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Before You Jump In 
 

This document contains all of the abstracts for non-Theory fourth-year projects for the 2020-21 

academic year. The abstracts are grouped into topical themes, which will be reflected in the 

organisation and assessment of the projects. Some important notes: 

• At the time of this writing, the University campus is closed and everybody is working from 

home. This means research and teaching laboratories are inaccessible, as are some computing 

resources. Although we anticipate there will be access in the fall term, we cannot guarantee 

it or foresee the exact nature of it. Some projects are considered inherently ‘COVID-19 

resilient,’ in the sense that they do not require access to any special resources, facilities, or 

equipment, and some include explicit alternative options in case of continued (or second-

wave) shutdown, but all projects must be understood as being subject to changing conditions. 

• Contact potential supervisors to discuss any projects which interest you. Make sure you 

understand the nature of the work (what physics concepts you will need to master, what kind 

of methods or techniques may be involved, what computing platforms or languages, what 

modules you should take or already have taken, etc.), as well as the ‘culture’ of the research 

group. The project is worth 50 credits, so it should take up a plurality of your time and effort 

over the year – help us make it as rewarding as possible. 

• The projects are run with self-assembled pairs of students, so you need to find a partner with 

similar interests. The project work itself may be extremely collaborative, or it may be more 

like two people working in parallel on related tasks (in either case, all assessments are 

individual). In terms of finding a partner, for the past few years we have run a Doodle poll to 

help people find a match, with limited uptake. This year we will try running a discussion thread 

on Canvas. You (plural) are encouraged to set up a student-led system, such as a group chat, 

to supplement the effort. 

• Ultimately you will need to pick your top 5 choices, which must match your partner’s choices. 

There is no way to short-circuit the system by picking only one or two. The allocation is based 

solely on the desire to get every pair of students one of their top 5 choices of project, without 

any consideration of past marks, supervisor preference, who asked first, etc. 

 

 

Jon Goldwin (j.m.goldwin@bham.ac.uk)  

 

mailto:j.m.goldwin@bham.ac.uk
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1 Gravity-Wave Experiment and Instrumentation 
 

Project Team Leader – Dr Denis Martynov 

 

Our group develops experimental techniques and instrumentation for gravitational-wave detection, 

dark matter searches, and tests of the inverse square law of gravitation. These directions are united 

by the need of precision measurement techniques that can operate near their quantum limits. This 

year we offer a list of projects in the fields of gravitational-wave detection and dark matter searches. 

Background 

The first discovery of gravitational waves in 2015 triggered a new era in astrophysics and brought 

Nobel Prizes in Physics to the founders of the LIGO project. Taking full advantage of the gravitational-

wave window requires new technologies and techniques across several disciplines, including quantum 

optics, inertial isolation, and nanomaterials. Our MSc projects aim to improve the sensitivity of the 

LIGO detectors across their full operation band from 10 Hz up to 10 kHz. 

Dark matter plays a central role in our understanding of astronomy, astrophysics, and cosmology. First 

inferred to exist from astronomical measurements of the velocities of galaxies in local galaxy clusters, 

dark matter accounts for approximately 85% of the matter in the Universe. But what is dark matter 

made of? Does it consist of a single kind of particle or is there a whole class of invisible objects in the 

universe? Our MSc project aims to look into experimental techniques of detecting hypothetical axion-

like-particles which may account for the whole or a fraction of dark matter. 

 

1.1: Quantum noise in optical interferometers 

Supervisors: Mr George Smetana, Dr Haixing Miao, Dr Denis Martynov 

Office: R8-224, Telephone: 43722 

E-mail: dmartynov@star.sr.bham.ac.uk 

  

Open to any MSci Student 

 

Quantum mechanics has triggered the development of the crucial technology for modern 

optical precision measurements: lasers. However, the Heisenberg uncertainty principle for the 

amplitude and phase quadrature of the laser field sets fundamental limits on the precision of 

the interferometric measurements. Quantum back-action noise on the LIGO mirrors from the 

laser field degrades the detector sensitivity below 30 Hz. Quantum shot noise in the LIGO 

photodetectors limits its sensitivity above 100 Hz. 

The aim of this project is to experimentally observe quantum back-action noise and 

investigate its properties. This noise arises due to the interference of vacuum fields and static 

laser fields inside optical cavities and drives suspended mirrors with a random force. Members 

of our group currently set up an experiment with high-finesse suspended optical cavities 

which are compact prototypes of the km-scale LIGO detectors. 

mailto:dmartynov@star.sr.bham.ac.uk
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Students will acquire skills in quantum optics and are advised to take Year 4 “Quantum optics” 

class. The project will mostly focus on simulation of optical springs in the optical resonators. 

These springs should increase the stiffness of the pendulum modes of the mirrors and 

suppress external disturbances to the system, such as ground vibrations. If time permits, 

students will also help analyse the data from the experiment. 

Additional information can be found from the following resources: 

The sensitivity of the LIGO detectors: https://arxiv.org/abs/1604.00439 

Quantum light-matter interaction: https://arxiv.org/abs/1303.0733 

Macroscopic quantum mechanics:  https://arxiv.org/abs/1302.1924 

Quantum noise in gravitational-wave detectors: https://arxiv.org/abs/gr-qc/0102012 

 

1.2: Optical coatings for precision measurements 

Supervisors: Mr George Smetana, Dr Denis Martynov 

Office: R8-224 

Telephone: 43722 

E-mail: dmartynov@star.sr.bham.ac.uk 

 

Open to any MSci Student 

 

Optical cavities are in the core of many precision instruments, such as optical atomic clocks, 

gravitational-wave detectors, optical rotation sensors, and quantum opto-mechanical setups. 

In this project, we investigate the properties of the key components of optical resonators: 

optical coatings. These thin films reflect light from the mirror surfaces and are formed by 

alternating layers of materials with different refractive indices. 

Absorption and thermal noises in the coatings limit the performance of many scientific 

instruments and industrial applications. First, optical atomic clocks are the most sensitive 

frequency standards ever built and are currently limited by two equally important 

fundamental quantum projection noise and laser frequency noise. The latter noise arises from 

the down-conversion of coating thermal noise from the frequency standards at Fourier 

frequencies near the harmonics of the inverse cycle time of the clock. Second, the LIGO and 

Virgo gravitational-wave detectors are the most sensitive distance meters ever built and are 

also limited by the coating noise at their most sensitive frequency band from 30 Hz up to 500 

Hz. Third, quantum effects are masked by thermal noises in quantum opto-mechanical setups. 

Optical coatings can be manufactured in a variety of configurations. In particular, number, 

thickness, and even material of alternative layers can be varied to minimise optical losses and 

coating noises. Promising multi-material coatings have materials with low mechanical 

dissipation but high optical absorption near the mirror substrate where the intensity of light 

is significantly reduced by the first few coating layers. These layers are manufactured from 

materials with a high mechanical loss but low absorption. 

In this project, students will acquire skills of optical interferometry and high-quality optical 

materials. The main goal of the project is to create software for designing optical coatings for 

a particular application that requires a certain level of sensitivity and can tolerate a particular 

level of optical absorption. Our group will use the software to produce coatings for our 

experiments. 

https://arxiv.org/abs/1604.00439
https://arxiv.org/abs/1303.0733
https://arxiv.org/abs/1302.1924
https://arxiv.org/abs/gr-qc/0102012
mailto:dmartynov@star.sr.bham.ac.uk
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Additional information can be found from the following resources: 

Coatings in optical atomic clocks: https://www.nature.com/articles/s41566-019-0493-4 

Measurement of coatings noise: https://arxiv.org/abs/1609.05595 

Coatings noise in the LIGO detectors: https://arxiv.org/abs/1604.00439 

 

1.3: Laser interferometers and seismometers for gravitational-wave 
detectors 

Supervisors: Dr Sam Cooper, Dr Leo Prohorov, Mr Amit Ubhi, Dr Denis Martynov 

Telephone: R8-224 

E-mail: dmartynov@star.sr.bham.ac.uk 

 

Open to any MSci Student 

 

An ideal gravitational-wave detector would measure fluctuations of the distance between a 

set of free masses, i.e. masses with no external forces acting on them. Since it is not possible 

to have free masses on Earth, test masses are suspended from the ground in the LIGO 

detectors. This approach allows observation of gravitational waves above 30 Hz but couples 

ground vibrations at lower frequencies which move test masses through the suspension 

system. 

One possible solution to the problem is to suspend test masses from an intermediate platform 

and actively stabilise its motion using quite inertial sensors. The key challenge is that even 

state-of-the-art inertial sensors are still not good enough to suppress the coupling of the 

ground motion to the desired level. In this project, we develop a novel isolation system with 

an interferometric readout which should reach the requirements. 

Students will learn the basic principles of optical interferometry, inertial isolation, and control 

theory. The project mostly focuses on the development, characterisation, and testing of 

optical sensors for the seismometer. If time allows, students will also measure the 

performance of the seismometer with optical sensors and calculate the impact on the 

sensitivity of the gravitational-wave detectors. 

Additional information can be found from the following resources: 

The sensitivity of the LIGO detectors: https://arxiv.org/abs/1604.00439  

How novel seismometers can improve the LIGO detectors: https://arxiv.org/abs/1712.05417  

Conceptual design of our seismometer: https://arxiv.org/pdf/1801.01468.pdf  

Compact optical interferometers: https://arxiv.org/abs/1710.05943  

Large range optical sensors: https://arxiv.org/pdf/1205.5643.pdf 

 

1.4: Machine learning for identification of optical modes 

Supervisors: Dr Teng Zhang, Mr George Smetana, Dr Haixing Miao, Dr Denis Martynov 

Office: R8-224 

Telephone: 43722 

E-mail: dmartynov@star.sr.bham.ac.uk 

 

Open to any MSci Student 

 

https://www.nature.com/articles/s41566-019-0493-4
https://arxiv.org/abs/1609.05595
https://arxiv.org/abs/1604.00439
mailto:dmartynov@star.sr.bham.ac.uk
https://arxiv.org/abs/1604.00439
https://arxiv.org/abs/1712.05417
https://arxiv.org/pdf/1801.01468.pdf
https://arxiv.org/abs/1710.05943
https://arxiv.org/pdf/1205.5643.pdf
mailto:dmartynov@star.sr.bham.ac.uk
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The LIGO gravitational-wave detectors are km-scale optical interferometers which consist of 

multiple coupled resonators. The detectors are sensitive to gravitational waves only when the 

resonators are coaligned and share the same spatial eigen mode. Relative mismatches are 

typically observed on the cameras which monitor optical modes in the LIGO detectors. 

Operators monitor the camera images and can correct the relative alignment of the 

resonators to maximise the sensitivity of the LIGO detectors. In this project, we automate the 

process using pattern recognition and machine learning techniques. This is an important step 

in achieving the autonomous operation of the giant gravitational-wave detectors. 

Students will learn optical interferometry and machine learning techniques, in particular the 

ones related to pattern recognition. The project will focus on the extraction of mode content 

from simulated camera images using machine learning techniques. If successful, we will also 

apply the code to the images from real detectors. We will use Python or Matlab for this 

project. 

Additional information can be found from the following resources: 

Software for machine learning: https://www.tensorflow.org/  

Deep learning toolbox: https://uk.mathworks.com/products/deep-learning.html  

Gaussian modes: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3855912/  

Advanced LIGO detectors: https://arxiv.org/pdf/1411.4547.pdf  

 

1.5: Searching for axion-like particles with optical interferometers 

Supervisors: Dr Haixing Miao, Dr Denis Martynov 

Office: R8-224 

Telephone: 43722 

E-mail: dmartynov@star.sr.bham.ac.uk 

 

Open to any MSci Student 

 

The Standard Model has been extremely successful in making experimental predictions in the 

past decades, yet leaves some key phenomena unexplained. In particular, it does not include 

gravity and does not explain dark matter. There are many theories that try to explain the 

nature of dark matter. Analyses of a range of observations, including the rotation velocities of 

galaxies, the dynamics of galaxy clusters, microlensing, and the large-scale structure of the 

universe led most of the scientific community to accept non-baryonic particles as the primary 

dark matter candidates. 

Axions and axion-like-particles are promising dark matter candidates. However, axions were 

originally postulated to resolve the strong charge plus parity violation problem in quantum 

chromodynamics. Therefore, it is desirable to produce and measure axions within the same 

setup without accounting for axions being responsible for the whole dark matter. This is 

achieved in so-called light-shining-through-the-wall experiments when axions are produced 

in the first optical resonator, travel through a wall, and partially convert back to photons in 

the second resonator. In this project, we will analyse the sensitivity of a new type of light-

shining-through-the-wall experiment when axions produce new photons in the same optical 

resonator in which these axions are produced. 

https://www.tensorflow.org/
https://uk.mathworks.com/products/deep-learning.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3855912/
https://arxiv.org/pdf/1411.4547.pdf
mailto:dmartynov@star.sr.bham.ac.uk
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The student will acquire skills in dark matter searches and quantum interferometry. The 

project aims to find limits on the axion-photon coupling coefficients in light-shining-through-

the-wall experiments with and without external magnetic fields. If time permits, students 

can participate in building a prototype of an optical interferometer for axion searches. 

Additional information can be found from the following resources: 

History of dark matter: https://arxiv.org/abs/1605.04909  

Quantum-enhanced interferometry: https://arxiv.org/abs/1911.00429  

Example of a light-shining-through-the-wall experiment: https://alps.desy.de/e191931/   

https://arxiv.org/abs/1605.04909
https://arxiv.org/abs/1911.00429
https://alps.desy.de/e191931/
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2 Astrophysics Theory and Observation 
 

Project Team Leader – Dr Patricia Schmidt 

  

2.1: Planetary and binary star systems, with a twist 

Supervisor: Dr Amaury Triaud 

Office: G32, ground floor, Physics West 

Email: a.triaud@bham.ac.uk 

 

The more traditional approach to discovering exoplanets and studying binary stars is to 

measure their radial-velocity as a function of time. Usually, investigators then apply Keplerian 

orbits to the data, where a match measures the physical parameters of the system they study. 

However, sometimes, something strange happens and simple Keplerian laws are no longer 

sufficient. This is where the fun begins. 

The goal of this project will be to first develop a tool to adjust Keplerian orbits to two different 

sets of Doppler velocity data, obtained on two stellar systems. These data remain unpublished 

to this day. The beginning of the project will identify the source of why a simple Keplerian is 

not sufficient, and then move on to apply the appropriate corrections. For one system the 

goal is to establish whether we are truly in the presence of a planet, and for the other, to 

extract the orbital elements of a tight triple star system.  

To progress with this project, you will need to be comfortable with writing code (most 

preferably python), with handling statistical tools like Markov Chains, and of having some 

understanding of Keplerian motion and Newtonian dynamics. 

Proposed reading: 

http://dx.doi.org/10.1051/0004-6361/200912700 

http://dx.doi.org/10.1051/0004-6361/201220779 

 

2.2: Bayesian Hierarchical Modelling and Machine Learning of Stellar 
Populations 

Supervisor: Dr Guy Davies 

Office: West G34 

Email: g.r.davies@bham.ac.uk 

 

Open to any MSci student (Astro & Theory) 

 

Astrophysics has entered the era of big data.  Big data doesn't so much refer to the size of a 

data set but really it refers to the way in which the data set is treated: normally trying to 

discover properties of a population.  This project is about bringing big data methods to 

astronomical data sets. 

mailto:a.triaud@bham.ac.uk
http://dx.doi.org/10.1051/0004-6361/200912700
http://dx.doi.org/10.1051/0004-6361/201220779
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Big data methods can include machine learning or hierarchical modelling methods in order to 

learn about a population.  In astrophysics, it is common to have data with large observational 

uncertainties that need to be properly accounted for.  We can do this using the latest 

generation of statistical tools (probabilistic programming i.e., Stan of PyMC3) coupled to 

machine learning tools (i.e., TensorFlow). 

I have a number of examples where I want to know about a population of stars and need to 

apply the above tools.  Some examples are: 

• Modelling stars found in eclipsing binaries 

• Modelling stars found in open or globular clusters 

• Modelling the old stars of the Milky Way 

• Modelling Gaia's 1 billion stars (note we probably will not model all 1 billion but we 

could make a start) 

These projects contain a number of technically challenging methods.  To make a success of 

this project you will need to be proficient in statistics and coding – if not at the start of the 

project, certainly by the end. Open to any MSci student. Excellent statistical skills and very 

strong programming skills would be very useful for this project. 

   

2.3: Applying Neural Networks to New Generation Radio Astronomy 
Surveys 

Supervisor: Dr Ian Stevens 

Office: West 232 

Telephone: 46450 

Email: irs@star.sr.bham.ac.uk 

 

Open to any MSci Student, but only choose this project if you are proficient in Python 

programming. 

 

With current astronomical surveys the number of detected sources is already large and with 

future telescopes the volume of data will become huge, so that machine learning techniques 

will be required to seek out the interesting objects. Machine Learning is a rapidly expanding 

part of astronomy (and science in general) and this project will equip the student will a number 

of useful skills. 

