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Abstract
Next generation tritium decay experiments to determine the absolute neutrino mass require
high-precision measurements of β-decay electron energies close to the kinematic end point. To
achieve this, the development of high phase-space density sources of atomic tritium is required,
along with the implementation of methods to control the motion of these atoms to allow extended
observation times. A promising approach to efficiently and accurately measure the kinetic energies
of individual β-decay electrons generated in these dilute atomic gases, is to determine the
frequency of the cyclotron radiation they emit in a precisely characterised magnetic field. This
cyclotron radiation emission spectroscopy technique can benefit from recent developments in
quantum technologies. Absolute static-field magnetometry and electrometry, which is essential for
the precise determination of the electron kinetic energies from the frequency of their emitted
cyclotron radiation, can be performed using atoms in superpositions of circular Rydberg states.
Quantum-limited microwave amplifiers will allow precise cyclotron frequency measurements to be
made with maximal signal-to-noise ratios and minimal observation times. Exploiting the
opportunities offered by quantum technologies in these key areas, represents the core activity of
the Quantum Technologies for Neutrino Mass project. Its goal is to develop a new experimental
apparatus that can enable a determination of the absolute neutrino mass with a sensitivity on the
order of 10meV/c2.

1. Introduction

Seeking the origin of mass has been a driving force in the development of the Standard Model (SM) of
particle physics. Due to the gauge-symmetric nature of the electromagnetic, weak and strong forces,
fundamental particles would need to be massless if it were not for the Higgs mechanism of spontaneous
symmetry breaking [1–3]. With the discovery of the Higgs boson at the Large Hadron Collider [4, 5], there is
now a firm understanding of how quarks and charged leptons acquire mass, but this does not apply easily to
neutrinos. Since only left-handed neutrinos interact via the weak force, and a hypothetical right-handed
counterpart would not interact through the SM gauge forces at all, neutrinos had been considered massless
in the SM. The left- and right-handed neutrino will interact with the Higgs via a Yukawa coupling
(analogous to the other SM fermions), but probing it directly is very challenging, unless extended scenarios
with the new sterile neutrino mass states are considered. Direct experimental probes of neutrino masses,mi,
for example through tritium β-decay, seemingly confirmed this expectation, setting a stringent limit of
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mi <O(1eV). This upper limit is already six orders of magnitude smaller than the mass scale of the other
fermions:mi/me ≲ 2× 10−6, whereme is the mass of the electron, the next lightest fermion.

The existence of neutrino oscillations, discovered by the Sudbury Neutrino Observatory [6] and
Super-Kamiokande [7] collaborations, now provides indirect but conclusive proof that at least two of the
three SM neutrinos have nonzero masses, with the heaviest state weighing at leastmheaviest ≳ 50meV/c2,
making the mass range from 50meV/c2 to 1eV/c2 a target for ongoing experimental studies. Neutrino
oscillations arise because of a misalignment between the charged-current neutrino interaction eigenstates
να, where α= e,µ,τ , and the neutrino mass eigenstates ν i, with i = 1,2,3. These two basis sets are related
by να =

∑3
i=1Uαiνi, where Uαi is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, which describes

neutrino flavour mixing. Essentially all current experimental information on the PMNS matrix elements and
the neutrino massesmi comes from observations of oscillations. These data place constraints on Uαi, and the
differences in the squares of the neutrino masses,∆m2

ij =m2
i −m2

j . The parametrization of the PMNS
matrix is not, however, unique; the standard form involves three mixing angles θ12, θ13, θ23 and a
CP-violating phase δCP [8]. The mass eigenstates are conventionally ordered by their electron-flavour content
with |Ue1|2 > |Ue2|2 > |Ue3|2: ν1 is the state most similar to νe. The mixing angles and∆m2

ij are currently
known to a precision of a few percent [9], but outstanding questions remain. These include the fact that
whilst the sign of∆m2

21 is known, the sign of∆m2
32 is not, which leads to normal ordering (NO), in which

m1 <m2 <m3, and inverted ordering (IO), in whichm3 <m1 <m2. The CP-violating phase δCP also
remains undetermined. Determining the mass ordering and measuring δCP are the primary physics goals of
the future long-baseline neutrino oscillation experiments [10, 11].

Although neutrino oscillation experiments have enabled numerous pivotal advances in neutrino physics,
they provide no information about the absolute values of the masses. In this paper, we overview the
Quantum Technologies for Neutrino Mass (QTNM) experiment, which aims to address this deficiency by
contributing to the development of a new class of neutrino mass experiments. The technique, which goes
under the generic name cyclotron radiation emission spectroscopy (CRES), is capable of measuring the
effective β-decay neutrino massmβ :

m2
β =

3∑
i=1

|Uei|2m2
i . (1)

The long-term goal of QTNM, working with international colleagues, is to determinemβ , even if it is close to
the minimally allowed value of 9meV/c2 set by neutrino oscillation observations. Our ambition is to exploit
and further develop state-of-the-art experimental techniques that draw on recent advances in atomic,
molecular, and optical physics and quantum microwave electronics and systems engineering. Our
programme includes innovating, refining and increasing the technology readiness level of atomic quantum
sensors for characterising magnetic and electric fields, and realising inward-looking arrays of quantum-
noise-limited (Tnoise ≲ 1K at 18GHz) coherent microwave receivers for observing large (1m3 to at least
10m3) volumes.

Our article is organised as follows: in section 2, previous work on determining absolute neutrino mass is
summarised. This summary is followed, in section 3, by a discussion of mass measurements based on the
β-decay of radioactive isotopes, and the limitations imposed by existing experimental techniques in this
field. In section 4, we focus on the method of CRES for determining precisely the kinetic energies of the
radioactively liberated electrons, which in turn give information about the energies of the antineutrinos also
released. In this context, the role of CRES in next generation absolute neutrino mass experiments is
described. Section 5 summarises the theoretical, technological and instrument-definition studies underway
in the UK, enabled through the QTNM partnership. More specifically, QTNM involves developing atomic
tritium sources, and ensuring appropriate atomic quantum state selection and purity in the resulting gases:
sections 6 and 7, respectively. CRES relies on the implementation of techniques for atomic magnetometry
and electrometry to characterise precisely the primary static magnetic field that drives the cyclotron motion
and that traps the electrons for a sufficient period of time that high spectral resolution is achieved: section 8.
In section 9 an overview of the current conceptual design of the QTNM spectrometer is presented. This is
followed in section 10 by a description of the quantum noise limited microwave amplifier technologies under
development in the QTNM project. Finally, in section 11 conclusions are drawn.

2. Absolute neutrino mass

A laboratory measurement of absolute neutrino mass is one of the most important experimental challenges
facing the particle physics community. In fact, it is the only known particle whose mass has not yet been
determined. With oscillation experiments only sensitive to∆m2

ij, alternative techniques are required to
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Figure 1. Dependence of the effective β-decay mass of the neutrino,mβ , on (a) the lightest neutrino massmlightest, (b) the sum of
neutrino masses Σmν , and (c) the effective neutrinoless double β-decay massmββ . Neutrino oscillation parameters are taken
from [9] for NO (blue) and IO (red) with the bands indicating 1σ uncertainties.

determine the individual masses. One approach to probing neutrino mass is based on the cosmological effect
of the relic neutrino background on the Cosmic Microwave Background and the large-scale structure of the
Universe [12]. Such cosmic surveys are, however, only sensitive to the sum of the neutrino masses,

Σmν =m1 +m2 +m3 . (2)

The current limit is Σmν < 0.113eV/c2 [13] with 90% confidence, though it is affected by the choice of
astrophysical data and depends on the neutrino mass ordering. It is weakened if an underlying cosmological
model other than the standard minimal Lambda Cold Dark Matter (ΛCDM) model is used [14]. In
particular, limits of Σmν < 280meV/c2 (NO) and Σmν < 290meV/c2 (IO) result (with 95% confidence)
from ΛCDMmodels with non-zero neutrino masses and free scaling of the so-called weak lensing amplitude
Alens (ΛCDM+ Σmν + Alens). While these cosmological constraints are stringent, they are not a substitute
for laboratory measurements. At the same time, a laboratory measurement would provide a much needed
prior constraint for cosmological fits. We see these various approaches as being highly complementary,
rather than competitive.

Precise laboratory measurements of β-decay reactions in radioactive isotopes can be used to determine
neutrino masses. In particular, the shape of the high-energy endpoint of β-decay electron spectra depends on
mβ . Minimum values ofmβ are approached if the lightest neutrino is massless, i.e.m1 = 0 for NO, orm3 = 0
for IO. From neutrino oscillation data [9], in the NO case the value ismβ ⩾ (8.82± 0.11)meV/c2 (NO),
while for IOmβ ⩾ 49.8+0.5

−0.4meV/c2. As can be seen in figure 1(a), the value ofmβ is strongly correlated with
the lightest neutrino mass,mlightest. Measurements ofmβ therefore provide an important and very promising
route toward a laboratory determination of the absolute mass scale. Several radioactive isotopes are suitable
for experiments of this kind, with measurements using tritium currently playing a dominant role. The
KATRIN experiment, which is based on a fundamentally different spectroscopic technique, provides the
most stringent limit ofmβ < 0.45eV/c2 at the 90% confidence level [15].

In determining the absolute neutrino mass scale, measurements ofmβ provide independent constraints
on other physical processes. Firstly, neutrinoless double β-decay could occur if neutrinos are Majorana
fermions, and the rate of this process is sensitive to the mass

|mββ |=

∣∣∣∣∣
3∑

i=1

|Uei|2 e2iαimi

∣∣∣∣∣ . (3)

In the standard parametrization, the complex phases are α1 = 0, and 0⩽ α2,3 < π, where α2,3 is
unconstrained over their theoretically possible range: they cannot be probed in oscillation experiments. The
phases arise due to the Majorana nature of neutrinos, leading to a coherent sum over the mass eigenstates
where cancellations are possible such that in the NO casemββ = 0 may occur. In (3), we have explicitly
extracted the Majorana phases αi from the PMNS matrix elements to demonstrate this property. This is
possible for 9.1meV/c2 ≲mβ ≲ 10.8meV/c2. Currently, the most stringent bounds on |mββ | are set by the
KamLAND- Zen collaboration, which constrained the neutrinoless double β-decay half life in 136Xe to
T0νββ
1/2 (136Xe)> 3.8× 1026 yr with 90% confidence [16]. This corresponds to an upper limit

|mββ |< 28–122meV/c2, where the range indicates the theoretical uncertainty due to different nuclear
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structure models used to calculate the relevant nuclear matrix element. The planned future experiment
LEGEND-1000 is designed to probe the neutrinoless double β-decay half life in 76Ge at the level of
T0νββ
1/2 (76Ge)≈ 1028 yr, corresponding to |mββ |< 9–21meV/c2 [17].

In figure 1, the relations betweenmβ and the other neutrino mass parameters,mlightest, Σmν and |mββ |,
are shown. The curves presented are based on parameters obtained from a recent global fit of neutrino
oscillation data for the cases of NO (blue) and IO (red) including 1σ uncertainties [9]. In addition, in the
case of |mββ |, figure 1(c), Majorana neutrinos are assumed and the Majorana phases are varied over their full
range.

The absolute mass scale of neutrinos, represented here by the lightest neutrino massmlightest, is not only a
key parameter for neutrino physics, but also for particle physics more widely, and cosmology in general. Its
determination would tell us the hierarchy of neutrino masses,m1 :m2 :m3, and thereby test neutrino mass
and fermion flavour models. For example, seesaw scenarios of mass generation near the electroweak scale
incorporate right-handed neutrinos, which can also generate the correct matter-antimatter asymmetry of the
Universe. Minimal versions of such scenarios predict a massless lightest neutrino and can thus be falsified if
mβ is measured above its smallest possible value [18]. The β-decay massmβ , or, more generally, the tritium
decay endpoint spectrum, appears as the most promising observable to determine the absolute neutrino
mass scale, see figure 1(a).

Since the cosmological observable Σmν depends on the specific cosmological model used, in contrast to
a direct laboratory measurement, a concordant measurement of Σmν andmβ would provide a confirmation
of the ΛCDMmodel, while measurements that deviate from the predicted relation in figure 1(b) would
indicate a departure from this scenario.

Likewise, while neutrinoless double β-decay is crucial to understand the nature of neutrinos, its
interpretation is considerably more model-dependent than tritium β-decay. As mentioned, it will only occur
if neutrinos are Majorana fermions, whereasmβ is essentially a kinematic parameter sensitive to neutrino
masses irrespective of their nature. The neutrinoless double β-decay rate is also affected by other sources of
lepton number violation in new physics scenarios beyond three active Majorana neutrinos. Ifmβ is measured
to bemβ ≳ 11meV/c2 this result would provide a lower limit for |mββ | as seen in figure 1(c). Finally, for
three active neutrinos, the mixing and mass differences obtained from oscillation experiments require that
mβ ⩾ (8.82± 0.11)meV/c2. If a new measurement to this level of sensitivity does not yield a definite value,
it would necessitate a rethinking of the nature of neutrinos and the source of their oscillations.

3. Neutrino mass from β-decay

Although laboratory measurements ofmβ can, in principle at least, be performed using a number of
radioactive isotopes, the leading work on direct measurements of β-decay electron spectra has so far been
carried out with tritium molecules, T2, while complementary calorimetry experiments are carried out with
163Ho. However, to overcome challenges in accounting for energy imparted to rotational and vibrational
degrees of freedom of the T2 molecules, next generation experiments, such as those being developed by
Project 8 and QTNM are moving towards the use of tritium (T) atoms.

