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Direct neutrino mass measurements

Cheryl Patrick, University College London
International Neutrino Summer School 2019, Fermilab




A nice, easy reminder of neutrino oscillations
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A nice, easy reminder of neutrino oscillations
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A nice, easy reminder of neutrino oscillations
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A nice, easy reminder of neutrino oscillations
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... and a more complicated one
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... and a more complicated one
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... and a more complicated one
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... and a more complicated one
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PMNS mixing matrix, U = |Uu
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... and a more complicated one
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How to measure a neutrino’s mass

Indirectly

cycling-challenge.com
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How to measure a neutrino’s mass N

Indirectly Directly
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Directly
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How to measure a neutrino’s mass

Indirectly

G
SN

August 2019

S M 1T W T F S

4 5 6 7 8 9 10
11 12 13 14 15 (16) 17
18 19 20 21 22 23 24
26 27 28

Friday, Aug 16th 2019

eutrinoless double-beta decay

Afeey ’c\/,\g,:"\ovem@\.

Cheryl Patrick, UCL

Direct neutrino mass measurements

Directly



How to measure a neutrino’s mass »

Indirectly Directly
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How to measure a neutrino’s mass

Indirectly

Cosmology

Neutrinoless double-beta decay
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Supernova time-of-flight measurements

SN1987A E
Sou'thern Obireorl\bl:ntagry' ’: February 1987
Sun _Mon Tue Wed Thu FriSat

1 2 3 4 5 6 7
8 91011121314
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Supernova time-of-flight measurements

February 1987

Sun Mon Tue Wed Thu Fri Sat

1 2 3 4 5 6 7
8 91011121314

* Neutrinos emitted at core collapse;
visible light only transmitted once
shockwave reaches star’'s surface

. | L i i i i S el T T i
0 1 2 3 4 5 6 7 8 “ 10 1 12 13
TIME (meoc )
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Modelling supernova time-of-flight measurements 7iaedo et aiPhys.Rev. D65 (2002) 063002 &

Neutrino emission Detection probability
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Modelling supernova time-of-flight measurements 7iaedo et aiPhys.Rev. D65 (2002) 063002 &

Neutrino emission Detection probability

TwO sources:
Cooling of new neutron star in
supernova core
Possible: hot, shocked
accreting matter
Paper compares 14 different
emission models in Bayesian
analysis
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Modelling supernova time-of-flight measurements 7iaedo et aiPhys.Rev. D65 (2002) 063002 &

Neutrino emission Detection probability

TwO sources:
Cooling of new neutron star in
supernova core
Possible: hot, shocked
accreting matter
Paper compares 14 different
emission models in Bayesian
analysis
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Modelling supernova time-of-flight measurements 7iaedo et aiPhys.Rev. D65 (2002) 063002 &

Neutrino emission Detection probability

O(E, ) = s V(B )
477 -

Two sources:
Cooling of new neutron star in |
supernova core tdet = o™ + At(m,,, E) — t°"
Possible: hot, shocked
accreting matter

Paper compares 14 different

emission models in Bayesian

analysis
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Modelling supernova time-of-flight measurements 7iaedo et aiPhys.Rev. D65 (2002) 063002 &

Neutrino emission Detection probability

Two sources:
Cooling of new neutron star in |
supernova core tdet = o™ 1 At(m,,, E) — t°8
Possible: hot, shocked
accreting matter

- Paper compares 14 different 2/ E\N"2 D
ssi n Bayes At(m,E) = 2.57 (")
em||SS|pn models in Bayesian (my, E) (v (1\10\) 50 kpe
analysis
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Neutrino emission

» [WO sources:
Cooling of new neutron star in
supernova core
Possible: hot, shocked
accreting matter
» Paper compares 14 different
emission models in Bayesian
analysis

Modelling supernova time-of-flight measurements 7iaedo et aiPhys.Rev. D65 (2002) 063002 &

D(E, 1) = —;
A1 )4

’(l("t — {("lll + A’(’)l,,. E) o ,UH'

m,N\2( E \° D
Af iy, E) =257 ( : )
(my, E) & ' (I\Io\") 50 kpc

Detection probability

 Main mechanism:

Ee—l—pﬁejL—l—n

« Event rate depends on
Interaction cross section &
positron detection efficiency

» Depends on energy & detector

design

Cheryl Patrick, UCL
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Neutrino emission

Cheryl Patrick, UCL

p(m,|D,M) (eV ™)

/ero mass not

ruled out

Modelling supernova time-of-flight measurementsS 1iaedo et alPhys.Rev. D65 (2002) 063002 &

Propagation to Earth

3Probability density of v mass given model and data
. | | | | l | | | | l | | | 1
- Cooling + accretion model
) hundreds of times more likely
2 -
e
v Dashed line is cooling-only model

- poor fit to data shapes

95% probability mass ™v (eV)
is below this limit

Direct neutrino mass measurements

Detection probability




Back to basics - looking at beta decay

- o O
Available energy (from - ."

mass difference) = Qg
O

e-

3 decay
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Back to basics - looking at beta decay

Mass of nucleus = mass of
atom - mass of electrons

v
3 decay ‘ "

Os=(M[ZA]-Zm.)-(M[Z+1,A] - (Z+1) m. ] + m.)
Available energy (from

mass difference) = Qg

| — .
[Atomic number, O = [Atomic number, Daughter nucleus +

mass| = [Z, A] o mass| = [Z+1 ,A] B electron
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Back to basics - looking at beta decay

3 decay

Os=(M[ZA]-Zm.)-(M[Z+1,A] - (Z+1) m. ] + m.)

4 Ve

" /(’
55 o)

Avallable energy (from ‘ .‘

mass difference) = Qg

-
[Atomic number, 0 = [Atomic number,
mass| = [Z, A] mass| = [Z+1 ,A]

=(M[ZA]-M[Z+1,A])

e-
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Back to basics - looking at beta decay

3 decay

Available energy (from
mass difference) = Og

o%

e-

have done a terrible

detected.

Wolfgang Pauli, 1930

Cheryl Patrick, UCL
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narticle that cannot be
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Back to basics - looking at beta decay

Cheryl Patrick, UCL

3 decay
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Back to basics - looking at beta decay
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3 decay

Available energy (from
mass difference) = Og
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Electron Neutrino
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Back to basics - looking at beta decay

Avalilable er
mass differg
ng 0.08 0.1 0.12 0.14 ?.16

Flectron Neutrino Neutrino mass I electron kinetic energy (MeV) QIB
Kinetic energy kinetic energy
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Tritium: 3H

NATURE August 21, 1948 vol. 162

Beta Spectrum of Tritium

THE B-spectrum of tritium (3H?) is of particular
interest because : (1) the relatively simple structure
of the ,H?® nucleus makes it well suitea to a test of
the Fermi theory of B-decay ; (2) the unusually low
energy of the [(-particles means that the shape of
the spectrum near the upper limit is_an extremely
sensitive function of the rest mass of the neutrino if
the Fermi theory is confirmed ; (3) a theoretical dis-

crepancy! exists between the half-life? and the upper
energy limit, as recently measured®; (4) the mass

difference (,H® — ,He?®) can be accurately determined.

Direct neutrino mass measurements
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Tritium: 3H

NATURE August 21, 1948 vol. 162

Beta Spectrum of Tritium

THE B-spectrum of tritium ((H3) is of particular
interest because : (1) the relatively simple structure
of the ,H?® nucleus makes it well suitej to a test of
the Fermi theory of B-decay ; (2) the unusually low
energy of the [(-particles means that the shape of
the spectrum near the upper limit is_an extremely
sensitive function of the rest mass of the neutrino if
the Fermi theory is confirmed ; (3) a theoretical dis-

crepancy’ exists between the half-life? and the upper
energy limit, as recently measured®; (4) the mass

difference (,H® — ,He?®) can be accurately determined.

Direct neutrino mass measurements

- Simple structure (1 proton, 2
neutrons) means few nuclear effects
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Tritium: 3H

NATURE August 21, 1948 vol. 162

Beta Spectrum of Tritium

THE B-spectrum of tritium ((H3) is of particular
interest because : (1) the relatively simple structure
of the ,H?® nucleus makes it well suitej to a test of
the Fermi theory of B-decay ; (2) the unusually low
energy of the [(-particles means that the shape of
the spectrum near the upper limit is_an extremely
sensitive function of the rest mass of the neutrino if
the Fermi theory is confirmed ; (3) a theoretical dis-

crepancy’ exists between the half-life? and the upper
energy limit, as recently measured®; (4) the mass

difference (,H® — ,He?®) can be accurately determined.