This project aims to look at different angles of machine learning, 

1) A key component of using Neural Networks to find objects in a survey is the training 

set. These can be generated in a number of ways and we will explore some different 

approaches. One approach will be to use a Generative Adversarial Network (GAN) to 

generate synthetic images of (for instance) radio galaxies, which we can then use to 

interrogate modern radio surveys such as LOTSS, TGSS or VLASS. Another approach is 

to use analytic approaches to model the shapes of radio galaxies. Here we will make 

use of Tensorflow: 

https://www.tensorflow.org/  

We could apply the same techniques to finding bow-shocks and bubbles in the 

Spitzer GLIMPSE survey: 

mailto:irs@star.sr.bham.ac.uk
https://www.tensorflow.org/
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https://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/  

2) Source identification in radio/IR surveys – the Square Kilometer Array will be the 

premier radio telescope when it starts operating around 2023. In the meantime, 

precursor telescopes (such as MeerKAT) will generate impressively large datasets of 

radio objects. While that is the future, there already exist several large radio survey 

datasets (eg FIRST, LOTSS, TGSS etc). This project aims to take the data from these 

surveys, and combine them with infrared (IR) surveys. We could in principle also take 

in optical/UV/X-ray data from a range of other surveys, but that may get a bit 

unwieldy. Most likely we will use a Random Forest Algorithm, almost certainly from 

the Python Scikit package: 

http://scikit-learn.org/stable/modules/ensemble.html  

The goal will be to develop an efficient classifier of the objects (quasars, galaxies, HII 

regions, stars etc) and then, if time permits, focus in on a class of unusual objects 

detected by the analysis. 

Reading List/Preparation: 

1. Learn how to use Tensorflow (which has many good tutorials) 

2. For an overview of some of the issues being faced, see https://arxiv.org/pdf/1612.00048 

3. An artificial neural network applied to identifying radio galaxies 

https://arxiv.org/abs/1705.03413 

4. This paper shows what can be done by eye – a test will be how much better can a neural 

network do than this 

http://adsabs.harvard.edu/abs/2016ApJS..227...18K 

  

2.4: Astrophysics in the age of machine learning and large surveys 

Supervisor: Dr Sean McGee 

Office: West 223 

Telephone: 46459 

Email: smcgee@star.sr.bham.ac.uk 

 

Open to any MSci Student 

 

Astrophysics (and cosmology) has been the study of the discrete. Despite the highly non-linear 

and multivariate physics that drives the formation of galaxies, our inherent limited abilities 

have led us to discretize smooth fields. We have not maximised the information content used, 

and much of the study until now has been the development of individual tests. How many 

galaxies, where are they located? With the revolution in machine learning techniques, we are 

ready for a similar revolution in our problem-solving methods.  

In this project, the student will use convolution neural network (CNN) methods to explore the 

physics of galaxy formation that is currently unknown. This will involve applying a CNN to 

existing numerical simulations, as well as transferring these to broad band imaging surveys. 

This work could have several focusses depending on the interests of the students, including 

— constraining the dark matter model (e.g., cold vs warm dark matter), the physical 

consequences of colliding galaxies, the physical model of black hole and supernova feedback, 

or hydrodynamical interactions of galaxies with their environments.   

https://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/
http://scikit-learn.org/stable/modules/ensemble.html
https://arxiv.org/pdf/1612.00048
https://arxiv.org/abs/1705.03413
http://adsabs.harvard.edu/abs/2016ApJS..227...18K
mailto:smcgee@star.sr.bham.ac.uk
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This project will be heavily numerically based, so the students should have some fluency with 

programming languages, although a background in machine learning is not expected.   

This is a young field, but some recent papers on the topic are:   

Pearson et al. Identifying galaxy mergers in observations and simulations with deep learning 

(https://arxiv.org/abs/1902.10626)  

Ferreira et al. Galaxy merger rates up to z ~ 3 using a Bayesian Deep Learning model 

(https://arxiv.org/abs/2005.00476)  

 

2.5: Modelling the Interaction of Space-Based Laser Interferometers 
with Gravitational Waves 

Supervisors:  

Dr Christopher Moore (office West 222; email cmoore@star.sr.bham.ac.uk) 

Dr Antoine Klein (office West 238; email antoine@star.sr.bham.ac.uk) 

 

Open to MSci or Theory students 

 

The ground-based LIGO and Virgo detectors have begun to regularly detect gravitational 

waves (GWs) from neutron stars and stellar mass black holes. In order to detect lower 

frequency gravitational waves, such as those generated in collisions between the 

supermassive black holes found in the centres of most galaxies, it is necessary to go to space 

to avoid the seismic noise sources ever present on Earth. The European Space Agency is 

planning the LISA mission to do exactly that. LISA will consist of three satellites orbiting the 

sun with laser beams travelling the 2.5 million kilometres between each pair satellites. 

Carefully recombining the measured phases of laser beams in a process known as time-delay 

interferometry will allow the triangular constellation of three spacecraft to function as a set 

of low-frequency, space-based gravitational wave detectors. 

However, space-based detectors are considerably more complicated than the current ground- 

based detectors. The signals that LISA will detect are long-lived, typically changing over 

timescales of months to years. The LISA constellation orbits the sun with a period of 1 year, 

and the orbital motions of the spacecraft affect the signal that we measure; even a simple 

sinusoidal gravitational wave signal will manifest itself in our data as a relatively complicated, 

time-dependent signal due to the spacecraft motions. 

In order to detect and characterise incoming gravitational wave signals it will be necessary to 

be able simulate the response of the LISA detector to arbitrary GW signals both quickly and 

accurately. The first goal of project will be to construct a numerical model of the LISA 

response. Some Python code for doing the parts of this already exists and will form the starting 

point of this project. (Some familiarity with coding in Python is a requirement for this project.) 

Several computationally fast semi-analytic approximations to the LISA response already exist; 

the second goal of this project will be to test the accuracy of these by comparing them against 

our numerical model. This project is open to two students who will each focus on different 

approximations to the response designed for different types of gravitational wave sources. 

We anticipate that the full numerical model of the LISA response, while extremely useful, will 

be too computationally expensive for many applications; therefore, the final goal of this 

https://arxiv.org/abs/1902.10626
https://arxiv.org/abs/2005.00476
mailto:cmoore@star.sr.bham.ac.uk
mailto:antoine@star.sr.bham.ac.uk
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project will be to explore possible ways to accelerate the modelling of the LISA response. This 

could include the use of neural networks and machine learning techniques. 

Christopher and Antoine are both members of the Institute of Gravitational Wave Astronomy 

in Birmingham and are involved in preparations for the LISA mission. For a broad overview of 

the LISA mission you may like to read: 

https://arxiv.org/pdf/1702.00786.pdf.  

A detailed technical description of time-delay interferometry may be found here:  

https://arxiv.org/pdf/gr-qc/0409034.pdf 

the project will use some results from this paper but it is NOT necessary to study this 

beforehand. If you have any questions about the project please don’t hesitate to contact both 

of us by email.  

 

2.6: Stellar progenitors of gravitational-wave sources 

Supervisors: Dr Nicola Giacobbo, Dr Davide Gerosa 

E-mail: ngiacobbo@star.sr.bham.ac.uk, dgerosa@star.sr.bham.ac.uk 

 

Open only to Astrophysics students 

 

Gravitational waves (GWs) are one of the most exotic predictions of Einstein’s theory of 

General Relativity — propagating space-time perturbations. Merging compact-object binaries 

(COBs) including black holes and neutron stars are among the most promising sources. Indeed, 

the LIGO/Virgo interferometers have already observed GWs from a total of 11 merging COBs 

during their first two observing runs [1]. Dozens of additional candidates from the third 

observing run are currently being analyzed.  

One of the most important astrophysical formation channels of merging COBs is the evolution 

of isolated massive binary stars. Population-synthesis codes are powerful tools to study the 

demography of such COBs and thus predict their GW signatures. Students will contribute to 

the development and exploitation of MOBSE [2], a state-of-the-art population synthesis code 

targeting COBs merging in the LIGO/Virgo band.  

Background in astrophysics and solid coding skills are required. MOBSE is written in Fortran; 

postprocessing can be done in Python. 

Examples of specific projects include: 

A. Mass spectrum and supernovae 

Black holes and neutron stars represent the final stage of the life of massive stars. 

According to our current understanding, their masses depend strongly on both the 

mass of their progenitor stars and the core-collapse supernova (CCSN) mechanism. 

The most commonly used prescriptions to estimate the outcomes of CCSNe are based 

only on the mass of the carbon-oxygen core of the progenitor star before the 

explosion [3]. Recent studies suggested that the result of a CCSN is better estimated 

by the compactness of the stellar core (see [4]). 

The aim of this project is to study the impact of different CCSN explosions mechanisms 

on the mass spectrum of stellar COBs formed both from single and binary stars. In 

particular, students will implement prescriptions to track the stellar compactness in 

https://arxiv.org/pdf/1702.00786.pdf
https://arxiv.org/pdf/gr-qc/0409034.pdf
mailto:ngiacobbo@star.sr.bham.ac.uk
mailto:dgerosa@star.sr.bham.ac.uk
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our population-synthesis code MOBSE. The resulting distributions will then be 

compared against observed datasets (GW detections,  X-ray binaries, etc.).   

Key activities include: 

1. Familiarize yourselves with the CCSN mechanism and the population-synthesis code 

MOBSE [2]. 

2. Implement in MOBSE the compactness model as presented in [5]. 

3. Use the updated version of MOBSE to simulate large populations of both massive 

binaries and single stars assuming different CCSN mechanisms.   

4. Analyze the results and compare them against observations (e.g. GWs, X-ray). 

 

B. Gravitational-wave detection rates 

GWs allow us to measure some important COB parameters. In particular, we can 

access information about masses and spins of the components which, crucially, 

depend on the environment where the COB formed and evolved. The accuracy of GW 

measurements will improve dramatically with the future generation of detectors, 

allowing us to better reconstruct the COB population and obtain stringent constraints 

on the different formation scenarios. 

The goal of this project is to estimate the detection rates of current and future GW 

observatories considering different up-to-date astrophysical populations extracted 

from MOBSE. In particular, our goal is to forecast detection rates to understand if and 

when we will be able to distinguish between the different simulated populations and 

infer the underlying astrophysical processes. 

Key activities include: 

1. Run our up-to-date astrophysical population code [2] to estimate the merger rate 

as a function of redshift. 

2. Compute the detection rate for different types of COB and different detector 

configurations, properly implementing selection biases. 

3. Study how the detection rate changes for different populations [6]. 

 

[1] Current LIGO/Virgo observation: https://arxiv.org/pdf/1811.12907.pdf  

[2] Description of our population-synthesis code MOBSE: 

https://arxiv.org/pdf/1806.00001.pdf  

[3] Core-collapse supernova models: https://arxiv.org/pdf/1110.1726.pdf 

[4] Compactness model: https://arxiv.org/pdf/1010.5550.pdf  

[5] Simple prescriptions for the compactness: https://arxiv.org/pdf/1909.01371.pdf  

[6] Example of detection-rate estimates: https://arxiv.org/pdf/1906.04197.pdf 

 

2.7: Gravitational-wave data analysis applications 

Supervisors: Dr Patricia Schmidt, Dr Geraint Pratten 

Office: West 235 

Email: pschmidt@star.sr.bham.ac.uk, g.pratten@bham.ac.uk  

 

Open to all MSci students 

 

https://arxiv.org/pdf/1811.12907.pdf
https://arxiv.org/pdf/1806.00001.pdf
https://arxiv.org/pdf/1110.1726.pdf
https://arxiv.org/pdf/1010.5550.pdf
https://arxiv.org/pdf/1909.01371.pdf
mailto:pschmidt@star.sr.bham.ac.uk
mailto:g.pratten@bham.ac.uk
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The During their first and second observing runs, Advanced LIGO and Virgo have observed 

gravitational waves from ten merging binary black holes. These observations allow us to make 

inferences about the individual black holes as well as the underlying population. Furthermore, 

they present a unique opportunity to test the predictions of general relativity in the strong-

field and large-curvature regime. In order to fully exploit these observations, accurate 

theoretical models of the emitted gravitational-wave signal are key.  

This project will use state-of-the-art techniques, such as Bayesian inference, to determine the 

impact of systematic waveform modelling errors on parameter estimation of observed 

compact binaries, inferences on the underlying black hole population or on tests of general 

relativity in the strong-field regime.  

The successful completion of this project will require coding skills (Python preferred), 

developing knowledge of Bayesian inference and developing the skills and confidence to work 

with state-of-the-art waveform models. Studying general relativity (semester 1) and black 

hole physics (semester 2) is very strongly recommended in order to succeed in this project. 

Recommended reading: 

The LIGO/Virgo GW observations in O1 and O2 (GWTC-1): 

https://arxiv.org/abs/1811.12907  

Introduction to Bayesian inference for GWs: 

https://arxiv.org/abs/1409.7215  

Waveforms: 

https://arxiv.org/abs/2001.11412  

https://arxiv.org/abs/2001.10914  

Population inference: 

https://arxiv.org/abs/1811.12940  

Tests of General Relativity: 

https://arxiv.org/abs/1903.04467  

https://arxiv.org/abs/1602.02453 

  

2.8: Characterising the populations of neutron star and black hole 
binary systems in the Universe 

Supervisor: Prof Alberto Vecchio 

Email: av@star.sr.bham.ac.uk  

Office: Physics West G02 

 

Open to any MSci Student (Astro or theory) 

 

The observation of gravitational waves from binary black hole and neutron star mergers, as 

well as observations of double neutron stars through the timing of radio pulsars offer the 

opportunity to study the astrophysical populations of these compact objects. About 20 

systems are known today, and approximately 60 will be known by the time this project starts.  

This is becoming a sufficiently rich sample to start characterising in some detail the underlying 

populations of these objects and to gain insight into possible formation channels. This can be 

done through the application of a statistical approach known as Bayesian hierarchical 

https://arxiv.org/abs/1811.12907
https://arxiv.org/abs/1409.7215
https://arxiv.org/abs/2001.11412
https://arxiv.org/abs/2001.10914
https://arxiv.org/abs/1811.12940
https://arxiv.org/abs/1903.04467
https://arxiv.org/abs/1602.02453
mailto:av@star.sr.bham.ac.uk
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inference, now widely applied to many problems in astronomy and physics (and actually many 

other fields). 

The goal of the project is to consider some parametrised models for possible astrophysical 

populations of these binary systems (mass and/or spin and/or redshift distribution), compare 

them and estimate the model parameters. 

This project requires being comfortable with writing codes (Python), manipulating data and 

performing statistical analyses (Bayesian inference), and having an understanding of key 

concepts related to the astrophysics of black holes and neutron stars. 

Further Reading 

LIGO Open Science Centre (including tutorials): https://www.gw-openscience.org/ 

An introduction to (hierarchical) Bayesian inference: https://arxiv.org/pdf/1809.02293.pdf 

LIGO O2 population paper: https://arxiv.org/abs/1811.12940 

 

2.9: Binary induced stellar magnetic activity 

Supervisors: Dr Lalitha Sairam, Dr Amaury Triaud 

Email: sairaml@bham.ac.uk  

Office: West G32  

 

Background: Stellar activity limits our insight into the detection and characterisation of 

exoplanets. Our understanding of exoplanets can be strengthened by carrying out detailed 

investigations of stellar activity. This project will provide strategies and tools to characterise 

stellar activity by allowing us to model the signals for exoplanetary science. Stellar activity is 

the result of dynamically evolving magnetic fields, which are produced in the stellar interior. 

These magnetic fields are responsible, e.g., for the presence of stellar spots, chromospheric 

heating, and stellar flares. In a binary system, the effect of a companion on the stellar activity 

of the primary star remains a puzzle. The magnetic fields of stars in a binary system may 

interact with each other leading to heating effects modulated on the orbital time scale. Such 

magnetic tidal interaction can be detected by studying modulated chromospheric activity and 

the orbital period of the binary system. 

Project Goal: The goal of this project is to systematically investigate the enhanced 

chromospheric activity induced by the stellar companion. Being an observational project, you 

will analyse the spectra obtained from several ground-based telescopes. In the spectrum, the 

strength of chromospheric heating can be inferred from the presence of chromospheric 

emission lines such as the Ca II H & K lines, Hα, the Na I doublets, and the He I lines. The 

strength and variability of the emission in these lines is a measure of the activity level of the 

star. In this project, you will develop a tool to estimate the activity levels for a subset of binary 

stars and correlate the activity level with the binary orbital phase. This will provide a deeper 

insight into the source of the interaction and allow a greater understanding of activity induced 

by the stellar companion. 