The β-decay of a tritium atom T= 3H leads to the emission of an electron and an electron antineutrino,
in the process producing a daughter helium-3

(
3He

)
ion,

T→ 3He+ + e− + ν̄e. (4)

The surplus energy, or Q-value, of the reaction is shared as kinetic energy between the decay products.
Measurements of the mass difference between T and 3He+ yield Q= 18575.72(7)eV [19]. The differential
β-decay rate can be expressed in terms of the kinetic energy Ee of the emitted electron [20],

dΓ

dEe
≈ GF cos2 θC

2π3

(
g2V + 3g2A

)
F(2,Ee) |p|(Ee +me)

×
3∑

i=1

|Uei|2 (E0 − Ee)
√
(E0 − Ee)

2 −m2
i Θ(E0 − Ee −mi) . (5)

Here, GF = 1.17× 10−5 GeV−2 is the Fermi coupling constant, θC = 0.974 the Cabibbo angle [8], and gV = 1
and gA ≈ 1.247 [21] are the nucleon vector and axial couplings, respectively.Θ is the Heaviside step function.

The Fermi function F(Z,Ee) for He (nuclear charge Z= 2) in this expression describes the final state
interactions of the emitted electron. These include the Coulomb interaction of the 3He nucleus with the
β-decay electron with corrections including photon loops, soft photon emission and nuclear recoil applied.
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Figure 2. (a) Tritium decay spectrum dΓ/dEe with respect to the emitted electron kinetic energy Ee. The solid black curve
(mν = 0) indicates the spectrum for a single, massless antineutrino. (b) Kurie plot of C−1

√
dΓ/dEe near the endpoint for a

single massless electron-antineutrino (continuous grey curve), and three active neutrinos in NO (continuous blue curve) and IO
(continuous red curve) with a massless lightest neutrino. The dashed curves in (b) represent spectra in which the three neutrino
mass contributions are replaced bymβ .

The three-momentum of the electron is |p|=
√
Ee(Ee + 2me) and the endpoint E0 of the electron spectrum

is E0 = Q− Erec, where Erec is the recoil energy of the daughter nucleus.
Equation (5) represents a sum over the contributions from each of the neutrino mass eigenstates,mi,

weighted by |Uei|2. This reflects the incoherent nature of the emission of the three neutrino-mass eigenstates,
which is allowed if kinematically possible. The differential β-decay rate for T atoms is presented in figure 2.
The full β-decay spectrum is shown in panel (a), while panel (b) shows an expanded Kurie plot at energies
close to the endpoint. Neutrino masses below 1 eV/c2, as required to satisfy current experimental constraints,
only affect the β-decay electron kinetic energy distribution very close to the endpoint. In this region, almost
all the surplus energy of the reaction is carried away by the electron. The calculated spectra in figure 2(b)
show the clear differences in the spectra in the cases of NO (continuous blue curve) and IO (continuous red
curve) when the lightest neutrino is massless. The spectrum associated with a massless electron antineutrino
is given by the continuous grey curve. The dashed curves in this panel show the spectra obtained by replacing
the three neutrino mass contributions with the corresponding value ofmβ such thatm2

β =
∑

|Uei|2m2
i , and

dΓ

dEe
≈ C(E0 − Ee)

√
(E0 − Ee)

2 −m2
βΘ(E0 − Ee −mβ) , (6)

where C is a normalisation factor that incorporates the constant, or slowly varying, terms near the endpoint,
in (5). Asmβ increases, the endpoint in the electron spectrum moves to lower energies. While the resulting
spectra are seemingly very different, (6) is a very good approximation when considering the integrated rate
in the range∆Ee ≫mβ c2.

Currently, the tightest bounds onmβ have been determined by the KATRIN experiment [22]. This
experiment measures the β-decay electron spectrum of T2. This is done using a magnetic adiabatic
collimation—electrostatic (MAC-E) filter. The MAC-E technique involves adiabatic collimation and
transport of β-decay electrons from a region of high magnetic field in which they are produced to an
integrating electrostatic spectrometer, where the electron flux is measured for a selected retarding potential.
A complete electron spectrum is obtained by operating the spectrometer sequentially over a range of
retarding potentials. This approach was pioneered in experiments in Mainz [23] and Troitsk [24] which
placed upper bounds ofmβ < 2.05eV/c2 [25], andmβ < 2.3eV/c2 [26] with 95% confidence, respectively.
The tightest upper bound onmβ currently set by KATRIN ismβ < 0.45eV/c2 with 90% confidence [15].
There is scope for measurements ofmβ with an improved precision, with KATRIN’s final sensitivity
estimated to be better than 300meV/c2 [15]. However, to go beyond this, scaling limitations in the MAC-E
spectrometry technique impose experimental constraints that are challenging to overcome without
significantly increasing the size of an already large instrument. The energy resolution of the MAC-E filter in
KATRIN is limited by the spectrometer size, scaling as (Rsc/Rspec)

2, where Rsc and Rspec are the radii of the
tritium source and the spectrometer, respectively. The KATRIN spectrometer, with a diameter of 9.8m and a
length of 23.3m operating at 10−11mbar [22], is already the largest ultra-high-vacuum vessel in the world.
Therefore, KATRIN may be anticipated to be the ultimate implementation of the MAC-E filter technique for
absolute neutrino mass measurement. Furthermore, when studying the β-decay process using molecules,
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some of the surplus energy of the reaction can be imparted to the motion of the nuclei, through rotational or
vibrational excitation. Since there are many rotational and vibrational states available, it is difficult in any
individual β-decay event to determine the energy lost to these degrees of freedom. This complication
ultimately limits the precision with whichmβ can be determined from the β-decay electron spectrum of
molecular tritium [27].

Calorimetry experiments that complement direct measurements of β-decay electron spectra are
currently performed with 163Ho [28]. This decays by atomic electron capture in the reaction

163Ho+ e− →163 Dy+ νe . (7)

This type of reaction can be exploited to determinemβ through microcalorimetry if all of the surplus energy
from the reaction is converted into heat in the calorimeter. In a similar way to the β-decay-electron
spectrum, the neutrino mass affects the shape of the decay spectrum close to the endpoint. Currently, the
Electron Capture 163Ho experiment (ECHo) [29, 30], and the HOLMium Experiment for neutrino mass
Search (HOLMES) [31] collaborations are pursuing this approach, each with different sensor technologies.
The ECHo collaboration uses magnetic metallic calorimeters [32] to measure the thermal energy, while the
HOLMES experiment exploits superconducting transition-edge sensors [33]. However, in these experiments,
it is necessary to trade off high decay rates, and the statistical advantage they provide, with energy resolution
and event pileup due to the necessarily slow response of large-volume calorimeters. This is achieved through
the use of a large number of microcalorimeters, rather than just one large calorimeter. Nevertheless,
challenges remain in using these techniques to reach the precision needed for a definitive measurement of
mβ .

In general, the bounds onmβ , and hence the absolute neutrino mass, determined through laboratory
experiments are limited at present by two main factors: (1) challenges in implementing electron
spectrometers based on MAC-E filters with higher energy resolution, and (2) the use of T2 molecules as the
β-decay electron source. To move beyond these, new experimental approaches to electron spectrometry are
required that can be implemented in an apparatus suitable for measuring the β-decay electron spectra of
atoms.

4. CRES

The above considerations led to the proposal by Monreal and Formaggio [34] to move to a new approach for
measuring the kinetic energies of β-decay electrons in atomic tritium experiments. This is based around
measuring the frequency of the cyclotron radiation emitted when an electron orbits in a strong static
magnetic field. For fields of 0.5–1 T, the lowest-order tone of the emitted radiation lies in the 10–30GHz
range, and so microwave instrumentation can be used to measure the frequency, and hence energy,
exceedingly accurately if the static magnetic field is homogeneous and known to high precision. This
technique, which is known as CRES, lies at the core of a new generation of absolute neutrino mass
experiments, Project 8 and QTNM. The He6-CRES collaboration has also demonstrated the use of CRES to
detect electrons and positrons, generated by the β-decay of 6He and 19Ne, respectively, with energies of up to
2.1 MeV [35]. It should also be emphasised that CRES is also a key part [36] of the PTOLEMY [37]
experiment’s plan to measure relic neutrinos. A recent review of the technique may be found in [38].

Measurements of cyclotron frequencies of low-energy leptons have played a central role over the last half
a century in precision tests of fundamental physics, including, for example, the determination of the electron
and positron g factors [39–42]. In addition, cyclotron radiation cooling of low-energy electron and positron
plasmas in strong magnetic fields is exploited for applications in positronium and antihydrogen
production [43]. For absolute neutrino mass measurements, however, the key objective is to measure the
energies of single electrons at the point of their liberation with minimal disturbance. From this perspective,
single-electron CRES represents an excellent opportunity and a fascinating problem. It can be implemented
over a wide range of kinetic energies, including those around the end point of the β-decay spectrum of
tritium at 18.6 keV, but it is demanding to achieve high precision over volumes of 1–10m3. These challenges
are described in detail in the following.

For light particles, such as electrons and positrons, relativistic corrections play a key role in determining
the frequency of the cyclotron radiation emitted when measured in the laboratory frame of reference. In this
situation, the cyclotron radiation frequency νCR, of an electron with kinetic energy Ee undergoing cyclotron
motion in a magnetic field B can be expressed as [34]

νCR =
eB

2π (me + Ee/c2)
, (8)
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where e andme are the elementary charge and the electron mass, respectively, and c is the speed of light in
vacuum. The dependence on the kinetic energy in the denominator in (8) reduces the cyclotron frequency
measured in the laboratory frame of reference for larger values of Ee.

The CRES technique can be implemented to collect cyclotron radiation from β-decay electrons generated
in dilute atomic sources over extended volumes. This can be done by enclosing the measurement region in the
CRES spectrometer in a waveguide or cavity, or surrounding it by arrays of antennas. Because the cyclotron
radiation field has a well-defined spatial distribution, these components can be optimised for the frequency
of interest to maximise the collection efficiency. This, together with standard approaches to microwave
frequency metrology, allows for the precise determination of the cyclotron frequency of single electrons.

However, the opportunity to make use of spatially extended atomic sources of β-decay electrons in a
CRES spectrometer also brings with it challenges. To precisely determine electron kinetic energies from the
frequency of the emitted cyclotron radiation, it is essential to precisely map the magnetic field distribution
throughout the whole of the measurement region. This is particularly demanding for a large-volume field of
view, operated at temperatures below 4K, which is necessary to minimise thermal noise. In addition to the
precise characterisation of the static magnetic field, it is also necessary to characterise, and minimise stray
electric fields that arise from patch potentials, adsorbates or imperfections on the cold interior surfaces of the
instrumented region.

If the CRES technique is used to measure β-decay electron energies close to the atomic tritium end point
at 18.6 keV, the frequency of the cyclotron radiation emitted in a magnetic field of 0.1 T (1 T) is
νCR = 2.7GHz (27GHz). Differentiating (8) then gives,

dEe
Ee

=−
(
1+

mec2

Ee

)
dνCR
νCR

, (9)

where, in this case, 1+mec2/Ee ≈ 28. Consequently, to determine an electron kinetic energy to a precision of
±100meV from the frequency, νCR must be measured to a precision of≃±500Hz (±5kHz), and the
magnetic field strength at the position of the radiating electron must be known to a precision of
σB ≃±20nT (±200 nT).

The use of the CRES technique to detect and measure the kinetic energies of single electrons was first
demonstrated by the Project 8 collaboration in experiments with radioactive 83mKr [44]. Upon internal
conversion, this isomer of 83Kr emits electrons in several comparatively narrow energy bands. Those with
energies close to 30.4 keV and 17.8 keV were detected by observing the cyclotron radiation emitted at
frequencies between 25 and 26GHz in a magnetic field of 0.95 T. The cyclotron radiation was collected in a
waveguide before being amplified using cryogenic HEMT amplifiers operating at 50K. These experiments
allowed the change in the cyclotron frequency to be observed as the electrons radiated, and lost kinetic
energy, over time scales of milliseconds. Most recently, this work was extended to perform a first
measurement of the β-decay electron spectrum of T2 by CRES [45]. This pioneering result yielded a FWHM
electron-kinetic-energy resolution of 1.66 eV, and paves the way for future experiments directed toward the
determination of electron kinetic energies to a precision of±100meV and below.

5. The QTNM project

5.1. General considerations
The QTNM project aims to determine the absolute neutrino mass from the β-decay electron spectrum of T
atoms. This will be achieved by building on the pioneering work of the Project 8 collaboration and their use
of CRES to measure kinetic energies of individual β-decay electrons close to 18.6 keV, while also taking
advantage of state-of-the-art techniques from experimental atomic, molecular and optical (AMO) physics
and recent advances in the development of ultra-low-noise microwave amplifiers and other quantum
technologies. The ultimate goal of QTNM is to develop a scalable experimental apparatus with a sensitivity
that could allow access to values ofmβ approaching the lower bound of∼10 meV/c2 set by observations of
neutrino oscillations. Beyond this, efforts will also be made to extend the operation of the QTNM CRES
electron spectrometer to record β-decay-electron spectra for T atoms over an extended energy range and
open opportunities for model-independent searches for sterile neutrinos, and exotic interactions of active or
sterile neutrinos [46].

