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False vacuum decay via bubble formation  
in ferromagnetic superfluids

A. Zenesini    1,2  , A. Berti    1, R. Cominotti    1, C. Rogora    1, I. G. Moss    3, 
T. P. Billam    4, I. Carusotto    1, G. Lamporesi    1,2  , A. Recati    1   & 
G. Ferrari    1,2

Metastability stems from the !nite lifetime of a state when a lower-energy 
con!guration is available but only by tunnelling through an energy barrier. 
It is observed in many natural situations, including in chemical processes and 
in electron !eld ionization. In classical many-body systems, metastability 
naturally emerges in the presence of a !rst-order phase transition.  
A prototypical example is a supercooled vapour. The extension to quantum 
!eld theory and quantum many-body systems has attracted signi!cant 
interest in the context of statistical physics, protein folding and cosmology, 
for which thermal and quantum "uctuations are expected to trigger the 
transition from the metastable state (false vacuum) to the ground state 
(true vacuum) through the probabilistic nucleation of spatially localized 
bubbles. However, the long-standing theoretical progress in estimating the 
relaxation rate of the metastable !eld through bubble nucleation has not 
been validated experimentally. Here we experimentally observe bubble 
nucleation in isolated and coherently coupled atomic super"uids, and 
we support our observations with numerical simulations. The agreement 
between our observations and an analytic formula based on instanton 
theory con!rms our physical understanding of the decay process and 
promotes coherently coupled atomic super"uids as an ideal platform to 
investigate out-of-equilibrium quantum !eld phenomena.

A supercooled gas is a classic example of a metastable state that exists 
just across a first-order phase transition. The passage to the ground 
state (the liquid phase) is mediated by resonant bubble nucleation 
when the energy gain provided by the liquid bulk is compensated 
by the cost of the surface tension. This energy balance leads to a 
critical bubble size. The stochastic formation of a bubble typically 
occurs around nucleation spots, such as impurities in the gas or 
imperfections of the container. The extension of this idea to a quan-
tum many-body or a quantum field system has attracted extensive 
attention in a wide range of scenarios and length scales, from an 

understanding of the early Universe1–3 to the characterization of spin 
chains4–6 and protein folding7,8. In all these models, the metastable 
state at the origin of bubble nucleation is identified as ‘false vacuum’ 
(FV), and the role of surface tension is taken by a genuinely quantum 
term. In the purest form, the decay of the FV into the ground state 
takes place through quantum vacuum fluctuations9,10 (like impurities 
in the classical case). However, as, for example, in the early Universe, 
the tunnelling is equally likely to be boosted by thermal fluctua-
tions, and the process is styled vacuum decay at finite temperature11  
(see refs. 12–14 for reviews).
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We observe that the duration of bubble nucleation scales exponentially 
with an experimental parameter that is connected to the energy bar-
rier properties. Theoretical and numerical simulations support our 
observations and allow us to confirm the FV decay mechanism and its 
thermal activation.

The experimental platform is composed of a bosonic gas of 
 23Na atoms, optically trapped and cooled below the condensation 
temperature. The gas is initially prepared in the internal state  

, where F is the total angular momentum and mF 
its projection on the quantization axis. Microwave radiation with ampli-
tude ΩR introduces coherent Rabi coupling between the  state and 

. The relevant scattering lengths for such a two-level system 
are a↓↓ = 54.5a0, a↑↑ = 64.3a0 and a↓↑ = 64.3a0, and lead to the condition 
∆a = (a↑↑ + a↓↓)/2 − a↓↑ < 0, that is, to a system with a ferromagnetic 
ground state28.