Essential Knowledge: To make this project successful, you need to have a working knowledge 

of Python. The project involves analysing spectra to obtain activity indices at different stellar 

atmospheric heights. It is important to have an understanding of key concepts such as stellar 

spectroscopy and stellar atmospheres to interpret the results. 

https://www.gw-openscience.org/
https://arxiv.org/pdf/1809.02293.pdf
https://arxiv.org/abs/1811.12940
mailto:sairaml@bham.ac.uk
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Suggested Readings  

Review on Stellar activity  

https://link.springer.com/content/pdf/10.12942/lrsp-2008-2.pdf 

Stellar activity in binary star  

https://www.aanda.org/articles/aa/pdf/2011/11/aa17167-11.pdf  

Star-planet interaction  

https://iopscience.iop.org/article/10.1086/527351/pdf 

 

2.10: Calibrating the black hole - stellar mass relation using the tidal 
disruptions of stars 

Supervisor: Dr Matt Nicholl 

Email: mnicholl@star.sr.bham.ac.uk  

 

It has long been known that most galaxies contain supermassive black holes (SMBH) at their 

centres. Understanding the growth of these black holes, and their profound effects on the 

galaxies in which they live, are key questions affecting many areas of astrophysics. A critical 

insight is that the mass of the SMBH is correlated with the stellar mass content of the host 

galaxy, enabling observers to ‘weigh’ the black hole using the properties of its host. However, 

the samples of black holes used to calibrate this relation are dominated by the most massive 

systems, as direct SMBH mass measurements are usually only available for very massive 

(greater than ~108 solar masses) active galactic nuclei (AGN) feeding from an accretion disk. 

In the last few years, a brand-new way to measure SMBH masses has emerged. A star in the 

nucleus of a galaxy can be unfortunate enough to wander so close to the central black hole 

that it is torn apart by tidal forces. The destruction of the star powers a luminous flare, and 

these flares are now regularly found by ongoing sky surveys. Modelling this emission directly 

constrains the mass of the black hole. Moreover, these so-called ’tidal disruption events’ 

(TDEs) are more common around lower mass black holes — if the SMBH is too massive, the 

star is swallowed whole, without a flare. This offers a new opportunity to calibrate the relation 

between SMBH and galaxy masses at the low end of the mass spectrum, and therefore to 

more reliably weigh black holes in galaxies of more typical mass. 

In this project, students will use the latest samples of observed TDEs and their host galaxies 

to calibrate this relation. They will model the TDE light curves to estimate the black hole mass, 

and model the galaxy light to find the total stellar mass. Combining their sample with the high-

mass regime probed by AGN, they will aim to derive (for the first time) the slope of the black 

hole - stellar mass relation across the full range of SMBH masses. They will also search for 

correlations between TDE and host galaxy properties that can help to reveal the physics of 

TDE flares. 

Experience with some of the following would be particularly advantageous: coding in python, 

Bayesian fitting/statistics, astrophysics of galaxies, understanding astrophysical light curves.  

Further reading: 

A (rather lengthy but) comprehensive review of the SMBH-galaxy connection:  

https://ui.adsabs.harvard.edu/abs/2013ARA%26A..51..511K/abstract 

TDE sample and some possible correlations with host galaxies:  

https://ui.adsabs.harvard.edu/abs/2020arXiv200101409V/abstract 

https://link.springer.com/content/pdf/10.12942/lrsp-2008-2.pdf
https://www.aanda.org/articles/aa/pdf/2011/11/aa17167-11.pdf
https://iopscience.iop.org/article/10.1086/527351/pdf
mailto:mnicholl@star.sr.bham.ac.uk
https://ui.adsabs.harvard.edu/abs/2013ARA%26A..51..511K/abstract
https://ui.adsabs.harvard.edu/abs/2020arXiv200101409V/abstract
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Modelling TDE light curves: 

  https://ui.adsabs.harvard.edu/abs/2019ApJ...872..151M/abstract 

(Software: https://mosfit.readthedocs.io/en/latest/) 

Modelling the spectral energy distributions of galaxies:  

https://ui.adsabs.harvard.edu/abs/2017ApJ...837..170L/abstract 

(Software: https://prospect.readthedocs.io/en/latest/) 

  

2.11: Shaping the Giants of the Universe 

Supervisors: Dr Matteo Bianconi, Dr Graham Smith 

Email: mbianconi@star.sr.bham.ac.uk, gps@star.sr.bham.ac.uk   

 

The project aims to study the distribution of galaxies harboured in clusters, in relation to the 

properties of the dark matter potential in which they are immersed. The goal is to understand 

how continuous accretion of galaxies shapes the most massive object in the Universe, using 

the unique and rich dataset of the Local Cluster Substructure Survey (LoCuSS) directed by 

Birmingham.  

The full range of baryonic and non-baryonic physics can be probed thanks to our multi-

wavelength dataset, which includes optical spectroscopy, X-ray imaging and extensive 

photometry. This allows a layered analysis targeting: 

• the cluster dynamical state, by means of their galaxy distribution. We will explore how 

gravitational interaction between galaxies reflects oncoming and ongoing minor and 

major mergers, using X-ray signatures as benchmarks. Can we detect any alignment across 

the different cluster scales? Do we see a large-scale coherence in galaxy distribution? Can 

we reconstruct the triaxial shape of the cluster gravitational potential? 

• galaxy evolution as a function of cluster properties. We will investigate how mergers 

impact the evolution of galaxies. Do we see a correlation between mergers and star-

formation? Can we constrain the typical timescales of these effects? Are different families 

of galaxies equally good proxies of the cluster dynamical state? 

• large-scale structures. How are accretion and mergers affecting the outermost regions of 

clusters? Is the cluster potential contracting and expanding according to its accretion rate? 

Can we detect filaments along which galaxies are accreted onto clusters? 

Our dataset is the ideal test-bench to practice analysis tools for next generation large surveys, 

e.g. LSST (2022-2032) and eROSITA (ongoing), which will extend the current census of galaxy 

cluster beyond hundreds of thousands, reaching to distant redshift.  

The project will make use of pre-collected and reduced datasets, in the form of catalogues 

and maps, and is suitable for one student. The coding requirements of the project are 

moderate. However a reasonable level of confidence with python, derived from Y2 Astro 

Projects and Y3 Observatory Lab, is essential. The project will therefore place greater demands 

on a student's ability to interpret the results in the context of galaxy evolution and large scale 

structure. 

Students are encouraged to contact us to discuss the project and their interests. 

Further reading: 

- Ten Billion Years of Brightest Cluster Galaxy Alignments: https://arxiv.org/abs/1706.03798 

https://ui.adsabs.harvard.edu/abs/2019ApJ...872..151M/abstract
https://mosfit.readthedocs.io/en/latest/
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..170L/abstract
https://prospect.readthedocs.io/en/latest/
mailto:mbianconi@star.sr.bham.ac.uk
mailto:gps@star.sr.bham.ac.uk
https://arxiv.org/abs/1706.03798
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- Constraints on the Alignment of Galaxies in Galaxy Clusters: 

https://arxiv.org/abs/1406.5196 

- Brightest Cluster Galaxy Alignments in Merging Clusters: https://arxiv.org/abs/1811.01809 

- The evolution of galaxy cluster density profiles: https://arxiv.org/abs/1812.04009 

- The Effect of Coupled Dark Energy on the Alignment between Dark Matter and Galaxy 

Distributions in Clusters: https://arxiv.org/abs/1101.5761 

- The splashback radius of halos from particle dynamics. Dependence on mass, accretion 

rate, redshift, and cosmology: https://arxiv.org/abs/1703.09716 

 

2.12: Strong gravitational lensing of cosmic explosions  

Supervisors: Dr Graham Smith, W233 

Email: gps@star.sr.bham.ac.uk   

 

The main focus of this project is to help us prepare for the discovery of gravitationally lensed 

cosmic explosions (transients) with data from the Legacy Survey of Space and Time (LSST) 

during the 2020s. The different options listed below are drawn from those within the scope 

of LSST's Strong Lensing Science Collaboration (SLSC) which Graham Smith co-Chairs. The 

students doing this project will therefore be embedded both within SLSC (to the extent that 

they find helpful in pursuing their project), and the local team here in Birmingham. 

The study of gravitationally lensed (multiply-imaged and highly magnified) transient 

phenomena is just starting up, following the discovery of the first lensed supernovae (SNe; 

Kelly et al. 2015; Goobar et al. 2017). Discovering lensed transients opens up all sorts of 

exciting future science opportunities, including high precision independent measurements of 

the Hubble parameter, probing primordial black holes via microlensing, solving long-standing 

problems in the progenitor physics of type Ia SNe, constraining the cosmic evolution of and 

thus physics of extreme and relativistic objects. 

LSST is a new optical/near-IR survey that will last ten years (2022-2032) at the Rubin 

Observatory in Chile. It will survey the entire Southern sky over and over again every few 

nights for a decade and thus has huge potential for discovering transients and the subset of 

them that are lensed. So far attention has mainly focused on Rubin's potential to discover 

lensed SNe of "normal" luminosities (e.g. Goldstein et al. 2019), and kilonova (KN) 

counterparts to lensed gravitational waves (Smith et al. 2019a,b). 

There are a range of options within this project, spanning lensing theory, the observed 

properties of gravitational lenses, and predicting the detection rates and properties of lensed 

transients. One example from each category is described below: 

1) Lensing theory: The majority of sources that suffer very large lens magnifications are 

expected to be multiply-imaged, i.e. multiple light paths connect observer with source. 

However in rare cases single highly magnified images can be formed. Understanding how 

common this is and how the frequency of such images varies with the mass of the 

gravitational lens (galaxy versus cluster of galaxies) is key to interpreting future data from 

Rubin. The students will learn about the relevant theory, and either use existing code or 

develop their own code to explore this topic. 

2) Observed properties of gravitational lenses: The magnifying power of gravitational lenses, 

and the time delay between the multiple images that a gravitational lens forms both 

https://arxiv.org/abs/1406.5196
https://arxiv.org/abs/1811.01809
https://arxiv.org/abs/1812.04009
https://arxiv.org/abs/1101.5761
https://arxiv.org/abs/1703.09716
mailto:gps@star.sr.bham.ac.uk
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depend on the mass and structure of the lens. The impact of the structure of the lens is 

little understood to date, and yet plenty of data exist to test it. The students will use 

existing data from telescopes such as the Hubble Space Telescope to measure the 

structure of a sample of lenses of different masses. 

3) Predicting the detection rates and properties of lensed transients: Tidal Disruption Events 

(TDEs) and super-luminous supernovae (SLSNe) are both much brighter and rarer than 

normal SNe and KNe (e.g. Nicholl et al. 2019, 2020). This raises the interesting questions 

of how often Rubin will detect lensed TDE and SLSNe, and what is the optimal observing 

strategy for discovering such exciting objects? The students will write python code to 

compute light curves of TDEs and SLSNe and/or lensing probabilities for these 

populations. Depending on his availability, Matt Nicholl will co-supervise this project. 

In addition to regular project supervision meetings, the students will be embedded within 

Graham and Matt's team of postdocs and graduate students (Matteo Bianconi, Sam Oates, 

Dan Ryczanowski, and Evan Ridley), who all work on topics connected in one way or another 

with this project (e.g. Ryczanowski et al. 2020). The students will also be invited to fully join in 

as members of the Extragalactic group here in Birmingham. For example, we normally hold a 

weekly Extragalactic lunch, although these days we have switched to drinking coffee together 

over zoom. 

I envisage taking a flexible approach to this project that takes account of student interests and 

strengths. For example option (1) is more theoretical and probably has the heaviest coding 

element, (2) is closest to observational data and taking an empirical approach, (3) could be 

described as a half-way house between the other two.  It may also be possible for each student 

of a pair to take a different option. 

Students are strongly encouraged to contact me to discuss the project and why they think 

they are well suited to it before adding it to the list of projects that they submit. 

Suggested background reading: 

https://ui.adsabs.harvard.edu/abs/2020NatAs.tmp...78N 

https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1878N 

https://ui.adsabs.harvard.edu/abs/2020MNRAS.tmp.1409R 

https://ui.adsabs.harvard.edu/abs/2020arXiv200201479R 

https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.5180S 

https://ui.adsabs.harvard.edu/abs/2019ApJS..243....6G 

https://ui.adsabs.harvard.edu/abs/2019arXiv190205140S 

https://ui.adsabs.harvard.edu/abs/2017Sci...356..291G 

https://ui.adsabs.harvard.edu/abs/2015Sci...347.1123K 

  

2.13: Exploring multi-wavelength Gamma-ray Burst light curves for 
intrinsic correlations  

Supervisor: Dr Sam Oates, Dr Matt Nicholl 

Email: sroates@star.sr.bham.ac.uk, mnicholl@star.sr.bham.ac.uk  

 

Gamma-ray bursts (GRBs) are intense flashes of gamma-rays that are usually accompanied by 

an afterglow, longer lived emission that may be detected at X-ray to radio wavelengths. 

https://ui.adsabs.harvard.edu/abs/2020NatAs.tmp...78N
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1878N
https://ui.adsabs.harvard.edu/abs/2020MNRAS.tmp.1409R
https://ui.adsabs.harvard.edu/abs/2020arXiv200201479R
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.5180S
https://ui.adsabs.harvard.edu/abs/2019ApJS..243....6G
https://ui.adsabs.harvard.edu/abs/2019arXiv190205140S
https://ui.adsabs.harvard.edu/abs/2017Sci...356..291G
https://ui.adsabs.harvard.edu/abs/2015Sci...347.1123K
mailto:sroates@star.sr.bham.ac.uk
mailto:mnicholl@star.sr.bham.ac.uk
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Studies of single GRBs provide exceptional detail on the behaviour and physical properties of 

individual events. However, statistical investigations of large samples of GRBs aim to find 

common characteristics and correlations that link individual events and therefore provide 

insight into the mechanisms common to GRBs. A correlation relating the intrinsic brightness 

of GRB afterglows in the X-ray and optical bands with the rate at which they decay was 

recently reported, implying that the brightest GRBs decay the fastest. It has been suggested 

that the relationship between the luminosity and rate of decay may be due to a viewing angle 

effect or by some mechanism or physical property controlling the energy release within the 

outflow. 

The correlation between the luminosity of GRB afterglows and the rate at which they decay 

has so far only been examined in X-ray and optical light curves. This has yet to be explored at 

radio wavelengths. Observations by the NASA Fermi satellite, has also led to the construction 

of the first sample of light curves in the GeV energy band. This GeV emission was expected to 

originate from the prompt emission phase and as such be short lived and consisting of single 

or multiple pulses. However, it was discovered to be temporally-extended and without 

measurable short timescale variation, more similar to what is observed during the afterglow. 

One may therefore expect to find the luminosity-decay correlation in the sample of GeV light 

curves. Whether the luminosity-decay correlation is observed at GeV and radio wavelengths, 

or not, this information would provided further information on the underlying jet structure 

and emission mechanisms producing the GRB. 

The aim of this project is to determine if there is a correlation between the intrinsic brightness 

and average decay rate of GeV and radio GRB light curves. If a correlation is found, consistent 

with that discovered in the X-ray and optical bands, it will support: the GeV emission being 

afterglow rather than prompt emission; will help to determine the origin of the luminosity-

decay correlation, and will in general improve our understanding of the geometric structure 

and emission mechanisms common to GRBs. 

Experience with some of the following would be particularly advantageous: coding in python, 

statistics, understanding of astrophysical light curves.  

Further reading: 

Intrinsic correlation between optical and X-ray light curves of GRBs:  

https://arxiv.org/pdf/1508.06567.pdf  

A decade of Gamma-Ray Bursts observed by Fermi-LAT: The 2nd GRB catalog:  

https://arxiv.org/pdf/1906.11403.pdf  

A radio selected sample of GRB afterglows:  

https://arxiv.org/pdf/1110.4124.pdf  

https://arxiv.org/pdf/1508.06567.pdf
https://arxiv.org/pdf/1906.11403.pdf
https://arxiv.org/pdf/1110.4124.pdf
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3 Condensed Matter, Nanoscale Physics, and Metamaterials 
 

Project Team Leader – Dr Wolfgang Theis 

 

This project group combines three research groups, as shown in the table below.  Note that within a 

given project number, there may be more than one alternative for the research to be carried out. 

  

Research group Projects 

 A) Condensed Matter 3.1 

 B) Nanoscale Physics 3.2-3.4 

 C) Metamaterials 3.5-3.7 

  

  

A) CONDENSED MATTER RESEARCH GROUP 

  

3.1: Understanding Quantum Magnetism in Low Dimensions 

Supervisor: Dr Mingee Chung (Minki Jeong) 

Email: M.Chung@bham.ac.uk 

 

In this project, the student will investigate properties of (quasi-) low-dimensional quantum 

magnets, theoretically and experimentally. The student will first characterise experimentally 

a one or two-dimensional quantum magnet by measuring its thermodynamic and magnetic 

properties, and then analyse the data through developing Python codes. Quantum magnets 

(materials in which interacting spins are arranged on a lattice) represent one of the simplest 

physical settings of a quantum many-body system; it allows close comparison between theory 

and experiment. The student will work on several theoretical models to compare with the 

experimental results. The experiments will provide an opportunity to learn cryogenic (down 

to 2 Kelvin) and measurement techniques. The student will learn forefront knowledge in the 

active field of quantum magnetism research, how to perform essential solid-state 

experiments, analyse and interpret the data. Note that if the social distancing rules limit the 

experiment, the project emphasis will be directed more onto modelling and analysis 

accordingly. 

