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Editorial note 
Elizabeth Heywood and Georgi Pilz 

The Editorial 

Team  

It is, of course, a great honour to lead the Hooke editorial team. We 
have thoroughly enjoyed the past few months of editing articles and 
bringing everything together, despite our never-ending deadlines, and 
sporadic meetings owing to pauses to embark on our other 
endeavours, such as exams.  

Editing the countless articles submitted this year was not just a 
unique experience but also an eye-opening one. We learnt so much 
from each article, including writing our own articles on immunity 

from Covid-19, written by a non-biologist, and the Bose-Einstein 
Condensate, where precision in every word was key. The joy of Hooke 
is that it is a magazine for scientists and non-scientists alike. We have 
preserved this admirable quality by ensuring every article is accessible 
and interesting to even the non-scientific mind. And, reading about 

scientific application in the real world, as many of our articles 
recount, would do nothing but enhance work in the science 
curriculum.  

2020-2021 was a slow year for Hooke, with the new editorial team 
only being appointed in March, and work starting around April for 
our initial publication as a team. As with everything, motivation for 
Hooke waned during endless lockdowns, but we are delighted to bring 
it back with more enthusiasm than ever. 

We hope that this edition, the 51st, marks the start of a new era for 
Hooke, with the current team aiming for another edition in autumn 
2021 before passing the reins to the pending sixth form for the 

summer 2022 edition. We would also like to extend our thanks to the 
editorial team, who have worked non-stop to help run Hooke, and, of 
course, to Mr Coward for giving up his evenings to oversee meetings, 

and for his encouragement and advice. Most of all, we thank the 
remarkable authors of every one of the articles, for making Hooke 

come to life. Enjoy!  
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F 
our to five times more men 
than women are diagnosed 
with Autism Spectrum 
Disorder annually. This ratio 

has remained effectively static over 
time, even as access to ASD 
diagnosis and understanding of 
symptoms has improved. 
Consequently, autism has been long 
regarded as a predominantly male 
condition. However, it is still 
unknown whether this is due to 
biological factors (i.e. the nature of 
the condition itself), or social 
factors surrounding the perception 
and therefore diagnosis of ASD. 
This disparity between genders is 
not unique to ASD. It is seen in 
other developmental disorders such 
as ADHD, which also has a four to 
one ratio of male diagnosis to 
female diagnosis. The importance 
of equal access to neurological 
disorder diagnosis cannot be 
understated, as it allows neuro-
atypical people who require state 
support to be able to access it. It is 
also worth noting that autism is a 

phenomenon found and diagnosed 
predominantly in the West, so 
much of this research is not global 
in its understanding of neuro-
atypical diagnosis. 
 
The argument for the gap between 
male and female prevalence of ASD 
being a social phenomenon is 
perhaps more 
compelling, since we 
can identify many of 
the same signs of 
negligence towards 
women in ASD 
diagnosis as in almost 
all other areas of 
medicine. The primary 
suspected reason that women are 
less likely to receive an autism 
diagnosis than men is that research 
into how the disorder manifests 
itself in females is less exhaustive.  
 
Medical trials are significantly less 
likely to recruit women than men. 
In 1994, the US National Institute 
of Health recommended that drugs 

should be tested on a range of 
subjects which proportionally 
reflects those who would be taking 
them. But, modern research 
continues to use women sparingly, 
if at all, in trials. This is down to 
several factors. To name a couple, 
females are at a higher risk of side-
effects from drugs and have less 

stable hormone levels - 
increasing independent 
variables. Eight out of 
ten prescription drugs 
taken off the market by 
the USFDA between 
1997 and 2000 due to 
adverse side effects have 
caused greater health 

risks in women. There is also the 
issue that so many fewer women 
are diagnosed as autistic than men. 
This means that far fewer women 
are eligible to take part in ASD-
related research. Therefore, studies 
involving women exclusively are 
likely to have smaller sample sizes 
and be less reliable. Male 
participants currently outnumber 

A forgotten  
demographic?  
The gender gap in autism diagnosis 

 

Medical trials 
are significantly 

less likely to 
recruit women 

than men 
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female ones in brain imaging studies on autism by 
eight to one.  
 
There are several purely biological theories as to why 
fewer women are diagnosed with autism than men. 
Perhaps the most infamous is the ‘extreme male 
brain theory’, developed by Simon Baron-Cohen in 
2002. Baron-Cohen argued that ASD is caused by 
increased exposure to androgens (steroid hormones), 
in particular testosterone, in-utero. The theory states 
that this exacerbates ‘male’ behaviours such as 
identifying patterns and diminishes ‘female’ traits 
such as understanding social cues. Since men 
naturally produce more androgens than women, they 
are more likely to end up with an excess, and 
therefore develop autism.  
 
Another aspect of Baron-Cohen’s ‘extreme male 
brain’ involves ‘E-S theory’, which measures an 
individual based on their empathic thinking (E), and 
systemising thinking (S). The profile E>S is more 
common in females, and S>E is more common in 
males. 65% of those with autism tested had the 
S>>E (S is above average, E is below average), 
which is an ‘extreme’ version of a typically male 
profile. Hence, ‘extreme male brain theory’.  

 
There has been a significant amount of criticism 
directed towards this theory. One of the main 
counterarguments is that levels of steroids in-uterus 
plasma (which is what Baron-Cohen measured) have 
been shown not to be indicative of levels of steroids 
in the brain in animal subjects. The ‘elevated levels’ 
of these hormones were also fairly moderate, with the 
variance within either the autistic or control groups 
far exceeding the difference between them. This 
evidential basis may be questionable, but the core 
idea that abnormal levels of steroids during foetal 
development causes autism may still be true. 
However, the rhetoric of ‘male’-ness being directly 
related to the condition continues to eradicate female 
experience of ASD to the medical community. 
 

In addition to being less common in women, ASD 
can also present different symptoms depending on 
gender. Interestingly, these tend to mirror societal 
standards. For example, males with autism are more 
likely to display aggressive external behaviour than 
females, who have higher rates of depression. This 
itself might feed into how men are more likely to be 
referred for autism diagnosis than women, as their 
behaviour is likely to be more disruptive. Indeed, the 
majority of ASD diagnoses occur at primary school 
age, and are triggered by displays of aggression. 
There is also evidence that women ‘camouflage’ their 
neuro-atypical behaviour more than men, allowing 
them to not be perceived as autistic.  
 
The Centre for Innovation in Mental Health at the 
University of Southampton, University College 
London and Liverpool Hope University, found that, in 
a game where reciprocal behaviour was awarded 
points, female autistic and non-autistic subject had 
almost identical scores (2.89 in NA, 2.91 in A) vs 
men (3.22 in NA, 2.16 in A). This shows that 
autistic women are much better at imitating 

neurotypical behaviour than men. But, this practice 
of ‘masking’ tends to be exhausting for autistic 
people, and does not remove the need for diagnosis 
and appropriate support. Another issue is that, even 
though there is now significant evidence for there 
being gender disparity in autistic behaviour, this has 
not led to specialisation of treatment for female 
autistic people. 
 
If the nature of manifestation of a disease in a 
certain demographic is strongly theorised to be 
different, but understood in less detail, then this will 
lead to a lower number of diagnoses in said 
demographic. There is strong indication that the lack 
of research on ASD in women has caused (at least 
partially) the four to one ratio of males to females 
diagnosed. Possible biological roots of this disparity 
are uncertain, but it seems unlikely that such a large 
gap can be due purely to social factors. In our 
current, and arguably still limited, understanding of 
autism, more men fit diagnosis criteria than women. 
Even if men are indeed more predisposed toward 
autism, further research into ASD and how it appears 
in women (and therefore expansion of what is viewed 
as ‘autistic behaviour’) can only lead to improved 
healthcare experiences for female autistic people who 
are currently unable to access diagnosis. 

Males with autism are more likely to 
display aggressive behaviour than 
females, who have higher rates of 
depression 

Women ‘camouflage’ their neuro-
atypical behaviour more than men, 
allowing them to not be perceived 

as autistic 

Since men naturally produce more 
androgens than women, they are 
more likely to end up with an 
excess, and therefore develop autism 
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O 
bsessive-compulsive 
disorder (OCD) is a 
mental disorder 
characterised by the 

presence of obsessions which cause 
anxiety, and compulsions, reducing 
distress. Such thoughts are 
intrusive, repetitive and ritualistic, 
impairing an individual’s 
functioning. With nearly one billion 
people worldwide suffering from 
OCD, it is important to explore 
treatment options to improve 
quality of life - in particular, to 
diffuse the disruptions of 
problematic relationships, academic 
difficulties and sleep problems. 
Both pharmacological and 
psychological treatment options are 
available, and most commonly 
entail serotonin reuptake inhibitors 
(a type of antidepressant) and 
cognitive-behavioural therapy, 
respectively. However, the former 
leaves patients with residual 
symptoms and impairments, while 
the latter has a low completion rate 
due to the nature of the treatment. 
Since neither option yields 
particularly successful outcomes, 
personalised brain stimulation has 
been suggested as a more effective 
alternative for OCD patients. 
  
Personalised brain stimulation 
targets abnormalities in the brain 
causing maladaptive habit learning. 
In OCD, abnormal connections in 
the frontostriatal network of the 
brain between the medial 

orbitofrontal cortex (OFC) and 
ventral striatum (see figure 1) 
result in atypical reward-related 
habit learning. Personalised brain 
stimulation aims to correct the 
mapping of reward outcomes.  
By mimicking intrinsic frequencies, 
deep brain stimulation lessens the 
reward outcome of tasks when 
participants are performing tasks 

with transcranial alternating current 
stimulation (HD-tACS): a non-
invasive procedure (see figure 2). 
More specifically, HD-tACS entails 
the use of an alternating current at 
a frequency personalised to match 
an individual’s intrinsic beta-gamma 
frequencies. As such, HD-tACS can 
interact with neural oscillations and 
cause an immediate relief of 
symptoms such as distress and 
anxiety. With repetition, HD-tACS 
modulates reward behaviour and 
learning, therefore normalising the 
neural networking of reward 
outcomes. As described in a Nature 
article earlier this year, Grover et 
al. tested the efficacy of 
personalised brain stimulation on 68 

participants by first measuring their 
intrinsic beta-gamma frequencies 
with scalp electroencephalography - 
small sensors attached to the scalp 
which detect electrical signals 
produced by neural cells. 30-minute 
daily neuromodulation sessions took 
place over five days, and 
successfully reduced OCD 
symptoms for subsequent months. 
The most noticeable effect took 
place in patients with the highest 
baseline symptom severity. 
  
HD-tACS is a promising treatment 
option and alternative to 
pharmacological and psychological 
treatment options currently 
available. However, the long-term 
effects of brain stimulation must be 
further investigated to determine if 
such a treatment confers 
rehabilitative treatment for 
patients, or if it merely aids the 
management of a chronic condition. 
In particular, the extent to which 
neuroplastic effects (the ability for 
neural networks to change through 
growth and reorganisation) take 
place and the after-effects of HD-
tACS should be researched further. 
More importantly, perhaps, HD-
tACS treatment for OCD 
exemplifies how neural circuits can 
be targeted in the treatment of 
neuropsychiatric disorders. For 
example, personalised brain 
stimulation has already been trialled 
to lessen symptoms of depression. 

 

 

Figure 2: transcranial alternating current 
stimulation carried out on a patient. 

Figure 1: One of five circuits in the frontostriatal network 

OCD: Stimulating a change 

Nicole Chiu 

Personalised brain 
stimulation targets 
abnormalities in the 

brain causing 
maladaptive habit 

learning 
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M 
emory erasure and modification have long 
been recognized as science fiction. The 
notion of memory alteration was explored 
in the film Eternal Sunshine of the Spotless 

Mind, in which a couple, who just had a terrible 
breakup, erase their memories of each other only to 
meet and fall in love once again. Memory adjustment 
is becoming a reality as new studies emerge.  
  
About 8% of the population will experience PTSD 
(Post-traumatic stress disorder, a mental illness caused 
by a traumatic incident) at some point in their lives. 
There are approximately eight million adults diagnosed 
with PTSD during any given year. 
The significant number of patients 
suffering from traumatic memories 
makes research on memory 
modification a medical priority. 
Though many current memory 
alteration techniques are now 
experimental and have only been used on animals, 
memory editing does have the potential to be applied 
clinically in the future.  Memories are prone to editing 
during two different periods: memory consolidation 
(the initial storage of memory after initial acquisition) 
and memory reconsolidation (the retrieval of memory). 
Most memory-editing techniques work during these 
two key stages.  
  
Whenever someone retrieves and recalls a piece of 
memory, it temporarily becomes labile and then is 
strengthened, with the possibility of having been 
changed. It is as if the memory was somehow a liquid 
during consolidation before becoming solidified, only to 
become molten and malleable once again when 
reconsolidated. This explains why our memories often 

slowly alter over time, even without any medical 
interference.  
   
