

substrate. The coils allow for the application of

magnetic fields aligned or counter-aligned to the

excitation laser propagation axis. An additional

coil cancels the small vertical component of the

Earth’s magnetic field.
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in diameter and the pairs are placed at a distance of 30 cm
from the location of the substrate. An additional coil, located
beneath the vacuum chamber, is used to cancel the vertical

component of the Earth’s magnetic field.

The pairs of coils create a homogeneous field (with a field
strength calibrated using Gauss-meter measurements at sev-
eral locations) in the small volume of interest at the sapphire
substrate. The direction of the current through the coils can be
inverted allowing the generated magnetic field to be aligned
or counter-aligned with the propagation axis of the excitation

laser.

2.4.2 Radio-frequency systems

Figure 2.9 shows a diagram, drawn to scale, of the coils used
to produce radio-frequency (RF) fields. Two circular coils
are situated near the sapphire substrate, with the neon gas
flow aimed through the centre of the coils. The coils have
a diameter of 1 inch and are placed in orientations that are
perpendicular with respect to each other, with one of the coils

parallel to the surface of the sapphire substrate. The RF field
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is produced using one of the two coils and pick-up by the

other coil is used to provide a measure of the field present.

A two-channel radio-frequency generator (Instrument Flight
Research (IFR) model 2026B) along with an amplifier capable
of outputting up to 46 decibel-milliwatts (dBm) of RF power
(for a frequency range of 1 MHz to 120 MHz) is employed to
provide the radio-frequency field required for experiments
described in Section 3.6. These coils are removable, between
matrix growths, and are only installed when experiments

requiring RF fields are performed.

2.5 LASER SYSTEMS

2.5.1 Nd:YAG ablation laser

We employ a 1064-nm neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser (Litron Lasers model Nano L 9o-100,
capable of producing 6-ns-long pulses at a repetition rate of
up to 100 Hz and a maximum energy of 90 m] per pulse)
for laser ablation. This laser is located on an isolated, fully-

enclosed, optics table mounted directly to the top of the
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Figure 2.9: Diagram of the circular RF coils and their place-
ment. The main panel provides a top-down cross-
sectional view of the cryogenic apparatus where
the circular coils used to produce RF fields are in-
stalled. The insets provide rotated and magnified
views of the coils for clarity. Inset (i) is rotated
45° away from the excitation laser and directly
faces the sapphire substrate providing a view as
perceived by a viewer at the position of the neon
gas line. Inset (ii) is rotated 45° away from the
excitation laser in the opposite direction provid-
ing a view of the sapphire along the edge of the

substrate.
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Figure 2.10: The beam path of the Nd:YAG ablation laser
beam. A helium-neon (HeNe) laser beam is over-
lapped with the ablation laser using a dichroic
mirror and the co-propagating beams are aligned
through the apparatus. The combination of the
beam-expanding telescope and focusing lens al-
lows for a beam diameter of 3.3 mm at the bar-
ium surface to achieve the desired fluence on
the surface of the barium rod. The dichroic mir-
ror, which overlaps the beams, is removed af-
ter coarse alignment and before ablation begins.

This diagram is not drawn to scale.
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vacuum system. Figure 2.10 shows the optical path of the
ablation laser. The beam is focused using a f = 750 mm
lens outside of the vacuum chamber and passes through a
window at the top of the chamber which provides a direct
line-of-sight optical path to the barium rod at the base of the

buffer-gas cell.

The initial alignment of the laser is performed by using
a dichroic mirror to overlap a HeNe laser beam with a low-
power Nd:YAG laser beam and using the visible light of the
HeNe laser to guide the co-propagating beams through the
apparatus. Following this alignment, the dichroic mirror is
removed from the laser path to avoid damage due to the pow-
erful Nd:YAG laser. Fine adjustments to the ablation laser
path are performed by imaging the Nd:YAG beam spot on
the barium rod using a charge-coupled device (CCD) camera

(see Figure 2.10).

The focusing lens in the path of the Nd:YAG laser beam is
positioned such that the beam diameter (1/¢? of intensity) is
3.3 mm at the surface of the barium rod, a spot size which

leads to a fluence of Inzyac = 2.1 J/cm? if this laser is run at
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full power. It is observed, however, that such a high fluence

is not necessary to efficiently ablate the barium in this system.

Initially, the threshold for ablation is found to be at ap-
proximately 0.6 J/cm? of pulse energy, with the maximum
amount of ablation occurring at approximately 1.5 ]/ cm?. The
sapphire window that sits at the top of the buffer-gas cell (see
Figure 2.6b) becomes cloudy and attenuates the ablation laser
significantly after many pulses of the ablation laser, which
significantly impedes the ablation process. This cloudiness
can only be fully resolved by opening the vacuum system
and replacing the polluted sapphire window, attempts to
clean the particulate from the sapphire have failed to render

it sufficiently transparent to the ablation laser light.

2.5.2 Titanium-sapphire laser

To study the laser-induced fluorescence from BaF molecules
in the neon matrix, a titanium-sapphire continuous-wave
widely-tunable laser (Spectra-Physics model Matisse CS)
is employed. This titanium-sapphire laser can produce at

least 1 W of power over the wavelength range of 700 nm to
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1000 nm, with a peak output power of 7.2 W. This laser is
used in a variety of applications and in many configurations
depending on the particular experiment being performed
on the BaF-doped neon solid. The preparation of the laser
light (one or multiple beams) is performed on a 4-foot-by-12-
foot optics table and the laser beams are then coupled into
single-mode polarization-maintaining optical fibres, which
serve to transmit the light onto a smaller optics board directly
attached to the vacuum chamber where the free-space laser

beam is carefully directed onto the substrate.

2.5.3 Diode lasers

For the purpose of laser-absorption spectroscopy an external-
cavity diode laser (Toptica Photonics model DL-Pro / LD-
0860-0080-AR-1) is employed, with a tunable wavelength (840
nm to 875 nm) to observe the BaF molecules after they exit
the butfer-gas cell. This laser has a maximum output power
of 90 mW and linewidth of 5 kHz. The laser is fibre coupled
and attenuated to a power of 10 uW. Its free-running stability

at the desired wavelength of 859.839 nm is such that it can
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be left unattended while a matrix growth is performed with

no feedback required.

2.6 FLUORESCENCE DETECTION SYSTEMS

2.6.1  Fluorescence collection beam path

The fluorescence emitted from the BaF molecules within the
solid is collected using a 2-inch-diameter lens that is 5 cm
away from the sapphire substrate (see Figure 2.7), which
collimates the laser induced-fluorescence. The collimated
light travels 1.1 m through the vacuum system before exit-
ing through a quartz window on the far side of the vacuum
system, as shown in Figure 2.2. Outside of vacuum, the colli-
mated light is focused down to a diameter of approximately
2.5 cm, re-collimated, passed through a series of wavelength

filters and focused onto the light-detection device in use.

2.6.2  Spectrometers

Two different spectrometers are used, each covering different

wavelength ranges of fluorescence light. The first spectrome-

72



ter (Ocean optics model QE Pro) is capable of detecting light
from 350 nm to 1125 nm. The QE Pro is actively cooled using
a thermoelectric cooler (TEC) and is kept at a temperature of
—30°C during operation, which provides excellent suppres-
sion of the dark current. To maintain a temperature of —30°C,
the entire spectrometer is placed inside of a refrigerator. This
instrument is capable of integration periods of between 8 ms

and 1 hour.

The QE Pro spectrometer has a set of entrance slits for the
incoming light, with widths ranging from 5 ym to 200 ym,
which provide wavelength resolutions ranging from 1.1 nm
to 4.8 nm (with the higher resolution coming at the cost of
photon detection efficiency). All data presented in this work
is collected with the minimum slit size in order to maximize
the wavelength resolution of the spectrometer. To compen-
sate for the reduction in efficiency, low-intensity experiments
used longer integration times to achieve the desired signal-

to-noise.

For wavelength ranges extending deeper into the infrared, a

second spectrometer (Optosky model ATP8200) is used. The
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ATP8200 spectrometer covers the wavelength region from
900 nm to 2500 nm, with integration times of 1 ms to 500 ms.
The slit width of the spectrometer is fixed at 50 ym and the
wavelength resolution is fixed at 3 nm. The TEC within the
ATP8200 can only cool the InGaAs CCD to a temperature
of —10°C, which leads to a dramatically higher dark current

(compared to the QE-Pro spectrometer).

Both spectrometers are calibrated using the wavelength
profile of a well-characterized thermal light source (Thorlabs
model QTH1o0). This quartz tungsten-halogen lamp emits
black-body radiation at a temperature of 2800 K. Each chan-
nel of the spectrometers is assigned a relative-efficiency factor
to match the measured spectrum with the known emission
characteristics of the thermal source. The calibration pro-
cedure is verified by comparing measured laser powers at
various wavelengths with the relative signal, recorded by the

spectrometers at these wavelengths.
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2.6.3 Indium-gallium-arsenide photodetector

For applications in which the highest signal-to-noise is re-
quired, a 3-mm-diameter liquid-nitrogen-cooled InGaAs pho-
todiode (Electro-optical systems model IGA-030-E-LN6N) is
used. This detector is sensitive to light in the spectral range
of 900 nm to 1500 nm. Its built-in amplifier has a gain of
10° V/A, a bandwidth of 300 Hz, and a noise-equivalent-
power of 1.5 x 10~ W/+/Hz.

2.6.4 Single-photon counter

In applications where precise timing of photon arrival is re-
quired, a single-photon counter (Excitas model SPCM-AQRH-
16-FC), is used in conjunction with a time tagger (Cronologic
model 4-2G). The combination of these devices is able to
record the arrival time of photons, within a wavelength range

of 400 nm to 1100 nm, with a timing precision of < 500 ps.
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RESULTS

3.1 PRODUCTION OF BAF MOLECULES SUITABLE FOR

EDM?°

3.1.1 Ablation parameters

To optimize the yield of BaF molecules produced by the
buffer-gas ablation cell, the ablation laser is setup as described
in Section 2.5.1 and a range of buffer-gas-cell-operation pa-
rameters are tested. Table 3.1 summarizes the optimal values

used in experiments presented in this work .

The ablation laser is pulsed at a rate of 5 Hz. During the
growth procedure, it is observed that the absorption signal
diminishes over a time scale of 20 to 30 minutes (approxi-
mately 7,500 pulses), requiring the ablation-laser beam to be

relocated to a fresh spot on the surface of the barium rod.



Ablation Laser Parameter | Optimal Value
Pulse Energy (m]) 27 to 90
Wavelength (nm) 1064

Spot Diameter (mm) 3.3
Pulse Fluence (J/cm?) 0.6 to 2.1
Repetition Rate (Hz) 5

Table 3.1: Ablation parameters used during the growth of
matrices. The total energy per pulse varied dur-
ing growths, with the absorption signal (see Sec-
tion 3.1.2) used as a guide to determine the efficacy
of the ablation. The efficacy is also dependent on
the number of growths conducted since the buffer-

gas cell has been cleaned.
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An example of such a movement is shown in Figure 3.1 as
seen by a CCD camera positioned above the apparatus (see

Figure 2.10).

3.1.2 Absorption signal of BaF at the buffer-gas cell output

To study the molecular yield of the buffer-gas cell an absorption-
laser beam is placed 1.5 mm away from the output of the
buffer-gas cell (see Figure 2.7). The diode-laser beam used
for absorption has a gaussian profile with a central beam
intensity of Ienyre = 0.83 mW/ cm?, a 1.75 mm beam diame-
ter, and power of 10 yW. The absorption laser beam is tuned
to a measured (vacuum) wavelength of 859.839 nm to drive
the X?%Z1,(v = O,N = 1) — A%lj(v = 0,7 = 1/2%)
transition, which is a well-studied [57, 58] transition used
in laser cooling of BaF. Due to its low power, the laser ad-
dresses only one sublevel of the hyperfine structure of the
X?%1/5(v =0, N = 1) electronic ground state (see Figure 3.2)
for each Doppler group of the BaF beam. When scanning
the frequency of the absorption laser the hyperfine structure

is only partially resolved (as shown in Figure 3.3), due to



(b)
Figure 3.1: The Nd:YAG ablation spot. Panel (a) shows the

ablation laser spot at its initial location. Panel
(b) shows the laser spot’s new location after it is
moved after approximately 7,500 pulses of abla-
tion. The pictures here are taken with the ablation

laser attenuated to less than 1% of its full power.
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Doppler broadening.