 

mailto:M.Chung@bham.ac.uk
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 B) NANOSCALE PHYSICS 

 

3.2: Assembly of two-dimensional molecular frameworks 

Supervisor: Dr Quanmin Guo 

Email: Q.Guo@bham.ac.uk 

 

This is an experimental project in the area of nano-fabrication and characterisation. It involves 

the preparation of a single layer of molecules on a solid substrate such as the (111) face of Au. 

Scanning tunnelling microscopy (STM) is used to image the molecular layer with atomic 

resolution. Based on the STM images, you will derive a structural model of the molecular layer 

by establishing the unit cell of the 2-D molecular lattice. You will also investigate the thermal 

stability of the molecular layer by observing how the structure of the molecular layer changes 

as a function of temperature.   

 

3.3: Design and characterisation of solid-state far-IR modulator for 
signal and image processing 

Supervisor: Dr Andrey Kaplan 

Room: Physics East 121 

Tel: 44690 

E-mail: a.kaplan.1@bham.ac.uk 

 

A modulator is the most crucial component in signal and image transmission and processing. 

There are commercially available modulators for almost any part of the electromagnetic 

spectrum. Yet, for the wavelength range between 4.5 and 10 microns there are none available. 

This range is very important for night and thermal imaging, free-space space communication, 

range-finding and numerous other applications. Currently the only modulator in this range 

available on the market is a mechanical one. It has a number of disadvantages: slow 

modulation speed; intermittently frozen image; not suitable in environments with high g-

forces; no potential for 3D imaging, no capabilities of position and speed determination; no 

wavelength selectivity; bulky and power thirsty. Our lab works on the development of a new 

type all-optical solid-state modulator which aims to resolve this disadvantages and bring a 

shift in far-IR imaging.  

This project offers to participate in this project developing optically active element for the 

modulator, one of the most important components. There are three main stages needed to 

be performed to develop the active element: 

1) Design of the multilayer photonic structure optically active in the far-IR range. This will 

be done using simulation software such as Lumerix, Comsol or packages in Python or 

Matlab. 

2) Fabrication of the photonic structure in our facilities according to a layout designed in a 

previous step. 

3) Optical characterisation of the performance using available at the lab set-up. 

mailto:Q.Guo@bham.ac.uk
mailto:a.kaplan.1@bham.ac.uk
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3.4: Applying machine learning in scanning transmission electron 
microscopy (STEM) 

Supervisor: Dr Wolfgang Theis 

Room: Physics East 104 

Tel: 44666 

E-mail: w.theis@bham.ac.uk  

 

Aberration corrected transmission electron microscopes (ac-STEM) are important tools in 

nano science providing 2D projections of 3D structures in atomic resolution. A current 

challenge in the field is to achieve fast throughput analysis of nanoparticle (NP) shape 

distributions in large ensembles. This would benefit tuning processes of NP fabrication, for 

example to yield certain target geometries in higher purity. 

This project aims to develop machine learning approaches for the classification of NPs imaged 

by HAADF-STEM (high angle annular dark field STEM). One simple example would be to classify 

the shape as triangular pyramid or cube, however in applications typically classification 

between much more similar shapes would be of interest. The challenge in this is that the 

ground truth of the classification is not readily available for the experimental data. While the 

experimentalist could try to provide the ground truth by inspecting the thousands of images 

required for training a neural network, the aim is to try to avoid the need for this because it is 

both very labour intensive and subjective. Thus, it is proposed to divide the task into two 

separate steps. The first step is to record a dataset with multiple projections at different tilt 

angles from which the ground truth can be reliably derived using a network to be trained on 

simulated data. Taking multiple projections is fairly time consuming because each NP has to 

be kept in the field-of-view and brought into focus individually. Therefore, taking such detailed 

data is not viable for the intended high-throughput measurements. Instead, this labelled 

experimental data will be used to train a second network which takes a single projection as its 

input. This network can then be used to classify single tilt data sets which can be measured at 

high throughput.  

To carry out the project the student(s) need(s) to have a good working knowledge in python. 

The “experimental data” referred to above would most likely be provided or it could be 

simulated by the student(s) as well to make this a fully computational project without reliance 

on any experiments. 

    

C) METAMATERIAL RESEARCH GROUP  

  

3.5: Metalenses for Flat Terahertz Optics (computational and 
experimental) 

Supervisors: Dr Stephen Hanham, Dr Miguel Navarro-Cía 

Rooms: N519, Gisbert Kapp Building (Dep. Electronic, Electrical and Systems Engineering) / 

Medical Physics Building (R11), G05b 

Email: s.hanham@bham.ac.uk, m.navarro-cia@bham.ac.uk 

mailto:w.theis@bham.ac.uk
mailto:s.hanham@bham.ac.uk
mailto:m.navarro-cia@bham.ac.uk
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Metasurfaces are subwavelength-patterned surfaces that allow for the creation of arbitrarily 

structured light fields by modifying the phase of an incident uniform light wave at the sub-

wavelength scale. In the simplest example, a metasurface can be designed to replace a 

conventional convex lens with a compact flat lens [1, 2]. More elaborated examples include 

lenses that can spatial separate different focal distances [3], lenses sensitive to circularly 

polarised light and lenses that generate light beams with orbital angular momentum. 

The project is suitable for students with a strong interest in optical systems and computational 

electromagnetics, and will involve programming in Python or Matlab. 

[1] R. Pestourie et al, Optics Express, 26, 26. 2018. https://doi.org/10.1364/oe.26.033732  

[2] J. S. Park et al, Nano Letters, 19, 12, 2019. https://doi.org/10.1021/acs.nanolett.9b03333  

[3] Q. Guo et al, PNAS, 116, 46, 2019. https://doi.org/10.1073/pnas.1912154116  

  

3.6: Transformation optics for circuit analysis of plasmonic 
nanoantennas (analytical/numerical) 

Supervisor: Dr Miguel Navarro-Cía 

Medical Physics Building (R11), G05b 

Email: m.navarro-cia@bham.ac.uk 

 

In the last decade, nanophotonics and nanoplasmonics have become well-established 

research fields. They benefit from the recent advances in nanofabrication and optical 

characterization techniques, as well as the accuracy and predictive value that classical 

electromagnetics has demonstrated down to the nanoscale [1]. In this context, much 

attention has been focused on revisiting the antenna concept. The so-called nanoantennas 

(i.e., plasmonic antennas) are devices that function at optics in a similar way as conventional 

antennas do for low frequency radiation (e.g., microwaves and radio-frequency). Breaking the 

diffraction limit of classical optics, these nanometric systems allow for the near-to-far-field 

coupling (and vice-versa) of optical signals with unprecedented efficiency. This nanoscale 

control over the propagation and confinement of visible light has already found applications 

in areas such as spectroscopy, biosensing, photovoltaics, optoelectronics, photodetection and 

nonlinear optics.  

A circuit model provides powerful insights, and can reveal physics that might otherwise be 

concealed within an exact analytical solution, or in a brute-force numerical solution. While 

lumped elements circuit approaches are common in microwave and RF antennas, they have 

played a limited role in optics [2]. This project aims at addressing this void. 

This project will use transformation optics (the tool to design metamaterial invisibility cloaks) 

to provide an electrical circuit description for localised surface plasmons (eigen-modes) in 

bowtie- and spiral-like plasmonic nanoantennas [3]. Also, commercial full-wave 

electromagnetic software (Lumerical [4]) may be used. The project is suitable for students 

with a strong interest in mathematical modelling and computer programming that have a 

basic background in electromagnetics and circuits. 

[1] Plasmonics: Fundamentals and Applications, Springer 2007. 

[2] Photon. Nanostruct. Fund. Appl. 10, 166-176 (2012) 

https://doi.org/10.1364/oe.26.033732
https://doi.org/10.1021/acs.nanolett.9b03333
https://doi.org/10.1073/pnas.1912154116
mailto:m.navarro-cia@bham.ac.uk
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[3] Nanophotonics, https://doi.org/10.1515/nanoph-2019-0488  

[4] https://www.lumerical.com  

  

3.7: Frontiers in THz scattering and imaging (experimental) 

Supervisor: Dr Miguel Navarro-Cía 

Room: Medical Physics Building (R11), G05b 

Email: m.navarro-cia@bham.ac.uk 

 

We are offering one of the following three projects. These are primarily experimental, so 

may be affected by restricted access to laboratories related to COVID-19. Under such 

circumstances, choice (a) would not be possible to run, choice (b) could become more 

computational; choice (c) is considered resilient. 

Either 3.7a: Understanding THz surface scattering for beyond 5G 

The frequency range between 0.1 and 3 THz holds promise for a myriad of applications such 
as high-speed communication and remote sensing. Hence, a great deal of effort has been 
carried out in recent times toward the development of the components and systems 
operating in such frequency range [1]. However, even with state-of-the-art THz devices any 
foreseen application will struggle to deliver the expected impact due to the lack of 
propagation models (how do electromagnetic fields of such frequency interact with matter?) 
and channel characterization at these frequencies. This project will focus on the 
characterization of Terahertz scattering from random (rough) surfaces and inhomogeneous 
materials. Knowledge of surface properties and propagation media at a length scale 
corresponding to sub-millimetre wavelengths is fairly limited [2]-[4] and both experimental 
characterisation and modelling are required to enable the construction of suitable channel 
models for the next generation of wireless communication and remote sensing systems, 

In particular, the students will (i) measure the scattering properties from sandpaper of varying 
grit and typical materials encountered in an indoor environment (e.g. plaster, wallpaper, 
metal, etc.) with the all fibre-coupled Terahertz time-domain spectrometer [5] and (ii) 
develop/implement Terahertz surface scattering models to evaluate the measurements. The 
project is suitable for students with a strong interest in applied physics that like a good mixture 
of modelling and hands-on tasks. 

[1] J. Physics D: Appl. Phys 50, 043001 (2017) 
[2] IEEE Trans. Antennas Propag. 55, 3002-3009 (2007) 
[3] IEEE Trans. THz Sci. Techn. 1, 462-472 (2011) 
[4] IEEE Trans. THz Sci. Techn. 9, 463-470 (2019) 
[5] https://www.menlosystems.com/products/thz-time-domain-solutions/ 

Or 3.7b: Towards a THz imager for eye diagnostics 

Sandwiched between microwaves and infrared in the electromagnetic spectrum, THz 
radiation (ca. 0.1 – 3 THz) holds promise for medical diagnosis, security applications (chemical 
fingerprinting and standoff screening) and industrial control processes [1]. The potential of 
THz in these realms arises from the ability of THz radiation to pass through many optically 
opaque materials (e.g., clothing, paper, etc.), its achievable (sub-)millimeter resolution and 
the fact that specific rotations, vibrations or librations of molecules and molecular aggregates 
occur in this frequency range. In addition, THz radiation is non-ionizing and safe, unlike X-rays.   

https://doi.org/10.1515/nanoph-2019-0488
https://www.lumerical.com/
mailto:m.navarro-cia@bham.ac.uk
https://www.menlosystems.com/products/thz-time-domain-solutions/
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In Life Sciences applications, where specimens stay in an aqueous environment (like the 
human eye), THz spectroscopy and imaging meets a special challenge: 1 mm of water 
attenuates a THz signal by a factor of ~1000 times! To tackle this problem, THz imaging and 
spectroscopy should be done in reflection (reflectometry) [2] or in the low part of the THz 
spectrum (i.e. <0.5 THz).  

The health of the eye is routinely assessed from the corneal tissue water content and the  
corneal thickness. Current clinical instruments (pachymeters) extrapolate the corneal tissue 
water content from the central corneal thickness. This approach is based on a dubious 
correlation from a not statistically significant study and is now highly contested [3]. It is 
expected that time-resolved THz reflectometry will be able to measure directly both corneal 
thickness and hydration level. This new instrument will provide unprecedented accuracy of 
information for eye care professionals.  

The development of a THz cornea-meter is a complex multifaceted project. The students will 
focus on one of the tasks: to realise a beam expander (a confocal Gregorian reflector system) 
suitable to illuminate completely an eye model with a commercial THz source (either a Si-lens-
integrated photoconductive antenna [4] or a TeraSense IMPATT diode source [5] existing in 
the Metamaterials Research Group). To this end, students will first have to familiarize 
themselves with the sources and characterize their radiation pattern [6]. With this 
information, they will design the confocal Gregorian reflector system and they will liaise with 
the workshop to fabricate the system. The project is suitable for students with a strong 
interest in optical systems that like a good mixture of modelling and hands-on tasks. 

[1] D. M. Mittleman, Opt. Express 26, 9417-9431 (2018) 
[2] J.-H. Son, Terahertz: Biomedical Science & technology, CRC Press, 2014. 
[3] Z. D. Taylor et al., IEEE Trans. THz Sci. Techn. 5, 170-183 (2015)  
[4] https://www.menlosystems.com/products/thz-time-domain-solutions/  
[5] http://terasense.com/  
[6] J. F. Molloy et al., IEEE J. Sel. Topics Quantum Electron. 19, 8401508–8401508 (2013) 

Or 3.7c: Modulated metasurface antenna for THz imaging applications 

Modulated metasurfaces have the potential of providing highly directive (i.e. pencil-like) 
radiation and simple on-surface control of the electromagnetic surface fields responsible for 
such radiation, while preserving a low profile and low weight [1]. The ability to tailor the 
radiation characteristic at the source (e.g. surface fields) removes the need of lenses and 
mirrors, avoiding alignment issues that are significantly problematic at terahertz (THz) 
frequencies [2]. 

The students will prototype a modulated metasurface antenna to be integrated with the 
TeraSense IMPATT 140 GHz diode source [3] available in the Metamaterials Research Group. 
Such antenna will be intended for THz imaging applications. The students will use an 
electromagnetic software for design and modelling. They will be also responsible to liaise with 
the workshop for the fabrication of the antennas, and to measure the radiation characteristic 
with a THz camera [3]. The project is suitable for students with a strong interest in applied 
electromagnetics that like a good mixture of modelling and hands-on tasks. 

[1] G. Minatti et al., IEEE Trans. Antennas Propag., 63 (4), 1288–1300 (2015). 
[2] P. F. Goldsmith, Quasioptical Systems: Gaussian Beam Quasioptical, Propagation and Applications, 
IEEE Press, 1998 
[3] http://terasense.com/

https://www.menlosystems.com/products/thz-time-domain-solutions/
http://terasense.com/
http://terasense.com/
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4 Nuclear Physics 
 

Project Team Leader – Prof David Evans 

  

4.1: Nuclear Deformation in Gadolinium from Isotope Shifts and 
Hyperfine Structure 

Supervisor: Dr D. Forest 

Offices: Poynting PB2h / East 303 

Telephones: 44579 / 44685 

Emails: D.Forest@bham.ac.uk  

The energies of atomic states can be explained to a high degree of precision by assuming the 

nucleus to be an infinitely massive, point-like charge. However, we know that the nucleus has 

a finite size and a finite mass, and these create small differences in the atomic energy levels 

for different isotopes of the same element. These energy differences lead to the wavelength 

of the same atomic transition in different isotopes varying by a few parts-per-million [1]. These 

small changes – the isotope shifts – can be measured using high resolution laser spectroscopy 

techniques with a few parts-per-billion precision. 

The isotope shift arises from two effects; changes in nuclear size – the field shift – and the 

other from changes in nuclear mass – the mass shift – between isotopes. Each of these 

contributions is itself a combination of nuclear and atomic factors, as the observed isotope 

shift depends on how the changes in nuclear properties influence the atomic structure. As 

nuclear masses are known to high precision from other techniques, the nuclear parameter of 

interest is the change in nuclear size. If the atomic contributions are known, then these size 

variations can be extracted from the isotope shifts, even for radioactive isotopes far from the 

valley of nuclear stability [2]. The nuclear size depends not only on the number of nucleons, 

but also the shape of the nucleus, allowing the deformation to be inferred. 

As well as the isotope shift, isotopes with an unpaired neutron or proton (or both) will have a 

magnetic dipole moment and possibly an electric quadrupole moment. These electromagnetic 

moments interact with the atomic electrons giving rise to hyperfine structure in atomic 

spectra [1]. Measuring this hyperfine structure can thus give information on the magnetic 

properties of the nucleus – which depend on which single particle orbitals are occupied – as 

well as the shape of the nuclear charge distribution – which depends on the degree of 

deformation of the nucleus [2]. This measure of nuclear deformation is slightly different from 

that extracted from the nuclear size, allowing the influence of dynamic effects to be deduced.  

