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Direct determination of m(v )
from B decay

B decay: (A,Z) — (A, Z+1)" + e

v
B electron energy spectrum:

dN/dE =K F(E,2) p E,, (E~E) Z|U_|> V(E;E)? — m(v)?

(modified by electronic final states, recoil corrections, radiative corrections)
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: Tritium experiments: source # spectrométer
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e Two supercond. solenoids
compose magnetic
guiding field

e adiabatic transformation:
u=E /B =const.

— parallel e beam

e Energy analysis by
T electrostat. retarding field
B

AE =E-B_ /B

min max

= 0.93 eV (KATRIN)

Omex (degree)
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T, source electrodes detector 04 ¢ <|3|2|03|o 4|o 5|o
p. (without E field) 0.35
/f a»j ; 0‘3;—
S 0.25F
é 0.15F
0.05F

Magnetic Adiabatic Collimation + Electrostatic Filter 0t

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345) e
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i The Karlsruhe Tritium Neutrin
I experiment KATRIN

Is being set up at the Forschungszentrum Karlsruhe

Fachhoechschule Fulda

Aim: m(v ) sensitivity of 0.2 eV (currently 2 eV) by f s "

é&"“\
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* very high energy resolution (AE < 1eV) = source # spectrometer
concept

e source opaque = dN/dt~ A

source

 magnetic flux conservation (Liouville) = scaling law:

A [ A = B /| B =E/AE =20000/1
spectrometer source source spectrometer

>
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70m

main spectrometel
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molecular
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L Molecular Windowless Gaseous . '%¢,

I Tritium Source WGTS «%4)\%

%1 == I n B = ) ! R ‘E\:I:" -
== ——————i= =
R 1. VoY
T2
WGTS: tub in long superconducting solenoids 06 |

& 9cm, length: 10m, T =30 K

0.5 -t T,

pdesi/ Pdfree

Tritium recirculation (and purification)
p,; = 0.003 mbar, q,, = 4.7Ci/s

04f
[ max. starting angle

45° 60° 80°
allows to measure with near to
maximum count rate using _
pd=5-10"/cm? 0.1}
with small systematics

0.2}
. =51°
017

max

0
KATRIN —
working point pd=5x1

0 5 10 15
check column density by e-gun, T, purity by laser Raman  column density pd [10'7 molecules / cm?]
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L Molecular Windowless Gaseous

R I WESTFALISCHE
e M Tritium Source WGTS
Conceptional design
Neon cooling with
g temperature: 27-28 K
Qe . Tﬂﬂﬂ' e :
WP -\ T | (homogeneity): £ 0.1%

(stability/hour): + 0.1%

= ! ;
2 , IKn<g1: \\
o {Hydiodynamic r_eg_ime\ ________
a ........................ ..-....
0 Kin~1: transjtiona
Q ottt fow 1\ L
-Iu—'J R [ [ [
3
2 1
w
0 ]
@ :

*'TKn>>1: [Free [molecular

| 2-phase s.c. heater vessel

distance from WGTS centre [m] Neon
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vacuum vessels DPST
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e TR
= it Tritium loops 5 #Q
74

Differential Pump Cascade
I Eiffe;e(r:ltial g
Inner loop: ump Cascade
© ©
stable (+0.1%) Source tube to DPS2-F and CPS
tritium I
L. . QD Palladiun?
|nJeCt|0n Transfer Membrane Filter
Pump Pure Q2 Pure T2
Buffer

Vessel

Outer loop: e AL .
high (>95%)

from TLK Isotope
Separation System

Waste
Buffer

a n d Vessel
stable (x0.1%) “and Purification System
tritium

purity
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A Transport and differential TR,

.
MOnsrer & cryo pumping sections «%ﬁi e

%‘1111 News™

K,

. . : Cryogenic
Molecular windowless Differential oumping

gaseous tritium source pumping with Argon snow

at LHe temperatures
(successfully tested with the
TRAP experiment)

- 0y
a O a O 1 T
| L Ul

o o e o e oo e -
E%-“ {'I} - '!1 'I ;;;
b | [ L

n

T,-injection 1.8 mbar I/s (STP)
=1.7*10" Bq/s = 40 g/d

<2.510"* mbarl/s
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5 Arrival of DPS2-F at Karlsruhe: "%,

