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1 Abstract

The Rubidium Quantum sensing (RbQ) experiment uses a quantum enhanced measurement
system to increase the sensitivity of the GQuEST experiment, which aims to detect quan-
tum gravitational effects through phase shifts in a tabletop interferometer. To support the
development of RBQ, I constructed quantum-optical simulations to explore atom-light inter-
actions in cavity systems. The simulation framework investigates how control pulse timing,
frequency, and amplitude affect signal detection, and calculates the Quantum Fisher Infor-
mation (QFI) to identify which experimental parameters, such as cavity loss or coupling
strength, most impact sensitivity. An application is a Λ-type rubidium atom transition be-
tween three hyperfine states, where a signal and control field drive the two legs of the transi-
tion. By fixing the signal, the control can be optimized to maximize energy transfer between
the ground states. These results inform the design of RbQ and provide a foundation for
optimizing quantum sensing in future gravitational wave detectors, where simulation-driven
tuning can improve precision and mitigate the effects of noise.

2 Introduction

Despite its central role in our description of the universe, gravity is unique among the
fundamental forces in that we still do not have a consistent quantum description of it. General
relativity and quantum mechanics are both extremely successful in their own domains, but
combining them into a single framework remains one of the biggest unsolved problems in
physics. A working theory of quantum gravity could shed light on what spacetime looks
like at the smallest scales, on how the universe began, and on the fate of information in
black holes. At present, though, gravity is only understood as an effective field theory at low
energies and there has been no direct experimental evidence of any signatures of gravity’s
true quantum nature.

The holographic principle provides one of the most compelling clues towards such a theory.
This idea suggests that the degrees of freedom in a region of space scale with its surface area,
not its volume. Building on this, Erik Verlinde and Kathryn Zurek1 proposed that space-
time itself could be made up of correlated Plank-scale ”pixels”. And because all quantum
systems are subject to fluctuations from uncertainty, these microscopic spacetime degrees
of freedom would not remain fixed but instead jitter randomly. If gravity is quantum, then
measurable distances themselves must fluctuated in a correlated way, producing what are
known as geontropic fluctuations. These fluctuations would act like tiny random phase shifts
on light as it propagates, and in principle, they could be picked up by a sufficiently sensitive
interferometer.

Modern interferometers such as LIGO already operate close to the fundamental quantum
noise limits of laser light. However, they are still limited by the quantum uncertainty of bright
carrier beams. The GQuEST project2 (Gravity from the Quantum Entanglement of Space
Time) proposes a new approach called photon-counting interferometry. Instead of relying on
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Figure 1: Simplified Design of the GQuEST Experiment

high laser power, GQuEST uses tuned cavities and photon-counting detectors to look for rare
photons that carry possible signatures of spacetime fluctuations, while rejecting unwanted
background light. To further improve sensitivity, the setup uses two interferometers in
parallel (Figure 1). Any real geontropic signal should appear in both simultaneously, whereas
local noise will not. This approach allows sensitivity to stochastic signals beyond the reach
of classical interferometer designs.

The Rubidium Quantum Sensing (RbQ) project builds on GQuEST by incorporating laser-
cooled 87Rb atoms into the readout chain, transforming the interferometer into a hybrid
quantum sensor. As the geontropic fluctuations imprint upon the laser as phase modulations,
the light from the signal cavity will mainly be that from the carrier light from the laser with
a very low amplitude side band3 representing quantum gravity effects. Differentiating signal
photons from the side band and the carrier photons is not feasible with photon counting
alone, which is why GQuEST employs a series of optical filter cavities combined with a
superconducting nanowire single-photon detectors (SNSPDs). In our approach, the 87Rb
atoms serve as a tunable filter cavity, enabling single photons to be converted into detectable
atomic state changes. These atoms are first cooled and trapped in a 3D magneto-optical trap
(3DMOT), then coupled to high-finesse optical cavities (Figure 2). The pump cavity, also
referred to as the control, is tuned so that only photons with the signal that we expect from
phase modulations in the interferometer will excite the atom into a specific hyperfine state,
while all other photons are ignored. So when the signal photon enters the signal cavity, the
excited atomic state is then detected with the projection drive. In this way, the atoms act as
an extremely precise and tunable quantum filter, converting rare interferometer photons into
detectable atomic state changes. In addition, atomic ensembles like this can provide access
to non-Gaussian measurements. In addition, atomic ensembles like this can provide access to
non-Gaussian measurements. While Gaussian squeezed states already surpass the standard
quantum limit and are used at LIGO, non-Gaussian states can offer further advances for
detecting weak, stochastic signals such as geontropic fluctuations.

