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•  Neutrinos are the most abundant particles with mass in Universe 

•  Neutrinos are massless in Standard Model 
  Neutrinos are known to have non-zero mass 
  Absolute mass scale not precisely known: 9 meV/c2 < mν < 450 meV/c2 

•  Experimental determination of absolute neutrino mass 
  Measure electron spectrum following β-decay of tritium: T2 or T 

   T → 3He+ + e- + νe 
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KATRIN experiment
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KATRIN Collaboration, Nat. Phys. 18, 160 (2022)

Figure 2: (Bottom) Sketch of the KATRIN setup. (Top) Working
principles of the experiment. A gaseous source produces tritium
atoms (3H) that undergo beta decay into helium-3 (3He), electrons
(e�), and electron antineutrinos (n̄). The electrons are transported
to a spectrometer, which selects the highest-energy electrons
close to the end point before they reach the detector. (KATRIN;
adapted by APS/Alan Stonebraker)

dropping rapidly. To reach the sensitivity needed to resolve
these tiny effects, experiments need a source that produces
a large rate of beta decays, a detector with high-energy reso-
lution and high efficiency, and an environment producing a
low rate of background events.

After a long R&D program, KATRIN managed to ful-
fil all these requirements by adopting and optimizing all
the best technologies developed in past years. In particu-
lar, a gaseous source provided a strong flow of molecular
tritium with high isotopic purity. And a giant spectrome-
ter (Fig. 1) based on magnetic collimation in combination
with electrostatic filtering allowed the researchers to select
only electrons near the end point energy of 18.57 keV and
measure their energy with an energy resolution of 2.8 eV.
Thanks to these features, the scheme (Fig. 2) allowed the col-
laboration to characterize the end point region with large
signal-to-noise ratio and small systematic errors. Remark-
ably, with just four weeks of data taking, the total statistical
uncertainties were a factor of 2 better than any previous
experiment. KATRIN obtained an upper limit on the neu-
trino mass of 1.1 eV (at 90% confidence level)—about 2 times
smaller than that derived by previous model-independent
characterizations based on isotope decay.

What will happen in the future? KATRIN will take data
for five more years in order to reach its final sensitivity of
0.2 eV. Beyond that point, no improvements can be easily
envisaged, as KATRIN has reached the maximum size and
complexity practically achievable. If the neutrino’s mass
doesn’t appear at 0.2-eV sensitivity, KATRIN won’t be likely
to help scientists further.

Alternative ways have to be explored to go beyond KA-
TRIN. Project 8 proposes a new experimental approach
based on the detection of the cyclotron radiation emitted by
electrons [7]. Like KATRIN, Project 8 is based on the tri-
tium beta-decay end point, but the idea is to measure the

energy of the emitted electrons by placing them in a circular
orbit and detecting the radiation they produce. The experi-
ment is expected to reach a sensitivity of 40 meV in its final
stage. Another possibility for a direct neutrino-mass mea-
surement is provided by the study of electron capture in
the artificial isotope holmium-163. Two projects, ECHo [8]
and HOLMES [9], aim to measure the energy released in the
decay of holmium-163 following electron capture. A care-
ful accounting should reveal some missing energy that will
depend on the mass of the neutrino. Both experiments are
designed to reach sub-eV sensitivity on the mass of electron
neutrinos. Finally, the PTOLEMY project follows a differ-
ent approach [10], aimed at detecting the cosmic neutrino
background (CNB)—relic neutrinos released during the big
bang. While the CNB has not yet been observed, there is
indirect evidence that it exists. PTOLEMY involves captur-
ing CNB neutrinos in tritium nuclei and characterizing their
mass with a technique that combines KATRIN’s spectrome-
try approach with Project 8’s cyclotron radiation approach.

With so many new interesting measurements around the
corner, one of the most pressing questions in physics may
find an answer sooner than we think.

This research is published in Physical Review Letters.
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•  KATRIN electron spectrometer 
Magnetic Adiabatic Collimation + Electrostatic Filter (MAC-E filter) 
Experiment with T2 molecules

23.3 m

9.8 m



• Trapping O(1020) T-atoms in a magnetic trap  

• Mapping B-field with ≤0.1 ppm precision using 
quantum sensing 

• Quantum devices for microwave (25GHz) 
spectrometry,  sub-fW, Δf/f~10-6   

Three key challenges 
addressed in the proposal: 

!8
19-Dec-2019 R. Saakyan, ANM Workshop @ UCL 

Project-8 Concept 

• To build upon Project-8 proposal and further develop CRES-based technology to 
probe absolute neutrino mass in 3H β-decay beyond 0.2 eV sensitivity of KATRIN 

• To address main challenges of CRES technologies (below) and to assess the 
feasibility of an experiment capable of O(10 meV) sensitivity (“guaranteed” 
observation even with N.O. and m1 = 0) 

• To develop innovative/alternative ways of addressing main CRES challenges 
using technologies developed in UK 

Conceptual Goals 

Superconducting magnet coils

Next generation experiment
•  Requirements of next generation experiment 

  Atomic tritium — requires magnetic confinement/magnetic trapping 
  Electron spectrometer — quantum limited sensors 