The trapping potential is axially symmetric and harmonic in 
all three directions, but strongly asymmetric (with axial and radial 
trapping frequencies ωx/2π = 20 Hz and ωρ/2π = 2 kHz), producing an 
elongated system with inhomogeneous density and spatial size given 
by the longitudinal and radial Thomas–Fermi radii Rx = 200 µm and 
Rρ = 2 µm. At the end of each experimental realization, we image the 
two spin states independently with two subsequent absorption imag-
ing sequences28 and extract their density distributions. The transverse 
confinement is tight enough to suppress the radial spin dynamics of 
the condensate29. We, therefore, integrate each image along the trans-
verse direction and obtain the integrated one-dimensional (1D) density 
profiles n↑(x) and n↓(x), from which we extract the profile of the relative 
magnetization Z(x) = [n↑(x) − n↓(x)]/[n↑(x) + n↓(x)].

The coupled two-component system can be studied by separately 
treating the total density (n = n↑ + n↓) and the spin (n↑ − n↓ = nZ) degrees 
of freedom. While the density is simply dominated by a continuity 
equation, the spin degree of freedom is ruled by a magnetic mean-field 
Hamiltonian, which has a first-order phase transition in the central 
region of the cloud for ΩR < ∣κ∣n, where κ ∝ ∆a is the relevant interaction 
parameter (Methods).

The first-order phase transition originates from a symmetry break-
ing when the local energy landscape as a function of the magnetization 
Z goes from a single to a double minimum at ΩR = ∣κ∣n = 2π × 1,150 Hz in 
the centre of the cloud. At fixed ΩR, the experimentally tunable param-
eter is the detuning δ between the two-level system and the coupling 
radiation. For small enough ∣δ∣, in the local density approximation (LDA) 
and in the centre of the trap, the energy landscape E(Z) is represented 
by an asymmetric double well, which becomes symmetric for δ = 0  
(Fig. 2a). In particular, for positive δ, the energy is minimized by positive 
values of Z, and vice versa.

The double-well scenario is maintained also when the spatial 
dependence of the field and the bubble interface energy are included. 
Here, the relevant parameter for the bubble nucleation is the shape 
(height and width) of the global energy barrier separating the two wells 
that the system needs to overcome as a field, that is, in a macroscopic 
manner. This depends on δ, n and ΩR. When ∣δ∣ exceeds a critical value 
δc, the metastable well disappears28. Borrowing the nomenclature from 
ferromagnetism, ±δc correspond to the edges of the hysteresis region 
and their value depends on both ΩR and ∣κ∣n.

Figure 2b illustrates the experimental protocol. A coherent cou-
pling with strength ΩR and initial detuning δi/2π = 5.5 kHz is switched 
on. While keeping ΩR fixed, the detuning δ is linearly changed from δi 
to a variable δf at a constant rate of 50 Hz ms−1, by ramping the exter-
nally applied magnetic field. Since the ramp starts with δ ≫ ΩR, the 
system follows the spin rotation by remaining in the local ground state 
until δ < 0, when such a local ground state becomes a metastable state  
(Fig. 2a). Once δf is reached and after a variable waiting time t, the states 
are independently imaged.

If δf > 0, the whole system is and remains in the absolute ground 
state , whereas for δf < 0, after a variable time, a macroscopic region 

In the cosmological case, the energy scales are well above any that 
are accessible to experiments, so that FV decay remains one of the most 
important yet untested processes in theoretical high-energy physics. 
Recently, the extreme flexibility of tabletop experiments with neutral 
and charged atoms and the advances in classical and quantum com-
puter algorithms have paved the way for experiments15–22 and virtual 
simulators23,24. Up to now, only numerical results have been achieved, 
and the experimental observation of an analogue to FV decay would, 
therefore, be of high relevance.

