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Neutrinos in the standard model
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B-decay of tritium

’L —
electron

I

3H B-decay

SHe

Energy conservation

msum of rest masses and kinetic energy
» initial mass of 3H nucleus

Momentum conservation

m electron energy maximal when neutrino at rest
»p, =0 — solve for m,
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Tritium B-spectrum
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Mass of the electron neutrino ?!?

Electron neutrino

m super-position of

mass eigenstates
ny

Ve) = Z Ueilvi)

1

Kinematik of 3-decay

ar
dE

Rate

m energy- & momentum conservation
» only apply to mass eigenstates
m kinks In the spectrum

Experimental resolution 25 20 15 -0 -05 00
Electron energy E — Eq

m not sufficient
» define effective neutrino mass
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B-decay experiment

~— electrons
—-.= endpoint

dr
Rate I

dr

Rate IF

1 I 1 ' i ' 1 ' 1 1
0 5000 10000 15000 -30 25 20 -15 -10 -05
Electron energy E — Eg Electron energy E — Eg

Fraction of electrons
Im range of interest

m extremely high statistics
mlast 10eV: 2-10-10 Pyramid of Giza

~ mvery good energy resolution
- ). -13 %
mlast 1eV:2-10 % rain of sand
<’
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State of the art — KATRIN

Tritium Source

Transport Section

'3H T’T___ _ o
7

B decay—o0°

\101

E = 18600 eV

and Main Spectrometer Detector

- -
-

o(m 2)

Statistical
Final-state spectrum

T-ionsin T, gas

Unfolding energy loss
Column density fluct.
Background slope

HV fluctuations
Source (plasma) potential

Source B-field variation
Elast. scattering in T, gas

Key components

m windowless gaseous tritium source (T2) — statistic
m MAC-E spectrometer (10m diameter!) = resolution
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Alternative approach

Electron in B-field

m cyclotron radiation €
1 eB B-field
fc — 9
T Me ﬁ

First-order relativistic correction \/ \/
fe 1 e
f’y — T

> energy measurement!

Energy resolution AE/E ~ Af/f
mAE/E ~0.1eV / 18.6 keV = bppm — easy!

B B 2m Me + Ekin

Frequency resolution Af ~ 1/At
m At = 20ps — 1400m @ 18keV — hard!
» store in magnetic trap

“Never measure anything but
frequency” — A. L. Schawlow
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ldea B

= fill volume with 3H gas

m add magnetic field

» decay electrons orbit
around field lines

e

m add antennae

= measure cyclotron radiation VAVAVAYE

>
electron spectrum B. Monreal and J. Formaggio, Phys. Rev D80:051301
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Radiated power

Larmor formula

1 2¢*B? Pe
i (v* — 1) sin® @

P(’yve) —

- dreg 3 mg 0 — pitch angle

>

Radiated power B field

m].1 fW for 18 keV electrons at 90°
m]./ fW for 30.4 keV electron at 90°

Comparison

= 10W energy saving light bulb by world population
» 106 larger power per person

Consequences

m need very low-noise detection system
m see mostly electrons at very large pitch angle 6
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Project 8 prototype

cryo-cooler

@ PRISMA

L

RF receiver

N

gas system —

83m Krypton
source

magnet

RF wave guide
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Measured signal

B 1 eB
27 Me + Fiin

Begin of data-taking on 06.06.2014 I~

m first signal — captured electron
PhysRevlLett.114.162501 (2015)

25
792
790 o o
R B cyclotron radiation .
N S
L 788 — energy |loss i.g?
N 52
5 786 155
N 2
' (@)
> 784
5 10 8
@ =
8 782 %
- = energy loss through 7
780 : — rest-gas scattering 5
778
Onset of cyclotron radiation 2 3 4 5
— initial e energy Time (ms)
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results

Phase I:

Improved Phase | setup

® more homogeneous
B-field

m reduced
Sensor noise

m improved temperature
stability

Achieved resolutions

mo(E) = 3.3eV @ 30.4keV
mo(E)=5.1eV @ 17/.8keV

Counts / keV / sec

=
I

=
N

.
o

o
00

Region of interest near the 30.4 keV lines
(bins are 0.5 eV wide)

I 1 : I I 1

Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV
Separation is 52.8 eV

£102 (G) ¥t © sAud 'r ‘uoneioqge||0) 8d

\ I | ]
30.30 30.35 30.40 30.45

Track Initial Energy [keV]

i I
30.20 30.25

» new measurement method established
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Project Plan (and talk outline)

Region of interest near the 30.4 keV lines
(bins are 0‘,5 eV wide) .

1.4 | Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV
Separation is 52.8 eV

= Phase |
> demonstrate CRES techniquev’

+ Best fit result
0.04F + Literature

Counts / keV / sec

I i i I L L
30.20 30.25 30.30 30.35 30.40 30.45 30.50

Track Initial Energy [keV]
= aSe 05

> first Tritium spectrum with CRES (V) o

mpg? [keV?]
o ¢
o
o

A neg. LL

_0'93.40 18.45 18.50 18.55 18.60 18.65 18.70_0'0

Endpoint [keV]

m Phase lli

» Go bigger!

demonstrate CRES in free space VY - o
» Go atomic! ie=F, Nl

demonstrate atomic tritium trapping R R N

0.03 K Tritium Atoms —32

Fiducial Volume

1T step uperconducting multipole at el posrm;n
recons truction
, 1 T Solenoid
10 5 10.0

NS —=- T3, 3x101 [cm~3]

T N ——- T2, 3%x102 [cm3]

2 RN T, 3% 1013 [cm~3]
N> -, - —
. a S e € \\\\ —— T1,1x10%2 [cm~3] 3
g 10 S\ 1.0 =
g LN \\\\ O
" % \\‘ \\“\ a
> £ 100 SO £
ull apparatus, reaching i R :
° \X\\‘ ‘é

e e . g 1072 Sm—nnnnnannanna
mg < e senS|t|V|ty 5 RN
. 103 ~—
AB/B=1x10"7
106 104 10-2 100 102 104

Volume x Efficiency x Time [m3-y]
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Phase Il setup
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Phase |l: 83mKr data

Krypton data taking

= shallow traps
» only retain large pitch angles — low rate
» |ittle variation in B field within trap — good energy resolution

Electron scattering 190 | — 178keVdata
Prellmmqry scattering
m before detection 100 - model with hydrogen
N
» low-energy (high-frequency) i,
. o 80
tail In spectrum o
& 60-
n
. c
Hydrogen scattering model § 401
m 4eV FWHM Voigt profile 201 U‘"
: : : W
= 2.84eV line width in 8mKy ol and My
> detector resolution surpasses 25.935 25940 25945 25950  25.955
intrinsic line width Frequency (GHz)
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Phase |l: T2 data

Tritium data taking
m 6-104longer half-life = dramatically decreased rate
> Increasing pressure

" . . 83mKr peak
Tritium configuration P
m optimized configuration for oopsl  Unscattered resolution (\
: Cye ' —— Scatter peak: 1
best endpoint sensitivity — Scatter peak: 2
with ~100 days of data 0.020 — Scatter peak: 3
—— Scatter peak: 4
mUSe deeper trap o —— Scatter peak: 5
C j= L —— Scatt k: 6
> better statistics 2 00 cattor poak: 7
= .
> ' - Scatter peak: 8
worse_energy resolution £ o010l ceottor book. 0
O(E) _ 15 eV - ]-20 eV —— Scatter peak: 10
m [ineshape still well described 0.005
by model (gas composition!)
O.OOO 1 1 1 _g_l-, /ll‘ 1 1 1
-500 -400 -300 -200 -100 0 100 200 )

Energy [eV]
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Detection efficiency

Emitted cyclotron power

1 2q¢*B?
P(Va 9) — o

2 . 9
— —1 4
Adreg 3 m?2 (y ) sin

m detection probability is energy
(— frequency) dependent!

m distorted spectrum
» impacts neutrino mass analysis

Additional effects

m frequency (— energy) dependent
effects of waveguide

m frequency (— energy) dependent
receiver and amplification chain

» need calibration over ROI!