Figure 3.2 shows an energy-level diagram of hyperfine
structures for the X2%;,,(v = 0,N = 1) and A%l ,5(v =
0,j = 1/27) states. Because of Doppler broadening, the full
structure is not resolved and only two features (indicated by
red arrows in Figure 3.2) are observed. The levels connected
by red arrows represent the energy levels in the absence of
nuclear spin and these appear at the weighted average of the

full hyperfine energies.

Figure 3.3 shows the strength of the absorption signal as
the frequency of the absorption laser is scanned across a 4000-
MHz range centred on the X?%1,, — A%l[ljn(v =0, =
1/2%) transition. To extract a full width at half maximum
(FWHM) for the Doppler-broadened resonance, two Gaus-
sian functions are fit to the data with the distance between
centres fixed to the difference in frequency between the two
transition shown as red arrows in Figure 3.2. The widths of
both peaks are forced to be equal in the fits, which effectively
assumes that the Doppler-broadening is the same for both

transitions. The fit produces a best estimate of 88 MHz for
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Figure 3.2: Absorption signal energy-level diagram. The red
arrows depict the observed transitions during
laser absorption measurements. With the excep-
tion of the energy difference of the electronic
X?%. — A’I1y, transition, the energy differences
between states are drawn to scale. These energies
have been calculated [50], and observed experi-

mentally [58, 83].
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Figure 3.3: Absorption signal versus laser frequency. The ob-
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served absorption profile for the molecules exiting

the cell. A line of best fit is provided by fitting to

two Gaussian peaks of equal width representing

the excitation from the | =1/2 and | = 3/2 sub-

levels of the X*%(v = 0,N = 1) ground state to

the A%I1;»(v =0,j = 1/27") excited state.
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the FWHM of each Gaussian, providing an estimate for the
Doppler-broadening. This width is a slight overestimate as
the separation between the underlying features is approxi-
mately 17 MHz, and so the FWHM of the Doppler-broadened
resonance is estimated to be 84(10) MHz. This estimate leads
to a range of transverse velocities for the BaF molecules (along

the absorption beam axis):

v = A(£36(4) MHz) = +31(4) m/s. (3.1)

3.1.3 Molecular-beam velocity

To determine the forward velocity of the beam exiting the cell,
the absorption signal is observed at three locations: 0.15 cm,
10 cm, and 20 cm from the output of the buffer-gas cell (as
shown in Figure 3.4a). The forward velocity of the molecular
beam is determined by observing the time delay between
the absorption features at the three locations. The forward
velocity of the BaF molecules is found to range between 150
and 300 m/s depending on the flow rate of helium and the

temperature of the buffer-gas cell.
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The heat deposited into the buffer-gas cell during the ab-
lation process warms the buffer-gas cell to a temperature
of 6.8 K. This heat comes from cooling the helium gas, the
energy deposited by the pulsed ablation laser, and the delib-
erate heating of the SFy gas line. Contamination of the inner
surface of the buffer-gas cell can form an insulating layer
that results in a helium temperature that is warmer than the
operating temperature of the apparatus due to poor ther-
malisation of the helium gas with the buffer-gas-cell walls.
The minimum forward velocity of the BaF molecules exiting
the buffer-gas cell during ablation is primarily set by the
temperature of the helium gas with which the BaF molecules

thermalize.

Figure 3.4b shows an average absorption signal at each of
the three locations for 90 ablation laser pulses using a helium
flow of 10 sccm through the buffer-gas cell. To estimate the
centre of each absorption feature, a 115-us rolling average is
applied to each trace in Figure 3.4 and the arrival time for the
molecules at each location is taken to be the minimum point
in the rolling average. Comparing the arrival times (shown

as dashed lines in Figure 3.4b) of the molecules at each of
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Figure 3.4: Molecular-beam velocity traces. Panel (a) shows
the location of the absorption beams: 0.15 cm,
10 ecm, and 20 cm from the output of the buffer-
gas cell. Panel (b) shows typical absorption sig-
nals. The estimated arrival time of the molecules
is marked by a dashed line in each plot. The differ-
ence between the marked arrival times is used to
determine the forward velocity of the molecular

beam.
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the three locations yields three measurements of the forward
velocity: 222 m/s, 191 m/s, and 174 m/s. The average of
the measurements gives a best estimate of 190(20) m/s for
the forward velocity of the beam of BaF molecules. It is
observed that this velocity increases during long growths,
which is likely due to the formation of an insulating layer
on the surface of the buffer-gas-cell interior that prevents

thermalisation with the helium gas.

3.1.4 Calculation of the molecular yield

Figure 3.5 shows the average absorption signal from 200 ab-
lation pulses for the absorption laser near the output of the
buffer-gas cell. Integrating this signal over the region repre-
sented by the red band shows that 40 million photons are

absorbed by the BaF molecules exiting the cell.

The X?%1,,(v = 0,N = 1) — A%l,n(v =10,j = 1/2%)
transition forms a closed system due to the fact that it does
not lose molecules to other rotational states of the molecule,
creating a optical cycling transition. Due to the low intensity

of the single-frequency laser used for absorption, the laser
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Figure 3.5: Absorption signal for determining BaF molecu-
lar yield. The absorption laser is tuned to the
X?*%10(v = 0,N = 1) — ANMl,(v =0,j =
1/2%) transition at a distance of 1.5 mm away
from the output of the buffer-gas cell. The beam
has a low intensity with 10 yW of laser power
and a beam diameter of 1.75 mm. The signal is
recorded with an amplified photodiode attached
to an oscilloscope and averaged over 200 ablation
pulses to produce the trace. The area under the
curve within the highlighted region is integrated
and provides a measurement of 40 million pho-

tons absorbed.
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interacts with only one of the four X?%;,,(v = 0,N = 1)
sublevels of the hyperfine structure (shown in Figure 3.2).
The BaF population is quickly pumped into another sublevel
which is not in resonance with this laser frequency. This limit
on the interaction of the molecules with the laser ensures that
the number of photons absorbed per molecule is of order
unity. The fraction of BaF molecules exiting the cell in the
X?%1/5(v = 0,N = 1) state is determined by the thermal

distribution of the BaF molecules.

In an ideal buffer-gas cell source, the cell, helium gas,
and BaF molecules are in thermal equilibrium and reach the
operating temperature of the buffer-gas cell (6.8 K for this
system). However, imperfect thermalisation between the cell
and buffer-gas may be caused by the formation of an insu-
lating layer of contamination of the cell created by excess
ablation particulate. To obtain a more accurate estimation of
the temperature of the molecules at the output of the buffer-
gas cell, the result obtained in Section 3.1.2 is used, where
a Doppler-broadened resonance of 84(10) MHz is observed
for the X2 ,2(v = 0,N =1) — A%llj»(v =0,j = 1/2%)
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transition.

This broadening of the transition is well beyond the natu-
ral linewidth and is caused by the transverse velocity of the
molecules and from this velocity, an implicit temperature of
14(3) K is calculated for molecules exiting the buffer-gas cell.
This temperature implies that the vast majority of the BaF
molecules exiting the buffer-gas cell should be in the ground
vibrational state with approximately 10% of the molecules in
the N = 1 rotational state that the absorption laser interacts

with.

To estimate the average number of photons absorbed per
BaF molecule, density-matrix calculations are performed by
EDM? collaborators (similar calculations by collaborators can
be found in Ref. [74, 75]). These density-matrix calculations
include a full Monte-Carlo simulation for a range of velocities
(for molecules with a thermal distribution centred at 8.5 K
combined with a forward velocity of 250(50) m/s) and initial
positions for BaF molecules exiting the buffer-gas cell. These
simulations account for the transit time of the molecules

within the 1.75 mm Gaussian laser beam and provide an
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estimate of 0.049 photons absorbed per BaF molecule exiting
the buffer-gas cell in the correct vibrational and rotational

levels of the electronic ground state.

Combining the photons absorbed per molecule in the
N = 1 rotational state from the density-matrix calculation
and the total fraction of molecules expected within this rota-
tional level the total molecular output from the cell is calcu-

lated to be 9 billion molecules per pulse of the ablation laser.

Alternatively, it can be stated that 30 billion molecules per
pulse per steradian are in the X*%;,,(v = 0,N = 1) state.
This estimate is within a factor of two of previously observed

[73] values for a buffer-gas cell of this type.

For a solid grown over the course of 1 hour with a steady
ablation rate of 5 Hz, this result indicates that a total of
10" molecules per mm? are directed at the substrate, 20 cm

downstream, during deposition.
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3.2 GROWTH OF BAF-DOPED NEON SOLIDS

3.2.1 Deposition rate and conditions

To better understand the ideal growth parameters, the laser-
induced fluorescence produced from implanted BaF molecules
within the matrix is studied as a function of various parame-
ters associated with growth. Table 3.2 summarizes the param-
eter space explored and the optimal growth characteristics,
as inferred from fluorescence resulting from the Y ORPIES
0) — A?I1;,2(v = 0) excitation of BaF molecules within the

matrix.

3.2.2 Implantation and growth procedure

To start the growth procedure, the SFqs gas line is warmed
to 300 K to prevent freezing of SFy gas. Next, neon flow is
established for 2 minutes (before SFs and He flows begin and
before ablation starts) to form a base layer of pure neon solid
on the substrate. After these 2 minutes, the flow of helium is
established through the buffer-gas cell followed quickly by

the start of SFs flow. Once all gas flows are established, the

91



Growth Parameter Range Explored | Optimal
Helium Flow (sccm) 1to12 10
SF¢ Flow (scem) 0.06 to 1 0.06
Neon Flow (sccm) 4 to 30 20
Substrate temperature (K) 6 to 11 6.8
Growth duration (minutes) 20 to 190 60
Ablation Laser Pulse Rate (Hz) 0.2 to 10 5
Ablation Laser Pulse Energy (m)]) 0.9 to 90 27 to 90

Table 3.2: Summary of growth parameter settings. A list

of the parameter space explored during the pro-

duction of BaF implanted neon matrices and the

settings used for optimal growth of BaF-doped

neon solids. Optimization for these parameters was

done based on laser-induced fluorescence (from

molecules within the matrix) and laser absorption

from molecules exiting the buffer-gas cell during

the growth procedure.
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ablation begins by having pulses of focused Nd:YAG laser
light be incident on the barium rod within the buffer-gas cell
(see Figure 2.1). During the growth period parameters are
adjusted (based on feedback from the laser absorption and
laser-induced fluorescence signals) to optimize the implanta-

tion of BaF molecules into the neon matrix.

The ablation spot on the barium rod is relocated approx-
imately every 25 minutes (approximately 7,500 pulses of
ablation laser light) to a fresh area of barium to preserve the
efficacy of the buffer-gas cell. Once the desired growth time
is reached, the ablation laser and flow of SFs gas are halted.
Thirty seconds after the flow of SF¢ is turned off, the helium
flow is turned off. The neon gas flow is stopped 2 minutes
after the flow of helium has been shut off to form a protective
layer of pure neon solid to shield the confined BaF molecules
from impurities that may accumulate on the surface over the
days, weeks, or months that experiments are performed on
the doped matrix. Once growth is complete, the components
of the system cool to a base temperature (5 K to 6.5 K, de-

pending on the details of the experimental setup).
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During the growth, the laser-induced fluorescence signal
from the solid is continuously monitored using a 300-mW,
1-mm (1/¢? ) diameter excitation laser tuned to 859 nm which
is on resonance with the X?%1/,,(v = 0) — A%[1;,2(v = 0)
transition for BaF molecules within a neon matrix. The QE
Pro spectrometer is used to observe the laser-induced fluo-
rescence spectrum and this spectrometer is calibrated across
all wavelengths by the procedure described in Section 2.6.2.
Additionally a wavelength filter is placed in front of the spec-
trometer to block light with wavelengths shorter than 900 nm,
with an additional notch filter at 1064 nm to specifically atten-
uate light from the ablation laser. The observed fluorescence

determines the effectiveness of the implanting procedure.