•  Cyclotron radiation emission spectroscopy (CRES) — Project 8 

•  Frequency of cyclotron radiation: νCR =
e B

2π (me + Ekin /c2)
Monreal and Formaggio, Phys. Rev D 80 051301 (2009) 

Asner et al. (Project 8), Phys. Rev Lett. 114 162501 (2015)



Next generation experiment
•  Requirements of next generation experiment 

  Atomic tritium — requires magnetic confinement/magnetic trapping 
  Electron spectrometer — quantum limited sensors 

•  Cyclotron radiation emission spectroscopy (CRES) — Project 8 

•  Frequency of cyclotron radiation:

Monreal and Formaggio, Phys. Rev D 80 051301 (2009) 
Asner et al. (Project 8), Phys. Rev Lett. 114 162501 (2015)

∼1.4 mT to increase effective volume for the tritium end-
point measurement.
Sourcegases—molecular tritiumand 83mKr—are delivered

individually fromacustomgasmanifold.Tritium is stored in a
nonevaporable getter [35], with its operating partial pressure
stabilized at 10−6 mbar using a feedback-loop-controlled
heating current to optimally balance the event rate with the
rate of unwanted electron-gas collisions. In a separate
calibration mode, 83mKr emanates from 83Rb adsorbed in
zeolite [36], and the rate of electron collisions is tuned to
match that in tritium data by the controlled release of H2 from
a separate getter. The gas composition is monitored using
quadrupole mass analyzers. To remove unwanted 3He from
the decay of tritium, in the tritium dataset the gas from the
active volume was continuously pumped through a control-
lable leak valve and sequestered. The pumpingwas continued
in the following 83mKr datasets because of 3He from residual
tritium adsorbed on gas system walls.
The CRES cell is a circular waveguide segment with a cold

inner diameter of 10.03 mm. The 26-GHz cyclotron radiation
couples to the TE11 propagating mode. Only the upward-
propagating radiation is detected; it is transmitted via wave-
guide to a series pair of low-noise cryogenic amplifiers held
at 30 K. To avoid unwanted reflections, the downward-
propagating radiation is absorbed below the cell in a conical
graphite-epoxy terminator. Thermal noise from this termi-
nator is the dominant contributor to the 132! 7 K system
noise temperature. After amplification, the signal is mixed
down in frequency and filtered before being digitized by a
ROACH2 data acquisition (DAQ) system [37] sampling at
3.2 GS=s. The onboard field-programmable gate array
(FPGA) performs Fourier transforms and digital down-
conversion to 200 MS=s in three independently tunable
DAQ frequencywindows.Thedata are streamed to a compute
node that applies trigger logic, writing periods of time-series
data to disk basedonhigh observed power in frequency space.
The Fourier-transformed data form a two-dimensional

spectrogram of power as a function of frequency and time
(Fig. 2). A tunable point-clustering algorithm is used to

identify bins with a high signal-to-noise ratio (SNR) that
belong to electron signals and to group these into contiguous
“tracks.” Tracks are always “chirped”—positive-sloped in
frequency—due to radiated cyclotron power [Eq. (2)].
Inelastic collisions between electrons and gas molecules
cause energy loss, which is visible as sudden jumps in
cyclotron frequency; therefore tracks in close time sequence
are designated as being a single electron “event.” An
electron’s energy at the time of decay is extracted from the
initial frequency of the earliest track in an event.
The on-axis detector geometry introduces a Doppler

shift, causing frequency modulation (FM) and shunting
power from the main carrier into sidebands, reducing the
carrier SNR. This modulation effect scales with the axial
amplitude of the electron’s motion within the trap, thereby
decreasing the visibility of electrons in some trajectories
and limiting detection efficiency. All tracks in the spectro-
gram in Fig. 2 are the main carrier signal; sideband tracks
due to modulation are present at frequencies above and
below the main carrier but are too low-power to be detected
in this apparatus [38].
CRES is inherently an extremely low-background tech-

nique, with rf noise fluctuations as the dominant back-
ground. By precisely characterizing this rf background, true
events can be sensitively distinguished from noise such that
false events due to noise can be rejected to achieve an
arbitrarily low false-positive rate. In the event selection, the
decision to keep or remove an event is based on the number
of tracks it contains and properties of its first track: the
number of high-power bins it contains (roughly correspond-
ing to its duration) and its average SNR. The parameters for
this cut were chosen before tritium data acquisition at a level
expected to allow less than one rf-noise-induced background
event in the tritium dataset with 90% probability.
Analysis is performed on binned cyclotron frequency

(fcyc) data [34]. The predicted spectral shape (S) as
detected in a CRES apparatus is

S ¼ ϵ

!
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where convolution is denoted by #, with superscript #j
representing self-convolution j times. All variables can be
expressed as functions of fcyc or, consequently, Ekin and B
[Eq. (2)]. Only the detection efficiency (ϵ) has explicit
physical dependence on both fcyc and Ekin. The true
underlying spectrum (Y) includes all source effects. The
summation term characterizes the broadening elements of
the detector response, primarily from scattering and the
inhomogeneity of the magnetic trapping field. Scattering
before an electron’s detection gives rise to a low-energy tail
populated by events with undetected true first tracks.
Scatter peak amplitudes (Aj) are proportional to the
probabilities that an electron is first detected after j scatters.
They are determined by a phenomenological model.