In tabletop experiments, an observation of bubble nucleation 
requires several ingredients that are difficult to arrange simultaneously. 
First, a mean-field interaction-induced energy landscape composed of 
an asymmetric double well is the minimal requirement for the decay 
from the metastable state to the absolute ground state through mac-
roscopic tunnelling across the energy barrier followed by relaxation 
(Fig. 1). Second, unlike in the ordinary quantum tunnelling of a single 
particle25–27, the system is described by a spatially dependent macro-
scopic field which can decay at the cost of the bubble surface energy. 
Third, the time resolution of the experiment should cover many orders 
of magnitude to allow for the investigation of the predicted exponential 
time-dependence of the tuning parameters, implying the need for high 
stability and accuracy. An extended ferromagnetic superfluid28 pos-
sesses the ideal properties to act as a simulator of these field phenom-
ena, thanks in particular to a first-order phase transition, its long-range 
coherence and the flexibility in controlling the experimental parameters 
within a stable and isolated environment. As a peculiarity of superfluids, 
spatial changes of the magnetization require a positive kinetic energy 
cost. In a tight analogy with supercooling, bubbles can, therefore, form 
in the ferromagnetic superfluid when the energy cost for creating their 
interfaces (domain walls) is balanced by the energy gain associated with 
the magnetization change inside the bubble (Fig. 1).

In this Article, we present the experimental observation of an  
FV decay process through bubble formation in a superfluid system.  

Thermal

Quantum

TVFV
C

A B
Domain wall

Bubble

Fig. 1 | Mean-field energy and bubble formation. The cloud is initially prepared 
in the FV with all the atoms in  (A). Although the single  spin state is 
energetically lower (E↓ < E↑) in the centre of the cloud, the situation is the 
opposite in the low-density tails. The interface (domain wall) between 
ferromagnetic regions with opposite magnetization has positive (kinetic) energy, 
which adds up to the double minimum energy landscape emerging from the 
ferromagnetic interaction. Macroscopic tunnelling can take place resonantly to 
the bubble state (B), which has a  bubble in the centre. The core energy gain 
compensates for the domain-wall energy cost. The barrier crossing can be 
triggered by quantum fluctuations in the zero-temperature case (full arrow) or by 
thermal fluctuations at finite temperature (empty arrow). After the tunnelling 
process, the bubble increases in size in the presence of dissipation to reach the 
true vacuum (TV) state (C), without coming back to (A).

•Establishes consistency of observed bubble 
nucleation of a low energy ground vacuum state 
from a higher energy false vacuum in a 
ferromagnetic gas of Sodium-23.  

•Connects the observed bubble nucleation rate with 
predictions from the theory of instantons.
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Rotating curved spacetime signatures from 
a giant quantum vortex

Patrik Švančara1,2 ✉, Pietro Smaniotto1,2, Leonardo Solidoro1,2, James F. MacDonald3, 
Sam Patrick4, Ruth Gregory4,5, Carlo F. Barenghi6 & Silke Weinfurtner1,2,5,7 ✉

Gravity simulators1 are laboratory systems in which small excitations such as sound2 
or surface waves3,4 behave as !elds propagating on a curved spacetime geometry. The 
analogy between gravity and "uids requires vanishing viscosity2–4, a feature naturally 
realized in super"uids such as liquid helium or cold atomic clouds5–8. Such systems 
have been successful in verifying key predictions of quantum !eld theory in curved 
spacetime7–11. In particular, quantum simulations of rotating curved spacetimes 
indicative of astrophysical black holes require the realization of an extensive vortex 
"ow12 in super"uid systems. Here we demonstrate that, despite the inherent instability 
of multiply quantized vortices13,14, a stationary giant quantum vortex can be stabilized 
in super"uid 4He. Its compact core carries thousands of circulation quanta, prevailing 
over current limitations in other physical systems such as magnons5, atomic clouds6,7 
and polaritons15,16. We introduce a minimally invasive way to characterize the vortex 
"ow17,18 by exploiting the interaction of micrometre-scale waves on the super"uid 
interface with the background velocity !eld. Intricate wave–vortex interactions, 
including the detection of bound states and distinctive analogue black hole ringdown 
signatures, have been observed. These results open new avenues to explore quantum- 
to-classical vortex transitions and use super"uid helium as a !nite-temperature 
quantum !eld theory simulator for rotating curved spacetimes19.