Figure 3.6 shows a signal collected from a typical growth.
The dashed lines indicate the times when (1) ablation is
started, (2) the ablation laser is scrolled over to a fresh spot on
the surface of the barium rod, (3) the ablation laser is turned
off, and (4) the neon gas flow is turned off (indicating the end
of the growth procedure). The final increase in fluorescence

present in Figure 3.6 results from the cooling of the matrix
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Figure 3.6: Fluorescence versus time for growth of a BaF-

doped neon matrix. This data is from a typical
growth of BaF-doped neon matrix. The dashed
lines show events in which an intervention was
performed on the matrix. From left to right these
events are: (1) the ablation laser begins pulsing,
(2) the ablation laser is scrolled to a fresh spot on
the barium rod, (3) the ablation laser is turned off,

and (4) the neon gas flow is turned off.
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due to the reduced heat load after the gas flows and the SFg

gas line heater are turned off.

3.2.3 Fluorescence signatures from unannealed solids

After the solid is grown and fully cooled, laser-induced fluo-
rescence experiments continue to characterize the properties
of the BaF-doped neon solid. The calibrated QE Pro spec-
trometer is used to observe the laser-induced fluorescence
spectrum that results at each excitation wavelength. A com-
bination of several wavelength filters is used to attenuate
unwanted scattered light in a band of approximately 10 nm
around the excitation-laser wavelength. The results presented
here are focused on the fluorescence wavelength regions
where BaF-doped-neon laser-induced fluorescence signals

have been identified.

Figure 3.7 shows the fluorescence of a freshly-grown solid
when excited at 859 nm, which corresponds to the X%Z)5(v =
0) — A2Il;,,(v = 0) transition (see Table 3.3). Slightly dif-
ferent growth parameters can strongly affect the observed

fluorescence signatures and so a fluorescence spectrum is
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Figure 3.7: Laser-induced fluorescence from excitation to
the A%I1;,»(v = 0) state after growth. The ex-
citation laser is tuned to 859 nm to excite the
X?%10(v = 0) — A2TLy5(v = 0) transition of
BaF molecules within neon. This fluorescence is
monitored during growth to measure the rate
of BaF implantation within the solid. The fluo-
rescence peaks at 950 nm and 1080 nm and are
due to the A%I1;,>(v = 0) molecules that decay
through the A?As,, and A’?A;,, states. Note that
the fluorescence ends at 1125 nm due to the limi-
tations of the QE Pro spectrometer used for this
experiment, the spectrometer is calibrated as dis-

cussed in Section 2.6.2.
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taken after a fresh solid is grown to quickly ascertain its

characteristics.

As a control test a growth with typical growth parameters
is performed, with the exception that no SF gas is flowing,
rendering it impossible to form BaF molecules. By observing
the fluorescence from this solid as a function of wavelength,
laser-induced fluorescence from barium (and, possibly, other
ablation by-products) is identified. The fluorescence from the
control-test solid helps to identify the laser-induced fluores-
cence cause by laser-excitation of BaF molecules within the

solid.

Figure 3.8 shows a comparison of the fluorescence spectra
versus excitation wavelength for this control test (Figure 3.8a)
and for a BaF-doped neon solid (Figure 3.8b). Although the
control test appears to have no signal, a closer look (Fig-
ure 3.9) shows a very small fluorescence feature at approxi-
mately 905 nm that is excited by laser light at 863 nm. This
tfeature has some overlap in its excitation profile with a nearby
feature due to BaF molecules, however the overall signal is

orders of magnitude smaller than the BaF laser-induced fluo-



1100 g

B

£ E —
£ 1050 g g
c —_
g 30 &
> 2
g : 5
g 1000 g S
C | | —
3 208
a o
g I n
2 9508

900 =mm JSEIES SV ST STYESLE) [SIVEITSIVIITeL (EOVONRISNTS: SOV IOTSSVIOTEe) [OTRITTRIVIIUEt SPTRIVIPey
830 840 850 860 870 880
excitation wavelength (nm)

(a) A control solid without BaF

1100 g

’ m
i @

L30

g

L C

>3

1000 § 3
' 20 =

C

o

(2]

fluorescence wavelength (nm)

950 g

900 bl b ool e Py porpme boeysgors
810 820 830 840 850 860 870 880
excitation wavelength (nm)
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Figure 3.8: Barium signals in a neon matrix. Panel (a) shows
laser-induced fluorescence from the control solid
in with no BaF is present. Panel (b) shows the
laser-induced fluorescence with BaF-molecules in

the neon solid.
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Figure 3.9: Barium signals in a neon matrix with magnified
colour scaling. The fluorescence from the control
solid is shown with a focus on the region con-
taining the only discernible feature within the
wavelength scan region of Figure 3.8. This fig-
ure presents the same data set as in Figure 3.8a
with the colour map adjusted to highlight the
much smaller laser-induced fluorescence feature

attributed to barium within a neon matrix.
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rescence from solids. Filtering fluorescence in this wavelength
region ensures that the fluorescence from barium is mini-
mized when studying transitions for BaF molecules within

neon solids.

3.2.4 Annealing procedure

After growth, the solid is annealed by warming to 8.4 K at a
constant rate of 2 K per minute. The solid is left at 8.4 K for
5 minutes, it is then cooled (at 2 K per minute) to the base
temperature. The slow rates of heating and cooling prevent
the solid from cracking or lifting from the sapphire substrate,
which could otherwise result from the different rates of ther-

mal expansion of the sapphire substrate and the neon matrix.

Figure 3.10 shows the integrated fluorescence (from 950 to
970 nm) versus excitation wavelength before (Figure 3.10a)
and after (Figure 3.10b) a single annealing cycle. This an-
nealing procedure changes the amount of laser-induced flu-
orescence observed when exciting the various transitions
of BaF, notably causing the X?%;,, — A%[lj,»(v = 0) ex-

citation to become the largest feature within the observed
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(b) fluorescence after an annealing cycle

Annealing effects on BaF fluorescence. Panel (a)
shows the fluorescence signal before annealing.
Panel (b) shows the fluorescence signal after a
single annealing cycle. The solid lines serve as a

guide for the eye.

102



excitation spectrum. The annealing procedure is repeated
until no change in fluorescence signal is observed. Due to
the differing thickness of neon solids grown, the number of
cycles required to anneal the solid varies. After annealing,
the solid has laser-induced fluorescence that is stable over

long periods of time and many repeated experiments.

3.3 BAF FLUORESCENCE IN NEON

3.3.1 Identified excited states for BaF in neon

Once a matrix is grown and annealed, laser wavelengths rang-
ing from 700 to 1000 nm (the range of the titanium-sapphire
laser) are used to observe laser-induced fluorescence. Laser-
induced fluorescence within the wavelength range of 350 to
2500 nm (with the exception of a region within approxi-
mately £10 nm of the excitation laser light, where scattered
laser light overlaps the fluorescence) is observed by imple-

mentation of the two spectrometers described in Section 2.6.2.

Figure 3.11 shows the result of an excitation laser wave-

length scan for the integrated laser-induced fluorescence (as
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Figure 3.11: Excitation spectrum of BaF in neon. The inte-
grated fluorescence (from 950 to 970 nm) from
the BaF-doped matrix corresponds to decay from
A?As,, — X?%. Each peak is fit to a Lorentzian
lineshape and these fits determine the FWHM

and centres reported in Table 3.3.
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measured on a QE Pro spectrometer) for the wavelength
range spanning 950 to 970 nm. The excitation laser is held at
a laser power of 200 mW, with a beam diameter of 45 ym. The
solid line is a fit to each feature using Lorentzian lineshapes.
Table 3.3 summarizes the observed excited states for BaF
molecules confined within the neon matrix and the compar-

ison to the identified states to their free-molecule counterpart.

The electronic excitation transitions for BaF molecules
within neon share some characteristics. The FWHM of each
excitation is comparable at approximately 30(10) cm™!. Ad-
ditionally, all higher-energy B°% and A1 states have decay
paths through the A?As,, and A?A;,, states within the ma-
trix as identified by fluorescence from 945 to 970 nm and
1000 to 1400 nm, respectively (similar to the fluorescence

shown in Figure 3.7).

Further high-resolution spectra are taken of the X?%;,, —
B?%5(v = 0) and X%%,,, — A2Il;,5(v = 0) transitions as
shown in Figure 3.12. Both use the integrated fluorescence
from the A?A;,, state decay path (as measured with the

calibrated QE Pro spectrometer, using integrated fluorescence
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Excited State | Free (nm) | Confined (nm) | Shift (cm~!) | FWHM (cm™1)
B?%1,, (v=0) 712.24 708.22(6) 79.65(5) 21(3)
A, (v=1)| 787.62 787.4(10) 2.92(11) 30(8)
A3, (v=0)| 81550 815.59(6) —1.37(5) 35(3)
ANy, (v=1)| 82886 827.78(12) 15.52(11) 37(6)
Ay, (v=0)| 859.83 859.44(8) 5.35(9) 28(1)
A%Ns;p (v=1)| 864.63 868.69(18) —54.10(36) 21(7)
AA5,, (v=0)| 898.40 902.62(15) —51.99(21) 43(6)

Table 3.3: Summary of identified electronic transitions for BaF
within neon. the transitions are identified using
laser-induced fluorescence (see Figure 3.11) of BaF
molecules confined within a neon matrix. All states
reported here are excited from the X?%;,,(v = 0)
ground state. All identified states within the ma-
trix have a FWHM consistent with 30 & 10 cm ™.
The line centres for the excitation are shifted with

respect to the free molecule.
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Figure 3.12: Excitation profiles for selected states of BaF in

neon. Panel (a) shows the excitation profile for
the A%I1;,»(v = 0) state. Panel (b) shows the
excitation profile for the B2%,,(v = 0) state. The

solid lines are a fit of the form of Equation 3.2.
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from the wavelength range spanning 1000 to 1100 nm) plotted
as a function of excitation laser wavelength with a resolution
of approximately 0.03 nm. The excitation profiles are fit to
a model, similar to that presented in Ref. [84] by EDM?

collaborators, of the form

2

5 Sn f(vaognvp) g
e 20 e
x) = i 2
f(x) HEZO', o (3-2)

where S is the Huang-Rhys factor that parametrizes the
strength of the molecules and matrix phonon mode coupling,
v, is the frequency associated with a phonon mode, ¢ is the
width of the gaussian lineshape, vy is the frequency centre
of the zero-phonon line. The parameters found in Table 3.4
are similar to the results of the parameters extracted from
the comparable fit in Ref. [84] for the excitation profile of

molecules excited to the A%I1;»(v = 0) state.

