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Direct = kinematic 
neutrino mass measurement
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3H → 3He+ + e- + νe̅ 

if m = 0 eV

if m = 2 eV

Measure kinematics 
of a three-body decay with a 

neutrino nearly at rest

• Tiny phase space = rare 
• need good energy resolution 
• same energy scale as atomic/

molecular effects

163Ho → 163Dy+ + νe̅ + γ
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Direct mν from Electron Capture 

ª Capture de-excitation 
energy in 163Ho  163Dy* + νe 

Diana Parno -- Direct Neutrino Mass Measurements 

νe 

163Ho 163Dy* 

Lusignoli and Vignati, 
Phys. Lett. B 697 (2011) 11 

(some e- 
omitted) 



v 
ª Standard spectral calculation assumes 1 e- vacancy 
ª What about 163Dy* states with two or more holes? 

Diana Parno -- Direct Neutrino Mass Measurements 

163Ho: Shakeup 

Lusignoli and Vignati, Phys. Lett. B 697 
(2011) 11 

3s½  
3p½  5s½  

4s½  
4p½  

1-hole calculation 
2-hole calculation 
3-hole calculation 

Faessler et al., PRC 91 (2015) 064302 ª New resonance(s) 
ª Structure near endpoint 

complicates mν
2 

extraction 
Robertson, PRC 91 (2015) 035504 
Faessler and Šimkovic, PRC 91 (2015) 045505 
Faessler et al., PRC 91 (2015) 064302 
  

ª Looks like a few % effect, separated from 
endpoint 



v 

Diana Parno -- Direct Neutrino Mass Measurements 

163Ho: Shakeoff 

163Ho      163Dy[H,H’] + e- + νe 	
ª Electrons can also be excited to the continuum 

ª 3-body process,  

ª Recent preliminary 
calculations near endpoint 
ª Enhanced statistics      

(40x near endpoint) 
ª Relative pileup 

contribution reduced 
ª More complex analysis? 

ª Ongoing theory work De Rújula and Lusignoli, 
JHEP 2016 15, 2016 

Single-hole contribution 
Two-hole shakeup +  
shakeoff (M1, M2) 
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Direct mν from Electron Capture 

ª Capture de-excitation 
energy in 163Ho  163Dy* + νe 
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Transition Edge Sensor 

Diana Parno -- Direct Neutrino Mass Measurements 

Figueroa 
Group, 

Northwestern 
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) ª Thin film near superconducting Tc 
ª R depends strongly on T 

General reference: Alpert et al., Eur. Phys. J. C 75 112 (2015) 

Au absorber 
with 163Ho 
filling 

Mo-Cu 
transition 
edge sensor 

ª Preliminary 
ΔEFWHM~4 eV 

ª τrise ~ 6 µs 
v 

Transition Edge Sensor 

Diana Parno -- Direct Neutrino Mass Measurements 

ª Thin film near superconducting Tc 
ª R depends strongly on T 

NuMECS 

ΔE ~ 45 eV 

General reference: Croce et al., J. Low Temp. Phys. 184 958 (2016) 
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v 
Magnetic Metallic Calorimeter 

Diana Parno -- Direct Neutrino Mass Measurements 

ª Attach metallic paramagnet to 
absorber 

ª Heat disturbs magnetization 

General reference: Gastaldo et al., J. Low Temp. Phys. 176 
876 (2014) 

ª Preliminary 
ΔEFWHM~10 eV 

ª τrise ~ 0.13 µs 

Two pixels, one day 
from L. Gastaldo 

KIP, University  of Heidelberg 

MMC



v 
KATRIN Design 

Diana Parno -- Direct Neutrino Mass Measurements 

KATRIN

7

20K T2 gas cycle 
some decays in  

3.5 T magnet

β electrons 
guided 

magnetically
electrons with  
E > qV pass 
and arrive at 

counter

electric potential 
reflects electrons 

with E < qV

Sharp highpass filter 
width = 0.9 eV 

very well known shape



v 
KATRIN Design 

Diana Parno -- Direct Neutrino Mass Measurements 

KATRIN

8

20K T2 gas cycle 
some decays in  

3.5 T magnet

β electrons 
guided 

magnetically
electrons with  
E > qV pass 
and arrive at 

counter

electric potential 
reflects electrons 

with E < qV

v 
KATRIN Design 

Diana Parno -- Direct Neutrino Mass Measurements 

Rear 
section Gaseous T2 

source 

v 
KATRIN Design 

Diana Parno -- Direct Neutrino Mass Measurements 

Rear 
section 

Transport 
section Gaseous T2 

source 

Beamline 
closed now 

e- transmission 
this month!