The sensitivity of an atomic tritium CRES measurement ofmβ can be estimated by using the analytic
approach described in [47, 48]. This sensitivity is considered to be the standard deviation σm2

β
, on a

measurement ofm2
β . It can therefore be expressed in terms of a 90% confidence limit (CL) onmβ as√

1.28σm2
β
, and depends on the number of electrons detected in the energy region of interest close to the

end-point of the β-decay spectrum, and the background rate. The main additional parameters of a near-ideal
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Figure 3. Dependence of the sensitivity of a CRES experiment to measuremβ , on the T atom number density in the measurement
volume. The set of volumes considered are indicated. In each case, the coloured bands represent the range of sensitivities expected
from a frequency measurement precision set by the Cramér-Rao bound (equation (10), continuous curve) to that set by t−1

obs
(dashed-dotted curve). In all cases, the magnetic field strength was chosen to be 1 T (see text for details). Horizontal lines
denoting the current, and ultimate projected limit of the KATRIN experiment with T2 molecules [15], and the minimally allowed
value ofmβ for IO neutrinos, i.e.mmin

β (IO), are also shown.

experiment that affect the sensitivity, can be inferred from (8) to be: (i) the precision with which the
cyclotron frequency can be determined; and (ii) the accuracy with which the static magnetic field can be
mapped and corrected for.

In general, the precision with which the frequency of a time-periodic signal can be determined depends
on the observation time tobs. For a deterministic signal in noise, the Cramér-Rao bound [49, 50] provides an
upper limit on the precision with which an unbiased estimator of a signal parameter can be determined for a
given value of tobs. Another useful limit is simply the inverse of the observation time: t−1

obs. In the case of the
Cramér-Rao bound for a sine wave with a linear frequency chirp, sampled at a rate fs, the standard deviation
on the initial frequency is

std(ν̂0)≳
4σnoise
π

√
3

Psigt3obs fs
, (10)

where σ2
noise is the variance of the background white Gaussian noise, and Psig is signal power. Although this

expression contains several assumptions, it indicates the key parameters that determine the precision with
which the initial cyclotron frequency is recovered: (i) the effective noise temperature of the heterodyne
receiver, (ii) the sampling rate, and (iii) the observation time.

The estimated sensitivities of a T atom CRES experiment to the value ofmβ are shown in figure 3. In this
figure, instrumented CRES measurement regions with a range of different volumes, from 10−3m3 to 10m3,
and in which the magnetic field strength is set to be 1 T are considered. For each of these, and a
measurement-campaign duration of 1 or 10 years, the effect of the T atom number density on the precision
with whichmβ can be recovered is presented. In each case, a shaded band is shown, which is bounded by two
lines: a continuous curve corresponding to the precision with which the initial cyclotron frequency can be
determined according to the Cramér-Rao bound using an observation time tobs, and the dashed-dotted curve
corresponding to the limit set by the inverse of tobs. For all calculations, a density- and energy-independent
background rate is included, which scales with the volume. For an instrumented volume of 10−3m3, this rate
is 10−9 s−1 eV−1 which is consistent with limits set by recent low-volume CRES test experiments with
T2 [45, 51].

At low number densities in figure 3, the sensitivity tomβ is limited by the β-decay-electron count rate.
Consequently, as the T atom number density rises from 108 to 1011 cm−3 the sensitivity also increases
because of the commensurate increase in β-decay events. For atom number densities above 1011 cm−3, the
rate at which a radiating electron scatters from the background gas of neutral T atoms plays an increasingly
significant role, because of the limit that this scattering process imposes on the maximal value of tobs. In this
regime, the precision with which the cyclotron frequency can be recovered according to the Cramér-Rao
bound offers a higher sensitivity tomβ , for any given atom number density, than the precision set by t−1

obs. At
densities above∼1013 cm−3, the scattering rate tightly restricts, and ultimately leads to a reduction in, the
achievable sensitivity.
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The upper three curves (green, violet and orange) in figure 3 are the results of calculations in which the
fractional uncertainty in the strength of the magnetic field experienced by the radiating electron is
σB/B= 10−6 such that σB = 1µT in the case considered. Under these conditions, a compact CRES apparatus
with an instrumented volume of 10−3m3 is expected to provide a sensitivity below 1 eV/c2 for T atom
number densities between 1012 and 1013 cm−3. Bearing in mind the characteristics and specifications of
currently available H atom sources that could be operated to generate T atoms, and superconducting
solenoid magnets, a demonstrator experiment of this scale represents an accessible first phase T-atom CRES
prototype. This would not result in a sensitivity tomβ below the current limit set by the KATRIN
collaboration in their work with T2 (upper dotted horizontal line). It would, however, pave the way towards a
measurement sensitivity beyond that expected from the final limit projected for KATRIN [15] (dashed
horizontal line), if the measurement volume is increased to 0.05m3 (violet curves).

If the CRES measurement volume can be increased to 10m3, in an ultimate large scale facility, the
sensitivity tomβ will no longer be limited by the count rate or cyclotron radiation observation time, but will
become dominated by the accuracy with which the magnetic field experienced by each β-decay electron is
known. If this magnetic field is characterised with an accuracy of σB/B= 10−6 and a 10-year-long
measurement campaign is undertaken, the lower bound on the achievable sensitivity approaches 100meV/c2

(orange curves in figure 3). This sensitivity is not expected to be strongly dependent on the T atom number
density within the range from 1011 to 1013 cm−3, and would be an improvement on the projected final limit
of the KATRIN experiment. Indeed, it would also bring a CRES experiment with T atoms into a regime in
which the sensitivity tomβ begins to surpass the 100meV/c2 limit of experiments with T2 that arise because
of the uncertainty in the internal molecular rotational and vibrational state distributions after β decay.
However, it will not permit access, for example, to the minimal value ofmmin

β (IO)≃ 49.8meV/c2 expected in
the IO scenario (lower dotted horizontal line). To enhance the sensitivity of a T-atom CRES experiment
toward values ofmβ in this range and below, it is necessary to improve the magnetic field characterisation.
This will be challenging in a facility with a total instrumented volume of 10m3. However, if an order of
magnitude improvement can be achieved, so that σB/B= 10−7, a sensitivity to values ofmβ ≃ 30meV/c2

could become accessible. In addition to complete coverage of the range of values ofmβ associated with the
IO scenario, this would also allow coverage of a significant portion of the NO parameter space. Further
improvements in sensitivity toward the∼10meV/c2 lower bound onmβ for the case of NO andm1 = 0, will
be dominated by the requirement to significantly increase the instrumented volume with a smaller increase
in magnetic field accuracy also necessary.

The above analysis is carried out under the assumptions that the T atoms are stationary at the time of
β-decay, and no T2 molecules are present as contaminants in the CRES volume. The first of these holds for
all scenarios considered, provided the atoms move at speeds below∼300ms−1. In the three lower sensitivity
scenarios (the upper three sets of green, purple and orange curves), it is expected that the effect of the
motion of the atoms can be neglected up to speeds of∼1000ms−1.

The assumption that no significant contamination of the CRES volume with T2 applies provided the
molecule:atom ratio is below 10−5 and contributions to the electron spectrum from vibrational and
rotational excitation after β-decay are minimal. These conditions are compatible with the phase-space
characteristics of cryogenic sources of H and D atoms that could be operated to produce T atoms, and the
possibility to separate paramagnetic T atoms from T2 molecules, which do not possess a significant magnetic
dipole moment, using inhomogeneous magnetic fields. The analysis assumes that 20% of all β-decay
electrons produced within the instrumented volume are detected, before accounting for efficiency losses due
to scattering, and 10% of the radiated power from each individual electron is collected and subsequently
digitised at a rate of fs = 1GHz. The background microwave noise temperature was considered to be
Tnoise = 5K, so that σnoise =

√
kBTnoise( fs/2).

Using the results in figure 3 to guide the conceptual design and construction of an ultimate CRES facility
for measuring the absolute neutrino mass with T atoms, the general goals of the QTNM project are centred
around: (1) the development of high phase-space density, low kinetic energy sources of T atoms and the
implementation of methods to efficiently filter, confine and transport these atoms to the CRES measurement
region; (2) the realisation a scalable approach to the construction of a CRES spectrometer that could, in the
longer term, be implemented in a large scale facility to achieve a total instrumented volume of∼10m3; (3)
exploiting atomic quantum sensors for high-precision minimally-invasive magnetic field mapping within the
instrumented region of the CRES spectrometer; (4) the development of a multichannel antenna or a cavity
based approach to collecting the cyclotron radiation with high efficiency, low background noise, and with
controlled microwave systematics; and (5) the development of scalable multichannel quantum-noise-limited
cryogenic microwave receivers that maximise the ratio of the cyclotron radiation signal from the β-decay-
electrons to the background and amplifier noise, allowing precise microwave frequency metrology.
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Figure 4. Conceptual layout of the QTNM apparatus. This comprises: (I) A high density source of T atoms produced by
dissociation of T2. (II) A CRES region in which the cyclotron radiation from electrons generated by β-decay of T atoms in a
homogeneous magnetic field is collected. The magnetic field is measured with atoms in superpositions of Rydberg states. (III) A
receiver chain, containing quantum-noise-limited amplifiers, in which the cyclotron radiation will be amplified and measured.

5.2. Experimental approach
The general approach followed by the QTNM project is shown schematically in figure 4. The main elements
of this scheme are a high phase-space density source of T atoms (I) produced by the dissociation of T2

molecules in an electric discharge. The T atoms are then transported to the CRES region (II) as a
magnetically guided beam. In this cryogenically cooled electron spectrometer, a homogeneous background
magnetic field is applied. This, and stray electric fields, are characterised by Rydberg-atom magnetometry
and electrometry that can be implemented in situ when the apparatus is operating at cryogenic temperatures
using the T atoms themselves, or other species that cause minimal contamination. Electrons generated by T
atoms that β-decay in the CRES region are detected by measuring the microwave radiation emitted as they
undergo cyclotron motion in the magnetic field. The cyclotron radiation is collected by an ultra-low-noise
receiver, which is mode matched as best as possible to the field distribution of the cyclotron radiation. In the
receiver chain (III), the microwave radiation is amplified using purpose-developed quantum-noise-limited
cryogenic amplifiers before down conversion to the radio-frequency region, and finally digitisation.

Because of the large scale of the experimental apparatus that must ultimately be constructed, individual
components are being developed, integrated, tested and refined sequentially. In the first phase of the project,
high density cryogenic supersonic beam sources of H and D atoms are being developed and optimised. These
sources are designed to be suitable for producing similar beams of T atoms. The motivation and
considerations for choosing these sources are discussed in section 6. This phase of development also includes
work on separating the ground-state atoms in the supersonic beams from the molecules, and implementing
magnetic hexapole guides to transport them to the CRES region. Ultimately, additional magnetic guides and
lenses will be used to transport the atoms between a series of spatially separated modular CRES regions in a
scaled-up version of the apparatus. This could be achieved with long straight beam lines comprising arrays of
coaxial CRES regions, or with CRES regions separated by curved guides in circular arrangements to allow the
atoms to be recycled in a magnetic storage ring. As discussed in section 7, a prototype storage ring of this
kind is being developed in the first phase of the project.

To map magnetic and stray electric fields inside the CRES region with high absolute precision and with
minimal disturbance to, or contamination of, the vacuum apparatus, atoms in high Rydberg states are used
as quantum sensors. The techniques and protocols for this field mapping are also being developed and
optimised in the first phase of the project, as discussed in section 8.

In the CRES spectrometer, high-precision electron spectroscopy will be performed by measuring the
frequency of the cyclotron radiation from β-decay electrons produced in situ. To maximise the cyclotron
radiation signal, and therefore the precision with which the cyclotron frequency is determined, the electrons
can be confined within the spectrometer which will be operated at a temperature of⩽4K. This cryogenic
environment also allows for the implementation of quantum-noise-limited superconducting amplifiers. The
spectrometer is described in further detail in section 9 and the development of quantum-limited
superconducting amplifiers in section 10.

The prototype QTNM CRES spectrometer module currently in development will form the core of the
CRES demonstrator apparatus (CRESDA). This facility will be constructed to detect cyclotron radiation
from single test electrons with energies up to∼20 keV in an instrumented volume ofO

(
10cm3

)
. Initially,

the microwave receiver within CRESDA will be constructed around cryogenic HEMT amplifiers, before
moving to two-stage amplification with quantum-limited superconducting amplifiers. CRESDA will allow
tests to be performed to characterise and optimise receivers based on waveguides, cavities and antenna arrays

10



New J. Phys. 27 (2025) 105006 A A S Amad et al

with the goal of identifying the optimal configuration for use in a large-scale facility. Work will be carried out
with magnetic fields in the CRES region ranging from 0.1 T to 1 T (corresponding to cyclotron radiation
frequencies from 2.7GHz to 27GHz). The single test electrons will be generated with high kinetic energies in
their cyclotron degree of freedom by acceleration in a compact Penning trap. After acceleration, the electrons
from this source will be magnetically transported to CRESDA.

It is envisaged that the design, and many components, of CRESDA will be compatible with operation in
an experiment with T atoms. This will allow a smooth evolution to a subsequent measurement phase, in
which studies of the β-decay-electron spectrum of T will be carried out by CRES. The initial development of
CRESDA will take place in university laboratories, primarily in the UK. The development of each component
will be informed by the expertise in handling and working with tritium at the Culham Centre for Fusion
Energy (CCFE), which could act as a future host of a large-scale experiment. The ultimate large-scale CRES
facility, with a working volume on the order of 10m3 which is required to be sensitive to values ofmβ below
100meV/c2, is expected to require international collaboration.

6. Producing and detecting atomic hydrogen isotopes: H, D, and T

To produce gases of H or D atoms for prototyping, or T atoms for an absolute neutrino mass measurement,
it is necessary to dissociate H2, D2 or T2. At threshold, this requires an energy of 4.46 eV [52]. Alternatively, a
hydrogen bond in another stable molecule can be broken. The most widely used approaches to producing
significant quantities of H and D atoms involve dissociating H2 or D2 by thermal cracking [53], or in an
electric discharge [54, 55], or by ultraviolet laser photolysis of NH3 or ND3 [56]. Because of the wider
availability of T2 than NT3, high density sources of cold T atoms based on the dissociation of T2 are expected
to be most appropriate for next generation absolute neutrino mass experiments.