Though amnestic agents (amnesia-inducing drugs) can 
prevent consolidation and cause one to forget recent 
memories, they are unsafe and not sufficiently specific 
to be clinically used. Endogenous hormones, however, 
are proven to affect the consolidation without risk. A 
2000 study shows that certain emotionally arousing 
events elicit stress hormones, improving consolidation 
and reinforcing memory for the event. Based on this 
finding, drugs that act on the stress hormone receptors 
(e.g., beta-adrenergic receptors of the amygdala, which 

regulates consolidation) to hinder the 
effect of stress hormones may reduce the 
over-consolidation of emotional events. 
An example of such a drug would be 
propranolol, which is a beta-adrenergic 
receptor blocker.  
  

Propranolol research on humans achieved mixed 
success. In a 2012 study, researchers applied 
propranolol to patients who just went through a 
traumatic event to see whether the drug reduces the 
chance of developing PSTD. The results show that 
propranolol does not affect the chance of patients 
developing PTSD significantly. However, patients who 
are given propranolol usually have less physiological 
arousal when recalling the traumatic event during 
script-driven imagery weeks post-trauma. 
Unfortunately, this result does not fully support the 
usage of propranolol in the clinics, but studies show 
that glucocorticoids, as supplements to exposure 
therapy, gained more success than 
propranolol. Medications like propranolol and 
glucocorticoids may have positive clinical influences, 

Memory editing 
Science fiction brought to life? 

 
Annie Xian 
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but they can also strengthen 
traumatic memories that the patients 
intended to forget.  
  
The consolidation process involves 
unconscious repetitive reactivations 
of the memory, and therefore 
external cues that reactivate the 
memory can also improve 
consolidation. Targeted memory 
reactivation (TMR) is usually used to 
strengthen episodic memory. For 
TMR, researchers use external cues 
(short visual stimulus re-exposure 
during a repetitive task) to influence 
the reactivation of memories . Recent 
studies have found that showing 
external cues to sleeping or resting 
subjects reinforces their memory and 
causes memory reactivation (deduced 
from hippocampus activity). Though 
TMR is initially used to strengthen 
memory, it may also weaken memory 
when used appropriately. A 2018 
study uses TMR combined with 
directed forgetting (another memory-
altering technique) to induce memory 
loss. The researchers first provided 
training to associate a particular 

sound with forgetting, and then 
studied object-sound-location 
pairings. As the participants slept, 
researchers played the sounds they 
learned during the day together with 
the forgetting tone. Results show 
that subjects who heard the 
forgetting tone during sleep recall 
less content after a week. This 
finding provides a potential 
treatment for PTSD and phobias.  
  
Memory alteration techniques target 
the consolidation stage. However, 
such procedures have limited clinical 
applications. This is because the 
consolidation stage has a specific 
time window. Many patients, 
however, are only diagnosed a long 
time after the traumatic event, and 
the consolidation stage would have 
already ended by then. This problem 
can be solved by developing 
techniques that target the 
reconsolidation stage, which can 
occur at any time.  
   
A 2000 study first showed that it is 
possible to target reconsolidation to 
reduce defensive responses in mice 
and that reactivated memories 
require protein synthesis for 

reconsolidation. Researchers first 
used Pavlovian conditioning to relate 
a specific sound with a shock so that 
the sound causes a defence response 
amongst mice. They then replayed 
the sound to reactivate fear memory 
while immediately injecting a protein 
synthesis inhibitor into the mice’s 
amygdala (this is where the threat 
memories are stored). The mice 
showed no defence response when 
the researchers replayed the sound 
after injection, suggesting that their 
fear memory (at least the defence 
response part) was erased. This study 
kindled interest in memory 
alterations targeting reconsolidation. 
However, the method could hardly be 
translated to humans because the 
protein synthesis inhibitors used on 
animals are often unsafe for 
humans.  
  
Researchers must overcome several 
challenges before implementing 
memory manipulation . Human 
memories are much more complex 
than animal memories, and 
interventions used experimentally on 
animals are not necessarily safe for 
humans. In addition, there are several 
different forms of memory present for 
each event. Memories of a terrorist 
attack, for example, do not just 
consist of episodic memory, which 
are conscious recollections of one's 
life experiences and is what the word 
"memory" usually means in daily life, 
the victim has other memory 
representations, each using a 
different neural system, such as 
habitual actions (patient habitually 
avoids places associated with the 
attack), defensive responses (external 
triggers cause the patient to freeze 
temporarily and subjective feelings 
(negative feelings evoked when the 
patient recalls the accident).  
  

Changing one memory representation 
may not affect the others, though. If 
we only alter the episodic memories, 
the defensive responses will likely 
remain. On the other hand, it would 
be advantageous to eliminate the 
negative subjective feelings, habitual 
actions, and defence responses 
without erasing any episodic 
memories.  

The fact that almost all memories 
are remarkably complex and spread 
out in connections all over the brain 
poses challenges to the clinical 
applications of memory editing. It is 
impossible for a memory to be 
mechanically identified and altered. 
The potential solution to this 
problem lies in the fact that 
memories are generally more 
vulnerable to alteration during 
specific periods such as consolidation, 
as mentioned above.  
  
Memory editing is becoming a 
reality, though investigations on 
clinical alterations have achieved 
mixed results. It is largely unknown 
how these techniques can be applied 
to achieve a maximal effect. 
However, the field progresses rapidly 
and continuing the research will 
provide potential satisfactory 
treatments for memory-related 
diseases. To design proper 
treatments, there must be further 
investigations on the relationship 
between fear memory and these 
diseases. Only then can memory 
editing techniques be appropriately 
and innovatively applied in 
treatment.  

External cues that 
reactivate the memory 
can also improve 
consolidation 

It is impossible for a 
memory to be 

mechanically identified 
and altered 
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T 
he brain is, without a doubt, the most 
complex organ in the human body. Despite 
weighing on average a mere three pounds, it 
regulates every aspect of the body and serves 

to interpret information from our surroundings 
through our five senses, bridging the connection 
between our bodies and the constantly changing 
external environment. On a more philosophical level, 
the brain is said to “embody the essence of the mind 
and soul” as biological neuronal processes are what 
give rise to consciousness, a by-
product of the brain shrouded in 
mystery – one that remains 
disputed by philosophers, 
scientists and mathematicians 
alike to this day.  

According to Australian 
philosopher David Chalmer, the consciousness problem 
can be split into the “hard” problem and the “easy” 
problem, though neither are easy at all. Chalmer asks 
questions focusing on experience and the mind-body 
relationship, like does matter have consciousness? 
What makes my consciousness different from yours? 
Qualia, termed by American philosopher Joseph 
Levine, refers to how subjective experiences differ 
between individuals. No matter how well-studied the 
physical or chemical processes of neurons are, the 
occurrence of qualia remains unexplainable. This is the 
infamous “explanatory gap” of consciousness that some 
believe will never be understood by humans. The 
“easy” problem, otherwise known as the binding 
problem, is essentially how the brain manages to sort 
or combine sensory inputs from different cortical 
regions to produce a single output. For example, how 
does the brain differentiate between a yellow square 
and a red circle, without instead producing a visual 
image of a yellow circle?  

Neuroscientists have tried to explain the consciousness 
problem using computational neural mechanisms, but 
some, like Chalmer, believe that these mechanisms 
only answer the “easy” part of the “hard” question. Sir 
Roger Penrose, renowned physicist and 
mathematician, is among those that reject the idea of 
consciousness being purely computational. Instead, he 
believes it has Quantum origins. Since Quantum 
mechanics deals with the smallest of particles, it is 
thought that it can explain some consciousness 
problems neuroscience could never answer. Just like 
that, the brain has become another site for the 

observation of quantum biology.  

For many years, biologists have 
been reluctant to apply quantum 
mechanics to biology. After all, 
physicists themselves have yet to 
figure out what is really going on 

in the quantum world. The ability of quantum 
phenomena to even exist in warm and wet biological 
systems remains controversial. However, in recent 
years, there have been examples of how quantum 
phenomena can indeed exist in biological systems, 
including light harvesting during photosynthesis, 
magnetoreception, and several catalytic enzymatic 
reactions.  

Penrose aimed to bridge the explanatory gap by 
proposing that discrete moments of experience are 
quantum state reductions, and he referred to this as 
the Orch OR (orchestrated objective reduction) 
theory. Penrose, together with anaesthesiologist 
Stuart Hameroff, proposed that microtubules are 
where reductions of quantum states take place. 
Microtubules are stiff noncovalent polymers of α and 
β-tubulin found within all cells. But, unlike normal 
somatic cells, microtubules of neurons have specific 
characteristics, including the possession of more 
tubulins and indefinite stability. 

The mind, body and quantum theory 

Maggie Tang 

Since quantum mechanics 
deals with the smallest of 

particles, it is thought that it 
can explain ... consciousness 
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Hameroff’s own studies 
hypothesise that tubulins 
represent distinct information 
states that interact with 
neighbouring states according to 
dipole coupling rules. These 
dipoles move atomic nuclei 
slightly (by femtometres 10-15), to 
become super-positioned, or 
entangled, and possess sufficient 
properties to perform quantum 
computation. To avoid 
environmental entanglement, it 
was suggested that microtubule 
quantum states originate from 
hydrophobic channels in tubulin 
interiors, isolating them from 
external polar interactions to only 
involve the superposition of 
atomic nuclei separation.  

The electrical and optical 
properties of microtubules is 
supported by experimental 
evidence produced by 
researchers at The 
National Institute for 
Material Sciences in 
Tsukuba, Japan, where 
conductive resonances 
approaching quantum 
resonance in single 
microtubules were 
observed by alternating 
currents at specific 
frequencies in 
gigahertz, megahertz, 
and kilohertz ranges 
were applied. Their 
results also showed that 
conductance increased 
with microtubule 
length, indicative of 
quantum mechanisms.  

Hence, the argument is that 
microtubules provide the 
necessary conditions for 
quantum states to exist long 
enough to become reduced by 
gravitational influence rather 
than by entangling with the 
warm and wet environment 
within the brain. Then, 
assuming that tubulins are in a 
quantum superposition state 
according to the Heisenberg 
uncertainty principle, the 
quantum coherent 
superpositions and 
computations become 
increasingly entangled and 
orchestrated to meet the 
critical threshold of quantum 
gravity, where self-collapse 
occurs, and consciousness 
arises. Of course, there is 

another underlying assumption 
of the role of quantum gravity 
in quantum measurement, 
which forms part of Penrose’s 
grand scheme of quantum 
theory.  

Using Planck's equation, we can 
see that only when an animal 
possesses enough microtubules is it 
possible for consciousness to arise 
in a relatively short and realisable 
period of time. Furthermore, it has 
been speculated that gap junctions 
play an essential role in quantum 
tunnelling and entanglement 
among dendrites for information 
exchange and mutual adjustment 
between neurons. Then, the axon 
senses the instantaneous conscious 
events and fires to convey outputs 
to control activities and behaviours 
of advanced intelligence. Finally, 
all the tubulins and microtubules 
return to their original states, 

ready to accept the next synaptic 
input.  

The Orch OR theory has received 
its fair share of criticism since its 
invocation. One of the most 
prominent critics is physicist Max 
Tegmark, who estimated that the 
decoherence time of tubulin 
superpositions due to interactions 
in the brain (less than 10-12 sec), 
when compared to typical time 
scales of microtubular processes of 
the order of milliseconds and more, 
is too short to be significant for 
neurophysiological processes in the 
microtubules. Countless previous 
studies have also proven that the 
cerebral cortex and thalamus are 
strongly implicated in conscious 
experience, but on a quantum 
basis, their specificity did not 
emerge. The theory also does not 
explain why more than half of the 
human brain region, especially the 

cerebellum, does not 
hold consciousness 
content, despite the 
neurons having identical 
microtubules. There is 
also no known quantum
-level proof to account 
for the difference 
between conscious 
versus unconscious 
brain events.  

It seems unwise to 
explain one mystery 
with another. Is 
consciousness truly a 
physical process, or 
does it elude the laws of 
the universe? To date, 
there is no concrete 

evidence. It is not easy to see how 
Penrose's theory can be put to 
empirical test as it exceeds even 
the domain of present-day 
quantum theory. Nonetheless, the 
Orch OR theory has so far stood 
the test of time better than most 
others. It is, to quote Penrose, 
“particularly distinguished from 
other proposals by the many 
scientifically tested, and potentially 
testable, ingredients that it 
depends upon”. The Orch OR 
theory is constantly evolving based 
on criticism and to accommodate 
discoveries. Perhaps the best way 
forward would be the inclusion of 
more voices to make the theory 
testable. 

According to the 
Heisenberg uncertainty 
principle, the quantum 
coherent superpositions 

and computations 
become increasingly 

entangled and 
orchestrated to meet the 

critical threshold of 
quantum gravity 

 Roger Penrose  
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T 
he concept of quantum 
computing was first laid 
out in 1980 by Paul 
Benioff, who proposed the 

idea of using the principles of 
quantum mechanics to run a 
computer. Piggybacking Benioff, 
Richard Feynman tried to simulate 
the interactions of particles on a 
quantum mechanical scale using a 
classical computer, but he observed 
that it was not possible for a 
classical computer to efficiently do 
this. Thus, Feynman developed the 
idea of using a quantum computer, 
relying on quantum mechanical 
interactions, to simulate these 
quantum particle interactions. A 
computer of this kind was 
hypothesised to be able to 
efficiently solve problems that a 
classical computer would take 
thousands of years to solve, an 
achievement known as quantum 
supremacy. 