KATRIN status

• Tritium fill/data in 2017

• Current expectations:

• Background rates worse 
than design report

• 0.20 0.23 eV sensitivity

• Systematics control better 
than design report

9

EKP, Department of Physics 3 G. Drexlin – KATRIN  

Background model of H* in a nutshell  

BBR 

H* 

Rydberg states 
act as long-lived 
neutral messengers 
from surface processes 

Example of unexpected background:  
a) Radioactivity sputters H* from wall 
b) H* thermally ionizes in flight



B field →

T2 gas at P < 1mT

Microwave antennae

The Project 8 concept

• emitted by mildly relativistic 
electrons

• Coherent, narrowband

• 10-15 W per electron

• Electron energy contributes to 
velocity v, power P,  frequency ω

• Can we detect this radiation, 
measure v, P, ω, and determine E 
± 1 eV?

Cyclotron radiation

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

THE CYCLOTRON FREQUENCY

•Electron on a magnetic field: cyclotron motion 
•Emitted cyclotron radiation depends on electron kinetic energy 
!

!

!

!

!

!

!

!

•New spectroscopy technique: measure cyclotron radiation emission as 
a precise measure of the kinetic energy of single electrons! 

•Cyclotron Radiation Emission Spectroscopy (CRES) 
•Formaggio and Monreal, Phys. Rev. D 80, 051301(R), 2009

7

B-field
fc =

eB

2⇡m

f� =
fc
�

=
eB

2⇡(me +K/c2)
Relativistic correction:

BM & Formaggio, PhysRevD 2009

       B. Monreal  BNL 2/16
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de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

PROJECT 8 PROTOTYPE

•Goal: demonstrate feasibility 
of detection of single 
electrons through the 
measurement of cyclotron 
radiation 
•Cyclotron Radiation Emission 
Spectroscopy (CRES) 

• 83mKr gas source 
•Currently assembled at the 
University of Washington 

•Data Taking Campaign started 
on June 2014, ongoing 

•First Results: Arxiv 1408.5362

15

RF chain and reciever

       B. Monreal  BNL 2/16
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de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

FIRST DATA

•First detection of single-electron cyclotron radiation 
•Data taking started on 6/6/2014 - immediately showed trapped electrons 
•Arxiv: 1408.5362

23

First event

D. M. Asner et al.  Phys. Rev. Lett. 114, 162501 (2015)

       B. Monreal  BNL 2/16
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Full Scan of Krypton Spectrum

       B. Monreal  BNL 2/16

• Routine measurement with ΔE < 3 eV 
• ΔE ~ 2 eV seen with cuts, reasons not 

fully understood 
• Driven by B nonuniformity?   



Run 2: knocking down the noise
Cold head rebuild
Tighten screws (!)
new DAQ

       B. Monreal  BNL 2/16



Doppler shifts and 
nonuniformities

Magnetron (ωm)

Axial (ωa)

Cyclotron (ωc)

ωa

ωmB

B

26 GHz

50 MHz

50 MHz

10 kHz

10 kHz
       B. Monreal  BNL 2/16



cyclotron frequency

upper sideband

lower sideband

       B. Monreal  BNL 2/16

± 40 MHz



10 kHz frequency modulation



Phased Experiment 

October 16, 2016 3 

Phase I 
  Demonstrate single-electron detection 
  CRES spectrum of 83mKr 
  2010 – 2016 
  83mKr source 
  Waveguide 

Phase III 
  High-rate sensitivity 

mν < 2 eV  
  2016 – 2020 
  T2 source 
  Phased antenna array 

Phase II 
Kurie plot and systematics studies 
mν < 10-100 eV 

  2015 – 2017 
  T2 source 
  Waveguide 

Phase IV 
  Atomic tritium source 

mν < 40 meV 
  2017 –  
  T source 
  ? 

done!

Project 8 Detector Upgrades for a Tritium Beta-Decay Spectrum 
using Cyclotron Radiation

An Overview of CRES and Phase I Success The Path Forward: A Tritium Spectrum

(

Phase II Cell and Waveguide Plans

Signal Analysis Development Summary and Outlook

Project 8 has pioneered a technique called Cyclotron 
Radiation Emission Spectroscopy (CRES) to measure the 
energy of an electron.

Fourier analysis of the cyclotron radiation signal 
provides a precise measurement of the frequency, 
which is directly related to the electron energy:

𝜔 =
𝑞𝐵
𝛾𝑚𝑒

=
𝑒𝐵
𝐸

Project 8 has already proven this technique viable, 
detecting conversion electrons from 83𝑚Kr with ~ 4eV
resolution.

The next phase of Project 8 aims to 
collect the first ever 𝛽-decay spectrum 
of molecular tritium (T2) using CRES.