@ PRISMA

Probability density

0.0012

0.0010f

0.0008 |-

0.0006 [

0.0004

0.0002

0.0000

—— Undistorted tritium model
—— Distorted tritium model

16.5 17I.O 171.5 1é.0 1é.5 191.0 191.5
Energy [keV]

=
o

=
o
1

Relative count rate

=
N
T

1.0

—— Before energy correction
—— After energy correction
—== T, endpoint
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Frequency - 24.5 GHz [MHZz]
FrojeCtse — 1o U



Phase ll: Solenoid calibration
(GB) Fleld shn‘tmg solenoid
Cyclotron frequency = —

| 2T M
m [iInear dependence

on absolute B-field

110

Calibration ™
m cannot easily ramp NMR magnet ) :Z

» installed field-shifting solenoid s
inside NMR bore i

» shift background field and thus 5%
cyclotron frequency ”

m shifted 17.8 keV line of 83mKr "
30

» range of 70MHz (~1_5 keV) ~0.2 -0.1 0.0 0.1 02 03 04 05 06 0.7

> linearity demonstrated 2
within ~0.010MHz (~0.0002eV)

20}
10!

Residuals (eV)

OooNbhO
AN

Regduab(kHz)

I
=
oo

T + } ! !
I 1 : : 7
+ } |
3%z =61 00 0TI 02 03 04 05 06 0.
Irss (A)
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Analysis validation with pseudo data

C. Claessens (Mainz)
Data generation model — Fitted model

—— True simulated endpoint
90% interval = 18515.4%32¢ eV
{ Fake data

m tritium spectral model 500
m efficiency vs energy (frequency)
m resolution effects from 100
» detector response
» scattering (gas composition)

» molecular excitations Mean offset of best fit result = (-0.6 + 1.6) eV
40 t  Fit results

LT 4] | |
L4
Fake data studies:

Check results are unbiased
kand coverage is adequate

Counts
(o]
(9]
o

(Fake data fit]

L N L

Energy [eV]

T

T

20

Analysis approach

m Frequentist analysis MLE with
Monte Carlo uncertainty
propagation

m Bayesian analysis with priors
for systematic uncertainties

T
J

-20

T

~40

Fitted endpoint - true endpoint [eV]
o

T

-60

0.15 0.20 0.25 0.30 0.35 0.40
Fake data true endpoint - 18573 [eV]
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T2 analysis results

Analysis methods

m Frequentist analysis
m Bayesian analysis
» good agreement!

Analysis results

m T2 endpoint (909, CL)
»Eo = 18550.6%46.1_57 5 eV

m Background rate (909, CL)
»R < 3:-1010 eV-isl

m Neutrino mass (909 CL)
»mp < 185 eV/c?

Analysis Is being finalized
» publication pending

@ PRISMA

Residuals

3.0
1.5
0.0

-1.5F

-3.0

C. Claessens (Mainz)

_ — Fitted model

—— Predicted endpoint, Bodine et al.
: 90% interval = 18550.6*461 eV
{ Data

°
® o ° °
° 2 ® ...000000000000000000.000

16500 17000 17500 18000 18500 19000 19500
Energy [eV]

0.06 — 4.5
+ Best fit result
0.02F 2.0
S
()
= 0.00f
NQ
€
-0.02+ 0.5
-0.04+

C. Claessens (Mainz)

—0.98 70 18.45 1850 1855 1860 1865 18.70 00
Endpoint [keV]

A neg. LL



Phase lll concept
]

