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My two favorite Italians

Enrico Fermi

Frank Avignone



“Hence, we conclude that the rest mass of the neutrino is
either zero, or, in any case, very small in comparison to the
mass of the electron.” E. Fermi, 1934

F. Wilson, Am. J. Phys. 36, 1150 (1968)



“Hence, we conclude that the rest mass of the neutrino is
either zero, or, in any case, very small in comparison to the
mass of the electron.” E. Fermi, 1934

F. Wilson, Am. J. Phys. 36, 1150 (1968)
This is the “direct” method.



TRITIUM

Rutherford discovers tritium & 3He Alvarez shows 3H is radioactive
Proc. Roy. Soc. A 144, 692 (1934) Phys. Rev. 56, 613 (1939)

Helint and Hydrogen of Mass 3

Since we have shown that He? is stable, it scemed worth
while to search for the radicactivity of H3% We have there-
fore bombarded deuterium gas with deuterons, and passed
the gas into an ionization chamber connected to an FP-54
amplifier. The gas showed a definite activity of long hall-
life, We have now shown that this gas has the properties
of hydrogen by circulating it through active charcoal
cooled in liquid nitrogen and allowing it to diffuse through
hot palladium. The radiation emitted by this hydrogen is

Luis W. ALVAREZ
RonerT CorNoG

ltadiation Luboratery,
Department of Physies,
Univerzity of California,
Berkeley, California,
August 29, 1939,

But is tritium radioactive, or is 3He?



First experiments used
gaseous tritium

Beta Spectrum of Tritium
S C. CURRAN

Nature 162, 302 (1948) J. Axcus

A L. CockCcroOFT

m,< 500 eV

Department of Natural Philosophy, A Wina
= o e 0 ON /'L"
University of Glasgow. May 21. i i b
Phys. Rev. 75, 983 (1949)
200 The 3-Spectrum of H?
1 \ G. C. HaANNA AND B. PONTECORVO
Chalk Rsver Lakgm;yh)}'uﬁcgat Reuzgch guunai of Caenada,
sver, nigrio, ancda
150 January 28, 1939
Ig-:'ye,»‘*
N{ ———————— # UNCORRECTED POINTS
100 A ﬁ___ §_____ | i CORRECTED FONTS —
| i
5 — n I I
| 1 2
50 4 o = e — o
] 1 J |
< ] . ) N |
T — S ]
0 '_r—x T f I _—_———— '\Q' " r -
18 keV | AT —“‘i_f.,\,\‘: t 3 =T
L | | i ; ] A
[ i i o R . P
mv< 1 700 ev Fic. 2. "Kurle'” plot of the end of the H?* spectrum. The theoretical curve
showrt\.g:)ttcd) tc’:reapondin} ‘?’a finite neutrino mass of 500 ev (or 1 kev
—see HOn.
" 6
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First steps on a long road

o
o
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Neutrino mass limit (eV)
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Now 3 neutrinos

%1 000 I 4 A electron (eV) | 1980:-
= 4 ® mu(keV)
5 s s ey 3 Tom Bowles and
> : 1 HRplanonan
3 100 3 3 atomicT
?; : 1 experiment at
= 10? 7 Los Alamos.
E 1 1 Soon joined by
2 F 3 JFW.
®© C -
E i -
o 0.1 F -
£ - E
= - :
03) B _
2001 E_ : l l l _§
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To determine
neutrino mass
from beta decay
the final-state
distribution must
be known.

Many final states
Many endpoints

eflective tine widtn
(eep +atomic affatts)

sexpenm. line w dta
(115t atie energy lasg)

/
S \
l . ~— .« 0 L

= 2

One final state
One endpoint

m(ve) =0 eV

Reality —

Source: T implanted in Al
K.-E. Bergkvist Nucl. Phys. B39 317 (1972)




1980: a signal!

% i A A electron (eV) T
S1000 ® mu(keV) 3
- E B tau (MeV) ]
(@) i ]
© 100 ¢ 3
< - ]
>'\ B ]
3 10 & E
= E ]
E | :
w 1F =
%] F =
© C ]
S - ]
o 0.1 ¢ -
£ E 3
b : ]
03) B _
20.01 E_ | | | l _§
1940 1960 1980 2000 2020 2040

Year
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1980: a signal! The universe is closed by v,

A A clectron (eV)
000 ® mu (keV)
M tau (MeV)

(eV, keV, or MeV)
S
o

10 ¢ E
- - 3
E | :
w 1F E
(%) E =
© - .
= - ]
o 0.1 ¢ =
E - =
s - ]
3 - ]
=00 e l l l l 3

1940 1960 1980 2000 2020 2040

Year
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The Los Alamos 0 eV
Experiment:

3 kCi gaseous

T,, magnetic

spectrometer 30 eV

m,2=-147(79) eV? o ‘
PRL 67, 957 (1991) * e e

FIG. 2. Residuals in fits to neutrino masses of 0 (top) and 30
MAGNETIC SHIELD <V (bottom). All other parameters including @, have been al-
lowed to vary.

