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• Neutrino	mass	
• The	tritium	endpoint	measurement	scheme	
• Project	8:	A	frequency	based	neutrino	mass	measurement	
• 6He	decay:	CRES	using	highly	relativistic	electrons!?		
• Summary



M.	Fertl PSI	10/18/2016

Non-zero, but small neutrino masses

3

From	oscillation	experiments:	
normal	hierarchy			inverted	hierarchy



M.	Fertl PSI	10/18/2016

Non-zero, but small neutrino masses

3

From	oscillation	experiments:	
normal	hierarchy			inverted	hierarchy

with	modifications



M.	Fertl PSI	10/18/2016

Non-zero, but small neutrino masses

3

From	oscillation	experiments:	
normal	hierarchy			inverted	hierarchy

LARGE	mixing	angles	
TINY	mass	differences	

NH	or	IH?	⟶	G.	Brunetti,	Tue	4:20	pm				
No	absolute	mass	scale	sensitivity!

with	modifications



M.	Fertl PSI	10/18/2016

Non-zero, but small neutrino masses

3

Q
ia
n	
an
d	
Vo

ge
l,	
Pr
og
re
ss
	in
	P
ar
tic
le
		

An
d	
N
uc
le
ar
	P
hy
sic

s	8
3	
(2
01
5)
,	1
-3
0

From	oscillation	experiments:	
normal	hierarchy			inverted	hierarchy

From	tritium	decay	and	cosmology:

LARGE	mixing	angles	
TINY	mass	differences	

NH	or	IH?	⟶	G.	Brunetti,	Tue	4:20	pm				
No	absolute	mass	scale	sensitivity!

with	modifications



M.	Fertl PSI	10/18/2016

Non-zero, but small neutrino masses

3

Q
ia
n	
an
d	
Vo

ge
l,	
Pr
og
re
ss
	in
	P
ar
tic
le
		

An
d	
N
uc
le
ar
	P
hy
sic

s	8
3	
(2
01
5)
,	1
-3
0

From	oscillation	experiments:	
normal	hierarchy			inverted	hierarchy

From	tritium	decay	and	cosmology:

LARGE	mixing	angles	
TINY	mass	differences	

NH	or	IH?	⟶	G.	Brunetti,	Tue	4:20	pm				
No	absolute	mass	scale	sensitivity!

with	modifications

KATRIN	exp.	probes	degenerate	mass	region!	
Now	disfavored	by	cosmology.	
Direct	limits	
Goal:	Probe	the	complete	IH	allowed	region!	

m (⌫e) < 2 eV/c2
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3H 3He

e-
The β--spectrum of tritium decay 

4

Finite	neutrino	mass	modifies	the	decay		
electron	spectrum	(mainly	around	the	endpoint)!

For	T:	mβ=0.0	eV	mβ=0.2	eV

Nucciotti,	Advances	in	High	Energy	Physics,	Vol.	2016,	9153024

Zeitschrift	für	Physik,	Vol.	88,	p.	161	

The	simple	picture:

Q	(TA)	=	18.59201(7)	keV	
Myers	et	al,	PRL	114,	013033,	2015	

T1/2	=	12.32	y	
BR	(1eV)	=	2	x	10-13
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KATRIN:	The	largest	MAC-E	filter	ever	built	pushes	all	boundaries	to	the	extremes!

Highest	statistics	
Window	less	gaseous	
T2	source	(1011	Bq)	

Column	density	limited

Main	spectrometer	
Largest	UHV	tank	ever	built	
	(1500	m3,	10-11	mbar)!	

Most	precise	high	voltage	divider!

Tritium	handling	
T2	suppression	by	
more	than	1014	!

Sensitivity:	<	200	meV	(90%	CL)

First	light	on	10/14/2016!	Tritium	operation	starts	in	2017!
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Electron	transport:	
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distribution	in	3HeT+	

Bodine	et	al,	PRC	91,	035505	(2015)

3H 3He

e-

3H
3H
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Novel	approach:	J.	Formaggio	and	B.	Monreal,	Phys.	Rev	D	80:051301	(2009)
• 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

P (17.8 keV, 90�, 1T) = 1 fW

P (30.2 keV, 90�, 1T) = 1.7 fW

Small	but	readily	detectable	
with	state	of	the	art	detectors
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• Cryogenic	waveguide	cell	and	amplifiers
• RT	heterodyne	double	mixing	stage

sudden	onset	of	power

linearly	rising	frequency

energy	changing	gas	collisions
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• Cryogenic	waveguide	cell	and	amplifiers
• RT	heterodyne	double	mixing	stage
• Initial	resolution:	15	eV	in	harmonic	trap	



M.	Fertl PSI	10/18/2016

Phase I setup and results

9

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



M.	Fertl PSI	10/18/2016

Phase I setup and results

9

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
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The Project 8 Phase II waveguide cell
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• Tritium	compatible	waveguide	cell	→	CaF2	windows
• Circular	waveguide	→	Larger	active	volume
• Circulator	and	cryo	termination	→	3dB	more	signal,	better	control