Direct neutrino mass measurements

- Simple structure (1 proton, 2

neutrons) means few nuclear effects

- Super-allowed decay = high activity:

T12 = 12.3 years



Tritium: 3H
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- Simple structure (1 proton, 2
neutrons) means few nuclear effects

- Super-allowed decay = high activity:
T12 = 12.3 years

* Low energy: Qg = 18.6 keV makes it
sensitive to neutrino mass



Tritium: 3H
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Direct neutrino mass measurements

- Simple structure (1 proton, 2
neutrons) means few nuclear effects

- Super-allowed decay = high activity:
T12 = 12.3 years

* Low energy: Qg = 18.6 keV makes it
sensitive to neutrino mass

Spectral distortion depends on an
effective “electron neutrino mass”
depending on PMNS matrix

3
mz(pe) — Z ‘U€i|2mg
1=1




The tritium electron energy spectrum in more detalil

AN G%m cos® O¢
dE,. 2m3h7

\Mowel” F(Z, E.)peEe

><(E‘max T Ee) Z ‘Uei‘Q \/(Emax T Ee T mIQ/Z

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

Gr is Fermi constant

Constant B¢ is Cabibbo angle

AN  GEm cos® Oc
dE,. 2m3h’

\Mowel” F(Z, E.)peEe

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

Nuclear matrix element is maximal
because 3H and 3He are mirror
nuclei

dN GFm cos? O¢

2
dE 27T3h7 ‘MHU.C‘ F(Z7 Ee)peEe

Frax — Z ‘UGZ‘ \/ max 6)2 - mlz/z

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

Fermi function corrects
for electron-nucleus
interaction

AN G%m cos® O¢
dE,. 2m3h7

Mowe|” F(Z, E)peE.

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

dN G? M, > cos? 0 9 Electron momentum and
dEe — 9 3KT ‘Mnuc| F(Z, Ee)peEe energy

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

AN G%m cos® O¢
dE,. 2m3h7

\Mowel” F(Z, E.)peEe

X@(Emax - Ee - mui)

Energy conservation step function Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

AN G%m cos® O¢
dE,. 2m3h7

\Mowel” F(Z, E.)peEe

(B = Be) 3 Vel / (Bwwe ~ B =m,  The neutrino bit?

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

AN G%m cos® O¢
dE,. 2m3h7

\Mowel” F(Z, E.)peEe

Neutrino energy >< Frax — B E \Uez\ \/ max — & —m,z/i

X@(Emax o Ee o ml/i)

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

AN G%m cos® O¢
dE,. 2m3h7

\Mowel” F(Z, E.)peEe

Neutrino energy >< Frax — B E \Uez\ \/ max — & —m,z/i

R/_J

XO(Fmax — Fe —m,,) Neutrino momentum

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

dN GFm cos? O¢

2
dE 27T3h7 ‘MHUC‘ F(Z7 Ee)peEe

Sum over neutrino
mass states ;

Neutrino energy >< Frax — B E \Uez\ \/ max 6)2—77”&,2/7;

—

XO(Fmax — Fe —m,,) Neutrino momentum

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

dN GFm cos? O¢

2
dE 27T3h7 ‘MHUC‘ F(Z7 Ee)peEe

Electron component of
Sum over neutrino ppINS matrix

mass states

Neutrino energy >< Frax — B E \Uez\ \/ max 6)2—77”&,2/7;

—

XO(Fmax — Fe —m,,) Neutrino momentum

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detalil

AN G%m cos® O¢
dE,. 2m3h7

\Mowel” F(Z, E.)peEe

Electron component of
Sum over neutrino ppINS matrix

mass states ; Neutrino energy Neutrino mass

Neutrino energy X (Emax — Fe) Z Ueil” \/ (Bmax — Ee)? — m;,

-

XO(Fmax — Fe —m,,) Neutrino momentum

Phys. Rev. C 91, 035505
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Tritium B-decay experiment top trumps

Cheryl Patrick, UCL Direct neutrino mass measurements
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“#" KATRIN: Karlsruhe Tritium Neutrino Experiment

D Parno, Neutrino 2018 '
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1%, ] ‘e
@ ;,f‘ The Windowless, Gaseous Tritium Source
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Injecth
Bq i

4

Pump out T,

b

Pump out T,

ls

-‘-’

__- ' ~2x105mbar

"" wl” !
~3x 107 mV
~2 X 10°° mbar 10 metres

—

Temperature: 30 Kelvin

Temperature (K)

Temperature stability @ 30 K
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'

Pump out T, » Closed tritium cycle delivering 40g of T2 per day
| | | * 9.9 X 1019 decays per second

Y - Electrons guided out of ends of tube by 3.6 T magnetic field

Pumpout T, - iy * Reduced gas density along tube protects against scattering
and energy loss

D Parno, Neutrino 2018

“

v ® <2 x 10°5 mbar
""V.

| ~3x103 va g
~2 x 10 mbar 10 metres / 3
/ B electrons guided out
of the end of the tube Length of beam tube
Temperature: 30 Kelvin

Activity: 100 GBqg
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Inject T2 Pump out T,
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4 .‘

Pump out T,
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e , "
| g 1 |p oy = 154.8mb
o O™V < ' :( " - 2000 | =2 — . )
“i'. : L - | ~2 X 10> mbar £ 1000 - : ,
-t s ] b
-. — ~3 X 10-3 va £ g0 :-, o7 728 730 732 734 I
~2 X 10 mbar 10 metres / E :
/ B electrons guided out o
of the end of the tube : J n
o 0 _ L‘A.Mﬂ i
Temperature: 30 Kelvin 6(l)0 62lO 64‘:0 GEISO 68l0 7(l)0 72lO 74IO
Activity: 100 GB _
_ _ Y : - Laser Raman Spectroscopy monitors
Isotopic Purity: 95% molecular tritium

isotopic content to 0.1% precision
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@ ,ﬁ#" KATRIN source: molecular tritium

Remember this? Fermi Electron
Matrix ermi momentum and

Constant element function energy
dN G < m? cos® O¢
dE. 273 h7

Mowel” F(Z, E.)peEe

X( max Z ‘Uez \/ max Ee)2 - mIQ/,L

><G)(Emax - Ee - ml/i)

Energy conservation step function
Phys. Rev. C 91, 035505
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Remember this? Fermi Electron
Matrix ermi momentum and

Rotation

Constant element function energy +
dN  G%m? cos® Oc >
ClEe — 7T3h7 ‘Mnuc‘ F(Z, Ee)peEe

Vibration

X( max Z ‘Uez \/ max Ee)2 - mgz

><(a(EmaX - Ee - ml/i)

Energy conservation step function
Phys. Rev. C 91, 035505
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@ ;,i" KATRIN source: molecular tritium

Remember this? Fermi Electron
Matrix ermi momentum and

Constant element function energy

Rotation

=

AN  G%m cos® ¢
dE,. 213 h’

Mowel” F(Z, E.)peEe

Vibration

3 |Ueil” Pi(Bunax — Ee = Vi)y) (Bunax — Ee — Vi)? —m2,

X@(Emax — Ee — Vk — m,,i)

Energy conservation step function
Phys. Rev. C 91, 035505
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Rotation

dN G? AL > cos? O 5 +
— Mnuc F Z: Ee eEe
JE - ompr Mol F(Z Ee)p

Vibration

Probability of excited
daughter state

X Z |Uei‘2 Pk(EmaX — Ee — Vk)\/(EmaX — Ee — Vk)2 — m;2/,b

Sum over neutrino mass

states ; and excited states Energy of daughter state
of daughter %

X@(Emax — Ee — Vk — m,/i)

Phys. Rev. C 91, 035505
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@ ;,i" KATRIN source: molecular tritium

Rotation

dN  G%m? cos® Oc 2 1
— Mnuc F Z: Ee eEe
JE - ompr Mol F(Z Ee)p

Vibration

Probability of excited Calculated final-state molecular spectrum
daughter state 100 . . . ; .

— 2000 calculation
10 Phys. Rev. Lett. 84, 242 (2000).