To experimentally realize a curved spacetime such as a black hole 
requires a specific relative motion between the excitations and the 
background medium. One-dimensional supersonic flow, the archetypal 
example of an acoustic black hole, provides a platform for observa-
tions of Hawking radiation in both classical20,21 and quantum fluids9,10,22. 
More complex phenomena such as Penrose superradiance require 
rotating geometries realizable in two spatial dimensions, for example, 
by means of a stationary draining vortex flow12,23. Classical fluid flow 
experiments have demonstrated the power of the gravity simulator 
programme, realizing superradiant amplification of both coherent11,24 
and evanescent waves25, as well as quasinormal mode oscillations26, a 
process intimately connected to black hole ringdown27.

Here we investigate related phenomena in the limit of negligible vis-
cosity in superfluid 4He (called He II). Its energy dissipation is depend-
ent on temperature and can be finely adjusted across a wide range. At 
1.95 K, at which our experiments take place, its kinematic viscosity is 
reduced by a factor of 100 compared with water28 and the damping is 
dominated by thermal excitations collectively described by the viscous 
normal component28,29 that constitutes approximately half of the total 
density of the liquid. Moreover, He II supports the existence of line-like 
topological defects called quantum vortices. Each vortex carries a single 
circulation quantum κ ≈ 10−7 m2 s−1 and forms an irrotational (zero-curl) 
flow field in its vicinity29. Owing to this discretization, a draining vortex 
of He II can manifest itself only as a multiply quantized (also known as 

giant) vortex or as a cluster of single quantum vortices. Such vortex 
bundles exhibit their own collective dynamics and can even introduce 
solid-body rotation30 at length scales larger than the inter-vortex dis-
tance, adding complexity to the study of quantum fluid behaviour. As 
the realization of curved spacetime scenarios requires an irrotational 
velocity field1,31, it is critical to confine any rotational elements into a 
central area, that is, the vortex core. However, alike-oriented vortices 
have a tendency to move apart from each other, which poses a limita-
tion on the extent of the core one can stabilize in an experiment. On 
the other hand, recent findings show that mutual friction29 between 
quantum vortices and the normal component contributes to the sta-
bilization of dense vortex clusters32.

The vortex induces a specific velocity field within the superfluid, 
which affects the propagation of small waves on its surface. In particu-
lar, low-frequency excitations perceive an effective acoustic metric3,4
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in which c denotes their propagation speed and ̂ ̂θv rr θ v v( , ) = +r θ  indi-
cates the velocity field at the interface (we assume that the superfluid 
and normal velocity fields are equal, in line with other mechanically 
driven flows of He II (refs. 33,34)). Although this description fails in the 
high-frequency regime owing to dispersion, it is well known that the 
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curved spacetime phenomenology persists for these excitations24,26,35. 
Altogether, the above properties suggest that an extensive draining 
vortex of He II is a feasible candidate for simulations of a quantum field 
theory in curved spacetime.

We realized this flow in cylindrical geometry that is built on the 
concept of a stationary suction vortex36 (see Methods for a detailed 
description). The central component of our set-up is a spinning propel-
ler, which is responsible for establishing a continuous circulating loop 
of He II, feeding a draining vortex that forms in the optically accessible 
experimental zone. At small propeller speeds, we observe a depression 
on the superfluid interface (Fig. 1a), but as the speed increases, this 
depression deepens and eventually transforms into a hollow vortex 
core extending from the free surface to the bottom drain (Fig. 1b). The 
parabolic shape of the free surface in the former regime is consistent 
with solid-body rotation, which corresponds to a compact, polarized 
cluster of singly quantized vortices (called solid core) that forms under 
the finite depression. The hollow core can instead absorb individual 
circulation quanta and behave like a multiply quantized object37. To 
minimize the rotational flow injected by the spinning propeller into 
the experimental zone, we devised a unique recirculation strategy 
based on a purpose-built flow conditioner (see Methods) that promotes 
formation of a centrally confined vortex cluster instead of a sparse 
vortex lattice. However, the exact dynamics of individual quantum 
vortices, as well as their spatial distribution in the experiment, calls 
for future investigations. State-of-the-art numerical models38 account 
for the motion of vortex lines coupled to the superfluid and normal 
velocity fields, but fail to dynamically model the interface, which is 
a pivotal element in our system. Previous experimental efforts39–41 
confirmed that a draining vortex in He II carries macroscopic circula-
tion but lacked spatial resolution required to investigate central con-
finement of rotational components. In this regard, cryogenic flow 
visualization42 provides sufficient resolution. However, this method 
requires introducing small solid particles into the superfluid, which 
accumulate along the vortex lines and considerably affect their  
dynamics43.

