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ABSTRACT

Coupling was observed between atomic coherences formed at 386.2 THz and
384.1 THz, corresponding respectively to the 5D5/5 —5P3/5 and 5P3/5 — 55 /9
energy differences in atomic Rb. These coherences were excited using ul-
trafast laser pulses, and their temporal dynamics observed through quantum
beat spectroscopy. The coupling of these oscillators was observed as an inter-
ference window occurring in the spectral response of the pair’s beat frequency.
The spectral profile of these pairs was also observed to change with varying
phase matching conditions. The profile was fit to a generalized Fano reso-
nance to recover phase, which corresponds to degree of coupling between the
states. The profile was also found to change with experimental parameters,

giving control over the coupling parameters.
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To the eternal slog of science.
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CHAPTER 1

INTRODUCTION

Manipulation of quantum coherences within atoms has seen an increase in
popularity over the past several years. While their application as qubits for
quantum computing is the primary driving factor [1], exploration of these
coherences and possible coupling behavior between them is of interest to
the world of physics in general. Careful fabrication of bulk material and
metasurfaces allows for a high level of control over resonances and coupling,
producing custom optical properties [2]. However, while these effects have
been studied in manufactured materials, little research has been performed

on coupling between atomic coherences.

1.1 Quantum Beat Spectroscopy

A possible method of investigating coupling between atomic oscillators is
through quantum beat spectroscopy (QBS). This time resolved, Doppler free,
high resolution spectroscopic method is capable of measuring the energy sep-
arations between closely spaced energy levels with sub-megahertz precision.
More importantly, it accomplishes this by establishing a coherent superpo-
sition of excited states and observing the subsequent interference produced
during radiative decay of the wave packet. The initial theory for QBS was
laid out by Corney in 1964 [3], with experimental results measuring Zeeman
splitting of the 3Py level of atomic Hg published later that same year [4].
In the decades following, QBS has found applications in both atomic and
molecular spectroscopy, observing features such as Zeeman splitting, high
principal quantum number states, and molecular rovibrational states [5-8].
To investigate the mechanics behind QBS, a simple four-level atomic sys-
tem can be used. An example of this kind of system is shown in Figure 1.1.

When excited by a spectrally broad pulsed laser source, both of the upper



energy levels |2) and |3) have some probability of being excited. This forms

a non-stationary superposition of both energy level’s wave functions:

W (1)) = cpe™™2!|2) + cze5t|3) (1.1)

These wave functions continue to evolve in time before eventually decaying
to the intermediate state |4) via emission of a photon. The overall emission

intensity can be represented as:

I = |(4]plw(®)* (1.2)

This intensity term can be expanded using the |¥(¢)) defined in Equation 1:

I = c3|(4|ul2)]? + G| (4]p|3)|* + cacs (4]p|2) (4| u]3) (e 270 4 eilenmen)ty
(1.3)

I o cos (Awt) Aw = wy — ws (1.4)

The first two terms in Equation 1.3 are constant background emission
caused by the natural decay of the wave packet through one of the two
possible decay channels. The third term acts as a modulation effect on the
emission intensity. As can be seen in Equation 1.4, the frequency of this
modulation is directly related to the difference in frequency, and thus energy,
of the two excited states. This math extends to any number of excited states
as well, with the resulting decay emission from a wave packet of n states being
modulated by (72‘) frequencies. Additionally, modulation will also occur on all
subsequent decays to the ground state. For example, if there is a radiative
process from |4) to |1), that emission will also have the same modulation
frequency applied to it. This is due to the imprinting of the wave packet

information onto state |4) during the initial decay process [6, 9]:
[4) = [4) (4] V) (1.5)

[4) = (ca(d]p]2)e™™" + cs(d]p|3)e ") [4) (1.6)