-------- 1985 calculation
Phys. Rev. Lett. 55, 1388 (1985) V\
- j

X Z |Uei‘2 Pk(EmaX — Ee — Vk)\/(EmaX — Ee — Vk)2 — m;2/,b

Sum over neutrino mass

states ; and excited states Energy of daughter state
of daughter %

X@(Emax — Ee — Vk — m,/i)

0.1

Relative probability (%/eV)

0.01

0.001 | ‘ vl 1 |
-250 -200 -150 -100 -50 0

Binding energy (eV) Phys. Rev. C 91, 035505
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Helmholtz coils

HT or T2 gas at 10-7 mbar
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D Parno, Neutrino 2018
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Electrons are guided adiabatically towards the spectrometers...
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Calibration WGTS Differential Pumping Section Cryogenic Pumping Section

Electrons are guided adiabatically towards the spectrometers...
... While any remaining tritium is suppressed by a factor of 109
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Calibration WGTS Differential Pumping Section Cryogenic Pumping Section

I I WML i AL AL ZENLN;

Differential Pumping
Section pumping

~3x1012
molecules/s

FTICR

~ 3x107/ Electric
molecules/s Dipoles

pumping pumping
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Calibration WGTS Differential Pumping Section Cryogenic Pumping Section

I I WML i AL AL ZENLN;

Differential Pumping
Section pumping

~3x1012

molecules/s

FTICR + Five 1-metre tubes with 20 degree tilt to block line of sight
. el | | | N / for neutral molecules

~ 3x1071/
molecules/s

Electric
Dipoles

pumping pumping
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Calibration WGTS Differential Pumping Section Cryogenic Pumping Section
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Differential Pumping

~3x1012

molecules/s

FTICR + Five 1-metre tubes with 20 degree tilt to block line of sight

for neutral molecules
« Turbo-molecular pumps reduce tritium flow by 2.5x104

~ 3x107/ Electric
molecules/s Dipoles

pumping pumping
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Calibration WGTS Differential Pumping Section Cryogenic Pumping Section

I I WML i AL AL ZENLN;

Differential Pumping

Section pumping

molecules/s

FTICR - Five 1-metre tubes with 20 degree tilt to block line of sight
for neutral molecules

« Turbo-molecular pumps reduce tritium flow by 2.5x104

* Dipole electrodes and Fourier-transform ion cyclotron
resonators remove positive ions

~ 3x107/ Electric
molecules/s Dipoles

pumping pumping
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Calibration WGTS Differential Pumping Section Cryogenic Pumping Section

r—
| l WML i AL AL ZENLN;

Cryogenic pumping section

Beam pipe coated with argon frost

* Remaining tritium is trapped by cryo-sorption

After 60 days, surface is saturated - heat to 100 K to release
tritium and pump it away

v elvlty Tritium suppressed by 12 orders of magnitude relative to
A A A A A A A A A A A M A M SOurCeiﬂlet
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D Parno, Neutrino 2018
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“};A" KATRIN’s superpower - the MAC-E filter

S“max Bm'm

D

max

T, source electrodes detector

n. (without E field)

ff///z? _ a»ﬁ/f//

httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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Magnetic
BSBmox Bm'm Bm<Jx BD
T, source electrodes detector
b, (without E field)
httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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Magnetic Adiabatic
BSBmox Bm'm Bm<Jx BD
T, source electrodes detector
De (Without E field)
httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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Magnetic Adiabatic Collimation with an

. L Ll

S“max Bm'm Bm<Jx

D

T, source electrodes detector

n. (without E field)

ff///z? _ a»ﬁ/f//

httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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Magnetic Adiabatic Collimation with an Electrostatic Filter

. L Ll

S“max Bm'm Bm<Jx

D

T, source electrodes detector

n. (without E field)

ff///z? _ a»ﬁ/f//

httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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4% KATRIN’s superpower - the MAC-E filter

Magnetic Adiabatic Collimation with an Electrostatic Filter

* [wo superconducting solenoids produce a guiding
field B.

+ Any forward-going 3 electrons from the tritium

source are guided in cyclotron motion along the B-

field lines, towards the detector, giving angular

acceptance ~ 2.

L L L

S“max Bm'm Bmox

D

T, source electrodes detector

b. (without E field)

N////C? - a,)ﬁ/f//

httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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4% KATRIN’s superpower - the MAC-E filter

Magnetic Adiabatic Collimation with an Electrostatic Filter

* The magnetic field varies through the spectrometer -
strongest at the solenoids near source and detector,
orders of magnitude weaker in the middle.

Cyclotron motion is transformed to longitudinal motion in
the middle of the spectrometer : isotropic [3 electrons

T become parallel electron beam

B

he slow variation of fleld means transformation Is
0 adiabatic: constant magnetic moment

max Bm'm

max

T, source electrodes detector

b. (without E field)

N////L? - a,)ﬁ/f//

httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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4% KATRIN’s superpower - the MAC-E filter

S“max Bm'm Bmox

T, source electrodes detector

b. (without E field)

N////C? - ),)ﬁ/f//

httos://www.katrin.kit.edu/

Magnetic Adiabatic Collimation with an Electrostatic Filter

* Cylindrical electrodes create an electrostatic potential

* This acts in the opposite direction from the electron
beam

« Only the highest energy electrons can pass through
the electrostatic barrier

Fast electrons

can pass
ﬁ

Slow electrons ¥
stopped by barrier

Kleesiek et al., arXiv:1806.00369
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*}#“‘ KATRIN’s superpower - the MAC-E filter

Magnetic Adiabatic Colljmation with an Electrostatic Filter

+ Surviving electrons are re-accelerated and collimated
on the detector

« By measuring the count that make it through the high-
pass energy filter at different electrostatic potentials,
we can measure an integrated electron energy

spectrum.
T T T T T « Sharpness of filter given by
BSBmox Bm'm Bm<Jx BD AE _ Bmzn
T, source electrodes detector E Bax

n. (without E field)

ff///Z/z _ a»a/f//

httos://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369
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{4/ Fields in the MAC-E filter

6 | r(m) s air coils
[sN=—47D A [*N=470 A [|sN=0670 A *N=470A [«sN=—470A
4 | tank, U=—18.4 kV r.=4.2 cm
ire el., U=—18.5 kV
2
(1 Tesla = 104 Gauss)

0
-2
—4
_8 — — z (m)
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10 metres wide, 200 tons

* Half a mile of specialist welding at Deggendorf
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D Parno, Neutrino 2018 '
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alibration + tritium voltage
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Radial position is affected by the
shape of the electrostatic potential -
use this to calibrate

<‘)

\.
\
\v

\

G e
Use position data to
map source shape

T

- /.J

/S >,

.':‘:l\‘
3?5
V.

Backgrounds can also be position-
Multi-pixel silicon PIN diode array with high energy dependent e.g. cosmics (but energy is key
resolution and thin entrance window, in second of two discriminiator)

superconducting magnets
KATRIN design report 2004 FZKA-7090
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Measuring the neutrino mass

retarding energy qU - E, in eV
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Simultaneous fit of integrated spectrum for 4 parameters: g {H ERE I
g o0} {E ' it
= © .
SpeCtrum amplltUde Asig E; —m_ = 0meV J ‘\\ ‘,}
. | ---m,=350meV 50 simulated signal } A
Endpoint energy E ,.'0'02 ~+ toyrun = co
T SIS ————————————————————————————————
Background rate Rg; should be independent of retarding potential g 200 optimal m2 sensitivity at S/B = 2 -
. w100 f E. Otten, 1994 ‘ “
Sqguared neutrino mass m,? atfects the shape g 0'?ggwwggg?wgwiwlg,] ..... AANANRRR

retarding energy qU - E_ in eV
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5 ;;z% Backgrounds - and how KATRIN avoids them
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“K, ... natural radioactivity (outside spectrometer)
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@ ﬁ% Backgrounds - and how KATRIN avoids them

Um New™

Cosmic muons 2

(inside spectrometer)

210
Pb, .... natural radioactivity “ COSmMIC muons M
’ . ' N N
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| sse/,78
| g
O - 1 kl/
field
emission dakaaies
' - | ; . . i
_ Penning TR f pressure 4/ 10" mbar e |
— [ .dlscharge 45T [ } /60T 36T
insulator %~ magnet L —— ;| — magnets
processes ' < ~~—
. KL 1/ NEG pump
" Z"Rn

“K, ... natural radioactivity (outside spectrometer)

Problem
Can produce secondary electrons

Fixed by

Magnetic shielding by electron-guiding field
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Cosmic muons

