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Brief History of Neutrinos

1930's and 40's — Neutrinos explain beta decay spectrum,
could have small mass

1950's and 60's — Parity violation, neutrino helicity only make
sense If neutrinos have no mass

1960's through Present — Neutrino flavors oscillate, only make
sense If neutrinos are massive

What is the neutrino mass scale? Where does it come from?
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The Neutrino Mass Scale

Neutrino mixing measurements do not give the overall neutrino mass scale...

...but do suggest that it is no smaller than a few meV
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Measuring the Neutrino Mass Scale

Several types of experiment give us a
handle on the neutrino mass scale
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Direct Neutrino Mass Measurement
with Beta Decay

The masses and kinetic energies of the products must
add up to the mass of original nucleus
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Direct Neutrino Mass Measurement
with Beta Decay

Electron Energy
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The endpoint of the electron spectrum is subtly changed by a neutrino mass

Gray Rybka - Fermilab - 10/2014 6/41



State-of-the-art Beta Spectrometry

Limit by Mainz and Troitsk experiments

Sensitivity range of KATRIN
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The KATRIN experiment may measure
the neutrino mass scale.

How will we confirm it with different
systematics?
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The KATRIN experiment may set a new
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upper limit on the neutrino mass scale.

Mass of lightest state (m; or m3) / eV

How will we look at lower masses?
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Cyclotron Radiation
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“Never measure anything but frequency” - A. Schawlow
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Project 8

Why not use cyclotron frequency to measure electron energy?
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Superconducting magnet coils

B. Monreal and J. Formaggio, Phys. Rev D80:051301
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Project 8 Collaboration

University of Washington

UC Santa Barbara

MIT

Pacific Northwest National Laboratory
Karlsruher Institute of Technology
National Radio Astronomy Observatory

Goals

 Demonstrate cyclotron frequency measurement of single
electrons from radioactive decay

 Demonstrate energy resolution of technigue

 Scale up to a neutrino mass measurement experiment
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Frequency Scale

A 1 tesla field puts the cyclotron frequency in the K band

0.9459 T magnetic field

83mK r conversion electrons
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%MK rypton conversion electrons are a good calibration source
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Complications and Solutions

Magnetic Bottle:

To measure the cyclotron frequency, electrons

Current

..I _/@ | N must be trapped in a magnetic bottle. This
22 causes frequency shifts that must be accounted
' for.
Charged .

Particle

Motion
Image source: wikipedia

Radiated power is ~1 femtowatt, trapping times
are milliseconds. Low noise cryogenic RF
systems are needed to detect these small powers

20-40 GHz Cryogenic Amplifier
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Project 8 Prototype

n 1 | Primary Goal:
|- Receiver Demonstrate detection of single
Tso electrons through the passive
ol detection of cyclotron radiation

Gas System

Krypton Source

Prototype Location:
Magnet University of Washington

Waveguide Cell W
(inside)
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Krypton Source

Initial Demonstration Source: 83MKr

86d %Rb

17824 .35x0.75 &V
conversiocn
« electron
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1.83h ®3mKgr 1/2-

83Rb is deposited on zeolite beads
and placed in our gas system.

154ns %3gr 7/2+

stable %3Kr 9/2+

83mKr evolves from the beads and
c provides calibration lines at 9 keV,
cnversion electrons at

30 and 32 keV also exist. 18 keV, and 30 keV
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Gas System

-Delivers Krypton to detector

-Keeps pressure of residual
gas below 10-6 torr so that
electrons scatter infrequency

-Does not pump away Krypton

-Keeps temperature above
Krypton freezing point

Gas lines carrying krypton to detector
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Magnet

Field Map 20140530 — Manual Offset
Hall Probe Offset: x=16.0mm, y=—1.43kG
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w“ The primary field is provided by a repurposed NMR magnet
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Waveguide Cell

Waveguide to amplifiers

Cell upper window

Gas Lines

Magnetic Bottle Coill

Cell lower window

Test signal injection port
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Magnetic Bottle

Waveguide Cell | | | |
Cut-Away View Simulation of Trapped Electron Trajectories

Cyclotron Frequency
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Effects of trap on measured frequency easily calculable

Gray Rybka - Fermilab - 10/2014 18/41



Signal Amplification and Noise

The primary background for
detecting signals is thermal
noise

Total noise background is the
combination of the waveguide
physical temperature and
amplifier noise.