From the previous equations, it is straightforward to understand some of
QBS’s most important features. First, as mentioned previously, measure-

ments avoid Doppler broadening. This is a spectral broadening effect that
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Figure 1.1: Excitation process that results in observable quantum beats. A
broadband source, represented by the red gradient and wide enough to
encompass multiple energy levels, generates a superposition of states. When
these states decay, the emitted intensity will be modulated by the energy
separation of the states, represented by the red wavy line. Subsequent decay
emissions will also be modulated, as represented by the blue wavy line.

occurs when the motion of the atom or molecule in question red- or blue-
shifts the energy levels. This produces a continuous spectrum of possible
absorption or emission wavelengths that depend on temperature of the sam-
ple. For a hot atomic vapor, this broadening can be on the order of hundreds
of megahertz [10]. QBS circumvents this issue by decoupling the measure-
ment from the kinetics of the sample. The measured modulation frequency is
determined by the energy differences between states within the sample, which
are invariant under temperature change. This feature made it appealing to
those studying the small energy spacing listed earlier. The second important
feature, and one more applicable to the topic being studied in this thesis, is
the fact that the intensity measurement is in the time domain. While this al-
lows measurements of low frequency modulation signals to be easily sampled,

it also means that, should enough oscillations be captured, the temporal evo-



lution of the wave packet can be evaluated through the changing responses
present in the modulation. However, this also requires either a very long
emission lifetime, or very large energy separation, to perform. The latter of
these will be considered in this thesis, as the states being excited have an
energy separation in the terahertz.

While much effort has been dedicated toward closely separated energy
levels, investigations of gigahertz and terahertz separations are technically
possible. Several challenges do exist when transitioning to this higher energy
region, as there is a trade-off between ease of detection and energy separation.
Narrow spacings, like the aforementioned Zeeman splittings or high principal
quantum number states, are easy to detect, as most transient digitizers allow
sample rates well over 1 GHz. They are also easy to excite with a naturally
broad pulsed laser, without having to resort to ultra-fast systems. Larger
energy gaps are not completely inaccessible, as ultrafast laser systems can
produce upwards of 10 THz of spectral bandwidth when transform limited.
The issue instead lies in detection, as the emission will be modulated at a
frequency beyond the resolvability of any detector. To solve this issue, a
pump-probe method can be employed. This lifts the requirement to measure
the intensity modulation in real time, instead measuring the intensity point
by point. The wave packet is first excited with an initial pulse, then sampled
by a temporally delayed probe pulse. Varying the delay between the pump
and probe pulses allows the full temporal signal to be reconstructed piecewise
over many excitation-sample cycles [8, 11, 12].

In this thesis, a specific two photon transition in atomic Rb will be pri-
marily considered. This transition serves to coherently excite both the 75 /5
and 5Dj5/y states, which have an energy separation of about 18 THz. The
atomic structure with applicable energy levels is shown in Figure 1.2. Al-
though the excitation of these two states is prioritized in the wave packet,
other parasitically excited states will occur. Due to the large energy sep-
aration between these two states, the aforementioned pump-probe method
must be employed. While the probe’s excitation process involves a two pho-
ton transition, the corresponding probe’s sampling process is done through
parametric four wave mixing. This process produces two modulated emission
frequencies, an idler emitting from the wave packet to the 65/, state and
a signal emitting from the 6P/, to the 55,5 state. These emissions occur
at 60 THz and 420 nm respectively. While both could theoretically be used
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to measure the quantum beat signature, the 420 nm signal is far easier to
detect, thus the 60 THz idler will be ignored [12, 13]. The choice of time
delay in the pump-probe setup is small enough that transient excitation be-
haviors can be observed in the signal with sub-picosecond precision. Found
within these responses is evidence of coupled oscillators via the appearance
of an interference window. Additionally, there is evidence that the coupling
strengths between these oscillators is controllable through adjustments to
the phase matching conditions of the excitation process [14]. Chapter 2 will
outline the experimental setup used, followed by presentation and summary

of results in Chapter 3.