 
Classical computers are 
fundamentally different to quantum 
computers. Classical computers use 
bits: pieces of information that are 
stored as either 0 or 1 (off or on), 
in just two possible states. Thus, all 
outcomes are deterministic - given 
a set of initial inputs, the outputs 
from repeating calculations using 
the same set of inputs will be 
identical. With quantum computers, 
however, information is stored in 
quantum bits – qubits – whose 
state is determined by probability. 
These qubits can be electrons, 
photons, neutrons, quantum dots or 
other small subatomic particles, but 
they must also be able to act as 
waves according to wave-particle 
duality, and hence have a wave 
function that is described in part by 
the Schrödinger equation. But, 
when a qubit is measured, it must, 
according to the laws of quantum 
mechanics, collapse into either a 1 
or a 0. 

 
While for a classical computer, the 
speed of calculations and an 
efficient algorithm are the most 
important things, for a quantum 
computer, the computing 
environment is much more vital to 
ensure accuracy and efficiency. 

 
Quantum computers require a very 
specific type of environment to 
decrease the number and 
magnitude of errors during 
calculations. Electromagnetic 
radiation from the environment 
must be kept to a minimum in 
order to preserve the state of the 
qubits such that they do not 
undergo decoherence - which would 
lead to faults in the quantum 
information. Similarly, the 
temperature of the system must be 
kept at extremely small fractions of 
a degree above absolute zero, as 
the thermal energy contained in 
vibrating particles at room 
temperature is able to destroy the 
information held in the qubit.  

 
Quantum entanglement plays a 
major part in the function of a 
quantum computer, and occurs 

between two particles when there is 
lack of independence between their 
states, such as with the spin - 
intrinsic angular momentum. Given 
knowledge about one electron’s spin 
configuration, we can know the 
configuration of the second, no 
matter the distance or how the two 
electrons are separated. 

 
This does not mean that both 
electrons’ spins are already 
known, the second can only be 
determined when the first is 
measured. Quantum information 
exists in superpositions, where the 
final, overall state is determined by 
the proportion of each state in a 
mixture of two or more base states. 
As a direct result of the 
superposition, the number of 
possibilities increases exponentially 
as 2n where n is the number of 
qubits. This is because with one 

An introduction to quantum computing 
Max Ma  
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F 
or billions of years, organisms have relied on 
the Sun’s energy to perform photosynthesis 
and create the energy necessary for life. Only 
in the most recent decades have people 

realised that the sun can also function as a power 
supply, opening doors to a wider field of power 
options beyond traditional fossil fuels. 
 
It is unsurprising that humans are striving to improve 
the efficiency of solar energy - it has the potential to 
power our world. Statistics show that the annual 
potential of solar energy is three to ten times the 
annual world energy consumption.  But, due to 

extremely low efficiency, usually only three percent of 
solar energy generated is able to be utilized. This huge 
discrepancy greatly motivates scientists to explore 
possible improvements in solar cells, the most 
common way for humans to convert solar energy to 
electrical energy. 
 
The basic principle of solar cells is generally the same: 
when photons strike electrons in atomic orbits, they 
offer energy to them so that, if the energy transferred 
is sufficient, the electrons will be free to move in the 
material, forming an electric current (the photovoltaic 
effect). 

qubit, there is a 
superposition of the states 
of 0 and 1, whereas with 
two entangled qubits, 
there is a superposition of 
00, 01, 10 and 11, a total 
of 4, and with 3 entangled 
qubits, a superposition of 
000, 001, 010, 011, 100, 
101, 110 and 111, a total 
of 8. 

 
Quantum computers 
would be nothing without 
an algorithm. One of the 
most famous quantum 
algorithms is Shor’s 
algorithm for factorising 
large numbers. A classical 
approach to the problem 
involves checking every 
possible prime number 
between 2 and the square 
root of the number, 
which, for numbers 
hundreds of digits long, 
takes an infeasible length 
of time. Shor’s algorithm 
has a particular 
subroutine, the quantum 
period-finding subroutine, 
which can be run orders 
of magnitude faster on a 
quantum computer than 
on a classical one, as the 
use of qubits increases the 
processing power of the 
quantum computer 
exponentially. The qubits 
are initialised so that the 
answer with the greatest 

probability of being 
correct is most likely to 
be left at the end, 
whereas the other qubit 
wave functions 
destructively interfere in a 
process known as a 
Quantum Fourier 
transform. 

 
Despite all of the 
advantages, one of the 
most prominent 
difficulties faced by a 
quantum computer in 

reality is the ease with 
which the qubits can 
decohere – they can react 
with the environment in 
even the most miniscule 
of ways. Electromagnetic 
radiation or heat of any 
sort (any temperature 
above 80 millikelvin, or -
273.07 in degrees Celsius) 
will make a qubit lose its 
information, and when it 
is given energy, it will 
collapse into one of the 
two classical states 
becoming useless. 
Therefore, a number of 
precautions are introduced 
to maintain the entangled 
state of qubits.  

One such precaution is 
the liquefied helium which 
keeps the computer cool 
inside a shell. The very 
heart of the quantum 
computer is protected by 
a cryoperm shield, which 
shields the quantum 
processing unit (QPU) 
from electromagnetic 
radiation. Together, the 
different parts of the 
quantum computer must 
work to prevent 
interference from the 
outside world whilst the 

delicate processing unit 
manipulates the qubits.  

Recently, there have been 
a number of 
breakthroughs in the field 
of quantum computing. In 
2019, Google published a 
paper in Nature claiming 
that their Sycamore 
quantum processor (with 
53 qubits) completed a 
task to “sample the 
output of a pseudo-
random quantum circuit” 
in 200 seconds, where a 
classical supercomputer 
would have taken 10000 
years. However, IBM 
disputed this, claiming it 
would only take two and 
a half days on their 

supercomputer. 
Nevertheless, quantum 
supremacy was more 
convincingly achieved in 
December 2020 by a team 
of Chinese researchers, 
who used a photonic 
quantum computer (with 
76 qubits in the form of 
photons) named Jiuzhang 
to perform a task of 
Gaussian boson sampling, 
achieving a speed increase 
over classical computers 
of 1014. 

 
Quantum computing is a 
very powerful tool 
with great potential, but 
is also very expensive and 
difficult to execute 
correctly. Indeed, for the 
vast majority of tasks 
involving computation, a 
classical computer is 
much more efficient and 
accessible than a quantum 
computer. In the future, it 
is expected that quantum 
computing will accelerate 
a lot of research, 
especially in the fields of 
informatics and 
encryption, as well as the 
simulation of biological 
particles and chemical 
processes that are 
inherently quantum in 
nature.  

Quantum computers would be 
nothing without an algorithm 

Audrey Zhan 

A potential non-silicon future of solar cells 
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There are several factors that affect energy loss. First, 
the incoming sunlight to solar cells will either be 
reflected, absorbed or will directly pass through. Only 
the photons being absorbed can be used to free 
electrons. To reduce the proportion of light reflected or 
passed through, a special layer can be placed on top of 
solar cells, such as a textured surface or a titanium 
dioxide top layer. Secondly, only light within a limited 
range of wavelengths can facilitate movement of the 
electrons. Plus, there is a possibility that some of those 
released electrons will fill the charged “holes” around 
atoms, which makes it impossible for them to float in 
the electrical current.  
 
The problems of these two factors can be reduced by 
changing the properties of solar cell materials. 
Scientists are now setting their eyes on other options 
rather than conventional silicon. Perovskite, specifically, 
is an alternative with much potential.  
 
The structure of perovskite is in the form of ABX3, as 
shown in figure 1, and is special because its constituent 
particles can vary. The band gaps are different as 
well, creating a possibility for multi-junction cells. If the 
band gap is narrow, the threshold frequency will be 
very low, meaning most light over the spectrum can be 
absorbed, leading to a relatively high current and 
relatively low voltage. That is why single absorber 
materials have an optimal band gap - it is so they can 
reach the highest efficiency (refers to fig 2). But, this 
inevitably involves many compromises and results in a 
Shockley-Queisser limit.  
     
The efficiency of perovskite can also be increased with 
more concentrated incoming light. By using optic 
facilities like lenses, solar radiation can be concentrated 
by increasing the efficiency to around 50%. The main 
challenge in this process is how to sustain the stability 
given the illumination is 10 or 100 times larger than 
usual. 
 
 

A regular solution to this is radiating excess heat away. 
Technically, people can adjust to various 
concentrations by using different materials. But, most 
materials that function well under extremely high light 
concentrations are also quite expensive to manufacture. 
Researchers must now try to balance efficiency with 
manufacturing costs. For example, although perovskite 
cannot withstand high concentrations, it is very cheap 
to produce, even cheaper than the conventional silicon. 
Scientists believe that the improvement in light 
concentration will be at the forefront of future 
perovskite solar cell developments.   
 
Since Charles Fritt’s 1884 solar energy utilisation 
device with an efficiency of only one percent, great 
leaps have been made. But, we have also been confined 
to the range of only a few semiconductors, most 
notably silicon. It was not until recent decades that 
researchers realised that materials like perovskite also 
have a great potential in the solar industry. We are yet 
still on the journey of discovering the wide range of 
possibilities and maximisation techniques for solar 
energy usage. 

Figure 2 

Figure 1 
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F 
or centuries, vaccines have 
been humans’ secret weapon 
in gaining immunity to 
disease. There are many 

different types of vaccines but, in 
general, a vaccine stimulates the 
human immune system to produce 
the same antibodies which would 
result from natural infection. 
Vaccination thus generates a 
primary immune response. Memory 
cells remain in the body after the 
primary immune response so that if 
a person becomes infected with the 
actual disease, there will be a faster 
and greater secondary immune 
response.  
 
Edward Jenner is often credited as 
the father of vaccinology as he 
devised a way to inoculate humans 
against smallpox in the late 18th 
century. At the time, inoculation 
was achieved through variolation, 
which involved the insertion of 
infected material from a person 
suffering from smallpox into the 
body of a non-infected individual. 
This usually resulted in a milder 
form of the disease than natural 
infection, so a variolated person 
would recover and become immune. 
In 1796, Jenner noticed that 
milkmaids who had been infected 

with cowpox were seemingly 
immune to smallpox.  Based on this 
hypothesis, Jenner used material 
from a cowpox sore to inoculate a 9
-year-old boy against smallpox. This 
new method of inoculation, called 
vaccination, after the Latin word 
for cow, was much more effective, 
with far less risk of severe 
symptoms than variolation, and was 
called vaccination. Jenner’s 
discovery not only paved the way 
for smallpox to be completely 
eradicated by 1980, but also laid 
the foundation for the various 
vaccines commonly used today.  
 
Since Jenners’ research, new 
technology has waltzed into the 
spotlight: mRNA vaccines. 
Compared to traditional methods, 
where the virus’ antigen is injected 
into the body, mRNA vaccines rely 
on messenger ribonucleic acid 
instead. Each mRNA strand, made 
during transcription, corresponds to 
a specific gene. Translation then 
occurs; ribosomes attach to the 
mRNA, producing the protein 
associated with the gene. The 
mRNA used in vaccines is not made 
in the human body during 
transcription, but is instead 
manufactured in the lab such that 

when they are injected into the 
human body, the body makes the 
desired proteins via translation. 
These proteins are antigens for the 
virus and thus, as with traditional 
vaccines, their presence in the body 
stimulates an immune response. It 
is important to note that vaccines 
are only a small part of what can 
be achieved with mRNA. This 
technology has huge potential as it 
can theoretically produce any 
protein within the human body. 

The idea to manufacture mRNA for 
use in human medicine first arose in 
1990, thanks to Hungarian 
biochemist Katalin Karikó. After 
researchers at the University of 
Wisconsin successfully used mRNA 
technology in mice, Karikó wanted 
to apply the technology to humans, 
but found that injecting the mRNA 
into the human body led to an 
undesirable immune response. 
Karikó’s multiple applications for 

Katalin Karikó and Drew Weissman receiving their first dose of the Pfizer/BioNTech vaccine together on December 18, 2020 at the 
University of Pennsylvania. 

mRNA technology  
The future of medicine  

George Weston 

Jenner noticed that 
milkmaids who had 
been infected with 

cowpox were seemingly 
immune to smallpox 
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research funding were all rejected and she even 
suffered a demotion in 1995. However, Karikó 
persevered and, working alongside Drew Weissman, 
found a solution in 2005. Another study had shown 
that one of mRNA’s nucleosides, uradine, could trigger 
certain immune receptors in the human body. The pair 
therefore replaced uradine with an altered version, 
pseudouridine. By modifying the mRNA in this way, 
Karikó and Weissman managed to make the mRNA go 
undetected by the body’s immune system. However, 
no major breakthroughs occurred after this discovery. 
It was only years later that companies like Moderna 
and BioNTech, inspired by Karikó and Weissman, 
developed their own mRNA technologies.  
 
