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Direct Determination of & ﬁg
Neutrino Mass with KATRIN ] ;% J

* The mass is needed for
 Particle physics
Hamish Robertson * Interpretation of supernova v signal
(University of Washington) ’ .Co.smolc.)gy
for the KATRIN Collaboration * Oscillations link all the masses together



All masses linked to lightest by oscillations
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Requirements:

 Strong source

 Excellent energy resolution
« Small endpoint energy E,
 Long term stability

» Low background rate

0.6

0.4

0.2

entire spectrum

region close to 8 end point

m(ve) =0 eV

/

only 2 x 1073 of all
decays in last 1 eV

l I | | = . I =
2 6 10 14 18 -2 1 0
electron energy E [keV] E-E,[eV]
KATRIN Task:

Investigate Tritium endpoint with sub-eV precision

KATRIN Aim:

Improve m, sensitivity 10 x (2eV - 0.2eV)




VWhat are we measuring in a Tritium ex-
periment?
T

Decay rate = |{f|1|i}|?

= |CHel(e|(me|T|*H)|?
= | X U(PHel(el @EIT|PH) |
k

2 l,-’z
. |2 M
{"Ek‘| (1 - )

~ pE(E —Eg)?) - B B2

K

We see a sum of beta spectra weighted

by Uk 2.

when mq = mo> =~ mg = my,, reduces to
mg formula, as in the old days:

it 1/2
~ pE(E — Ep)~ (1 - L )




Los Alamos type Windowless Source

longitudinal source profile (approx.)
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Principle of MAC-E Filter Yy

®, b
%,/ &
2. Y
Gy News™™

Adiabatic magnetic guiding
of B’s along field lines
in stray B-field of

S.c. solenoids: s.c. solenoid s.c. solenoid
Bhx=6T ==
Brin=3x10*T ngme = detector
Energy analysis by
static retarding E-field
with varying strength:

B Bmax

High pass filter with
integral 3 transmission

;‘orE>qU * f///f,'_———r’»—rfj//

adiabatic transformation E;, - E,



Source

Detector:

IT—1
t N
\ _—
3103 mbar ol 10" mbar 10" mbar
-1+1kV -1-18.4kV -1 -18.574 kV
Rear System: || Source: Transp. & Pump system: Prg-sp.ectrometer: Main-spectrometer:
Monitor source || Provide the Transport the electrons, | [Rejection of low-energy Rejection of electrons

parameters

required tritium
column density

adiabatically and reduce
the tritium density
significantly

electrons and adiabatic
guiding of electrons

below endpoint and
adiabatic guiding of
electrons

Count electrons
and measure their
energy




KATRIN at Forschungszentrum Karlsruhe (FZK)

* TLK (part of FZK) is the
AWle eSS only lab worldwide with a

MDC

e "+ closed tritium cycle

» Built to demonstrate the

acs fuel cycle for fusion (ITER)

EgDLR
DKFZm FZKarisruhe
" 'w  .Provides all the

csFu® _
necessary infrastructure
for processing

e Licensed amount of 40 g,
currerf_inventory 25 g




Source parameters:
« Beam tube, L= 10 m, d=90 mm i
« Beam tube temp. 27 K+£0.1%, 120 K+0. 100,%
550 K

« Central magnetic field 3.6 T

» Tritium injection at the midnoint 3-102 mbar
» Source column density:

5:10"” mol/cm?

ﬂ?g‘l* ™ ' Superconducting magnek
'ﬁ} £

/ Source tube




_Transport Section

Transport section parameters:
« Beam tube sections, L=1 m, d=75 mm

« Central magnetic field 5.6 T
 Total reduction factor of 10"

* Differential pumping by TMPs
 Cryotrapping at 4.2 K by Argon frost

Beam tube
temperature

80 K

V1-F

TRANSPORT SYSTEM
DPS2-F CPS1-F CPS2-F——
V4-F
'iﬁ \M
==—¢P '

Split coil magnet
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Parameters:

Length: 3.4 m (flange to flange)
*Diameter:1.7 m

*Vacuum: < 10" mbar

Material: Stainless steel
‘Magnets: 45T

UHV-pumping system

s.c. magnet

inner electrode

s.c. magnet

Status:

*Vacuum 7+10-"" mbar (without getter)
*Outgassing 7¢10'* mbar I/ s cm?
*Measurements scheduled for 2005

11









__Main Spectrometer

Main spectrometer parameters:

» Length (from flange to flange): about 24 m.
Inner Diameter (cylindrical part): 9.80 m.
Wall outgassing rate < 10-'2 (mbar-l/s-cm?).
Ultimate pressure < 10" mbar .