8S,,: 870.802 THz

6D,,,: 860.086 THz 10.716 THz

7S,,,: 788.796 THz
5Ds,: 770.571 THz

18.225 THz

6P, : 713.284 THz

5P,,,: 384.23 THz

5S,/,: Ground

Figure 1.2: Abbreviated energy structure of Rb. Only states referenced in
this thesis are listed. Coherences are generated among the 7.5/, and 5Ds,
states due to their ease of access through two photon absorption.
Observation of quantum beats is performed on the emission from the 6P/,
state. Energy values retrieved from NIST energy level database and
converted to terahertz for convenience [15].



1.2  Fano Resonances

Fano resonances are a type of asymmetric line-shape that occurs when a
bound state interferes with a continuum of states. Although now seen in
a variety of spectra, this effect was originally observed in noble gas spec-
tra, namely He. Above the ionization level of He, there exists the doubly
excited 252P state. Because this resonance lies within the ionization contin-
uum of He, the two excitation pathways compete and interfere, producing a
Fano line-shape. This process was first described mathematically by Fano in
1961 [16], later being generalized by Durand in 2001 [17]. This generalization
improves on Fano’s theory by including the linewidth of the continuum as
well as the resonance. This forces the profile to tend toward zero at zero
energy, which is more physical than Fano’s, which tends toward one. The

necessary equations for performing Fano profile fittings are given below:

I(E) = R(E)C(E)

€+ q)? 1
rE) =S o=
R c
2
El—m q—cot(e)

These profiles are determined by five main parameters:

e I'z\I'c: Linewidth of the resonance and continuum, respectively. Smaller
values of the former produce more drastic interference windows, while

larger values of the latter produce broader features.

e FEr\Ec: Energy location of the resonance and continuum, respectively.
Although usually similar, a larger offset between the two produces a

larger degree of asymmetry.
e ¢\0: Fano parameter and phase of the continuum, respectively [2].

In a classical sense, this effect can be considered as a pair of weakly coupled
oscillators. A driven, dampened oscillator weakly coupled to a second will
have a broad frequency response, acting as a continuum. The undampened
oscillator will then act as a bound state that competes with the dampened
oscillator. As the driving frequency transitions through the resonance fre-

quency of one of the oscillators, there is an abrupt change in its phase. Since
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this only happens to one of the oscillators, the pair will end up out of phase
with each other. This in turn produces a zero point in the frequency re-
sponse. The sudden phase shift just after the resonance frequency is what
produces the asymmetric line-shape, examples of which are shown in Figure

1.3 [18].

L

0=20 0=0.2n 0=04n

Figure 1.3: Examples of various Fano resonances. Increasing q value
represents higher probabilities of exciting the resonance over the
continuum. At lower q values, the spectrum is dominated by the broad
continuum with a centered interference window. As coupling increases, and
the resonance is excited more than the continuum, the profile becomes
narrower, resulting in a pure Lorentzian at ¢ = co/0 = 7.



CHAPTER 2

EXPERIMENTAL SETUP

The experimental setup consists of four main parts: a laser source, a Mach-
Zender device, a sample, and a detector. A simplified diagram of the entire
setup is presented in Figure 2.1. All parts work together to create a system
capable of probing low principal quantum number states of atomic Rb via
the pump-probe sampling method outlined in Chapter 1. The laser source
is a Coherent Legend Elite HE+ ultrafast amplifier, henceforth referred to
simply as the source. It is seeded with an 80 MHz femtosecond pulse train
generated from a Coherent Vitara-S Ti:Sapphire mode locked laser oscilla-
tor. Individual pulses are picked off from this train and amplified through
chirped pulse amplification to a maximum pulse energy of 3 mJ, controllable
through the use of a computer controlled polarizer placed immediately after
the regen cavity. The compressor grating within the source is also mounted
on a motorized stage, allowing manual adjustment of compressor settings.
This allows the pulse length to be controlled, as well as small amounts of
chirp added to the pulse, which can help the formation of coherent wave
packets [19]. The output of the source has a repetition rate of 1 kHz, with
a typical pulse length when fully compressed of 50 fs and a typical spectral
width of 20 nm at full width at half maximum. Each pulse is centered at
768 nm, facilitating the previously mentioned two photon transition to the
7512 and 5Ds,, states. Because this transition requires two photons, the
total bandwidth for the excitation processes is doubled. This allows for a
total range of excitation from 769 THz to 791 THz, and since our targeted
energy levels lie at 788.8 THz and 770.6 THz respectively, excitation of a
wave packet is possible.