Residual (Standard Deviation)

gf
g
g

SUPERCONDUCTING ACCELERATION COLLIMATOR
SOLENOID SOURCE GAP |

l |l =

=—ﬂ DETECTOR

| PUMPING RESTRICTION

AND
‘ EXTRACTION

[¢—— SPECTROMETER |

’———7 SOURCE REGION —-'




ATOMIC TRITIUM

In 1980 there was no good theory for the molecular final states, only
the atom.

We set out to use atomic T. We failed for 5 reasons:

1. RF dissociator had a lifetime ~ days. (we know why now)
2. Severe loss of inventory ~days. (same thing)

3. RF gotinto all the electronics.

4. Different endpoints makes T, a tough background.

5. T density in source low.

We retreated to T,. By 1985 theory became available.

And, in the end, it got us.

13



To determine Fackler et al. PRL 55 (1985)

neutrino mass 100 fF | | | | =
from T, decay : M°'e‘|3_|“'$_[ E
. i ion: e 7
the final-state _ ]
distributionmust 3 '°F N
> .
be known. S ]
E TE E
= ]
m —
O
S ]
o 0.1 g -
[ - ;
= :
) .
© ]
)
Yy 0.01 —
° % E
Reality — Molecule flies .
i apart T
0.001 k= 1 I l | |-
-250 -200 -150 -100 -50 0
Binding energy (eV) 14




1996-2000: NEW THEORY

100 3 T T | I | g
i Fackler et al. PRL 55 (1985) ;
S 10 | Saenz et al. PRL 84 (2000) =
S C )
? 1 E —
g :
8 oatp Variance = 694 eV? 7 -
0.001 X 1 i ! ! J

-250 -200 -150 -100 -50 (0]

Binding energy (eV)
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The Livermore
LLNL spectrometer Experiment:

; Gaseous T,
magnetic
spectrometer
m,2 =-130(25) eV?
PRL 75, 3237 (1995)

0.4 0 ev, run1 « weeeee o« Endpoind * ) _____
n2 F- - -¢ay - ---- :l . .

i

.
[ N .
a .’6+.‘4..'o.»' .-..9...,.;‘...,,..,'..f.‘.".-.? "'}* iJ..l

) I | )
A .ﬁ[f’fﬁiiil;"‘fl'@']'ﬁ'l"f
 0eV,run2 1.

0.2 . .= (h} . ois e R Y DR (R S

0 ,..*...;.V....\..._...,.........,...‘..,.....u,.+.+,,,.;.+-+.H-.”I*--H- ll’”
0z R | I

1R340 1R380 18440 18460 18h40 185N 186D

-0.2

(Data/Tit) - 1

Flectron Energy (eV)



2015: AN OLD MYSTERY SOLVED

Fackler et. al. 1985

Variance = 611 eV?

Saenz et. al. 2000

Variance = 694 eV/?

Difference - 83 eV?
Am,? = - 2 X difference + 167 eV?
As published Re-evaluated
m,? = -147(79) eV? 20(79) eV?
m,? = - 130(25) eV? 37(25) eV?

Bodine, Parno, HR; PRC 91 035505 (2015)
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1980 - 2000: many experiments, no signal.

A A clectron (eV)
000 ® mu (keV)
M tau (MeV)

(eV, keV, or MeV)
S
o

10 ¢ E
- - 3
E | :
w 1F E
(%) E =
© - .
= - ]
o 0.1 ¢ =
E - =
s - ]
3 - ]
=00 e l l l l 3

1940 1960 1980 2000 2020 2040

Year
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Neutrinos 2
oscillate, E
have S
mass <
600———————————— 600 ——————————
SK-I+11+11l, 2806 Days
Super-Kamiokande
400} 4 400t g
:.E
£
200 200 £
5
Multi-GeV e-like 1 -Multi-GeV p-like + PC
q1(l)1 91(I)1

cos zenith cos zenith

Illlllllllllllllllllll

B 2 s L
B 5 s L.
W 5 s L.