Voltage of 18.6 kV with 1 ppm accuracy

// \\

=1140 m{ @

Temperatures between —20 °C and 350 °C.

A

10 m

Electromagnetic
design determines
the vessel shape

To detector

Y

A

23.3m

14



+B0—

Detector < #

Requirements for

detector:

Background: < 1 mHz

Post acceleration option
Segmented detection
Sensitive to e < 100 keV
Energy res. < 600 eV

Prespectrometer detector

it Lk
. Flus! s B=3 T

= 19% dadely mppgi in radinl diesciion)




Status of KATRIN Hardware Activities

Pre-spectrometer magnets
Delivered in February 2005

Main spectrometer
Final designs by MAN-DWE

Delivery early 200
WGTS

Manufacturing Started

Delivery 2007 \

>
PR 7 & N m

\*" Delivered in Oct. 2003
=gk Vacuum tests started May 2004

Manufacturing started El. mag. test start 2006

Delivery 2006

16



KATRIN Sensitivity

&0.06
Lt
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measuring interval below Eq=18575.0 [eV]
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Improved over
original design (7
m diameter main
spectrometer,
source luminosity)

Reduction in
background

Only shows
statistical
uncertainty
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A window to work in

Molecular Excitations

of Ground State

Y

T—b

saenz et al. PRL B4, 242

Rovibrational Structure

First Electronic

14 Excitation
U_l"J [ [ | |
] 10 20 30 40

Excitation in EiHeT+ (eV)

i o
0.1

0.05

Energy loss function

” guench condensed O,

1
i

| 1

hMainz

qaseous T,, Troitsk

0
B

] o Tt i RS A
20 30 40
nerny loss £ [eV]
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Systematic Uncertainties

source of achievable/projected systematic shift
systematic shift ACCUracy Fayst (Mg J[L07 V7]
description of final states f =101 < 6
T~ ion concentration n(1T~)/n(Ts) <2.1078 < 0.1
unfolding of the energy loss <2
function (determination of f...) < 6 {including a more
realistic e-gun model)
monitoring of pd Aepfer < 21073
[Eo — 406V, Eq + 56V] AT/T < 2.107°
AT/T <2-107° < e
APing/Piny < 21077
APex [pex < 0.06
background slope < 0.5mHz /keV (Troitsk) < 1.2
HV wvariations AHV/HV < 3 ppm <5h
potential variations in the WGTS AU < 10meV < 0.2
magnetic field variations in WGTS| ABs/Bs <2-107° <2
elastic e~ - T3 scattering < b
identified syst. uncertainties s P — m = 0.01eV*

TABLE IV: Summary of sources of systematic errors on mp , the achievable or projected accuracy of experimental
parameters (stabilization) and the individual effect on m? for an analysis interval of [E, —30eV, E; + 5eV] if not
stated otherwise.



Improved sensitivity with larger system
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KATRIN can measure neutrino mass
directly via kinematics of beta decay --
model independent

Improvement of order of magnitude over
previous best

Challenging goal of m, < 0.2 eV (90%
C.L.) looks achievable

German funding (33.5 M€) is in place
US DOE funding requested (~$2M)

On schedule for data collection beginning
30Q 2009



J. Bliimer, T. Csabo, G. Drexlin, K. Eitel,

R. Gumbsheimer, H. Hucker, N. Kernert, X. Luo, S. Mutterer,
P. Plischke, B. Schiissler, H. Skacel, M. Steidl, H. Weingardt
FZK-IK (GER)

S. Bobien, C. Day, R. Gehring, K.-P. Juengst, P. Komarek,
A. Kudymow, H. Neumann, M. Noe FZK-ITP (GER)

A. Beglarian, H. Gemmeke, C.-H. Lefhalm, S. Wuestling
FZK-IPE (GER)

B. Bornschein, L. Dorr, M. Glugla FZK-TLK (GER)
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Univeristy of Mainz (GER)
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Insitute for Nuclear Research (INR), Troitsk (RUS)