“1Pb, .... natural radioactivity * cosmic muons i /
. (inside spectrometer) 7} S—— . . Ve
Radon in components TR
7 ;' radiation I : ?‘9-4 kl/
: :.’ o - \ T
field | : /
emission . - ! DN
I . A & .\, detector
- =P i ¢ : *e %
= Penning (=T i pressure ~ 10" mbar ’ ]
e~ discharge 45T\, f ;e r /60T 36T
insulator ¥~ magnet A — — - '/ magnets
processes .y .- .
\! | ; - | \ 4_Pump
R gessysgsssssgsssssysnnas A LN, cooled baffle

“K, ... natural radioactivity (outside spectrometer)

Problem

Electrons from decay chain get trapped in spectrometer & generate secondaries
Fixed by

Baffle to clean radon from main source (“NEG” pump)
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Cosmic muons

(inside spectrometer)
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wesss ' discharge 45T i i | 60T 36T
insulator  ®~ . r magnet L —— S——— . ” magnets
processes UV ; Sl
| > +/NEG pump
° T~ 2"Rn

ry ! '
> ¥ =3 ' ¥ ' LN, cooled baffl
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“K, ... natural radioactivity (outside spectrometer)

Problem

Gammas from 40K outside spectrometer
Fixed by

Spectrometer shielding
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Penning discharge S APy rors

Y

“K, ... natural radioactivity (outside spectrometer)

Problem

lonization at entrance to spectrometer where fields are strong
Fixed by

Careful electrode design
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Cosmic muons

(inside spectrometer)

210
Pb, .... natural radioactivity “ cosmic muons p /
'
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‘thermal es‘seh
_. i 7844‘[/
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field |

emission ; |
I Nz . SWZ ~ 219pp, ... natural radioactivity
Pennin &
EX{E@F@@H I:r]@@} H@@@ﬁﬂwwﬁy — T .discharge 45T \ . (lnS|de spectrometer) w ‘ . 6.0 T 3 6T
insulator T~ magnet / magnets
processes .y
: | ', +/NEG pump
m m ' .".; <_2 "Rn
Penning discharge

“K, ... natural radioactivity (outside spectrometer)

Problem

Internal 219Pb decays

Decay products include Rydberg atoms, which are ionised by thermal radiation
Fixed by

Biggest background - not affected by shielding
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Cosmic muons

“9Pp, .... natural radioactivity — cosmic muons i /
. (inside spectrometer) ir . . y Vogs
Radon in components T 0,
| ~or
field
emission
O = O o A | |
EX&@F@@H F@@H@@@ﬁﬂWﬂﬁy : Penning = , pressure ~' 10" mbar ,
wesss ' discharge 45T i i | ‘60T 3 6T
insulator  ®~ . magnet e —— . ” magnets
processes ov ! L T
| > +/NEG pump
[ [ ,°;:. ~— ‘3"Rn
Penning discharge 5 LN cooled baf

“K, ... natural radioactivity (outside spectrometer)

Problem

Internal 219Pb decays

Electrons from sources other than the spectrometer

Fixed by
Detector backgrounds

Lead and copper shielding; scintillator veto for cosmics
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B decay model and final
state ion distributions
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Superconducting magnets 3.6 T

Source gas dynamics

Cheryl Patrick, UCL
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normalized cross section
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B-electron scattering and energy loss
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High voltage stability and calibration calendar years)
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;{i Testing KATRIN - 83mKr spectroscopy in July 2017

83mKr
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narrow (<2 eV)CE lines at 7 ...
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|

.
\-

—
-
-y

Cheryl Patrick, UCL
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Energy [keV

. testing/commissioning
i Test of
System

Calibration

pipeline
(e.g. confirm sub-eV resolution)

1n=66d

IC, v
T1/2 =1.8h

stable :I:lC, Y; T= 150 ns

32 keV

tritium E,
/at 18.6 keV

IM. Slezak, PhD thesis, 2015}
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Test with D2 at 90% nominal density, with 0.5% T atoms KATRIN Timeline
First measurement of tritium spectrum

sor e First Tritium run: 81 hours of data
5,607 x%/dof = 15.0/14
Q |
§ | .«\“\6 "KNM17™ with higher tritium concentration
s | eV March-May 2019 . . '
3 | ? First data usable for neutrino mass measurement
w Plan to start 3-year run at nominal settings
2
S o
E . Analysis becomes systematics limited.
I T 7 T T Should reach design sensitivity 0.2eV.

Retarding enerqgy [eV]

Fitted for
Activity Asig Endpoint energy Eo

Background rate Rgg Xiv:1906.10168
arAlVv. .
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Sensitivity - it KATRIN measures zero mass Discovery potential - if KATRIN measures a non-zero mass
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Discovery potential (o)
9

0 2 1 6 8 10 12

Full beam time (months) by, -
my, < 0.24 eV at 90% confidence i

m, limit (eV, 90% CL)

m, -0.35 eV at 50 significance T e
Jargon: sensitivity m, -0.3 eV at 30 significance
The upper limit on the measured value (neutrino mass) if the mass
IS measured to be zero. Typically guoted with 90% confidence.

Systematic uncertainties > statistical uncertainties after 3 years (5 calendar years)
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Challenges for future MAC-E experiments

o
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count rate (s1)

0.01 }

Spectrometer already as
big as is practical - can't
improve resolution

Cheryl Patrick, UCL

retarding energy qU - E in eV

—
= O

Integrated 3 spectrum means

throwing away spectrum
information

Direct neutrino mass measurements

Molecular final state
excitations / vibrations
set ultimate T2 limit



Challenges for future MAC-E experiments

retarding energy qU - E in eV
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Molecular final state
excitations / vibrations
set ultimate T2 limit




Challenges for future MAC-E experiments

retarding energy qU - E_in eV
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Integrated 3 spectrum means

throwing away spectrum
information

Bhye New Yotk Times Magazine
Spectrometer already as e e o S
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Molecular final state
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set ultimate T2 limit

Drawing by Herdert Bayer. o General Eiecirle On,
“In the world around us, atomic energy is working on a tremendous scale.”

We Enter a New Era—the Atomic Age
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Challenges for future MAC-E experiments
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Spectrometer already as
big as is practical - can't
improve resolution
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Arthur Schawlow

“Never measure anything
but frequency!”
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W Cyclotron Radiation Emission Spectroscopy

Trapped low-temperature tritium atoms in uniform magnetic field

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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M Cyclotron Radiation Emission Spectroscopy

Trapped low-temperature tritium atoms in uniform magnetic field

3-decay electrons exhibit cyclotron motion around the field

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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Trapped low-temperature tritium atoms in uniform magnetic field

3-decay electrons exhibit cyclotron motion around the field

The spiralling electrons emit cyclotron radiation

1 eB
27ty T m, +

Jy =
?

Cyclotron frequency

2

Electron kinetic energy

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)

Trapped low-temperature tritium atoms in uniform magnetic field

3-decay electrons exhibit cyclotron motion around the field

The spiralling electrons emit cyclotron radiation

Measure gamma frequency to reconstruct electron energy

Direct neutrino mass measurements




v“ ?}

W Project 8 by the numbers

Magnetic field

Signal

Pre-amplifier

Wavequide

Superconducting
maghnet

Krypton

or tritium
atoms

Cheryl Patrick, UCL

Direct neutrino mass measurements



‘*‘&

W Project 8 by the numbers

Magnetic field: ~ 1 Tesla

Cheryl Patrick, UCL

Direct neutrino mass measurements

Magnetic field

Signal

Pre-amplifier

Wavequide

Superconducting
maghnet

Krypton

or tritium
atoms



W

‘)“0

Magnetic field: ~ 1 Tesla 27.0

Cyclotron frequency range 25-26.5 GHz
(microwave)

nit 118167 ke
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Project 8 by the numbers
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Magnetic field: ~ 1 Tesla

Cyclotron frequency range 25-26.5 GHz

Project 8 by the numbers

Larmor formula

Py = = 2 g2 1yt
7 _47T€()3mg !