The amplified femtosecond pulses travel first through a set of telescop-
ing optics to reduce the beam size to better match the size of the sample.
Each pulse is then split with a 50% beamsplitter into a Mach-Zender de-

vice, forming the two pulses required in the pump-probe setup. One arm of
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Figure 2.1: Simplified experimental setup for observing quantum beats. A
femtosecond laser pulse is split into two identical pulses, with a time delay
induced between them using a linear stage. Pulse pairs are used to probe a
thermalized vapor held in a furnace. Emitted light is filtered and fed into a
photomultiplier tube (PMT), which is integrated and sampled via a
computer controlled data acquisition unit (DAQ).

this device is kept stationary, producing a pulse that will have a constant
time. This pulse will be referred to as the pump pulse, and will be respon-
sible for exciting the wave packet at the same point in time during every
scan. The second arm in the device has its mirrors mounted on a Physik In-
strumente M-521.DDB translational stage. This stage is capable of making
individual steps of 500 nm with an accuracy of 100 nm. It has a maximum
range of 204 mm, but due to stage positioning and time constraints, only
100 mm was used to produce a total temporal scan range of 600 ps. By
changing the position of the mirrors with the stage, a variable time delay
can be introduced between the pump and probe pulses. This is what allows
the pump-probe setup to perform a temporal measurement. The chosen step
size of 500 nm translates to a temporal resolution of 3.3 fs, a sampling rate of
about 300 THz and a maximum detectable frequency of 150 THz due to the
Nyquist theorem. This is more than enough to measure the targeted energy
separation, and the excessive bandwidth allows for other responses to be vis-
ible and helps with temporal analysis of the wave packet. The separate arms
are then recombined using a second 50% beamsplitter. The angle between
the two pulses is also controllable using the mirrors and beamsplitter, which

is necessary to adjust for phase matching conditions within the sample. A



polarizing beamsplitter is installed immediately before the furnace, which
allows only polarization parallel to the optical table to pass into the furnace.

The sample consists of isotopically pure 8Rb placed in an evacuated T-
shaped Pyrex cell manufactured by Precision Glassblowing. The head of the
cell is 25 mm long with a diameter of 12.5 mm. Each face is angled at 11
degrees to prevent reflections and Fabry-Pérot effects. This portion of the cell
is where the pump and probe pulses will pass through the Rb to produce the
quantum beating signal. The fill tube used to evacuate the cell and deposit
the Rb is left attached to serve as a cold finger on the cell, accumulating
condensed Rb and preventing it from depositing on the cell walls. The cell
is placed in a ceramic heater with two controlled heating zones, one for the
head and one for the stem. The temperature in the stem controls the number
density of the vapor in the head, while the head is kept at a constant 25 K
above the stem temperature, again to prevent condensation.

As mentioned previously, the quantum beat signal is carried on the 420
nm emission from the 65/, state. This frequency is filtered off from the re-
maining pump and probe frequency with two UV coated mirrors and fed into
a Hamamatsu H10721 photomultiplier tube. To protect from any residual
light from the source or the room, a bandpass filter centered on the signal
wavelength is also installed in front of the tube. The tube’s output is fed to
a Stanford Research Systems SR250 Gated Integrator, which is sampled by a
National Instruments DAQ. The data acquisition is accomplished through an
automated computer program, triggered off of the source’s delay generator.
Not included in the image is a MesaPhotonics FROGscan frequency resolved
optical gating device, used to monitor pulse shape, spectral width, and other

characteristics during measurements.
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CHAPTER 3