O, Dragoun, J. Kaspar, A. Kovalik, M. Rysavy, A. Spalek, D. Venos
P. Fisher, J. Formaggio Institute of Nuclear Physics, Rez (Czech)
Massachusetts Institute of Technology (USA)

A. Osipowicz Fachhochschule Fulda, FB Elektrotechnik und Informatik (GER)
T. Burritt, P. Doe, G. Harper, M. Howe, M. Leber, K. Rielage,
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University of Washington (USA)
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K. Maier, R. Vianden Univeristy of Bonn (GER)
J. Herbert, O. Malyshev, K. Middleman, R. Reid
CCLRC Daresbury Laboratory (UK)

LW is recruiting faculty and postdacs in neutring physics!

httn: //www bhvs washinaton eduy/ 2






Optimized run time at each energy

™
p

m
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unt rat

3

measuring time [s]
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retarding potential U [V]
10 (b) i
108 5
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retarding potential U [V]
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W
Challenges N

Vacuum of 1011 mbar in the main
spectrometer of over 1000 m3

Controlling tritium density to 0.1% precision

Maintaining tritium gradient of 10! from
WGTS to main spectrometer to avoid
contamination

Detector background of < 1 mHz

Heating and cooling the set-up safely to
reach vacuum



\

Data taking in 1998 and 1999

6 Runs (labelled Q3-Q8),
7 months measurement time in total:

{possible due to automation of apparatus)

® |ncreasing of signal by a factor of 5
Decreasing of background by a factor of 2
—% 10 better signal/background

e Lower Tz film temperature: T = 1.86 K (instead of > 3 K)

T 500 A
Graphit

(larger energy losses)
(problems of 1991 and 1994

(= negative ?Ii:f, value problem)

L. Fleischmann et al., J. Low Temp Phys, 119 (20007 615,
L. Fleischmann et al., Eur. Phys. J. B16 (2000) 521

e EBetter spectrometer resolution: AE = 4.8 &V
(instead of 6.5 V)

e More stable background:
HF pulsing on electrodes inbetween measurements from Q5 on

ya

Mainz 1998 + 1999 measurements: Q3 — Q8

0.05}

lginz 94 daota

u

Ehig: = Wainz 98/99 datg

—= b e =8

0LO4

0,035}
i .

0.03F

count rate [s7]

0.025}

0.02 ¢

E

D.015}

- 1 1 1 | 1 1 i 1
CQk 58 7856  18.57
retarding energy [kevl

| 1
1858

w— fit range ——
— | —

lower limit of fit Eja.

26




Final States

= 10
2EEi @
> 8 &

5

=

§ 6
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=

= 4

L

o

L

2 2

=8

DD 2 4

exc. energy [eV]

Red: 3HeT+

probability per 0.1eV [%)]
=)

20 40 60 &0 100 120
excitation energy [eV]

Blue: SHeH*

1% uncertainty in rovib spectrum - Am2 =6 x 103 eV?
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Source cooled with LNe at 27-30K

28



Mainz Systematics Resolved

4

z ) Z
Former problem of negative m;, at Mainz
lowwar limit of fit
LA I
LTLI
18, _ 1951 dota, Phys. Lett. B300D {1893} 210
[ 1894 dota, Mautrine 1088 + Prag. Part. Huel| Phya. 45 [19588) 353
251
: 1
’l |
o —osf 1 -
\x\\ o
= i % g |
L —sof ! | |
S
—100F
—125F .
: ! L | 1 L | L E.u
18.3 18.4 18.5 18.8

lower limit of fit interval £, [keVl
= Problem of missing energy loss
was caused by roughening transition

=+ should be solved by much lower T4 temperatures

-

."{/

-

Former problem of negative m'f; at Mainz

lower limit of fit

o S
LI
S0F
25 ;_ 1958,/99 data, Phys. Latt. B460 (1999) 219 + Heutrlne 2000
oF—— 44—+
_osf
_sof
gk
—100F
—1o5F
183 84 185 18.8

T source = 1 8 K

Trap pulsing on

29




Main Spectrometer Path

8 i ey S o PR g e o 0 i Do TR W LI — —
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Sensitivity with run time

Gstat(mv‘?)[e V7]

0.225
0.2 {a}
0.175
0.15
0.125
0.1
0.075
0.05
0.025

0 2 4 6 8 10 12
full beam time [months]

©,0.55 (b)