The goal of this project is to determine how to design and tune the atom-cavity system so
that signal photons from geontropic fluctuations can be detected with the highest possible
accuracy. To support this, I built simulations that model rubidium as a Λ-type three-level
atom and take a given signal pulse, representing the phase modulation from the interferome-
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Figure 2: 3DMot and Chamber System with Multiple Crossed Cavities

ter, and calculate what kind of control pulse is needed to maximize detection. This involves
exploring how cavity parameters such as loss, decay, and coupling interact with control pulse
timing, frequency, and amplitude to enhance or suppress sensitivity. These results are in-
tended to guide the design of RbQ by showing how carefully optimized control pulses and
cavity settings can turn weak, gravitational induced signals into reliable, measurable events,
making quantum-enhanced interferometer a practical tool for probing quantum gravity.

3 Theory

3.1 Atomic transitions

To understand how the atoms serve as a filter for detecting signal photons, it is useful to
describe the relevant atomic transitions in more detail. The specific frequencies required to
transition the atom from each state can be found in the Appendix 44. The atom are first
trapped and cooled in the 52S1=2; F = 2;mF = �2 hyperfine state. The 3D MOT then
drives the cycling transition 52S1=2; F = 2;mF = �2 ! 52P3=2; F

0 = 3;mF = �3 (Figure
3). After excitation, the atom decays back down to the initial state, although selection rules
occasionally allow decay into F = 1, a repump laser quickly returns the atom to F = 2 so
the cycle continues.

Once the atoms are cooled and in the center of the cavity, the MOT beams are shut off and
the atoms are optically pumped via the initialization laser into the 52S1=2; F = 1;mF = �1
state labeled jg1i. The goal is to detect photons by transferring population from this state
to 52S1=2; F = 2;mF = 1 labeled jg2i. Direct population transfer between jg1i and jg2i is
forbidden, since they belong to different hyperfine manifolds with no dipole-allowed single-
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Figure 3: Atomic Transitions of 87Rubidium Atom in Cavity

photon transition. Instead, we create an effective two-level system using a control laser and
the incoming signal photon. Together, they drive a Raman process through an intermediate
excited state 52P3=2; F

0 = 2;mF = 0 labeled jei allowing the atom to make the otherwise
forbidden transition.

The effective two-level system is key to filtering. The Raman resonance condition requires
that the control laser be tuned precisely relative to the signal photon frequency. In prac-
tice, this means that we calculate the expected frequency of the signal photon set by the
interferometer’s phase modulation and adjust the control laser so that the Raman transition
jg1i ! jg2i only occurs when that signal photon is present. This ensures that background
light or photons at the wrong frequency do not trigger the transition which is key as the
frequency from the laser will be much more powerful than that of the signal we are trying
to detect.

Finally, the readout process brings the atom from jg2i to 52P3=2; F
0 = 3;mF = 2. When the

atom decays down to 52P3=2; F
0 = 3;mF = 2, it enters a cycling transition that emits many

photons, providing an amplification mechanism. These photons can then be detected with
high efficiency so a single signal photon leads to a strong, repeated fluorescence signature.
In this way, the atom-cavity system functions as a frequency-selective quantum filter: a
detection event occurs only when the incoming photon matches the tuned signal frequency.