This project aims to determine the isotope shifts and hyperfine structures for a range of 

transitions in the stable isotopes of atomic gadolinium. This will involve using a continuous-

wave tunable dye laser to excite atomic transitions in the visible and/or UV portion of the 

electromagnetic spectrum. The data will be analysed to determine the degree of deformation 

in the Gd isotopes, and whether it is predominantly static or dynamic in nature.  

mailto:D.Forest@bham.ac.uk
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The project requires good practical skills, and brings together aspects of nuclear physics, 

atomic physics, laser physics, optics, vacuum technology and electronics. 

References 

[1] Woodgate, G K 1992 Elementary Atomic Structure (Oxford). 

[2] Cheal B and Flanagan K 2010 J. Phys. G: Nucl. Part. Phys. 37 113101 

  

4.2: Exploring the structure of nuclei using a deformed harmonic 
oscillator 

Supervisor: Prof Martin Freer 

Room: Physics East 309 

Telephone: 44684 

Email: M.Freer@bham.ac.uk 

A widely accepted basis for understanding the structure of nuclei is the nuclear shell model. 

This assumes an average interaction between the nucleons and that the potential which 

describes these average interactions can be approximated by the average density a nucleus. 

This for many nuclei is a reasonable approximation, but there are some examples where this 

breaks down. One instance is close to the neutron-drip-line where the last few neutrons are 

very weakly bound. This means that they can tunnel into the forbidden barrier region meaning 

that their density profile is very different to the other nucleons and hence the shell model 

approximations breakdown. A famous example is the case of 11Be. Other examples of nuclei 

for which the nuclear shell model potential might not be so realistic are those where there is 

a strong preference for the formation of clusters inside the nucleus. There are many examples 

of such systems, and are mainly associated with the formation of alpha-particle clusters. Good 

examples include 8Be and 12C.  

The behaviour of light nuclei tends to be a battle between the effects of the mean-field, the 

role of correlations such as the formation of alpha-particles and symmetries which appear out 

of the mean-field. One way of exploring these effects is through the analytic harmonic 

oscillator approach. Here the nucleons are assumed to be in a harmonic potential and the 

nucleons fill the quantum levels in accordance with the Pauli Exclusion Principle. The standing 

wave patterns associated with the potential produce structure in the nuclear densities. 

Though relatively straight forward, the insights one achieves are quite powerful and illuminate 

the results of first principles calculations. 

Some work has already been done using this approach, this project will build on that 

understanding, but seek to address some of the deepest puzzles in light nuclei. These include 

why is the structure of the second excited, Hoyle, state in 12C so difficult to reproduce in the 

nuclear shell model, can we be quantitative about the degree to which molecular states exist 

inside nuclei, can we develop a time-dependent representation of nuclear collisions using the 

harmonic oscillator. The exact direction of the project is yet to be defined.  

The project will appeal to someone who has an interest in nuclear physics, can do a moderate 

amount of programming and enjoys modelling.  

Further reading: 

mailto:M.Freer@bham.ac.uk
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1. http://www.scholarpedia.org/article/Clusters_in_nuclei 

2. The clustered nucleus—cluster structures in stable and unstable nuclei, Reports on 

Progress in Physics 70 (12), 2149 

  

4.3: Production of multistrange particles at LHC from the ALICE 
experiment  

Supervisors: Dr R. Lietava and Prof. D. Evans 

Room: Physics East 307 / 303 

Email:  rl@hep.ph.bham.ac.uk, de@hep.ph.bham.ac.uk 

Multistrange particles, Ξ- and Ω-, are very sensitive probes of the overall level of strangeness 

in a proton-proton collision [1,2]. It was proposed by J.D. Bjorken that in a proton-proton 

collision of sufficiently high multiplicity (number of particles produced in a collision) a Quark-

Gluon Plasma (QGP) might be formed [3], but, till now, such very high multiplicity collisions 

have not been accessible. The LHC provides a new regime where much higher multiplicity 

collisions are seen to occur. Should a QGP be created, a thermal system is produced in which 

strangeness abundances could be much higher than in normal hadronic reactions [4], as has 

already been seen in heavy ion interactions. In this project, the relative production rates for 

multistrange particles will be examined as a function of multiplicity to look for possible 

changes from the values expected for hadronic interactions. 

This project gives students practical experience of some of the methods, techniques and tools 

used in high-energy physics data analysis, as well as providing insight into state-of-the-art 

detector systems and the physics of the strong interaction. This project primarily involves 

analysing existing data and hence is a computing based project. The project will make use of 

software tools that have been developed by the ALICE collaboration and build on the ROOT 

C++ analysis framework. You will be provided with a working program for your analysis task 

but will have to make changes to it. Hence, you need to enjoy programming and thinking of 

ways to check that your code works the way you think it should. 

Further reading 

 1. J. Rafelski and B. Mueller, Phys. Rev. Lett.  48 (1982) 1066; Erratum Phys. Rev. Lett. 56, 

2334 (1986); J.Rafelski and M. Petráň, Phys. Rev. C82 (2010) 011901 

2. H. Caines J. Phys. G 32 (2006) 171 

3. J.D. Bjorken, Fermilab Report Fermilab-Pub-82/59-THY (1982) 

4. Z.L. Matthews, J. Phys. G. 37 (2010) 094048. 

  

4.4: Developing novel proton radiotherapy modalities at the MC40 
cyclotron 

Supervisor: Dr T Price 

Room: East 310 

Telephone: 44681 

Email: T.Price@bham.ac.uk, Francesco.romano@npl.com.uk  

http://www.scholarpedia.org/article/Clusters_in_nuclei
mailto:C.M.Hawkes@bham.ac.uk
mailto:de@hep.ph.bham.ac.uk
http://dx.doi.org/10.1103/PhysRevLett.48.1066
http://dx.doi.org/10.1103/PhysRevLett.56.2334
http://dx.doi.org/10.1103/PhysRevLett.56.2334
http://dx.doi.org/10.1103/PhysRevC.82.011901
http://dx.doi.org/10.1088/0954-3899/32/12/S22
http://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf
http://dx.doi.org/10.1088/0954-3899/37/9/094048
mailto:T.Price@bham.ac.uk
mailto:Francesco.romano@npl.com.uk
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Over the last 20 years there has been an explosion in the number of proton radiotherapy 

centres due to the potential of delivering a lower dose to healthy tissue, thus reducing the risk 

of secondary cancers in later life. There are signs that delivering the radiation as a grid of 

microbeams rather than one large beam can stimulate the body’s immune response and 

increase the effectiveness of the cancer treatment. There are very few sites worldwide that 

have the potential to deliver these emerging modalities and the MC40 cyclotron at the 

University of Birmingham is one such site. Last year a highly successful simulation was setup 

to design a microbeam collimator for use at the MC40 cyclotron. In this project, the students 

will work together to verify these simulations via experimental measurements using silicon 

detectors and Gafchromic films. Both these detector modalities will need a deep 

understanding of detection methods and analysis code to be developed. Once the detectors 

are calibrated, measurements will be taken to compliment Monte Carlo simulations. 

Dosimetry of microbeams is extremely challenging and the final goal of this project is to setup 

a dosimetry protocol for this modality. Upon successful completion of this project the MC40 

microbeam facility will be used to irradiate cells and organoids to study the cancer killing 

mechanisms further. 

 

4.5: Studying the physics of granular gases using PEPT 

Supervisors: Prof David Parker, Dr Kit Windows-Yule (Chem Eng) 

Room: Medical Physics G16 

Telephone: 44708/44722 

Email: d.j.parker@bham.ac.uk, c.r.windows-yule@bham.ac.uk  

We are offering an experimental project, subject to access to equipment and facilities, 

followed by a ‘COVID Alternative.’ 

EXPERIMENTAL: Granular materials display a variety of interesting physical behaviours. A 

simple case is a “granular gas” consisting of a small number of grains (for example glass 

spheres) inside a sealed container which is vibrated with sufficient amplitude to cause the 

grains to move around in a way analogous to the molecules of a gas. However, more complex 

granular systems are ubiquitous in the world around us, both in industry and nature. As such, 

these simple experiments may help us better understand and predict phenomena as diverse 

as the collapse of grain storage silos, the eruption of volcanoes or the onset of earthquakes. 

The motion of a selected grain in such a system can be followed using the technique of 

positron emission particle tracking (PEPT). By irradiating the grain using the beam from the 

Birmingham cyclotron, it is labelled with positron-emitting radioactive material, and then it is 

tracked using a “positron camera” which detects the pairs of back-to-back gamma-rays 

emitted during positron annihilation. 

This is a practical project which will generate large volumes of computer data for analysis and 

will require some knowledge of computing.  It will use nuclear techniques, but the emphasis 

will be on gaining insight into phenomena such as convection or mixing in granular gases. 

COVID Alternative: Positron Emission Particle Tracking (PEPT) is an experimental technique 

for recording the trajectories of radiolabelled materials in opaque systems, ranging from 

industrial process equipment to the human body. By detecting coincident gamma rays from 

positron annihilation, the Line-of-Response (LOR) connecting the two rays passes near the 

mailto:d.j.parker@bham.ac.uk
mailto:c.r.windows-yule@bham.ac.uk
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point of annihilation, providing a way to find the source location using the intersection of 

LORs, and thus to record the trajectory of a radioactively labelled tracer. These trajectories 

are used to calculate velocity flow-fields, particle residence times, and other quantities of 

interest for engineering analysis. However, along with true LORs, PEPT experiments often 

record random and scattered LORs, resulting in noisy datasets. Scattered and random LORs 

are corrupted, no longer intersecting the source position. Monte Carlo modelling tools such 

as Geant4 Application for Tomographic Emission (GATE) are capable of simulating the 

geometry, physics, and pulse-processing of detectors used in PEPT experiments. For this 

project, the student will use GATE to simulate PEPT experiments in order to explore ways to 

optimize experiments by maximizing the true LOR rate while minimizing the scattered and 

random LOR rate. Possible areas of research are the use of shielding materials in the 

experimental geometry, varying the detector separation and digitizer settings, changing the 

tracer activity and concentration within the pipe, or even developing new PEPT algorithms! 
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5 Particle Physics 
 

Project Team Leader – Prof. Nigel Watson 

  

5.1: Top quark measurements using ATLAS data from the LHC 

Supervisors: Dr CM Hawkes / Dr MF Watson 

Room: Physics West 212 / 314 

Extension: 44622 / 44618 

Email: C.M.Hawkes@bham.ac.uk, Miriam.Watson@cern.ch 

 

During the period 2015-2018, the ATLAS experiment collected data from proton-proton 

collisions with a centre-of-mass energy of 13 TeV at the Large Hadron Collider (LHC) at CERN, 

the world’s highest energy particle collider. The Birmingham Particle Physics group is 

contributing both to the running of the experiment and to the physics analysis of the data. 

The main goals of ATLAS are to search for the production of new particles and for signs of 

physics beyond that expected from the Standard Model of particle physics. Many of the 

particles produced in the proton-proton collisions originate from the decays of the heaviest 

known fundamental particle, the top quark. Measurements of top-quark events allow us to 

investigate their production and to test Standard Model predictions. In this project you will 

study the identification of collisions where top quarks are produced and use these to make 

measurements of their properties. Examples of possible measurements are the correlation 

between the spins of top and antitop quark pairs [1], the charge asymmetry of top and antitop 

quarks [2] or the mass of the top quark [3]. 

You will investigate different ways of selecting the relevant signatures and evaluate other 

background processes which might fake the signal. In the course of the project you will need 

to gain a good understanding of the basic features of the Standard Model of particle physics, 

high energy proton-proton collisions and detection methods used in the most recent collider 

experiments. You will gain a strong insight into the techniques used in current particle 

physics experiments at the energy frontier. 

This project will involve programming in Python or C++, and will be based on a Linux operating 

system. 

Further reading: 

1. Measurement of spin correlation in top-antitop quark events and search for stop quark 

pair production in proton-proton collisions at √s = 8 TeV using the ATLAS detector, Phys. Rev. 

Lett. 114, 142001 (2015), http://arxiv.org/abs/1412.4742. 

2. Measurements of the charge asymmetry in top-quark pair production in the dilepton final 

state at √s = 8 TeV with the ATLAS detector, Phys. Rev. D 94, 032006 (2016), 

https://arxiv.org/abs/1604.05538. 

mailto:C.M.Hawkes@bham.ac.uk
mailto:Miriam.Watson@cern.ch
http://dx.doi.org/10.1103/PhysRevLett.114.142001
http://dx.doi.org/10.1103/PhysRevLett.114.142001
http://arxiv.org/abs/1412.4742
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032006
https://arxiv.org/abs/1604.05538
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3. Measurement of the top quark mass in the tt¯→ dilepton channel from 8 TeV ATLAS data, 

Phys. Lett. B 761 (2016) 350, https://arxiv.org/abs/1606.02179. 

  

5.2: Large Hadron Collider (LHCb/CODEX-b) and future e+e- Collider) 
I will run one of Projects 5.2a, 5.2b, or 5.2c. Please do not choose more than one. 

Either 5.2a: Studies of jet physics with the LHCb experiment 

Supervisors: Prof. Nigel Watson 

Room: Physics West W215 

Phone: 44699 

Email: Nigel.Watson@cern.ch 

 

LHCb [1] is a general purpose forward detector on the Large Hadron Collider at CERN, but 

unlike the ATLAS and CMS detectors, has ring imaging Cherenkov detectors which allow for 

full particle identification. Leveraging this capability and the unique trigger system designed 

for low transverse momentum physics, LHCb is an ideal experiment for understanding the 

structure and composition of jets in the high energy LHC environment. 

We will carry out feasibility studies to explore signatures for new rare decays of B baryons, 

extending our existing programme in this area, which has concentrated on decays such as  

Λ𝑏 →  Λ0𝜇+𝜇− [2], Λ𝑏 → 𝑝𝐾𝜂′ [3] and other 𝑏 → 𝑠 ℓ+ℓ− transitions. 

In this project you will explore these using simulated and real data. Project suited to someone 

who is comfortable working with software in Python and C++.  

[1] http://lhcb.web.cern.ch/lhcb/ 

[2] Measurement of the Λ𝑏 →  𝐽/𝜓Λ0 angular distribution and the Λ𝑏polarisation 

in pp collisions, 

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-

2020-005.html 

[3] In preparation 

 

Or 5.2b: Searching for Novel Signatures for new Physics at the LHC with CODEX-b 

Supervisors: Prof. Nigel Watson 

Room: Physics West W215 

Phone: 44699 

Email: Nigel.Watson@cern.ch 

 

The experiments at the Large Hadron Collider (LHC) are designed to look for standard model 

signatures: electrons, muons, photons and hadrons with lifetimes less than a nanosecond, and 

jets of these particles. Searches at the LHC with these conventional signatures, including 

missing energy, have failed to yield any new physics. Consequently, new unconventional 

signatures are being explored, pushing the current detectors to their limits. Long-lived 

particles (LLPs) are a particularly challenging unconventional signature, as they will often 

decay outside the detector and have very low transverse momentum signatures. Several new 

https://www.sciencedirect.com/science/article/pii/S0370269316304622
https://arxiv.org/abs/1606.02179
mailto:Nigel.Watson@cern.ch
http://lhcb.web.cern.ch/lhcb/
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-005.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-005.html
mailto:Nigel.Watson@cern.ch
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experiments have been proposed at the LHC to search for LLPs: MATHUSALA [1], FASER, and 

CODEX-b. 

The CODEX-b proposal is a low-cost addition to the LHCb detector that would be implemented 

before run 3 of the LHC. In this project, students will improve the CODEX-b proposal. This 

includes expanding phenomenological studies to understand the potential of the experiment. 

Additionally, students will develop a full GEANT4 simulation and event reconstruction 

framework for the proposal, providing more robust predictions than current studies. 

We have run Y4 projects on CODEX-b two years with results presented to colleagues e.g. [4-

5], and now need to expand the detector and physics simulations to guide the next stage of 

the design. Simulations will be carried out using the Geant4 framework and this project is 

suited to someone who is comfortable working with software in Python and C++. 

[1] https://arxiv.org/abs/1606.062984 

[2] https://arxiv.org/abs/1708.09389 

[3] https://arxiv.org/abs/1708.09395 

[4] P. Swallow, CODEX-b mini-workshop, 26-27 March 2019, 

https://indico.cern.ch/event/806481/ 

[5] G. Gibbons, CODEX-b mini-workshop, 26-27 March 2019, 

https://indico.cern.ch/event/806481/  

 

Or 5.2c: Physics and detector R&D for a future e+e- collider 

Supervisor: Prof. Nigel Watson 

Room: Physics West W215 

Phone: 44699 

Email: Nigel.Watson@cern.ch 

 

Following recent updates on future possible directions for the field, there is renewed interest 

in R&D to realise a high energy e+e- collider, such as ILC or FCC-ee. This project will be part of 

our effort up to summer 2021. Most physicists think experiments at high energy e+e- colliders 

are easy: well-defined centre-of-mass energy; negligible backgrounds and simple detector 

design. The reality for future designs is less clear, with large beam-related backgrounds and a 

very broad spectrum of initial state energies, which pose challenges both for detector design 

and for physics measurements There are two directions for this project, depending on student 

interests: 

(a) New R&D for a CMOS-based ‘digital’ electromagnetic calorimeter, where we will 

build on our leading expertise in this field [1] to study testbeam data recorded using 

a prototype digital electromagnetic calorimeter in Feb. 2020, e.g. as in [2]. 