Although Karikó’s start-up mRNA company in 2006 
failed to make a mark, her and Weissman’s discovery 
was noticed by individuals in the scientific community 
who went on to find more success: Derrick Rossi, a 
Harvard University scientist, used modified mRNA to 
reprogram adult cells into embryonic stem cells. This 
was a clever way to sidestep the ethical debate 
surrounding harvesting stem cells from embryos. In 
2010, Rossi co-founded Moderna, commercialising the 
use of mRNA technology.  
 
BioNTech, a similar company, took a very different 
approach. While Moderna’s model was more business-
centred, issuing multiple press releases and raising over 
$2 billion when the company went public, BioNTech 
issued no news releases for the first five years. 
Although BioNTech may have raised less money than 
Moderna, their focus on research has allowed them to 
make significant progress.  
 
Recently, the COVID-19 pandemic has really brought 
mRNA vaccines into the public eye. In late December 
2019, coronavirus cases began to be reported in 
Wuhan, China. A few weeks later, a coronavirus 
genome, from a case of a respiratory disease from the 
Wuhan outbreak, was published online. Suddenly all of 
Moderna’s and BioNTech’s research became 
invaluable. Moderna started working on their own 
mRNA vaccine and BioNTech teamed up with Pfizer 
for theirs. Both the Moderna and BioNTech/Pfizer 
vaccines were successful, and these companies 
published their initial Phase I/II clinical trial data on 
July 14th and August 12th respectively.  
 
The mRNA COVID-19 vaccines trigger the body to 
produce the spike protein for SARS-CoV-2, the virus 
that causes the disease. This spike protein in turn, like 
with every vaccine, triggers the desired immune 
response. Johnson and Johnson (J&J) and 
AstraZeneca vaccines, on the other hand, rely on an 
adenovirus carrying the genetic code for the spike 
protein: when the adenovirus enters cells, the spike 
protein is produced. A key advantage of mRNA 
vaccines is that if the mRNA code is known, it is 
relatively easy to produce large amounts of mRNA 
much faster than the manufacture of traditional 
vaccines. The side effects of mRNA vaccines are not 
fully known since the technology is still relatively new, 
but out of the millions of doses administered so far, 
very few severe side effects have been reported. It 
should be noted that the same goes for the traditional 
vaccines, Johnson and Johnson and AstraZeneca; 
despite the publicity it is getting, the risk of blood 
clots is only around one in a million. mRNA vaccines 

have also been very successful in clinical trials. Both 
vaccines showed around 95% efficacy at preventing 
symptomatic COVID-19 infection after two doses.  
 
 
From humble beginnings, mRNA technology is now 
being used in the Moderna and Pfizer vaccines to save 
lives across the world during the coronavirus 
pandemic. The research done by Katalin Karikó and 
Drew Weissman paved the way for mRNA vaccines, 
which are now standing their ground against J&J and 
AstraZeneca’s more traditional vaccines. Thanks to 
mRNA technology, the end of the COVID-19 
pandemic is in sight.  

Can thermodynamics explain 
the purpose of life on earth? 

Emily Zhang 

 

H 
ere on Earth, life flourishes in different 
forms - from the chemotrophic 
cyanobacteria deep down in the pitch-
black ocean trenches surviving without 

the Sun, to the homo sapiens who have 
constructed civilization with little regard for the 
preservation of natural wonders. However, the 
story of how the first life sprung from a lifeless 
world has not ever been solved. As Guglielmo 
Marconi said, “The mystery of life is… the most 
persistent problem ever placed.” Nonetheless, a 
study in physics which ambitiously aimed to 
unravel the order in the universe shone light 
upon this intriguing mystery, and, unexpectedly, 
thermodynamics seems to answer the question: 
“What is the purpose of life on planet Earth 
under primordial conditions?” 
  
Before relating the two seemingly irrelevant 
concepts together, each of them needs to be 
understood. To start with, the origin of life in 
an inorganic environment implies there must 
have been a creation of organic molecules by 
non-biological forces. This is termed abiogenesis. 
The theories involved suggest that as time 
lapses, the simple organism gradually increases 
in complexity based on how much energy is 
provided to it by the surrounding environment, 
leading us into the fundamental rules of 
thermodynamics. For the laws of 
thermodynamics to be applicable, the life form 
has to be treated separately from the 
environment. As derived from the well-known 
law of conservation of energy proposed by 
Newton, the first law of thermodynamics states 
that the total amount of energy in a system and 
its surroundings remains constant, regardless of 
how energy is transferred. Unfortunately, the 
continuous input of energy from the 
surroundings and the self-regulatory nature of 
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the system makes it hard for the 
system to reach an equilibrium in 
an irreversible way. This constant 
change is defined as the entropy 
level or level of disorder in a 
system, and the more it tends to 
balance the change within itself, 
the more disorder is created in the 
surroundings, as stated by the 
second law of thermodynamics. 
From the second law, we can 
further deduce that the entropy of 
the universe is always increasing as 
a result of self-organization, since it 
is a system in non-equilibrium. 
Therefore, to maximize the 
efficiency of heat (the most 
common store of energy) transfer 
to the surroundings, essential 
chemical reactions such as aerobic 
respiration and hydrolysis of ATP 
occur. Thus, the laws of 
thermodynamics have vaguely 
suggested the purpose of life: it is 
the by-product of a decrease in 
entropy of a region where certain 
conditions were met by coincidence. 
  
Hypotheses to explain how the first 
organism was created have existed 
for centuries and can be traced 
back to the era of Aristotle. 
Aristotle believed in the 
spontaneous generation theory, 
which suggests that life may have 
arisen from a mixture of 
decomposing corpses. It was 
recorded that ancient Romans 
intended to synthesize bees with 
thyme and cinnamon to fertilize 
dead calves in a practice called 
‘bugonia’, which can now be 
explained by the digestive 
mechanisms of detritivores but 
certainly has neglectable relation to 
the origin of life. It was not until 
the seventeenth century that 
scientists started to look at life in a 
more systematic and rational 
manner. Louis Pasteur, the father 
of modern sterilizing technologies, 
finally put forward a sensible 
explanation in the 1860s: 
microorganisms invisible to human 
eyes were always present in organic 
liquid. Therefore, bacteria that 
previously appeared to have come 
into existence spontaneously had 
not actually emerged from nowhere. 
Almost simultaneously, an 
investigation into the “primordial 
soup” was carried out by Felix 
Dujardin and Jan Purkinje - who 
gave it the formalized term 
‘protoplasm’, and its composition 
was identified by Thomas Henry 
Huxley as a mixture of C, H, O and 
N. Ultimately, though, it was 
Harold C. Urey and Stanley Miller, 

inspired by one of the most 
influential theorists J.B.S Haldane, 
who managed to testify Huxley’s 
hypothesis by generating organic 
molecules from the elements listed 
above. 
 
Several less broad questions must 
be posed before attempting to 
relate thermodynamics to the 
purpose of life: What are the exact 
conditions needed for life to be 
created? What stimulated a chain 
of chemical reactions in which 
molecules are put together? How 

did the common ancestor grow and 
replicate? And finally but most 
importantly, what are the biological 
implications of the laws of 
thermodynamics?   
‘Primordial soup’ is the name for 
the environment and resources that 
were available for the first living 
organism to emerge from. Carbon, 
Hydrogen, Oxygen and Nitrogen 
were all present in the ‘soup’, 
providing the building blocks of 
essential molecules, such as protein. 
This ‘primordial soup’ would have 
led to nothing without stimulation 
providing energy from the 
surroundings. Without this, the 
individual compounds would simply 
have remained uncontacted, so 
figuring out the stimulus is of great 
importance for deducing the 
thermodynamic laws.  
 
In J.B.S Haldane’s phenomenal 
publication The Origin of Life, he 
proposes that the Sun’s radiation” 
carried a significant amount of 
energy, and could be the cause of 
the stimulation. The suggestion 
seems reasonable but raises another 
mystery: If that was all it took for a 
life to form, why hadn’t it and the 
Earth been created simultaneously? 
The evidence has been explored by 
Helge Mißbach and his team in an 
article in Nature earlier this month; 
they used fluid inclusion 
classification, thermal decrepitation 
and solid phase microextraction to 
analyse a sample reaching the 
conclusion that “synthesizing 
organic compounds from inorganic 
atmospheric gases”, is necessary 

and possible at sites with a large 
reservoir of energy. They also 
deduced that the “recycled and 
redistributed organic matter” is the 
basis of formation of new life, 
supporting Pasteur’s discovery. 
 
Secondly, a few relatively 
straightforward derivations of laws 
of thermodynamics are to be 
stated. From the second law we can 
infer that the first ever cell formed 
in a system is able to interact with 
the surroundings to increase the 
entropy of the expanding universe. 
For instance, besides alkaline 
springs and hydrothermal vents, the 
cell takes in both thermal and 
chemical energy. Although the 
former can be dissipated via release 
of heat, the latter can only be 
resolved by the formation of 
organic molecules with increasing 
magnitude in complexity, such as 
nucleotide chains. Professor Jeremy 
England demonstrated the way 
molecules organize themselves upon 
dissipation of energy in a series of 
intricate formulae which will be 
discussed next. 
 
Richard Dawkins introduced an idea 
of the “replicator” in his book The 
Selfish Gene: “They are in you and 
in me; they created us, body and 
mind; and their preservation is the 
ultimate rationale for our existence. 
They have come a long way, those 
replicators. Now they go by the 
name of genes, and we are their 
survival machines”. They cause the 
surroundings to invariably increase 
in entropy such that the system 
itself is constantly moving away 
from thermodynamic equilibrium. If 
the second law is the cause and the 
by-product of life, then the 
movement away from equilibrium 
can be seen as a “gradient”, while 
the external input of energy from 
the surrounding as another “applied 
gradient” becomes what can be 
leveraged by the system in order to 
resist it. Discussed by E.D 
Schneider in “Life as a 
manifestation of the second law of 
thermodynamics”, just like any 
other common systems, energy is 
naturally transferred from a region 
of high entropy to that of low 
entropy. Any effort taken to oppose 
the input in energy increases the 
entropy of the surrounding and 
enhances the number of ways 
energy is dissipated where life is 
one of them. Life is therefore a 
machine or “structure that 
maintains its local level of 
organization, at the expense of 

Aristotle believed in the 
spontaneous generation 
theory, which suggests 

that life may have 
arisen from a mixture of 

decomposing corpses 
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producing entropy in the larger system…”. This also 
provides a possible explanation for one of the most 
aggregated ecosystems deep down to the ocean floor: 
there the robust chemical energy input applies the 
most intense gradient into the system from the vents 
and the most diverse and multitudinous life flourishes 
in return. 

 
The hypotheses and theories developed around this 
intriguing problem seem to be just as miraculous as 
the formation of life itself. Scientists managed to 
explain what once was considered the ‘supernatural’ 
freak of life to be just a manifestation of the laws of 
thermodynamics. And, above all, it is undeniably 
remarkable that the microorganisms invisible to the 
human eye have evolved into such beings that are able 
to figure out these mysteries ourselves. 

From the second law we can infer 
that the first ever cell formed in a 
system is able to interact with the 
surroundings to increase the entropy 
of the expanding universe 

In many major cities, it is very common to see 
street performers attempting difficult but 
impressive acts. In particular, the street 
performance 'breaking a stone on the chest', 
one of the most seemingly dangerous acts, can 
surprisingly be explained by physics. 

This performance requires two people, a 
hammer and a stone. The performer lies on a 
table and a large stone is placed on their chest. 
A second person then uses a hammer to hit the 
stone once and the stone breaks eliciting gasps 
from the crowd. Relieving the audience, the 
performer will then proceed to stand up and 
walk around proving their lack of injury. 

The question is, how does this performance 
work? Why is the stone broken but the person 
not? This strange phenomenon can easily be 
explained using Newton's second law of motion 
and pressure. Newton's second law states that 
the force acting on an object is directly 
proportional to the acceleration and mass of the 
object. From this we can conclude that if the 
stone used has a large enough mass, when the 
hammer hits the stone, there will only be a 
small acceleration downward acting on the 
human, which is not large enough to sustain 
any injuries. 

But, a stone with a large mass would surely also 
mean more force acting on the person. This is 
where we also have to consider pressure. The 
formula for pressure states that the pressure is 
directly proportional to the force acting on the 
object and is inversely proportional to the area 
of contact. This means that the larger the area 
of contact the stone has with the human body, 
the smaller the average force acting on the 
body. It is also the reason why the stone used is 
usually in a long, rectangular shape: to increase 
the contact area. 

There are also other conditions to ensure that 
this performance goes smoothly. A small area of 
contact between the hammer and the stone 
maximises the pressure, a short contact time 
prevents the force of the hammer continuing to 
act on the person after the stone cracks, and a 
brittle stone allows it to crack quickly.  

Surprisingly, people invented this performance 
without knowing the related physics laws behind 
it. Although the physics laws behind it are easy, 
it is still dangerous as there is always a chance 
of hurting the performer if something goes 
wrong. Please do not try this yourself! 