3.2 Model Hamiltonians

The dynamics of the atom-cavity system are described by a Hamiltonian that includes both
the coherent interactions with the cavity field and the effects of external driving fields.
Different Hamiltonians were explored in simulation depending on the level of complexity
required. To start, I used the Jaynes-Cummings Hamiltonian which models a single two-
level atom interacting with a single cavity mode. This served as a baseline to test and
validate my simulations:

HJC = !ca
ya+ !sjeihej+ Ω(ajeihgj+ ayjgihej) (1)

where !c is the cavity frequency, a is the cavity annihilation operator, !s is the excited state
frequency, Ω is the coupling strength between atom and cavity, and jei, jgi are the excited
and ground states of the atom.
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Figure 4: Λ-Type Three-Level System Representing the Signal-Control Transition

The time evolution of the system is governed by the Lindblad master equation:

d�

dt
= � i

ℏ
[H; �] +

X
k

�
Lk�L

y
k � 1

2
fLykLk; �g

�
; (2)

where � is the density matrix of the system, H is the Hamiltonian, and LK are the Lindblad
(jump) operators that represent dissipative processes. In this case, the dominant processes
are spontaneous emission from the atom and photon leakage from the cavity.

Moving beyond the two-level approximation, the full signal-control interaction in 87Rb re-
quires treating the atom as a three-level Λ-system with the ground states jg1i and jg2i
coupled to an excited state jei (Figure 4). The Hamiltonian in this is more complicated
because it includes multiple coupling terms from both the signal and control fields. Solving
the corresponding Lindblad equation directly can become unwieldy. To simplify the dynam-
ics, we transform it into a rotating frame5 aligned with the driving fields and cavity mode.
Conceptually, this means moving into a reference frame that rotates at the frequency of the
drive so that terms at that frequency are zeroed out (Appendix 5, 6, 7). The result is an
effective Hamiltonian where only the physically relevant detunings and coupling strengths
remain:

H̃ = Ω1(e
i�ta�y1 + e�i�tay�1) + (h(t)ay + h(t)ya) + (q(t)�y2 + q(t)y�2) (3)

where Ω1 is the coupling strength between jg1i and jei, � is the detuning, and �1 and �2 are
the annihilation operators of jg1i and jg2i. The signal and control photon functions are h(t)
and q(t) of the form

This effective Hamiltonian directly encodes how the control and signal pulses interact to
drive population transfer between jg1i and jg2i. By solving for the final atomic state, we can
compute the probability that the atom ends in jg2i. The goal of the simulation is to find the
control pulse shapes and cavity parameters that maximize this transfer probability, thereby
making the atom-cavity system function as a precise and selective filter for geontropic signal
photons.
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3.3 Quantum Fisher Information

To evaluate how different parameters, such as cavity loss, decay rate, and the timing and
frequency of the control signal, affect the atom’s final state, I used the Quantum Fisher
Information (QFI). QFI quantifies how sensitive a quantum state is to small changes in a
parameter. A high QFI means that even a small change in the parameter produces a large,
distinguishable change in the atomic states. For a quantum state �(�) that depends on some
parameter �, the QFI is defined as

FQ(�) = Tr
�
�(�)L2

�

�
; (4)

where L� is the symmetric logarithmic derivative (SLD) operator, defined through

@�(�)

@�
= 1

2
(L��(�) + �(�)L�) : (5)

By calculating FQ for different cavity parameters and control pulse shapes, we can identifiy
which parameters have the strongest influence on signal detection. This makes it possible
to prioritize experimental precision where it matters most, ensuring that limited resources
are directed towards controlling the parameters that most affect the ability to detect weak
signals.

4 Methods

All simulations were carried out in Julia using the QuantumToolbox.jl package which pro-
vides tools for simulating open quantum systems. This framework is particularly useful
because it allows direct construction of Hilbert spaces, operators, and time evolution with
built-in solvers for the Lindblad master equation.