The above limitations compelled us to propose an alternative, 
minimally invasive method to examine the vortex flow and extract 
macroscopic flow parameters that exploit the relative motion occur-
ring between interface waves and the underlying velocity field. The 
corresponding dispersion relation for angular frequencies ω and wave 
vectors k reads35

ω F( − ⋅ ) = ( ), (2)2v k k

in which F denotes the dispersion function. By solving equation (2), 
we find (see Methods) that the spectrum of interface modes gets fre-
quency shifted and the velocity field can be inferred from these shifts44. 
Therefore, we redirect our attention towards precise detection of small 
waves propagating on the superfluid interface.

We identified that the adapted Fourier transform profilometry17,18 
is well suited to our needs, as it is capable of resolving a fluid interface 
with sufficient and simultaneous resolution in both space and time. 
This powerful technique consists of imaging the disturbed interface 
against a periodic backdrop pattern. This way, we resolve height fluctua-
tions of said interface (Fig. 2a) with sensitivity up to approximately one 
micrometre. Owing to symmetries of the flow, the waves exhibit two 
conserved quantities: frequency f and azimuthal number m. The latter 
parameter counts the number of wave crests around a circular path, 
with positive or negative values of m corresponding to wave patterns 
co-rotating or counter-rotating with the central vortex.

These spatial patterns (or modes) can be retrieved from the 
height-fluctuation field by a discrete Fourier transform. For exam-
ple, by transforming with respect to the angle θ, we can single out 
individual azimuthal modes (Fig. 2b–e). To study wave dynamics in 
time, we must also transform the temporal coordinate and inspect 
the resulting two-dimensional spectra, showcased in Fig. 2f,g for two 
distinct radii. Notable high-amplitude signals in the m = ±1 bands are 
exclusively a consequence of how mechanical vibrations of the set-up 
imprint themselves on our detection method. Of physical interest are 
modes with higher azimuthal numbers. These excitations, observed 
in both solid-core and hollow-core regimes, represent micrometre 
waves excited on the interface. In the steady state, the waves dissipate 
their energy, in part by viscous damping and in part by scattering into 
the draining core of the vortex45. Although this is balanced by the sto-
chastic drive originating from the fluid flow and/or aforementioned 
mechanical vibrations, we notice that only a certain region of the spec-
tral space (m, f) is populated with excitations, a feature that varies when 
examining smaller (Fig. 2f) and larger (Fig. 2g) radii. We observe that 
only some high-frequency (equivalent to high-energy) waves have the 
capability to propagate on the interface. Through the solution of equa-
tion (2), we can pinpoint the minimum frequency, fmin, permissible for 
propagation for the given radius, azimuthal number and background 
velocity (see Methods) and, in line with the methodology introduced 
above, we exploit this particular frequency to extract the underlying 
velocity field, as we now describe. We search the parameter space pro-
duced by two velocity components (vr, vθ) and determine values that 
produce the best match between fmin and the lowest excited frequency 
in the experimental data across several azimuthal modes (coloured 
lines in Fig. 2f,g). By carrying out this procedure for every examined 
radius, we can reconstruct the velocity distribution in the draining  
vortex flow.