The physics behind ‘breaking 
a stone on the chest’ 

 
 

Daisy Xia 

If the stone used has a large 
enough mass, when the hammer 
hits the stone, there will only be 

a small acceleration down...which 
is not large enough to sustain 

any injuries 
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T 
he Standard Model of 
Particle Physics, finalised 
by scientists in the 1970s, 
has been one of the most 

successful physical theories to date, 
its predictions aligning 
extraordinarily well with 
experimental results alongside 
explaining a wide array of 
subatomic phenomena. However, 
Fermilab’s recent ‘Muon g-2’ 
experiment (pictured above), 
regarding the magnetic properties 
of particles called muons, is one of 
the first experimental signs that 
there could be new particles and 
hence new physics unexplainable by 
the laws of the Standard Model. 
  
To fully understand the results of 
the experiment, it is worth 
examining the family of subatomic 
particles that exist under the 
Standard Model. All particles in 
the universe are divided into two 
groups, Fermions, which comprise 
all matter in the universe, and 
Bosons, which transmit forces 

between particles. Fermions are 
subdivided into Quarks, which are 
the building blocks of protons and 
neutrons, and Leptons, which 
include electrons, neutrinos and 
their heavier cousins. Quarks and 
Leptons both come in three 
generations, with higher 
generations having larger masses 
and shorter lifetimes (see figure 1). 
As generation II and III particles 
decay extremely fast, virtually all 
matter on earth is made of 
generation I particles, with higher 
generation particles mostly being 
detected in cosmic rays and 
particle accelerators. It is muons (µ
-), the generation II cousin of 
electrons, which these experiments 
are interested in.  
  
Like electrons, muons have a 
property called spin, a type of 
angular momentum, which can be 
imagined as the particles rotating 
about an axis. All particles with 
spin create a magnetic dipole 
similar to that of a bar magnet or 

a coil of wire, and the strength of 
this dipole depends on the mass 
and charge of the particle, as well 
as a proportionality constant called 
g (short for ‘gyration factor’). 
From the equations of the 
Standard Model, it can be 
calculated that g for both electrons 
and muons (ge and gµ) in a 
theoretical empty space should be 
exactly two. However, interactions 
with so-called virtual particles, 
particles that according to 
quantum field theory can 
spontaneously pop into existence 
for extremely short periods of time, 
cause the g values for both 
electrons and muons to increase to 
slightly above two. By measuring 

 

A picture of the apparatus used in Fermilab’s experiment. The ring around the outside is a 15m-diameter superconducting magnet 

Muon g-2—Particle physics’ next breakthrough? 
Niklas Vainio 

All particles with spin 
create a magnetic 

dipole similar to that of 
a bar magnet 
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this small deviation in the g factor, scientists can 
experimentally verify our current understanding of 
quantum field theory, hence why the experiment is 
called g-2 (g minus two).  
  
The most precise theoretical prediction for gµ comes 
from a collaboration of over 130 physicists in June 
2020, who calculated it to be 2.00233183620(86), with 
the number in brackets representing the uncertainty in 
the last two digits. To obtain this result, computer 
modelling was used to sum the contributions of over 
10,000 different interactions to the value of gµ: one of 
the most precise physical predictions to date. 
Interactions in particle physics are represented with 
Feynman diagrams, and the diagram for the most 
significant interaction, called the Schwinger term, is 
shown in figure 2. This term alone contributes over 
99% of the so-called ‘anomaly’.  

  
In 2001, an extremely precise experiment run by 
Brookhaven National Laboratory in the USA measured 
gµ to be 2.0023318418(13), a difference of 
0.0000000056 from the Standard Model prediction. 
While this result already indicated some discrepancy, 
more precision was needed to confirm this result, and 

so Fermilab, based near Chicago, began data collection 
with a more precise piece of apparatus as part of their 
Muon g-2 collaboration in late May 2017. The 
measured value of gµ was announced on the 7th April 
2021 to be 2.00233184122(82), a difference of 
0.00000000502 from the theoretical prediction.   
  
Combining the data from these two experiments gives 
a significance level of 4.2σ (4.2 standard deviations 
away from the mean), meaning that there is only a 1 
in 40,000 chance that such significant results could 
arise by chance. While this is not quite the 5σ or 1 in 
3.5 million chance necessary to be considered a verified 
discovery in particle physics, it does provide compelling 
evidence that currently unknown particles or 
interactions could be influencing measurements.  

  
So, what exactly is the new physics that explains this 
result? Currently, there are many competing theories, 
none of which have been properly tested. One 
hypothesis involves hypothetical particles called 
leptoquarks. Normally in particle physics, the total 
number of quarks must stay constant, and so must the 
total number of leptons, however these leptoquarks  
 
could allow quarks to turn into leptons and vice versa, 
enabling new interactions which could explain the 
observed anomaly. Another theory known as CPT-
violation suggests that space itself may be 
asymmetrical, and that the experiment could produce 
different results depending on the direction of the 
apparatus and the orientation of the Earth itself. It is 
too early to tell what the true explanation is, and 
whether the results of the experiment are even correct, 
however physicists are hopeful that these results will 
pave the way for future discoveries.  

Figure 1: A diagram of all particles in the Standard Model of 
Particle Physics 

Figure 2: Feynman diagram for the Schwinger term, showing a 
muon emitting a virtual photon, interacting and absorbing it again 

One hypothesis involves hypothetical 
particles called leptoquarks 
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I 
t is well documented that being in space changes 
your body in many ways – your body mass 
decreases, your heart gets smaller, and you even 
grow in height (as proven by astronaut Scott Kelly 

being two inches taller than his identical twin brother 
upon his return from a mission - pictured above). Yet, 
one change that is perhaps less well documented is 
that of the immune system. 
  
Even after short duration space 
flights (under two weeks), astronauts 
have been found to have decreased T 
cell counts, changes in leukocyte 
populations, alterations in 
lymphocyte response and decreased 
production of cytokines. Regardless 
of these findings, scientists have yet to discover why 
these changes occur and how they can help advance 
the field of immunology.  

  
Being in space is incredibly stressful. Astronauts are 
under constant pressure to do tasks as 
quickly and efficiently as possible, and 
the constant uncertainty of being in 
such a dangerous and strange 
environment always lingers. Science has 
found a strong correlation between 
increased stress levels and an increased 
chance of immune related diseases such as cancer and 
inflammatory bowel diseases (see figure 1), so perhaps 
this provides an answer to why astronauts experience 
so many changes to their immune systems. What 
seems more plausible, though, is that the environment 
of space affects the immune systems of astronauts. 
There are changes in gravity, which can alter the 

microenvironments of organs, there are increased levels 
of space radiation, which has been hypothesised to 
affect our acquired immune responses, and there is 
also the altered diet that astronauts must adhere 
to.      
  
One idea that is particularly intriguing and has some 

relevance to those of us still on Earth 
is that changing the volume of light 
that the body gets throughout the day 
and night can affect how it functions. 
For every sunrise on Earth, astronauts 
on the ISS observe sixteen, with each 
day lasting 90 minutes. Therefore, one 
ISS day consists of over two weeks' 
worth of 45 minutes of sunshine 

followed by 45 minutes of darkness, all experienced 
while its inhabitants spin around the Earth at roughly 
17,000 miles per hour. It is hardly a surprise that the 
most common medication taken by astronauts is 
sleeping pills.   

  
We as humans are guided by the cycles 
of day and night – for most of us, the 
day is for working and the night is for 
resting. Nearly everyone is less alert at 2 
am than during the daylight hour of 2 
pm, evidenced by the fact that traffic 

accidents peak at 2 am because people are much more 
likely to fall asleep at the wheel. Research has shown 
that our biological clock is incredibly important – mice 
jet lagged due to human intervention develop 
accelerated growth rates of tumours and decreased 
survival rates in comparison to mice living in normal 
conditions. Likewise, night shift workers are much 

 

Astronaut Scott Kelly (left) grew to be two inches taller than his identical twin brother during his space mission 

Shedding light on sickness in space 
Maia Davies 

Being in space is 
incredibly stressful. 

Astronauts are under 
constant pressure to do 

tasks 

Mice jet 
lagged...develop 

accelerated growth 
rates of tumours 
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more likely to get ill than their colleagues who work 
the corresponding day shift.  
  
All this has led scientists to the conclusion that the 
immune system works differently at night, perhaps 
through the way it responds to diseases. Astronauts, 
with the support of NASA and other space agencies, 
have conducted preliminary experiments to prove that 
this is true. The exact reason for this is still unknown, 
but the most plausible is that sleep changes the body, 
optimising and equipping us with the energy needed for 
the day ahead. This is proven by the fact that roughly 
10 - 15% of our genes vary in their activity from day 
to night, with most of them relating to metabolism 
and the control of cellular processes, which therefore 
affects the immune system.   
  
Records do not show that anyone has ever developed 
cancer or an autoimmune disease while in space, but, 
contrary to popular belief, astronauts do experience 
medical problems. Usually, they are not from recent 
infections, as precautions take place to ensure this 
does not happen. Instead, what most commonly occurs 
is the reactivation of a dormant virus already present 
in the astronaut's body (similarly to how chicken pox 
causes shingles in later life), suggesting that the 
immune system is no longer able to keep it under 
control.   
  
As of yet, no huge medical changes have emerged from 
the research conducted by NASA's immunology team, 
but scientists are hopeful that it could lead to the 
discovery of some interesting medical interventions in 
the future.   
  
The research that has been undertaken to further 
understand the body clock has been imperative in 
discovering that there is an optimal time to take 
different medications. Currently, asthma patients who 
take inhaled steroids once a day between 3 and 5 pm 
have been shown to benefit more from treatment than 
the same dose at 8 am – it has even been shown that 
the effects of the latter are quadrupled when a dose is 
taken between 3 and 5 pm. Still, many questions 
surround the ease of implementing time-sensitive 
prescriptions, especially since most people with long 
term medical issues do not always take their 
medications as prescribed.  
  
Instead, the easiest way that this discovery could be 
used to improve the quality of healthcare is through 

vaccines. Studies have shown that the elderly 
respond better to flu vaccines (meaning they 
have higher levels of antibodies a month after 
receiving the vaccine) when given their jab 
between 9 am and 11 am in comparison to 
being given the vaccine in the afternoon. 
Many scientists are trying to emphasise the 
importance of the timing of the vaccine to 
healthcare systems, highlighting the fact that 
morning vaccination has now been proven to 
have an increased benefit against multiple 
types of flu.  
 
 
Ultimately, this could change medicine as we 
know it, all thanks to observations made on 
astronauts while they were in space.   

Figure 1: In space, aspects of the immune system appear weakened, 
which could lead to infections; and other aspects appear overactive, 
which could cause allergy or hypersensitivity 

Nuclear pasta: I’ll have it ‘al 
dente’ 

 
 

 

I 
n 1983, three American physicists 
hypothesised that a type of degenerate matter 
referred to as “nuclear pasta” exists between 
the crust and core of a neutron star. Another 

hypothesis, perhaps more substantially evidenced, 
is that Ravenhall, Pethick and Wilson were 
particularly hungry during their research, likening 
the structures of different phases to Italian foods 
including spaghetti, penne and lasagne. 
 
Formed in the final stage of stellar evolution, 
neutron stars are the collapsed cores of stars with 
an initial mass of approximately 8 to 30 solar 
masses. A star of initial mass significantly below 
this range will form a white dwarf, while one 
above will become a black hole. In an eligible 
star, hydrogen fusion followed by fusion reactions 
involving heavier elements yields an iron core. 
These fusion reactions release energy, providing 
the electron degeneracy pressure1 necessary to 
counter gravity and keep the star from collapsing. 
No more fusion can occur once the iron core is 
formed due to the fact that at low pressures Iron-
56 has the highest of any binding energy per 
nucleon, so further fusion would require energy 
input. 
  
The core accumulates until it reaches the 
maximum mass which can be supported against 
gravity by electron degeneracy pressure: the 
Chandrasekhar mass. Once the Chandrasekhar 
mass has been attained, the core collapses under 
its own gravity, producing pressures high enough 
for protons and electrons to form neutrons and a 
flood of neutrinos. The collapse is stopped when 
the star reaches a density of 4x1026 kg/km3– 
1 Electron degeneracy pressure and neutron degeneracy pressure 
result from the Pauli exclusion principle which prevents two or 
more identical fermions from occupying the same quantum state 
in a quantum system. Electrons and neutrons are fermions, so the 
Pauli exclusion principle applies here. 

Rosie Cotton 
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exceeding that of an atomic nucleus. At this point the 
mutual electromagnetic repulsion and neutron 
degeneracy pressure, exerted as no two neutrons can 
occupy the exact same state, combat gravity. The 
falling outer layers of the star are flung outwards due 
to a rapid release of gravitational energy which is 
predominantly carried by numerous neutrinos. This 
causes an explosion which transfers energy outwards 
via a shock wave. After only seconds, all that remains 
is a neutron star. 

Neutron stars are not large. They typically have 
diameters falling within the range of 15-30 kilometres 
and a mass of roughly 1.4 solar masses. Such a great 
mass accompanied by such a small volume results in a 
density within an order of magnitude resembling that 
of an atomic nucleus. If a radius of 15km and a mass 
of 1.44 solar masses are used, the density is estimated 
to be 2.0x1026kg/km3 which greatly exceeds the 
Earth’s density standing at a meagre 5.0x1012 kg/km3. 
A teaspoon of neutron star material would have a 
mass of around 900 billion kg. Thus, neutron stars are 
awarded the title of the densest observed objects in 
the universe. 
 