RESULTS

3.1 Spectroscopic Results

Figure 3.1 presents a typical temporal scan taken using the setup detailed in
Chapter 2. The upper plot is the raw output from the integrator as the linear
stage was swept over 100 mm of travel. The small inset plot demonstrates the
strength of the oscillations, as well as the long coherence lifetime of the wave
packet, extending well beyond the length of the scan. The lower plot is the
Fourier transform of the above temporal data. Several features within this
plot are immediately evident, corresponding to different excited energy lev-
els within the wave packet. These differences can be compared to the NIST
values of Rb energy levels, previously shown in Figure 1.2, to confirm what
states have been excited. The first and most prominent response is the one
at 18.225 THz (Figure 3.1a), corresponding to the energy separation between
the 75/, and 5Dj5/5 states. When compared to published values, this differ-
ence is accurate to an error percentage of 0.01%, confirming that these are
the states being excited. The small peak at 2.109 THz (Figure 3.1c) corre-
sponds to the difference between two transitions, the 5D5/, — 5P/, transition
and the 5P3/; — 55/, transition (abbreviated as 5S-P-D). Comparing this to
published values, the difference is accurate to 0.1%, also confirming the pres-
ence of these coherences. Since these are not accessible through the same
two photon transition as the 75;/, and 5Ds/, states, a series of single photon
transitions is instead believed to be responsible. Another response at 10.733
THz (Figure 3.1b) corresponds to 8S1/2 and 6D5,y states. Again compar-
ing to published values, this difference is accurate to 0.15%, also confirming
these states as present in the wave packet. It is currently not fully under-
stood how these states are being excited, as they lie well beyond what should

be excitable with the available source wavelength. Current theory attributes
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the phenomenon to the excitation of Rb-Rb dimers which later dissociate,
leaving one excited in either the 85,3 or 6D5/,. Further discussion on this,
as well as the higher harmonics (Figure 3.1d) and various difference frequen-
cies that populate the response, can be found in Dr. William Goldshlag’s

dissertation [9].

3.2 Temporal Response and Analysis

Another scan is shown in Figure 3.2, prioritizing the generation of coherences
among the 5S-P-D transitions. This was done by adjusting either the crossing
angle or the number density of the vapor. Increasing the crossing angle
produced a stronger response between these states, while increasing number
density by increasing the furnace temperature suppressed the response. Pulse
width and chirp also play a role, with longer, more negatively chirped pulses
improving the response to a lesser degree. This plot highlights the benefit of
performing a time domain measurement. Overall, the 5S-P-D coherence is
very short lived, dying out within 150 ps. Under 5 ps, the coherence actually
dominates the intended 7S/, — 5D5/2 coherence. To fully explore the time
dependence of these coherences, a short time Fourier transform (STFT) was
performed, shown in Figure 3.3. This allows the magnitude of each response,
and by extension the composition of the wave packet, to be monitored as a
function of time. Figure 3.4 uses the STFT to plot the evolution of the 5S-P-
D coherence against the 7.5} 5 —5Ds5/, coherence. The rapid decay previously
observed is still apparent, with a lifetime of roughly 150 ps. What is also
apparent is the synchronous increase in strength of the 18 THz response.
This effect can also be seen qualitatively in Figure 3.2, and implies some
degree of interaction between the two, wherein energy is being transferred
from the 5S-P-D coherence into the 75/, —5D5 /5. This process also appears
to be unidirectional, with no energy flowing back into the 5S-P-D coherence
at any time during the scan.

Figure 3.5 shows another plot from the STFT, tracking the 10.7 THz re-
sponse of the 85 /9-6D5/, coherence. This transition is an excellent example
of the power of temporal wave packet analysis. The response is relatively
weak for the first 400 ps of the scan, before abruptly and significantly in-

creasing by a factor of 5. While more investigation into this effect is needed,
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the delay in the response of this coherence could support the idea of excita-
tion through Rb-Rb dimer dissociation, as the dissociation process would not
occur at the moment of excitation. The 400 ps is also about twice as long as
the average collision time of the vapor, at around 200 ps, lending credibility

to the idea of a collisional process being responsible.