0.2! 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (ms)

916

917

918

919

920

921

F
re

qu
en

cy
 -

 2
5 

G
H

z 
(M

H
z)

0

2

4

6

8

10

P
ow

er
 (

ar
b.

 u
ni

ts
)

FIG. 2. Spectrogram of the first CRES event detected from a
tritium beta decay electron. Raw time-series data are Fourier
transformed in time bins of 40.96 μs, yielding 24.41-kHz
frequency bins.

PHYSICAL REVIEW LETTERS 131, 102502 (2023)

102502-3

Ashtari Esfahani  et al. (Project 8) 
Phys. Rev Lett. 131 102502 (2023)

T2 demonstration

νCR =
e B

2π (me + Ekin /c2)



The QTNM project
• Quantum Technologies for Neutrino Mass (QTNM)

     ▫  Magnetic field in CRES region: 0.6 — 0.7 T 
     ▫  Operating microwave frequency:  18 GHz 
     ▫  Radiated power from single electron:  ~1 fW



The QTNM project
• Quantum Technologies for Neutrino Mass (QTNM)

• Key objectives — Phase 1 
     ▫  Development of high density cryogenic sources of H, D (and T) atoms 
     ▫  Rydberg atom magnetometry and electrometry to characterise of CRES region 
     ▫  Development of quantum-limited microwave amplifiers 
     ▫  Design and development of a prototype microwave receiver + test electron source 
     ▫  Development of data acquisition, analysis and simulation software



The QTNM project
• Quantum Technologies for Neutrino Mass (QTNM)

Alan Amad, Jon Breeze, Frank Deppisch, Markus Fleck, John Gallop, Tom Goffrey, Ling Hao, Nathan Higginbotham, 
Stephen Hogan, Seb Jones, Lijie Li, Nicola McConkey, Vincenzo Monachello, Ryan Nichol, Jamie Potter  
Yorck Ramachers, Ruben Saakyan, Emilia Sedzielewski, Daniel Swinnock, David Waters, Stafford Withington 
Songyang Zhao, Junwen Zou 

Collaboration meeting 
Spring 2023



      ▫ Motion of ground-state atoms controlled using in homogeneous magnetic fields

Atomic hydrogen sources

Thermal cracking

• Thermal cracking 
      ▫ Heat H2 gas so that thermal energy equal to dissociation energy (~4.5 eV) 
      ▫ T ~ 2500 K: v = 7000±3000 m/s 

• Supersonic beams 
      ▫ Adiabatic expansion from high pressure reservoir into vacuum 
          - High number densities, narrow speed distributions 
          - Electric discharge to dissociation molecules

Supersonic beam

Deceleration and magnetic trapping H and D atoms 
Hogan, Wiederkehr, Schmutz and Merkt, Phys. Rev. Lett. 101 143001 (2008) 

Wiederkehr, et al., Phys. Rev. A 81 021402(R) (2010)

Thermal cracking 
Supersonic beam 

(QTNM)

Olmstead and Compton, Phys. Rev. 22 559 (1923)



QTNM atomic beam source
• Supersonic beam source of H, D (or T) 
      ▫ DC electric discharge at exit of valve — dissociation of molecules occurs in vacuum 
      ▫ Thermalisation of atoms by collisions with molecules

▫ Pulsed solenoid valve — Even Lavie (10 Hz rep. rate) 
▫ Operating temperature 300 K — 30 K 
▫ H2 gas pressure in reservoir: ~6 bar 
▫ Background pressure of vacuum system: ~10-8 mbar

MCP detector

Focussed 
UV laser

243.137 nm

243.137 nm

243.137 nm

H

D:   
T:  

λuv = 243.071 nm
λuv = 243.049 nm



QTNM atomic beam source
• Supersonic beam source of H, D (or T) 
      ▫ DC electric discharge at exit of valve — dissociation of molecules occurs in vacuum 
      ▫ Thermalisation of atoms by collisions with molecules

▫ Pulsed solenoid valve — Even Lavie (10 Hz rep. rate) 
▫ Operating temperature 300 K — 30 K 
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Time of flight distributions

30 µs

160 µs
Hydrogen

40 µs

180 µs
Deuterium

• H and D atom beams



Speed distributions
• H atom beams

MCP-2MCP-1

MCP-1 MCP-2

Hydrogen

Expt. 
Fit

Speed distributions

Longitudinal speed (m/s)