When a fit of the same form is applied to the excitation
profile from the X?%; »(v = 0) — B?X;,(v = 0) transition
(see in Figure 3.12b), the result is a somewhat poorer fit to the
data. This may be an indication that more than one phonon

mode plays a role for this transition.
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X?%1/y = ATl p(v = 0) | X*X1/p — B*Z1/2(v = 0)
S 0.369(8) 0.233(8)
vp (cm™1) 11,637.9(1) 14,117.3(1)
v, (cm™1) 22.7(3) 23.8(4)
o (cm™1) 10.53(8) 9.6(1)
Table 3.4: Summary of high-resolution excitation spectrum fit

parameters. These parameters correspond to a fit
of the form of Equation 3.2 to the data presented
in Figure 3.12. The parameters observed for the
X?%1/, — A%Ily/, (v = 0) are reasonably close to

those found for similar data presented in Ref. [84]
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3.3.2 Laser-induced fluorescence of the B-state

When the X%%;,, — B2X;,2(v = 0) transition is excited
using a single-frequency laser tuned to 708 nm, the BaF
molecules confined within the neon matrix produce fluo-
rescence at several wavelength ranges between 700 to 1400
nm, as the molecules decay back to the ground state. An
energy-level diagram for the observed excitation and decay
processes is shown in Figure 3.13 . The vast majority of the
laser-induced fluorescence observed from excitation to the
B?%1,5(v = 0) is found within two fluorescence peaks, the
tirst spanning 730 to 736 nm, due to the direct decay from the
excited B?%;,»(v = 0) state back down to the X?%,, ground
state, this fluorescence is shown in Figure 3.14 . The remain-
ing fluorescence is observed in a much broader fluorescence
feature spanning from 980 to 1400 nm, due to decay from
the intermediary A2z, state back down to the X2%; ,, this

fluorescence is shown in Figure 3.15.
Figure 3.14 shows the fluorescence from the direct de-

cay of the B?Y;,,(v = 0) state to multiple ground state vi-

brational levels, as captured by the calibrated QE Pro spec-
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Figure 3.13: Laser-induced fluorescence energy-level diagram
for B-state excitation. Fluorescence from radia-
tive decay down to ground state vibrational lev-
els X?%;,, (v =1,2,3) is observed. Fluorescence
to the v = 0 vibrational level of the ground
state is not observed, as it is too close in wave-
length to the excitation laser. Fluorescence from
the A?Az/2(v = 0) state is observed at longer
wavelengths. The latter fluorescence results from
a non-radiative decay to the A”?A3,,(v = 0) state.
The energy levels are not drawn to scale.
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Figure 3.14: Fluorescence produced by decay from the
B%%,,5(v = 0) state to the X?%,5(v = 1,2,3)
states. The solid line serves as guide for the
eye. The main figure shows the strongest lines
produced by decay to the v = 1,2 levels of the
ground state, while the inset shows the smaller
fluorescence feature corresponding to decay to
the v = 3 state. The Frank-Condon factors for vi-
brational transitions between the B2 /,(v = 0)
and the X?%/,(v = 1,2,3) have been calculated
theoretically, for a free BaF molecule [51] and
agree with the observed ratios between the ob-

served peak heights.
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Figure 3.15: Fluorescence of the B?%1,5(v = 0) — A’ 2A;,;
decay. The fluorescence produced via laser exci-
tation at 708 nm showing the radiative decay of
the A’ 2A3,, — X?%4,, decay, following the non-
radiative B>%;,, — A’ 2A3,, decay within the
matrix. The solid line serves as a guide for the
eye. The data presented in this figure were taken
with the QE Pro ( A < 1130 nm) and the ATP (
A > 1130 nm) spectrometers. Both spectrometers
are calibrated using a thermal light source, as

discussed in Section 2.6.2.

113



trometer (see Section 2.6.2). The dominant fluorescence fea-
ture for decay of the B?Y;,,(v = 0) state to the ground
X?%4,, state is centred at 732 nm with, two smaller peaks
at longer wavelengths (757 nm and 784 nm). The peaks
shown in Figure 3.14 are identified as the decay from the
B?%1,,(v = 0) into vibrationally excited levels of the ground
state: X2Z1,5(v = 1), X?Z10(v = 2), and X%2%1,5(v = 3).
In Ref. [51], the branching ratios for the decay from the
B?%1,5(v = 0) state to the X?Z;,2(v = 1,2,3) electronic
ground states are calculated for a free BaF molecule to be 18%,
2%, and 0.1%. Therefore, the expected relative ratios for these
features are Ryp = 18%/2% = 9, and Ri3 = 18%/0.1% = 180.
Integrating the signal observed in Figure 3.14 yields a relative
ratio for the observed fluorescence features of R, = 11, and
Ri3 = 180. The level of agreement between the neon-matrix
values with those for the free molecule helps to confirm the
identification of the fluorescence features. Direct decay down
the X?%1/,(v = 0) (which has a calculated branching ratio
of 80% for a free BaF molecule) is not observed, as it is very
close in wavelength to the excitation laser, and scattered light

from this laser obscures the fluorescence peak.
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The peaks corresponding to decay to the vibrationally ex-
cited ground state levels are found to be separated by 460(1)
cm~! and 453(1) em ™! providing a measurement of the effect
of the neon matrix on the separation of the v = 1-to-v = 2
and v = 2-to-v = 3 vibrational levels of the electronic ground
state of the BaF molecule. The energy separation for the vibra-
tional levels of the ground state of BaF for the free molecule
can be calculated by modelling the molecule as a quantum

harmonic oscillator with anharmonic corrections

% = we(n+1/2) = xowe(n +1/2)* + yewe (n +1/2)°, (3.3)

where w, is the angular frequency (related to the spring con-
stant and reduced mass of the molecule) of the harmonic
oscillator while x,w, and y.w, are experimentally determined
factors for the anharmonic terms in the series expansion. For
a free BaF molecule, these values are [52] w, = 469.4161(19)
cm !, x.w, = 1.83727(76) cm™!, and y.w, = 0.003295(75)
cm~!. Using Equation 3.3, the spacing from the v = 1 to the
v = 2 vibrational levels of the electronic ground state for the
free BaF molecule is 462.11(19) cm ™!, while the separation be-
tween the v = 2 and the v = 3 vibrational levels is 458.48(19)

cm L. The difference between the calculated vibrational spac-
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ing for the free BaF molecule and the measured value of those
confined within the neon matrix suggests that the matrix im-
parts a small shift on the ground-state vibrational levels. This
method of observing the effect of the matrix is limited by the

resolution and absolute accuracy of the spectrometer.

Figure 3.15 shows the laser-induced fluorescence for BaF
molecules, excited with 708-nm laser light to the B?%, /, state
that non-radiatively decays to the A’A;,, state (depicted in
Figure 3.13 with the dashed blue arrow) before radiatively
decaying to the ground state. This fluorescence is observed
with the QE Pro spectrometer for wavelengths shorter than
1130 nm and the ATP8200 spectrometer for longer wave-
lengths, both spectrometers are calibrated, as discussed in
Section 2.6.2. All of the observed fluorescence features in
Figure 3.14 and Figure 3.15 have tails on the red side of
the peaks that result from decay to phonon states above the
X2%, ), state. The fluorescence from the B2%; /»-to-X%%/, de-
cay is shifted to the blue by 5 nm, while the fluorescence
from the A?A3»-to-X?%/, decay is shifted to the red by 150

nm and is more strongly broadened.
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The decay process for BaF molecules excited to the B*%;;
state is influenced by the fact that the equilibrium positions of
the BaF molecule and its surrounding Ne atoms are different
for the B?Y, /, state than for the ground electronic state (for
which the positions were examined theoretically in Ref. [72]).
Thus, after laser excitation, the molecule and surrounding
atoms quickly adjust their positions. This movement transfers
energy to the solid on a timescale that is much faster than
radiative decay down to the ground state, the molecule (and
surrounding neon atoms) either settle to their equilibrium
positions for the B?%, ,, state (leading to the fluorescence of
Figure 3.14) or, in the process of settling, they experience a
level crossing that lands them into the lowest-lying excited
electronic state of the molecule (leading to the fluorescence

shown in Figure 3.15).

3.3.3 The lifetime of the B-state

Lifetimes are measured by using an acousto-optic modula-
tor (AOM) which sends pulses of excitation-laser light and
observing the time profile of the resulting fluorescence, after

the laser has been turned off, using a combination of a single-
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photon counter and timetagger that are capable of recording
single photon arrival times with a resolution of 500 ps (see
Section 2.6.4). Because the AOM has a minimum turn-off
time of 11 ns, the data from the first 20 ns after the laser is
turned off is ignored. The excitation laser is tuned to 708 nm
to drive the X%/, to B2%;,,(v = 0) transition, with a beam
diameter of 40 ym and laser power of 500 mW. Wavelength
filters are placed in the fluorescence collection optics path
to carefully select for fluorescence light in the wavelength

region of interest.

Figure 3.16 shows laser-induced fluorescence from molecules
excited to the B2Y;,,(v = 0) as they decay to the X?X(v = 1)
ground state (depicted with the red and leftmost green ar-
rows for excitation and decay, respectively, on the energy
diagram in Figure 3.13), with the observed fluorescence fit
to a single exponential function. The observed fluorescence
spans from 725 to 750 nm and encompasses the fluorescence
feature from the B*%,,(v = 0) state decay to the v = 1 vibra-
tional level of the ground state (see Figure 3.14). The lifetime
from the fit of this decay is 7, = 37.4(2) ns, which is close

to the measured value [85] of 41.7(3) ns and the calculated
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Figure 3.16: Lifetime of direct B-state decay. Fluorescence
from 725 to 750 nm is observed, which corre-
sponds to the decay from the B*%;,,(v = 0) ex-
cited state to the X?%1,,(v = 1) ground state.
The matrix is held at 5.8 K and the laser is turned
off at time t = 0. The solid line shows a exponen-
tial fit which gives a lifetime of 7, = 37.4(2) ns.

Note that the y-axis is has a logarithmic scale.
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value [51] of 37.0 ns for the B*Y;,, state decay of the free

molecule.

3.3.4 Lifetime of observed fluorescence for decay through the

A5, state

Excitation of the BaF molecules to the A%I1;,,(v = 0) using
859-nm laser light allows for two distinct decay paths to be
observed, as shown in the energy-level diagram in Figure 3.17.
The dashed arrows represent the non-radiative process that
allows the excited molecules to decay to the lower-lying A’
states. From the A’ states the molecules decay radiatively
(as depicted by the solid green arrows of Figure 3.17). This
fluorescence is shown in Figure 3.7, where the majority of
the fluorescence occurs in the region from 1000 to 1125 nm.
The full fluorescence peak extends beyond the range of the
QE Pro spectrometer (to approximately 1400 nm) and is sim-
ilar to the fluorescence from excitation to the B2%;,,(v = 0)
shown in Figure 3.15. This fluorescence corresponds to the
A”A3,, — X?%,,, decay (see Section 3.3.5), while the small

fluorescence feature from 945 to 970 nm corresponds to the
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Figure 3.17: Energy-level diagram for excitation and decay of
the A%I1;,,(v = 0) state. BaF molecules excited

to the A’I1;,»(v = 0) state non-radiatively de-

cay (depicted with the dashed blue arrows) to

the A"2As, state and the A"?A3/, state, followed

by radiative decay to the ground state (depicted

with the solid green arrows). The two fluores-

cence features corresponding to the two decay

paths are shown in Figure 3.7.
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A”As;, — X2%1,, decay.

Figure 3.18 shows the time profile of the fluorescence from
BaF molecules excited to the A%I1;,,(v = 0) state that radia-
tively decay from the A"?As,, state. The fluorescence light
is wavelength filtered such that the only light observed is
within a band from 950 to 970 nm. The time-decay profile of
the excitation light fits reasonably well to a single exponential

with a lifetime of 3.92(7) us.

3.3.5 Lifetimes of observed fluorescence for decay through the

AN, state

As in Section 3.3.4, BaF molecules are excited to the A%I1; ,(v =
0) state. To observe the fluorescence that results from the BaF
molecules that decay non-radiatively to the A”?A;,, state be-
fore radiatively decaying to the ground state, wavelength
tilters are used to selectively examine regions within the
broad fluorescence feature extending from 1000 to 1400 nm
(the relevant portion of this band of fluorescence can be
seen in Figure 3.7). Because the single-photon-counter used

in the lifetime experiments is only sensitive to light with

122



101 L
0
2
(@]
<

g 100
C
7}
(@}
[%]
g
o
3

10—1 L

2 4 6 8 10 12 14
time (us)

Figure 3.18: Time profile of the radiative decay from the
A5, state. BaF molecules are excited to the
A%IT;5(v = 0) states with 859-nm laser light
and fluorescence is observed in the wavelength
region from 950 to 970 nm (see Figure 3.7). The
solid line represents an exponential fit with an
associated lifetime of 7, = 3.92(7) us. Note that

the y-axis has a logarithmic scale.

123



wavelengths shorter than 1100 nm only the time profile of
fluorescence light for wavelengths from 1000 to 1100 nm is
examined. It is observed that fluorescence light in this broad
wavelength region contains more than a single lifetime and,
as such, wavelength filters are used to subdivide the region

into smaller, 25-nm wavelength regions.