(microwave)
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Power in femtowatt range

—

nt 1:8:6 ke V. Pe Depends on

K @E@@@ﬁ[@] [ﬁfﬂ) a transverse

momentum

—

B
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Project 8 by the numbers

Magnetic field: ~ 1 Tesla

Cyclotron frequency range 25-26.5 GHz
(microwave)

Tritiumrendpoint 18-6 keV
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Gas volume 10m3 (final phase)
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Project 8 by the numbers

Magnetic field: ~ 1 Tesla
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Phys. Rev. Lett. 114, 162501 (2015)
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Signal-to-noise ratio (linear)
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W Project 8 phase | (2015-16) - demonstrate CRES with 8mKy

Phys. Rev. Lett. 114, 162501 (2015)
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Frequency - 25 GHz (MH2z)
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PRO: Project 8 phase Illl (R&D phase)- large volume detector with T2 &

- 1 T CRES field (MRl magnet)

P Slocum, APS/JPS 2018, Waikoloa, HI

Cheryl Patrick, UCL Direct neutrino mass measurements
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M Project 8 phase lll (R&D phase)- large volume detector with T2 &

18.6 keV e-

x107'®

Summed array power (W/Hz)
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- 1 T CRES field (MRl magnet)

« 200cms? gas volume

No waveguide

Electrons radiate into free space
Phased array of waveguide antenna
elements
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W Project 8 phase Illl (R&D phase)- large volume detector with T2 &

- 1 T CRES field (MRl magnet)

« 200cms? gas volume
No waveguide
Electrons radiate into free space
Phased array of waveguide antenna
elements

18.6 keV e-
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Electron energy resolution 1eV
« Sensitivity my, < 2 eV
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W Phase IV (R&D): atomic tritium &

| 1T Solenoid

Superconducting multipole at 2 K
I S S S S S S S .

L =
Superconducting multipole at 2 K

1T Solenoid

Cheryl Patrick, UCL Direct neutrino mass measurements



W Phase IV (R&D): atomic tritium =

Cracker

- Disassociate tritium gas into atoms in tungsten tube
« 1017 atoms / second
« Atomic fraction > 90%

Deuterium Cracker test stand

Cheryl Patrick, UCL Direct neutrino mass measurements



W Phase IV (R&D): atomic tritium s
:

Superconducting multipole at 2 K

Cracker

B
Superconducting multipole at 2 K

1T Solenoid

Cool atoms to 160 K on collisions with aluminum

then to 4K on a frozen deuterium film

Deuterium Cracker test stand

Cheryl Patrick, UCL Direct neutrino mass measurements



W Phase IV (R&D): atomic tritium s
:

Superconducting multipole at 2 K

Velocity selector

Hot atoms
removed

Cracker

Cold atoms
get through

NN NN N N S . . - —_—_—

Superconducting multipole at 2 K

Magnetic lens removes hot atoms 1T Solenoid

and residual molecules

Cheryl Patrick, UCL Direct neutrino mass measurements



. .
\»\w"/ Phase IV (R&D): atomic tritium N
'

Superconducting multipole at 2 K
I S S S S S S S .

Velocity selector

Magnetic
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Cracker cooling
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m Phase IV (R&D): atomic tritium N
1

Superconducting multipole at 2 K
I S S S S S S S .

Velocity selector
Magnetic

step

Cracker cooling
ERERSIT  F y ‘1 Vfiducial =10.m e (6’
RN 0000000000000000000000000000000000000(
160K 1

Superconducting multipole at 2 K

1T Solenoid

T atoms trapped in potential well (loffe trap) due to magnetic moment
T2molecules freeze to walls
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M Phased approach
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\»\w*‘% Phased approach

And now

| for something
completely different...

v
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Electron-capture on holmium-163
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Electron-capture on holmium-163

What on Earth is holmium?

Cheryl Patrick, UCL Direct neutrino mass measurements



Electron-capture on holmium-163

What on Earth is holmium?

- Rare earth metal, with highest magnetic moment of all

elements
- Named for the city Stockholm

- Used to colour cubic zirconia, In lasers, as a neutron
absorber in nuclear reactors, and in MRl machines

Only one natural, stable isotope, 16°Ho
Per Teodor Cleve

| 18
| 2
H He
1.008 2 13 14 15 16 17 40026
3 4 5 6 7 8 9 10
Li Be B C N 0 F Ne
694 | 90122 1081 | 12011 | 14007 | 15999 | 18998 | 20.180
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
22990 | 24305 3 4 5 6 7 8 9 10 11 12 26982 | 28085 | 30974 | 3206 | 3545 | 39948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti v Cr Mn Fe Co Ni Cu In Ga Ge As Se Br Kr
39098 | 40078 | 44956 | 47867 | 50942 | 51996 | 54938 | 55845 | 58933 | 58693 | 63546 | 6538 | 69723 | 72630 | 74922 | 7897 | 79904 | 83.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te 1 Xe
85468 | 8762 | 88906 | 91.224 | 92906 | 9595 98) | 10107 | 10291 | 10642 | 10787 | 11241 | 11482 | 11871 | 12176 | 12760 | 12690 | 131.29
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi 2 2
13291 | 13733 17849 | 18095 | 18384 | 18621 | 19023 | 19222 | 19508 | 19697 | 20059 | 20438 | 2072 | 20898 | ¢
- 87 88 £9-103 104 105 106 107 108 109 110 1 112 113 114 115
J " Fr Ra i Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc
(223) (226) (265) (268) (271) (270) (277) (276) (281) (280) (285) (286) (289) (289)
* « antde
Lanianide 57 58 59 60 61 62 63 64 65 66 68
WS La Ce Pr Nd Pm | Sm Eu | Gd Th Dy Er
13891 140,12 | 14091 14424 (145) 15036 | 15196 | 15725 | 15893 | 16250 16726 | |
# Actinide 89 o) 91 92 93 94 98 96 97 98 100 101 102 10
series Ac Th Pa U Np Pu Am | Cm Bk Cf Fm | Md No Lr
(227) | 23204 | 23104 | 23803 | (237) (244) (243) | (247) | 247 | (251 (257) | (258) (259) | (262)
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Electron-capture on holmium-163

What on Earth is holmium?

- Rare earth metal, with highest magnetic moment of all

elements
- Named for the city Stockholm

- Used to colour cubic zirconia, In lasers, as a neutron
absorber in nuclear reactors, and in MRl machines

Only one natural, stable isotope, 16°Ho
Per Teodor Cleve

| 18
| 2
H He
1.008 2 13 14 15 16 17 40026
3 4 5 6 7 8 9 10
Li Be B C N 0] F Ne
694 | 90122 10081 | 12011 | 14007 | 15999 | 18998 | 20.180
1 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
22990 | 24305 3 4 5 6 7 S 9 10 11 12 26982 | 28085 | 30974 | 3206 | 3545 | 39948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 M4 35 36
K Ca Sc Ti v Cr Mn Fe Co Ni Cu In Ga Ge As Se Br Kr
39098 | 40078 | 44956 | 47867 | 50942 | 51996 | 54938 | 55845 | 58933 | 58693 | 63546 | 6538 | 69723 | 72630 | 74922 | 7897 | 79904 | 83.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te | Xe
85468 | 8762 | 88906 | 91224 | 92906 | 9595 98) | 10107 | 10291 | 10642 | 10787 | 11241 | n4asg2 | ns71 | 12176 | 12760 | 12690 | 131.29
55 56 57-71 72 73 74 75 76 77 78 79 80 g1 82 83 84 85 86
Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl Pbh Bi Do 2
13291 | 13733 17849 | 18095 | 183.84 | 18621 | 19023 | 19222 | 19508 | 19697 | 20059 | 20438 | 2072 | 20898
- 87 88 §9-103 104 105 106 107 108 109 110 1" 112 13 114 1s
J " Fr Ra # Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc
(223) (226) (265) (268) (271) (270) (277) (276) (281) (280) (285) (286) (289) (289)
* « antde
L._ll‘)l!l:l‘llldt 57 58 59 &0 61 62 63 64 65 66 68
WS La Ce Pr Nd Pm | Sm Eu Gd Th Dy Er
13801 | 14012 | 14091 | 14424 | (145 | 15036 | 15196 | 15725 | 15893 | 162,50 167.2¢
[ ] [ ] u
163Ho decays via electron capture to 163Dy with half-life 4570 years #acinide  [(® [ w [ o [ o2 [ | o[ o5 [ o [ o | o
series Ac Th Pa U Np Pu Am | Cm Bk Cr Fm Md No Lr
(227) | 23204 | 23104 | 23803 | (237) (244) | (243) | 247 | 24am | (251) (257) | (258) (259) | (262)
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Why 163H0?

“The relation between experimentalists and theorists is often one of
healthy competition for truth and less healthy competition for fame.”

“Science is what we do when we don't know what we're doing.”

~ s

:, 9,' '}““

_1-‘ .1:“ ko~
"/\‘

ﬁ
Alvaro de Rujula
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Why 163H0?