This requires significant design 
upgrades:
• Cell windows must not leak tritium, 

and must be RF-transparent
• Gas cell must operate at both high 

and cryogenic temperatures
• Custom real-time frequency 

triggering system
• More sophisticated data acquisition 

and management

We also anticipate the need for more sophisticated 
analysis in Phase II. To move from a discrete Kr spectrum 
to a continuous tritium spectrum will require a more 
precise understanding of our data.

The most notable current analysis work concerns 
sidebands, which we began to detect in Phase I. We 
certainly expect to see them more clearly in Phase II, with 
a greatly reduced noise floor (see below). 

Understanding and distinguishing sidebands will be an 
essential part of achieving the precise frequency 
measurements that we need for Phase II and beyond.

A tritium spectrum will be the next big step toward a direct measurement
of the neutrino mass for Project 8. In the last year, we have made
substantial upgrades to the detector design for use with tritium, and we
have commissioned a prototype of the new gas cell which has so far met
our expectations beautifully. With the advances in both hardware and
software that are currently under way, we can work toward the high level
of precision measurement that will be demanded in future phases of the
experiment.

Phase I

Phase II

Phase III

Phase IV

Proof of concept, Kr spectrum

Molecular tritium spectrum

High stats data, competitive 
mass limit

Atomic tritium, direct mass 
measurement

The Phase II cell has been in development for over a year, and has 
recently been fully built and commissioned for use with the detector.

Some upgrades from Phase I in addition to those mentioned above 
include:
• A more elaborate magnetic trap, consisting of 5 coils
• A reliable probe of the field strength using electron spin resonance
• A cell volume which is ~75% larger, with a circular waveguide 

geometry
• A significantly larger capacity (70 channels total) for sensors, 

probes, and other slow control devices

Above: “Event 0”, the first electron signal detected in 2014

Above: partial Krypton spectrum showing two peaks near 30.4 keV

Left: comparison of the cross-sectional area of Phase I and Phase II waveguides. The red circle is a typical cyclotron orbit.
Right: illustration of the cell window and support system

The Phase II plan includes constructing two of these cells: one for 
use with krypton and one with tritium. The two cells will follow 
from the same design and ideally be exact replicas.

The krypton cell (pictured below) will be used to directly test that 
the design meets essentially all of the conditions for Phase II, 
except tritium compatibility.

Then, the tritium cell will be used to collect Project 8’s first ever 
genuine beta decay spectrum!

We expect to begin taking data with tritium before the end of this 
calendar year.

Above: photograph of the krypton cell and waveguide for Phase II, with many key components labelled

Assembly of the krypton cell was 
finished in the spring of this year! 
A photo is shown below, with the 
following components labelled:

1. Magnetic trap coils
2. Calcium-fluoride (CaF2) windows
3. Waveguide short
4. Single gas line

3
1 2 4

Noise floor vs. frequency for the Phase I cell (above) compared with the Kr Phase II cell 
(below). Both plots show the same frequency range, and the Phase II plot was 
collected at room temperature.

A. Ashtari Esfahani, S. Böser, C. Claessens, L. de Viveiros, P. J. Doe, S. Doeleman, M. Fertl, E. C. Finn,                   
J. A. Formaggio, M. Guigue, K. M. Heeger, A. M. Jones, K. Kazkaz,  B. H. LaRoque, E. Machado, B. Monreal,   

J. A. Nikkel, N. S. Oblath, R. G. H. Robertson,  L. J. Rosenberg, G. Rybka, L. Saldaña, P. L. Slocum,                      
J. R. Tedeschi, T. Thümmler, B. A. VanDevender, M. Wachtendonk, J. Weintroub, A. Young, E. Zayas

The Project 8 Collaboration
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Collaboration photo as of Spring 2016

Test solenoid 

§  In	October	we	ramped	the	test	solenoid	successfully	to	~1.45T	
§  It	has	been	on	since	then,	very	low	dri_	of	less	than	10ppb	per	hour!	

Field	mee<ng,	Trolley	and	test	magnet	update,	Peter	Winter,	02/17/2016	

26	
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it is not an applicable strategy because a collision-dominated resolution function cannot be much

broader than the neutrino mass e↵ect sought. Systematic uncertainty in the resolution will limit

the density.

There is a simple relationship between the uncertainty in the variance of an instrumental reso-

lution contribution and the corresponding uncertainty introduced in the neutrino mass:

�m2
⌫
⇡ 2�2

res

. (13)

Each of the resolution components in Eq. 10 has an associated uncertainty that propagates into

the neutrino mass. For concreteness, we assume that the distributions are each known to 1%.