0 2 4 6 8 10 12
full beam time [months]
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HV must be stable to 3 ppm

mn
| |
Gaussian - =
[ ]
ety TLLE e EEREeoeE
" -
a 90% In time
[ ]
. (a)
107 107 1

HV scale bias [V]

Gaussian or binary

variations

(b)

®  490% 10t 109

HV slope bias

10

Slope errors




All masses linked to lightest by oscillations

Eigenmass, eV

Normal Hierarchy
f}.mmE: 5x107 eV®
Ambs” = 2.5x 107 eV*

(Beacom & Bell PRD113009)

0.1 =

M3
m
0.01 - £ B
i m;
0.001 _"l'/l T I T | o
0.001 0.01 0.1 1

Mass of Lightest state (m,), eV
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z /ﬂ ;
Backgrounds I

Backgrounds near
detector from natural
radioactivity, muons,
neutrons

Minimize by material
selection and
active/passive
shielding

Post acceleration
Background from
spectrometer --

position resolution of
detector

BG-rate in mHz/500eV

- — Mo w EaN an an =~
TTTT T[T I TTTT

'7,)% Newt®

ca gas) gy g s (TRRTRAGRG o st T ROV SR T e iy
0 10 20 30 40 50 60 70 80 90 100
energy in keV
Monte Carlo of detector backg%ungs




Experimental Approaches

» Tritium beta decay -

* Mainz (to KATRIN)

* Troitsk (to KATRIN)

» U Texas, Austin (Cylindrical Mirror R&D)
 KATRIN

« 57Re Calorimetry

« Supernova
- Standard core collapse: m > 20 eV
 Breakout burst: m > 2 eV

(Megaton detector required)
« Collapse to Black Hole: m > 1.8 eV

(Rotation neglected)
Beacom, Boyd, Mezzacappa PRD63 073011
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Troitsk tritium (-decay experiment

200 days of datasince 1994

count rate | mHz ]

60

sfap furiolion
'!'\-_ withvsmags 5@ 8
'.\ 'E' & 1
0 - B ® 2 !
4 L I I Loy i
r ! S MER PR TER TS
withour! 1. oL et A ‘
40 “strap funchion ‘ﬁwr -
L .-
115'\. UYL T Al ot Sl e L S o L i B
m I""{ 81 1&32 183 134 #85  HEHE
i_ \B\ whoapinan aneegy Bee]
; “Spb g
0 le:kgmwm..- ! q:-l—!.;_=F ’:
18.560 18570

electron energy [ eV |

Solenoid retarding spectrometer
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The Standard Model Cast of Particles:

No vp ! —
Hence no » mass in the S.M.
R.H. fields can be found in the 7 to make

massive Majorana neutrinos. But must en-
large Higgs sector.



When neutrinos are mixed...

[

vV mass from
beta decay

V MassS

from B33

e=+1 CP cons.
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1/2001
6/2001
9/2001

5/2002

12/2002
2002-03

2004-06

2006

KATRIN - time schedule

first presentation at international workshop at Bad Liebenzell
formal founding of KATRIN collaboration

Letter of Interest (Lol) submitted hep-ex/0109033
BMBF funding "astroparticle physics' for german universities

Complete successful FZK International Panel Review

Submission of proposal

sytematic studies of background processes and design optimisation
funding requests (HGF, DOE, ...) and reviews
pre-spectrometer measurements and R&D studies

set up of spectrometer, solenoid system, transport system, detector
and tritium sources, hall construction, cryo supply

commissioning and begin of data taking

39



count rate [1/s]

Estimated KATRIN sensitivity for neutrino masses

realistic MC simulation of sub-eV v-mass signal close to sensitivity limit

narrow interval close to B end point (last 5 eV) from WGTS

0.022

al 2 2 2 2 b a a2 2 b 2 a2l

m, =0 eV
m, = 0.5 eV

input paramters for simulation :

-4 -3 -2 -1 0

retarding energy - E, [eV]

: . &,
measuring time : 3 years

AE =1eV (spectrometer)

background rate = 11 mHz

WGTS :
column density 5 x 10" /cm?

max. accepted angle 51°

molecular exwegmss= included

40
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05 1 15 2
Energy [MeV]
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Neutrinos from the Big Bang

Neutrino density related to closure density

Hubble now quite accurately known:
Hubble Key Project: h=0.72 £ 0.03
WMAP: h=0.72 £ 0.05