6.1. Available sources
In the chemical and semiconductor industries, large quantities of H atoms are often produced by thermal
cracking. This involves heating gaseous H2 to∼2500K, i.e. thermal energies on the order of the threshold
dissociation energy of the molecules [53]. At these high temperatures dissociation occurs, and H atoms are
produced with a high mean speed (⟨v⟩ ≃ 7000ms−1), and broad speed distribution (σv ≃ 3000ms−1). This
approach to H and D atom production is robust and scalable, but the broad speed distributions make it
challenging to control the motion of the atoms, or cool them to temperatures at which the typical kinetic
energies are lower than required for a measurement ofmβ as outlined in section 5.1.

Continuous, effusive sources of large quantities of H atoms based on radio-frequency (RF) discharges of
H2 were successfully used in experiments that led to the observation of the first atomic hydrogen
Bose–Einstein condensate [57], and are commonly used as sources for high-precision laser spectroscopic
measurements, e.g. of the 1S–2S transition frequency [58]. In these experiments, cold atoms with speeds
below∼100ms−1, i.e. Ekin < 0.05meV or Ekin/kB < 1K, are generated by collisions with cryogenically
cooled surfaces.

Cooling H atoms by surface collisions is effective because the surface binding energy and residence time
is generally sufficiently low to preclude significant losses by recombination to form H2 before desorption.
However, this cooling mechanism can be difficult to extend to produce cold, high phase-space density gases
of D (or T) because the higher mass results in stronger surface binding, longer residence times and
consequently greater losses by recombination [59–61]. To prepare cold gases of these heavier isotopes of
hydrogen, it is therefore preferable to use alternative approaches.

High phase-space density samples of H atoms can be generated in pulsed supersonic beams by electric
discharges of H2 [62]. A schematic representation of such a source, in which a DC discharge is seeded with
electrons from a heated tungsten filament, is shown in figure 5(a). This approach can be extended to generate
beams of D or T atoms in discharges of D2 or T2. These supersonic beams typically have comparatively high
mean speeds (⟨v⟩ ∼ 1000ms−1; Ekin ∼ 5meV), but narrow speed distributions (σv ≲ 50ms−1). These
characteristics mean that atoms in these beams are amenable to guiding, deceleration or trapping using
inhomogeneous electric or magnetic fields [63]. In the QTNM project it is foreseen to develop high
phase-space density supersonic sources of ground-state H, D and ultimately T atoms. The motion of these
atoms will be controlled using inhomogeneous magnetic fields to confine samples for the measurement of
mβ by CRES.

6.2. Supersonic beams
Supersonic beams are generated by the adiabatic expansion of a gas from a high pressure reservoir into
vacuum through an aperture which is longer than the mean free path of the particles in the reservoir. In this
situation, collisional cooling of the gas occurs as it exits the reservoir, and the thermal energy in the reservoir
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Figure 5. (a) Schematic diagram of a pulsed supersonic beam source of H atoms (reproduced with permission from [67].
CC BY-NC 3.0). (b) Calculated longitudinal speed distributions of supersonic beams of H2, D2 and T2 emanating from a source
operated at 30 K. H, D or T atoms with similar speed distributions can be generated in these beams by dissociation in an electric
discharge.

is converted into the directed motion of the particles in the beam. Supersonic beams can be operated
continuously or in a pulsed mode with similar phase-space characteristics. The latter reduces the gas load on
the vacuum system, and is therefore more appropriate for prototyping and system development.

The mean longitudinal speed ⟨v⟩, longitudinal velocity spread, σv, and particle number density, N, in a
supersonic beam depends on the temperature T0, and pressure P0 in the reservoir from which it emanates.
They also depend on the diameter of the aperture through which the expansion occurs, and the propagation
distance in the vacuum chamber [64, 65].

The particular gas species in a supersonic beam affects the phase-space properties through the individual
particle mass, and the ratio, γ, of the heat capacity at constant pressure to that at constant volume. For beams
containing H, D or T atoms produced by dissociation of H2, D2 or T2, the supersonic expansion into the
vacuum chamber is that of a gas of diatomic molecules (γ = 7/5) with massmH2 = 2.01588mu,
mD2 = 4.02820mu ormT2 = 6.03210mu, respectively [66]. This is because at the time of the initial
expansion, only molecules are present. The H, D or T atoms subsequently produced after dissociation may
therefore be considered to be seeded in the H2, D2 or T2 beams.

By way of example, in supersonic beams of H2, D2 or T2 emanating from a nozzle maintained at
T0 = 30K and P0 = 1 bar, and with an orifice diameter of 200µm: the spread in kinetic energies in the
moving frame of reference of the beams, at a distance of 10 cm from the source, is∆Ekin ≃mσ2

z/2≃ 2µeV
(∆Ekin/kB ≃ 20mK); the mean longitudinal speeds are ⟨v⟩= 910, 660 and 540ms−1; and the standard
deviations in these speeds are 18, 13 and 10ms−1 in the cases of H2, D2 or T2, respectively. The typical
longitudinal speed distributions of these beams can be seen in figure 5(b). Under these conditions, the
molecule number densities at a distance 10 cm from the nozzle orifice are N∼ 1014 cm−3. Dissociation of the
molecules in these beams leads to the production of atoms with speed distributions that are similar to those
of the molecular beam in which they are entrained. The number densities of atoms in the beams depend on
the dissociation efficiency, and effects of recombination during propagation away from the source.
Optimisation of these aspects of such a source of H, D and ultimately T atoms represents a major part of the
QTNM project.

The above parameters for the operation of supersonic hydrogen beams are, in general, compatible with
the operating conditions and T2 inventories currently available, for example, in the UK at CCFE, or in
Germany at the Tritium Laboratory Karlsruhe. These research facilities maintain inventories of 10–100 g of
T2, which is recovered and recycled after use (see, for example, [68]). We expect this quantity of T2 to be
sufficient for our planned experiments, including those that would reach the highest anticipated sensitivity
in figure 3.

6.3. Detection of ground-state atoms
Detection of ground state H, D or T atoms, and in situ determination of particle number densities and
translational temperatures can be carried out efficiently and reliably by laser spectroscopic methods. For
example, resonance-enhanced multiphoton ionization (REMPI) can be performed with a single laser tuned
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Figure 6. (a) 2+1 REMPI scheme for detection of ground state atomic hydrogen isotopes. (b) REMPI spectrum of the 1S–2S
transition in H recorded with laser radiation obtained by frequency doubling the output of a nanosecond Nd:YAG-pumped
pulsed dye laser. (c) Time-of-flight distribution of ground-state H atoms generated by dc electric discharge in a pulsed supersonic
beam of H2, and detected by 2+1 REMPI at λuv = 243.1346 nm.

to resonance with the two-photon 1S–2S transition [69, 70]. This three photon ionization scheme is depicted
in figure 6(a). The 1S–2S transition occurs at a wavelength λuc = 243.1346, 243.0685 and 243.0465 nm in H,
D, and T, respectively [58, 71, 72]. In each of these cases, the subsequent absorption of a third photon at the
same wavelength leads to ionization. By way of example, a 2+1 REMPI spectrum of the 1S–2S transition in
atomic hydrogen recorded using radiation from a commercial nanosecond Nd:YAG-pumped, pulsed dye
laser is presented in figure 6(b). When driven using light from these types of lasers, saturation of this REMPI
process is typically approached with pulse energies of∼1mJ in beams focused to full-width-at-half-
maximum waists of∼50µm.

An example time-of-flight distribution of a pulsed supersonic beam of ground-state H atoms detected by
2+1 REMPI with collection of the resulting H+ ions on a microchannel place detector is shown in
figure 6(c). This beam was generated by dissociation of H2 at the exit of a General Valve Series 99 pulsed
valve (0.5 mm diameter orifice, P0 = 3 bar) operated at room temperature. This pulsed beam has a mean
longitudinal speed close to 2800ms−1. The DC discharge used was similar to that depicted schematically in
figure 5(a) with a sharp metal anode operated at a potential of+200V which was positioned∼1mm from
the front surface of the valve [73]. A heated tungsten filament located∼25mm downstream from the valve
was used as a source of electrons to initiate the discharge. As seen in figure 5, more slowly moving beams
with narrower velocity distributions can be generated using similar electric discharge arrangements but a
valve cooled to low temperatures.

7. Controlling the motion of and confining atomic hydrogen isotopes

For a measurement of the absolute neutrino mass with T atoms, it is desirable to confine the atoms within
the experimental apparatus in a way that allows the detection of electrons generated by β-decay over long
timescales. However, in contrast to experiments with T2—which can be confined by collisions with the walls
of a gas vessel because they are not radicals with unpaired electrons and therefore not reactive—confinement
of ground-state T atoms is most effectively achieved using externally applied fields.

The isotopes of atomic hydrogen, including T, are paramagnetic. Their non-zero ground-state magnetic
dipole moment arises as a result of the presence of the single unpaired electron. Forces can therefore be
exerted on them using inhomogeneous magnetic fields [63]. However, if these neutral atoms are excited to
high Rydberg states, that possess large static electric dipole moments and linear Stark energy shifts, in
externally applied electric fields, forces can also be exerted on them using inhomogeneous electric fields [74].
These features have previously been exploited to prepare cold magnetically trapped ground-state H and D
atoms [75, 76], and electrostatically trapped H and D atoms in high Rydberg states [77, 78]. To guide,
transport and confine the large quantities of T atoms in the QTNM project, it is currently expected to be
most appropriate to work with atoms in their ground electronic state. With this in mind, the following
discussion centres around the use of magnetic fields to control the motion of ground-state H and T atoms.
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Figure 7. Zeeman effect in the 1 2S1/2 ground state of H (dashed blue curves) and T (continuous red curves). (a) Hyperfine
splitting and quadratic Zeeman shifts of F= 0 and F= 1 hyperfine levels in weak magnetic fields. (b) Linear Zeeman shifts of
low- and high-field-seeking sublevels in strong fields.

7.1. Guiding, decelerating and trapping ground-state H and T atoms using inhomogeneous magnetic
fields
The effect of magnetic fields on the energy-level structure of the 1 2S1/2 ground levels of H and T are shown
in figure 7(dashed blue and continuous red curves, respectively). In these figures, states with positive
(negative) energy shifts are associated with situations in which the magnetic dipole moments, µ⃗mag, of the
atoms are oriented antiparallel (parallel) to the external magnetic field vectors. The linear Zeeman shifts seen
in figure 7(a) for the upper hyperfine sublevels with F= 1 andMF =±1 (F is the total angular momentum
quantum number including nuclear spin, andMF represents the projection of total angular momentum
vector F⃗ onto the axis defined by the external magnetic field), and for theMF = 0 sublevels with F= 0 and 1
in fields larger than∼0.05 T, and which dominate in figure 7(b), result from the magnetic dipole moment
µmag = µB associated with the spin of the unpaired electron (µB is the Bohr magneton).

As seen in figure 7, the energy-level structure and effects of magnetic fields on the 1 2S1/2 levels in H and
T are, in general, similar. The proton and the triton (tritium nucleus) both have a nuclear spin quantum
number of I= 1/2. H and T therefore both possess ground-state hyperfine levels with total angular
momentum quantum numbers including nuclear spin of F= 0 and 1. The magnetic dipole moments of the
proton, µp = 2.793µN [79], and triton µt = 1.067µp [80] are similar (µN is the nuclear magneton).
Consequently, the hyperfine intervals of νHHFS = 1.4204GHz and νTHFS = 1.5167GHz between the F= 0 and
F= 1 levels in H and T are also similar [81]. Together, these properties of the two hydrogen isotopes result in
Zeeman shifts of theMF = 0,±1 sublevels that differ slightly in weak magnetic fields (figure 7(a)) but are
almost indistinguishable on the scale shown in figure 7(b) in stronger fields. It is worth noting that I= 1 for
the deuteron (deuterium nucleus), and the D atom has a significantly reduced ground-state hyperfine
splitting compared to that in H and T. Consequently, over the range of magnetic fields in figure 7(a)—which
are relevant for state selection and spin polarization—the Zeeman effect in D is quite different. However, in
stronger fields, in which the electron magnetic moment dominants the Zeeman interaction, the energy level
shifts are again comparable.

The linear Zeeman shifts of energy levels in figure 7 in a magnetic field, B⃗, can be expressed as
EZeeman =−µ⃗mag · B⃗. If this field is inhomogeneous, the gradient of the resulting Zeeman potential results in

a force f⃗Zeeman =−∇EZeeman = µ⃗mag ·∇B⃗. This force leads to the acceleration of atoms in states with positive
Zeeman shifts towards regions in space with lower field strengths. Atoms in these states are therefore often
referred to as ‘low-field-seeking’ (LFS). On the other hand, atoms in states with negative Zeeman shifts are
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accelerated toward regions of high field strength and are referred to as ‘high-field-seeking’ (HFS). Atoms in
LFS states, travelling in beams with narrow speed distributions, are well suited for guiding, deceleration and
trapping using inhomogeneous magnetic fields [63]. This is because guides, decelerators and traps with large
phase-space volumes over which particles undergo stable trajectories at constant phase space densities are
more readily realised if the forces applied act toward regions in space of low field strength, rather than
regions of high field close to saddle points in these field distributions.