B - :%cCL.
L | L

----- Do 68% C.L.

—— 5 68%, 95%, 99% C.L.

0

0s

06

04

25 3 35

I I0.5I L L.5 ‘ ‘2 E
¢, (x10°cm=s?)

Illllllllllll

KamLAND

Illl

—— 3-v best-fit oscillaion ——Data-BG-GeoV,
---— 2-v best-fit oscillatdon

20 30 40 50 60 70 80 S0 100 110

L,/E, (km/MeV) 19




NEUTRINO MASSES AND FLAVOR CONTENT

mu tau
“Normal” “Inverted”
V3 E—_ [ V2
Solar
)
A3
— 2 x 103 eV?

Atmospheric _
Atmospheric

Vo -
i AMy®  solar F 8x105ev2
V1 [ | | [ — V3
} 2 i,

20




2000: Mass of vo 2 m; ~ m,. Tritium is key.

1000 £ ]

o
o

m g mass limit (eV)
-~ 5

0.1 L 10 lower limit _
: NO lower limit
St : i
1940 1960 1980 2000 2020 2040
Year
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1995 - 2025: THE MAC-E FILTER ERA m, <2 eV

\

Troitsk experiment M 2011 re-analysis of selected

data from 1994-2004: no
evidence for Troitsk anomaly

m?*(v,)=(-0.67+1.89+1.68) eV*
m(v,) <2.05eV

V.N. Aseev et al., Phys. Rev. D 84 (2011) 112003
\

M 2004 final analysis of Mainz
phase |l data from 1998-2001:
analysis of last 70 eV

m*(v,)=(-0.6x22+2.1) elV”

m(y. ) <23eV

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447 | 22




STORY SO FAR:

* Neutrinos DO have mass, and the average for the 3 must
lie between 2 and 0.02 eV.

« Cosmological comments.

NOW:

« The KATRIN experiment.

FUTURE:

A new idea: CRES (Cyclotron Radiation Emission
Spectroscopy).
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KATRIN

2001:

Collaboration

: First campaign:

Of a" pre\”ous - Spectrum 1% campaign palg
a with 1 o errorbars x 50

To groups % Spectrum 2™ campaign * Total statistic: 2 million events

(except LLN l_) E with 1o errorbars x 50 = Best fit: mi = (_1- Oi(lj?) ev?
§ * Limit: m <11leV (90% CL)
(o]
@) i i\

2023: " '

m; <0.8 eV CERSCIRN : :
DGt . Second campaign:
g ; e . 0. -
g ~237 - Uniform Stat. Stat. and syst. * Total statistic: 4.3 million events

<C) = Bestfit: m? = (0.267737) eV’
— 1 st i
= =L campaian « Limitt  m_ < 0.9eV(90%CL)
) 2" campaign v
= 1
== ]
A. Onillon, 50 " 100
T. Laserre Retardlng energy — 18574 (eV) Combined result: m_ < 0.8 eV (90% CL)




KATRIN'’s viselike grip on systematics is key

TR

Improvements achieved by 2022

1-0 m? uncertainty (eV?) Major improvements:
0.00 0.05 0.10 0.15 0.20 0.25 0.30

sotscs | | VSKEroune requction (+2) via new EM field layout

systematics

v 10 GBq &Rb/23™Kr calibration (v —mass scan conditions)
J. Sentkerestiova et al, JINST 13 (2018)

bg rate overdispersion -

bg time dependence -
source el. potential

bg voltage dependence

KATRIN preliminary {MC)

253
B fields : {Q
gas density .C@\X

molecular states .
2nd campaign

energy loss B 5th campaign

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1-0 mJ uncertainty (ev?)

Thierry Lasserre - Neutrino 2022 23

26



2000 - 2023: tritium rules.

1000 £

o
o
[
I
)
<
@Illllll 1 IIIIIII| 1 11
I

KATRIN

m g mass limit (eV)
-~ ©°
III| |

o

10 lower limit

: NO lower limit
St S ]
1940 1960 1980 2000 2020 2040
Year
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2000 - 2023: tritium rules.