Figure 3.19 shows time profile of the fluorescence that
spans from 1075 to 1100 nm. The solid line is a fit to a sum
of two independent exponential functions, with lifetimes
labelled Tgport and Tiong. The two exponential functions are
necessary to obtain a reasonable fit to the observed fluores-
cence time profile. The dashed line shows an extrapolation
back to t = 20 ns for the single exponential lifetime corre-
sponding to Tiong and gives a very poor fit at short times.
The lifetimes obtained from the fits are Tyhorr = 216(22) ns
and Tiong = 430(24) ns, with each exponential contributing

approximately equally to the overall fluorescence.
Figure 3.20 shows fluorescence time profile for the wave-

length region from 1050 to 1075 nm and Figure 3.21 shows

fluorescence time profile for the wavelength region from
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Figure 3.19: Lifetimes of the A”?A;,, state from fluorescence
from 1075 to 1100 nm. The observed fluorescence
time profile for BaF molecules excited to the
A1y, state that decay from the A”?A;,, state
with fluorescence in the wavelength range from
1075 to 1100 nm. The solid line is a fit to the sum
of two exponential functions which determines
the time constants Tghort and Tiong. The fluores-
cence from each exponential contributes approx-
imately equally to the overall fluorescence. The
dashed line represents the exponential function
corresponding to Tiong. Note that the y-axis is has

a logarithmic scale.
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Figure 3.20: Lifetime of the A?A;3,, state with fluorescence
from 1050 to 1075 nm. BaF molecules are initially
excited to the A%IT;,,(v = 0) state. The solid line
is a fit to the sum of two exponential functions
providing a Tiong and Tshort- The dashed line rep-
resents the exponential function corresponding
to Tiong. Note that the y-axis for both figures has

a logarithmic scale.
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Figure 3.21: Lifetime of the A?A;,, state with fluorescence
from 1025 to 1050 nm. BaF molecules are initially
excited to the A%IT;,,(v = 0) state. The solid line
is a fit to the sum of two exponential functions
providing a Tiong and Tshort- The dashed line rep-
resents the exponential function corresponding
to Tiong. Note that the y-axis for both figures has

a logarithmic scale
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1025 to 1050 nm. The solid line in Figure 3.20 represents a
fit to a sum of two exponential functions whose associated
lifetimes are Tghore = 139(16) ns and Tiong = 391(31) ns. Sim-
ilarly, the solid line Figure 3.21 represents a fit to a sum of
two exponential functions with corresponding lifetimes of
Tshort = 64(2) ns and Tjong = 349(20) ns. In each case, both
exponential contribute approximately equally to the observed

fluorescence.

The lifetime for the decay from the A’?A;; state for molecules
excited into the B2%;,,(v = 0) state is observed in the same
way as in Section 3.3.3 with wavelength filters to observe
fluorescence light from 1075 to 1100 nm. Figure 3.22 shows
the time profile of this decay, with the solid line being a
fit to a sum of two exponential functions with associated
time constants of Tyhort = 196(13) ns and Tjong = 431(10) ns.
Again, the two exponential functions are found to contribute

approximately equally to the overall fluorescence observed.
Table 3.5 summarizes the lifetimes obtained from the A" A3,

state decay. It seems likely that the actual decay has a near

continuum of lifetimes associated with the broad fluores-

128



103

=
o
N

fluorescence (kCts/s)

101}

100}

05 10 15 20 25
time (us)

Figure 3.22: Lifetimes of the A"”A;,, state decay from

molecules excited to the B state. The observed
fluorescence time profile for BaF molecules ex-
cited to the B*%,,(v = 0) state that decay from
the A?Az/, state with fluorescence in a range
from 1075 to 1100 nm. The solid line a fit to the
sum of two exponential functions which deter-
mines the time constants Tgnort and Tiong, With the
fluorescence from each exponential contributing
approximately equally to the overall fluorescence.
The dashed line represents the exponential func-
tion corresponding to Tione. Note that the y-axis

has a logarithmic scale.
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Excited State | Fluorescence range (nm) | Tghort (NS) | Tiong (NS)
B?%1/2(v = 0) 1075 — 1100 nm 196(13) | 431(10)
A%l )5(v = 0) 1075 — 1100 nm 216(22) | 430(24

A2 5(v =0) 1050 — 1075 nm 139(16) | 391(31)
A%l /5(v = 0) 1025 — 1050 nm 64(2) 349(20)

Table 3.5: Summary of the lifetimes observed for the A'A;z/,

for BaF molecules within the neon matrix. The

fluorescence corresponds to specific regions within

the broader observed features of Figures 3.7 and

3.15.
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cence feature. Assuming such a continuum of lifetimes, each
25-nm band of fluorescence would have a more limited range
of lifetimes and these fit well to the sum of a short- and
long-lived exponential. These two time constants increase as
the observed wavelength of fluorescence becomes longer. By
examining the fluorescence in finer segments the observation
of a nearly smooth transition from short to long lifetimes is

expected.

The observed lifetimes of the A’?Aj3/, state are found to be
in good agreement for BaF molecules excited to the AIT; (v =
0) and B?%;,,(v = 0) states indicating that the non-radiative
decay from these states to the A’Ajz,, state occurs on time

scales much faster than the radiative lifetimes.

3.3.6 Lifetime dependence on solid temperatures and activation

energies

To test for non-radiative decays to the ground X2%, ), state,
the lifetime of the laser-induced fluorescence is observed
as a function of the temperature of the neon solid for sev-

eral excitation and decay paths. This test is performed by
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repeating the experiments of Section 3.3.3, Section 3.3.4, and
Section 3.3.5, at several temperatures of the neon matrix.
Temperature control of the matrix is achieved using a single
cartridge heater placed on the inner layer of the cryogenic ap-
paratus in conjunction with a proportional-integral-derivative
loop using the substrate block temperature sensor (labelled

(f) in Figure 2.5) to stabilize the temperature.

Assuming a non-radiative decay component of the lifetime
is present within the matrix, the radiative decay rate R, as a
function of temperature is expected to follow an Arrhenius

rate equation [86]

Eq

R, = T;l + Rnre_k}?/ (34)

where T, is the radiative lifetime within the matrix, R, is
the non-radiative decay rate, E, is the activation energy for
the non-radiative decay path within the matrix, and T is the

temperature of the matrix.
Figure 3.23 shows two sets of data examining the lifetime of

the two main decay paths for the excited B>%;,,(v = 0) state

of BaF in neon as a function of the temperature of the matrix.
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Figure 3.23: Decay rate versus temperature for molecules ex-
cited to the B state. Panel (a) shows the decay
rate of the B?%/,(v = 0)-to-X?Zy 2(v = 1) decay.
Panel (b) shows the decay rate of the A”?Aj,,-to-
X?%1/2(v = 0) decay. The solid lines are a fit to

Equation 3.4.
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For these experiments the excitation laser is tuned to 708 nm
with a beam diameter of 40 ym and laser power of 400 mW.
The rate of decay for the B?%;,,(v = 0) direct decay to the
X?%1,5(v = 1) electronic ground state as a function of temper-
ature is shown in Figure 3.23a using fluorescence light from
725 to 750 nm (see Figure 3.14). Figure 3.23b shows the decay
rate for the decay of the A?A;, state for BaF molecules that
are initially excited into the B?Y,,(v = 0) excited state using
fluorescence light from 1075 to 1100 nm (see Figure 3.15). The
solid lines in the figures represent a fit to Equation 3.4 from
which the activation energy and non-radiative decay rate are

extracted.

Figure 3.24 shows the lifetime of two decay paths for BaF
molecules excited to the A%I1;,,(v = 0) state using 859-nm
laser light as a function of the temperature of the neon ma-
trix. Figure 3.24a uses the band of fluorescence from 950 to
970 nm, which corresponds to the decay from the A?As,,
state (see Figure 3.7), while Figure 3.24b uses the band fluo-
rescence from 1050 to 1100 nm, corresponding to the decay
from the A”?A;, state (see Figure 3.7). The time profiles of

the fluorescence are fit to single exponential functions to ob-
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decay. Panel (b) shows the decay rate of the

A3 5-t0-X?L1 /»(v = 0) decay. The solid lines

are a fit to Equation 3.4.
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tain the data points shown in Figures 3.23 and 3.24. The solid
lines in the figures are fit to Equation 3.4, with the relevant

fit parameters reported in Table 3.6.

Equation 3.4 describes the data well, with different activa-
tion energies for each of the corresponding excitation and
decay paths. Table 3.6 summarizes the activation energy ob-
tained from each data set and decay path studied. Note that
the non-radiative decay rate is reported as the value of the
quantity Rnre("% at a temperature of T = 6 K to empha-
size the small contributions that the non-radiative process
makes to the overall decay rate observed at the base tem-
perature of the apparatus. This quantity is largest for the
ATy p(v =0) — A”As;, — X%/, decay path, for which
the non-radiative decay rate at 6 K implies that approximately
14% of A”?As;, molecules decay non-radiatively. For the re-
maining excitation and decay paths studied, this relative

proportion of molecules decaying non-radiatively is less than

2% at 6 K.

136



Decay Path E, (cm™Y) | R,/ kB ES (us V) | T, (us™h)
A’TLp(v = 0) = A%Asp — X?%ayn | 50(2) 0. 042(2) 0.25(2)
AL (v =0) = ANz = X540 | 71(7) 0. 020(6) 2.676(2)
B’Li/5(v=0) = X*%yp(v=1) 58(4) 0.4(1) 26.088(1)
B* 1 0(v =0) = A”As;p — X?%q2 | 64(8) 0.05(2) 2.852(3)

Table 3.6: Summary of activation energies and non-radiative

rates. The parameters presented are from a fit of the

data to Equation 3.4. The non-radiative decay rate

Eq
is reported as R,,e*8¢ X)) to emphasize the small

contributions that that non-radiative process makes

to the overall decay rate observed at the 6-K base

temperature of the apparatus.
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3.4 CONCENTRATION OF BAF CONFINED WITHIN THE

MATRIX

3.4.1 Fluorescence from B-state excitation versus laser power

For molecules excited to the B>%,,(v = 0) state and decay-
ing directly to the X% ,,(v = 1) state, a nearly proportional
increase in fluorescence is observed versus laser intensity, up
to the maximum available intensity of 80 kW /cm?, indicating
that for BaF molecules confined to a neon matrix, it is difficult

to saturate this transition.

Figure 3.25 shows the observed fluorescence (spanning
from 725 to 750 nm) due to excitation with 708-nm laser light
as a function of the intensity of this light. In Section 3.4.2
a method is formulated which uses both excitation rate of
molecules and the previously determined lifetime of the
direct decay to determine the number of BaF molecules im-

planted within the solid.
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Figure 3.25: Laser-induced fluorescence versus power for ex-
citation to the B?X,,(v = 0) state. The observed
laser-induced fluorescence spans from 725 to
750 nm. The laser spot diameter is 40 ym with a
maximum output power of nearly 500 mW. The
data fits well to a straight line indicating that the

transition is not near saturation.
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3.4.2 Rate equations and determination of BaF concentration

Assuming that laser excitation to the B*%;,,(v = 0) state
(with decay directly back to the X%%,,, state) is a closed

system, the excitation is described by a rate equation:

db
pri r(1—-b) —b/T. (3.5)

Here, b is the population in the excited state, (1 —b) is the
population in the ground state, and r is the rate at which
the ground-state population is excited. Equation 3.5, along
with the constraint that b = 0 at { = 0 (when the laser is off),

yields a solution

r(m — e%bte*”’cb)

b(t) - 1+r7

(3.6)

However, the rate of excitation is dependent on the distance

from the centre of the laser beam. For a gaussian laser beam,
s2

this dependence is expressed as 7(s) = Re 2?. Equation 3.6

can be integrated over the profile of the gaussian beam to

obtain a solution proportional to the area of the laser beam:

_ © 7”(5)’(17(1 — e%bte—tr(s))
bU)—znA 1+7(s)w sds. (3.7)
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The solution to Equation 3.7 can be written in terms of the

exponential integral function:

b(t) = (27102) (R + (Ei(;—:) CEi(—t(R+ 7). (38)

For small excitation rate R, this solution can be simplified

using Taylor series expansions:

b(t) =2m " r(s)nsds _ /°° r(s) et Dsds
0o 14+7(s)w 0 1+ 7(5)%
0 0 p—t(r+70)
= — 271'0'2/ Tb—dr + 271'0'2/ e v dr
R 1+ rty R 1+ T,

= 2n0*In(1+ R1y)

0 2 —t/Tb _2 —i’/Tb 2,2 —l’/Tb
—|—7'C0’2Tb/ (2e tre + t°r°e )dr+(9(R3)
R 1+r7
~ 2nto?In(1 + R1)
0
+ ot ge / (2 — 2tr + ) (1 — ri)dr + O(R?)
R
= 2nt0?In(1 + R1)
0
+ 2ot me / (2 = 2r(t + ) + (¥ + 2t1) )dr)
R
+ O(R3).
(3-9)
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Using the simplified expression, the definite integral is easily
performed and all constants are absorbed into a single term

D to express the approximate solution to Equation 3.5 as

b(t) = D —2mo?*t,Re ™ + T, R*(t + 1 )e” /™ + O(R?).