Trapping magnets

’ ,
. N e, A0
Phase Il design / e Ao |
L =1 2= (L2
. . | ‘-‘ "'/’;, j’\ !g
= volume limited by i B 2} ST
waveguide dimensions f‘}%n -
» “free-space” CRES a5 ‘g
demonstrator (FSCD) ’
~— Antenna array
. Multi-ring FSCD
Characteristics 5
I —

m 1T MRl magnet gnet
= T2 in fused silica cylinder MR
» density 3-1012¢cm?-3
m long bathtub trap
» 10-100cm3 effective volume

m read out by
phased antenna array
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Phase lll: readout and beamforming

i
hardware «—— software
1

Cyclotron radiation o o
y . . '/\—/ 4- receiver -] ADC/DAQ -—@
m distributed over many channels o~ 4_ R I > —
» individual channel has ' & {ecoverHrocona -G | == /\/
too low SNR for trigger . . .
i w . * = v E'/—\./
&’fﬂ\J/ 4- receiver ] ADC/DAQ —@'
Real-time digital beam-forming w=0 w=0
. : cyclotron frequency slice for
m construction focus by applying 18.6 keV e-
. .o . 107"
individual phase delays to signals e o
. . >0.04— =
In each frequency slice = =3
0.03 )
0.02F oct 3
electrons 5
Challenges °'°(: ‘[& :
©
m high data rate and bandwidth 0.1} “E’
= |arge cross-section = many focal points ‘232: Z
m side lobes — fake events 0.04F-
m eventually: simultaneous electrons ~0.08 6576.04-0.03-0.02.0.01 0 0.01 0.02 0.03 0.04 0.05 °

X (m)

= low signal power
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Recovering the signal

The challenge:

F. Thomas (Mainz)

2 2
\1 1

0 2 0.0 +2

‘ - D
-1 -0.5 J -1
_2 ~-1.0 1 =2
0 2 4 §) 8 10 0 2 4 §) 8 10 0 2 4 §) 8 10
t [s] t [s] t [s]
Voltage timeseries x Signal s Noise n

(toy data)




Matched filtering

5 [ASE e o Signal start
Mathematical method
1
yi= (s kx), = ZS;: Xitk > 0
k -
m equivalent to cross-correlation -1 i
m returns physical power of signal —2 i
= proven to be ideal algorithm '
for Gaussian noise 0 2 4 6 8 10
t[sl
F. Thomas (Mainz)
Discrete Fourier transform HOREE S R P Signal start
m matched filter with sine waves 30 ’
Many antennas . M M
m sum over all channels 2. 20 N |
with appropriate phase delays - !
10 ““ l““
Need accurate per channel signal model 0 |
) A 0 2 4 6 8 10
(& Prisma t [s]



Improving the signal model

grad B - motion

m background field not homogeneous

» electron centroid moves In
BxV |B| direction

Simulation example
m Single electron 8=90°, r=2cm

—— static BF
1, 1e-1l4 —— gradB correction correct fy
— | _ —— gradB correction average fy
1.0 — —— gradB correction + dechirping
0.8
= 0.6
o
0.4
0.2
0.0 L
37.6 37.7 37.8 37.9 38.0 38.1
fIMHz]

@ PRISMA

le—-16_
Signal model:
sinusoid in free space

0.030 -3.5
0.025
0.020
£ 0.015
0.010
0.005
0.000
84 85 86 87 88 89 90
theta [°]
| S|gnal model: le-16_,
sinusoid In free space ‘o
with grad-B motion
0.030 - -35
0.025 -30
0.020 Cos i~
£ 0.015 =
- -20%'m
0.010 §
-15
0.005 o
0.000 | -1.0 g
84 85 86 87 88 89 90 S
theta [o] -05 c
|_
-0.0 L&
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Signal vs. background

. =16
|Ideal signal model

= full simulation of electron signal Idealized MF with Locust sims

0.030

» detailed electron tracking (Kassiopeia) .02

» detailed antenna response (Locust) — _ 0020

£ 0.015

m takes ~1.5hrs per event = 0 oo
0.005

. 0.000

Thermal noise

-8

theta [°]

3.0 3.75 4.5 5.25

m assume white spectrum
m temperature T=10K

Threshold y ¥ 10 | | |
o | | |

> determines background rate b 2 10 | | ;

> determines effective volume Ver 210 | | |

S | I |

o | l |

G0 : | :

51073 —— analytical calculation | ! |

a —— simulation I : I

F. Thomas (Mainz)

D A > 3 4 5
C PRISMA threshold y

filter score [a.u.]