1000 £

o
o
I

—
III|

m g mass limit (eV)
o
I

KATRIN goal

o

10 lower limit

: NO lower limit
St : i
1940 1960 1980 2000 2020 2040
Year

28



Neutrinos in the cosmos

IIIII | | [

B KATRIN

Goal

ACDM
2 Planck CMB ;aiam.
. NO Lensing only
’0 1 11 | | | | ]
10" 10°

£m, [eV] 29



THE LAST ORDER OF If the mass is below 0.2 eV, how can we

MAGN |'|'U DE measure it?
KATRIN may be the largest such experiment
possible.
Statistics Systematics
FWHM ~ 1 eV

1.5+ .
g T, molecule
% 1 e 7]
£

0.5 vibration —

176 0 1 2 3 4I1 I I5 6
b / Energy (eV)
refoth Molecular rotation and vibration

: . | Theory: Saenz et al. 2000,
Next diameter: 300 m! Doss & Temmyson 2006 30




A new idea : Cyclotron Radiation Emission
Spectroscopy (CRES). (B. Monreal and J. Formaggio, PRD 80:051301, 2009)

Arthur Schawlow
(co-inventor of laser) | Only measure frequency! ]

Cyclotron motion:

fo _ 1 eB B field

Ty 27 me + Eign/ 2 —

fo = 27992.49110(6) MHz T—1

Surprisingly, this had 1 2 et ., ., o . g
never been observed P (Exin, m, 0)) = dmeg 3mA 653 (Efin + 2 Exinm c®) sin” §

for a single electron. P(17.8keV,90°,1T) = 1 fW 34




Neutrinos in the cosmos

I I | | | |
- KATRIN
Goal
10"
— B P roject 8
E - 10 = /' Goal
£ ¢
B ACDM
- Planck CMB | T°
) NO Lensing only param.
’0 L 11 | | | | |
107 10°

£m, [eV] 32
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G-M cooler (35K)
26-GHz amplifiers

83mKr WR-42 |

source waveguid

behind

(behind) ESR cell
Gas lines -
Trap coils

Superconducting
Magnet (0.96 T)

Phase | at University of Washington




First CRES event (from 33mKr)

Waveguide
to low-noise Project 8 - Event 0

g : : 1.0
amplifier : e 7
1MHz=20eV Z .= 0.9 -
T 24.79F - = - = s r 0.8 ¢
1T _ | e 7o 0.7 0
Coil 1" L< magnetic 2 = i 0.5 2
’ | g - - o 2 - : - -8
" | trap ;’7 24.784| , = I
24.781F 2 e 1 | 4022
Gas - e e 1017
24.778 -

0.079 0.08 0.082' 0.084 0.085
Time [s]



First CRES event (from 33mKr)

@ | Project 8 - Event 0 1o
start frequency of the first ‘ o : : =
track gives kinetic energy. 1MHz=20eV VI° = 0.9 -
24.79F - £ ; 0.8 g
frequency chirps linearly, i~ E : 0.7.8
corresponding to ~1 fW T 54787k e 4 0.6 o
radiative loss. ~ 27 : 4/J _ 3
2 -7 ol A % 0.5 &
4 GDJ ; : = : = - A - S
: g 24.784) e - Mo T
electron scatters - . | . 032
inelastically, losing energy = H } s
and changing pitch angle. 24781 e E =7 — , 1 | doo2
7 = ./! £ ~ 7 , : §
O = | = e H{0.1
Eventually, scatters to an 24.778 e B i == ||
untrapped angle 0.079 0.08 0.082 0.084 0.085

Time [s] 36



Phase |l

Kr/T2 gas handling
system attached ’
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83mKr data over 17 to 32 keV range

Monoenergetic conversion electrons at 18, 30, 32 keV, bookend the 18.6 keV tritium endpoint

26.0 fc 0 1 eB
¢ 8mKrK, L, M, and N line peak data fc — =
25.9 —— Least 2 fit: x2/ndf = 0.34 / ¥ 2'/T Me + E]m'n/cz
~25.8
N
I
©25.7
9
S _ fy=25267.9767 % 0.0032
s 40 M, 0= 0.0379 * 0.0039
235 _ fo=125268.3299 * 0.0034
[ _
5 4 > 0= 0.0296 + 0.005
N
T 30
25.3 X M
9 2
18 20 22 24 26 28 30 32 2 .
— _ c 20 M3, M2 lines
N s 01 S 3
v l o © separated by 8 eV
‘m’ yow
S oft | 00 ®© 10
3 b 5 M,
) ]
Y 20 22 24 26 28 30 3 Ol 0l
Energy (keV) 25266 25268 25270 25272 25274 25276 25278 25280

Frequency (MHz)

38




Counts

Tritium: Phase |l
Waveguide Celi

Improvements:
 Cylindrical waveguide (more
volume)
» 4 deep trap coils (more statistics)
« Amplifiers colder (less noise)
» Terminator replaces short
« CaF, windows for tritium