(b) Detailed simulations for the CLIC (Compact Linear Collider) project, a 3 TeV centre-

of-mass machine in the design phase at CERN [3]. Following our recent analyses of 

top quark and Higgs physics within the CLICdp Collaboration [4-5], we will develop 

improved ways of ‘tagging’ top quarks, investigating jet-clustering methods so far 

not applied to high energy e+e- physics; 

[1] CMOS ECAL R&D, miniTower weekly analysis reviews, 

https://indico.cern.ch/event/934987/ 

[2] T.Peitzmann, Digital Pixel Calorimeter Status and Next Steps, CALICE Technical Board 

presentation, 

https://arxiv.org/abs/1606.062984
https://arxiv.org/abs/1708.09389
https://arxiv.org/abs/1708.09395
https://indico.cern.ch/event/806481/
https://indico.cern.ch/event/806481/
mailto:Nigel.Watson@cern.ch
https://indico.cern.ch/event/934987
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https://indico.cern.ch/event/934987/contributions/3929906/attachments/2067000/346

9071/focal-pixelrnd-status-calice.pdf  

[3] http://clic-study.web.cern.ch/; http://clicdp.web.cern.ch/content/updated-staging-

baseline; NK Watson, News on the CLIC Physics Potential, Moriond QCD 2018, 

http://moriond.in2p3.fr/QCD/2018/WednesdayMorning/Watson.pdf 

[4] H. Abramowicz et al., Top-Quark Physics at the CLIC Electron-Positron Linear Collider, 

https://cds.cern.ch/record/2629403/. 

[5] Eur. Phys. J. C77 (2017) 475, http://dx.doi.org/10.1140/epjc/s10052-017-4968-5 

 

  

5.3: Higgs Boson Production in Future ep Collisions at the LHeC 

Supervisors: Dr A Chisholm / Prof PR Newman 

Room: Physics West 315 / 210 

Email:  asc@hep.ph.bham.ac.uk, p.r.newman@bham.ac.uk 

 

Following its discovery and first studies at the LHC, the Higgs boson appears to be fully 

consistent with the predictions of the Standard Model of Particle Physics. On the other hand, 

many models for new physics predict only small and subtle variations of the Higgs properties 

from the Standard Model version. It is therefore reasonable to ask whether other new 

facilities might be able to produce and study Higgs bosons in ways that are different from the 

LHC. One possibility is to use electron-proton collisions, where Higgs bosons are produced via 

WW and ZZ fusion decay channels that are hard to observe at the LHC, such as b bbar and c 

cbar, might be accessible. A possible cost-effective realisation is the so-called ‘LHeC,’ a 

proposed high energy, high luminosity, facility in which Birmingham is deeply involved, 

colliding the existing LHC proton beams with electrons from a new accelerator.  

In this project we will be analysing simulated data to confirm whether the LHeC can give 

complementary Higgs information to the LHC and to estimate the precision with which it 

might be able to measure some of the Higgs couplings. The studies will be done using standard 

(root) software tools used in most particle physics experiments to implement the techniques 

required to reconstruct the signal, separate it from the background and quantify the expected 

measurement precision. Some knowledge of the linux operating system and of the C++ 

programming language would be an advantage. 

For more details, see eg the LHeC web page at http://lhec.web.cern.ch and the links therein.  

  

5.4: Radiation hardness of novel semi-conductor detectors 

Supervisors: Prof K Nikolopoulos / Dr I Kopsalis 

Room: Physics West 218 / 321 

Telephone: 44627  

Email: k.nikolopoulos@bham.ac.uk / I.Kopsalis@bham.ac.uk    

 

The High Luminosity upgrade of the CERN Large Hadron Collider (HL-LHC) poses new 

challenges for detector radiation hardness. We are using the University of Birmingham 

Medical Physics cyclotron to expose novel semi-conductor detectors to particle fluences 

https://indico.cern.ch/event/934987/contributions/3929906/attachments/2067000/3469071/focal-pixelrnd-status-calice.pdf
https://indico.cern.ch/event/934987/contributions/3929906/attachments/2067000/3469071/focal-pixelrnd-status-calice.pdf
http://clic-study.web.cern.ch/
http://clicdp.web.cern.ch/content/updated-staging-baseline
http://clicdp.web.cern.ch/content/updated-staging-baseline
http://moriond.in2p3.fr/QCD/2018/WednesdayMorning/Watson.pdf
https://cds.cern.ch/record/2629403/
http://dx.doi.org/10.1140/epjc/s10052-017-4968-5
http://dx.doi.org/10.1140/epjc/s10052-017-4968-5
mailto:asc@hep.ph.bham.ac.uk
mailto:p.r.newman@bham.ac.uk
http://lhec.web.cern.ch/
mailto:k.nikolopoulos@bham.ac.uk
mailto:I.Kopsalis@bham.ac.uk
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(numbers of incident particles per unit area) equivalent to those expected after several years 

of operation at the HL-LHC and assess their radiation hardness. 

Within the project, state-of-the-art Hamamatsu Photonics K.K. MD diodes will be irradiated at 

Birmingham, in collaboration with Prof D. Parker and his cyclotron team, and potentially in 

overseas laboratories. For the study of the diode characteristics before and after irradiation, 

the facilities of the Birmingham Instrumentation Laboratory for Particle Physics and 

Applications will be used. Within the ATLAS High Luminosity LHC (HL-LHC) upgrade project, 

Birmingham has the unique international responsibility for the routine proton irradiation and 

testing of test devices during the production of the ~20,000 silicon strip detectors need for 

the replacement tracker, the largest single order of the entire upgrade programme.  

This work has been evolving over the last years and has attracted significant interest within 

the CERN RD50 Collaboration, working towards developing radiation hard semiconductor 

devices for very high luminosity colliders.  

Overall the project will be hardware based, with some data analysis, and will involve 

understanding an interesting mixture of particle, nuclear, and solid state physics, starting at a 

level familiar to all 4th year students. It is customary that the results of the project are 

presented within the ATLAS and RD50 collaborations at CERN, and in several cases have been 

included in publications (e.g. JINST 12 (2017) 03, C03075, JINST 14 (2019) 12, P12004). 

Given the uncertainties (at the time of writing this project description) surrounding the 

availability of experimental and laboratory facilities, alternative paths for the project are 

foreseen. Specifically, depending on the level of engagement with the hardware the project 

work may be complemented with detailed simulations of device physics, that can also lead to 

new insights on the radiation hardness. 

  

5.5: Testing readout electronics of the ATLAS tracker upgrade 

Supervisors: Prof PP Allport and Dr JP Thomas 

Room: Physics West 217 and 213  

Telephone:  44654 or 44626  

Email: ppa@hep.ph.bham.ac.uk, jpt@hep.ph.bham.ac.uk 

The Silicon Laboratory (BILPA) at the Birmingham Particle Physics group is participating in the 

production of the new silicon tracking detector ('Inner Tracker Strip Detector: ITk') for the 

ATLAS experiment, which is required for operating the detector at the High-Luminosity Large 

Hadron Collider (HL-LHC) planned to start data-taking in 2026. This system will replace the 

existing tracking detector of ATLAS, the 'SCT' and 'TRT'. The production effort involves 

assembling 'hybrids' built from custom-designed readout and controller chips which are glued 

onto thin printed-circuit boards, and 'modules' where one or two such hybrids are glued onto 

10x10cm sized silicon sensors. In the UK, Birmingham is one of only two groups involved in 

both the microelectronics circuits (hybrid) and overall silicon strip module production. An 

important aspect of this production is to ensure the required quality of those builds. This 

involves functional testing under different environmental conditions. 

The first task will be to familiarise oneself with the general functionality of silicon detectors 

and the readout chips. At the time of the project, a large number of hybrids will be produced 

at the BILPA lab, build-up with the near-final ‘Star’ generation of readout and control chips, 

https://iopscience.iop.org/article/10.1088/1748-0221/12/03/C03075
https://arxiv.org/pdf/1908.03049.pdf
mailto:ppa@hep.ph.bham.ac.uk
mailto:jpt@hep.ph.bham.ac.uk
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starting in summer 2020. Each hybrid is required to undergo quality control steps before being 

built into a module, which includes functional tests in a Linux-based test setup with hybrids 

on panels of six. One task of this project will be to analyse the expected large statistics of test 

data, to confirm their correct functionality and investigate any differences from the expected 

behaviour. This requires developing and working with object-oriented analysis code ('Root' 

framework, Python with MatPlotLib or C++).  

The modules then undergo a set of quality control steps, initially inside a single-module test 

box, and then within a thermal-cycling setup between very low temperature (eg -40C), room 

temperature and higher temperatures, at controlled humidity. The two types of modules, the 

‘Long Strip’ module with one hybrid, and the ‘Short Strip’ module with two hybrids, will be 

tested this way, especially studying their noise behaviour and stability at different conditions, 

in particular varying the temperature and bias voltage to the sensors.  

The project will be largely software-based. The data will be recorded at dedicated 'data taking 

days', where the system will be run under supervision at the BILPA clean-room suite in the 

Physics West building. 

We hope the project will appeal to someone who enjoys working with object-oriented analysis 

software, and also has an interest in digital electronics. Experience with the operating system 

Linux is advantageous.  

References: 

For overviews of the ATLAS Tracker Upgrade Project:  

http://epweb2.ph.bham.ac.uk/user/thomas/tracker/yr4project/ 

Full details of the Tracker Upgrade project: 

'Technical Design Report for the ATLAS Inner Tracker Strip Detector', 

CERN report number: CERN-LHCC-2017-005 and ATLAS-TDR-025 

https://cds.cern.ch/record/2257755?ln=en 

Document at: http://cds.cern.ch/record/2257755/files/ 

Birmingham Silicon Laboratory (BILPA):  

http://www.ep.ph.bham.ac.uk/general/SiliconLab/index.html 

 

Tutorials of the analysis software package:  

Python ('pyroot'): https://root.cern.ch/doc/v612/group__tutorial__pyroot.html  

C++: https://root.cern/doc/v612/group__Tutorials.html 

 

5.6: NEWS-G: Searching for Light Dark Matter with a Spherical 
Proportional Chamber 

Supervisors: Prof K Nikolopoulos / Dr T Neep 

Room: Physics West 218 / 326 

Telephone: 44627 

Email: k.nikolopoulos@bham.ac.uk / T.J.Neep@bham.ac.uk  

 

The nature of Dark Matter (DM), which corresponds to 85% of the matter in our universe, is a 
major open scientific question. To-date searches for Weakly Interacting Massive Particles have 

http://epweb2.ph.bham.ac.uk/user/thomas/tracker/yr4project/
https://cds.cern.ch/record/2257755?ln=en
http://cds.cern.ch/record/2257755/files/
http://www.ep.ph.bham.ac.uk/general/SiliconLab/index.html
https://root.cern.ch/doc/v612/group__tutorial__pyroot.html
https://root.cern/doc/v612/group__Tutorials.html
mailto:k.nikolopoulos@bham.ac.uk
mailto:T.J.Neep@bham.ac.uk
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constrained substantially DM candidates in the 10 – 1000 GeV mass range, and a broadening 
in the search strategy is required. The University of Birmingham participates in the NEWS-G 
experiment, dedicated to direct searches for very-low mass (0.1-10 GeV) candidates, a range 
preferred by a number of new physics models. 

The NEWS-G experiment is built around a large, 140 cm in diameter, radio-pure spherical 
gaseous detector that will operate at SNOLAB (Canada) underground environment with the 
aim of reaching a much higher sensitivity for light DM search than any other experiment.  The 
proposed detector brings many advantages in the searches for DM, including: sub-keV energy 
threshold, fiducialisation and background rejection by pulse shape analysis, ability to operate 
at pressures up to 10 bars, tens of kg of gas with various light targets such as H, He and Ne.  

In this project, novel constraints on DM particles will be placed through a mixture of data 
analysis and simulation-based work. Data from the experiment will be analysed with state-of-
the-art techniques and simulations developed by the Birmingham group, potentially leading 
to the most stringent DM constraints to-date. Standard analysis tools used in most modern 
particle and astro-particle physics experiments will be employed, thus providing particularly 
relevant experience for future involvement in research. Familiarity with the Linux operating 
system and a programming language (ideally, C/C++ or Python) would be beneficial for this 
project.  

The students will be part of the NEWS-G at Birmingham group and will make original 
contributions to the experiment. More information on the NEWS-G at Birmingham activities 
can be found here: 

http://www.ep.ph.bham.ac.uk/index.php?page=exp/NEWS-G/index 

   

5.7: Calorimeter Trigger Algorithms for the LHC Upgrade 
Supervisors: Dr AT Watson / Dr SJ Hillier 

Room: West 214 / West 322 

Telephone: 44619 / 44235 

Email: Alan.Watson@CERN.CH / sjh@hep.ph.bham.ac.uk 

The first-level calorimeter trigger of ATLAS (L1Calo) is responsible for analysing all collisions 

and rapidly identifying energetic electron, photon, tau and jet candidates, as well as 

measuring the total and missing transverse energy, so use in selecting potentially interesting 

events which should be read out for subsequent analysis. The Birmingham group have 

particular responsibility for the processor which identifies electron/photon and tau 

candidates, but have involvement in most parts of the system's physics algorithms and 

performance. For Run 2 of the LHC (2015-18) the algorithms have been upgraded and new 

hardware added to allow the trigger to continue to operate at luminosities higher than it was 

originally designed to do. However, the LHC plan is to increase the luminosity even further for 

Run 3 (2019 onwards), and for this a new, more powerful system is being designed to replace 

the current L1Calo hardware. The new system will have better energy resolution, finer 

segmentation of inputs and greater processing power, allowing algorithms which will provide 

better discrimination between the signal (e.g. real electrons, photons or taus) and the 

backgrounds (mainly jets with topologies which resemble the signal), as well as improved jet 

identification and measurement, and thus should allow ATLAS to maintain physics sensitivity 

despite the rising luminosity and increasing numbers of proton-proton collisions per bunch-

crossing. 

http://www.ep.ph.bham.ac.uk/index.php?page=exp/NEWS-G/index
mailto:Alan.Watson@CERN.CH
mailto:sjh@hep.ph.bham.ac.uk
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Although the outline of the hardware design is decided, there is a lot of work to do to optimise 

the algorithms which will be used to identify trigger signatures, and to understand the 

sensitivity of the performance to the choices made and the detector performance. 

The project would be to join the L1Calo team studying the algorithm design and physics 

performance of the upgraded trigger system, and to work on optimising the design. The work 

could focus on electron/photon, tau or jet identification and measurement. Study of 

algorithms for the Phase II upgrade, where the full detector granularity will be available, is 

also possible. The objectives would be to use simulated high-luminosity LHC data to identify 

optimal algorithms and estimate their performance in discriminating interesting events from 

the mass of collisions and possibly in assessing the sensitivity of key LHC physics processes to 

this performance. 

References 

1. ATLAS Trigger/DAQ Phase-1 Upgrade Technical Design Report: 

https://cds.cern.ch/record/1602235/files/ATLAS-TDR-023.pdf  

2. ATLAS Phase-1 Upgrade Letter of Intent:   

http://cds.cern.ch/record/1402470?ln=en  

(less specific, older, but maybe easier for an overview) 

  

5.8: Searches for new physics in rare kaon decays  

Supervisors: Dr E Goudzovski / Dr A Romano 

Room: Physics West 325 / 321 

Email: eg@hep.ph.bham.ac.uk / angela.romano@cern.ch 

 

At present, the primary challenge of particle physics is the search for New Physics 

underpinning the Standard Model (SM) and responsible for such phenomena as the Dark 

Matter. The “energy frontier” experiments at colliders such as the LHC aim at discovering new 

particles produced directly in interactions at the highest energy that can be possibly achieved. 

A complementary “precision frontier” approach involves precision studies of very rare 

processes at low energies. New physics at high mass scale would manifest itself as higher 

order corrections to the basic SM processes, due to contributions involving new virtual heavy 

particles. 

One of the major precision frontier facilities, with a significant UK involvement, is the NA62 

experiment at CERN. It has collected a large data set in 2016−18, and is performing precision 

measurements of ultra-rare kaon decays, providing a range of unique opportunities to probe 

the nature of new physics at the multi-TeV energy scale. The primary NA62 goal is the 

measurement of the rate of the K+→+ decay, which is one of the rarest decays of a 

subatomic particle ever detected. Other NA62 goals are searches for lepton flavour and 

number violation, lepton universality violation, and feebly interacting Hidden Sectors of 

particle physics. 