Sensitivity vs backround

background rate/Hz

(200 MHz, 0.959 1)
1071 10°® 10°® 10* 10% 10° 102 104

103
MF Score - 107
gradB corr -
102 static DAS
—-= trappable >
ME ~
Y 10 100 5
T | Sy - S
b e m———T c =
—————————— [ =
Llecken < -
10— S Q c
.................. g
......................... 5 100
10-1 -

10-* 107t 10° 1077 10 103 107! 10t

background rate/(Hz/eV)

Need very fast and very accurate signal simulation!
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Potential for neutrino mass?

102 < 110.0
:\ S ——- T, 3%x10% [cm™3] |
Y, 10! \\\ \‘\\ —== T3, 3%x10* [cm™3]
I SR N T,, 3 % 1013 [cm™3]
N> ‘\ N —_
E 100. NN = KATRIN
= | S — L0 T |imit
e SN [ LU.:
I ~. A 0
S 1071 YN g
o S3=s o KATRIN
s TS~ S sensitivity
3 10 T nnnnana g ]
(0] |
N _
1073, |
3 AB/B=1x10""’

10-6 10~ 102 100 102 10
Volume x Efficiency x Time [m3-y]

Sensitivity limited by
m density of tritium gas — rest gas interactions

m molecular excitations in T»
» need atomic tritium
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Molecular tritium limitations

Molecular excitations
In 3He daughter molecule

m blur tritium endpoint

» fundamental limit to
——— measurement of v-mass

4

-
e .
~ S N e "
. -

! "

s does P?'o:}ect g fit tn
HOW MU-F&-I-N-I-&
THE ATOMIC FUTURE?

Need atomic tritium
for ultimate experiment!

o
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Magnetic guiding of neutral atoms

Dissociation of T»
= heat to 2400K — easy!

Storage of atomic T

m recombination catalyzed by walls
— difficult!

m H,D and T have unpaired e

» non-zero magnetic moment u

» tend to (anti-)align with B-field if
change iIs adiabatic

g\

f,q spin-flip frequencies

Relative energy in frequency units (GHz)
o

0 02 04 06 08 1 TTHz T4

Credit: ALPHA collaboration Magnetic field (T)

Potential energy
s AE = -i-B

— follow field minimum
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Atom trapping

|B| [T]

Ope€ra

- Multipole Magnetic Field vs Radius

100?
1071 -

10_2g

1073

10‘4-5 —— 12 bars
] ——— 28 bars
44 bars

1075 4
] 60 bars

10-6 - 78 bars

—-1000 -500 0 500 B Conductor

Radius [mm]
@ PRISMA

Studying loffe-Pritchard trap

m similar to UCN and anti-hydrogen traps
(ALPHA)

m plausible field step
» AB=2T

m [Imit thermal loss fraction
> Eloss = 1010

= maximum allowed temperature
> Tmax = 30mK

Challenges
m cooling from 2400K to sub-Kelvin level
m keep high T/T2 purity
» molecular T2 not trapped!
m field uniformity in central region
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Phase IV: trap challenges

Effect of loffe Bar Number on B(r)
Conductor +

structure size

!