The system was built by first defining the Hilbert space of the atom-cavity system. For
each model, I constructed the relevant atomic states (ground, excited), the cavity mode, and
the associated operators such as annihilation/creation operators and projection operators
onto atomic states. Time evolution was then computed with the ”mesolve” function, which
numerically integrates the Lindblad master equation for a given Hamiltonian and set of
collapse operators. This made it possible to directly calculate the density matrix �(t) at
each time step, from which populations and expectation values were extracted.

To begin, I simulated a two-level atom coupled to a single cavity mode described by the
Jaynes-Cummings Hamiltonian (Equation 1). Here, two coupling functions govern the in-
teraction between the ground state and cavity and excited state and cavity. This simpler
model provided a baseline to check that the simulation code behaved as expected. Because
the two-level case has well-known analytic results for Rabi oscillations and cavity-atom ex-
change dynamics, it was a convenient way to verify that the solvers and operator definitions
were working correctly. I preformed additional validation steps by deliberately choosing
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parameters where the behavior was predictable - for example, removing coupling terms or
drives and confirming the atom remained in its initial state.

After confirming the validity of the two-level simulations, I extended the model to a three-
level Λ-type system, which is required to capture the signal-control interactions in 87Rb. The
Hamiltonian for this system (Equation 3) includes coupling terms from both the signal and
control fields to the excited state, as well as dissipative processes from spontaneous emission
and cavity losses. To check that the three-level model was implemented correctly, I tested
for the presence of a dark state, a coherent superposition of the two ground states that
does not couple to the excited state under the right signal-control conditions. In this state,
destructive interference prevents excitation, leaving the atom ”invisible” to the drive fields,
an expected signature of Electromagnetically Induced Transparency (EIT). Detecting this
dark state confirmed that the model reproduced the expected Λ-system physics (Appendix
3). Just as with the two-level system, I carried out further checks by setting parameters to
known limits and verifying the outcome matched expectations. These tests consistently gave
correct results, providing confidence that the three-level dynamics were simulated accurately.

With this framework in place, I was then able to simulate how different control pulse shapes
and cavity parameters influenced the systems ability to register weak signal photons, directly
supporting the project’s goal of optimizing quantum-enhanced signal detection.

5 Results

5.1 Two-Level Atom System

I started by simulating a simplified two-level atom coupled to a cavity, with states jgi and
jei. The atom-cavity coupling was driven by two time-dependent functions, g1(t) and g2(t),
which governed the transfer of population from the ground state to the cavity and then from
the cavity to the excited state. Both g1(t) and g2(t) were modeled as Gaussian pulses of the
form

g(t) = b exp

�
�(t� c)2

2d2

�
(6)

thus b corresponds to amplitude, c to center of the pulse in time (ms), and d the width of
the pulse (ms). Guassians were chosen because they resemble the shapes of the signal and
control photons used in the full three-level system. The simulation started with the atom in
jgi, and by sequentially applying g1(t) and g2(t), I was able to confirm that the excitation
process worked as expected. To ensure, numerical accuracy, I tested different Hilbert space
sizes and found that a dimension greater than three was sufficient, since results stabilized
beyond that point.

I then built a system where the user could set the parameters of the first pulse, g1(t),
and obtain the optimal parameters of the second pulse, g2(t), by scanning over its height,
width, and timing. For example, choosing g1(t) with parameters b = 10; c = 0; d = 0:1242
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gives an optimal g2(t) at b = 10:42; c = 0:3707; d = 0:0601. This combination transfers
population into jei with a final value of 0.9897, which is high enough to be considered an
efficient excitation (Appendix 1). More broadly, varying the pulse parameters and plotting
the final jei population showed that small changes in g1(t) or g2(t) can dramatically affect
the outcome. This sensitivity is promising for using the atom - cavity system as a filter, since
it means the atom will only transition when the signal photon matches the control tuning.
I also tested whether the pulses should overlap in time, and found that overlap consistently
produced higher transfer efficiency (Appendix 2). Together, these checks confirmed that the
two-level simulations were behaving as expected and provided a solid baseline for extending
the model to the more complex three-level system.