- \&I;}L:::&S-UNIVERSWKT Ju Iy 1 5, 2009 % /é%
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z Cryogenic pumping section

e and test of principle

CPS: cryogenic pumping section

e cryosorption of T, by Ar frost
* magnetic guiding field B=5.6 T ‘ dTeChno\OQY
* specification finished ce an

* estimated delivery 2010
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i Pre and main spectrometer ' %,
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Main spectrometer:

e J10m, length 24m
= large energy resolution: AE = 0.93 eV

= high luminosity: L=A__. AQ/4t =A AE/(2E) = 20 cm?

analyse

e ultrahigh vacuum requirements (background) p < 10" mbar (EHV)
e ,simple“ construction: vacuum vessel at HV + ,massless” screening electrode Qee

Pre spectrometer

e Transmission of electron with highest energy only
(107 part in last 100 eV)

= Reduction of scattering probaility in main spectrometer
= Reduction of background

* only moderate energy resolution required: AE = 80 eV

e test of new ideas (EHV, shape of electrodes, avoid and remove of trapped particles, ...)
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: Electromagnetic design tests ' %¢,
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at the pre spectrometer %%
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= T-Te 7 | L B B B B L B LR NLR
8 o . P
$4000f -
= = =
£3500F 3
a = E
03000 [ magnet east: 156.8 A —
-~ magnet west: 156.8 A =
2500 o Yias =
2000 E— :?::::fix::a:remems: 10 é
— Avg. bkg. at -18.5 kV: 1.709 mHz +/- 1.405 mHz —
1500 f_ Avg. time per datapoint: 477.75 s _f
1000 . . . —
sof | transmission function tests: W=
- = =y - —7 “ . A
[ PURTI S T SN T T AN TR T U (T TN SO T (NN SN UMM SN NN T SN S NN SN T TN NN TN U W NN T N N = i
° 7 2-dim/scanning e-gun

48 -16 -14 -12 -10 -8 -6 -4 -2
retarding voltage / kV
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: Main Spectrometer — Transport _>"%¢,
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G
— = Detector Setup 4t
2

Si-Pin diode
Detection of transmitted B-decay electrons (mHz to kHz)
Low background for endpoint investigation
High energy resolution AE = 1 keV
12 rings with 30° segmentation + 4 fold center = 148 pixels
== record azimuthal and radial profile of flux tube

= minimize background

= jnvestigate systematic effects

| lem] = compensate field inhomogeneity in analyzing plane
6 4 -2 0 2 4 6 (magn. field of 3 - 6 T, active veto shield, post-accel. mode)
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_i_ WESTFALISCHE DeteCtor magnetsg pOSt-acceIeration J»T«-B
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: TR,
—— " —— e Detector and cabling 7 fI[A
2 4
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Trig’d M Pos: 2,000ms

_
1 . E ff
|I| -
Off

M 500.us
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SR\
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4
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To reach KATRIN's design sensitivity,
the background has to be as low as 0.01 s

detector: passive & active shield,
post-acceleration

pre spectrometer: wire electrode system
avoiding small Penning traps

main spectrometer: 2-layer wire electrode system

vacuum 10" mbar
avoiding small Penning traps
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Electromagnetic design tests fﬁg

at the pre spectrometer «%ﬁ%e

] ]
g traps. Wi
"W e —
-
. =72-dim/scanning e-gun
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— i — WESTFALISCHE Pre s peCtrometer

- background studies |

N

Pre- Spectrometer vessel
s
west mag net (Il) Aa electrodes \ east magnet

— Anti-Penning electrode

detector

ground eIectrode

[ \ / [ ] e- gun
wire eIectrodes

Background at high B-fields (B__ > 2T) (up to sommer 2009)

« strong dependence on B (threshold)

« delayed ignition

« background strongly correlated with p
« strong dependence on voltage

events / bin

events / second

% 20 40 60 80 100 120 140 160 180 200

= background caused by trapped particles
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= Pre spectrometer