We conducted these reconstructions across several vortex con-
figurations distinguished by the drive (propeller) frequency. For all 
instances, vr approximates zero within the limits of our resolution. 
Although seemingly paradoxical, this outcome results from a com-
plex boundary-layer interaction and is in agreement with earlier 
findings in classical fluids46. Therefore, interface waves engage with 
an almost entirely circulating flow characterized by a specific radial 
dependence of vθ (coloured points in Fig. 3a). Overall, the results are  
consistent with

a b

Fig. 1 | Side views of two distinct configurations of the giant quantum vortex. 
a, At low propeller frequencies (here 1 Hz), the interface exhibits a discernible 
depression, and the vortex core beneath takes the form of a compact, polarized 
cluster of singly quantized vortices (called solid core). b, With the escalation of 
frequency (here to 2 Hz), a fully formed hollow core emerges, behaving like a 
multiply quantized object. Dark vertical stripes in the background provide 
contrast to the imaged interface. A simplified sketch of this interface (white 
lines) helps to identify these regimes in later figures. Scale bar, 10 mm.

•Quantum analogue between 
fluid dynamics and gravity 
achieved in superfluid 
Helium-4.
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To perform an in-depth examination of selected states (denoted 
as I–IV), we plot the absolute value of their amplitudes in Fig. 4a. The 
frequency of state I meets fmin in a crossing point (yellow point) located 
within the field of view. At large radii, this wave harmonically propa-
gates. However, as it penetrates the barrier, its amplitude exponentially 
decays in exact analogy with a simple quantum-mechanical model 
of a particle trapped in a potential well. For higher frequencies, the 
crossing point moves towards smaller radii (state II), eventually reach-
ing the limit of our detection range. For the highest-frequency states  
(III and IV), the crossing point is well outside the detection range and 
we only observe the harmonic part of the signal. Nonetheless, the mere 
existence and predictability of these states lets us extend the effective 
potential barrier beyond the observable range.

Specifically, we consider a model of a purely circulating vortex, whose 
velocity field reads (vr, vθ) = (0, C/r), and extend the experimentally 
determined potential barrier (red lines in Fig. 4a,b) towards smaller radii 
(yellow lines). In practice, this model must break down near the vortex 
core, at which point the spatial distribution of individual quantum 
vortices becomes relevant. Nonetheless, the frequencies of individual 
bound states are in excellent agreement with theoretical predictions 
(see Methods) based on the extended potential barrier (Fig. 4c). This 
outcome validates the simplified model and allows us to constrain the 
radius of the core region to approximately 4 and 6 mm, respectively for 
the solid-core and hollow-core regimes. Confinement of the rotating 
core beyond the experimental range gains importance when consider-
ing the draining vortex flow as a gravity simulator, for example, when 
searching for initial indications of black hole ringdown.

For this purpose, we focus on counter-rotating (m = −8) modes, 
depicted in Fig. 5a,b with the effective potential barriers (red lines) 
and their extensions (yellow lines). The shape of the barrier in the 
solid-core regime (Fig. 5a) allows the existence of bound states up to 
approximately 30 Hz. However, this is not the case in the hollow-core 
regime (Fig. 5b), despite the corresponding circulations only differ-
ing within one order of magnitude. Bound states are not formed at 
all because the effective potential shows a shallow maximum before 
decreasing towards zero. Dominant excitations in this spectrum, 
highlighted in Fig. 5c, are modes lingering near this maximum. These 
excitations, previously identified as ringdown modes of an analogue 
black hole26, represent the very first hints of this process taking place in  
a quantum fluid. The radius at which the effective potential crosses 
the zero-frequency level is related to the analogue ergoregion35, a 
key feature in the occurrence of black hole superradiance. To directly 

observe this region in our set-up, further increasing the azimuthal 
velocity and/or examining the system closer to the vortex core is  
required.