3.3  Coherence Control and Fano Simulations

As mentioned previously, the 5S-P-D coherence can be controlled through
three primary channels: vapor density, pump-probe crossing angle, and pulse
chirp. Changes to two of these settings, vapor density and crossing angle,
were observed to produce both a larger magnitude as well as a substantial
profile change. An example of this profile is shown in the lower part of Fig-
ure 3.2, as well as in Figure 3.6. The notable feature of these profiles is the
prominent interference window occurring just past the resonance peak. A
series of scans were performed to classify the effect of the previously men-
tioned variables. The number density was swept from 1x 10 cm ™3 to 4x 104
cm 2, and the crossing angle was swept from 0.35 mrad to 1.7 mrad. Pulse
chirp, while observed to have some effect on the 5S-P-D profile, is difficult
to quantify and control. For the purpose of this thesis, this setting was kept
as constant as possible across scans. Some example profiles from these scans
are shown in Figure 3.6. Decreasing the number density caused the profile
to transition from a sharp resonance peak to a broad, asymmetric profile
with defined interference window. Increasing the pump-probe crossing angle
causes the same effect, with colinear beams producing narrow profiles, and
large angles producing broad, asymmetric profiles.

Due to both the asymmetry of the profile, as well as the apparent interac-
tion between the 5S-P-D and 75/, — 5D5/2 coherences, an effort was made
to fit the profiles to the generalized Fano profile described in Chapter 1.
These fits were performed only on the main peak in the center of the profile.
The large side-bands that appear to both sides of this peak are currently
believed to be due to a separate effect, possibly reflections within the vapor
cell. For this reason, they are disregarded in the fit. Fits were performed
on all profiles captured in the previous experiment. Some examples of these

fits are shown in Figure 3.7, overlaid with their respective data sets. Of the
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FFT Magnitude
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Figure 3.4: Traces of an STFT taken at two different frequencies. The
black line represents the temporal evolution of the 7S;/, — 5D5/, coherence,
while the red line represents the temporal evolution of the 5S-P-D
coherence. Simultaneous increase of the 7.5/, — 5D/, coherence and
decrease of the 5S-P-D coherence implies a transfer of energy between the
two, and possible coupling.

five parameters listed previously, three were identified as having the greatest
impact on the quality of the fit. The locations of both the resonance and
continuum remained relatively constant, at Fr = 2.105 THz and Ec = 2.114
THz. The remaining parameters and their response to changing parameters

are detailed below:

e ['z: The linewidth of the resonance increased with both higher vapor
density and lower crossing angle. Varied from ' = 0.015 to 'y = 0.3

across both parameters.

e ['c: The linewidth of the continuum increased with both higher vapor
density and lower crossing angle. Varied from I'r = 0.05 to 'y = 4

across both parameters.

e : The Fano phase changed abruptly as both vapor density and crossing

angle changed, varying from 7 to 7.
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Figure 3.5: Trace of the STFT taken along the 85/, and 65/, coherence.
There is a sudden increase in the strength of the response by a factor of five
occurring around 400 ps. This implies that whatever mechanism excites
this coherence takes time, rather than being instant as the others are.

Complete results are presented in the contour plots of Figure 3.8. These
show an inverse relationship between number density and pump-probe cross-
ing angle. The smallest values for all three parameters were recorded when
number density was at its minimum and crossing angle at its maximum.
This seems counterintuitive, as the profiles shown in Figure 3.6 are much
broader when the fits seem to call for narrower continuum and resonance
widths. However, because the phase is so low, the profiles in this region
are dominated by the continuum linewidth, which is an order of magnitude
wider than the resonance. This correlates to very weak coupling to the reso-
nance. The narrow resonance linewidth only results in the sharp interference
window, and has no effect on the overall shape of the profile in this region.
Similarly, largest values were recorded when number density was at its max-
imum and crossing angle at its minimum. This region is defined by a large
phase, correlating to a strong coupling with the resonance and resulting in
the dominance of the resonance in the profile. Because of this, the contin-
uum linewidth becomes extraneous in this region, having less impact on the