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

“The relation between experimentalists and theorists is often one of
healthy competition for truth and less healthy competition for fame.”

“Science is what we do when we don't know what we're doing.”

ﬁ
Alvaro de Rujula
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Why 163H0?

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

1630 + = 103 Dy + v, Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)
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Why 163H0?

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

1630 + = 103 Dy + v, Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)
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Why 163H0?

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

W o Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)
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Why 163H0?

Auger electrons The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

(Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)

'VA’ ‘]
2 ¥ N

1
J (|
X-ray photon!-“

N\ Mmax ~ 2 keV
o
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Why 163H0?

Auger electrons The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

163 Dy + v, Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)

fff

X-ray photon!- a A\ =

N\ Mmax ~ 2 keV
o

Total calorimetric energy

dAEc 2
Energy spectrum dE. 4”2 (Q Ec) (Q — Ec) — m,%

rm2n L 1
X Ei nlclﬂi Bl 2 @ (EC—E,')2+F%/4

Eur Phys J C Part Fields. 2015, 75(3): 112
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Why 163H0?

Auger electrons The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in
JJ] _— )Jj 163Ho decay than in tritium decay. pnysics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

1630 + = 103 Dy + v, Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)

\
!

~ ( \
X-ray photon !-

N\ Mmax ~ 2 keV
o

Neutrino energy Neutrino momentum

the = I Q-E) Q- EF —m

rm2n L 1
X Zi nlclﬂi Bl 2 @ (EC—E,')2+F?'/4

Eur Phys J C Part Fields. 2015, 75(3): 112
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Why 163H0?

Auger electrons The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in
JJ] _0© Hj 163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

1630 + = 103 Dy + v, Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)

X-ray photons- e \ 5

)

N\ Mmax ~ 2 keV
o

‘?gc = 42 (Q Ec) (Q o Ec)2 - m,%

2p L 1
X Zi niCiﬂi B, 2 7 (E—~E)*+T?%/4

Parameters of ionization spectral lines

Eur Phys J C Part Fields. 2015, 75(3): 112

Cheryl Patrick, UCL Direct neutrino mass measurements



Why 163H0?

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

1630 + = 103 Dy + v, Q ~ 2.8 keV) Lowest known Q-value
(c.f. tritium 18.6 keV)

GZ
e = 2(Q - E) V(Q - E) —m?

dE.
rm2n L 1
X 2 miCifiBi (E.~Ej)*+T?%/4

Eur Phys J C Part Fields. 2015, 75(3): 112
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Why 163H0?

counts/ 0.2 eV

Enhancement near

endpoint = even better

chance of seeing
neutrino mass effects

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

(Q ~ 2.8 keV)

Lowest known Q-value
(c.f. tritium 18.6 keV)

; L
O | N1 \ my =0eV
N2 MU\ mesze o
\/ M2 > a0’ my =5 eV B
N_= 1014 = 10 eV G2
AE =2eV = 3x10°- ) dA
FWHM Q = 2.83 keV._ EC — —ﬂz(Q — EC) (Q —_ EC)2 — m%
2x10° - . dE. 4
— Q=2.30 keV ol | E 2 1
— =280 keV f =10 - x 3, niCiff} Bi 7 7 E—E) 24 12/4
05 1 15 2 25 ( s S oels 282 2825 283
energy [keV] T pile-up energy [keV]

Low O value increases neutrino mass

effects ( end point rate ~ / / 05)

Cheryl Patrick, UCL

https://holmes0.mib.infn.it/holmes/ Eur Phys J C Part Fields. 2015; 75(3): 112
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Why 163H0?

counts/ 0.2 eV

Enhancement near

endpoint = even better

chance of seeing
neutrino mass effects

The proximity of the spectral endpoint to an atomic resonance makes the
fraction of events that are sensitive to a non-zero neutrino mass superior in

163Ho decay than in tritium decay. physics Letters B Volume 118, Issues 4-6, 9 December 1982, Pages 429-434

(Q ~ 2.8 keV)

Lowest known Q-value
(c.f. tritium 18.6 keV)
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—

= 2@~ E.) (Q “EY -

— Q0=2.30 keV 3| i 2 1
1x10
= 0=2.80keV L f =10 i XZ nlcﬂ Bl 2 n (E,~E)) +F2/4
[ 1 [ 1 [ L | (_\OP--IRP-.I .............. _— |
0.5 1 1.5 2 2.5 , 2.815 2. 82 2.825 2.83
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Low O value increases neutrino mass

effects ( end point rate ~ / / 05)

Cheryl Patrick, UCL

https://holmes0.mib.infn.it/holmes/ Eur Phys J C Part Fields. 2015; 75(3): 112
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The question of Q

Electron capture 2.3
spectrum results %"J 58
disagree with =~
accepted value C 27
3
- 26
Accepted Q-value—p .S
O 25
Proportional counter 'L
and storage ring O 94
measurements 2
averaged to give T}u 2.3
accepted value S
2.2

1980

e
A - pr. chambers, capture ratios [Andersen,Laegsgaard]
* - Isotope-dilution MS, half-life [Baisden]
O - Ho in Si(Li) detector, capture ratios [Laegsgaard]
® - proportional counters and
Si(Li) detector, capture ratios [Hartmann]
A - Si(Li) detector, capture ratios [Yasumi]

O - storage ring, bound /5 —decay [Bosch]
B - microcalorimeters, capture ratios [Gatti, Ranitzsch]

1990 2000
year

2010

HEEEERE NN A

statistical sensitivity 90% C.L. / eV

(b)

EC)

sensitivity
depends
on Q value

N=10""

number
of events
observed

N=10"

Mm”

g— = z—a—0—H8

2.4 2.6 2.8 3.0 3.2

Q-value of EC in "3Ho / keV

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

.......

magnetron frequency

qb modified cyclotron &3
Ve = — V_ _I_ V—I— frequency B
27T

Look for mass difference by measuring the ion Mass
cyclotron-frequency ratio of 1$3Ho and 163Dy ions

axial and
magnetron

modified
cyclotron

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

........

magnetron frequency

qb modified cyclotron
Ve = — V_ _I_ V—I— frequency
27

Look for mass difference by measuring the ion Mass
cyclotron-frequency ratio of 13Ho and 163Dy ions

L -

axial and modified
............................................ T L . . . . ... magnetron \_~ ...cyclotron
laser-ablation preparation trap measurement trap = position-sensitive - image of the radial motions of the trapped
ion source MCP detector  ions on a position-sensitive MCP detector
oroduction of  cooling & centering c:-f excitation of ~ imaging of radial  Y-axis
- %3Ho* and "**Dy* u::msE "**Ho" and "**Dy* ions  radial ion motions ion motions 1

to determine v,

trap-center image

magnetrﬂn-mﬂtinﬁ'a /
phase image .

cyclotron-motion
phase image;/

Nd:YAG laser beam

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

PRL115,062501 (2015)

Cheryl Patrick, UCL

163Ho nitrate on a titanium base (1016 163Ho atoms)
Nd:YAG laser produces 163Ho+ ions
Repeat with natural Dy

s
- Al I

laser-ablation ~  preparationtrap  measurement trap
ion source :

production of  cooling & centering of excitation of &
'®3Ho* and '**Dy* ions  '°*Ho* and "®*Dy* ions  radial ion motionsi .

|
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v
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Enter SHIPTRAP - Penning ion trapping facility

* Cool and centre ions
« Remove impurities
* |ncrease cyclotron radius to 0.5mm

laser-ablation preparation trap measurement trap position-sensitive = image of the radial motions of the trapped
ion source - MCP detector  ions on a position-sensitive MCP detector
: production of cooling & centering Df excitation of imaging of radial  Y-axis
- '®*Ho* and '**Dy* ions . "®*Ho" and "**Dy* ions  radial ion motions ion motions -

to determine v,

Nd:YAG laser beam

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

* Use RF dipole pulses to excite ions to a given radius
* A quadrupole pulse converts cyclotron to magnetron motion,

laser-ablation preparation trap measurement trap position-sensitive image of the radial motions of the trapped
ion source - MCP detector  ions on a position-sensitive MCP detector
production of cooling & centering c:-f excitation of imaging of radial Y-axis

A

- '%3Ho* and '**Dy* ions - "%*Ho* and "**Dy* ions  radial ion motions jon motions
| . todetermine v,