H atom beam 
Tsource = 34 K

D atom beam 
Tsource = 34 K

27 cm

H

• Phase space properties 
      ▫  

      ▫  

      ▫ Density at detection position: ~1 x 107 cm-3 

      ▫ Estimated density at skimmer: 109 cm-3 

      ▫ Flux from source: 1015 — 1016 atoms s-1

vH = 1000 m/s; σH = 30 m/s; Ttrans = 50 mK
vD = 750 m/s; σD = 20 m/s; Ttrans = 50 mK
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Magnetometry/electrometry
• Atoms in superpositions of circular Rydberg states as quantum sensors 
      ▫ Static magnetic field mapping 
      ▫ Individual vector components of stray electric fields 
      ▫ Can be implemented in situ in CRES spectrometry at cryogenic temperature



Ramsey spectroscopy
•  Microwave spectroscopy of n = 55 → n = 56 transition 
•  Ramsey pulse duration 100 ns 
•  Free-evolution time 800 ns 
•  Uncertainty in determination of resonance frequency ±1.5 kHz

Time

800 ns
100 ns 100 ns

 Δνn, n+1 = 38489.038 MHz
ΔνZeeman + ΔνStark + ΔνDoppler = 22.3638 MHz

ΔνDoppler = + 50.91 ± 21.65 kHz

Zou and Hogan 
Phys. Rev. A 207 062820 (2023)



Static field mapping

Short Ramsey spectrum

•  Spatial resolution: ±0.87 mm 
•  Absolute precision of magnetic field: ±2.0 µT  
•  Precision of magnetic field gradient: ±53 nT/mm over 35 mm baseline 
•  Residual electric field: (±85 µV/cm, 15.47±0.75 mV/cm, ±100 µV/cm) 

Zou and Hogan 
Phys. Rev. A 207 062820 (2023)



CRES components & simulations
• Simulation and analysis software 
      ▫ Cyclotron radiation field distributions & antenna response 
      ▫ Read-out chain 
      ▫ Signal analysis/event reconstruction:  
          - Power cuts, Hough transforms, matched filtering, … 

 

• Quantum limited microwave electronics 
      ▫ Superconducting parametric amplifiers 

      ▫ Superconducting Low-inductance Undulatory Galvanometer  

      ▫ Antenna arrays in CRES spectrometer
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 QPXFS USBOTNJTTJPO JT BO JNQPSUBOU RVBOUJUZ� 8F
EFàOF QSF�OPSNBMJTBUJPO QPXFS USBOTNJTTJPO 5PVU,� BT UIF SBUJP
CFUXFFO UIF QPXFS SFDFJWFE BU UIF7/"1PVU,7/" BOE UIF QPXFS
EFMJWFSFE CZ UIF 7/" JOUP UIF DSZPHFOJD TZTUFN 1JO,7/"� *U
JODMVEFT CPUI UIF FGGFDU PG UIF EFWJDF VOEFS UFTU BT XFMM BT UIF
BUUFOVBUJPO EVF UP DPBYJBM DBCMFT JO UIF DSZPTUBU
 XIJDI XBT
BSPVOE −�� E# BU �()[ JO PVS DBTF� 6TJOH B 7/"
 5PVU,� JO
VOJUT PG E# JT DBMDVMBUFE VTJOH 5PVU,� = ��MPH�� |4��| E#,XIFSF
4�� JT UIF GPSXBSE TDBUUFSJOH QBSBNFUFST GSPN UIF PVUQVU QPSU
PG UIF 7/" UP UIF JOQVU QPSU� *O PSEFS UP CFUUFS DPNQBSF UIF
FGGFDU PG UIF VOEFSMZJOH OPOMJOFBSJUZ
 XF OPSNBMJTF 5PVU,� UP
PCUBJO 5PVU TVDI UIBU UIF NBYJNVN PG 5PVU
 PO SFTPOBODF
 JT
VOJUZ 	� E#
 BU UIF MPXFTU QPXFS TFUUJOH�

*O UIJT TUVEZ XF GPDVT PO UXP NBJO UZQFT PG NFBTVSFNFOUT�
USBOTNJTTJPO NFBTVSFNFOUT 	XJUIPVU B QVNQ UPOF
 BOE BNQ�
MJàDBUJPO NFBTVSFNFOUT 	JO UIF QSFTFODF PG B QVNQ UPOF
� *O
UIF USBOTNJTTJPO NFBTVSFNFOUT
 SFTPOBUPS QPXFS USBOTNJTTJPO
5PVU BT B GVODUJPO GSFRVFODZ G XBT NFBTVSFE BU WBSZJOH JOQVU
QPXFS MFWFMT 1JO
 NFBTVSFE BU UIF JOQVU PG UIF DSZPTUBU� 'PS
B àYFE 1JO
 UIF NBYJNVN PG B USBOTNJTTJPO TXFFQ PDDVST
BU GNBY XJUI USBOTNJTTJPO 5PVU,NBY� ,FZ DIBSBDUFSJTUJDT PG UIF
VOEFSMZJOH OPOMJOFBSJUZ DBO CF EFEVDFE GSPN BOBMZTJOH UIF
USBOTNJTTJPO NFBTVSFNFOUT <��
 ��>� 4IJGUT JO UIF SFTPOBOU