Towards the centre of a neutron star, the density 
increases. Between the crust and core, it is postulated 
that the unimaginable density squeezes particles 
together so that most protons merge with electrons to 
form neutrons. The competing nuclear attraction 
between protons and neutrons and the pressure at this 
depth in the star is thought to trigger the formation of 
a variety of structures made up of neutrons and 
protons. The term “nuclear pasta” refers to the 
geometry of these theoretical structures. The density 
of this material means that it would be the strongest 
material in the universe. To eat a plate of nuclear 
pasta would require about 10 billion times the force 
needed to shatter steel – al dente is perhaps an 
understatement. 

 
From the outer layers of nuclear pasta, progressing 
inwards, it is theorized that increasing density gives 
rise to a series of layers – or “phases” – characterised 
by different configurations of distorted neutron matter 
(pictured above). 
  
Nearer the surface is the gnocchi phase: round, bubble
-like structures alternatively referred to as meatballs. 
Travelling deeper in, the pressure manipulates the 
neutrons into long tubes – the spaghetti phase. Next 
are cross-rods sometimes described as waffles. This is 
followed by sheets of neutrons called lasagne, then 
tubes called penne, bucatini or antispaghetti, and 
finally bubbles called Swiss cheese or                
antignocchi. 
 
The characteristics and phases of nuclear pasta can 
only be investigated using computer models, squeezing 
and stretching the pasta to determine its strength. 
One such simulation involved three million protons and 
neutrons and required a supercomputer with hundreds 
of processors simultaneously running for almost a year 
to fulfil the two million hours needed to process it. 
While there is a lack of observational evidence to 
confirm the existence of nuclear pasta, recent research 

has been optimistic. Pulsars are highly magnetised 
rotating neutron stars, which, at middle-age, should 
spin down from their ten second rotations to much 
longer periods of up to 100 seconds. This has not yet 
been observed. Physicists have shown that this lack of 
observation may be Aresh attributable to the pasta 
limiting the maximum spin period of pulsars – possible 
proof that this menu of peculiar geometrical structures 
really could lie under the surface of neutron stars.  

Computer renderings of the different phases of “nuclear pasta” 

A teaspoon of neutron star material 
would have a mass of around 900 
billion kg 

Neutron stars are awarded the title of 
the densest observed objects in the 

universe 
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O 
ur daily life is governed by 
the laws of classical 
physics, which stipulate 
that if an object is moving 

at a constant velocity it will 
continue to do so unless an external 
force acts upon it. However, these 
rules are unable to capture the 
intricacies of subatomic particles 
and are inadequate in attempts to 
explain their properties. 

One of the fundamental quantum 
characteristics of electrons is ‘spin’. 
Depending on the orientation of 
measurement, the electron can 
possess a spin in either the 
direction of measurement, or 
exactly opposite. However, when 
the electron is not being acted upon 
by the external world (i.e. being 
measured), it can exist in any 
proportion of both states at once. 
This is known as superposition. 

If we now consider two electrons 
which are acting independently of 
each other, then there would be 
four possible combinations of spins 
for a given orientation (see Figure 
1). However, it is possible for these 
two electrons to be connected so 
that knowing the spin of one would 
result in knowing the spin of the 
other. This concept is known as 
entanglement and is at the heart of 
the disparity between quantum and 
classical physics. 

Two entangled particles can be 
formed by taking a ‘parent’ particle 
with a spin of zero. As spin is a 
conserved quantity, the two 
‘daughter’ particles must have 
opposite spins. Therefore, no 
matter how far apart these two 
particles are, they will always have 
opposite spins when measured. If 
the two entangled particles are on 
opposite sides of the world, and we 
measure the spin of the first 
particle in the vertical direction to 
be up, we therefore instantly know 
that the spin of the other particle, 

when also measured in the vertical 
direction, is down. These 
measurements can be conducted 
such that the interval between 
them is shorter than the time it 
would have taken for light to travel 
between them. This phenomenon 
implies that information can be 
transferred faster than the speed of 
light. However, this phenomenon 
cannot be used to provide useful 
communication. This is due to the 
fact that there is no way of forcing 
the particle to have an up spin or 
to have a down spin: when it is 
measured, it is completely random. 

Einstein was greatly bothered by 
entanglement, which he famously 
labelled “spooky action at a 
distance”, and instead proposed an 
alternative way of explaining it. 
Consider placing a red and a blue 
ball in two identical boxes. As soon 
as you open one of the boxes, 
discovering which ball it holds, the 
uncertainty disappears, and the 
other box’s contents is determined. 
In this scenario, the outcome was 
determined when the balls were 
first put in the boxes, not when the 
first ball was observed. This is 
known as hidden variable theory on 
the grounds that there are unknown 
factors which influence the 
outcome.  

In order to establish whether 
quantum theory or hidden variable 
theory correctly predicted the 
outcome of measuring two 
entangled particles, physicists 
measured every possible orientation 
of spin and compared it to the 
predictions of each theory. These 
measurements aligned perfectly 
with the quantum mechanics 
predictions implying that Einstein 

was incorrect: particles cannot be in 
a predetermined state. 

One practical use of entanglement 
is quantum computing. Quantum 

computing uses ‘qubits’ (the 
quantum version of a bit - a basic 
unit of information in computing) 
which exhibit the property of 
superposition, meaning they can 
exist as a mix of zero and one until 
read. Combined with the 
entanglement of particles, which 
allows the particles to be 
intrinsically correlated, quantum 
computers possess a processing 
power far beyond that of any 
classical computer. In a classical 
computer, two bits can only be in 
four possible states - 11, 10, 01 or 
00 whilst in a quantum computer, 
two qubits can represent each of 
these states simultaneously. A 
classical computer solves a maze by 
starting again every time it hits a 
barrier: a quantum computer solves 
a maze by travelling all paths 
simultaneously. 

Classical physics has been tested by 
these quantum phenomena which 
has resulted in the birth of 
quantum physics, such an 
unintuitive branch of physics that 
many of the greatest scientists have 
struggled to believe it. Quantum 
physics allows us to develop our 
understanding of subatomic 
particles due to the extraordinary 
precision with which it can predict 
events. Although we cannot exploit 
the property of entanglement to 
transfer information faster than the 
speed of light, surprising properties 
such as this have caused us to 
reconsider what is true about our 
world and have led to new 
technologies which could potentially 
revolutionise the way we live. 

Unravelling quantum entanglement 
 

Figure 1: Different combinations of spin for 
two electrons 

Figure 2: Hidden Variable vs Quantum Mechanics Predictions 

Toby Van Mook 

‘Spooky action at a 
distance’ - Einstein 
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I 
t has been more than a year 
since the pandemic started, and 
the race to beat one of the 
most ruthless viruses has 

morphed into a slow fight. 
Although it is indisputable that 
viruses evolve faster than humans 
ever could, our immunity has been 
somewhat underplayed in the media 
- dwindling our hopes in what can 
sometimes feel like a futile and 
endless battle. As we turn to focus 
on the possibility of reinfection, the 
low numbers and tiny percentages 
suggest that this may not just be a 
losing game, and that we are more 
immune than we originally 
thought.  
 
A tracker maintained by Dutch 
news agency BNO News has 
recorded 71 reinfection cases 
globally as of mid-April 2021. It is, 
of course, very likely that there 
have been many more 
asymptomatic reinfection cases, but 
this is still a surprisingly low 
number. According to a study 
published on March 17th 2021 in 
the Lancet Medical Journal, only 
0.65% of people who tested positive 
for SARS-CoV-2 (the name given 
to the virus which causes the covid-
19 disease) during Denmark's first 
Covid-19 surge tested positive again 
during the second wave.  
 
Dr Ali Ellebedy, an immunologist at 
Washington University in St. Louis, 
reciprocated this when he 

remarked, “we should be concerned, 
but I think we should also be 
optimistic.” 
 
To truly understand the risks of 
reinfection - or lack thereof - we 
must examine how immunological 
memory works and for how long 
after initial infection the body is 
protected.  

 
Immunological 
memory is 
caused by cells 
of the adaptive 
immune system. 
Most acute viral 
infections cause 
B and T cells to 
become 
activated. They 
then 
differentiate and 
begin secreting 
effector 
molecules, such 
as cytokines and 
interleukins, to 
help control the infection and to 
signal to other cells in the body. B 
cells make antibodies, which latch 
onto and destroy disease-causing 
agents such as viruses and bacteria, 
and T cells (particularly cytotoxic T 
cells, known as 'killer T cells') bind 
directly to infected human cells 
within the body and destroy them 
(see figure 1).  
 
“[the] Dutch news agency BNO 
News has recorded 71 reinfection 
cases globally as of mid-April 
2021”  
 
When the body encounters most 
viral infections, the less specialised 
innate immune system cells rush in 
to combat them. Those initially 
released cells also gather 
information on the virus, and this 
information is relayed to the lymph 
nodes, where pieces of the 
pathogen are presented in front of 
the body's longer-term defenders - 
the cells of the adaptive immune 
system. Among these cells are B 
cells.  
 
During the development of B cells, 
segments of gene encoding 
antibodies are mixed and matched, 
generating trillions of unique 
combinations. The result of this is a 
multitude of mostly Y-shaped 
molecules, called antibodies, which 
can collectively respond to any 
foreign pathogens they encounter. 
Out of the trillions of potential 

antibodies, those with 
complementary shapes to the 
epitope, or site of recognition of the 
viral antigen will become activated 
by T cells, which stimulate B cells 
into dividing by mitosis and 
differentiating into more specific 
cells. 
 
The small number of B cells that 
are triggered into production by the 
virus material will rapidly copy 
themselves, some transforming 
immediately into antibody factories, 
called plasma cells, - pumping out 
antibodies to interfere with viruses - 
whereas others will remain in the 
lymph nodes to further study the 
virus. The B cells repeatedly divide 
into more B cells, deliberately 
introducing errors, or ‘mutations’ 
into their genetic code. These 
tweaks have a chance of enhancing 
the ability to vanquish the specific 
virus at hand. All of this results in a 
process much like evolution, but on 
a more rapid and extreme scale. By 
the time the virus has vacated, the 
antibodies being produced are more 
precise and potent, and ready to 
knock out reinfection rapidly. 
 
Much of this refinement continues 
long after the virus has moved onto 
its next victim. Approximately 90% 
of the virus-specific effector cells 
die, but 10% persist. Some B cells 
stay in the bone marrow, slowly 
producing antibodies, whereas 
others, suitably named ‘memory 

Covid, covid go away, but will it come back 
another day? 

 
Elizabeth Heywood 

We should be 
concerned, but I think 
we should also be 
optimistic 
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cells’, will drift throughout the 
body, scanning for signs that the 
same virus has returned for another 
duel. When and if they are called 
back to action, these memory B 
cells can immediately start pumping 
out antibodies, or they can re-enter 
the lymph nodes in order to further 
hone their defensive skills. In a 
study published in Nature, 
researchers found that the 
antibodies of Covid-19 survivors 
continue to strengthen their grip on 
the virus for several months, “Over 
time, our antibodies just become 
better”, Dr Ellebedy says.  
 
Contrary to initial research, a new 
investigation at Monash University 
in Australia led to a preliminary 
study in November 2020 showing 
that the body can generate memory 
B cells which last at least 8 
months. What seems to have 
steered earlier scientists off course 
was the major drop in circulating 
antibodies in the blood of the 
patients observed. However, now 
we can see that even many months 
after initial infection, memory B 
cells against two of the most 
important parts of the virus - the 
spike protein, and the 
'nucleocapsid' (another structural 
protein of the virus) can still be 
found.  
 
And it is not only B cells that have 
been found long after initial 
infection, T cells have been found 
too. Researchers in China and 
Germany have studied patients in 
Wuhan - the site of the initial 
outbreak and thus the site of the 
people who have the oldest immune 
responses to SARS-CoV-2 - and 
have found T cell memory 
responses present nine months after 
infection.  
 

But what place do vaccines have in 
all of this? Vaccines armour the 
body before it encounters the virus, 
producing the all-important 
memory cells that may prevent 
severe infection. Even when facing 
Covid-19 mutations, vaccines hold 
up pretty well, and so far, Covid-19 
has yet to undergo a mutation that 
renders our vaccines useless. In 
South Africa, where an immunity-
dodging mutation was identified, 
the vaccine efficacy never fully 
dropped. Johnson and Johnson's 

vaccine fell from 72% to 57%, and 
Novavax's fell from 89% to 49% - 
although it was later found to have 
fallen to only 60% if people living 
with HIV were not considered.  
 