The largest quantity, and highest number density, gases of cold magnetically-trapped ground-state H
atoms that have been reported were those achieved in experiments to produce Bose–Einstein condensates
[57, 82]. In that work, the requirement for cold, or slowly-moving atoms was set by the maximal achievable
magnetic trap depths. For the typical Ioffe-Pritchard magnetic traps used, with a difference in magnetic field
strength between their minima and saddle-points of Btrap ∼ 1 T atoms in LFS Zeeman sublevels could be
confined provided their kinetic energies were lower than EZeeman = µBBtrap = 9.27× 10−24 J≡ 58µeV. In
this situation, EZeeman/kB = 0.67K and the corresponding maximal speed of atoms that could be trapped was
∼100ms−1. In those experiments, H atoms generated in an RF discharge of H2 were cooled by collisions
with cold surfaces. This allowed on the order of∼1011 LFS spin-polarized H atoms to be trapped at typical
number densities of 1014 cm−3 in each cycle of the experiment. However, as mentioned in section 6, this
experimental approach is challenging to extend to the preparation of cold magnetically trapped gases of D or
T atoms.

The challenges in efficiently cooling T atoms for an absolute neutrino mass measurement can be avoided
if translationally cold, supersonic beams are transported through the experimental apparatus in
two-dimensional guides, or are decelerated and subsequently trapped in three-dimensional traps using
inhomogeneous magnetic fields. Cold samples of magnetically trapped H and D atoms in LFS Zeeman
sublevels have been prepared in this way using the methods of multistage Zeeman deceleration [83, 84]. In
this process, atoms moving at initial longitudinal speeds of∼500ms−1 in pulsed supersonic beams were
decelerated using a series of pulsed magnetic field gradients generated in a set of co-axial solenoids (7mm
inside diameter, 64 windings of 300 µm diameter copper wire, 11mm long) by rapidly pulsing currents of up
to 300A. To decelerate the atoms to rest in the laboratory frame of reference and magnetically trap them, 12
solenoids were operated so that a reduction in kinetic energy of∆Ekin ≃ 0.1meV was achieved upon passing
through each [75]. The temperature of the gas of atoms that was trapped in this way was∼150mK and
reflected the phase space acceptance of the decelerator. The same approach has been extended to use a set of
24 coaxial solenoids to decelerate and magnetically trap pulsed supersonic beams of ground state D atoms at
a similar translational temperature [76]. Since these techniques only rely on the forces exerted on the atoms
in inhomogeneous magnetic fields and not collision processes for cooling, they could also be readily
implemented to prepare cold trapped samples of ground state T atoms.

7.2. A modular magnetic storage ring for neutrino mass measurements
The measurement of the β-decay electron spectrum of T atoms to a precision of 10–100meV by CRES, to
determine the absolute neutrino mass can be achieved without preparing samples with temperatures below
1K, i.e. Ekin ∼ 100µeV. Therefore, three-dimensional trapping of the atoms is not essential. Such a
measurement precision can be achieved with atoms moving slowly in beams with kinetic energies on the
order of Ekin = 1–10meV. Taking this into consideration opens the opportunity to maximise the quantity
and number density of atoms in the measurement region of the apparatus at any given time without the
simultaneous need to prepare and maintain gases at low temperatures. In the QTNM project it is foreseen to
achieve this in a modular and scalable CRES apparatus constructed in a long straight magnetically guided
beam line, or a magnetostatic storage ring for LFS spin-polarized ground-state T atoms. A schematic
diagram of the QTNM storage ring concept which is currently under development is shown in figure 8.

In the atomic storage ring apparatus, T atoms pass through a magnetic state selector. This will allow them
to be spatially separated from the molecules in the beams and spin polarized to minimise subsequent
collision-induced losses from the ring [85]. The resulting atoms will be injected into the storage ring using an
arrangement of permanent magnets to generate an inhomogeneous magnetic field distribution that acts as a
beam combiner for atoms in LFS states. A prototype version of this storage ring is currently under
development. This ring comprises two 180◦ curved sections, each with a radius of curvature of 0.6m. These
each contain 60 permanent magnet guide segments in which hexapole magnetic field distributions are
generated by sets of 12 magnets in Halbach arrays. These guide segments are each 5 cm long and have an
open bore with an inner diameter of 5mm through which the atoms propagate. The injection region in this
prototype is located in a straight part of the ring between the 180◦ curved sections. It is ultimately foreseen to
install a modular CRES detection region, comprising superconducting solenoid magnets to generate a strong
homogeneous magnetic field and microwave receivers, in the straight section on the opposite side of the ring.
Atom optics elements (not shown) including, for example, magnetic lenses and guides are required to
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Figure 8. Schematic diagram of the QTNM storage ring concept for a modular and scalable apparatus to measure the absolute
neutrino mass by CRES. The magnetic and electric fields within the CRES region are precisely mapped with atoms in
superpositions of Rydberg states.

transport and collimate the atomic beam between the curved sections of the ring to the CRES region. Because
the Zeeman effect in the ground states of H and T is similar (see figure 7), the state-selector and storage ring
will operate in a similar way and with a similar efficiency for these two isotopes of atomic hydrogen. It is
therefore planned to first develop and characterise the operation of the prototype ring primarily with H
atoms moving at mean longitudinal speeds of∼900ms−1 (Ekin ≃ 4meV) before ultimately moving to work
with T atoms emanating from the same source at mean longitudinal speeds of∼500ms−1 (Ekin ≃ 4meV).

In this storage ring concept, the T atoms that act as the source of β-decay electrons are those located at
any given time within the CRES region. The typical number of atoms contributing to the neutrino mass
measurement therefore corresponds to the time-averaged number of atoms in this instrumented region.
During the initial development of the apparatus, the H or T atom source will be operated in a pulsed mode.
However, in the longer term, it is foreseen to generate continuous supersonic beams of T atoms in the same
type of source to maximise the time-averaged number of atoms in the CRES region. To scale the apparatus to
allow the β-decay spectrum of larger quantities of T atoms to be recorded, and increase the count rate close
to the end point, the separation between the 180◦ curved sections of the ring can be increased so that
multiple equivalent CRES modules can be installed in the straight sections on each side.

To achieve the instrumented volumes of 10−3, 0.05 and 10m3 considered in the sensitivity analysis in
figure 3, it will be necessary to exploit the full transverse spatial distribution of atoms generated in the source.
For a beam that transversely fills a 0.5 m long CRES region with an inner diameter of 5 cm, an instrumented
volume of 10−3m3 is expected to be achievable in a single CRES module. To move to larger scale versions of
the apparatus, it will be necessary to increase the individual CRES module size to an inner diameter of
∼10 cm and a length approaching 1m. This would allow a total instrumented volume of 0.05m−3 to be
achieved in a ring, or beam line, comprising∼6 CRES modules. A further increase in the length of the
individual CRES regions by a factor of 2 while maintaining an inner diameter of∼10 cm (or an increase in
both the length and inner diameter by factors of 2) would allow total instrumented volumes on the order of
10m3 to be achieved with 640 (160) modules which could be arranged in multiple parallel beam lines, or
storage rings.

8. Atomic magnetometry and electrometry

The energy of an electron liberated by the radioactive decay of a parent atom is best measured through CRES,
where a strong (0.1–1.0 T, depending on frequency) static magnetic field is maintained to force the electron
into a circular, or at least helical, orbit. However, to achieve the spectroscopic precision required, it is
essential that the magnetic field is uniform, known, and continuously measured. A challenge with the static
magnetic field, is that it must be known throughout the whole of the working volume; unless extreme spatial
stability can be ensured. An additional problem is that even low-level stray electric fields can change the
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Figure 9. (a) Ramsey spectrum of the transition between the n= 55 and n= 56 circular Rydberg states in helium used for absolute
static field magnetometry. (b) Example of a one-dimensional magnetic field map measured using atoms in circular Rydberg states
as quantum sensors. Reprinted figure with permission from [86], Copyright (2023) by the American Physical Society.

dynamics of the electron, so these must be kept to a minimum. The electric fields in the spectrometer can in
principle be set to zero by suitable shielding, but stray fields caused by patch potentials, adsorbates and
imperfections on the cryogenically cooled surfaces must also be accounted for to minimise systematic errors.
Ideally, these electric fields must also be characterised, if only on a statistical basis.

The measurement of static magnetic fields to an absolute precision of∼1µT, and static stray static
electric fields to an absolute precision of∼100µV cm−1 can be achieved over comparatively large regions
(0.1–1m) in an atomic tritium CRES apparatus by using the T atoms themselves, or other inert atoms such
as helium which will not contaminate the measurement region in a detrimental way, as quantum sensors.
This magnetic and electric field sensing is achieved most effectively if the atoms are prepared in circular
Rydberg states. These are highly-excited electronic states in which the excited electron has the largest possible
azimuthal and orbital angular momentum quantum numbers,mℓ and ℓ, for any given value of the principal
quantum number n, i.e. |mℓ|= ℓ= n− 1. This is because pairs of circular Rydberg states that differ in their
values of n by±1 represent quasi two-level systems with long coherence times, which allow for maximal
measurement sensitivity.

Circular Rydberg states in H, T or other suitable species, such as helium (He), can be prepared by laser
photoexcitation in crossed electric and magnetic fields [87, 88], or by multiphoton radio-frequency transfer
from low-angular momentum Rydberg states after laser photoexcitation in zero field [89]. These states offer
the advantage for absolute static field magnetometry and electrometry that their Zeeman and Stark energy
shifts can be calculated analytically to the high precision required in a CRES-based measurement of the
absolute neutrino mass. These energy-level shifts can be precisely measured by coherent Ramsey
spectroscopy at microwave frequencies [90], with detection by quantum-state-selective electric field
ionisation. By way of example, a Ramsey spectrum of the transition between the n= 55 (|55c⟩) and n= 56
(|56c⟩) circular Rydberg states in He is shown in figure 9(a). This spectroscopy technique involves applying a
short pulse of microwave radiation at a frequency close to resonance with the circular-to-circular state
transition frequency to first prepare the atom in a superposition of these states. This superposition state is
then allowed to freely evolve and accumulate a phase that depends on the frequency interval, including
effects of Zeeman or Stark shifts, between two Rydberg states. Finally, a second pulse of microwave radiation
is applied to project the resulting superposition state on to the two basis Rydberg states. The interference
fringes observed in the spectrum in figure 9(a) arise as a result of the difference in phase accumulated by the
atomic superposition state and the microwave field in the free evolution time between these two pulses.

From a spectrum of the kind in figure 9(a), the resonance frequency can be determined from a
least-squares-fit of a Ramsey spectral line shape function to the experimental data. This frequency can then
be used in combination with measurements of additional transitions to different final Rydberg states to
determine the vector components of the residual uncancelled stray electric fields at the location of the atoms
to a precision of±100µV cm−1, and the magnetic field strength to an absolute precision of±1µT [86].

This approach to Rydberg atom magnetometry and electrometry can be performed in a pulsed mode
with bunches of excited atoms with sizes of∼100µm, 2mm and∼100µm in the x, y and z dimensions,
respectively. In pulsed supersonic beams of He emanating from a source operated at room temperature, these
atoms travel through the magnetic field to be characterised at a speed of 2mm µs−1. Consequently, by
making measurements at a range of time delays after Rydberg state photoexcitation, magnetic and electric
fields at a range of positions along the axis of propagation of the atoms can be mapped. The result of such a
one-dimensional magnetic field mapping procedure is shown in figure 9(b) where the measured fields over a
distance of 40mm are displayed with an absolute precision of±1µT and a spatial resolution of±0.5mm.
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Work is underway in the current phase of the QTNM project to implement these methods to precisely
characterise magnetic fields of up to∼0.5 T, and the individual vector components of the stray electric fields
under the conditions encountered in a CRES apparatus. Based on the results of the measurements in
figure 9(b), it is anticipated that this approach to minimally-invasive atomic magnetometry and electrometry
in a CRES spectrometer operated at temperatures below 4K, can be extended with comparable absolute
precision and spatial resolution to large CRES modules with dimensions on the scale discussed in section 7.

9. The QTNM electron spectrometer

The QTNM electron spectrometer is being designed to meet several requirements. It needs to: (a) detect
tritium β-decay electrons in the energy range of interest close to 18.6 keV, (b) measure the frequency of the
cyclotron radiation emitted by each of these electrons, and (c) provide sufficient information on the
trajectories of these electrons that their kinetic energy can be obtained from their cyclotron frequency with a
precision and accuracy suitable for determining the value ofmβ .

To reach the required sensitivity tomβ it is necessary to build a spectrometer with which the kinetic
energies of 18.6 keV electrons can be determined to a precision of∼0.1 eV. As discussed in section 5, this
corresponds to a precision of 2× 10−7 in the electron cyclotron frequency in a CRES spectrometer.
Consequently, as indicated by (10), the spectrometer must capture as much of the cyclotron radiation
generated by each individual electron as possible. At present, the QTNM collaboration is exploring several
approaches to collecting this microwave radiation, including arrays of antennas and resonant cavities. These
different approaches have their own advantages and disadvantages, and the trade-offs are delicate.

The fundamental problem is that we must measure the energies of individual electrons, but the
observation times are short due to trapping and scattering considerations, and so it is not possible to
integrate the signal for extended periods to achieve high signal-to-noise ratios. To maximise the
signal-to-noise ratio, the radiation collecting system must couple efficiently to each electron, regardless of
where it appears in the field of view. However, as discussed in [91] there is a fundamental information-
theoretic trade-off between coupling efficiency and field of view. The experimenter is therefore forced into
using multiple receivers, which means multiple antennas or cavity probes, and these necessarily interact.
Nevertheless, digitally cross correlating, in addition to autocorrelating, the outputs of an array of receivers,
all of which sample the same volume, gives some spatial information in addition to spectral information. A
major advantage of cross-correlating the outputs of a number of receivers is that the effects of mutually
uncorrelated noise is reduced. To minimise the system noise, ultra-low-noise cryogenically cooled amplifiers
must be used, ideally quantum noise temperature limited, and the effective radiation temperature of any
stray thermal background must also be minimised.