Our research positions quantum liquids, particularly He II, as prom-
ising contenders for finite-temperature, non-equilibrium quantum 
field theory simulations, marking a transformative shift from already 
established simulators in curved spacetimes7–10. The liquid nature of 
He II arises from an effective, strongly interacting field that comple-
ments its weakly interacting counterpart found in, for example, cold 
atomic clouds. A distinctive advantage presented by He II lies in its 
flexibility, allowing it to be operated at a fixed temperature, starting 
just below the superfluid transition, at which He II shows pronounced 
dissipation. This regime in particular holds immense potential, such 
as for the mapping to generic holographic theories49. At temperatures 
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Fig. 4 | Bound states in co-rotating waves. Fourier amplitudes of interface 
waves corresponding to m = 8 mode show a characteristic pattern in the radial 
direction that can be identified with bound states, that is, standing waves 
between the outer boundary (glass wall) at 37.3 mm and the effective potential 
barrier (red lines). A simplified but accurate model of the potential (yellow 
lines) is extended beyond the experimentally accessible range (dashed black 

lines). a, Solid-core regime. Rescaled amplitudes of four bound states labelled 
I–IV (blue lines) are shown as a function of radius. Crossing points with the 
potential barrier are marked by yellow points. b, Hollow-core regime.  
c, Comparison of bound-state frequencies retrieved from panel a (red points) 
and their theoretical predictions (black circles). Frequencies of states I–IV are 
highlighted by blue arrows.
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Fig. 5 | Bound states and ringdown modes in counter-rotating waves. 
Fourier amplitudes of interface waves (same colour scale as in Fig. 4) 
corresponding to m = −8 mode interact with the effective potential barrier  
(red lines). Its simplified model (yellow lines) is extended beyond the accessible 
range (dashed black lines). a, In the solid-core regime, the potential allows 
existence of bound states, visible up to approximately 30 Hz. b, In the 
hollow-core regime, no bound states can be retrieved. Instead, we observe 
dominant excitations lingering near the shallow maximum of the potential 
(approximately at 8.25 Hz), suggesting the excitation of black hole ringdown 
modes. c, Inset highlights ringdown mode candidates from panel b, with the 
effective potential barrier shown as a faint red line.



Quantum-Enhanced Interferometry for New Physics
● Novel searches for dark matter and axion-like particles: LIDA, ALPS II

● Novel searches for signatures of quantum gravity: QUEST, CRYO-BEAT

● Quantum technologies: Squeezed light and TES single photon detection

● UK members: Birmingham, Cardiff, Glasgow, Strathclyde, 
Warwick; International Partners: Fermilab / U Chicago, NIST, MIT, 
Caltech (US), DESY, PTB, Max Planck (Germany), Vienna (Au), 
U Western Australia (A)

Status:

● Novel axion interferometer method established: 2307.01365; 

2309.03394; 2401.11907

● TES detector is under commissioning and ALPS II design: 2009.14294

● Scalar field dark matter searches: Nature 600, 424 (2021); PRL 128, 

121101 (2022); 2402.18076 (2024)


●

QUEST Quantized space-time search: 1

st

 engineering run completed 

QUEST
(A. Patra)



QTNMAtomic 3H β-decay – model independent 

Cyclotron Radiation Emission Spectroscopy + Quantum 
Technologies to overcome limitations of current state-of-art 
(KATRIN)

Zhao, Withington and Thomas,  arXiv:2406.02455v2 (2024)
G. Chapman et al., IEEE Transactions on Applied Superconductivity 34 (2024).

https://arxiv.org/abs/2406.02455v2


QSHS
Ultra low physical temperature (8.5mK) resonant axion search at 25 to 40 micro-eV.

•Dilution fridge installed, cooled to 8.5mK (already)
•Cavities and tuning rods manufactured and 
installed in ADMX.

•Currently preparing to cool cavity in QSHS.
•Magnetic field shield almost finished, ready in July.
•Magnet already reached 6T, 8T version underway.
•Cryogenic amplifier design R&D rather like QTNM.
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5 Ultra Cold Sr Labs build in less 
than 24 months using large scale 

Particle Physics production 
methods to significantly 

accelerate the turnaround – this 
will be critical for future success!    

More than doubled the Ultra-Cold Sr 
R&D capacity in the UK and 
increased it by about 25% 

worldwide. 

https://doi.org/10.1116/5.0172731
[published AVS Quantum Sci. 6, 

014409 (2024)]

Discussing with established UK 
companies Torr Scientific and Kurt J. 