So, maybe we are better equipped 
to fight reinfection than originally 
thought. But, that does not mean 
that Covid-19 is not one of the 
deadliest pandemics experienced. Dr 
Shane Crotty, from the La Jolla 
Institute of Immunology, said, “any 
virus that can make people sick has 
to have at least one good trick for 
evading the immune system”. And 
the new coronavirus is not exempt 
from this. SARS-CoV-2 seems to 
rely on early stealth, somehow 
delaying the launch of the innate 
immune system. Dr Akiko Iwasaki, 
immunologist at Yale university, 
said, “I believe this [delay] is really 
the key in determining good versus 
bad outcomes.” Many infected 
people remain dealing with severe 

symptoms for quite a while, and 
why is this? Perhaps their innate 
immune systems were already 
weakened by old age or chronic 
disease, or perhaps their adaptive 
immune system underperformed. In 
some cases, the virus utterly 
cripples the immune system, 
causing an immunosuppressed 
state, and thus allowing the virus to 
migrate deeper into the body 
toward vulnerable cells of the lungs 
and to other organs. This can lead 
to another problem, plaguing many 
survivors long after their initial 
recovery: an extreme immune 
response causing the body more 
damage than Covid-19 itself. As Dr 
Donner Farber, a microbiologist at 
Columbia, says, “if you can't clear 
the virus quickly enough, you're 
susceptible to damage from the 
virus and the immune system [too].” 
 
The immediate uncertainty around 
the future of our pandemic “doesn't 
stem from the immune response,” 
Sarah Cobey, an epidemiologist 
from the University of Chicago, 
says, but from “policies that are 
enacted, and whether people will 
distance or wear masks.” 
Ultimately, our ability to predict 
the outcome of this pandemic, and 
of future infectious diseases, lies 
not only in our understanding of 
viruses and other pathogens, but 
also in our understanding of how 
our own cells will respond to such 
threats. 

Figure 1: A summary of the role of T cells in cell-mediated immunity 

In South Africa, where 
an immunity-dodging 

mutation was identified, 
the vaccine efficacy 
never fully dropped  

Any virus that can 
make people sick has to 
have at least one good 

trick for evading the 
immune system 
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O 
n the 25th of November 2018, days before the 
Second International Summit on Human 
Genome Editing, Chinese biophysicist He 
Jiankui revealed that he had edited the genes 

of two human embryos and brought them to term, 
sparking outcry from scientists globally. Although 
Jiankui’s actions were highly unethical, they had a 
silver lining: the scientific community united under one 
banner to criticise his work and call for a moratorium 
on heritable genome editing, in an attempt to 
responsibly regulate themselves. With such powerful 
tools like CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats) now at humanity’s 
disposal, we have a responsibility to come to a 
consensus about our future modifying 
the human genome. The issue is that 
progress in the field has been 
incredibly swift. In 2011, there were 
fewer than a hundred papers on 
CRISPR. Now, there are over 17,000. 
With such rapid development in the 
field, it has been impossible for the 
conversation around its ethics and 
potential impact on society to keep up. It is pivotal 
that our dialogue catches up soon, as our decision will 
affect the future of humanity forever. 

It is important to distinguish between the two ways in 
which we can alter our genome. Somatic gene editing 
only targets genes of cells of specific types, with the 
edited gene remaining within the cells of the targeted 
cell type and no other types of cells being affected. 
Germline editing, on the other hand, is a modification 
made to the genes in a reproductive cell. Somatic cell 
therapies are highly regulated and have been used for 
several years now, but germline editing is a different 
story. Due to the heritability of the modifications 
made, germline editing brings vast ethical and safety 
implications to process. 

The permanence of any changes made is an issue we 
must consider. Genetic disease has been shown to be 
present in at least 10% of adults worldwide. With 

time, germline editing could allow us to eradicate most 
of these. Heritable diseases, from Sickle cell anaemia 
to Huntington’s, could be removed not only from an 
entire family line, but from humanity entirely, making 
some of humankind’s worst afflictions a thing of the 
past. However, with permanence comes clear issues. If 
a mistake is made while changing a germline cell, this 
change will stay forever, spreading through our 
populations. Before we alter the human genome, we 
must make sure we have considered all of the possible 
risks and thoroughly examined the safety of doing so.  

Although we have made leaps and bounds in some 
areas of genetics, progress in others has been slower. 
We have the capability to edit any gene in our body, 
but we lack the knowledge required to help us 

understand the potential risks 
associated with this. We are still 
uncertain as to what a fifth of our 
genes code for. On top of this, our 
genome is a complex ecosystem and 
we do not yet fully understand how 
individual genes interact with one 
another. This means that there is a 
possibility that we may be targeting 

the wrong gene for the condition we want to 
eliminate, or that editing a single desired gene could 
have off-target consequences. It is crucial that we fill 
our gaps in knowledge before we make any real 
attempts to alter our genome. 

One issue this problem does solve is that of ‘designer 
babies.’ As we now know that most of our 
characteristics are defined by multiple genes working 
together, it is unlikely that wealthy parents will be able 
to modify their unborn children to have the 
characteristics they desire anytime soon, if ever. 
Desirable traits, such as athleticism, height and 
intelligence, are the product of thousands of genes, so 
modification is unlikely. Besides, the potential risks 
associated with editing the sheer number of genes 
involved in enhancing these traits will likely be enough 
to deter any parents from trying to modify their 
children. 

He Jiankui at the Second International Summit on Human Genome Editing (Hong Kong, November 27th 2018) 

Is it right to rewrite our genome? 
Cem Muminoglu 

Heritable diseases…
could be removed not 
only from an entire 
family line, but from 
humanity entirely  
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The fact that ‘designer babies’ is what comes to the 
forefront of most people’s mind when altering the 
human genome is mentioned is a failure on the part of 
science communication and the media. By constantly 
referring to technology like CRISPR as ‘molecular 
scissors’ and other oversimplifications, we give the 
illusion that the gene editing process is cleaner and 
easier than it really is. This can lead us to gloss over 
the potential risks and some of the more achievable, 
useful applications of this technology. It is essential 
that we draw the focus away from this science fiction 
notion of ‘designer babies’ so that we can focus on the 
incredible opportunities we have thanks to the 
versatility of CRISPR. 

While He Jiankui serves the rest of his three-year jail 
sentence, we must strive to make more progress. We 
simply do not know enough at this moment to safely 
alter the human genome. We must, therefore, 
endeavour to research the gaps in our knowledge. In 
the meantime, we must also continue to have 
international discussions about the ethics of altering 
the human genome, particularly issues surrounding its 
permanence and consent. Once we have answered 
these questions, as well as questions about safety, we 
have a duty to use this technology to put genetic 
diseases behind us. Just as we developed antibiotics to 
eliminate bacteria and radiation to tackle cancer, the 
next step for medicine is gene therapy. If we have a 
shot at eradicating genetic disease, we must take it. 

 

 

M 
any ethical questions surround the world of 
space exploration. Who will own the land in 
space once it has been colonised? How will 
humans deal with potential extra-terrestrial 

life? Is it morally responsible for governments to invest 
huge amounts of money in space exploration whilst 
poverty prevails in their own country? Yet, despite 
these countless questions, it remains possible to 
continue space exploration in an ethical manner.  

Many believe that space exploration is a luxury which 
only the rich can benefit from, deeming it a waste of 
taxpayers’ money. But in fact, space exploration 
benefits everyone, since it encourages innovation in the 
renewable energy, pharmaceutical and travel industries. 
After all, space travel tests the limits of technology, 
which must require major improvements of our existing 
technology on Earth. 

Given the benefits of space travel, it is inevitable that 
there will be disputes between governments over who 
owns the extra-terrestrial land. In light of this, ‘space 
law’ has been developed to evaluate land disputes in 
space. Countries are also prepared to fight wars in 
space. America has a well documented ‘space force’, 
which even has its own Netflix series parodying it, and 
Britain has a space defence program, which caused 
controversy for wasting money in the midst of a 
pandemic. A defensive and territorial approach to 
space travel is needed to a certain extent, but it should 
be balanced with cooperation. Multilateral agreements 
and international innovation are vital for successful 
space travel, as shown by the cooperation between 
Canada and the USA. Although a sense of competition 
caused the fastest progress in space technology during 
the cold war, this was not a healthy sense of 
competition as it cost many casualties in humans and 
animals due to both sides’ eagerness to win the ‘race 
to space.’ 

Looking at global empires of the past, competition has 
often caused extremely unethical acts - historically in 
order to get more and more land, the only constraint 
being the finite amount of land which one power was 
able to conquer. With the hindsight of previous quests 
of explorations, would humans behave the same again?  

 

 

One approach to this issue is to take a ‘leave no trace’ 
approach to space travel. Humankind has 
unfortunately not taken this approach so far; there are 
approximately 128 million pieces of debris smaller than 
one cm in space as of January 2019, approximately 
900,000 pieces from one to ten cm, and 34,000 pieces 
of debris ten cm across or larger. The issue of the 
sustainability of space exploration has not been 
explored as of late. However, the continuing study of 
how space travel can be made more environmentally 
conscious can be applied to many other fields, for 
example public transport or aeroplane travel. 

The ‘leave no trace’ approach will be especially 
important if we have to consider the possibility of 
encountering extra-terrestrial life. It is vital that all life, 
no matter how simple or small, is protected. Moreover, 
it is important to consider the safety of human life in 
space, as it is a possibility that human life may be 
harmed by this other life living in space. It has been 
hypothesised that the Perseverance rover may find life 
on Mars, but whilst doing this, NASA must be very 
careful not to disturb it, so that it can be properly 
detected. 

It is possible to conduct space exploration ethically. 
With the hindsight of previous mistakes and successes 
with both terrestrial and extra-terrestrial exploration, 
we must use international cooperation to find the best 
approach to space travel which benefits everyone, 
whether they are humans or, potentially, aliens.  

The ethics of space exploration  
Mariam Abdelhadi 

Looking at global empires in the 
past, competition has often caused 

extremely unethical acts 
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A 
t the start of 2021 in the 
Port of Brownsville, Texas, 
just a few miles from Elon 
Musk’s Starship test site in 

Boca Chica, an oil rig caught the 
attention of all space enthusiasts. 
Named Deimos (see figure 1) after 
one of Mars’ moons, it did not take 
much investigation to discover that 
this oil rig used to belong to a 
company called Valaris. Following 
the bankruptcy of Valaris in 2020, 
Deimos was sold alongside Phobos 
(see figure 2), an identical rig also 
named after a Martian moon, to 
the company “Lone Star Mineral 
Development LLC”. 
  
The question is: what is so exciting 
about two oil rigs being sold to an 
unknown Texan company? Well, 
Lone Star Mineral Development 
LLC turns out to be a subsidiary of 
SpaceX, and, consequently, this 
purchase has shone light on Elon 
Musk's plans for both the future of 
Starship, and the future of Mars 
exploration. 
The explosive testing of SpaceX's 
new spacecraft Starship has 
recently been in the news. Standing 
at 120 metres tall, the proposed 
two-stage spacecraft will be both 
the tallest and heaviest rocket ever 
created (pictured above). Following 
its initial announcement in 2012, 
many have touted it as the rocket 
that will be the first to land 
Humans on Mars. While this is 
more than enough of a goal to 
justify its creation, Musk has other 
plans for this highly-reusable, highly 
cost-efficient craft: Earth-to-Earth 
Transportation.  
  
It currently takes just under 12 
hours for a commercial airliner to 
travel from London to Hong Kong. 
While for most people this is an 
acceptable amount of time to travel 
almost 10,000km, the creation of 
Starship could provide a much 
faster alternative - achieved not by 
flying through the atmosphere, but 
above it. Simulations show that a 
Starship journey from London to 
Hong Kong could reduce the travel 
time from half a day to just over 30 
minutes. The only question is: 
where would they launch from? 
  
The Starship system is composed of 
two parts: the booster stage named 
Super Heavy, and the second stage 

named Starship. The Super Heavy 
stage is proposed to be powered by 
around 30 Raptor engines, meaning 
that the launch would be incredibly 
loud. Even from eight kilometres 
away, the sound of a Starship 
taking off would be nearly as loud 
as a turbofan powered aircraft 
taking off right next to you. 
Starship launches taking place near 
populated areas would cause 
significant levels of disruption, and 
closer to the launch site the sound 
energy would be able to smash 
windows and damage buildings.  
  

 
The acquisition of the oil rigs 
Phobos and Deimos reveals a 
solution to the problem of sound 
disruption: launching Starship from 
the sea. Furthermore, SpaceX 
recently started hiring engineers 
and technicians who specialise in 
offshore systems. When asked 
about these job postings, Musk 
tweeted: “SpaceX is building 
floating, superheavy-class 
spaceports for Mars, Moon & 
hypersonic travel around Earth.”, 
fuelling speculation. 
  
But what are the other advantages 
for launching at sea, and is this the 
first time it has been done? Unlike 
many of SpaceX’s other 
technological advancements, 
launching from the sea is an 
uncommon, yet nonetheless 
established idea in the field of 
spaceflight. Founded in 1995, the 
company Sea Launch specialised in 
launching Zenit-3SL rockets from a 
floating sea platform named 
Odyssey - a converted oil rig. Sea 
Launch sent over 30 payloads into 
orbit before putting operations “on 
long-term hiatus” in 2014.  
  