																																		of	the	microwave	background
• Study	optimal	shape	of	magnetic	trap	→	5	instead	of	3	traps
• 5	off-axis	ESR	magnetometers	→	B	field	stability	measurements
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5	sample	ESR	magnetometer	with	BDPA	(thanks	to	P.	Hautle)	

white	noise

• New	diagnostics	tool	for	Project	8	
• Rel.	B	precision	0.3	ppm	measured	
• Rel.	B	stability	40	ppb/hr	measured	
• B	field	drift	has	negligible	influence	
				on	Phase	II	energy	resolution

preliminary
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Phase	IV	(2017-2022+)	
• Large-scale experiment
• Atomic tritium source
• IH, sub-eV sensitivity
• Trapped atomic tritium
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Goal:	Measure	Fierz	interference	term	“b”	in	6He	decay	to	better	than	10-3!
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A.	Asthari,	R.	Cervantes,	P.	J.	Doe,	M.	Fertl,	E.	Machado,	W.	Pettus,	R.	G.	H.	Robertson,	L.	J.	
Rosenberg,	G.	Rybka,	M.	Wachtendonk,		
University	of	Washington,	Seattle,	WA	
J.A.	Formaggio,	E.	M.	Zyas	
Massachusetts	Institute	of	Technology,	Cambridge,	MA	
L.	de	Viveiros,	B.	H.	Laroque,	B.	Monreal	
University	of	California,	Santa	Barbara,	CA	
K.	M.	Heeger,	J.A.	Nikkel,	L.	Saldaña,	P.	Slocum	
Yale	University	,	New	Haven	,	CT	
Th.	Thümmler	
Karlsruher	Institut	fuer	Technologie,	Karlsruhe,	Germany	
S.	Böser,	Ch.	Claessens,		
Universität	Mainz,	Mainz,	Germany	
S.	Doeleman,	J.	Weintroub,	A.	Young	
Harvard-Smithsonian	Center	for	Astrophysics,		
K.Kazkaz,	Lawrence	Livermore	National	Laboratory
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Project	8 CRES	on	6He			
collaboration	forming								

Postdocs
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Project	8	
• Phase	I:	1st	observation	of	cyclotron	radiation	from	a	single	electron		
• Phase	I:	Successfully	measured	83mKr	spectrum	using	CRES	
• Phase	II:	Taking	commissioning	data	with	83mKr		to	prepare	for	
molecular	tritium	gas	

• Phase	III	and	IV:	planning	and	design	ongoing	in	parallel	

CRES	on	6He:	Fierz	interference	term	“b”	beyond	10-3	seems	promising	

Thank	you!
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https://www.npl.washington.edu/cenpa-jobs

Post	Doc	positions	open	for		
6He	CRES	spectroscopy		
0νββ	decay	with	Majorana	
RF	axion	search	with	ADMX
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to	Majorana	phases

No	sensitivity	to	absolute	mass	scale
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Tritium	
Q	(TA)	=	18.59201(7)	keV	
Super	allowed	transition	

T1/2	=	12.32	y	
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Myers	et	al,	PRL	114,	013033,	2015

Spectrum	of	certain	nuclei	can	be	used		
to	search	for	chirality	flipping	interactions
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Anti-electron neutrino mass limits from 
tritium beta decay experiments
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T2	β-	decay	kinematics	
Super	allowed	transition	

T1/2	=	12.32	y	
BR	(1eV)	=	2	x	10-13

• Window	less	gaseous	T2	source	(1011	Bq)	
• MAC-E	filter	technique	scales	like	area	
• Column	density	limited,	T2	final	states	
• Sensitivity:	<	200	meV	(90%	CL)

First	light	in	October	2016!MH	also	from	ν	oscillations:		
G.	Brunetti,	Tue	4:20	pm
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“Never	measure	anything	but	frequency”								

Hydrogen	1S-2S	
		σ	=	4.2·10-15	
Hänsch	et	al.,	2011

New	frequency	based	measurements	also	for:

Anti-electron	neutrino	mass New	chirality	flipping	interactions?
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Limits	the	cyclotron	
as	accelerator

Measurement	of	
kinetic	energy!
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Harmonic	magnetic	bottle	introduces	a	degeneracy	between	kinetic	energy	and	pitch	
angle!	
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Axial	electron	motion	⟶		Modulation	of	cyclotron	frequency	⟶	Side	band	generation
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• Cryogenic	preamplifiers	(50K	physical	temp.)	
• Double	stage	frequency	mixing	(24.2	GHz,	0.6	GHz	to	1.2	GHz)
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Asner	et	al.,	Physical	Review	Letters,	114,	162501	(2015)		
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70	m	long,	10	m	diameter	vacuum	tank	
• Window	less	gaseous	tritium	
source	(1010	Bq)	

• Molecular	T2	
• Anticipated	mass	sensitivity:	
				<	200	meV	(90%	CL)	
• Resolution	scales	like	the	
				area	of	the	analyzing	plane

New	technique	needed	for	
independent	confirmation	or	
to	scale	beyond	MAC-E	sensitivity

First	light	in	October	2016,	tritium	operation	starting	in	early	2017!
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But	requires	individual		
electron	tagging!
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Kathrin	Valerius,	HEPHY	Colloquium,	Vienna,	Jan	2016

3H 3He

e-

3H
3H

Any	T2	experiment	suffers	from	irreducible	
excitation	of	ro-vibrational	initial	and	final	states
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