WILHELMS-UNIVERSITAT

- background studies Il

Problem: very small, but deep Penning traps near geometrlcal corners

file 3 run 100 mag 3p5h'—vauabk! 18000 fle 8 run 100 variable:
sz —L\ ﬁ///;/) 14000
. f////// - 12000 S— 4
o 5/6; 7z éé/// S 10000 e Ve
> s i
000; é/{//j%)% - - - - 200;1 9 -11.8 -1“1 7
Solution: - very precise and very detailed 0.25}
electromagnetic calculations f
(special codes developed by KATRIN) -2t
- avoid Penning trap by optimally 2 015
shaped electrodes Nt ?
Result: Background reduction by 10%: N E T
- with small Penning traps: Gg ~ 1000 s 1\5 éggézzzz;{fng\};‘,’é}ound clectrode:
- optimally shaped electrodes with ; surface adopted to the
: : - magnetic field lines
residual shallow Penning trap bg = 1s' P29 s 17 iq
- no residual Penning trap \bg~  0.1sY z (m)
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S Background reduction: shielding g

Wit ST by ,,massless* wire electrode w‘%
ity Nows™®
Secondary electrons from wall/electrode - !:
by cosmic rays, environmental radioactivity, ... <4 —
wire electrode on slightly more negative potential
' Y

First realisation:

- )
Mainz Il U-AU U
Background suppression successfully testea
at the Mainz MAC-E filter:
80 v B=17T
?0_7 ¢ B=51T
] - - detector background
N 60 1.6 mHz
E 50
"’ 40
: 30
total background rate
S 2010 2.8 mHz
10+ \ 4
Ny SR, N S
0 50 100 150 200 250
Uscreenfv
4 | ~ Dipl. thesis B. Ostrick (U Mainz, 2002),
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: Double-wire layer electrode (690m?) "%

% £
ys)
&

— ew ™ production and quality assurance %

: ..,,_,____7_7__‘_%@7"M[]nster Universi . R Ig reS Cag ra 2-dim laser sensor

2. wire layer
@'=0.2 mm

+— 1. wire layer
@ =0.3 mm
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L Electrode module installation
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at the main spectrometer
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) mHipa— Systematic uncertainties

MUNSTER

A) As smaller m(v) as smaller the region of interest below endpoint E_
B) Any unaccounted variance ¢° leads to negative shift of m % Am ? = -20°

1. inelastic scatterings of B3’s inside WGTS
- dedicated e-gun measurements, unfolding of response fct.

2. fluctuations of WGTS column density (required < 0.1%)
- rear detector, Laser-Raman spectroscopy, T=30K stabilisation,

e-gun measurements a few
. . contributions
3. transmission function with
- spatial resolved e-gun measurements
Am 2
4. WGTS charging due to remaining ions (MC: ¢ < 20mV)
. ) < -
- inject low energy meV electrons from rear side, <0.007 eV
diagnostic tools available each

5. final state distribution
- reliable quantum chem. calculations

6. HV stability of retarding potential on ~3ppm level required

- precision HV divider (PTB), monitor spectrometer beamline
Christian Weinheimer Future of Neutrino Mass Measurements, INT Seattle, Feb 2010 25



X Measurement of tritium concentratio

e by laser Raman spectroscopy

Spectrum for pure T,

Raman . . excitation with 532nm laser
cell Vibrational-Rotational
450 mirro%'j focussing f} 45° s S
lens |/ a
Faraday M
isolator : Rotation _
Q,-branch
Bea h . 2 e |
Fibre bund dumy . . AJ=0
vertical ibre bundle
polarisation | -5 W (o) b p S,-branch
Av=0
¢ L ozﬁrz:;ch S branch simulated
“VAppss’ 532nm  1:1lens _ :ﬂv =1 {spectrum
Laser J\ “ | AWIER PN (SpecGen)
| A WA (AITITANN 1
“Spec-10” 580 600 Uo 660 680
detector WelleRTaange [fim)