profile as the phase increases. While control over the spectral width of these
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Figure 3.6: Comparisons between profile changes caused by changing
number density and crossing angle. Profiles (a)-(c) follow increasing number
density, with crossing angle fixed at 0.7 mrad. Profiles (d)-(f) follow

decreasing crossing angle, with number density fixed at 1.64 x 10* cm 3.
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Figure 3.7: Fano profile fit examples. The broad sidebands of the response
are ignored during fitting. The profiles shown here are the same as those on
the left side of Figure 3.6 (a, b, c).
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features is interesting, the ability to transition these resonances from a region
of low coupling to high coupling is of utmost importance.

A comparison between the quantitative results of changing crossing angle
and number density is shown in Figure 3.9, taken as a cross section of the
contour plot in Figure 3.8. As can be seen, regarding the phase, an almost
one to one connection between the two variables can be made. Both follow
similar trajectories and change the phase to a similar degree. This implies a
connection between these two variables, wherein both have the same effect
on the sample. This is reinforced by Figure 3.10, which shows the overlap

integral of one profile, taken at 2.06 x 10 c¢cm™ and 1 mrad of crossing
angle, and all other profiles. A high overlap value implies the two profiles are
very similar, and a band of these high value profiles can be seen stretching
toward the upper right. The implication is that it is possible to “undo” the
effect of one variable by changing the other. A higher number density can
be offset by increasing the crossing angle, and vice versa, to recover what
is essentially the same profile. Therefore, the coupling observed within this
coherence is controlled by one single parameter, which is able to be adjusted
through multiple ways.

Given the non-linear nature of the processes involved as well as the sub-
stantial effect crossing angle has on the profile, it is reasonable to assume
this underlying parameter is the phase matching condition within the setup.
Adjustments to the crossing angle are the easiest way to effect this; however,
changes to the number density will change the dispersion of the vapor, allow-
ing indirect control over the phase matching condition. One final clarifying
note is that the actual point of proper phase matching is not being changed.
Rather, the system is moved closer to or farther away from this ideal condi-
tion to produce the profile changes. While it is impossible to know the exact
point of complete phase matching, it is possible to quantify the difference in

phase matching between profiles.
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Figure 3.8: Priority fit parameters shown as contour plots. Similar trends
are seen across both changing number density and crossing angle.
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Figure 3.10: Overlap integrals between one profile and all available. The
bright red spot is the original profile, also shown in the inset graph, and the
yellow band is a range of similar profiles with different number density and
crossing angle.
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CHAPTER 4

CONCLUSION

This thesis investigated the unique temporal and spectral responses of atomic
coherences within Rb through the use of quantum beat spectroscopy. The
5D5/9 — 5P3) and 5P3/5 — 5512 pair of coherences proved to be of most
interest, as its temporal response was very short lived, and its spectral re-
sponse produced a unique asymmetric profile. This profile was shown to fit
well with a generalized Fano profile, implying coupling between the states.
Control over this coupling was also shown to be possible by adjusting the
phase matching conditions within the vapor. Further understanding of the
processes involved would be of great interest to the world of physics.
Further effort is needed to solidify the claims made in Chapter 3. First
and foremost is the need for a defined theory or simulation of the underly-
ing physics. This could be done through the optical Bloch equations or just
simple coupled oscillators. This would provide some insight into how the
oscillators are truly acting within the atom during excitation. Additional
insight could also be gained by looking at other alkali metals. Since their
structures are similar, namely the single valence electron and high transition
strengths, similar behavior between coherences could be possible. Aside from
Rb, quantum beats have already been observed in K, although coupling was
not observed [12]. Other alkali metals like Cs should be possible to inves-
tigate. Finally, the inclusion of various buffer gasses within the cell could
provide some insight into the role of collisions on the excitation process. The
cell used in these experiments was entirely evacuated, so collisions were infre-
quent and only between other Rb atoms. The inclusion of other rare gasses
at single Torr pressures should still allow coherences to be established while

making collisions more frequent.
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