Although outward-looking phased arrays have been developed extensively, inward-looking phased arrays
are poorly studied. For example, the receivers interact strongly, leading to standing waves within the field of
view, and therefore potential spatial sensitivity variations over short scale lengths. These also complicate the
analysis of cross-correlated data. Additionally, the input of one receiver can see the noise leaving the inputs of
the others, which can be higher than noise temperatures of the amplifiers themselves. A further key
consideration is that the ports that allow the T atoms to enter and leave the spectrometer become a source of
thermal background noise, and the receivers should, ideally, not couple to this background.

Arrays of antennas, and to a lesser extent multiprobe cavities, offer the attractive ability to spatially
reconstruct the trajectories of electrons, allowing for the mitigation of known spatial effects, such as
variations in the magnetic field. However, as [91] discusses, for volumes of more than a few cubic
wavelengths, a large number of array elements are required, increasing the total number of channels that
must be instrumented.

An alternative approach is to use resonant cavities that provide, in principle, the ability to collect a large
fraction of the radiated electron power with potentially only one or two probes. However, this does not
overcome the fundamental information-theoretic limit: a large-volume cavity will have a large spectral
density of resonant modes which couple to the cyclotron frequencies of interest unless there is a
corresponding reduction in the magnetic field used. This brings difficulties both from the decreased radiated
power and from the challenges in maintaining equivalent magnetic field uniformity. Cavities may provide
the attractive prospect of increasing the radiated power above that of the free-space Larmor power, via the
Purcell effect [92]. This effect has previously been utilised for the suppression and enhancement of cyclotron
radiation in a cavity [93]. A theoretical analysis of multi-probe cavities, which complements the work done
on free-space antennas [91], will be reported by QTNM shortly.

To observe the cyclotron radiation from the β-decay electrons over sufficiently long timescales, it is
expected to be necessary to confine them within the CRES spectrometer. The problem is that even a mildly
relativistic electron moves a long distance in the observation time required, unless it is injected on a circular
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Figure 10. Schematic diagram of the path taken by a CRES signal, indicating those parts of the signal processing chain that are
operated at cryogenic temperatures and at room temperature.

rather than helical trajectory. A long detection region can be envisioned, but ultimately there is a limit
because of the trade-off between volume and coupling efficiency. However, the method used to achieve
electron trapping must cause minimal perturbations to the electron’s kinetic energy over the observation
time.

One possible approach to confine the β-decay electrons is to use a pure magnetic trap. This could be
implemented by creating a local minimum in the magnitude of a background magnetic field. A range of
options have been modelled, and arrangements of solenoids that can produce a longitudinal trapping
potential that does not introduce transverse inhomogeneities have been identified. Additionally, stray electric
fields within the spectrometer must also be controlled so that they do not lead to unwanted changes in the
electron’s kinetic energy.

Figure 10 shows a simple diagram of the path of a CRES signal in the apparatus. Initially, an electron
induces a signal in one or more microwave collection devices. This signal is then passed to
quantum-noise-limited amplifiers (see section 10). The performance of these devices approaches the
quantum-limit where a half a quantum of noise is added per frequency cycle. Following this, the signal is
passed into a cryogenic HEMT amplifier [94]. This two-stage amplification allows a high signal-to-noise
ratio (SNR) to be maintained before the signal reaches the room-temperature electronics.

Previous experiments have reported detecting CRES events with system noise temperatures as high as
145K [44]. However, the QTNM collaboration aims to operate a spectrometer with a significantly lower
noise temperature than this, resulting in a higher SNR. This will be achieved by operating the CRES region at
a thermal temperature of 4 K and using quantum-noise-limited amplifiers for the first-stage of amplification
at possibly 0.1 K. The noise temperature of importance, however, is the system noise temperature including
any thermal background from the potentially warm environment, and there is no point in installing
ultra-low-noise amplifiers if the radiometric background is high.

Equation (10) shows that

std(ν̂0)∝
1√
SNR

. (11)

Thus any reduction in the system noise temperature will result in an improvement in the achievable
frequency precision for a given observation time, thus increasing the number of decay electrons which can be
measured to a given precision and improving the experimental efficiency.

Additionally, the signal structure of a typical CRES event is expected to be more complicated than the
chirped sine wave discussed in section 5.1. A trapped electron with a pitch angle (the angle between the
electron’s momentum vector and the magnetic field) below 90◦ will undergo periodic motion in the trap.
This motion may lead to a range of different magnetic fields being experienced, resulting in the emission of
cyclotron radiation at a frequency given by the mean magnetic field experienced by the electron. This motion
can also result in frequency (from the Doppler effect) and amplitude (from the reception pattern of the
microwave collection system) modulation of the signal, depending upon the microwave collection
technology used. The signal structure of CRES events is expanded upon further in [95]. This modulation
causes some power to be radiated in ‘sidebands’ rather than at the main cyclotron frequency. The position
and strength of these ‘sidebands’ relative to the main frequency can be used to deduce the motion of the
electron in a trap and so calculate the energy of the electron from the detected radiation. Therefore, ensuring
that noise levels are low enough that sidebands are observable is a key goal for QTNM.

The cyclotron frequencies expected in a typical CRES experiment exceed those which can be
economically digitised for many channels. Therefore, the experimental signals will be down-converted to the
sub-GHz range. This is possible without significant loss of information because most of the signal power is
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emitted at frequencies close to the cyclotron frequency. Digitisation will then be achieved using an
analogue-to-digital converter with a sampling rate of∼1GHz.

The production of electrons from tritium β-decay occurs randomly, prompting an event-based approach
to data collection for the experiment. Since electrons in the region of interest close to the endpoint energy of
the decay are very rare, a hardware- or software-based trigger will be needed to avoid collecting and
processing large amounts of data containing no electrons of interest. A trigger for QTNM therefore needs to
quickly identify the presence of these electrons in the background noise. Two trigger options are currently
being explored for QTNM. These are a lock-in amplifier [96] based approach and a matched filter [97]
based approach. These techniques are capable of detecting the presence of known signals in high noise
environments, so could form the basis for a trigger system for CRES detection. Both the matched filter and
lock-in amplifier processes have previously been implemented on Field Programmable Gated Arrays
(FPGAs) [98, 99] and this implementation is also being tested by QTNM.

Having triggered on a CRES event, the next challenge is to determine the frequency spectrum of the
radiation emitted and therefore the corresponding electron kinetic energy. One complication is that
it is necessary to know the frequency at the beginning of the chirp when it is assumed that the electron was
first produced. Therefore, the error on the derived initial energy is sensitive to timing errors. Furthermore,
as mentioned above, the mean magnetic field experienced by each electron must be reconstructed. Given the
complex signal structure expected multiple advanced methods are being explored. These include a matched
filter with a large template bank spanning the full range of electron parameters ormachine learning techniques.

10. Development of quantum-noise-temperature limited amplifiers

QTNM’s current strategy is to use either free-space microwave coupling or high-Q cavity coupling to the
electrons from the β-decay of atomic tritium. The collaboration has investigated detection methods for the
electron’s cyclotron radiation across a range of magnetic fields from 0.5 to 1 T. The optimal frequency is a
delicate trade-off between many competing considerations. To ensure a balance between a high signal-
to-noise ratio, a reduced level of systematic uncertainties (for example electromagnetic interference), and the
availability of a wide range of commercial microwave components, the current focus is on a magnetic field of
∼0.7T resulting in a primary observing frequency of 18GHz.

An important consequence of this measurement technique is the need for a multi-channel readout
system featuring a sizeable array of dozens, potentially hundreds, of ultra-low noise microwave receivers
[91]. To reach sensitivities to the absolute neutrino mass below 0.1 eV/c2 shown in figure 3(a), a CRES
instrument with a large fiducial volume and a system noise temperature below 2K is required, which is only
possible if even lower noise temperature amplifiers are available. Near quantum-noise-limited amplifiers and
larger arrays would be beneficial and are technologically achievable.

This level of performance is unlikely to be possible using conventional cryogenic amplifiers such as
HEMTs. Arrays with in excess of hundreds of channels with HEMT amplifiers are impractical, limiting the
potential of future expansion to larger volumes and new measurement techniques. Consequently, a central
focus of QTNM activities has been to develop two types of slow-dissipation, arrayable superconducting
amplifiers operating near the standard quantum limit (SQL) [100–102]. These are superconducting
parametric kinetic inductance amplifiers and superconducting low-inductance undulatory galvanometers
(SLUGs). QTNM’s goal is to determine the most suitable readout technology for a large volume CRES-based
neutrino mass experiment.

10.1. Superconducting parametric amplifiers
Superconducting parametric amplifiers come in a variety of forms: schemes based on the nonlinear kinetic
inductance of thin-films; and schemes based on the nonlinear inductance of superconducting tunnel
junctions. Moreover, each of these categories subdivides into those configured as resonators, and those
configured as nonlinear transmission lines. QTNM is concentrating on resonator kinetic inductance
amplifiers because of their ease of mass production, satisfying the need for large arrays.

In general terms, superconducting kinetic inductance parametric amplifiers have demonstrated high gain
10–30dB whilst achieving added-noise close the SQL [103–105]. More recently, these amplifiers have also
been used to achieve squeezing amplification and the generation of squeezed vacuum states [106]. These
remarkable gain and noise characteristics allow kinetic inductance parametric amplifiers to improve the
performance of various quantum information and detector systems [107–109].

The basic mechanism is that, in the presence of a strong pump tone, nonlinearity in the inductance
results in wave-mixing processes, which transfer energy from the strong pump tone to the weak signal tone,
thereby achieving amplification [110]. Superconducting parametric amplifiers in both travelling-wave and
resonator geometries have been realised, but the resonator schemes have many advantages for narrow-band
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Figure 11. (a) An example of NbN half-wave resonators fabricated for the QTNM project. The resonator comprises a length of
coplanar waveguide capacitively coupled in series between two contact pads. (b) Gold-plated copper enclosure with sub miniature
version A (SMA) connectors for microwave measurement. (c) Measurement of power gain G as a function of difference frequency
f− fp, where f is the signal frequency and fp is the pump frequency. The black line shows the transmission when there is no pump
tone, i.e. the device is acting as a simple resonator; the red line shows the gain in the presence of a strong pump, i.e. the device is
acting as a resonator amplifier.

applications: resonator amplifiers have lower power requirements on the pump tone and so are less prone to
heating and microbridge hot-spot switching, they therefore should be less noisy, and above all they are easy
to manufacture in bulk because they are less prone to lithographic defects such as shorts or breaks, which are
notoriously challenging on the long transmission lines of travelling-wave structures [103, 110, 111].

The nonlinear inductance is necessarily associated with a nonlinear resistance [112–114], but the theory
of resonator devices has been developed to a high level of understanding [115, 116], which allows for the
design and operation of resonators as amplifiers routinely, despite the fact that the frequency response of
resonators displays complex hysteretic behaviour.

Superconducting NbN thin-films are used for the amplifier material, using a fabrication process that
optimises the relevant film properties. A comprehensive theoretical analysis on the operation of these
resonator amplifiers has been conducted [116]. Guided by our analysis, many half-wave and quarter-wave
resonator amplifiers have been successfully designed, fabricated, and operated in both transmission and
reflection modes. These configurations achieve high, stable gain over several MHz of bandwidth [114].
Figure 11 shows an example of a NbN half-wave resonator, the resonator enclosure, and the measured power
gain. As shown, for this particular resonator, high gain of G> 20dB can be achieved over∼1MHz of
bandwidth. Larger bandwidth designs are now being studied, with 5MHz being entirely feasible.

Experimental results show that the reflection-mode design is capable of intrinsic pump removal [117];
additionally, cross-mode operation has been demonstrated, where the pump can be placed several GHz apart
from the signal tone [114], and non-degenerate pump operation by pumping at two different frequencies,
which is particularly stable. Furthermore, phase-sensitive amplification has been demonstrated, which is
strongly linked to squeezing capabilities. Crucially, noise temperatures of better than 1.5 K, which is already
more than twice as sensitive as the best HEMT amplifiers have been observed. An important observation is
that we have been able to operate resonator amplifiers having high gain and low noise at physical
temperatures of∼4K, which opens the door to multistage designs where the bulky and expensive HEMT
amplifiers can be eliminated completely [114, 117].

Overall, superconducting kinetic inductance resonator amplifiers have been found to be easy to
manufacture, and simple and robust to operate. They display flat gain profiles and appreciable saturation
powers. Manufacturing approximately 50 amplifiers on a single wafer is a straightforward process, enabling
the efficient production of large amplifier arrays required for a multi-channel CRES experiment [91].

10.2. SLUGs
An alternative approach to low-noise microwave amplification is to use a superconducting quantum
interference device (SQUID). Instead of employing the nonlinearity of a material or a Josephson junction to
carry out wave mixing, a SQUID is used as a highly sensitive flux-to-voltage converter. The magnetic
flux-periodic response of the SQUID, arising from its macroscopic quantum behaviour, implies that very
high nonlinearity in the flux to voltage transfer function can be achieved.
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Figure 12. (a) Typical planar nanobridge SLUG loop, and (b) simulated power gain and added noise for SLUG containing typical
Nb nanobridges.

A SQUID amplifier offers several attractive features, including robust fabrication, a good dynamic range,
and compactness, which helps minimise the space it occupies within a cryostat. The superconducting
properties also imply very low intrinsic noise [118], allowing the SQL to be achieved.