20 bars

%
28 bars o} U4V . \J
36 bars -
44 bars
52 bars
60 bars

S effective
- ' ing: : —
= e Trapping: E. < 18.6 keV -8 volume
: g
- O
: !
)
ge
Q
O ,,
_____,( target
B Field Uniformity Target E UﬂifO rmity

0 100 200 300 400 600 700 |eVe|
Radius [mm]

A. Lindman (Mainz)
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How to fill the trap?

Spin-flip loading ?
Flip atom spin at trap edge

Carry atoms over potential wall
(+ energy loss)

But: stimulated emission
will lose trapped atoms

Cornucopia* loading

Blow cold atoms into trap
— accept loss through
entrance hole

required input flux
for 1cm hole @ 50mK

5-1012 atoms/sec

=k *horn of plenty

" \el. Selector

Trap wall

S. Boser, Mainz

JG|U



Project8 — Phase IV: first designs

Design challenges

m keep 2T magnetic contours
outside all structures

m provide very large
trap volume (m3)

m provide very homogenous
fiducial volume (m3)

m manufacturing and Blue whale
operation stability

m compatible with
antenna array for read-out
of CRES signal

Daisy petals

@ PRISMA
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Phase IV: Conceptual design

Atomic T source
m Dissociation
= Cooling

m Purification

[ 1T Solenoid
2
Q.
(2 Tr"Png Superconducting multipole at 2 K
L Magnet W ————— ‘—
B=3T N
tr S B=1T X
! C
'V 0.03 K :
= = Tritium Viduaal = 10 m3 e
Atoms

Tritium Return and Recycling Atom \

Trapping ———— — — -——

Superconducting multipole at 2 K
I S m— —

1 T Solenoid

T Decay Makes Cyclotron Radiation Patch Antenna

Trapped Electron From Trapped Electron
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T2 dissociation schemes

Microwave dissociation @ 151MHz
well tested for hydrogen

chemical reaction with glass
not feasible with tritium!

Laser dissociation

dissociation energy 4.52eV
wavelength < 274nm
required laser power ~ kW!

Coulomb explosion

. -
A\ wemg @
<

difficult to re-neutralize

J. Slevin and W.
Stirling (1981)



Thermal Dissociator

Hot tungsten tube heated to 2500K

1.0

Tscherisch (1999)

radiatively or

by electron bombardment 3 os1
commercial devices available £ e
2
= 04-
c
water  Cu Mo W 3 02

K.G. Tschersich and V. von Bonin (1998)

e ’}/Q /\ I

1800 2000 2200 2400 2600
T [K]

HABS hydrogen cracker
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Cooling atomic hydrogen

Hydrogen recombination

two-body gas interactions
small cross-sections

wall interactions
long sticking time
dominates recombination

Probability depends on

temperature
material
hydrogen isotope

Superfluid He containment

does not work for tritium!

D. A. Knapp et al., AIP conference proceedings (1984)
Wood and H. Wise, J. Chem. Phys. 66, 1049, (1962)

N I R e PR R i Eevnoacy RS

= H ON PYREX
®» H ON ALUMINUM
¢ D ON ALUMINUM

0

y (RECOMBINATION PROBABILITY PER BOUNCE)
()
A

g g ) ] 1 | | 1 i

-

A
280 240 200 160 120
TEMPERATURE (K)

80
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Cooling tritium atoms

Cracker Accommodator Nozzle
2500 K 160 K ~10 K

Cracker |
95% purity Final nozzle
design tor few bounces
Accommodator freeze-out 30K

(liguid nitrogen) — periodic purging

JG|U



Conceptual design Il

Selector for

m Velocity
= State

|
Atoms 1T Solenoid

Trapping

Superconducting multipole at 2 K
TR R G O O . . —

B=3T T
2.
S:
C
C
(

Magnet

Dissociator Accommodator Nozzle | -

(i)

/B=1T

2500 K 160 K 8K |
| 0.03 K
vfiducial =10.m e

Atoms

Atom \

Trapping AN NN RS ———— — -_rw—

Superconducting multipole at 2 K
I S m— —

1 T Solenoid

..... | — 3 . — $ o
I .'\s-r—'v:.."--. ! %" - L Tr|tlum

Tritium Return and Recycling

T Decay Makes Cyclotron Radiation Patch Antenna

Trapped Electron From Trapped Electron
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Cooling tritium atoms

Tritium Atom Speed Distributions

- : : — 2500 K
. Cooling Cooling
i = R 160 K
N7 8 K
c Velocity Selected
S mam After 1 T Step
- - Max. Trapped Speed
0 AB = 1T
g -
o

