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Resolving relics from the early universe
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Cosmic neutrino background

= /\ Big Bang relic neutrinos ® OQldest, slowest & most abundant neutrinos in the universe
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[arXiv:1910.11878v3]
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Principles established by Steven Weinberg in 1962

[KATRIN 2022]

Ym<0.12eV
[Planck 2018]

~0.1 per gyr

~ 18.6 keV
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PTOLEMY

PonTecorvo Observatory for Light Early-universe Massive-neutrino Yield
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Prototype roadmap

® Detector concept
® Target: Atomic tritium embedded on graphene
® Trigger: Single-electron CR-based tracking
® Filter: EM ‘transverse-drift’ filter
® (Calorimeter: Cryogenic transition edge sensor
* Aims

04/07/2023

® Prototype at Gran Sasso National Lab (LNGS) in 2023
® [ntermediate measurement of lowest neutrino mass
® (CvB physics runs in 2030s
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m~ 0(100g)
o(E,) ~0(eV)
AE; ~ 0(100meV)
g~ 0(10 meV)




PTOLEMY at GRAPPA / Nikhef

AP Colijn Fabian Zimmer Camila Correa Michael Naafs Vincent van Beveren Martin Adams
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Saad EIl Morabit Shin’ichiro Ando Pascal Bosch Guido Visser Tony Damen

Particle Theorists Electronics Software Mechanical
physicists G Y engineers engineers engineers

Influence of local structure on relic neutrino abundances and anisotropies
[arXiv:2306.16444] — 28/06/2023
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Readout & Electronics

® Synthetic signal == ——————————— 1
. I RF-SoC '
® 27 GHz central freq., fW emission, O(us) length N .
R - |
® Approximate CR to test electronics & antennas L : | IP packet .
— l generator ;!
* Loop test 4_:_| ______ e :
® FPGA transmits & receives simultaneously : Analogue to digital i
® Testing shielding & characterising noise : converter |
® Measuring losses and interference S I .

® Baseline for evolving test setup = Downconverter + |

® Explore antenna power feasibility threshold : Low-noise amplifier |

® Test impact of cavity and potential-shaping ZL.
elements on CR-signal - N
N
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Readout & Electronics

® Synthetic signal e m e m e e e e m e m——— = - 1
. l RF-SoC l
® 27 GHz central freq., fW emission, O(us) length i F e mmmemo oo N o
| .

e Approximate CR to test electronics & antennas 1 | Signal . IP packet L
o generator | ! generator |
* Loop test G I T ro :
® FPGA transmits & receives simultaneously i Digital to analogue Analogue to digital :
e Testing shielding & characterising noise ! converter converter :
® Measuring losses and interference SRR R |

® Baseline for evolving test setup RF-amplifier + Downconverter + |

® Explore antenna power feasibility threshold Upconverter Low-noise amplifier |

® Test impact of cavity and potential-shaping
elements on CR-signal
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Downconverter board Front-end control board

New control board — Summer
Enclosure — Autumn
Upconverter — Autumn
‘Lossy channel’ — Investigating
Vacuum chamber — Investigating

Cryogenics — Investigating
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RF cavity

1T uniform B-field
Cyclotron motion (y,z)-plane

Perpendicular E-field
Drift velocity along z-axis

‘Bathtub’ bounce potential
Constrains electron
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RF-cavity studies

® Plane-wave producing excitations in the x-facing waveguide to coaxial cable

. KE:— sig.
6.5mm diameter “ KE:— bkg.
circular waveguide

LNA& | || I
RFSoC

= TE;4 cut-off
~27.5 GHz

Normalised count

Simulation by Yuno Iwasaki

27.0 27.2 27.4 27.6 278 28.0
f- [GHz]

®* Dimensions of waveguide may be chosen to supress decay-event cyclotron emissions
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E-field excitations in a rectangular cavity (x,y)-plane from 18.6 keV e~ orbiting [0,0,0]

Mode decomposition will help us optimise cavity & antenna system design
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Conclusion

® High risk, high reward
® Array of novel R&D challenges yet to overcome
® |ntermediate determination of the lowest neutrino mass
® First observation of the CvB

® Nikhef have critical involvement on the RF-system
® | ocal expertise of the electronic engineers for HF-analogue systems invaluable
® |nvestigating status of 1T magnet at Nikhef and vacuum chamber O(10K) cooling system
® External collaborators from TNO providing antenna and signal processing expertise

® PTOLEMY prototype soon to be based at LNGS
® C(Closer ties being established with KATRIN, Project-8 and QNTM - CRESDA
® Stay tuned for future developments!
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TIMELINE OF THE UNIVERSE
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Strain (102!)