SQUID amplifiers have been in development since the mid-80s [119, 120]. Early iterations routinely
achieved gain in excess of 20 dB [121–123]. However the arrangement of the input circuit meant that
operating frequencies were limited to hundreds of MHz. A subsequent development was to use a microstrip
resonator to input the signal [124], which had the effect of both enhancing the current at the amplifier input
by the quality factor Q, and increasing the operating frequency. However, frequencies above a few GHz were
still not practical, as the necessary shortening of the microstrip had the effect of decreasing the mutual
coupling between the input and the SQUID.

To circumvent the frequency limits encountered with typical dc SQUID amplifiers the collaboration is
developing a different variant of the SQUID—the SLUG [125, 126]. In a SLUG the signal to be amplified is
coupled directly into the loop as a current, thereby enabling efficient coupling of frequencies of several
GHz [127].

Our goal is to develop a SLUG amplifier utilising niobium nanobridges as the Josephson elements.
Nanobridges have been shown [128] to have extremely high plasma frequency, due to their high critical
current density and negligible capacitance, which makes them a natural choice for high frequency operation.
The Nb nanobridge SLUG amplifier will also be entirely planar, fabricated from a single film of Nb, which is
a significant structural simplification compared with existing technology [129]. The collaboration has
developed a set of modelling tools for designing and optimising the SLUG. The SLUG loop can be designed
to have a geometry which provides the appropriate inductance using 3D-MLSI and the gain and noise
properties of the full amplifier can be modelled using a numerical model [127] which solves the
time-dependence of the phase-difference across the nanobridges.

Figure 12 shows a typical planar SLUG, and the results of simulation of a SLUG amplifier with input
circuit designed to operate at 18 GHz. The circuit parameters used for this simulation were informed by dc
measurements of protype Nb nanobridge SLUG circuits [130]. We note that due to a difference in the
optimal input impedance for gain and noise, the frequency of maximum gain and the frequency of
minimum noise are not the same. It is, however, possible to achieve a gain of 20 dB and noise within a factor
of 4 of the SQL at 18 GHz. We also note the flux-tuneability of the gain curve, which may prove to be a
favourable property of the SLUG amplifier.

11. Summary

The discovery of neutrino oscillations at the end of the last century remains the strongest evidence in support
of physics beyond the Standard Model. Although the phenomenon of oscillations unequivocally proves that
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neutrinos have a non zero-mass, these experiments cannot measure the absolute value of the mass scale. The
question of the absolute neutrino mass is crucial to understanding the origin of matter and the evolution of
the early Universe. One promising, and the most model independent, approach to measuring this last
unknown mass parameter of the Standard Model is through the precise measurement of the β-decay
spectrum of atomic tritium. It is highly complementary to other neutrino mass probes, namely observations
of the structure of the Universe and neutrinoless double β-decay. It is a controlled, terrestrial experiment
and, as a kinematic measurement, is largely model agnostic, independent of cosmological model
assumptions and whether neutrinos are Dirac or Majorana fermions.

This White paper outlines the QTNM project’s innovative approach to tackle the neutrino mass puzzle by
leveraging cutting-edge experimental methods in AMO physics and quantum technologies. These include
using atoms in superpositions of Rydberg states as advanced sensors for magnetometry and electrometry and
quantum-noise-limited amplifiers, originally developed for applications in astronomy, metrology, and
communications. The proposed approach surpasses the capabilities of the state-of-the-art KATRIN
experiment, and requires the development of a high phase-space density atomic tritium source, and an
electron spectrometer capable of measuring electron energies near the 18.6 keV endpoint of the tritium
β-decay spectrum with precision below 0.1 eV.

A large-scale experimental apparatus capable of performing the ultimate absolute neutrino mass
measurement will need to handle significant quantities of tritium, creating the potential to host such an
experiment at a national facility. QTNM’s strategy is to collaborate with leading facilities, including CCFE
and the TLK, and international projects such as Project 8, KATRIN, and PTOLEMY, to build and operate a
scalable apparatus with progressively increasing sensitivity to the absolute neutrino mass. The scientific
milestones include sensitivities of around 0.1 eV/c2 (degenerate neutrino masses), 0.05 eV/c2 (inverted
ordering of neutrino masses), and ultimately 0.01 eV/c2, approaching the lower bound from neutrino
oscillation experiments in case of the NO of neutrino masses.

Beyond neutrino mass measurement, this approach will have the potential to explore
beyond-the-Standard-Model physics, such as non-standard neutrino interactions, Lorentz-invariance
violation, sterile neutrinos and exotic light bosons, and serve as a unique testbed for advanced quantum
technologies, with applications extending beyond fundamental physics.
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[57] Fried D G, Killian T C, Willmann L, Landhuis D, Moss S C, Kleppner D and Greytak T J 1998 Bose-Einstein condensation of

atomic hydrogen Phys. Rev. Lett. 81 3811–4
[58] Parthey C G et al 2011 Improved measurement of the hydrogen 1S–2S transition frequency Phys. Rev. Lett. 107 203001
[59] Arai T, Yamane M, Fukuda A and Mizusaki T 1998 The second order recombination and spin-exchange relaxation of atomic

deuterium at low temperatures in a low magnetic field J. Low Temp. Phys. 112 373–98
[60] Mosk A P, Reynolds MW and Hijmans T W 2001 Atomic deuterium adsorbed on the surface of liquid helium Phys. Rev. A

64 022901
[61] Steinberger J K 2004 Progress towards high precision measurements on ultracold metastable hydrogen and trapping deuterium

PhD DissertationMassachusetts Institute of Technology
[62] Scheidegger S, Schlander D, Agner J A, Schmutz H, Jansen P and Merkt F 2022 Barrier-discharge source of cold hydrogen atoms

in supersonic beams: Stark effect in the 1s–2s transition J. Phys. B: At. Mol. Opt. Phys. 55 155002
[63] Hogan S D, Motsch M and Merkt F 2011 Deceleration of supersonic beams using inhomogeneous electric and magnetic fields

Phys. Chem. Chem. Phys. 13 18705–23
[64] Ashkenas H and Sherman F S 1966 The structure and utilization of supersonic free jets in low density wind tunnels Rarefied Gas

Dynamics. Proc. 4th Int. Symp. 1964 vol 2, ed J H de Leuuw (Academic) pp 84–105
[65] Haberland H, Buck U and Tolle M 1985 Velocity distribution of supersonic nozzle beams Rev. Sci. Instrum. 56 1712
[66] Linstrom P and Mallard W (eds) 2023 NIST Chemistry WebBook, NIST Standard Reference Database Number 69 (National

Institute of Standards and Technology) (https://doi.org/10.18434/T4D303)
[67] Hogan S D 2012 Cold atoms and molecules by Zeeman deceleration and Rydberg-Stark deceleration Habilitation Thesis

Eidgenössische Technische Hochschule (ETH) Zürich (https://doi.org/10.3929/ethz-a-007577485)
[68] Sturm M, Priester F, Röllig M, Röttele C, Marsteller A, Hillesheimer D, Bornschein L, Bornschein B, Größle R and Welte S 2021

Kilogram scale throughput performance of the KATRIN tritium handling system Fusion Eng. Des. 170 112507
[69] Bjorklund G C, Ausschnitt C P, Freeman R R and Storz R H 1978 Detection of atomic hydrogen and deuterium by resonant

three-photon ionization Appl. Phys. Lett. 33 54–56
[70] Downey S W and Hozack R S 1989 Saturation of three-photon ionization of atomic hydrogen and deuterium at 243 nm Opt. Lett.

14 15–17
[71] Parthey C G, Matveev A, Alnis J, Pohl R, Udem T, Jentschura U D, Kolachevsky N and Hänsch T W 2010 Precision measurement

of the hydrogen-deuterium 1S−2S isotope shift Phys. Rev. Lett. 104 233001
[72] Kotochigova S and Mohr P J (eds) 2005 Energy Levels of Hydrogen and Deuterium, NIST Standard Reference Database 142

(National Institute of Standards and Technology) (https://doi.org/10.18434/T4V01G)
[73] Halfmann T, Koensgen J and Bergmann K 2000 A source for a high-intensity pulsed beam of metastable helium atomsMeas. Sci.

Technol. 11 1510
[74] Hogan S D 2016 Rydberg-Stark deceleration of atoms and molecules EPJ Tech. Instrum. 3 2
[75] Hogan S D, Wiederkehr A W, Schmutz H and Merkt F 2008 Magnetic trapping of hydrogen after multistage Zeeman deceleration

Phys. Rev. Lett. 101 143001
[76] Wiederkehr A W et al 2010 Trapping deuterium atoms Phys. Rev. A 81 021402
[77] Hogan S D and Merkt F 2008 Demonstration of three-dimensional electrostatic trapping of state-selected Rydberg atoms Phys.

Rev. Lett. 100 043001
[78] Hogan S D, Seiler C and Merkt F 2013 Motional, isotope and quadratic Stark effects in Rydberg–Stark deceleration and electric

trapping of H and D J. Phys. B: At. Mol. Opt. Phys. 46 045303
[79] Schneider G et al 2017 Double-trap measurement of the proton magnetic moment at 0.3 parts per billion precision Science

358 1081–4
[80] Duffy W 1959 Magnetic moment of the triton in units of the magnetic moment of the proton Phys. Rev. 115 1012–4
[81] Anderson L W, Pipkin F M and Baird J C 1960 Hyperfine structure of hydrogen, deuterium and tritium Phys. Rev. 120 1279–89
[82] Killian T C, Fried D G, Willmann L, Landhuis D, Moss S C, Greytak T J and Kleppner D 1998 Cold collision frequency shift of the

1S–2S transition in hydrogen Phys. Rev. Lett. 81 3807–10
[83] Vanhaecke N, Meier U, Andrist M, Meier B H and Merkt F 2007 Multistage Zeeman deceleration of hydrogen atoms Phys. Rev. A

75 031402
[84] Narevicius E, Libson A, Parthey C G, Chavez I, Narevicius J, Even U and Raizen M G 2008 Stopping supersonic beams with a

series of pulsed electromagnetic coils: an atomic coilgun Phys. Rev. Lett. 100 093003
[85] Stoof H T C, Koelman J M V A and Verhaar B J 1988 Spin-exchange and dipole relaxation rates in atomic hydrogen: rigorous and

simplified calculations Phys. Rev. B 38 4688–97
[86] Zou J and Hogan S D 2023 Absolute static-field magnetometry, magnetic gradiometry and vector electrometry with circular

Rydberg atoms Phys. Rev. A 107 062820
[87] Delande D and Gay J C 1988 A new method for producing circular Rydberg states Europhys. Lett. 5 303
[88] Zhelyazkova V and Hogan S D 2016 Preparation of circular Rydberg states in helium using the crossed-fields method Phys. Rev. A

94 023415
[89] Hulet R G and Kleppner D 1983 Rydberg atoms in “circular” states Phys. Rev. Lett. 51 1430–3

25

https://doi.org/10.1016/j.physrep.2021.02.002
https://doi.org/10.1016/j.physrep.2021.02.002
https://arxiv.org/abs/1309.7093
https://arxiv.org/abs/1309.7093
https://doi.org/10.1103/PhysRevC.109.035503
https://doi.org/10.1103/PhysRevC.109.035503
https://doi.org/10.1103/PhysRevLett.121.013001
https://doi.org/10.1103/PhysRevLett.121.013001
https://doi.org/10.1103/PhysRev.22.559
https://doi.org/10.1103/PhysRev.22.559
https://doi.org/10.1103/PhysRev.72.971
https://doi.org/10.1103/PhysRev.72.971
https://doi.org/10.1103/PhysRev.76.1076
https://doi.org/10.1103/PhysRev.76.1076
https://doi.org/10.1080/00268970410001725855
https://doi.org/10.1080/00268970410001725855
https://doi.org/10.1103/PhysRevLett.81.3811
https://doi.org/10.1103/PhysRevLett.81.3811
https://doi.org/10.1103/PhysRevLett.107.203001
https://doi.org/10.1103/PhysRevLett.107.203001
https://doi.org/10.1023/A:1022388719099
https://doi.org/10.1023/A:1022388719099
https://doi.org/10.1103/PhysRevA.64.022901
https://doi.org/10.1103/PhysRevA.64.022901
https://doi.org/10.1088/1361-6455/ac7598
https://doi.org/10.1088/1361-6455/ac7598
https://doi.org/10.1039/c1cp21733j
https://doi.org/10.1039/c1cp21733j
https://doi.org/10.1063/1.1138129
https://doi.org/10.1063/1.1138129
https://doi.org/10.18434/T4D303
https://doi.org/10.3929/ethz-a-007577485
https://doi.org/10.1016/j.fusengdes.2021.112507
https://doi.org/10.1016/j.fusengdes.2021.112507
https://doi.org/10.1063/1.90163
https://doi.org/10.1063/1.90163
https://doi.org/10.1364/OL.14.000015
https://doi.org/10.1364/OL.14.000015
https://doi.org/10.1103/PhysRevLett.104.233001
https://doi.org/10.1103/PhysRevLett.104.233001
https://doi.org/10.18434/T4V01G
https://doi.org/10.1088/0957-0233/11/10/312
https://doi.org/10.1088/0957-0233/11/10/312
https://doi.org/10.1140/epjti/s40485-015-0028-4
https://doi.org/10.1140/epjti/s40485-015-0028-4
https://doi.org/10.1103/PhysRevLett.101.143001
https://doi.org/10.1103/PhysRevLett.101.143001
https://doi.org/10.1103/PhysRevA.81.021402
https://doi.org/10.1103/PhysRevA.81.021402
https://doi.org/10.1103/PhysRevLett.100.043001
https://doi.org/10.1103/PhysRevLett.100.043001
https://doi.org/10.1088/0953-4075/46/4/045303
https://doi.org/10.1088/0953-4075/46/4/045303
https://doi.org/10.1126/science.aan0207
https://doi.org/10.1126/science.aan0207
https://doi.org/10.1103/PhysRev.115.1012
https://doi.org/10.1103/PhysRev.115.1012
https://doi.org/10.1103/PhysRev.120.1279
https://doi.org/10.1103/PhysRev.120.1279
https://doi.org/10.1103/PhysRevLett.81.3807
https://doi.org/10.1103/PhysRevLett.81.3807
https://doi.org/10.1103/PhysRevA.75.031402
https://doi.org/10.1103/PhysRevA.75.031402
https://doi.org/10.1103/PhysRevLett.100.093003
https://doi.org/10.1103/PhysRevLett.100.093003
https://doi.org/10.1103/PhysRevB.38.4688
https://doi.org/10.1103/PhysRevB.38.4688
https://doi.org/10.1103/PhysRevA.107.062820
https://doi.org/10.1103/PhysRevA.107.062820
https://doi.org/10.1209/0295-5075/5/4/004
https://doi.org/10.1209/0295-5075/5/4/004
https://doi.org/10.1103/PhysRevA.94.023415
https://doi.org/10.1103/PhysRevA.94.023415
https://doi.org/10.1103/PhysRevLett.51.1430
https://doi.org/10.1103/PhysRevLett.51.1430