�

4VQFSDPOE� 4DJ� 5FDIOPM� �� 	����
 ������ 4 ;IBP FU BM

GSFRVFODZ GNBY BHBJOTU 1JO DBO CF VTFE UP VOEFSTUBOE UIF
GVODUJPOBM GPSNT PG UIF OPOMJOFBS JOEVDUBODFT� $IBOHFT JO
USBOTNJTTJPO MFWFMT BOE SFTPOBUPS 2�GBDUPST DBO CF VTFE UP
JOGFS UIF OPOMJOFBS EJTTJQBUJPO DIBSBDUFSJTUJDT� "U IJHI TXFFQ
QPXFS MFWFMT
 UIF TDBUUFSJOH QBSBNFUFST PG B TVQFSDPOEVDUJOH
SFTPOBUPS CFDPNF IZTUFSFUJD XJUI SFTQFDU UP TXFFQ EJSFDUJPOT
<��
 ��>� 5IJT OPOMJOFBS QIFOPNFOPO JT DPNNPOMZ SFGFSSFE
UP BT SFTQPOTF CJGVSDBUJPO BOE JU JT DMPTFMZ MJOLFE XJUI UIF
QPUFOUJBM PG B SFTPOBUPS UP BDIJFWF IJHI HBJO� 5IF QPXFS EFOT�
JUZ BU XIJDI CJGVSDBUJPO PDDVST DBO CF VTFE BT B DIBSBDUFS�
JTUJD QPXFS EFOTJUZ SFRVJSFNFOU GPS PQFSBUJOH B SFTPOBUPS BT BO
BNQMJàFS <��>�

5P PCUBJO BNQMJàDBUJPO NFBTVSFNFOUT
 XF CJBTFE B SFTPO�
BUPS XJUI B NJDSPXBWF QVNQ UPOF BU QPXFS MFWFM 1QVNQ BOE
NFBTVSFE UIF SFTPOBUPS USBOTNJTTJPO VTJOH B XFBL TXFFQ UPOF
BT UIF TJHOBM� 5IF TJHOBM UPOF BOE UIF QVNQ UPOF XFSF DPN�
CJOFE BU UIF JOQVU PG UIF DSZPTUBU VTJOH B NVMUJCBOE UXP�XBZ
QPXFS DPNCJOFS� $BSF IBT CFFO UBLFO UP FOTVSF UIBU
 BQBSU
GSPN UIF SFTPOBUPS BNQMJàFS
 UIF NFBTVSFNFOU TZTUFN XBT MJO�
FBS BOE EJE OPU SFTVMU JO VOXBOUFE XBWF�NJYJOH� 5IF XFBL
TXFFQ UPOF XBT BNQMJàFE CZ UIF TUSPOH QVNQ UPOF UISPVHI
XBWF�NJYJOH JOEVDFE CZ UIF OPOMJOFBSJUZ PG UIF IBMG�XBWF
SFTPOBUPS� 5IF QPXFS PG UIF XFBL TXFFQ UPOF XBT BU MFBTU
�� E# TNBMMFS UIBO UIF QPXFS PG UIF QVNQ UPOF JO BMM FYQFS�
JNFOUT� 5IJT TNBMM TJHOBM QPXFS XBT DIPTFO UP FOTVSF UIBU
UIF TJHOBM UPOF EJE OPU SFTVMU JO HBJO TBUVSBUJPO <��m��>� 8F
IBWF FYQFSJNFOUBMMZ DPOàSNFE UIBU
 XJUIJO � E# BSPVOE UIF
DIPTFO QPXFS MFWFMT
 UIF PVUQVU TJHOBM QPXFS XBT MJOFBS XJUI
SFTQFDU UP UIF JOQVU TJHOBM QPXFS� 'PS B SFTPOBUPS BNQMJàFS

àOEJOH B TVJUBCMF QVNQ GSFRVFODZ BOE QPXFS DPNCJOBUJPO
BT BO PQFSBUJOH QPJOU JT B EJGàDVMU QSPCMFN� (VJEFE CZ PVS
QSFWJPVT UIFPSFUJDBM BOBMZTJT <��>
 XF XFSF BCMF UP BDIJFWF
TUBCMF
 IJHI�HBJO BNQMJàDBUJPO CZ QMBDJOH UIF QVNQ DMPTF UP
UIF CJGVSDBUJPO QPJOU PG UIF SFTPOBUPS� 4JODF
 GPS B IBMG�XBWF
SFTPOBUPS
 UIF USBOTNJTTJPO PO SFTPOBODF BU MPX TXFFQ QPXFS
JT DMPTF UP VOJUZ <��>
 UIF HBJO BT B GVODUJPO PG GSFRVFODZ BOE
QVNQ QPXFS DBO CF FRVBUFE UP 5PVU� 5P EJTUJOHVJTI BNQMJ�
àDBUJPO NFBTVSFNFOUT GSPN USBOTNJTTJPO NFBTVSFNFOUT
 XF
EFOPUF UIF HBJO BT (( G,1QVNQ) = 5PVU( G,1QVNQ)� $BSF IBE CFFO
UBLFO UP QIBTF�MPDL UIF OFUXPSL BOBMZTFS
 J�F� TPVSDF PG UIF
TJHOBM TXFFQ UPOF
 XJUI UIF TJHOBM HFOFSBUPS
 J�F� TPVSDF PG
UIF TUSPOH QVNQ UPOF
 VTJOH B TJOHMF ��.)[ SFGFSFODF� 5IF
GSFRVFODZ TUFQT BOE JOUFSNFEJBUF GSFRVFODJFT CBOEXJEUIT PG
UIF OFUXPSL BOBMZTFS IBE CFFO DBSFGVMMZ DIPTFO TVDI UIBU UIF
QVNQ UPOF BQQFBST JO B TJOHMF PVUQVU GSFRVFODZ CJO JO BMM
TXFFQT�

'JHVSF � TIPXT BO FYBNQMF PG BNQMJàDBUJPO NFBTVSFNFOU
PG B /C/ SFTPOBUPS BNQMJàFS� 5IJT QBSUJDVMBS /C/ SFTPOBUPS
XBT EFTJHOFE UP IBWF B MPX 2�GBDUPS 	DPNQBSFE UP UIF PUIFS
/C/ SFTPOBUPST TIPXO JO MBUFS TFDUJPOT PG UIJT TUVEZ
 JO PSEFS
UP JODSFBTF JUT CBOEXJEUI� 5IF PQFSBUJOH QPJOU PG UIJT BNQMJàFS
IBT CFFO DBSFGVMMZ PQUJNJTFE UP BDIJFWF IJHI HBJO� 5IF CMBDL
MJOFT JOEJDBUF UIF SFTQPOTF PG UIF SFTPOBODF JO UIF BCTFODF PG
UIF QVNQ UPOF
 XIFSFBT UIF SFE MJOFT JOEJDBUF UIF SFTQPOTF PG
UIF SFTPOBODF JO UIF QSFTFODF PG B TUSPOH QVNQ UPOF
 XJUI UIF

'JHVSF �� &YBNQMF PG BNQMJàDBUJPO NFBTVSFNFOU PG B /C/
SFTPOBUPS BNQMJàFS� #MBDL MJOF� SFTQPOTF PG UIF SFTPOBODF JO UIF
BCTFODF PG UIF QVNQ UPOF� CMVF EBTIFE MJOF� SFGFSFODF MJOF PG VOJUZ
HBJO
 J�F� � E#� SFE MJOF� SFTQPOTF PG UIF SFTPOBODF JO UIF QSFTFODF PG
UIF QVNQ UPOF XJUI UIF SFTPOBUPS OPX BDUJOH BT BO BNQMJàFS� 5IF
TIBSQ TQJLF BU ∼�.��� ()[ JT UIF TUSPOH QVNQ UPOF� 5PQ TVCàHVSF�
UIF SFTPOBODF BOE BNQMJàDBUJPO BSF QMPUUFE BHBJOTU UIF BCTPMVUF
GSFRVFODZ PO B MJOFBS TDBMF� CPUUPN TVCàHVSFT� UIF SFTPOBODF BOE
BNQMJàDBUJPO BSF QMPUUFE BHBJOTU UIF SFMBUJWF GSFRVFODZ G− GQ PO
MPHBSJUINJD TDBMFT� 'PS UIF CMBDL MJOFT
 GQ JOEJDBUFT UIF SFTPOBOU
GSFRVFODZ JO UIF BCTFODF PG UIF QVNQ UPOF� GPS UIF SFE MJOFT
 GQ
JOEJDBUFT UIF GSFRVFODZ PG UIF QVNQ UPOF� 'PS UIJT QBSUJDVMBS
BNQMJàDBUJPO NFBTVSFNFOU
 UIF QPXFS PG UIF QVNQ UPOF BU UIF JOQVU
PG UIF DSZPTUBU XBT � E#N
 BOE JU XBT QMBDFE JO UIF TFDPOE IBSNPOJD
PG UIF SFTPOBUPS� *O UIF CPUUPN TVCàHVSFT
 UIF IPSJ[POUBM EPUUFE MJOFT
JOEJDBUF UIF IFJHIU PG UIF USBOTNJTTJPO PS BNQMJàDBUJPO QMBUFBVT� UIF
JODMJOFE EPUUFE MJOFT JOEJDBUF UIF FGGFDU PG àSTU�PSEFS SPMM�PGG
 J�F�
�� E# QFS EFDBEF� UIF EPUUFE MJOFT JOUFSTFDU BU GSFRVFODJFT XIFSF UIF
USBOTNJTTJPO�BNQMJàDBUJPO IBT EFDSFBTFE CZ � E#�

SFTPOBUPS OPX BDUJOH BT BO BNQMJàFS� 5IF QPXFS PG UIF QVNQ
UPOF BU UIF JOQVU PG UIF DSZPTUBU JT � E#N
 XIJDI USBOTMBUFT UP B
QPXFS PG BSPVOE−�� E#N BU UIF JOQVU UP UIF QBSBNFUSJD BNQMJ�
àFS� *O UIF BCTFODF PG UIF QVNQ UPOF
 UIF SFTPOBOU GSFRVFODZ PG
UIF SFTPOBUPS JT �����()[� XIFO UIF QVNQ UPOF JT JOUSPEVDFE