(h=11s 100 km s' Mpc, or 108 per year)

So neutrinos close the universe when
(m, + m, + m;) =49 eV

Spergel et al. astro-ph/0302209 v2

3 12
$.0° =

+ 0.07

Zi iy
03.5eV .
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Neutrino mass from cosmology

Hi+1)C2m (UK2)

6000

5000

4000

3000

2000

1000

<

© T

measurement of CMBR

Angular Scale
90° 2° 0.5° 0.2°

(Cosmic Microwave Background Radiation)

TT Cross Power

Spectrum

— A-CDMAIl Data
3 WMAP
3 cBl

¥ ACBAR

10 40 100 200 400 800
Multipole moment (1)

1400

D.N. Spergel et al., astro-ph/0302209
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Neutrlno mass from cosmology

measurement of CMBR

(Cosmic Microwave Background Radiation)

measurement of matter
density distribution

LSS (Large Scale Structure)
2dF, SDSS,

big bang theory:

neutrino density in universe
n, =336/cm?3

model development
(NCSA Simulation)




Neutrino mass from cosmology

Current power spectrum P(k) [{h~! Mpc)?]

106

104

1000

100

10

Wavelength A [h-! Mpc]
104 1000 100

I T TTTIH

— =

# Cluster abundance
m Weak lensing
4 Lyman Alpha Forest

AR L ""ﬁ

Tegmark & Zaldarriaga, astro-ph/0207047 + updates

m Cosmic Microwave Background | '

1 L1117

0.001 0.01 0.1 1
Wavenumber k [h/Mpc]
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3 Different Neutrinos

Towards the end of the twentieth century ...

V, <22¢eV
e 510998.02 eV

! < 0.19 MeV
L 105.6583568 MeV
Vv <18.3 MeV

T 1777.03 MeV
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Direct Mass Limits: the History

1q°

10°

Mass Limit (eV, keV, or MeV)
o

v, Kev)
+ v, (VeV)

0 I I I I I I
10
1930 1960 1970 1980 1980 2000 2010

Year




Butv,, v, v. do not exist...

Mixing:

ve = Uil + Ueora + Uesrg

etc.
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Even small m, influences structure

10° | ; ——————— ;
| 2DF Galaxy Survey i
m |—> 24V PRL 89 061301 :
05eV |- 5
8 0L TEEhT :
= 4 oo s |
Lol | " :
= | X

. Large

 Scale

10 :
0.01
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Best bet for MNSP Matrix:

Ve s tlan Ugg 11
L"'” = '[I,-J_J_ {IHE UHE Lo
Vr Urqi Ura Urg V3

Atmospheric

i 0 0
0 1/4/2 1/vV2 |x
0 —1/vV2 1/vV2

Chooz
~ 1 0 e "CPsinfya
X 0 1 0
—e'cP sinfy3 0 ~ 1

LMA
0.86 051 O
x| —0.61 0.85 0O
0 0 1

X



Mass eigenstate expansion
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All masses linked to lightest by oscillations

_t | ] ]llllll | 1 IIIII.lI ale_g 1 II.IIFI' | 1 |-

Sy Normal Hierarchy i
= Am, 2 =5 x 107 eV? '
£ 1 Amy?=25x10%eV? 3
% (Beacom & Bell PRD 113009) odF _
2 014 Limit -
g 06eV| |
L
2 4 Present
S 0.01 = my Lab Limit
7 New IN |2.2¢eV
& 1 mg M2 KATRIN [V
/ { 0.2eV Bed
0.001 — ———— e — e O
0.001 0.01 0.1 1

Mass of Eigenstate, eV

H. Robertson 52



Mainz Neutrino Mass Experiment

Quench condensed solid T, source

Early results (94) showed
systematic effects, traced to source
film roughening transition.