(3.10)

Defining d(t) = b(t)/ 1, yields an expression for the radiative
decay rate from the B?Y,, state that is proportional to the

area of the laser beam:

d(t) = dgs — 2m0*Re ™™ + 1a?R?*(t + 1, )e /™) + O(R3).

(3.11)

Here, d;; is the steady-state value of d(t), which, when ne-

glecting the higher-order terms of R, becomes

dss = mo?[2R — R?7y). (3.12)
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The ratio of the d(t)/dss evaluated at a specific laser intensity

(with the rate at this specified intensity denoted as Ry) is

d(t)

2 - Ro(t ‘|‘ Tb) e_t/Tb

dss |R0 T ( (2 - ROTb)
R R
~1—(1- M)(l + 20y -t/m (3.13)
2
=1+ (Rzot + ROTb(i+ W) _ 1)e /.,

If, in a second experiment, the laser power is reduced by a
factor 7, the difference of the ratio for the two experiments is
given by

ar). d) Rot
d—ss‘RO e ke © (-1 =1))e

(3-14)

Figure 3.26 shows this difference for an experiment using
a laser power of Py = 387 mW and a second experiment
performed with 1Py, where 17 = 0.52. The observed difference
agrees with Equation 3.14 (where R is the only free parame-
ter). The line of best fit provides a value of R of 0.026(3) us™!
per kW /cm?.

It should be noted, however, that this estimate for R is an

upper limit, as the intense excitation laser could cause warm-

ing of the matrix, either globally or locally near the site of
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Figure 3.26: The time profile of the normalized difference of
fluorescence at Py and 1 Py. The fit shown is a one-
parameter fit of the form of Equation 3.14, with
the value of Ry being the only free parameter.
The graph reveals the excess fluorescence that
occurs before population builds up in the B*%;,
state. Note that time t = 0 denotes the moment
that the excitation laser is turned on and the solid
begins fluorescing. The fit includes a convolution

with the 25-ns turn-on time for the laser.

144



the interacting BaF molecule, which would cause a decrease
in fluorescence due the non-radiative decay’s relation to tem-
perature (see Section 3.3.6, with Figure 3.23, Figure 3.24, and

Table 3.6).

The collection efficiency of the total fluorescence emitted
from the BaF molecules is calculated by considering the solid
angle subtended by the 2-inch-diameter in-vacuum collection
lens (from the excitation laser spot, see Figure 2.1) combined
with the total expected transmission and reflection efficiency
of every optic along the path from the BaF molecules within
the neon matrix to the photodetector (this path is shown
pictorially in Figure 2.2). Approximately 1% of the emitted
fluorescence light is effectively coupled into the detection
systems. The quantum efficiency of the InGaAs detector is
determined by sending 732-nm laser light, with a measured
total power, into the detector and observing the response.
The responsivity of the InGaAs detector is determined to
be 0.074 A/W, implying a quantum efficiency of 12.5% at
732 nm.
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Laser excitation of the B2 ,(v = 0) state with a 400-mW
laser and a beam diameter of 40 ym, generates a voltage of
0.2 V (see Figure 3.25) across the InGaAs photodetector. This
detector has a gain of 10° V/A. The signal of the photodetec-
tor corresponds to 1.3 x 10° electrons per second. Using this
electron rate, the quantum efficiency, and the collection optics
efficiency the rate of photons emitted by the fluorescing BaF
molecules is calculated to be 1.6 x 10'? photons per second.
The photon emission rate accounts for only the molecules
decaying to the X?%;,,(v = 1) state and the total photon
emission rate for molecules undergoing the B?%; (v = 0)-
to-X?%/, decay is calculated by dividing the emission rate
by the v = 1 branching ratio of the free molecule (18% [51]).
Finally, this result is divided by the experimentally deter-
mined excitation rate obtained from the fit in Figure 3.26 to
determine that 8 x 10° molecules per mm? participate in the

decay cycle within the sample.

A similar calculation is performed for the molecules that
decay through the A’Aj;,,. However, a measurement using
the decay through the A’A;/; is less accurate owing to the

broader fluorescence feature that contains a range of lifetimes.
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This calculation places the total number of molecules (laser
excited to the B*%;,,(v = 0) state) which decay through the
ANz, state at 4 x 10'° molecules per mm?, with an uncer-

tainty of approximately 50%.

The total amount of molecules, per unit area, confined and
addressable within the bulk of the matrix is the sum from

the two decay paths:

Niotal = (5% 3) x 101%/mm?. (3.15)

As discussed earlier in this section, this result is a lower limit.
Given that laser heating may lead to undetected non-radiative

decay.

3.5 OPTICAL PUMPING OF BAF IN NEON

3.5.1 Single-pulse experiment

Optical pumping is observed using a circularly-polarized ex-
citation laser that is tuned to 859 nm to excite BaF molecules

to the A%I1;,,(v = 0) state and impart angular momentum

in the presence of a magnetic field that is parallel to the laser
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propagation direction. A simplified diagram of this process is
presented in Figure 3.27, in which the relevant sublevels and
decay processes are shown. The dashed line represents non-
radiative decay from the A?IT;,,(v = 0) state to the A?A;;
state. The molecules then radiatively decay to the X?%;,,
ground state and fluorescence from 1000 to 1100 nm is ob-
served with the single-photon counter and time tagger (see
Section 2.6.4) to examine the time profile of the fluorescence.
The signature of optical pumping is shown in Figure 3.28,
where the laser is turned on at time ¢ = 0 (using an AOM) in
the presence of a 15-G magnetic field and the fluorescence,
after rising to a maximum value, starts to decrease while the
excitation laser remains on. The molecules cycle through the
excitation process depicted in Figure 3.27, until they reach
the my = 1 sublevel of the ground-state hyperfine structure

and can no longer be excited to the A%I1;,,(v = 0) state.

Only the molecules that are parallel (or anti-parallel) to the
magnetic field are efficiently optically pumped. A discussion
of the behaviour of molecules oriented in other directions is
outside of the scope of this work. However, in Ref. [87] optical

pumping is modelled by collaborators, for all orientations of
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Figure 3.27: Optical pumping energy-level diagram. A sim-
plified energy-level diagram (not to scale) of the
optical-pumping process observed when excit-
ing BaF molecules to the A%I1; (v = 0) and ob-
serving the fluorescence from the A3/, state.
Note that the process pictured only applies for
molecules which are aligned parallel or antipar-

allel to the laser propagation direction.
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Figure 3.28: Observed signal for optical pumping. The flu-
orescence emitted from the solid, from 1000 to
1100 nm is shown as a function of time. The laser

is turned on at time t = 0 and kept on until

t = 500 us.
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BaF and these calculations show qualitative agreement with

the results of Figure 3.28.

3.5.2 Optical pumping with multiple laser pulses

To demonstrate that the reduction in fluorescence versus time
observed in Figure 3.28 is due to optical pumping, an experi-
ment is performed using pulses from two laser beams. For
this experiment, the excitation laser is split into the optical
paths shown in Figure 3.29. Two laser beams are created as
shown in the bottom part of Figure 3.29, with one beam be-
ing P-polarized and the other being S-polarized. Each beam
is generated from the first-order diffraction of a dedicated
AOM, which are used to pulse the beams. These two beams
are coupled into polarization-maintaining fibres which trans-
mit the light from the optics table to an optical breadboard
attached to the outside of the vacuum chamber. The beams
are overlapped with a polarizing beamsplitter cube on the
optical breadboard. A beam sampler picks off a small portion
(approximately 5%) of the laser power before passing the
beams through a beam-expanding telescope and focusing

lens, creating a beam spot size of 45 ym at the location of the
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substrate. A quarter-waveplate creates ¢ - and o_-polarized

light from the two input polarizations.

These AOMs are used to rapidly alternate between the
two circular polarizations used for optical pumping. Switch-
ing from o -polarized to o_-polarized excitation laser light
(or equivalently o_-polarized to o -polarized) allows BaF
molecules which have been optically pumped into a dark
state to become accessible once again to the interacting laser

light.

The result from such a pulsed experiment is shown in
Figure 3.30, where the fluorescence from each polarization
is normalized to laser power. The experiment consists of a
repeating train of 495-us-long pulses of laser light separated
by 5-us gaps. The polarization of the four pulses used in
this sequence is: 0, 0, 0—, o—_. This sequence is repeated for
several minutes in the presence of a 15-G magnetic field. The
fluorescence shown in the figure represents the average over
this time. For these pulses, the excitation laser is tuned to the
X?%1/, — A%Il5(v = 0) transition with a wavelength of

859 nm, beam diameter of 45 ym, and laser power of 200 mW.
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Figure 3.30: Optical pumping from pulses of laser light with
differing polarization. A repeating train of 495-
us-long pulses are separated by 5-us gaps in the
presence of a 15-G magnetic field. The pulses
have polarizations of o,0,,0_,0_ and excite
the A%I1; (v = 0) transition. The graph shows
the average fluorescence (averaged over several
minutes) during four pulses. The fluorescence for
each polarization is normalized to laser power.

The solid lines are fits to Equation 3.16.
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The first and third pulses cause optical-pumping (similar to
that depicted in Figure 3.27). Since for these two pulses the
polarization is switched (for the first pulse from o_ to ¢y and
for the third pulse from o to ¢_). No optical pumping is

seen when subsequent pulses are of the same polarization.

The reduction in fluorescence caused by optical pumping
for each pulse in Figure 3.30 is fit to a single exponential,
with an added linear component to capture the longer-term

behaviour:

f(t) = Pre™ "™ 4 mt + P,. (3.16)

Here, P; corresponds to the population sensitive to the faster
optical-pumping effect, P, corresponds to the remaining pop-
ulation participating in the fluorescence, while 7,, and 1/m
are the time constants associated with the faster and longer-
term effects, respectively. The lifetime associated with the
faster component of the optical pumping signature is found
to be approximately 30 us, which is an indication of the
time it takes for BaF molecules to optically pump into the
dark X% ,(F = 1,my = £1) state (the + is dependent on

whether the molecules see ¢ - or o_-polarized light). The
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longer-term behaviour, described by 1/m, is not yet well un-
derstood but is an indication that the optical-pumping model
considered is incomplete in describing the mechanisms at

work.

3.5.3 Population shelving in the hyperfine structure

The time constant for the molecular population to remain
in the X?%/»(F = 1,my = +1) dark state is determined by
performing an experiment with two pulses of light (both of
o4-polarization) with a varying time gap between them. The
excitation laser is setup similarly to Figure 3.29, with only a
single circular polarization of ¢ and with the pulsing of the
laser light performed by a single AOM. The amount of optical
pumping due to the second pulse is determined by fitting the
fluorescence during the second pulse to Equation 3.16 and

examining the ratio

Py
P+ P

(3.17)

Equation 3.17 is the ratio of the fluorescence reduction due to
the faster component of decay (P;) to the total fluorescence at

the start of the second pulse (P; + P,). Figure 3.31 shows the
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Figure 3.31: Optical pumping as a function of pulse separa-
tion. Two pulses of o -polarized light are sepa-
rated by time intervals spanning from 20 us to
2 ms. The y-axis is P;/(P; + P,) obtained from
a fit of the fluorescence during the second of a
pair of laser pulses (see Equation 3.17) and is a
measure of how much optical pumping occurs
due to the second pulse. The solid line is a fit to

Equation 3.18, which yields Ty, = 310(10) ps.
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result of this experiment versus time gaps between the two
o4 pulses. Note that for zero gap the ratio is zero, as the BaF
is already optically pumped by the first oy pulse. As the time
gap increases the ratio increases (as the optically-pumped

BaF population migrates from its dark state).