5.2 Three-Level Λ-Type Atom System

For the three-level Λ-type system, I constructed the rotated Hamiltonian described in Equa-
tion 3. In this case, the signal and control pulse function are of the form

h(t) = g1(t)� sin(!ht) and q(t) = g2(t)� sin(!qt) (7)

where !h and !q are the frequencies of the signal and control pulses respectively. To ensure
accuracy, I tested different Hilbert space sizes and found that a dimension larger than 14
was required to avoid numerical artifacts.

Once the system was stable, I built a framework where the user could input the parameters
of the signal pulse and obtain the optimal control pulse through a parameter scan. Here, the
final state of jg2i is calculated to try and find parameters with the maximum jg1i ! jg2i
population transfer. For example, a signal pulse with b = 5; c = 1; d = 0:15; and !h =
1:555 has an optimal control pulse with b = 5:556; c = 1:264; d = 0:25; and !h = 0:614
(Appendix 10). To visualize the dynamics, I used Bloch-sphere plots of the atomic states
and Wigner functions of the cavity field. These showed the expected population transfer
into the cavity mode, and the Wigner function displayed the non classical features that
confirmed the cavity photon field was being properly modeled. Another important check
was time-reversal symmetry: starting the system in the second ground state and applying
the optimized control pulse in reverse reproduced the original signal photon. This confirmed
that the control pulse was indeed optimal, since it inverted the process.

I also explored how the signal and control photon frequencies affected the outcome. The
results showed that transitions only occurred for very specific signal–control frequency pairs
(Figure 5). This is a very promising result as it indicates that when setting the control
frequency, only signal photons with a specific frequency will allow the jg1i ! jg2i transition.
Thus the system will only accept the signal photon and reject all others acting as a frequency
filter.

Finally, I computed the QFI for the three-level system. The results showed that varying the
signal photon parameters consistently gave QFI values about twice as large as those from
varying the control parameters, indicated that the system is most sensitive to signal input.
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Figure 5: Varying Frequencies of Signal and Control Pulses vs End State Value

Cavity losses were also found to have over a hundred times higher QFI than atomic decay
rates, suggesting imperfections in the cavity are the main limitation for detection efficiency.
Together, these results show that the atom-cavity system can act as a tunable quantum filer
- when the signal photon matches the optimized control photon, population transfer occurs
reliably, but even small deviations prevent the transition allowing selective detection.

6 Conclusion

In this work, I developed simulations of atom–cavity systems to optimize the interaction be-
tween signal photons and control pulses, directly supporting the Rubidium Quantum Sensing
(RbQ) project. I demonstrated that for both two-level and three-level Λ-type 87Rb atom
systems, it is possible to tailor the control pulse to a given signal pulse in order to maximize
population transfer to the target atomic state. This provides a proof of concept that the
atom–cavity system in RbQ can act as a highly selective quantum filter, detecting only those
photons that match the optimized control pulse.

These simulations also established a foundation for more advanced cavity models. By in-
corporating additional features such as more realistic cavity parameters, multiple modes, or
readout schemes, this framework can be extended to guide experimental designs for RbQ and
other quantum-enhanced sensing platforms. Future work will focus on optimizing control
pulses in the frequency domain rather than solely in the time domain, which is a crucial step
for detecting geontropic fluctuations as they are predicted in frequency space.

Overall, these results demonstrate that simulation-driven tuning of the atom–cavity interac-
tions can enhance the sensitivity and selectivity of RbQ. This approach provides a practical
pathway for using quantum-enhanced measurements to detect faint signals from tabletop in-
terferometers, bringing us closer to probing quantum gravitational effects in the laboratory.
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