1cm

—
5000 —— Deep trap data 53 eV FWHM g/
Underlying 83™Kr lineshape (lnstrumental % B
del
mode 33 eV FWHM) >
1500 Including deep trap o)
—— instrumental resolution, 4= —
no scattering S
[)
10001 Up to 1% order scattering % =
---- Full model fit result = = B
500 . o
Pearson residuals CED
20 T T T T T T —
0

(] 20 40 60 80 100 120
Distance from lower window (mm)



| I1.A: Magnetic field map VLA: Fit ®"Kr K, L, N, v V;A
M lines with Voigt e;lflc;uon IV.B: Define full detailed signal
& del Ol je-Exi 3 . *j
. | IILB: $"Kr CRES data : ity relationship model: S (Y, €, Rpse(A; (. @), 1, Lig))
Analysis: /
L4 II1.C: Measure scattering X
parameters y; for #*"Kr data HLD: Fit mean track VLB: Introduce underlying *"Kr

83 m K d t duration © K-line spectrum model Yy, and
r a a $mKr fit procedure
VIE: Validation of

. .
Tr|t| um d ata VLE: Fit detailed model to detalled model,

INSHAON '3

83mKr shallow-trap data measured resolution V.A: Introduce
framework for

Models
VLD: Determine trap VLC.1: VIILC.2: Compare simulated data;

weights, w, and efficiency Preliminarily fit simulation to #"Kr | A determine

Ld Ld
Simulation Ror 3 1, om K || s e o i
field-shifted data data to get SNR determine SNR(f7)
Ld - '
Bayesian & :

V.B: Create
Frequentist fits
q VIILE: Fit $*™Kr VLE: Fit ¥*"Kr VI.C.2: Propagate / corresponding
field-shifted data to pre-tritium data uncertainties on [ to each data set
determine o (f;.), to determine for $3MKr fits
p(fo), a(fe) B,p.q
Letter: 2212.05048 ——
° . VIILD.1: Implement uncertainties on B
tritium energy A’/
. dependence to obtain VIILC: Extrapolate p, q, - -
o n g p a p e r. . €(for Exin) and their uncertainties to VIIIL.B: Determine o and its
o “kin tritium data conditions uncertainty for / for tritium ‘
VlIl.Dg:.Coxgect VIIL.D.4: VIILE: Priors for tritium analysis: g
€ferEian) for Bin to B, 0, 0(fo), P, p(fo)s 4, AUf0)s €k Vi, VILG: Define
track slope get simplified energy
Rps fi
dependence VILD: Define tesponse Rps: for
. tritium fit
binned event
II1.C: Measure scattering rate model
arameter for tritium data . N (Exi VILB: Defi
B YH, N IX.B: Fit simulated (Bian) [ eine

underlying tritium 8~

un-simplified data with

" t del
Ke tritium model for A rtt:?é‘:&o ¢
Bev IXB: | Y

systematics studies X
Data Fits Simulate un-

simplified |
IX.A: Fit experimental ritinmidata)
data with tritium model

Determinations of fit
inputs and priors

o X.B:
Simulations I Results | Hé gEgrét;:n e
Key variables X.A: Measured tritium = limit 40

endpoint and limit on mgp
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PHASE Il TRITIUM RESULTS

| ---- Bayesian best fit

1 e Literature £ (Bodine et al.)

Frequentist intervals
+ Literature (Bodine etal.)
20021 4 Best fit result

— 15024
>
2
NQL O b
g

-1502%4

—-2002+

18500 18600
Endpoint [eV]

§ Tritium data

10 Bayesian quantiles
—— Frequentist best fit

E; 10 Bayesian credible interval

T, endpoint
Frequentist: E, = (18548 + 19) eV (10)
Bayesian: E, = (18553 + 19) eV (10)
Neutrino mass
Frequentist: < 152 eV/c? (90% C.L.)
Bayesian: < 155eV/c? (90% C.L.)
Background rate
< 3x10710 eV-15-1 (90% C.L.)

|_|
H  Ey 1o frequentist confidence interval

16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy [eV]

Project 8 Collaboration, arXiv:2212.05048 (2022)

First neutrino mass, T, endpoint measurements using
CRES

Demonstrated understanding of detector response,
control of systematic effects from scattering & field
inhomogeneity

Stringent background limit— zero events above
endpoint in 82 days!
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Project 8 Phase Il
spectrometer

(to scale)

KATRIN spectrometer




CRES WORKS: WHY IS THIS IMPORTANT?