! trap-center image
magnetron-motion®. /
phase image

cyclotron-motion
phase image

Nd:YAG laser beam

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

* Use RF dipole pulses to excite ions to a given radius
* A quadrupole pulse converts cyclotron to magnetron motion,

» After 600ms, a phase shift, related to the magnetron frequency, iIs measured by letting ions hit the detector

laser-ablation preparation trap measurement trap position-sensitive image of the radial motions of the trapped
ion source MCP detector  ions on a position-sensitive MCP detector
production of cooling & centering c:-f excitation of imaging of radial Y-axis

A

- "®*Ho* and "**Dy* ions : "**Ho"* and "**Dy"* iDnsﬁé radial ion motions lon motions
: . todetermine v,

trap-center image

magnetron-motion®. /
phase image

cyclotron-motion
phase image;/

Nd:YAG laser beam

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

* Use RF dipole pulses to excite ions to a given radius
* A quadrupole pulse converts cyclotron to magnetron motion,

- "®*Ho* and "**Dy* ions : "**Ho"* and "**Dy"* iDnsﬁé radial ion motions

PRL115,062501 (2015)

Cheryl Patrick, UCL

Nd:YAG laser beam

After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector
In phase 2, excite to radius that allows cyclotron motion

laser-ablation preparation trap measurement trap position-sensitive image of the radial motions of the trapped
ion source - MCP detector  ions on a position-sensitive MCP detector
production of cooling & centering c:-f excitation of imaging of radial Y-axis

Direct neutrino mass measurements

lon motions
to determine v

A

! trap-center image
magnetron-motion®. /
phase image

cyclotron-motion
phase image




Enter SHIPTRAP - Penning ion trapping facility

PRL115,062501 (2015)

Cheryl Patrick, UCL

- "®*Ho* and "**Dy* ions : "**Ho"* and "**Dy"* iDnsﬁé radial ion motions

Use RF dipole pulses to excite ions to a given radius
A quadrupole pulse converts cyclotron to magnetron motion,

After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector

In phase 2, excite to radius that allows cyclotron motion
When converted, the phase shows the modified cyclotron frequency

laser-ablation
ion source

preparation trap
MCP detector

production of cooling & centering c:-f excitation of
lon motions

to determine v

Nd:YAG laser beam

Direct neutrino mass measurements

 measurement trap = position-sensitive

im

imaging of radial Y-axis

A

age of the radial motions of the trapped

lons on a position-sensitive MCP detector
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Enter SHIPTRAP - Penning ion trapping facility

* Use RF dipole pulses to excite ions to a given radius
* A quadrupole pulse converts cyclotron to magnetron motion,

After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector
In phase 2, excite to radius that allows cyclotron motion
When converted, the phase shows the modified cyclotron frequency

* Repeat for 5 mmutee angle between accumulated deteetor spots gives cyclotron frequency

laser-ablation preparation trap measurement trap  position-sensitive image of the radial motions of the trapped
ion source MCP detector  ions on a position-sensitive MCP detector
production of ceelmg & centering ef excitation of imaging of radial Y-axis

- "®*Ho* and "**Dy* u::ms: '®*Ho* and '**Dy* |en5 radial ion motions ion motions 1

to determine v

p-center image

magnetron-motion®.
phase image

cyclotron-motion
phase image

Nd:YAG laser beam

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

Eur. Phys. J. A (2018)54: 154

step 1

step 2a

Use RF dipole pulses to excite ions to a given radius

A quadrupole pulse converts cyclotron to magnetron motion,

After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector

In phase 2, excite to radius that allows cyclotron motion
» \When converted, the phase shows the modified cyclotron frequency

* Repeat for 5 minutes, angle between accumulated detector spots gives cyclotron frequency

pattern 1

] injection of ions in the measurement trap

I reduction of the magnetron motion by dipolar pulse at v_

step 2b

I reduction of the axial motion by dipolar pulse at v,

step 3

dipolar excitation at v

step 4

. quadrupolar excitation at v,

step S

extraction of 10ns l

phase accumulation time

PRLTTE,

Cheryl Patrick, UCL

I
>

step 1
step 2a
step 2b

step 3

step 4

step S

Phase-Imaging lon-Cyclotron-Resonance technique

pattern 2

] injection of ions in the measurement trap

I reduction of the magnetron motion by dipolar pulse at v_

I reduction of the axial motion by dipolar pulse at v,

'

dipolar excitation at v

quadrupolar excitation at v, .

extraction of ions | l

phase accumulation time

Direct neutrino mass measurements

1
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Enter SHIPTRAP - Penning ion trapping facility

* Use RF dipole pulses to excite ions to a given radius
* A quadrupole pulse converts cyclotron to magnetron motion,

» After 600ms, a phase shift, related to the magnetron frequency, iIs measured by letting ions hit the detector
In phase 2, excite to radius that allows cyclotron motion

» \When converted, the phase shows the modified cyclotron frequency
* Repeat for 5 minutes, angle between accumulated detector spots gives cyclotron frequency

Image of the 1ons’ radial motions
on a positon-sensitive MCP detector

123Te
SHIPTRAP

image
Physics Letters B

trap-center 758(C) (2016)

IMage

number of detected wons

_&* v -phase
Image

PR
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SHIPTRAP has the answer
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measurement time / min Number of the 5-hour measurement

PPB measurement of frequency ratio Mass difference agrees with micro

calorimeter experiments

= 1.00000001867(204¢a¢ ) (10sys)

AM = Quc = 2833(304tat) (15sys)eV /¢

PRL115,062501 (2015)

Q-value of EC in 183Ho / keV

2.7

2.6

2.5

2.4

2.3

2.2

##,

A - pr. chambers, capture ratios [Andersen,Laegsgaard]
* - isotope-dilution MS, half-life [Baisden]
O - Ho in Si(Li) detector, capture ratios [Laegsgaard]
@® - proportional counters and
Si(Li) detector, capture ratios [Hartmann]
A - Si(Li) detector, capture ratios [Yasumi]
O - storage ring, bound f—decay [Bosch]

® - microcalorimeters, capture ratios [Gatti, Ranitzsch]
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1980 1990 2000 2010
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How much 168Ho do we

need?
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How much 193Ho do we need?

« For competitive m, sensitivity, we need ~ 1014 decays
~ MBq activity for few-year run-times
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How much 193Ho do we need?

« For competitive m, sensitivity, we need ~ 1014 decays

10 a LI AL T rRann 1 P rreen ! P rrrrm PR rrann TP ranen =l ' ' '

S ' | ' ' ' B ~ MBq activity for few-year run-times

. O-0Q=28keV| . 2 x 1011 atoms = 1Bqg; we need ~ 1017 atoms

- i o0 Q=26keV Y

O - AAQ=24keV|

32 X v Q=2.2keV .
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' T ,..,...116“ 2-event pile-up probability time resolution
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activity in the detector
total statistics Nev

We need fou < 105 lypical 7z ~ ps

Do we have a problem?
HOLMES wETEEar

Eur Phys J C Part Fields. 2015 75(3): 112,
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How much 193Ho do we need?

« For competitive m, sensitivity, we need ~ 1014 decays

10 n LB AL T rrnnrn 1 P rrren PP rremm PR rrann IR R R R =l 1 1 '

= | ' | ' ' ' B ~ MBq activity for few-year run-times

I e 2 x 10" atoms = 1Bq; we need ~ 107 atoms

& P AAG=04kev| + Pile-up can be a limiting factor
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We need fou < 105 lypical 7z ~ ps

Do we have a problem?
HOLMES wETEEar
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How much 193Ho do we need?
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For competitive m, sensitivity, we need ~ 1014 decays
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~ MBq activity for few-year run-times

2 x 1011 atoms = 1Bqg; we need ~ 1017 atoms
Pile-up can be a limiting factor

Separate detector into micro-calorimeter pixels
Energy resolution AE < 3 eV
Backgrounds < 10-° events/eV/detector/day

Direct neutrino mass measurements



Pixel detectors: low-temperature microcalorimeters

« ()(103 to 10%) individual detectors
« (Y(1014) 163Ho atoms per detector
* Very small volume

\

o

thermal
capacity

Thermal bath

[ Gastaldo, Neutrino 2018
doi: 10.5281/zenodo/1286949

Direct neutrino mass measurements

Cheryl Patrick, UCL

- Working temperature < 100 mK

+ Low specific heat

+ Reduce thermal noise

- Very sensitive temperature sensor




H M ES HOLMES: transition-edge sensors

1024 detectors (16 arrays)