Launching from sea platforms has 
multiple advantages over launching 
from land aside from the decreased 
level of disturbance for nearby 
residents. Given the significant risks 
associated with rocket launches, 

such as RUD (Rapid Unscheduled 
Disassembly – the politically correct 
euphemism to describe a rocket 
exploding), engine failure, and 
malfunctioning guidance systems, it 
is illegal to launch rockets 
overpopulated areas. Because of 
this, launch complexes such as the 
Kennedy Space Centre at Cape 
Canaveral, Florida are limited in the 
orbits they can offer. For example, 
it is not possible to launch a 
satellite into polar orbit from the 
Kennedy Space Centre as it would 
require flight over the Eastern 
Seaboard of the United States or 
over Cuba and Central/South 
America. As a result of this, the 
KSS is only used for conventional 
inclined or geostationary orbits 
travelling Eastwards with the 
rotation of the Earth.   
  
A manoeuvrable sea launch 
platform would not have this issue 
as it could travel to an ideal spot in 
the ocean in order to achieve the 
desired orbit for the payload. This 
is especially important for 
customers who want their payloads 
to be sent into geostationary orbits. 
For a rocket to be in a 
geostationary orbit, it must fly 
perfectly above the equator and be 
in sync with the rotation of the 
Earth. Many different launch 
complexes are capable of sending 
payloads into geostationary orbit, 
but given that most launch 
complexes are not on the equator, a 
significant amount of fuel must be 
used just to travel down to the 
equator, meaning the launch is less 
efficient and more expensive. Sea 

Starship at its testing facility in Boca 
Chica, Texas 

Taking the spacecraft, not the plane 
Misha Alexandroff Wilson 

A Starship journey from 
London to Hong Kong 
could reduce the travel 
time from half a day to 
just over 30 minutes 
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launch platforms would eliminate this problem and allow 
just one launch platform to achieve any possible orbit.  
  
Another advantage is that the water underneath the 
platform would be extremely effective at absorbing the 
acoustic energy released by the booster stage at launch, 
which creates shockwaves when it collides with ambient 
air. This lowers the risk of damage to the platform, and 
more importantly the rocket, which can be caused by 
immense amounts of acoustic energy. At the point of 
origin, the sound levels can approach 200dB, which is 
loud enough to kill a nearby human. Because of this, 
almost all terrestrial launch platforms incorporate a 
sound suppression system to prevent damage to the 
rocket at launch. For example, during the Space Shuttle 
Program, NASA used a water deluge system that 
released 1.1 million litres of water onto the launch site. 
This reduced the sound level from 200dB to 

approximately 142dB, protecting the Shuttle from 
damage, and allowing it to safely send astronauts into 
the cosmos.  
  
The acquisition of the Phobos and Deimos by SpaceX 
marks the start of a new era in space launch. As 
Starship gets closer to finishing its testing phase and 
starts to fly real missions, we can now be more and 
more certain that these historic flights to the Moon and 
soon to Mars will not be launching from a complex built 
on the ground of the Earth it seeks to leave. Instead, the 
brave astronauts who will depart this planet forever in 
just a few short decades will spend their last hours not 
on the soil that they grew up on, but at sea, far away 
from the land that they once called home.  

Figure 1: Deimos  

Figure 2: Phobos  

Half robot?  
Using a mind-controlled exoskeleton to walk again 

 

Phoenix Mombru 

I 
n October 2019, a group of French researchers 
reported that their mind-controlled robotic 
exoskeleton had enabled a paralysed man to 
regain the ability to walk. The 28-year-old 

patient, known as Thibault, lost the use of all his 
limbs after breaking his neck four years prior. 
When strapped into the 65 kg exoskeleton suit 
(pictured above), which had to be supported by a 
ceiling harness, he was not only able to walk, but 
also to move his arms in a three-dimensional space 
and to perform actions as subtle as rotating his 
wrist, simply by thinking about doing so. 

 
In order to turn his thoughts into the 
exoskeleton’s movement, Thibault underwent 
surgery to have two circular implants (see figure 
1), each containing 64 electrodes, placed on the 
surface of his brain. These replaced two 5 cm 
discs of his skull in order to cover his sensorimotor 
cortex, the area that controls movement. This was 
unusual in comparison to other examples 
of neuroprosthetics (interfaces which translate 
neural activity into signals which can control 
electronic devices), where electrodes are 
commonly inserted as wires into the brain, rather 
than positioned on its membrane. The benefits of 
this decision were that the inside of Thibault’s 
brain was not at risk from infection or a build-up 
of scar tissue, which could damage the 
electrode. However, positioning the electrodes on 
the membrane of the brain meant that the signals 
received by the electrodes would not have been as 
clear as those that would have been received if 
wires were inserted directly into the brain tissue. 
 

When strapped into the 65 kg 
exoskeleton suit...he was not only 

able to walk, but also to move 
his arms in a three-dimensional 

space 
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T 
he Bose-Einstein Condensate (BEC) was first 
posited by Einstein in 1925 as an extension of 
a paper on quantum statistics by the then 
understated physicist Bose. Christened the 

fifth state of matter, a BEC is characterised by its 
indistinguishable particles which 
smudge together and oscillate in 
unison, which Wolfgang Ketterle, 
the second BEC creator, describes 
as “march[ing] in lock-step.” 

Initially thought to be just a 
theoretical concept transpiring from 
complex calculations, it took 70 
years before BECs were created 
independently by Eric Cornell and 
Carl Wieman at the Joint Institute for Laboratory 
Astrophysics (JILA) and Wolfgang Ketterle at 
Massachusetts Institute of Technology (MIT), all of 
whom were awarded a Nobel prize in recognition of 
their success. 

A BEC is made by slowing the motion of atoms to a 
near-halt from their frenzied gas state to the lowest 
quantum state through various methods of cooling. 
Here, at incomprehensibly low temperatures of 
nanokelvin, the particles resemble waves with 

wavelengths so high that they 
coagulate, forming a single wave 
function. This temperature is a 
million times colder than 
interstellar space, leading to them 
being dubbed “The coldest places 
in the universe”. 

 
In the early days of BEC creation, 
a single cooling method was not 

sufficient to reach these temperatures, so multiple 
processes had to be combined. Laser cooling, the 
primary technique, operates on the fundamental 
principles that light is made of photons and that 
atoms will absorb a photon if it has the right amount 

The electrical signals transmitted by the implants were 
then analysed by a sophisticated computer system and 
turned into instructions for the exoskeleton. 
Consequently, by thinking ‘walk’, Thibault could 
initiate a series of movements in the exoskeleton that 
moved his legs forward. Before he began walking in 
the suit, Thibault familiarised himself with the brain 

implants by using them to control a virtual avatar in a 
video game. Once in the exoskeleton, his progress was 
measured by the number of degrees of freedom he 
could achieve while performing prescribed tasks. The 
suit featured 14 joints, allowing a maximum of 14 
degrees of freedom (ways of moving, both rotational 
and axial). 
Injuries to the cervical spinal cord leave around 20% of 
patients paralysed in all four limbs. This life-changing 
injury requires imminent attention in order to give 
patients back their lives. Exoskeleton suits have a 
big role in this. The next priority will be the removal 
of the ceiling harness, but even after that, the 
exoskeleton will not be available to the public for 
many years. The researchers have emphasised that, 
although the exoskeleton is still in an early stage of 
development, their aim is to improve the quality of life 
of their tetraplegic patients (those who are paralysed 
in both their upper and lower body), rather than to 
take the Terminator-esque route of turning men into 
machines. Lead researcher Professor Alim-
Louis Benabid said: “We’re talking about ‘repaired 

man’, not ‘augmented man’.”   
 
Benabid, a lead researcher in exoskeletons, is a 
revolutionary figure in the field of neuroscience. In the 
late 1980s he developed deep brain stimulation (DBS) 
as a treatment for Parkinson’s disease. As was 
required for the exoskeleton, DBS involves the 
placement of electrodes into the brain. Instead of 
interpreting neural signals, these electrodes send out 
signals of their own, interrupting and correcting the 
irregular neural activity symptomatic of diseases such 
as Parkinson’s. Benabid’s research has shown that 
brain-computer interfaces can not only improve 
impaired motor function, but also restore it altogether. 

Figure 1: the circular implants 

By thinking ‘walk,’ Thibault could 
initiate a series of movements in 
the exoskeleton that moved his legs 
forward 

Georgi Pilz 

At incomprehensibly low 
temperatures of 

nanokelvin, the particles 
resemble waves with 

wavelengths so high that 
they coagulate 

Creating the coldest place in the universe  
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of energy to excite an electron into 
a higher energy level. An atom does 
not remain in this excited energy 
state for long and will soon re-emit 
the energy in all directions, falling 
back down to its ground state - the 
original energy level. 

If you shine a laser beam of the 
right frequency at an atom, the 
photon transfers momentum (due 
to the conservation of momentum) 
that, if opposite to the direction of 
the atom’s motion, will cause the 
atom to stagger back and slow 
down. Although the atom then re-
emits energy, which one would 
expect to result in an identical 
recoil and hence a net effect of 
zero, the re-emission is in random 
directions. This means that after 
many collisions, the re-emission 
recoil has a net direction of zero, as 
demonstrated in figure 1. 

The momentum transferred by a 
single photon is extremely low and 
can be described as akin to ping-
pong balls bouncing off basketball 
sized atoms - a single photon will 
have very little effect, but a 
continuous beam can slow down 
the atom significantly. 

Whilst laser cooling might initially 
appear very simple, the limitation is 
that atoms will only absorb these 
photons if they have precisely the 

right amount of energy, known as 
resonance. This means that once 
the initially fast-moving atoms 
slow down, the resonance intended 
for fast particles now appears to 
be red-shifted as there is a change 
in relative speed and the slowing 
process stops. 

To combat this, lasers of too great 
a wavelength are used so that only 
when the atoms are moving 
towards the source, and observing 
blue-shift, do they absorb the 
photons. As the wavelength of the 
lasers is too high for a stationary 
atom to absorb a photon, they will 
not absorb a photon and will 
remain stationary. Atoms moving 
in the same direction as the 

photons in the laser beam will also 
not absorb the photons as they 
observe the wavelength to be even 
more red-shifted which again results 

in off-resonance. This is suitable as 
it is desired that our stationary 
atoms should not absorb photons 
and desired that atoms moving in 
the same direction as the photons 
should not receive an extra kick 
resulting in faster motion. 

Figure 2 shows how this model can 
be adapted to work for a cloud of 
atoms moving in different 
directions. Lasers can be added to 
all three   axes such that there are 
six lasers pin-pointing the 
centre.  The atoms can now be 
moving in any direction and when 
they move towards a laser they are 

slowed down. The actual apparatus 
used to slow down the atoms is 
called a magneto-optic trap and 
elaborates on this skeletal concept 
by employing magnetic coils that 
trap the atoms and prevent them 
from eventually diffusing away. 

BECs allow us to study the true 

nature of particles without heat 
clouding our vision of their 
quantum properties. One such 
example are BECs’ interference 
patterns which illustrate the wave 
nature of matter, as seen in figure 
3. Where dark fringes are observed, 
constructive interference has 
occurred, and where light fringes 
appear, destructive interference has 
occurred. Two gases would not 
interfere as they would mix and two 
solids would ricochet; here, the 
interference pattern confirms the 
wave properties of a BEC. It proves 
that a new state of matter has been 
formed. 

Testing the boundaries of what we 
know in physics and furthering our 
knowledge of what happens at 
ultracold temperatures, BECs have 
induced crucial developments in 
their creation. Whilst they are 
unlikely to feature in everyday 
appliances (owing to the complexity 
of their formation), BECs are a new 
medium to experiment in, which 
can help us to further understand 
superfluids and even gravity. The 
future of BECs looks to be just as 
exciting and informative as the 
journey to finally realise them after 
decades of purely theoretical 
predictions. 

Figure 1: photon transferring energy to 
atom  Figure 3: BEC wave interference shadow 

image as observed by Ketterle 

Figure 2: magneto-optic trap 
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Across 

 
 

Down 

 

 

1 Particles of inert oxygen in sun burst (9) 

6 Press on with energy, mixing volume in real tea (10) 

10 Three quarters of a bite but one quarter of a nibble… (3) 

12 This inventor sucks... (5) 

14 Commotion as half of workers produce clay (6) 

16 Make a donkey out of headless fish (3) 

18 He's after irrational number in sci-fi cells (9) 

21 Criticise alternative, then gather almost all perspectives (10) 

 

1 2   3     4   5   

                    

6         7   8   9 

                    

10   11     12     13   

14       15     16     

            17       

18 19   20             

                    

  21                 

2 European Union documents include a hundred and fifty of a mathematician (6) 

3 Report promotes Eastern 50g equivalent (4) 

4 Spectroscopy has primarily no mass reading (3) 

5 In maths this could be empty, but unlikely in all other subjects! (3) 

7 Boundary study drops five hundred (3) 

8 Get a handle on the result of this apparently? (4) 

9 Regularly rebounds for ages (4) 

10 Put arsenic in beryllium for ammonia, perhaps? (4) 

11 Antelope - the apex one (4) 

13 Approximately about middle of July, supporting large water holes perhaps (6) 

15 Letter within the thesis (3) 

17 Uncased pill initially eases ailing guts (4) 

19 Worthless diet? (3) 

20 Empty can with nothing in for 2240 pounds! (3) 
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