UIF SFTPOBOU GSFRVFODZ TIJGUT EVF UP UIF VOEFSMZJOH OPOMJOFBS
NFDIBOJTNT� )JHI HBJO DBO CF BDIJFWFE XIFO UIF QVNQ UPOF
JT QMBDFE DMPTF UP UIF QFBL PG UIF TIJGUFE VOEFSMZJOH SFTPOBODF
<��>
 JO UIJT JOTUBODF BU �����()[� 5IF TIBSQ TQJLF JO UIF JOTFU
PG àHVSF � TIPXT UIF QVNQ UPOF DMFBSMZ BHBJOTU UIF TNPPUI
BNQMJàDBUJPO QSPàMF PG UIF SFTPOBUPS� 8F IBWF DIPTFO OPU UP
SFNPWF UIF QVNQ UPOF JO PVS àHVSFT BT JU JT IFMQGVM JO WJTV�
BMMZ JOEJDBUJOH UIF QVNQ GSFRVFODZ� *O UIF CPUUPN TVCàHVSFT

UIF SFTPOBODF BOE BNQMJàDBUJPO BSF QMPUUFE BHBJOTU UIF SFMBU�
JWF GSFRVFODZ G− GQ PO MPHBSJUINJD TDBMFT� 'PS UIF CMBDL SFTPO�
BODF MJOFT
 GQ JOEJDBUFT UIF SFTPOBOU GSFRVFODZ JO UIF BCTFODF
PG UIF QVNQ UPOF� GPS UIF SFE BNQMJàDBUJPO MJOFT
 GQ JOEJDBUFT
UIF GSFRVFODZ PG UIF QVNQ UPOF� -JOFBS GSFRVFODZ QMPUT BOE

�

Songyuan Zhao, Wed. 22nd 11:00

Zhao, Withington and Thomas 
Supercond. Sci. Technol. 36 105010 (2023)

Withington, Thomas and Zhao, arXiv:2401.03247 (2024)

Project updates / Quantum-amplifier development

SLUG amplifiers
J. Potter, L. Hao, J. Gallop (NPL)

Superconducting Low-inductance Undulatory
Galvanometer

Aim is to develop SLUG amplifier with Nb nanobridges as
the Josephson elements

SLUG elements with Nb nanobridges fabricated by several
methods have been characterised in detaila

aG. Chapman et al., IEEE Transactions on Applied
Superconductivity 34 (2024).

S. Jones (UCL) Project 8 collaboration meeting October 22, 2024 19 23

Chapman et al., IEEE Trans. Appl. Supercond., 34 1500505 (2024) 



Susanne'Mertens

General)idea

• Kinematic'determination'of'the'neutrino'mass
• Non2zero'neutrino'mass'distorts'the'spectrum'close'to'the'endpoint

β-decay-electron spectrum

•  Neutrinos are the most abundant particles with mass in Universe 

•  Neutrinos are massless in Standard Model 
  Neutrinos are known to have non-zero mass 
  Absolute mass scale not precisely known: 9 meV/c2 < mν < 450 meV/c2 

•  Experimental determination of absolute neutrino mass 
  Measure electron spectrum following β-decay of tritium: T2 or T 

Neutrino mass

Mertens, Absolute Neutrino Mass Workshop (2019)

KATRIN Collaboration, Nat. Phys. 18, 160 (2022) 
arXiv:2406.13516 (2024)



Absolute neutrino mass
• Sensitivity targetsQuantum Technologies for Neutrino Mass (QTNM) 13
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Figure 3: Dependence of the sensitivity of a CRES experiment to measure m�, 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 of m� for IO neutrinos, i.e., mmin

� (IO), are also shown.

fs, the standard deviation on the initial frequency is

std (⌫̂0) &
4�noise

⇡

s
3

Psigt3obsfs
, (10)

where �2

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 e↵ective 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 of m� are

shown in figure 3. In this figure, instrumented CRES measurement regions with a range

of di↵erent volumes, from 10�3 m3 to 10 m3, 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 e↵ect of the T atom number density on the precision with which m�

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

450 meV/c2

9 meV/c2

50 meV/c2

Amed et al. (QTNM), arXiv:2412.06338 (2024)
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Figure 7: Zeeman e↵ect 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.

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 [73]. These features have previously been exploited to prepare cold

magnetically trapped ground-state H and D atoms [74, 75], and electrostatically trapped

H and D atoms in high Rydberg states [76, 77]. 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.