10! 107 10° 10*

Atom Speed (m/s)
Magnetic field step into solenoid
m energy loss for trapped low-field seekers
Selection of “cold” velocity slice
m need 1019 atoms/sec at the source!
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Velocity and State selector |

Magnetic moment p Hot atoms
— can build thin lens for atomic T rejected by
skimmers

m cold atoms focused on inlet

m hot atoms rejected by skimmers
Cold atoms

transmitted

Solenoid
Coil

E. Machado (UW _Seattle)
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Velocity and State Selectors li

Only atomic T guided magnetically
(bend) quadrupole with skimmers

Tune acceptance for
Tout = O(50mK)

Tocontammination < 10
efficiency €cold ~ 25%-1009%,

Initial design study

works best if atoms are
iInjected at angle w.r.t. tube axis

I | 1;

A. Etienney, INP Grenoble & U. Mainz
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Phase IV: Conceptual design

Requirements

= 10m3 fiducial volume at 1012 cm-3 atomic T density

» challenging design
1T Solenoid

Superconducting multipole at 2 K
I N I I I EEEE S

0.03 K Tritium Atoms —gé
. S ‘ *
/ Fiducial Volume £

Superconducting multipole at 2 K

Cracker Accommodator Nozzle Straight

2500 K 160 K ~10 K Superconducting .
Quadrupole VS Superconducting

. Rt

Quadrupole

&

I Atoms slow

by 60 m/s
across

17T step

Patch antenna
array for digital
beamforming
and position
reconstruction

C‘(//
supply and recirculatiof

1 T Solenoid

Early research focused on

m generation of a sufficiently intense and cold T2 beam
m conceptual design for magnetic trapping
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Goals

= Verify conceptual designs
— Flow
— Temperature
— Purity

Approach

« Start with thermal cracker
» establish atomic signal
»start with H2 and Do
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Mainz atomic source

»

Mass Flow

H
Controller

Goals

Test commercial cracker
— spec’ed to 1017 atoms/sec
— can this be exceeded?

Beam profile 1l
— important for quadrupole o R Cracker
injection scheme Rotation

Mass spectrography hinge

Auto-resonant ion trap-based mass spectrometer

2.800-

2.700-

2.500-
< 2.400-
c
2.200-
2.100-

2.000-

a

) ‘ .“.‘
J.“ — LR -
- e
1.900- L_ \ 1| T e
v T ' T ) ‘ . Spectrometer y' Uy
. | \ \ | | ] | \ | \ | [ | \ | \ | [ | | \ | \ :
Bl | 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | I
506 08 1 12 14 16 18 20 \22 24 26 28 30 3234 36 38 40 42 44 46 48 50 52 5.4
Mass (amu) ; H

mass=1 mass=2 mass =3
— Hj — Hy/ D - HD

" PRISMA
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Mainz atomic source results

Atomic Signal And Power A. Lindman (Mainz)

I I
0.225 4+ —— Atomic Signal Power L 200

" 0.200 - 175
e N ]
S £ 0,175 - 150
o= 3
g ® _ -125 3
£ § 0.150 - =
. 3 / 100
©% 0.125 )
5 ] J \\ L 75 &
e 1
S © 0.100 -
L § 1 / \ - 50

L 0.075

a) ] \ - 25

11-19 01 11-19 03 11-19 05 11-19 07 11-19 09 11-19 11 11-19 13 11-19 15
Time [Mainz]
From 2020-11-18 17:14:00 to 2020-11-19 15:18:59
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Mainz atomic source results

Atomic Signal (m/z=1) at 0.1 [sccm]