A two-parameter fit of the form

C(1 — e "eap/ Taark) (3.18)

is shown as a solid line in Figure 3.31 and gives a time
constant of Tgak = 310(10) us. This time constant may be
limited by the presence of stray magnetic fields across the
sample. The Earth’s magnetic field is the largest external
source of stray magnetic field, however the stray field due to
magnetic impurities (e.g., 2'Ne and O,) are likely playing a
role. The stray magnetic fields created by impurities could
cause the electrons in the BaF molecules to precess, causing
changes in the hyperfine populations. Further, it could be
that matrix-assisted mechanisms make it possible to move
populations from one hyperfine sublevel to another without
the need of stray magnetic fields. The limiting factor in the

observed associated lifetime 74, is not yet known, but will
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be better understood when higher-purity matrices reduce the
effect of impurities and lower temperatures reduce matrix-

assisted effects.

36 RADIO-FREQUENCY RESONANCE OF THE HYPERFINE

STRUCTURE

3.6.1 Radio-frequency resonance

The hyperfine structure of BaF molecules within the matrix
is studied by driving radio-frequency (RF) transitions. For
those studies BaF molecules are optically pumped with o -
polarized laser light which is tuned to excite the X%/, —
A1y 5(v = 0) transition. The ¢, -polarized laser beam opti-
cally pumps the molecules into the X?%»(F = 1,my = 1)
state (see Figure 3.27). These BaF molecules are transferred
to the X?%;/,(F = 0,my = 0) sublevel of the hyperfine struc-
ture with a pulse of RF field produced by coils within the
vacuum system (see Figure 2.9). Figure 3.32 shows an energy-
level diagram with the transitions being driven. Because BaF
molecules in the X?¥,,,(F = 0,m; = 0) sublevel are able

to interact with the excitation laser (i.e., are no longer in a
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Figure 3.32: RF transition energy-level diagram. The BaF
molecules are transferred from the F = 1,m; =1
sublevel (the dark state) of the ground state to
the F = 0,m; = 0 sublevel with an RF field. As
a result, there is an increase in fluorescence, as
depicted in Figure 3.33. The diagram is drawn
to scale and the energy separation for a per-
fectly aligned [26] molecule is given by the green
arrows. The dashed red line indicates the en-
ergy for the F = 1 hyperfine state for the free
molecule. Note that the energy separation be-
tween the my = 1 and my = —1 sublevels is

dependent on the magnetic field.
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dark state), an increase in total fluorescence is observed af-
ter the molecules are subjected to an RF field tuned to this
X?%q0(F=1,ms=1) — X?%y/2(F = 0,ms = 0) hyperfine
transition. This increased fluorescence is illustrated in Fig-

ure 3.33 (cf. Figure 3.34 , in which no RF transition is driven)

In Figure 3.33 two o-polarized light pulses are shown.
These pulses are used to excite the A%I1;,,(v = 0) transition
and separated by a short time relative to the time constant of
Tdark (See Section 3.5.3), with a pulse of RF radiation inserted
in the time between the pulses. Figure 3.34 shows the two
light pulses in a similar experiment without the insertion
of this RF pulse. Every 20 ms the two experiments are alter-
nated and the excess fluorescence caused by the return of
the optical pumping signature (when the RF pulse is present
and on resonance) is measured. To increase sensitivity to the
excess fluorescence caused by inserting the RF pulse, this
effect is observed by using a highly-sensitive liquid-nitrogen-
cooled InGaAs photodetector (see Section 2.6.3). This detector
has high quantum efficiency but has a slow time constant of
3.3 ms. As a result it cannot see the time-resolved fluorescence

depicted in Figures 3.33 and 3.34. However, it is sensitive to
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Figure 3.33: Radio-frequency resonance single-pulse exper-
iment timing diagram. Two ¢ -polarized light
pulses with a short, on-resonance RF pulse in-
serted between them. The RF pulse causes the
optical-pumping signature to be present during
the second pulse when on resonance with the
X?%,(F =1,my = 1) = X*%q0(F = 0,my =
0) transition. This increase in fluorescence is
in contrast to the experiment depicted in Fig-

ure 3.34 where no RF field is applied.
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Figure 3.34: Timing diagram for the null experiment to com-
plement the radio-frequency single-pulse experi-
ment. This figures shows the timing for the com-
plementary experiment to the one depicted in
Figure 3.33, but with no RF field between the

two pulses of laser light.
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the average fluorescence and therefore capable of seeing the
difference between the average fluorescence of Figures 3.33
and 3.34. The difference between this complementary pair of

experiments 1S averaged over many 40-ms cycles.

Figure 3.35 shows the difference of fluorescence for the
complementary experiments of Figures 3.33 and 3.34, with
an applied magnetic field of 3 G, as a function of the RF fre-
quency of the RF pulse. The pulses of o, -polarized light are
100 us long with a 13-us gap containing a 8-us-long RF pulse
with 36 dBm of power centred in time between the excitation-
laser pulses. The laser light used in this is experiment is tuned
to 859 nm, with a beam diameter of 45 ym at the location of
the substrate and a power of 50 mW. This lower intensity of
laser light is used to minimize local warming that could take
place at the location of the laser spot and is found to provide a
larger peak in the RF resonance response. As illustrated in Fig-
ures 3.33 and 3.34, an excess of fluorescence from the optical
pumping signature is observed when the RF pulse is tuned to
the X221 o(F = 1,my =1) — X*%,,(F = 0,mf = 0) tran-
sition, resulting in the broad resonance centred at 69 MHz

shown in Figure 3.35. The resonance feature is much broader
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Figure 3.35: RF resonance of the hyperfine transition as a
function of RF frequency. The difference in aver-
age fluorescence for the experiments depicted in
Figures 3.33 and 3.34 versus RF field frequency.
The solid line serves as a guide for the eye. The
RF field transfers the molecular population from
the dark F = 1,my = 1 state tothe F = 0,m; = 0
state, thus increasing the observed fluorescence.
At an applied magnetic field of 3 G a clear res-
onance is seen with a peak at approximately

69 MHz.
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than the 125-kHz limit for the 8-us-long RF pulse used to
drive the transition, likely indicating inhomogeneity in the
magnetic field at the location of the BaF molecules within the
sample. Such inhomogeneity could be caused by the presence
of impurities with magnetic dipole moments. Molecular ori-
entations within the sample (relative to the applied magnetic
field) also leads to a broadened resonance width, but it is

predicted [88] to be much smaller than the observed width.

3.6.2 Dependence on magnetic field

Figure 3.36 shows the centre of the observed RF resonance for
the F =1,my =1 — F = 0,m; = 0 transition as a function of
applied magnetic field. Each point in Figure 3.36 is obtained
from a spectrum similar to Figure 3.35 and the centre of reso-
nance for the observed transition is determined by applying a
rolling average of 0.5 MHz to the observed spectrum, where
the maximum value of the difference in fluorescence is taken
to be the centre. The excitation laser setup and characteristics

are the same as in Section 3.6.1.
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Figure 3.36: RF resonance centre as a function of applied

magnetic field. Each point in the figure comes
from a spectrum similar to that shown in Fig-
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energies of the observed hyperfine transition ver-
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distribution of BaF molecule orientations. The
inset shows an expanded view of the data for
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The energies of the hyperfine states for a BaF molecule in
its ground electronic X?%;,, state can be obtained by diago-

nalizing the effective Hamiltonian
H=»bI-S+ clkSx — gupB.S;, (3.19)

where b and ¢ are hyperfine constants, B is the applied mag-
netic field, S is the electron spin, I is the nuclear spin of
the molecule, k is the direction of the molecular axis, and
z is the direction of the applied magnetic field. For a free
BaF molecule the hyperfine constants of Equation 3.19 are
b = h x63.509(32) MHz and ¢ = h x 8.224(58) MHz [46].
The resultant energies of Equation 3.19 depend on the an-
gle between k and 2. The solid line in Figure 3.36 is the
result of calculations performed by EDM? collaborators for
an isotropic distribution of BaF molecules, with the hyper-
fine constants of Equation 3.19 set to b = h x 61 MHz and
c = h x 84 MHz. These values are similar to the values
b=hx59 MHz and c = h x 8.4 MHz obtained in Ref. [67],
where the BaF molecules studied are also confined within
neon matrices. The difference in the measured hyperfine con-

stants of Equation 3.19 for the confined molecule compared to
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the free molecule indicate that the matrix exerts an influence

on the hyperfine structure of BaF.

3.6.3 Two-pulse experiments

A two-RF-pulse experiment is used to observe narrower
widths and to measure lifetimes for populations in the X?%; »(F =
0,ms = 0) state. Two RF pulses are used to drive the X?%; /»(F =
1,mf = 1) = X*%1,(F = 0,my; = 0) transition and then
return the BaF molecules to the optically-dark m; = 1 sub-
level. This process is shown on an energy-level diagram in
Figure 3.37. Figure 3.37a shows the first step in which the
molecular population that has been optically pumped into
the X% ,,(F = 1,ms = 1) hyperfine sublevel is transferred
to the X% ,»(F = 0, mg¢ = 0) sublevel using a pulse of RF
radiation (labelled pulse (i)). A second RF pulse (labelled
pulse (ii)) transfers the molecules back to the optically-dark
X?%4,2(F = 1,ms = 1) sublevel.

Figure 3.38 shows a timing diagram of pulses in comple-

mentary experiments, the first with a single RF pulse inserted

between the pulses of o -polarized light and the second with
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Figure 3.37: Energy-level diagram for two RF pulses on a
population of optically-pumped BaF molecules.
Panel (a) shows the effect on a single on-
resonance pulse of RF radiation that transfers the
BaF molecules from the X3 ,,(F = 1,my = 1)
sublevel to the X*¥1,,(F = 0,my = 0) sub-
level. Panel (b) shows the effect of a subse-
quent pulse that returns the population to the

X?%15(F = 1,ms = 1) sublevel.
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Figure 3.38: Timing diagram for the two-pulse RF resonance
experiments. In panel (a), a single RF pulse (la-
belled (B)) is inserted just before the second light
pulse, causing the return of the optical-pumping
signature. In panel (b), two RF pulses are in-
serted between light pulses. The additional RF
pulse occurs just after the first optical pulse. The
difference in the average fluorescence between
the two complementary experiments shows the
reduction of fluorescence for BaF molecules that

interact with both RF pulses.
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two pulses of RF radiation inserted. Figure 3.38a is a diagram
with a single RF pulse (labelled as RF pulse (B)) inserted just
before the second pulse of o -polarized light. When RF pulse
(B) is on resonance with the X?%»(F =1,mf =1) — (F =
0,mf = 0) transition (Figure 3.37a), the optical-pumping sig-
nature returns to the fluorescence profile of the second pulse
of laser light. Figure 3.38b depicts the case in which two
RF pulses (labelled as (A) and (B)) are inserted in the time
between the pulses of light. When both RF pulse (A) and (B)
are both on resonance with the hyperfine transition, pulse (A)
transfers the BaF population to the F = 0,m; = 0 sublevel (as
in Figure 3.37a) and pulse (B) transfers this population back
to the F = 1,m; = 1 dark state (as in Figure 3.37b). The two
pulses therefore cause a reduction in fluorescence (relative to

that for a single pulse), as illustrated in Figure 3.38.

The reduction in fluorescence is determined by examining
the difference of the fluorescence signals normalized by the
average fluorescence signal observed in the complementary

experiments depicted in Figure 3.38:

S, — 5 ( )
(& +52)/2 3.20
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Here, S; is the fluorescence signal observed for the experi-
ment containing only RF pulse (B) (shown in Figure 3.38a),
and S is the fluorescence signal observed for the experiment

in with both RF pulses (shown in Figure 3.38b).