The project is focused on searches for rare and forbidden kaon decays using the NA62 data. It 

will involve studies of the signal selections, detector resolutions and backgrounds using real 

data as well as detailed Monte Carlo simulations. The computations will be performed within 

https://cds.cern.ch/record/1602235/files/ATLAS-TDR-023.pdf
http://cds.cern.ch/record/1402470?ln=en
mailto:eg@hep.ph.bham.ac.uk
mailto:angela.romano@cern.ch
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a ROOT-based data analysis framework using a Linux computer cluster of the Particle Physics 

group, as well as CERN computing facilities. 

Familiarity with basics the Linux operating system and programming languages (C/C++, as well 

as scripting languages) is required for this project. 

Reference 

http://na62.web.cern.ch/NA62/Documents/ReferenceDocuments.html 

  

5.9: Optimisation of current monitoring and beam quality at the high 
intensity irradiation line at the MC40 cyclotron 

Supervisors: Dr Laura Gonella, Dr Tony Price 

Rooms: Physics West 318 and Physics East 310 

Email: l.gonella@bham.ac.uk , pricet@bham.ac.uk 

 

The high intensity irradiation line at the MC40 cyclotron is heavily used to characterise 

detector components for the HL-LHC upgrade with 27 MeV protons. This project will look at 

developing a better current monitoring device and investigate beam properties. 

Precise beam current monitoring is crucial to deliver the target fluence. Currently, a Faraday 

cup at the end of the irradiation line is used to setup the beam current and monitor current 

stability during irradiation. Depending on the thickness and material of the sample to be 

irradiated, the current monitored by the Faraday Cup might decrease to the point where it is 

not measurable anymore, making it impossible to monitor beam stability during irradiation. A 

way of monitoring the beam current in front of the sample, right after the collimator, is being 

investigated. Previous work ruled out the possibility of using an ionisation chamber as it would 

saturate at the high beam current used at the facility. An alternative solution has been 

identified based on the measurement of proton induced secondary electron emission from 

aluminium foils. A proton beam passing through a thin metal foil, in this case aluminium, 

transfers enough energy to an electron and removes it from the surface of the metal. The 

current of these liberated electrons is proportional to the beam current. A Secondary Electron 

Monitor (SEM) has been developed by the University of Bonn for use at their isochronous 

cyclotron. It can monitor the beam currents in the same range as the ones used at Birmingham 

with an uncertainty below 5%. This project aims at validating this method of current 

monitoring at the MC40 cyclotron. After installation of the SEM in the beam line, the device 

will be characterised with different beam currents for calibration. Cross-checks with the 

Faraday cup and with nickel foils used to measure the delivered fluence will be carried out to 

assist commissioning.  

In addition to the experimental work, a full Geant4 simulation of the beam line will be used to 

investigate how the beam properties are affected by the monitor to understand beam profile, 

energy and composition at the sample. The latter is particularly relevant as irradiations of 

silicon strip sensors developed for the ATLAS Inner Tracker (ITk) upgrade have shown that 

alongside the 27 MeV protons, a low energy component is present in the beam, leading to 

significantly increased radiation damage for a given fluence. Previous Geant4 simulations of 

the beam line have shown that this component is most likely low energy electrons generated 

by the interaction of the protons with air. Further studies are needed to fully understand the 

http://na62.web.cern.ch/NA62/Documents/ReferenceDocuments.html
mailto:l.gonella@bham.ac.uk,
mailto:pricet@bham.ac.uk
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issue, where in particular this project will be looking at why such component does not seem 

to be present at other irradiation facilities such as the cyclotron at the Karlsruhe Institute of 

Technology or the IRRAD proton facility at CERN. A description of the beam lines and sample 

placement at these facilities will be obtained by collaborators. Differences in the setup could 

be identified to explain the presence of a contamination and modify the Birmingham 

irradiation line accordingly. The final verification of the improved current monitoring and 

beam delivery will be carried out with an irradiation of strip sensors developed for the upgrade 

of the ATLAS Inner Tracker detector.  

We are looking for students interested in doing experimental work to optimise equipment, 

via measurements, simulations and data analysis. This project will increase your knowledge of 

interactions of particles with matter and radiation detection, starting from particle and 

nuclear physics concepts familiar to all Y4 students. 

  

5.10: Searching for Dark Matter in North Yorkshire: A direct light Dark 
Matter search at the Boulby Underground Laboratory 

Supervisors:  Prof K Nikolopoulos / Dr I Katsioulas 

Room: Physics West 218 / 321 

Telephone:  44627 

Email: k.nikolopoulos@bham.ac.uk / i.katsioulas@bham.ac.uk  

 

The nature of Dark Matter (DM), which corresponds to 85% of the matter in our universe, is a 

major open scientific question. To-date searches for Weakly Interacting Massive Particles have 

constrained substantially DM candidates in the 10 – 1000 GeV mass range, and a broadening 

in the search strategy is required. The University of Birmingham participates in the NEWS-G 

experiment, dedicated to direct searches for very-low mass (0.1-10 GeV) candidates, a range 

preferred by a number of new physics models. 

The NEWS-G experiment is built around a large, 140 cm in diameter, radio-pure spherical 

gaseous detector that will operate at SNOLAB (Canada) underground environment with the 

aim of reaching a much higher sensitivity for light DM search than any other experiment.  The 

proposed detector brings many advantages in the searches for DM, including: sub-keV energy 

threshold, fiducialisation and background rejection by pulse shape analysis, ability to operate 

at pressures up to 10 bars, tens of kg of gas with various light targets such as H, He and Ne.  

In this project, we aspire to design the next-generation NEWS-G detector: A 300 cm in 

diameter spherical proportional counter, fully electroformed underground at the Boulby 

Underground Laboratory; the UK’s national deep underground science facility. A number of 

ideas for the operation of such a detector will be tested using the new gaseous detectors 

laboratory set-up in Birmingham, and simulations will inform the overall design of the 

experiment. Standard analysis tools used in most modern particle and astro-particle physics 

experiments will be employed, thus providing particularly relevant experience for future 

involvement in research. Familiarity with the Linux operating system and a programming 

language (ideally, C/C++ or Python) would be beneficial for this project.  

mailto:k.nikolopoulos@bham.ac.uk
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The students will be part of the NEWS-G at Birmingham group and will make original 

contributions to the experiment. More information on the NEWS-G at Birmingham activities 

can be found here: 

http://www.ep.ph.bham.ac.uk/index.php?page=exp/NEWS-G/index 

Given the uncertainties (at the time of writing this project description) surrounding the 

availability of experimental and laboratory facilities, the balance between instrumentation 

and simulation/analysis work will be discussed with the interested candidates, taking into 

account the latest developments. In all cases, the project will lead to new insights!  

  

5.11: Testing the electroweak theory at the LHC 
Supervisors: Prof D Charlton / Dr A Chisholm 

Room: Physics West 315 (AC) 

Telephone: 46462 (AC) 

Email: Dave.Charlton@cern.ch /  Andrew.Chisholm@cern.ch 

 

Following the discovery of the Higgs boson by the ATLAS and CMS experiments in 2012, the 

Standard Model of particle physics is apparently complete. However, many questions are 

unanswered, and this project will address one of them which can only be explored at the LHC. 

The Brout-Englert-Higgs (“BEH”) mechanism, postulated in 1964 and rewarded by the 2013 

Nobel prize in physics, provides an explanation how particles can gain mass without 

destroying the mathematical symmetry of the electroweak theory. It is not known, however, 

if the single Higgs boson observed so far provides a complete explanation of this sector of 

physics, or if there is more to be found. In addition to studying directly the properties of the 

Higgs boson at the LHC or looking for more Higgs bosons directly, a sensitive further way to 

attack the problem is study how the electroweak force-carrying particles – the photon, W and 

Z – interact with each other directly. 

This project will look into rare, high-energy, processes at the LHC which probe these boson-

boson interactions, using a process known as “vector-boson scattering”. The very first 

observations of one of these processes are being made at the moment by ATLAS and CMS, 

but with the much larger data samples to come, they should be amenable to more detailed 

measurements, allowing either the discovery of new physics, or constraints to be placed on 

the properties of the particles. This project will look into the prospects for this physics in the 

coming years at the LHC. 

Overall the project will be analysis based and will involve understanding an interesting mixture 

of particle physics theory and analysis, starting at a level familiar to all 4th year students who 

have taken the Y3 Particle Physics course. It is recommended that students also take the Y4 

Particle Physics courses along with this project. The studies will be performed using the 

standard analysis tools used in most modern particle physics experiments. Familiarity with the 

Linux operating system and a programming language (ideally C++ and/or Python) is required 

for this project. 

The project is directly relevant to the ATLAS research programme of the Particle Physics group. 

  

http://www.ep.ph.bham.ac.uk/index.php?page=exp/NEWS-G/index
mailto:dave.charlton@cern.ch
mailto:Andrew.Chisholm@cern.ch


41 
 

6 Quantum Light and Matter 
 

Project Team Leader – Dr Giovanni Barontini 

The Quantum Light and Matter research area combines several research teams within the larger 

Birmingham Cold Atoms group, as listed below.  Note that within a given project number, there may 

be more than one alternative for the research to be carried out. 

Background 

The last few decades have seen a revolution in atomic physics, as reflected by the Nobel prizes in 1997 

(for laser cooling and trapping of atoms), 2001 (achievement of Bose-Einstein condensation), 2005 

(laser-based precision spectroscopy), and 2012 (manipulation of individual quantum systems). These 

systems offer an unprecedented degree of control over the quantum behaviour of light and matter. 

Particular advantages of atomic systems are their pure and practically defect-free nature, in 

combination with direct optical detection and tuneability of their parameters. The Quantum Light and 

Matter group targets leading edge developments in this field including experimental quantum 

simulation in optical lattices, quantum memories and entangled images, collective light-atom 

interactions, and precision atomic magnetometers. 

We expect students who like to engage in hands-on experiments and energetically drive project work. 

We aim to tailor the projects to fit your ambitions and abilities, so please discuss with us to find out 

more about the project possibilities in our group. 

   

6.1: Making a Bose-Einstein Condensate 

Supervisor: Dr G. Barontini 

Email:  g.barontini@bham.ac.uk 

Using laser cooling and evaporative cooling it is possible to cool small ensembles of atoms 

down to some tens of nK above absolute zero. In this regime, if the gas is made of Bosons, a 

phase transition to a Bose-Einstein condensate (BEC) occurs. A BEC is a macroscopic quantum 

matter wave that features many extraordinary properties like superfluidity and long-range 

phase coherence. 

In this project you will evaporatively cool a gas of rubidium (87Rb) atoms with an optical dipole 

trap and you will measure the critical temperature of the BEC transition. You will further 

characterise the dependence of the condensate fraction on the temperature below the 

transition point. You will repeat your measurement for different shapes of the trapping 

potential. You will use your data to design the optimal cooling ramp across the transition and 

to retrieve important information about the BEC, like the effect of the atom-atom interactions 

on the transition temperature. 

During this project you will have the unique opportunity to work on a state-of-the-art cold 

atoms experiment, you will learn how to acquire and analyse data using scientific methods 

and you will become familiar with the basic concepts of cold atoms Physics. This project is 

particularly recommended for students aiming at pursuing a PhD in cold atoms. We advise to 

contact the project supervisor before choosing this project. 

mailto:g.barontini@bham.ac.uk
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6.2: Building and characterising a position detector for quantum 
optics measurements 

Supervisor: Dr V. Boyer 

Quantisation of light is responsible for the fluctuations that are recorded when measuring the 

intensity of a laser beam with a very sensitive photodetector. Quantum mechanics says that 

a beam can be seen as a stream of randomly distributed photons, which generates on a 

photodetector noise similar to the sound of the rain on a tin roof. This is called the shot noise. 

Until now people have mostly focused on the overall noise but there is now a growing interest 

in understanding the spatial (transverse) distribution of photons in light beams. This is 

because the spatial noise limits the optical resolution in imaging. 

Here we focus on the impact of the spatial shot noise on the determination of the position of 

a laser beam and we propose to compare two variants of specialised photodetectors: the split 

detector and the position-sensitive detector (PDS). Both can measure the position of a beam 

but they are subtle (quantum) differences in what they measure. The goal of the project is to 

analyse and measure these differences in order to better understand the behaviour of 

photons inside a laser beam and gain a better understanding of what constitutes a quantum 

measurement. 

You will first update and optimise a transimpedance amplifier circuit quiet enough to “see” 

the quantum fluctuations (this is hard but you will get plenty of help). Next, you will 

characterise and evaluate the performance of the detectors by shining a laser beam onto it. 

You will measure the noise of the detected photocurrents and with the proper “algorithm” 

extract the shot noise on the beam position. If time allows, you will measure the position 

quantum noise on the output of an experiment designed to reduce the quantum fluctuations 

by introducing correlations between the photon positions (this would be like ordering 

raindrops in the rain!). 

The project involves electronics, optics, and a good dose of quantum mechanics and quantum 

optics. This is the continuation of a project that has run during two previous years. You will 

build on our previous designs and accumulated experience. Two of the previous students have 

chosen to stay with us for a PhD. Successfully led, this project could lead to a scientific 

publication. 

   

6.3: Adventures in light-matter interactions 

Supervisor: Dr J Goldwin 

Room: Physics East 204 

Email: j.m.goldwin@bham.ac.uk 

We are offering any one of the following projects, all of which investigate aspects of light-

matter interactions. Some of these options require a sense of adventure and a willingness to 

dive into the unknown. 

Either 6.3a: Frequency-shifted feedback laser 

mailto:j.m.goldwin@bham.ac.uk
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We would like to develop a light source which has spatial coherence (it propagates in a beam, 

like a laser, rather than being diffuse, like a light bulb), but is spectrally broadband (the light 

intensity is distributed over a wide range of wavelengths or frequencies, rather than being 

monochromatic). We aren’t quite there yet, but one previous project pair discovered an 

interesting light source known as a frequency-shifted feedback (FSF) laser. The spectrum of 

such a laser does not fill a continuum of wavelengths, but it does produce a ‘moving comb’ of 

narrow lines which are distributed over a large wavelength range. 

In this project, you will build an FSF laser and study its spectral characteristics. Previous 

students have left parts for a home-built Michelson interferometer and a few other bits and 

pieces to help you build and characterise the laser. Possible questions for you to address: 

• What happens if you alter some of the key design parameters? Normally the frequency 

shift is small compared to the rate that light makes round trips through the laser cavity – 

what if you make them equal, nearly equal, or even invert the situation? 

• What happens if you use phase-shifted feedback rather than frequency-shifted? 

• Can you find a different source that meets our criteria? If so, you could go straight to our 

original goal of using incoherent light to characterise the eigenmodes of high-quality 

optical resonators. 

This is an open, highly exploratory project for a pair of students who would like to get creative 

with a modern optical bench. In addition to managing the experimental work with the laser 

and photonics, you will need to tackle theoretical aspects of Fourier analysis and some 

nonlinear optics/laser theory. 

References: 

“Tapered amplifier laser with frequency-shifted feedback,” 

https://scipost.org/10.21468/SciPostPhys.1.1.002 

“Spectral characteristics of a frequency-shifted feedback ring laser using a semiconductor 

optical amplifier,” https://doi.org/10.1143/JJAP.47.3483  

 

Or 6.3b: Spin noise magnetometry 

Atomic spins interact with magnetic fields to produce measurable shifts to atomic energy 

levels. This is the basis of optical magnetometry, which maps the state of spins in a material 

system onto the state of light which propagates through it. For example, the Faraday effect 

causes polarisation rotation of light transmitted through a circularly birefringent medium. A 

measurement of the polarisation angle reveals information about the ambient magnetic field 

and the properties of the medium. 

If the spins fluctuate (and they must!), then these fluctuations are transferred to the light. 

Normally we try to reduce noise in high-precision measurements, but in this project the noise 

is the signal. You will study spin noise magnetometry in a room temperature rubidium vapour. 

Last year’s students managed to obtain noise spectra, but there is still some work to do. You 

will upgrade some of the components, optimise the parameters, and test new techniques.  

This project involves a combination of atomic physics, lasers and photonics, and Fourier 

analysis.  

References: 

https://scipost.org/10.21468/SciPostPhys.1.1.002
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“Spectroscopy of spontaneous spin noise as a probe of spin dynamics and magnetic 

resonance,” https://doi.org/10.1038/nature02804 

“Measurement of transverse spin-relaxation rates in a rubidium vapor by use of spin-noise 

spectroscopy,” https://doi.org/10.1103/PhysRevA.75.042502  

“Analyzing atomic noise with a consumer sound card,” http://dx.doi.org/10.1119/1.3663275 

 

Or 6.3c: New designs for cavity quantum electrodynamics 

We are generally interested in increasing the coupling strength between single atoms and 

photons. There are two common strategies for this: (1) focus the light down to a size on the 

order of its wavelength, or (2) increase the duration of the interaction using an optical cavity. 