ν2 , e
V2

FIG. 1. Uncertainty obtainable as a function of volume under observation for various choices of number

density per cm3. Systematic uncertainties due to imperfect knowledge of contributions to the resolution are

included. The frequency chosen is 26.5 GHz, the field is uniform to 0.1 ppm rms, the source temperature

for molecular T2 is 30K and for atomic T it is 1K, and the background is 10�6 per second per eV. The

e�ciency factor �⌦ is taken as unity for the e↵ective volume, and the live time is 3⇥ 107 seconds.

Figure I shows calculated neutrino mass statistical and systematic sensitivities for various

choices of number density, as a function of volume. Absent knowledge of the scattering cross sec-

tion for 18-keV electrons on atomic tritium, the cross-section cited by Aseev et al. [15], 3.4⇥ 10�18

Project 8 sensitivity estimates:
Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)

Details:  B=1 Tesla, background = 1 µHz/eV,  livetime 1y, angular acceptance 1 ster, 
pressure broadening known to 1%, field broadening < 10-7 

If source is too dense, limit is 
systematic error on linewidth

(approx. 0.25 eV)
accessible with 2 mCi, 1 liter

Molecular tritium final-state 
uncertainty (0.1 eV)
~20 mCi, 100 liter

normal hierarchy

inverted hierarchy

More statistical sensitivity by
packing more T into your 

source

       B. Monreal  BNL 2/16

Doe et. al, arxiv:1309.7093
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Doe et. al, arxiv:1309.7093

Phase II



Phase III: multi-antenna
Phased Antenna Array 

October 16, 2016 6 

  Cyclotron radiation 
emitted into free space 

  Radiation is detected by 
one or more ring-shaped 
arrays of antennas 

  Antennas are open-
ended waveguides 

  Number of channels is 
driven by signal-to-noise 
ratio and size of 
sensitive volume 

"Antenna barrel":  must 
choose a focus if you want 
to coherently add signals

Preliminary design: 10cm barrel, 30 
antennas, >10 dB SNR. 

ROACH2 + GPU farm for synthetic focus 
= radio astronomy tech

Test solenoid 

§  In	October	we	ramped	the	test	solenoid	successfully	to	~1.45T	
§  It	has	been	on	since	then,	very	low	dri_	of	less	than	10ppb	per	hour!	

Field	mee<ng,	Trolley	and	test	magnet	update,	Peter	Winter,	02/17/2016	

26	

• Surplus MRI magnet

• 10-6 uniformity in 
central 50cm
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Doe et. al, arxiv:1309.7093

Phase II

Phase III
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If source is too dense, limit is 
systematic error on linewidth

(approx. 0.25 eV)
accessible with 2 mCi, 1 liter

Molecular tritium final-state 
uncertainty (0.1 eV)
~20 mCi, 100 liter
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3T2 → 3(HeT)+ + e- + νe̅

looks like a T spectrum
with mv2 = -0.07 eV2

different here, 
but usually not
resolvable

Final state energy
of (3HeT)+ ion  
 
σ2 = 0.07 eV2

       B. Monreal  BNL 2/16

ideal tritium
spectrum with
mv2 = 0

 ↑ calculated, 
not measured

• T2 molecular physics is both 
blurring and adding systematics

• Worth moving to T1 source if at all 
possible



4

it is not an applicable strategy because a collision-dominated resolution function cannot be much

broader than the neutrino mass e↵ect sought. Systematic uncertainty in the resolution will limit

the density.

There is a simple relationship between the uncertainty in the variance of an instrumental reso-

lution contribution and the corresponding uncertainty introduced in the neutrino mass:

�m2
⌫
⇡ 2�2

res

. (13)

Each of the resolution components in Eq. 10 has an associated uncertainty that propagates into

the neutrino mass. For concreteness, we assume that the distributions are each known to 1%.

ν2 , e
V2

FIG. 1. Uncertainty obtainable as a function of volume under observation for various choices of number

density per cm3. Systematic uncertainties due to imperfect knowledge of contributions to the resolution are

included. The frequency chosen is 26.5 GHz, the field is uniform to 0.1 ppm rms, the source temperature

for molecular T2 is 30K and for atomic T it is 1K, and the background is 10�6 per second per eV. The

e�ciency factor �⌦ is taken as unity for the e↵ective volume, and the live time is 3⇥ 107 seconds.

Figure I shows calculated neutrino mass statistical and systematic sensitivities for various

choices of number density, as a function of volume. Absent knowledge of the scattering cross sec-

tion for 18-keV electrons on atomic tritium, the cross-section cited by Aseev et al. [15], 3.4⇥ 10�18

Project 8 sensitivity estimates:
Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)

Details:  B=1 Tesla, background = 1 µHz/eV,  livetime 1y, angular acceptance 1 ster, 
pressure broadening known to 1%, field broadening < 10-7 
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