-------- %
@omGHz | 4 4 Noise temperature ~ 150 K
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Recelver

Signal is mixed down and
digitized with bandwidth of
100 MHz

Recelver can be tuned to
between 24.8 and 26.8 GHz

Signal is not visible in

-------- % . .
@ D61schs | voltage-time series;
spectral analysis must be

used
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Expected Signal — Instantaneous

Power

Signal Simulation, Power Spectrum

pitch 1.7e-2

field & 1le-4 cm~-2 | ‘

I Noise Level

26,8 27

Frequency
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Most power will be
concentrated near the
cyclotron frequency

Additional structure will be
Introduced by motion In
the trap

Cyclotron frequency will

Increase as energy Is
radiated
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Expected Signal — Spectrogram

Frequency Offset (MHz)
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Signal Simulation
Power vs Time, Frequency
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simulation
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Consecutive power spectra are
combined into a spectrogram

Color indicates power, so
electrons radiating power are
seen as upward moving streaks
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Actual Sighal — Spectrogram

First detection of single-electron cyclotron radiation
Data Taking on 6/6/2014 immediately showed trapped electrons
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Spectrogram Information

Electron tracks in spectrogram are information-dense
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Frequency depends on both
energy and pitch angle

Gray Rybka - Fermilab - 10/2014 24/41



Many Events

Spectrum of IQ Data 17kev in 1000mA harmonic trap-2014.07.02.14.56.29.649 MAT
17kev in 1000mA harmonic trap-2014.07.02.14.56.32.668. MAT
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We have many events to study

Gray Rybka - Fermilab - 10/2014 25/41



Creating an Energy Spectrum

Cut Power Below Threshold

Frequency / MHz
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The initial frequency of
an electron track determines
its energy

Gray Rybka - Fermilab - 10/2014 26/41



Energy Spectrum
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25.2 25

o
N

Krypton 83m
lines clearly seen

FWHM: 140 eV

o
—h

0
30 30.1 302 30.3 304 305 306

=
o
o
ﬁ.
-
o
o
©
S
&)
GJ015
7p)
-
o
o
(2}
e
C
-]
@)
@)

o
o
G

20 22 24 26
Reconstructed energy (keV) arXiv:1408.5362

Gray Rybka - Fermilab - 10/2014 27/41



Trap Effects on Frequency

30 keV Frequency Shift 18 keV Frequency Shift
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We understand and account for the frequency shift caused by the magnetic bottle
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Improving Energy Resolution
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Preliminary
Analysis in Progress

Our resolution is rapidly improving
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Collision Energy Loss Spectrum

Change in measured electron energy during collision

100 200 300 400 _ 500
Jump Energy (eV)

Our current estimate of the fundamental resolution of the technique is sub-eV
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Near Future Analysis: Sidebands

Signal Simulation, Power Spectrum Additional spectral shape gives

pitch 1.78-2 H‘ information about axial motion
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This will allow event-by-event
correction for field inhomogeneity
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Near Future Hardware:
“Bathtub” Trap

Trapping
Region

Z Position (cm)
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Changing magnetic bottle
from one coll to two
separated coills.

Will increase field
homogeneity near center,
Increasing resolution

Active volume will also be
Increased
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Applications: Nuclear Spectroscopy

psa | roduency (GHz) We are within an order of magnitude of

I ' B making the most precise measurements of
conversion electron lines
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A variety of Preliminary

Isotopes are under Analysis in Progress
consideration.

These are useful
for both calibration
and basic physics.
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Applications: New Physics with ®He

Helium 6 decay spectrum

The 6He decay spectrum is sensitive to
new physics (e.g. SUSY) that would
modify the V-A nature of the weak force

Higher energy precision spectroscopy
SR Rl could improve current measurements by
an order of magnitude and explore
Interesting SUSY parameter space
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Next Steps for Project 8:
Towards a Neutrino Mass Experiment

* Improve Resolution by 1 Order of Magnitude

 Demonstrate Measurement of Tritium Energy
sSpectrum

 Demonstrate Scalabllity of technique to ~ m3
 |dentify any new systematics
* Build neutrino mass experiment
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Design of possible neutrino mass
experiment

Large bore, ~ 1 T uniform magnet
Pinch coils at either end

RF picked up by phased array of
patch antennas

Phase information allows
fiducialization of tracks

Example patch antenna configuration being modeled
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Molecular Tritium Limitations

Excitation Spectrum from Molecular
Tritium 3 decay

Molecular excitations blur the
tritium endpoint, fundamentally
limiting the measurement of the
neutrino mass scale
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Source: Eur.Phys.J C40:447-478, 2005
This is the width that matters
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Beyond Molecular Tritium

Atomic tritium does not suffer from

Example: ALPHA antihydrogen ~ MPlecular excited states

trapg Atomic tritium sources must be

prevented from recombining into
molecular tritium

This likely requires an atomic trap
superimposed on the electron trap

Source: Amole et al. NIMA 736,319 (2014)  Devices to do similar tasks have been
built, feasibility studies underway
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Potential Neutrino Mass Reach

Potential Neutrino Mass Reach of Project 8 Design for Various Densities

PRELIMINARY
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Potential Neutrino Mass Reach

Potential Neutrino Mass Reach of Project 8 Design for Various Densities

PRELIMINARY
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Conclusions

- Project 8 has demonstrated the detection of single
electrons from their cyclotron radiation

 —

The energy resolution obtained usmg thls technique is
exquisite =l

We have a clear Ba?h- to developing this technology into
an experiment-that measures the neutrino mass scale
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