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“Who am I?  Why am I 
here?”



Our “Periodic” 
Table…
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Table…



Since the beginning, the 
neutrino was an odd one… 

Neutrino mass 
measurements have a long 

history in physics, 
predating the Standard 

Model itself. 

It should therefore be no 
surprise that our quest to 

understand this 
fundamental property 

continues; both for its own 
right as well as its 

theoretical implications. 
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With oscillations 
firmly in place, we 

at least 
understand that 

the neutrino has a 
mass 

As such, oscillation 
measurements 

place a lower limit 
on the neutrino 

mass scale.
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2015 Nobel Prize in Physics

Arthur B. McDonald 
(Sudbury Neutrino Observatory)

Takaaki Kajita 
(Super-Kamiokande)



The legacy…
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Beta Decay Measurements
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The next generation direct mass measurement 
should probe the inverted hierarchy. 

  KATRIN will exhaust the degenerate mass regime ((Δmij
2)1/2 << m1 ≈ m2 ≈ m3). 

  The next generation experiment should probe the bottom inverted hierarchy, 
mνe ≈ 50 meV. 

  Cosmological limits will be able to exclude inverted hierarchy if observation 
still favors mνe = 0. 

DNP Fall 2016 Meeting  - Vancouver, B.C. 

Qian and Vogel, Progress in Particle 
and Nuclear Physics 83 (2015). 
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Beta Decay

A kinematic determination of the neutrino mass  

No model dependence on cosmology or nature of mass

Look for a kink in 
the electron spectrum



“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B. Monreal and J. Formaggio, Phys. Rev D80:051301
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E = 17572 eV
Theta = 1.565

Simulation run 
(105 events)

rare high-energy
electrons

many overlapping
low-energy electrons 

signal

Project 8 “Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

“If you are going to 
measure anything with 
precision, measure 
frequency ! ”

Frequency Approach
3H � 3He+ + e� + �̄e

Coherent radiation emitted 
can be collected and used 
to measure the energy of 
the electron in non-
destructively.

A. L. Schawlow



CRES 
Technique

“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

“If you are going to 
measure anything with 
precision, measure 
frequency ! ”

Novel technique of Cyclotron 
Radiation Emission 
Spectroscopy (CRES): 

• Cyclotron radiation from single 

e- in magnetic field 

• Source gas transparent to 
microwave radiation 

• No e- transport from source to 
detector (gas scattering)  

• Highly precise frequency 
measurement  

A. L. Schawlow

B. Monreal and JAF, Phys. Rev D80:051301

fc =
1

2⇡

eB

me +K/c2

For 1 T field, emission is at 26 GHz.  

Techniques common to radio astronomy can be used 
for signal detection.



Long Time Prediction…
The idea that accelerat ing 
electrons emit radiation dates 
back to 1897 (Larmor)

Cyclotron emission itself can be 
traced back to O. Heaviside (1904).  
Yet, single electron detection had 
not been exploited.

© 1904 Nature Publishing Group



Basic Layout of 
Our Prototype

• Gas/Electron System                
Provides mono-energetic 
electrons for signal detection. 

• Magnet System                
Provides magnetic field and 
trapping of electrons. 

• RF Detection/Calibration System         
Detection of microwave signal.

Project 8 Prototype

Signal

Cryocooler

Cryogenic 
Amplifiers

Gas Supply

Superconducting 
Solenoid Magnet

Waveguide

Gas Cell

Cryogenic 
Amplifiers

Superconducting 
Solenoid Magnet
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The Apparatus

Cyclotron frequency coupled directly to standard waveguide at 26 GHz, located inside 
bore of NMR 1 Tesla magnet.  

Magnetic bottle allows for trapping of electron within cell for measurement.

Copper waveguide

Kr gas lines

Magnetic bottle coil

Gas cell

Test signal 
injection port

Waveguide 
Cut-away

B
-Field trap profile

Photo of apparatus



Basic Layout of 
Our Prototype

Waveguide Detector

Phase I setup is a waveguide setup for single electron 
detection (about 1 fW power emission)



Project 8’s “Event Zero”

Phys. Rev. Lett. 114 (2015) 16, 162501

Cyclotron Radiation Emission Spectroscopy (CRES) for single relativistic 
electrons now experimentally demonstrated.



Project 8’s “Event Zero”

Electron scatters of gas, losing 
energy and changing pitch angle

Energy loss increases frequency

Onset frequency yields initial 
kinetic energy

Phys. Rev. Lett. 114 (2015) 16, 162501

Exhibits all predicted characteristics: 

— Onset frequency 

— Energy loss due to cyclotron radiation        — Quantum jumps due to inelastic scattering



Project 8 “Event Zero”

Imaging of mono-energetic electrons show excellent precision and resolution of 

expected electron lines (about 3.6 eV FWHM). 

Shown to be a powerful spectroscopic tool for radioactive gasses.

High Resolution Achieved
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Typical CRES event 

DNP Fall 2016 Meeting  - Vancouver, B.C. 

1	MHz	≈	20	eV	

start	frequency	of	the	first	
track	gives	kine@c	energy.	

frequency	chirps	linearly,	
corresponding	to	~1	fW	
radia@ve	loss.	

electron	sca[ers	inelas@cally,	losing	
energy	and	changing	pitch	angle.	

Imaging of single electrons, 
including scattering

Improved resolution  
(~3.6 eV at 30 keV)

M.	Fertl PSI	10/18/2016

Phase I setup and results
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Asner	et	al.,	Physical	Review	Letters,	114,	162501	(2015)		

15	eV	FWHM

50	eV

• Cryogenic	waveguide	cell	and	amplifiers
• RT	heterodyne	double	mixing	stage
• Initial	resolution:	15	eV	in	harmonic	trap	
• Bathtub	trap:	3.3	eV	resolution
• With	power	cut	under	investigation:	

2.2	eV	FWHM



We are now moving toward a competitive 

neutrino mass measurement using this 

technique.   

First tritium run starts this year. 

Next Stage: 
Phase II 
(Tritium Cell)
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First CRES Measurement of Tritium Endpoint (Phase II) 

  Five harmonic (B~z2) traps w/ ESR magnetometers → longer bathtub. 
  Circular waveguide → reclaim 3 dB signal from circularly polarized signal. 
  Colder amplifiers w/ improved termination → lower noise/higher gain. 
   83mKr conversion electrons all summer. 
  Expect tritium data in a few months → mνe < 10—100 eV. 

DNP Fall 2016 Meeting  - Vancouver, B.C. 

BDPA Magnetometers

z2 trap coils calibration port

waveguide short

gas inlet

B ~ 1T



Phase III 

• Multiple antennas to 

provide detection in large 

volume. 

• Sensitivity goal of ~ 2 eV.

Final Goals

Phase IV   

• Move to large volume (m3) 

atomic tritium target. 

• Goal to reach inverted 

mass ordering scale.



The Radio 
Astronomy 
Overlap

System setup

s

ROACH2 planned for 
Phase II data taking

Calibration and optimization of Project 8 Phase II - DNP - Oct. 2016

Event reconstruction

October 5, 2016 7

Sparse spectrogram

Complex frequency event 
reconstruction, multiple 
antennas.
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