H,/ HD / T,/ DT/ HT

; ] i =0.820/0.083/0.003/0.005/0.085
—— : 3000 - o= 1548 mbal] 1

i H, Ho || S4(J"=3)
2000 _ HT 4]
1000 - 2

] AoA /

®
'c
=
y = 728 730 732 734 =
5 80 ] DT
= 604 :
g’ .
@ 40 -
% p
[
Laser : O_I — 7T
5W 532 nm : 600 620 640 660 680 700 720 740

wavelength (nm)
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: Stability of retarding potential /

WILHELMS-UNIVERSITAT

S energy calibration: ppm at 18.6 kV

e Measure HV by precision HV divider

e | ock retarding HV by measuring
energetically well-defined electron line with monitor spectrometer

=52 Fb main spectrometer
i ﬁ:: T, =862 d
12 KT
J T,,=1,83h .
o =2011 T
E=32,1517(5) keV
=712+

Ty2=15
a=17
83 E=9 4 ki
1=8/2+ Kr '

83mKr conversion
electron sources:

% precision £
J 5 HV divider i} =

- condensed ®"Kr: with PTB

Munster/Mainz

- 83Rp/83MK monitor spectrometer
Rez/Mainz/Munster/Karlsruhe = modified Mainz spec.:
- 8Rb production: Bonn, Rez AE=5eV — 1 eV
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I Currently: Investigations of LY

WILHELMS-UNIVERSITAT

———— W 'implanted + evaporated 83Rb/33™Kr-sourcé, flﬁ

-‘!-“Na\"'

Bl . A
= - ey

[ | " &

‘H
e

]
e

‘\4

K-32: O"IMPL 2.5 eV”, OS 28,05 29

t‘ =T T T T | T T T T T T T T T
8 73274_ ..... *.‘t .................................................................................. :. ........................... _ ........ —
e C : :, venting of the sources only: ‘ ' ]
: E ; Pl ~ § 1 ! source part: 4x10° mbar » bad vacuum (1 hour) ~ 4x10° mbar —
4 &h £ i ‘!;,,\ o4 %17827.2 _—:}. AAAAAAAAAAAAAAAAAAAAA 1) 10° mbar = +0.001(3), +0.042(12), +0.124(12) eV —
m/ N 2 - ,g 2) 10 mbar = -0.001(3), +0.033(10), +0.065(14) eV .
: L ~Z7 ~ oty § 17827 __...&11 ........................... S LS SO —
. . = oot -
Rez/Prague, Mainz, Munster, Karlsruhe =g Sy )

evaporated source by Rez/Prague e """" ’(e\\m\f\aN """ %
implanted source by ISOLDE@CERN T TN . ; """"" Q%}“‘

478268 — N

= implanted source fulfills F TRy g .;.a..?ar

17826.2—---on SRR R —— B B o ol LA S A

KATRIN requirements - e

final test in July/August 2000 b o -

rel. time [day]
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R Currently: Investigations of PRy,
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s A
— we=  mMplanted + evaporated 83Rbl‘”’“Kr-sourcé@flz2

5
£
&

O

Q”'"m Neut™™

(3
Ideal ,,relic neutrino test source*

Integral spectrum primary energy spectrum
N e N A A R R AR AR R R AR EERE EEREE
i F 0 T—— . ept30#1 ] A Zero energy
S I N S inelastically loss fraction
3ooou:_ ........ .......... ........... ............ ............... ....... . AL30 _E Scattered
25000:_..”.... .............. ............. PO —_ ...... ° vac e;vap. _: electrons
200002—-‘~----w-»»-----w-é ............... ............... ............... ............... e ............... ,,,,,,,,,,,,, E _; minimum
,500,,;_ .................................................................................................................................................. _; energy
‘°°°°;_ * EphysicsE works:i“Au-305> Pt-30 > Pr15" é : | _; |OSS
soooi * Pt-30 #1 and #2 - identical loss e” spectra! | T __:
E * diff. between #1 and #2: foil purity, impl. dose, contamination? E
R L
\\ retarding voltage [V]

\
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_i_ WESTFALISCHE A new pUIsed anQUIar-defined J’TABQ
i UV LED photoelectron source %% e

ldea:
fast non-adiabatic acceleration
with adjustable non-parallel Angle at
E and B fields electron source: 0°
pinch magnet: 0° 90°
| |
 U=1.75kV ——
1.2 [resolution-5-eVj e F U=200KV —e— T
: : = 3.00
angle §12 deg _3.50 |
=
=
N
©
E
2
60 61 62 63 64 65 66
U (V)
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L Statistical limitations due to

WILHELMS-UNIVERSITAT

correlation with endpoint

Strong correlation between m ? and endpoint E

. . 0.01
10 m spectrometer
3 years
last 20 eV - 4 0.005
Eqo-18575 [eV] 1 0
i . 1-0005
: - : : . -0.01

0.1 005 ° 0 0.05 * 0.1

m2fit [eV?]