Gravitational waves

Gravitational wave Black hole Spacetime
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Primordial gravitational waves Big Bang relics

[arXiv:1408.0740v2] [arXiv:1910.11878v3]
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Primordial sound waves (baryon acoustic oscillations) seed large scale structure reflected in the CMB

[I\/Ifi enni HT) P‘r__o] ‘ ct]

Anisotropies in the CvB result in phase variations which damp the angular power spectrum of the CMB



Frankenstein’s monster

Atomic Tritium Project 8 KATRIN HOLMES
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B-field in RF region is constant while extending over EM-filter
region to provide VBxB drift
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RF-SoC roadmap

® Loop test requirements R e 1
l RF-SoC l
® Upconverter + attenuators S p e .
| .
® Transmitter & receiver po Signal L IP packet L
o generator ] generator : |
* Vacuum chamber R&D G T o !
| |
® Feed-throughs (coax & LNA) ' | Digital to analogue Analogue to digital |
® Cooling for LNA & vacuum chamber O(10K) ! converter converter :
| 1 |
* Ambitions T _ _____________________
® High-power test in air RF-amplifier + Downconverter + |,
® Characterise electronics noise Upconverter Low-noise amplifier |

® (Gain measurement for LNA

® Test noise figures (incl. thermal noise)
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Tritium RF-power spectrum

®* Angle between B-field and electron’s motion is the pitch, 6

le-15 le-17
12 1 10 -
Electronics noise floor
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02 02 \
004 CR emitted by 18.6 keV electron
00 02 04 06 08 10 % 2722 274 276 278 28.0
cosf f- [GHz]
® Bounce potential can be used to discard some fraction of background on 1st bounce
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Potential shaping for high pitch electrons

° Tumng bounce potentlal to minimise dlstance from wavegwde to coax. S|de-port
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Slow ExB drift region
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Extracting signal & determining kinematics

® Signal has restriction on f_ to f; interrelationship not shared by majority of decays

~ Transverse Doppler shifted vs. Stationary at bounce

28.0 1
At = 10ns ° At = 600ns mem SAB capture events
© . TDS capture events
27 .8 1 - m SAB decay events
“;’ mmm  TDS decay events
Q g W TFuth capture events
g 27.61 ° B Tuth decay events
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o_'o 0.'1 0.'2 0_'3 -006 -0.04 -0.02 000 0.02 0.04 0.06 0.08
fo [GHz)] from KE, AKE [keV]

® Precision limit AtAf > ﬁwhere, assuming a coherent source, At between first & last bounce
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Frequency - 24 GHz (MHz)

Using CR emission spectroscopy to interrogate trapped tritium gas
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Optimistic Ptimeline

CNB Anisotropy Map

Physics Validation Run

Full Scale Prototyping Full CNB Sensitivity

Initial Experimental Challenges

Science Run

Preliminary Phase
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I
|
|
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\ I
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First Operational Spectrometer ¢ :
I
Energy Resolution @ 50 meV ¢ :
@ Full Scale Technical Design Report
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€ Superconducting Coil Operation
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PTOLEMY across the Netherlands

RU Leiden

Nicolo de Groot Nicoleta Laurenciu Oleksandr Zheliuk Vadim Cheianov
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* /1l 5 »' Mikulenko
: ’\ ﬂ” =7 | ; " ::\/ /

Inge van Rens Uli Zeitler Alexey Yevheniia
Boyarsky Cheipesh

Particle Electronic High Field
physicists engineering Magnet Lab Theorists
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PTOLEMY around the world
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