Technical challenges make it difficult to effectively combine these two strategies. Here you 

will design optical cavities which are specifically optimised for extreme focusing. One option 

is to use diffraction-limited focusing lenses within a pair of ‘standard’ mirrors; another option 

is to use a square or ‘bow-tie’ geometry for the cavity. What is the smallest focus you can 

achieve with realistic parameters? Can you reach the strong coupling regime of cavity QED? 

If you are bored of all this macho talk about strong interactions, you could instead focus on 

understanding what happens when you twist a bow-tie cavity. Non-planar geometries can 

correct the astigmatism inherent in planar ring cavities, have different polarisation 

eigenmodes, and can support travelling waves with orbital angular momentum and other 

intriguing properties. Non-planar cavities have been used to create ring laser gyroscopes and 

to engineer novel states of light. We think they can also be harnessed to study chiral effects 

and in tabletop searches for physics beyond the Standard Model. 

This is primarily a design project, requiring students to develop a good grasp of Gaussian beam 

propagation and resonator eigenmodes. The theoretical side will involve a combination of 

analytical and numerical work, with the balance largely up to you. Depending on your 

design(s), it may be possible to build and test a prototype in the lab. 

References: 

“Increased atom-cavity coupling and stability using a parabolic ring cavity,” 

https://doi.org/10.1088/1361-6455/aaddd1  

“Operating a near-concentric cavity at the last stable resonance,” 

https://doi.org/10.1103/PhysRevA.98.063833  

“Single atoms coupled to a near-concentric cavity,” 

http://www.qolah.org/thesis/Thesis_NguyenChiHuan.pdf  

“Design and Characterization of a Custom Aspheric Lens System for Single Atom Imaging,” 

http://atomoptics-nas.uoregon.edu/publications/matt-briel-thesis.pdf 

“Stabilization of a non-planar optical cavity using its polarization property,” 

https://doi.org/10.1016/j.optcom.2009.04.043  

“Non-planar four-mirror optical cavity for high intensity gamma ray flux production by 

pulsed laser beam Compton scattering off GeV-electrons,” 

https://doi.org/10.1088/1748-0221/7/01/P01017  

“Development of a three dimensional four mirror optical cavity for laser-Compton 

scattering,” https://doi.org/10.1016/j.nima.2013.04.066 

“Non-planar femtosecond enhancement cavity for VUV frequency comb applications,” 

https://doi.org/10.1364/OE.24.005253   

https://doi.org/10.1038/nature02804
https://doi.org/10.1103/PhysRevA.75.042502
http://dx.doi.org/10.1119/1.3663275
https://doi.org/10.1088/1361-6455/aaddd1
https://doi.org/10.1103/PhysRevA.98.063833
http://www.qolah.org/thesis/Thesis_NguyenChiHuan.pdf
http://atomoptics-nas.uoregon.edu/publications/matt-briel-thesis.pdf
https://doi.org/10.1016/j.optcom.2009.04.043
https://doi.org/10.1088/1748-0221/7/01/P01017
https://doi.org/10.1016/j.nima.2013.04.066
https://doi.org/10.1364/OE.24.005253
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7 Quantum Sensing and Timing with Cold Atoms 
 

Project team leader: Dr Michael Holynski m.holynski@bham.ac.uk, 48303 

Staff: Prof Kai Bongs, Dr Michael Holynski, Dr Yeshpal Singh 

The quantum sensing and timing with cold atoms area for year four projects focuses on topics relating 

to atom interferometry and optical clocks, or the underpinning approaches required for these. These 

research areas contribute strongly to the UK National Quantum Technology hub in Sensors and Timing. 

This is a multi-partner initiative, led by the University of Birmingham, which aims to bring quantum 

science to a new and diverse range of applications. Our work is focused on topics ranging from the 

very applied – such as considering how to improve roadworks through detecting pipes with gravity 

sensing – through to fundamental physics, such as investigating approaches for detecting dark matter. 

These sensors are all based on upon cold atoms, and a key focus is improving the portability and 

robustness of these systems such that they can be taken outside of the lab, and into a real application 

environment.  

In addition to quantum sensing and timing, we are also part of MUARC and the Birmingham Cold 

Atoms group. You may find projects from the rest of the group also to be of interest.  

For more information, please contact us or see: 

http://www.birmingham.ac.uk/research/activity/physics/quantum/cold-atoms/index.aspx  

http://quantumsensors.org/ 

http://mpa.ac.uk/muarc/ 

Projects 

Our projects are divided amongst the quantum technology teams at Birmingham. Our projects are 

student driven, and research orientated, with each contributing directly to our research activity. The 

projects are focused either on contributing directly to one of our research projects, or are aiming to 

create novel research in their own right. As such, we expect a high standard of work and good level of 

independence, but also provide the framework for students to both achieve and learn a significant 

amount. 

If you identify interest within an area, or would be interested in related projects, please discuss with 

Mike or one of the other supervisors. We may be able to offer alternative projects. Students must 

discuss with supervisors prior to making their project choices. 

 

7.1: State dynamics in the presence of polychromatic driving fields 

Supervisors: S. Lellouch, M. Langlois, and M. Holynski (contact m.holynski@bham.ac.uk) 

A two-level atom being driven by light can exhibit Rabi oscillations between the ground and 

excited states [1], and represents a central phenomenon in atom optics. This is at the heart of 

controlled pulse manipulation, with applications ranging from quantum information (q-bit 

manipulation) to quantum control and sensing (atom interferometry, timing and so on) [2].  

 

mailto:m.holynski@bham.ac.uk
http://www.birmingham.ac.uk/research/activity/physics/quantum/cold-atoms/index.aspx
http://quantumsensors.org/
http://mpa.ac.uk/muarc/
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The case of a monochromatic driving field is well understood, but extending to a 

polychromatic light field can give rise to more involved dynamics and many intriguing effects 

[3] – with the exact treatment of this problem remaining an open challenge. For instance, such 

situations arise when using modulated laser fields, ultrashort pulses of light (which therefore 

have a broad frequency spectrum), or cavity-amplified light (whose spectrum is made of a 

comb of optical frequencies).  

In this project, you will focus on different models of polychromatic radiation and establish a 

picture of the internal dynamics of a two-level atom subjected to it. You will learn numerical 

methods to solve differential equations and analytical techniques to derive approximations to 

an otherwise complex mathematical problem. Experience in atomic physics or atom-light 

interactions and in numerical programming will be beneficial. 

References: 

[1] Rabi, I. I., Space quantization in a gyrating magnetic field. Phys. Rev. 51, 652–654 (1937). 

[2] Shore, B. W., Manipulating Quantum Structures Using Laser Pulses, Cambridge University 

Press (2011) 

[3] Li, D.X., Shao, X.Q. Rapid population transfer of a two-level system by a polychromatic 

driving field, Sci. Rep. 9, 9023 (2019).  

 

7.2: Phase step readout in cold atom gravity gradiometers 

Supervisors: M. Langlois, A. Lamb, S. Lellouch, and M. Holynski (contact 

m.holynski@bham.ac.uk)  

Quantum sensors provide the state of the art in absolute gravimetry. After being placed into 

free fall, atoms are put into a quantum superposition and then recombined by three laser 

pulses which act as atom optics. For optimal recombination, the laser frequency has to be 

chirped during the fall to compensate for the change in Doppler effect arising from the 

acceleration of the atoms under gravity. This chirp, matching exactly the rate of change of 

Doppler shift, then provides a readout of local gravity.  

Gravity gradiometers function using the same principle, but the operation is applied on two 

spatially separated clouds of atoms that are probed with the same laser beam. This 

configuration removes common mode noise, and allows the system to perform precision 

measurements even in noisy environments.   

However, in both cases it is necessary to perform a sufficient number of measurements to 

resolve the fringe profile of the interferometer, which requires the accumulation of several 

measurement points. Through applying a frequency jump, or phase step, to the middle 

interrogation pulse, a differential phase offset can be created on each of the atomic samples 

due to their relative distance to the laser [1]. Through tuning this frequency jump and the 

Doppler compensation chirp, in principle one can provide a simultaneous measurement of 

gravity and gravity gradients with each drop of an atom cloud, increasing the data rate by 

approximately a factor of one hundred. 

The aim of this project is first create a model that describes the effect of the frequency jump 

and frequency chirp on the interferometer phase, and to then investigate how this can be 

applied to reading out the atom interferometer at higher data rates. Experience in atomic 

mailto:m.holynski@bham.ac.uk
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physics and atom-light interactions, and languages such as Matlab and Python, will be 

beneficial. 

References: 

[1] G. W. Biedermann, X. Wu, L. Deslauriers, S. Roy, C. Mahadeswaraswamy, and M. A. 

Kasevich, Testing gravity with cold-atom interferometers, Phys. Rev. A 91, 033629 (2015). 

 

7.3: Investigating ellipse specific fitting approaches for data extraction 
in cold atom gradiometry 

Supervisors: J. Vovrosh, A. Lamb, N. Metje and M. Holynski (contact m.holynski@bham.ac.uk) 

An atom interferometer can be used to measure inertial effects such as acceleration, through 

imprinting phase information onto the cloud with a laser beam. When scanning the path 

length between the two arms of the interferometer, an oscillation – or fringe – is visible in the 

atomic state population. This can be used to perform precision measurements, but due to 

Einstein’s equivalence principle, is also prone to measurement of noise sources such as 

vibration. If one were to look at the interferometer output in the presence of such noise, one 

would observe a random sampling of the fringe and is unable to extract a gravity signal. A cold 

atom gravity gradiometer suppresses such noise sources through making a differential 

measurement between two ensembles of atoms that are separated along a baseline. This 

provides common-mode suppression of various noise sources and systematic effects through 

the use of a common laser. This means that a phase shift due to, for instance, vibration is the 

same on an atom in each cloud. This allows one to plot the fringe amplitude in each 

measurement against each other to form an ellipse – where the ellipticity contains 

information that tells us the relative phase shift – or gravity difference – between the two 

clouds [1]. As such, measuring this ellipticity allows a measurement of gravity gradients. 

However, several issues can arise when fitting ellipses which can reduce the apparent 

performance of such a quantum sensor. For instance, certain procedures are highly prone to 

outliers or see systematic shifts at small number of data points.  

In this project you will focus on data extraction from gravity gradiometer ellipse data, and in 

particular investigate different approaches to ellipse-specific fitting. In the project you will 

learn to implement and benchmark different fitting routines, and learn a variety of statistical 

assessment methods, employing these with data of different from cold atom gradiometers. 

This project will include collaboration with Civil Engineering. 

References: 

[1] G. T. Foster, J. B. Fixler, J. M. McGuirk, and M. A. Kasevich, Method of phase extraction 

between coupled atom interferometers using ellipse-specific fitting, Opt. Lett. 27, 951-953 

(2002) 

  

7.4: Application of short pulse Raman atom optics in atom 
interferometry and cold atom sources 

Supervisors: Y-H. Lien and K. Bongs (contact k.bongs@bham.ac.uk) 

mailto:m.holynski@bham.ac.uk
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The stimulated Raman transition has been widely accepted as an efficient tool to manipulate 

the quantum states of matter coherently. As quantum technologies have rapidly progressed 

in recent years, it has also been used as a foundation for various quantum sensors including 

atomic accelerometers and gyroscopes. In this project, you will start, through simulation, to 

explore different regimes of atom optics based on the Raman transition through. The focus 

will be the quantum dynamics of the states including adiabatic passage and the fidelity of 

Raman atom optics. Its application on two specific areas, Raman atom interferometry and 

efficient laser cooling, are included in the project. 

 

7.5: Bichromatic cooling 

Supervisors: Y-H. Lien and K. Bongs (contact k.bongs@bham.ac.uk) 

All cold atom experiments and related quantum technologies rely on the reliable 

preparation of an ensemble of atoms at temperatures just a few millionths of degree above 

absolute zero. In this project, you will learn about advanced atom cooling and trapping 

techniques and develop an atom source with unprecedented flux/compactness ratio. In 

addition to traditional Zeeman slowing, you will also investigate novel techniques such as 

multi-frequency laser cooling and bichromatic laser cooling, which could be over 1000 times 

more powerful than traditional laser cooling. You will design an atom source, simulating all 

relevant design parameters and realise it in practise, working with lasers, vacuum and 

magnetic field generators. Experience in atomic physics and atom-light interactions will be 

beneficial. 

References: 

[1] Metcalf, H., “Colloquium: Strong Optical Forces on Atoms in Multifrequency Light”, Rev. 

Mod. Phys. 89(4), 041001 (2017). 

[2] Hua, X., Corder, C., and Metcalf, H., “Simulation of Laser Cooling by the Bichromatic 

Force”, Phys. Rev. A 93(6), 063410 (2016).   

 

7.6: Slowing atoms using Rydberg states 

Supervisors: Y. Kale and Y. Singh (contact y.singh.1@bham.ac.uk) 

The Quantum Technology Hub is committed to using quantum technology for the 

development of portable quantum sensors. Optical clocks have realised unprecedented 

precisions of 10-18 in laboratory apparatus. Laser cooling and trapping of atoms is the 

underpinning concept enabling such a mind-boggling precision.  In conventional setups, a 

Zeeman slower is normally employed to provide the primary slowing of atoms. A Zeeman 

slower utilises the Zeeman effect while atoms interact with a laser light field. In this project, 

we aim to use a novel approach based upon Rydberg states of the atom. This approach has 

the potential to reduce the form factor of an optical setup. We are interested in in-depth study 

of various electrode geometries for Rydberg-stark deceleration, which have smaller footprints 

(~1cm to 2 cm). You will investigate 1D/ 2D/ 3D electrode geometries of the required 

deceleration section using finite element-based simulations. We will use Sr atoms for our 

project and the project will build upon the work done during the last year’s project. This is a 

mailto:k.bongs@bham.ac.uk
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simulation-based project and we are looking for students who are self-driven and hard 

working. 

References: 

[1] Vliegen E., Wöorner H.J., Softley T.P., Merkt F.: Nonhydrogenic effects in the deceleration 

of Rydberg atoms in inhomogeneous electric fields, Physical Review Letters, 92, 033005, 

2004 

[2] Hogan, S.D., Allmendinger, P., Saßmannshausen, H., Schmutz, H., Merkt, F., Surface-

electrode Rydberg-Stark decelerator, Physical Review Letter 108, 063008, 2012 

   

7.7: Modelling quantum clocks 

Supervisors: J. Jones and Y. Singh (contact y.singh.1@bham.ac.uk) 

We are offering either one of the following projects. 

Either 7.7a: Modelling of Black body radiation effects in quantum clocks  

Quantum clocks, based on highly forbidden transitions in ultra-cold atoms, are among the 

most accurate a stable measurement tools ever created. In order to make a quantum clock, 

we laser cool strontium atoms to a few micro-Kelvin inside an ultra-high vacuum 

environment, when they can be interrogated by a narrow linewidth clock laser. Many 

environmental effects can perturb the clock transition and affect the quality of the clock. 

This project will involve modelling and simulation of black body radiation inside our vacuum 

chamber, which causes a Stark shift of the clock transition. The students will need to adapt 

CAD models of the vacuum chambers and in-vacuum components so that they are suitable 

for use in physical simulation software. They then need to research and develop the 

simulation techniques for their model to calculate the black body radiation field inside the 

chamber, informed by in-lab measurements of the system. The final task is to translate this 

simulation into a frequency shift of the clock transition and calculate its uncertainty based 

on the simulated and measured results. 

Or 7.7b: Creation and optimisation of robust stabilisation techniques for quantum technology 

Quantum clocks, based on highly forbidden transitions in ultra-cold atoms, are among the 

most accurate a stable measurement tools ever created. In order to make a quantum clock, 

we laser cool strontium atoms to a few micro-Kelvin inside an ultra-high vacuum environment, 

when they can be interrogated by a narrow linewidth clock laser. The narrow line width laser 

is generated by locking a laser to an ultra-stable cavity, and then is stabilised to the atoms by 

an electronic locking routine that systematically compares the frequency of the laser to the 

frequency of the reference transition in the atoms. In order to produce a high-quality output, 

it is vital that these locking systems are thoroughly optimised and perform their job properly 

and in a quantified manner - a non-trivial task. In order to translate these laboratory 

experiments into the real world, it’s also vital that these routines have the ability to identify 

when something has gone wrong and require the lock. In this project, the students will need 

to develop a simulation model of an atomic clock's data output and locking routines. The 

locking routines can then be optimised, and modifications to the routines can be explored. 

Finally, the students will begin to investigate and develop techniques that can identify when 

the lock has been lost and require the lock automatically as part of the clock's standard 

operation.  
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Theory Students 
 

Theory projects are different – you do not have a specific list of proposals from which to choose. 

Instead, you will discuss options with individual supervisors, compare your interests (abilities) with 

theirs. Contact Martin Long for more information. 
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