Lesker potential for spin-off. 

Formalising the long-standing UK-US 
partnership between MAGIS and AION, in 

conjunction with the participating UK 
institutions. 

This stands as a successful instance of UK-
US cooperation in the fields of science and 
quantum technology development, with the 
potential to unlock additional synergies and 

opportunities.

Build 5 AION Labs Design of 10m Oxford Tower Formlise UK-US Partnership 

AION
Developments in strontium beam atom interferometry for fundamental physics.

https://doi.org/10.1116/5.0172731


A network of clocks for measuring the stability of fundamental constants

Search for variations of fundamental constants of the 
Standard Model, using a network of clocks


A unique network of clocks chosen for their different 
sensitivities to variations of α and μ [EPJ QT 9, 12 (2022)]

NPL clocks & Sussex theory

▪ World-leading results: new constraints 
on ultra-light dark matter  
[New J. Phys. 25 9, 093012 (2023)]

▪ Improved the best UK atomic clocks

Sussex experiment

▪ Developed sideband cooling for 
molecular ions and quantum logic 
spectroscopy

▪ Developed new lasers

Imperial

▪ Achieved cooling and trapping of 
molecules in an optical lattice

▪ Realised vibrational transition 
spectroscopy

▪ Developed laser systems

Birmingham

▪ Realised first compact electron beam 
ion trap in UK

▪ Realised first cryogenic vacuum 
systems to trap and cool highly charged 
ions in UK



QUEST-DMC
Light WIMP search exploiting coherent quantum states of superfluid helium 3

4.5um (top) and 450nm (bottom) nanowire detectors for broken Cooper pairs in superfluid Helium-3.
Cylindrical container for the helium and nanowire sensors.

Autti, S., Casey, A., Eng, N. et al. QUEST-DMC: Background Modelling and Resulting Heat Deposit for a 
Superfluid Helium-3 Bolometer. J Low Temp Phys (2024).



Further supported projects (under 'Developing 
quantum technologies for fundamental physics')

1. Quantum sensing for antimatter gravity

2. MeVQE: A world-leading centre for MeV scale entanglement physics

3. Development of levitated quantum optomechanical sensors for dark matter detection

4. Simulating high energy physics with quantum photonics

5. ParaPara: A quantum parametric amplifier using quantum paraelectricity

6. Quantum computing for nuclear physics

7. Supercooled cosmological simulator

8. Testing theories of dark energy using atom interferometry

9. Differential atom interferometry and velocity selection using the clock transition of strontium atoms for AION

10.Penrose processes in an analogue black hole formed in hybrid light-matter (polariton) superfluid

11.Synthesising quantum states of sound and listening to what they tell us about the universe

12.Quantum simulation algorithms for quantum chromodynamics

13.Accelerating the development of novel clocks for measuring varying fundamental constants

14.A quantum jump sensor for dark matter detection

15.Increasing the science reach for quantum enhanced interferometry

16.Trapped electron for neutrino mass measurement

17.Levitated Quantum Diamonds

(Total funding for DevQTFP is £4M.)



Discussion points
•We are in an era of uncertainty in particle physics. Nobody knows where the next 
new physics will manifest itself. 
•In this context, it makes sense to try many new things. 
•Particle physics will benefit from closer association with other research areas. 
•Quantum sensing is a neighbouring field with many commonalities with high 
energy physics and particle physics. 
•Government has just committed £2.5B over 10 years to quantum. 
•There is currently no guaranteed funding for QTFP projects beyond March 2025. 
•Young scientists thinking about entering the field can be hesitant because there 
are no assurances of future viability of the field. This is a problem. 
•In the background, the whole of the PAAP portfolio (within STFC core) currently 
receives 3-4% of the STFC budget - funds at least 5 whole research fields. 
•Finding a more assured funding route for QTFP, and improved support for 
particle astrophysics in general, will nurture a growing and exciting field, and 
greatly increased discovery potential for new physics.