0.30 - — —
1 @ Data centroid £ (max-min)/2
| = Fit
: 500
" 0.25 -
N : '3 .
o ] /|2 B 400
- Q Q:
270 : 4 2= - 300 %
o= I A
o 0.15 SR &
s i 58 a
£ _ <~ - 200
CO : 25
2 0.10 L S
Q T y 4 'y
s £ 100
0.05 —— — - =¥
- . . : : ! : . ! : : : : : : . . . : : [Ta) 0
0 500 1000 1500 2000 2500
Capi”ary Temperature [K] A. Lindman (Mainz)
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Mainz atomic source results

n A. Lindman (Mainz) Atomic Flux vs. Flow 1e1l8
...... | 4 - 1.4
. a‘oﬁ\ ¥ o
I Lo 7 1.2
> T U ‘\o -
LC) O/’ 3 (Oduc‘- g,
QL & Se || e % 2as© i
O . O % | cf© 1.0
E O 6 - % (\/. b X\ \“ n
S D, * o . ~
L 4 & e —&— Tschersich V)
c X O,) 4 _ - 0.8 &
k= % 2. —— Mainz S
© 0.4 %, 5 <
9 o Oy T - 0.6
a o. Oo .....
A L b, i
..... 0.4
0.2
........ - 0.2
_ u...l.,
0.0 0.0

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Flow [sccm H2]
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Monitoring beam quality: wire detector

Working principle
m Heat flow [W/m]

mta H2 o0 wire: Recombination
H->H,
~ 4.75 eV

Fbeam (ZC) —

m Simulation of te

Wire heats up

Fconductz’on —

vd

m Resistance Me
for Temperi
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Temperatures and heat flow simulation

Ch. Matthé (Mainz)

103':
70 A ]
0.0s
60 102'E
%50- ~ 107
5 E
540- 100'5
30 A 10‘1-E
20 A 10‘2—E
_éo _io 6 1'0 Zb ”]‘.614 I 1615 ' 10|16 I 1617 ‘ 1618 I 1619 ‘ 1620
wire positon [mm] f ®peam [Atoms/cm?s] A
at trap entrance at source
Numerical finite-element simulation Sensitivity
m 10 ym tungsten wire m covers full experimental range
m 1 mA base current m mostly linear
= 1017 Atoms/s recombination flux (T# radiative loss at high fluxes)

@ PRISMA Project 8 — 52 ]G‘U




Potential for neutrino mass!

102 =
NS :_10'
: \\\\ _ _ L
| N S PRELIMINARY
T ~== " o(B)~0.1ppm
> 10 o NN, pp
o N \\ 1 year of data
N> _ - ‘N _
£ oo \\\\ — T1, 1x10% [cm~3]
— ] I~ \\\“ 'J.O
C \\ \\‘\ I
-_f_,—j ~ NN
© ~. A
S 101 S0 N\
Q < N
© SNa \\
2 ‘\x\\
© -2 e e oy e e | o —————
g 10 e s 0.1
© N [
n | \\
10_3'5 _
] AB/B=1x10"" |
10-6 10~4 102 100 102 104

Volume x Efficiency x Time [m3-y]

Sensitivity limited by
m density of tritium gas — rest gas interactions

m molecular excitations in T2 = atomic tritium
m magnetic field homogeneity

@ PRISMA

0
> KATRIN
o limit
O
S KATRIN
S sensitivity

Lower limit from
oscillations
(inverted ordering)
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Comparison of methods

Measuring neutrino masses
m approaches are complementary

NuFit 4.0
— normal

KATRIN limit (90%CL) — inverted

Mainz & Troitsk limits (95%CL)

100 -
N
e KATRIN
% sensitivity (90%CL)
> I
S |
@ 1071 - I
o .
I Project 8
Q sensitivity (90%CL)
€ L. Eiettemmd i
!
!
g =
> | >0 £
g 2|
- S € E® —t
10724 29 8% G
] w o | O©o o
!
|

RErE
Ym; [eV/c?]
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Am? = m35 —mj

Oscillation experiments

Ny
1
Cosmological measurements
n, 2
mis = | )_ Ucimi
(4

Ovpp decay experiments

Ny
2 2 2
mg = Z ‘U ez’} m;
/l: .
B-decay experiments
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