(fixed by lowering temperature)

95-97 significant background
reduction, signal improvement

averall length source - detector -6 m
——————— 8 glectrodes
e | e |
] f——]
=1 <= = [l
= ___'.'_:""-" """
[— I —— ; —
= _— e
== [==] =]
| e | ==
new: cryo traps for T, _
B =47 Ba B =BT -



Mainz: (final) neutrino mass results 1998-2001

detailed investigations of systematic effects

- roughening transition of T, film 7. 5004 H = M
graphite

avoided by keeping film T < 2K 1991-94: higher enargy losses _ negative m3(v)

L. Fleischmann et al., J. Low Temp. Phys. 119 {2000} 515

L. Fleischmann et al., Eur. Phys. J. B16 (2000} 521 "
» inelastic scattering in T, film D, film iy
determination of cross section and energy loss function graphite

V. Azeev et al., Europ. Phys, J. D40 (2000) 39

- self charging of T, film

determination of critical field = = 4 A Bamigy

- 1Im

= hite
B. Bomschein et al., J. Low Temp. Phys. D10 (2000) 39 grap

g.”r‘.ié.”hi neighbour excitation amplitude fitted with data
agrees with calculations




Neutrinos in the Universe

Oscillations:

Neutrino mass (summed over all
flavors) is at least 0.05 eV, as
much as luminous stars.

Tritium Beta Decay:

But from tritium beta decay and
neutrino oscillations, it is not
greater than 6.6 eV.

role of v's as hot dark matter —

fix or constrain m, (€2,)
A Qo= 1022002

ﬁﬁ[‘ UHF'FEFSE 1: _ff_ MW}IA
Q,.<017(3v) |
o : | dark matier
ritium experiments -
_ b&r}mn&
KATRIN ‘ B
rm,<06eV (V) 001 |
-1 stars & gas
Super-Kamiokande P
Em, >0.05eV (1v)  0.001

0, >00013 (1v) Q
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Mainz Results

J. Bonn et al. Nucl. Phys. B (Proc. Suppl.) 91 (2001) 273

1. Last 70 eV below endpoint (data > 18.5 keV)
Runs Q5, Q6, Q7, Q8
m2=-1.6+25%+2.1eV2 x%d.o.f.=125/121

m 2 < 2.2 eV (95% CL, Feldman-Cousins)

2. “Last 15 eV” analysis (data 18460, 18500, >18560 keV)
(E, = 18.575 keV)

Result would not be affected by Troitsk-like anomaly
1998: m2=+0.1+£3.9+2.1

1999: m2=+1.5+3.2+34
1998 + 1999: m2=+0.6+2.8+25
m2 < 2.8 eV (95% CL, Feldman-Cousins)

3. More data being analyzed
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Cosmological Implications

Atmospheric neutrinos: Am,2=25x103eV?

[1 One neutrino mass > 0.05 eV

SNO + KamLAND: Am, 2= 8.0x 10°eV?2
[1 One neutrino mass > 0.009 eV

Limitson “V_, mass’ give: m(V,,,) < 2.2¢eV

2. neutrino masses: 0.059 < m,+m,+m, < 6.6 eV

% limit on v fraction of
universe closure density: 0.001 <Q,<0.13
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Keys to 3-decay shape measurements

« Statistics and uncertainty budget
— Only 2x 10%decaysinlast 1 eV below endpoint.
— For 10 eV sengitivity, 100 eV?, for 1 eV sensitivity, 1 eV?

— Must reduce backgrounds (~mHz) and ensure that they are very
stable with time.

o Eliminate or characterize all possible shape effects
— atomic final state effects

e use atomic or molecular tritium source (°3H O *He + e+ v,)

e utilize spectrum above atomic states (last 20 eV below endpoint)
— energy loss shape effects

o directly measure -

 use only no-loss portion of spectrum (last 10 eV below endpoint)
— Instrumental shape effects

« direct measurements, using &Krm

e useintegral spectrometers with very good resolution (~ eV)
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UW Electron Gun for Detector Tests
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Pressure hauges
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Black 0] 20
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Spectrum
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Even small m, influences structure

2DF Galaxy Survey

PRL 89 061301

2m
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count rate [1/s]

KATRIN Sensitivity

MC spectra for 3 years

with I'(bg) = 10 mHz:
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no v-mass signal -

KATRIN sensitivity :

m(v) < 0.2 eV (90% CL)

evidence for v-mass signal —

KATRIN discovery potential :
m(v) = 0.35eV (50)

m(v) = 0.30 eV (30)



Neutrino Masses and Flavor Content

|\/|a§S (eV)
mu tau
Atmospheric
. 0.058
V3 Solar
0.050 C— EEE——
0.049 ——,
Am,,2
Solar
Va A 2 0.009 Atmospheric
v, | 12 ) — — ()
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Tritium Beta Decay Results
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