Figure 3.39 shows the ratio given in Equation 3.20 as the
RF frequency of pulse (B) is tuned over a range centred at
66.25 MHz. During the experiment RF pulse (A) is kept at
a fixed frequency of 66.25 MHz, which is the previously
identified centre of resonance for the X% ,,(F = 1,my =
1) — X*%4,5(F = 0,my = 0) transition for an applied mag-
netic field of 1.5 G. This experiment uses 100-us pulses of
o4-polarized light separated by 21 us, with two 8-us-long RF
pulses of 36 dBm of power 1.25 us after the first laser pulse
and 1.25 us before the second laser pulse. The resonance
of the two-pulse experiment has a FWHM of 580(20) kHz,
which is narrower than the resonance observed with a sin-
gle RF pulse (see Figure 3.35). This narrowing is a result of
the fact that the first RF pulse selects only a subset of BaF

molecules that interact with both RF pulses.
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Figure 3.39: Resonance structure produced with two pulses
of RF at 36 dBm. The ratio given in Equation 3.20
is shown versus the frequency of RF pulse (B).
The resonance is narrower than that of the single-
pulse experiment, indicating that a subset of the
molecules interact with both RF pulses. The solid
line is a fit to a Lorentzian with a FWHM of

580(20) kHz.
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The observed width of the two-pulse resonance is narrowed
by reducing the RF power, indicating that the observed reso-
nance is power-broadened. The width of the resonance is also
limited by 1/T (where T is the RF pulse duration), and so the
RF power must be reduced and the pulse length increased
to obtain the narrowest resonances. Figure 3.40 shows the
observed resonance with 6 dBm of power and with an RF
pulse duration of 48 us (with the time between pulses of exci-
tation laser light adjusted to 101 pus). A Lorentzian lineshape
fit indicates a FWHM of 48(9) kHz.

Figure 3.41 shows the observed FWHM of the two-pulse
(for pulse durations of ranging from T = 16 us to T = 48 us)
versus the RF pulse power. As the power of the RF is re-
duced, the amplitude of the observed resonance diminishes,
requiring more averaging time to see the signal. Measure-
ments performed with RF pulse powers of 4 dBm, 6 dBm, and
7 dBm are consistent with a resonance width of 50(10) kHz,
providing some indication that the resonance is not further
reduced at lower powers, and does not reach the expected

1/T = 21 kHz limit.
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Figure 3.40: Resonance structure produced with two pulses

of RF at 6 dBm. The ratio given in Equation 3.20

is shown versus the frequency of RF pulse (B).

The solid line is a fit to a Lorentzian with a

FWHM of 48(9) kHz.
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Figure 3.41: RF resonance FWHM versus RF power for the

two-pulse experiment. The FWHM decreases as
the RF power is decreased until, at low powers,
approximately equal resonance widths are found.
The FWHM is obtained from a Lorentzian fit for
all the data at the corresponding power. The
length of RF pulse used in each experiment is
indicated by the colour of the data point. Note
that the power is reported in dBm, which is a

logarithmic unit.
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3.6.4 Time constant for population remaining the F = 0 hyperfine

sublevel

The time constant associated with the BaF population’s abil-
ity to remain in the X?%,,5(F = 0,m; = 0) ground state is
observed by performing a two-pulse experiment as described
in Section 3.6.3, with the power and duration of the RF pulses
held constant (at 26 dBm and 8 us, respectively) but the time
in between the pulses varied. As in the previous section, the
frequency of RF pulse (B) (of Figure 3.38) is scanned across
a frequency region centred at 66.25 MHz (while pulse (A)
is held at a constant 66.25 MHz) with a 1.5-G applied mag-
netic field. As in the previous section, the first pulse of RF
field is 1.25 us after a pulse of laser light and the second
pulse of RF field is 1.25 us before the next pulse of laser
light. Figure 3.42 shows the result for these experiments as
a function of time between RF pulses. Each data point on
Figure 3.42 is obtained from a Lorentzian fit (similar to Fig-
ure 3.40) and gives the percentage decrease that occurs when
pulse (B) is on resonance. This percentage gives an estimate
of the percentage of BaF molecules that interact with both RF

pulses. Varying the time between the pulses allows for a de-
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Figure 3.42: Two-pulse RF experiment at 5.8 K versus the time

gap between pulses. Each point on this figure
represents an experiment result (similar to that
shown in Figure 3.39) for a specific time gap
between RF pulses with the substrate held at a
temperature of 5.8 K. The y-axis is the decrease
in fluorescence for a second pulse on resonance
as a percentage of off-resonance fluorescence.
The solid line is an exponential fit which returns

a time constant of p = 3.0(2) ms.
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termination of the time constant for molecules remaining in
the F = 0, my = 0 sublevel. This time constant is found from

an exponential fit (shown in Figure 3.42) to be 19 = 3.0(2) ms.

This time constant is an order of magnitude larger than the
time constant (Tqark, from the fit in Figure 3.31) that is associ-
ated with the time population remains in the F = 1,mf =1
sublevel. The larger time constant is likely due to the fact
that the X?%;/,(F = 0,ms = 0) sublevel is farther displaced

in energy from the other hyperfine states (see Figure 3.32).

The thermal phonons of the matrix provide the excess en-
ergy needed to redistribute hyperfine populations and so it is
expected that the observed time constant would increase dras-
tically for solids at colder temperatures. Figure 3.43 shows
the observed time constant (7)) versus temperature (with
each point representing a full experiment similar to that of
Figure 3.42). Because of the reduction in both fluorescence
and time constant, measurements at higher temperatures take
progressively longer times for obtaining similar uncertainty.

The data shown represent several days of continuous mea-
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surements.

Both a power-law and a exponential fit are shown for the
limited data of Figure 3.43. A power-law fit of the form
T70(T) = AT?, shown in orange yields B = —4(1) and an ex-
ponential fit of the form 7y(T) = Ce PT, shown in red yields
D = 1.4(4) K 1. With the limited data taken, neither relation
can be excluded. Regardless, the trend suggests that consid-
erable improvement can be made in the ability to control the
BaF populations at colder temperatures. With the current cry-
ocooler, temperatures of 3 K are possible with well-controlled
thermal loads. Dashed lines in Figure 3.43 are drawn to show
the time constant at 3 K would likely lie between 1) = 20 ms
and 1) = 60 ms. A forced-evaporation helium cooling system
could achieve temperatures as cold as 1 K, leading to a time

constant that is of order 1 s.
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CONCLUSION AND OUTLOOK

4.1 CONCLUSION

This work reports on the progress towards a measurement of
d. using the EDM? method. A measurement of the electron’s
electric dipole moment is a search for large CP-violating pro-
cesses which could lead to an understanding of the imbalance
of matter and antimatter in the universe. A measurement of
d, > 1073 ¢ cm would represent the first detection of BSM
physics. A first measurement using the EDM? method is es-
timated to have a two-orders-of-magnitude better precision
than current methods of measuring d,, with the possibility of
further improvement to bridge the gap between the current
most precise measurement and the theoretical expectation of

the Standard Model.
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A complete description of the experimental apparatus is
given in Chapter 2. This apparatus combines a helium-buffer-
gas cooled laser-ablation source to produce BaF molecules
and the growth of cryogenic neon matrices by vapour depo-

sition.

Chapter 3 reports the results of experiments performed,
with a goal of demonstrating steps necessary for a mea-
surement of d,. In Section 3.1.4 the buffer-gas cooled laser-
ablation source is shown to produce approximately 9 billion
BaF molecules per ablation laser pulse. During a typical,
hour-long, growth an estimate is made that 10! per mm?
molecules are directed at the substrate. Assuming a capture
efficiency of near unity and volume of solid neon of approxi-
mately 1 mm?, the number of confined BaF molecules within
the matrix would represent a BaF:Ne concentration of 1 ppb,
which is the target concentration for a first measurement.
The ideal ablation parameters the source presented in this

work are reported in Section 3.1, while growth and annealing

procedures are described in Section 3.2.
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In Section 3.3 several electronic excited states for BaF
molecules within the neon matrix are identified and charac-
terized by their respective excitation and fluorescence pro-
files. In Section 3.3.2 the observed laser-induced fluores-
cence resulting from excitation to the B*X;,,(v = 0) state
is reported and two dominant decay paths are observed
corresponding to B*Zi,(v = 0) — X?%in(v = 1) and
B?Z1,5(v = 0) — A2A3;, — X%%q,, decays. Decays to
the X% ,»(v = 2) and X?%,,(v = 3) states from molecules
excited to the B?X;,,(v = 0) state are also observed and
provide measurements of the effect of the neon matrix on
the separation of the v = 1-to-v = 2 and v = 2-to-v = 3
vibrational levels of the electronic ground state of the BaF

molecule.

In Sections 3.3.3, 3.3.4, and 3.3.5 several lifetimes associ-
ated with the decay of laser-excited BaF molecules are ob-
served and, in Section 3.3.6, these decays are shown to be
dominated by the observed radiative decay process. In Sec-
tion 3.4.2 an estimate is made of the total density of BaF
molecules within the matrix using laser-induced fluorescence

of the X?%1,, — B2?Z1,5(v = 0) excitation. It is found
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that Nyl = (5 £ 3) x 101°/mm? BaF molecules are confined
within the solid indicating a BaF to neon ratio of approxi-
mately 1 ppb, which is the desired concentration for a mea-

surement at a precision of 5 x 10732 e cm.

In Section 3.5, optical pumping BaF molecules is demon-
strated (via laser-excitation to the A%I1;,»(v = 0) excited
state) into the X?%,/,(F = 1,m; = 1) hyperfine sublevel us-
ing circularly polarized laser light. In Section 3.6.1, RF fields
are used to transfer the BaF population from the X?%;,,(F =
1,ms = 1) sublevel to the X*%,/,(F = 0,m; = 0) sublevel
and in Section 3.6.3 a sequence of two pulses of RF field is
used to transfer the BaF population back into the optically-
dark X*%/,(F = 1,ms = 1) sublevel. BaF molecules that are
transferred into the X?%,,(F = 0,m s = 0) sublevel by the
first RF pulse are found to remain in this sublevel for times

longer than 3 ms for matrices at 5.8 K.

4.2 FUTURE DIRECTIONS

The purity of the BaF-doped neon matrix will need to be

improved, as known ablation by-products (e.g., Ba and BaF,)
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currently embed themselves within the solid alongside the
BaF molecules. To remove impurities produced from laser
ablation, a modification to the apparatus to include an elec-
trostatic deflector [76] is underway. This deflector targets the
X%%1,2(v = 0,N = 1) rotational state of the BaF molecule,
redirecting the BaF molecules produced from the buffer-gas-
cooled laser-ablation cell along a trajectory inaccessible to

other undeflected ablation products.

Improvements to the growth and annealing procedures
will also be required to optimize the sample. A possibility for
an improvement of growth procedure is the formation of a
perfect crystal of neon from a seed layer, initially formed from
a liquid [66, 89], which may prove to create more uniform

trapping sites for BaF molecules within the host matrix.

Modifications that reduce the thermal load on the cryo-
genic apparatus to achieve a base temperature of 3 K (the
minimum operating temperature of the cryocooler in this
system) are underway. These modifications includes further
limiting black-body radiation from room-temperature com-

ponents that surround the apparatus and reducing the partial
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pressure of helium gas between the inner and outer layers of
the cryogenic apparatus after growth. A lower temperature

of 1 K will require a new cryogenic refrigeration system.

To perform a measurement of the electron’s electric dipole
moment using the EDM?3 method, further steps must be
demonstrated. The ability to place the molecules into an even
and odd superposition of the my = 1 and m; = —1 hyper-
fine states via X- or Y-polarized RF pulses and allowing the
system to evolve freely for times of t, ~ 10 ms remains to
be demonstrated. Coherence of the molecules, determined
by the homogeneity of the environment, including the local
magnetic fields experienced by the BaF molecules has not
yet been demonstrated. It will be necessary to obtain iso-
topically pure *Ne to limit the presence of ?!Ne and **Ne.
Producing uniform neon matrices with homogeneous mag-
netic fields across the small sample volume will be necessary
to achieve the coherence times required for a high-precision

measurement.
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