7.1. Guiding, decelerating and trapping ground-state H and T atoms using

inhomogeneous magnetic fields

The e↵ect 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

Development of atomic beam sources, confinement methods 
and detection techniques for neutrino mass measurements with 
atomic tritium 
FLECK, Markus1; MONACHELLO, Vincenzo1; HOGAN, Stephen1; SEDZIELEWSKI, 
Emilia1; ZOU, Junwen1; on behalf of the QTNM COLLABORATION1,2,3,4,5,6
1University College London, 2University Of Cambridge, 3National Physical Laboratory, 4The University Of Warwick, 5Swansea University, 
6University Of Oxford

References Acknowledgments

Motivation Atomic Hydrogen Source

Magnetometry

Storage ring

The UK Quantum Technology 
for Neutrino Mass (QTNM) 
collaboration aims for 
a measurement of the absolute 
mass of the neutrino emitted in 
the ȕ- decay using the Cyclotron 
Radiation Emission Spectroscopy 
(CRES) [1] method. This requires 
dense atomic tritium beams to 
achieve the necessary total 
exposure as well as accurate 
knowledge of the electric and 
magnetic fields in the 
measurement region.

Using Ramsey spectroscopy [4] of |55> -> 
|56> transition of a beam of helium in 
circular states [2,3]

Absolute precision of ±2 µT

• 120 permanent hexapole magnets (full ring)
• Each hexapole consists of 12 neodymium segments 

(N52)
• Inner and outer radius of 4 mm and 20 mm respectively
• Length of each hexapole is 25mm
• Each magnet has an integrated gradient of 4528 T/m
• Each 180-degree section has a diameter of 1.2 m

After state preparation using the crossed 
electric field method (E2) the timing of 
the RF pulses for the Ramsey 
spectroscopy define the sampled position

Precise timing gives a spatial 
resolution of ±0.87 mm with 
potential to improve this 
number to ~±100 µm

Also sensitive to electric fields, here 
the background fields were measured 
to between ±85 and ±750 µV/cm. 
Stray electric fields are the major 
limitation of the precision of the 
current set-up.

Supersonic H2 source with an electron-seeded 
discharge to produce atomic hydrogen. 
Supersonic expansion produces a beam with a 
very narrow velocity distribution and high number 
density along the axis of propagation. The valve 
is cooled to reduce the mean longitudinal velocity

Detection of beam by Resonance 
Enhanced Multi Photon Ionisation
(REMPI) using the 2S state as 
intermediary and subsequent 
deflection and collection of the ions 
on a micro-channel plate detector

Magnetic gradient state- and 
velocity selection using 
permanent hexapole magnets
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Precision of gradiometry ±59 
nT/mm over a 35 mm baseline

• We aim to use a racetrack storage ring to confine hydrogen/tritium 
atoms. As they orbit the ring the atoms will pass through straight 
sections containing CRES magnets and measurement regions

• Additional dipole and hexapole magnets will be used to collimate 
and focus the beam between the ring sections and the CRES 
regions

In a 360-degree magnetic storage ring, ground 
state hydrogen/tritium atoms in a low-field 
state will experience two forces, a centrifugal 
force, and a force due to the field of the 
hexapole magnets

The two forces cancel for atoms entering the 
hexapole magnets at specific locations, 
and with specific velocities. These atoms follow 
an orbit with a constant radial position. All other 
atoms oscillate at the betatron frequency

• Magnetic storage ring for ground state H or T atoms 
      ▫ 120 permanent hexapole Halbach arrays (full ring) 
      ▫ Ring radius of curvature 0.6 m 
      ▫ Inner guide diameter 4 mm



Storage ring construction

Dr Vincenzo Monachello  
(UCL)



Future scaling
• Magnetic storage ring for ground state H or T atoms 
      ▫ 120 permanent hexapole Halbach arrays (full ring) 
      ▫ Ring radius of curvature 0.6 m 
      ▫ Inner diameter 4 mm



Future scaling
• Sensitivity targets
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Figure 3: Dependence of the sensitivity of a CRES experiment to measure m�, 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 of m� for IO neutrinos, i.e., mmin

� (IO), are also shown.

fs, the standard deviation on the initial frequency is

std (⌫̂0) &
4�noise

⇡

s
3

Psigt3obsfs
, (10)

where �2

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 e↵ective 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 of m� are

shown in figure 3. In this figure, instrumented CRES measurement regions with a range

of di↵erent volumes, from 10�3 m3 to 10 m3, 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 e↵ect of the T atom number density on the precision with which m�

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



Summary
•  Supersonic beam sources of H and D atoms 
     ▫ Operation from 300 K to 34 K 
     ▫ High phase-space densities 
     ▫ Suitable for production of T atoms 

•  CRES spectrometer 
     ▫ Quantum limited microwave amplifiers 
     ▫ Superpositions of circular Rydberg states — electric/magnetic field sensing 
     ▫ Prototype CRES receiver - development, simulation + analysis software 

•  Outreach 
     ▫ Follow-on funding for impact and engagement 
           incl. secondary school ‘quantum club’, Tower Hamlets 

•  Toward experiments with T atoms 
     ▫ Culham Centre for Fusion Energy — large T2 inventory (H3AT) 
     ▫ Tritium Laboratory Karlsruhe  (TLK)  
     ▫ Joint Atomic Tritium Working Group — KATRIN++, Project 8, QTNM