New J. Phys. 27 (2025) 105006 A A S Amad et al

[90] Ramsey N F 1950 A molecular beam resonance method with separated oscillating fields Phys. Rev. 78 695–9
[91] Withington S, Thomas C and Zhao S 2024 Quantum noise limited phased arrays for single-electron cyclotron radiation emission

spectroscopy (arXiv:2401.03247 [physics.ins-det])
[92] Purcell E M 1946 Spontaneous emission probabilities at radio frequencies Phys. Rev. 69 681
[93] Gabrielse G and Dehmelt H 1985 Observation of inhibited spontaneous emission Phys. Rev. Lett. 55 67
[94] Mimura T 2005 Development of high electron mobility transistor Jpn. J. Appl. Phys. 44 8623–8
[95] Esfahani A A et al 2019 Electron radiated power in cyclotron radiation emission spectroscopy experiments Phys. Rev. C 99 055501
[96] Meade M L 1983 Lock-in Amplifiers : Principles and Applications (IEEE)
[97] Turin G 1960 An introduction to matched filters IRE Trans. Inf. Theory 6 6
[98] Baker Z K, Gokhale M B and Tripp J L 2007 Matched filter computation on FPGA, cell and GPU 15th Annual IEEE Symp. on

Field-Programmable Custom Computing Machines (FCCM 2007) pp 207–18
[99] Stimpson G A, Skilbeck M S, Patel R L, Green B L and Morley G W 2019 An open-source high-frequency lock-in amplifier Rev.

Sci. Instrum. 90 094701
[100] Caves C M 1982 Quantum limits on noise in linear amplifiers Phys. Rev. D 26 1817–39
[101] Clerk A A, Devoret M H, Girvin S M, Marquardt F and Schoelkopf R J 2010 Introduction to quantum noise, measurement and

amplification Rev. Mod. Phys. 82 1155–208
[102] Zhao S and Withington S 2021 Quantum analysis of second-order effects in superconducting travelling-wave parametric

amplifiers J. Appl. Phys. 54 365303
[103] Eom B H, Day P K, LeDuc H G and Zmuidzinas J 2012 A wideband, low-noise superconducting amplifier with high dynamic

range Nat. Phys. 8 623
[104] Vissers M R, Erickson R P, Ku H-S, Vale L, Wu X, Hilton G C and Pappas D P 2016 Low-noise kinetic inductance traveling-wave

amplifier using three-wave mixing Appl. Phys. Lett. 108 012601
[105] Malnou M, Vissers M, Wheeler J, Aumentado J, Hubmayr J, Ullom J and Gao J 2021 Three-wave mixing kinetic inductance

traveling-wave amplifier with near-quantum-limited noise performance PRX Quantum 2 010302
[106] Parker D J, Savytskyi M, Vine W, Laucht A, Duty T, Morello A, Grimsmo A L and Pla J J 2022 Degenerate parametric

amplification via three-wave mixing using kinetic inductance Phys. Rev. Appl. 17 034064
[107] Ranzani L, Bal M, Fong K C, Ribeill G, Wu X, Long J, Ku H-S, Erickson R P, Pappas D and Ohki T A 2018 Kinetic inductance

traveling-wave amplifiers for multiplexed qubit readout Appl. Phys. Lett. 113 242602
[108] Zobrist N et al 2019 Wide-band parametric amplifier readout and resolution of optical microwave kinetic inductance detectors

Appl. Phys. Lett. 115 042601
[109] Vissers M R, Malnou M, Gao J, Hubmayr J, Wheeler J, Mates J, Dober B, Hilton G, Vale L and Ullom J 2020 Demonstration of a

microwave SQUID multiplexer with pre-amplification from a kinetic inductance traveling-wave parametric amplifier Proc. SPIE
11453 114530Z

[110] Zhao S 2021 Physics of superconducting travelling-wave parametric amplifiers PhD Dissertation University of Cambridge
[111] Shan W, Sekimoto Y and Noguchi T 2016 Parametric amplification in a superconducting microstrip transmission line IEEE

Trans. Appl. Supercond. 26 1–9
[112] Hutchings D C, Sheik-Bahae M, Hagan D J and Van Stryland E W 1992 Kramers-Krönig relations in nonlinear optics Opt.

Quantum Electron. 24 1–30
[113] Zhao S, Withington S and Thomas C N 2022 Nonlinear mechanisms in Al and Ti superconducting travelling-wave parametric

amplifiers J. Appl. Phys. 55 365301
[114] Zhao S, Withington S and Thomas C N 2023 Nonlinear characteristics of Ti, Nb and NbN superconducting resonators for

parametric amplifiers Supercond. Sci. Technol. 36 105010
[115] Thomas C N, Withington S, Sun Z, Skyrme T and Goldie D J 2020 Nonlinear effects in superconducting thin film microwave

resonators New J. Phys. 22 073028
[116] Thomas C N, Withington S and Zhao S 2022 Effects of reactive, dissipative and rate-limited nonlinearity on the behaviour of

superconducting resonator parametric amplifiers (arXiv:2206.10512 [cond-mat.mes-hall])
[117] Zhao S, Withington S and Thomas C N 2024 Superconducting resonator parametric amplifiers with intrinsic separation of pump

and signal tones J. Appl. Phys. 58 035305
[118] Hao L, Macfarlane J C, Gallop J C, Cox D, Beyer J, Drung D and Schurig T 2008 Measurement and noise performance of

nano-superconducting-quantum-interference devices fabricated by focused ion beam Appl. Phys. Lett. 92 192507
[119] Hilbert C and Clarke J 1983 Radio-frequency amplifier based on a dc superconducting quantum interference device Appl. Phys.

Lett. 43 694–6
[120] Hilbert C and Clarke J 1985 DC SQUIDs as radiofrequency amplifiers J. Low Temp. Phys. 61 263–80
[121] Mück M and McDermott R 2010 Radio-frequency amplifiers based on dc SQUIDs Supercond. Sci. Technol. 23 093001
[122] Takami T, Noguchi T and Hamanaka K 1989 A dc SQUID amplifier with a novel tuning circuit IEEE Trans. Magn. 25 1030–3
[123] Welty R P and Martinis J M 1993 Two-stage integrated SQUID amplifier with series array output IEEE Trans. Appl. Supercond.

3 2605–8
[124] Mück M, André M-O, Clarke J, Gail J and Heiden C 1998 Radio-frequency amplifier based on a niobium dc superconducting

quantum interference device with microstrip input coupling Appl. Phys. Lett. 72 2885–7
[125] Clarke J 1966 A superconducting galvanometer employing Josephson tunnelling Phil. Mag. A 13 115–27
[126] Gallop J C 1974 Noise limitations on measurements made with slugs J. Phys. E: Sci. Instrum. 7 855
[127] Ribeill G J, Hover D, Chen Y-F, Zhu S and McDermott R 2011 Superconducting low-inductance undulatory galvanometer

microwave amplifier: theory J. Appl. Phys. 110 103901
[128] Polychroniou E, Gallop J, Godfrey T, Cox D, Long G, Chen J, Romans E and Hao L 2020 Investigation of NanoSQUIDs fabricated

with a range of focused ion beam sources J. Phys.: Conf. Ser. 1559 012015
[129] Hover D, Chen Y-F, Ribeill G J, Zhu S, Sendelbach S and McDermott R 2012 Superconducting low-inductance undulatory

galvanometer microwave amplifier Appl. Phys. Lett. 100 063503
[130] Chapman G, Potter J, Meti L, Shaforost O, Romans E, Gallop J and Hao L 2024 Towards a near quantum-limited planar SLUG

amplifier at microwave frequencies IEEE Trans. Appl. Supercond. 34 1–5

26

https://doi.org/10.1103/PhysRev.78.695
https://doi.org/10.1103/PhysRev.78.695
https://arxiv.org/abs/2401.03247
https://doi.org/10.1103/PhysRev.69.674.2
https://doi.org/10.1103/PhysRev.69.674.2
https://doi.org/10.1103/PhysRevLett.55.67
https://doi.org/10.1103/PhysRevLett.55.67
https://doi.org/10.1143/JJAP.44.8263
https://doi.org/10.1143/JJAP.44.8263
https://doi.org/10.1103/PhysRevC.99.055501
https://doi.org/10.1103/PhysRevC.99.055501
https://doi.org/10.1109/TIT.1960.1057571
https://doi.org/10.1109/TIT.1960.1057571
https://doi.org/10.1109/FCCM.2007.52
https://doi.org/10.1063/1.5083797
https://doi.org/10.1063/1.5083797
https://doi.org/10.1103/PhysRevD.26.1817
https://doi.org/10.1103/PhysRevD.26.1817
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1088/1361-6463/ac0b74
https://doi.org/10.1088/1361-6463/ac0b74
https://doi.org/10.1038/nphys2356
https://doi.org/10.1038/nphys2356
https://doi.org/10.1063/1.4937922
https://doi.org/10.1063/1.4937922
https://doi.org/10.1103/PRXQuantum.2.010302
https://doi.org/10.1103/PRXQuantum.2.010302
https://doi.org/10.1103/PhysRevApplied.17.034064
https://doi.org/10.1103/PhysRevApplied.17.034064
https://doi.org/10.1063/1.5063252
https://doi.org/10.1063/1.5063252
https://doi.org/10.1063/1.5098469
https://doi.org/10.1063/1.5098469
https://doi.org/10.1117/12.2562877
https://doi.org/10.1117/12.2562877
https://doi.org/10.1109/TASC.2016.2555914
https://doi.org/10.1109/TASC.2016.2555914
https://doi.org/10.1007/BF01234275
https://doi.org/10.1007/BF01234275
https://doi.org/10.1088/1361-6463/ac782e
https://doi.org/10.1088/1361-6463/ac782e
https://doi.org/10.1088/1361-6668/acf0f1
https://doi.org/10.1088/1361-6668/acf0f1
https://doi.org/10.1088/1367-2630/ab97e8
https://doi.org/10.1088/1367-2630/ab97e8
https://arxiv.org/abs/2206.10512
https://doi.org/10.1088/1361-6463/ad875e
https://doi.org/10.1088/1361-6463/ad875e
https://doi.org/10.1063/1.2917580
https://doi.org/10.1063/1.2917580
https://doi.org/10.1063/1.94448
https://doi.org/10.1063/1.94448
https://doi.org/10.1007/BF00681635
https://doi.org/10.1007/BF00681635
https://doi.org/10.1088/0953-2048/23/9/093001
https://doi.org/10.1088/0953-2048/23/9/093001
https://doi.org/10.1109/20.92464
https://doi.org/10.1109/20.92464
https://doi.org/10.1109/77.233523
https://doi.org/10.1109/77.233523
https://doi.org/10.1063/1.121490
https://doi.org/10.1063/1.121490
https://doi.org/10.1080/14786436608211991
https://doi.org/10.1080/14786436608211991
https://doi.org/10.1088/0022-3735/7/10/020
https://doi.org/10.1088/0022-3735/7/10/020
https://doi.org/10.1063/1.3660217
https://doi.org/10.1063/1.3660217
https://doi.org/10.1088/1742-6596/1559/1/012015
https://doi.org/10.1088/1742-6596/1559/1/012015
https://doi.org/10.1063/1.3682309
https://doi.org/10.1063/1.3682309
https://doi.org/10.1109/TASC.2024.3350600
https://doi.org/10.1109/TASC.2024.3350600

	Determining absolute neutrino mass using quantum technologies
	1. Introduction
	2. Absolute neutrino mass
	3. Neutrino mass from β-decay
	4. CRES
	5. The QTNM project
	5.1. General considerations
	5.2. Experimental approach

	6. Producing and detecting atomic hydrogen isotopes: H, D, and T
	6.1. Available sources
	6.2. Supersonic beams
	6.3. Detection of ground-state atoms

	7. Controlling the motion of and confining atomic hydrogen isotopes
	7.1. Guiding, decelerating and trapping ground-state H and T atoms using inhomogeneous magnetic fields
	7.2. A modular magnetic storage ring for neutrino mass measurements

	8. Atomic magnetometry and electrometry
	9. The QTNM electron spectrometer
	10. Development of quantum-noise-temperature limited amplifiers
	10.1. Superconducting parametric amplifiers
	10.2. SLUGs

	11. Summary
	References