163Ho isotope 163Ho source
production embedding

6.5 x 1016 163Ho nuclei(18 ug)

3 x 1013 events

Cheryl Patrick, UCL

3 x 1013 events (300Bq / pixel)

AErwam ~ 3-5eV; At ~10 u s

Direct neutrino mass measurements

Single detector
L Holmes array
optimization

iy

JINST 12 C02046 2017
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H@M ES HOLMES: transition-edge sensors

163Ho Isotope 163Ho source
production embedding

Single detector
optimization

Enriched erbium(lll) oxid Extract
{ 1024 detectors (16 arrays) nriched erbium(lil) oxide xtract |

6.5 x 1016 163Ho nuclei(18 ug)

3 x 1013 events

10
NEUTRONS AE Ay,
FOR SOCIETY Fwim [8V]

iy

3.5

N
o

m statistical sensitivit

A%

—
o1

1.0

Holmes array Full HOLMES

y 90% CL [eV]

JINST 12 C02046 2017

sen cell
STITUT

]

still

Cheryl Patrick, UCL Direct neutrino mass measurements




H M ES HOLMES: transition-edge sensors

163Ho isotope 163Ho source Single detector
production embedding optimization

Evaporation 90° Magnet Sputter Target

1024 detectors (16 arrays) &= ¢ Chel l

N

N e
6.5 x 1016163 Ho nuclei(18 pg)

\ . N - Source
3 x 1013 events FJ

i

~\ 3x 10" events (300Bq / pixel)

Mass separator -
remove 166mHo (f3-
emitter)

e AErwom ~ 3-5eV; At ~10 u s

Cheryl Patrick, UCL Direct neutrino mass measurements

Holmes array

iy

JINST 12 C02046 2017

Full HOLMES

Sputter lon
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H M ES HOLMES: transition-edge sensors N

. JINST 12 C02046 2017
Ho isotope ro source Single detector QT Raapa—" Full HOLMES
production embedding optimization
Si2N3 membrane T T T TTTTI 3.5
MoCu bilayer TES
1024 detectors (16 arrays) Y
ok T, 3.0 E
—
@)
s[o][e[F:]1eX:Ye)q 6.5 X 1016 163HO nuclei(18 pg) s | 2
E
h | radiati g 6F ZE 1es with
c k%)
thermal radiating 3 x 1013 events 5 o 0 0 S L super-
perimeter increases G 7 4k © 202 se
~ o oo © S
3 x 1013 events (300Bq / pixel) ‘%
1.5 &
] L1 111 I‘I| O 1 O
AEFWHM [eV]
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H M ES HOLMES: transition-edge sensors N

JINST 12 C02046 2017
production embedding optimization ’
| 1024 detectors (16 arrays) _— xel
3.0

REEEE --- e L T
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* 4x16 detector prototype e 10
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H M ES HOLMES: transition-edge sensors

1024 detectors (16 arrays)

163Ho isotope 163Ho source
production embedding

6.5 x 1016 163Ho nuclei(18 ug)

3 x 1013 events

Cheryl Patrick, UCL

3 x 1013 events (300Bq / pixel)

AErwam ~ 3-5eV; At ~10 u s

Direct neutrino mass measurements

Single detector
L Holmes array
optimization

iy

JINST 12 C02046 2017

Full HOLMES
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ECHo: metallic magnetic calorimeters

absorber

sensor
SQUID loop

thermal link

thermal bath

AIP Conf. Proc. 1185, 571, (2009)
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ECHo: metallic magnetic calorimeters

Radiation from electron-capture

heats absorber

absorber

sensor
SQUID loop

thermal link

thermal bath

AIP Conf. Proc. 1185, 571, (2009)
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ECHo: metallic magnetic calorimeters

Radiation from electron-capture
heats absorber

‘ Paramagnetic Au:Er
Sensor becomes
magnetizead

absorber

Sensor  ,w—
- SQUID loGp

thermal link

thermmal bath

AIP Conf. Proc. 1185, 571, (2009)
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ECHo: metallic magnetic calorimeters

Radiation from electron-capture
heats absorber

‘ Paramagnetic Au:Er
Sensor becomes
magnetized

absorber

Sensor  ,w—
- SQUID loGp

SQUID

magnetometer
reads flux change

thermal bath

7 o« Mur 5 oap M E
oT 0T C_+C

sens abs

AIP Conf. Proc. 1185, 571, (2009)
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JeHo, ECHo: metallic magnetic calorimeters
Radiation from electron-capture
heats absorber

‘ Paramagnetic Au:Er
Sensor becomes
magnetized

absorber

Sl —

SQUID loop Fast rise time

reduces pile-up

030 | | |
SQUID
magnetometer 0.25  35Fe
reads flux change
thermal bath = 0.20 |
©
S 015}
=
oM oM E = T~ 80ns
AD qx— AT — AD 5 0101
aT aT Csens T Cabs ﬁr?gape-
0.05 | -
0.00 ' | l _
-0.2 0.0 0.2 04 0.6
AIP Conf. Proc. 1185, 571, (2009) time t/ us
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ECHo: metallic magnetic calorimeters

Radiation from electron-capture

heats absorber

‘ Paramagnetic Au:Er
Sensor becomes
magnetized

absorber

Sl —

SQUID loop Fast rise time

reduces pile-up

150

3

events per 0.2 eV
(9]
o

0.30 | | ]
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magnetometer 0.25| 55F@
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AIP Conf. Proc. 1185, 571, (2009) time t/ us
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energy E / keV

iy

Excellent energy
resolution
AErwam ~ 1.6 €V
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Radiation from electron-capture

heats absorber

ECHo: metallic magnetic calorimeters

‘ Paramagnetic Au:Er
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magnetizead

absorber

sensor
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Fast rise time
reduces pile-up
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Direct neutrino mass measurements
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ECHo 1k detector

EC)
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60 pixels with 1$3Ho sandwiched

L Gastaldo, Neutrino 2018 between (+4 for diagnostics)

doi: 10.5281/zenodo/1286949
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ec® ) ECHo 1k detector

100Bq 64-pixel prototype at RISIKO (Mainz)
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[ Gastaldo, Neutrino 2018
doi: 10.5281/zenodo/1286949
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ECHo 1k detector
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The future: ECHo 1M detector

Holmium production

- [otal activity 1TMBq

* Neutrino mass sensitivity < 1eV

* Approximately 50 wafers of ~1000
detectors each

- Chemical separation for bigger Er
samples

 |Improved 162Er enrichment

- Study 163Ho(n,y) reaction to optimise
irradiation time

Optimise design with ECHo-1k

« Optimal activity per pixel (target f,. <10-9)

- Study different absorber materials

+ Signal processing algorithms for more
detectors

 |Improve background model (106

counts/eV/det/day ) Eur. Phys. J. Special Topics 226, 1623-1694 (2017)

Cheryl Patrick, UCL Direct neutrino mass measurements



163Ho demonstrators

Advances in High Energy Physics

2016 (9)
L Gastaldo (Neutrino 2018) Proof of
concept
Technology Metallic magnetic calorimeters Transition edge sensors
163Ho production 162Er (1,7) 162Er (7,y)

Number of detectors

Activity per detector 5 Bq 300 Bq
Energy resolution < 5eV target 1 eV

Run time 1 year 1 month

Neutrino mass sensitivity <10 eV <10 eV

Cheryl Patrick, UCL Direct neutrino mass measurements 49



163Ho demonstrators

Advances in High Energy Physics

2016 (9) EC@

L Gastaldo (Neutrino 2018) ECHo-100k Full design

Technology Metallic magnetic calorimeters Transition edge sensors Transition edge sensors
163Ho production 162Er (1,y) 162Er (n,y) Dy (p,)
Activity per detector 10 Bq 300 Bq 100 Bq
Energy resolution < 5eV target 1 eV
Run time 3 years 3 years 1 year
Neutrino mass sensitivity <1 eV <1eV 1eV

Cheryl Patrick, UCL Direct neutrino mass measurements 49



Did you spot the pictures?




Project 8 event
display

Did you spot the pictures?




Project 8 event Supernova 1987A
display

Did you spot the pictures?




Project 8 event Supernova 1987A ILL reactor making
display 163Ho for ECHo

Did you spot the pictures?




Project 8 event
display

Supernova 1987A

Did you spot the pictures?

. oy,
= % éo‘. — \ | S
1.~.’ - - . \,

ILL reactor making
163Ho for ECHo

KATRIN
spectrometer