Source is transparent to microwaves: can 10 . . . . . .
make it big.

g Atomic T T |
Whole spectrum is recorded at once, not -~ 2
point-by-point. S ef J
Excellent resolution obtainable. ﬁ?g ab i
Low backgrounds are demonstrated. 2L |
An atomic source of T (rather than 0 - - -

-10 -8 -6 -4 -2 0 2

molecular T,) should be possible. Eliminates

. Q value - 18575 (eV)
the molecular broadening.
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CRES...
BIG...
ATOMIC




OI

(V]

Standard deviation in mg? (eV?)
o

o
&

Phase Il

T, 7.5x10'° + Hy, 13.4x10 °m™

o
o

o

90% CL mass limit

—

o

10° 10° 10" 10° 10°

Volume x Efficiency x Time (m3-y)

10

2

AE =50 eV
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o 1

Standard deviation in mg? (eV?)
o

oI

w

Phase Il

T, 7.5x10'* + Hy, 13.4x10 °m "

T, 2x10 'm>
5

1 GHz cavity (T,)

|
o

%\\ [

T
©

10°  10°  10* 107 10

Volume x Efficiency x Time (m3—y)

- 100

Ch mass limit (eV)

90

AE=1.5eV
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N

Standard deviation in mg? (eV°)

o (@) (@)
LIA) 1 1

—

Phase Il i
. = 100
T,, 7.5x10"° + Hy, 13.4x10" 'm"> IS
"
=
= 10 'E
F
R T, 2x10' ' m" ¢
Atomic T, 3x10 m y'd 1 GHz cavity (T,) E 1 I
“f © AE=0.5eV
X
| GHz cavity (T) L 1O
Inverted ordering minimum —
| | | | | | | | | | | | | I-
10 10°  10° 10t 100 100 10°

Volume x Efficiency x Time (m3—y)
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Atomic tritium

“Low-field
seekers” can be
magnetically
trapped

Frequency, GHz

F=1

(ms’ ml) /

/d

(+1/2,41/2) Low field seekers

(+1/2,-1/2)

(-1/2,-1/2)

(-1 /2,+1/2)\ b High field seekers

=

0.0

| |
0.1 0.2 0.3

Magnetic Field, T

0.4
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MAGNETIC TRAP FORATOMIC T

loffe-Pritchard trap

Mirror coils

d

Electrodes
Vacuum wall

Halbach magneto-gravitational trap

(wiw) A

@
20:3 ;
/ / \ trap door |imls——
1 4'0 20 o 20 4010 I
5 X mm i ‘ y
I ] to flipper '
. . PP
200 100 0 100 200 1 2 3
Axial postion, z (mm) B (T)

ALPHA Collaboration: Nature Phys
7:558, 2011; arXiv 1104.4982

to shutter

UCNtau Collaboration: Phys Rev C89,
052501, 2014; arXiv 1310.5759v3
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1-GHz Cavity CRES experiment: Electron gun
Concept for Project 8 Phase lll.

* Cavity alone for T,
experiment
Cavity
* Beamline and cavity for

an atomic T experiment Pinch coils

Halbach

* Magnetogravitational
9 9 or loffe

atom trap. K.E.~1 mK.

Atomic source (“cracker” & accommodator)

P
y'd RS Evaporative cooling line
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AN ¥ NN I 0 SN * AL ¢ BN 0 NN ¢ AV * NS NN N N N 7 S N . S0 SN SN VN SN I 0 ¢ N ¢ M i




Evaporative cooling concept Hessetal PRL 59, 672 [1987]

- Source solenoid
Hyperfine resonator Confined atoms Quadrupole magnet — : _ +
y +H(R)
| D — T T
Eg
. Lower pinch Bias Upper pinch : L
Transverse rf coll solenoid  solenoid  solenoid
3T L
B (2) kBT
2T
1T

Confined atoms are cooled by lowering the
field and evaporating the hottest atoms.

Can this be done in a beam instead of a
fixed trap?




2000 - 2023: tritium rules.
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DIRECT MASS MEASUREMENTS...

... are largely model independent:

* Majorana or Dirac

* No nuclear matrix element complications ,

* No complex phases L’

- No cosmological degrees of freedom E. Fermi
KATRIN is running. New mass limit 0.8 eV (90% CL)

Success of Project 8 proof-of-concept. First tritium.

* New spectroscopy based on frequency

* Potential atomic T source: eliminate molecular

broadening. Design and testing underway. 53
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