Am? (20) .
>.

with Eofrom fit >
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L Statistical limitations due to

WILHELMS-UNIVERSITAT

correlation with endpoint

Strong correlation between m ? and endpoint E_

0.01
10 m spectrometer
3 years
last 20 eV - 41 0.005
Eqo-18575 [eV] 1 0
- 4 -0.005
0.01
-0.1 ] 0.1
m° fif [eV7]
with known E_ >
Am * (20)

l = more than a factor 2 of sensitivity on m “is lost by unknown E '
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MUNSTER

T
—— T —— oo Importance of external endpoint “P g,‘i
— % / :

R
2

g
2 (&sc

. . .
Q”Um Nev“‘°°

Endpoint/Q-value is related to *He-T mass difference

Eo(T) = 459 eV

Precision Penning trap measurements L

= AM(He,T) = 18589.8 £+ 1.2 eV
(Nagy et al., Eur. Phys. Lett. 74 (2006) 404)

Q(T)

/

AM(C’He,T) = 18589.8 £ 1.2 eV

QM)

Improved precision expected by He+ T +e -
1 (2) orders of magnitude using / /
state-of-the-art (new) techniques By(HeT’) = 1.90 eV E,,(He) = 24.6 eV

CHeT) +e ¥ _’/

Required precision to really improve m(v, ) sensitivity:

AE,=5meV = unrealistic for Penning traps

but it is also very difficult to
calibrate KATRIN to this level

But it would be very helpful to cross-check the
systematic uncertainties at the 50-100 mV level !

Christian Weinheimer Future of Neutrino Mass Measurements, INT Seattle, Feb

E_(T)=13.60 eV




— WIELSHTEFflIV-I'SS-CerEIVERSITKT KAT RI N ’S Se n S itiVity J’% '
2

————  MUNSTER

— 10 E
Example of KATRIN simulation & fit ﬁ KATRIN
(last 25eV below endpoint, reference): S
Expectation for 3 full beam years: 6, ~ 6, f
~
S AN A N N RO =

oy
18.55 18.56 18.67 18.58

,,,,,,,,,,,,,,,,,,,,,,,, energy LkeV]
; 10m opt;amlzed

-
o

o2}

discovery potential:
......... m = 0.35eV (56)

Vv

m. = 0.3eV (30)
sensitivity:
' ' . neutrino mzllssm[eV.] m\, < O.zev (9OO/OCL)
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. TR,
T KATRIN s statistical uncertaintyag 4,[‘
6}""”‘/'"m Neftf\‘“&g

~ 10 F
Example of KATRIN simulation & fit - KATRIN
(last 25eV below endpoint, reference): 5
Expectation for 3 full beam years: 6, ~ 6, f
~
2 i

oy
18.55 18.56 18.67 18.58
10

/ 10m opfimized

Y — w— | e m2(v ) by 2 orders O

©
—
c
Q
-—
o
o
P
[
=
o
[&]
2
Ry
=
=

f magnitude

-_%> KATRIN  will improve observabl

and the sensitivity on m(v,) by 10r O e
ill check the whole cosmological relevan e
l i i egen.
W'II detect degenerate neutrinos (if they are ded
wi

der of magnitude

rino mass m [eV]

m, < 0.2eV (90%CL)
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KATRIN is a model-independent direct neutrino mass experiment
complementary to cosmology and 0vBp searches

KATRIN is based on well-proven technology pushing it to the frontiers

KATRIN's sensitivity m(v ) of 0.2 eV will allow to

check the full cosmological relevant neutrino mass range &
to measure m(v ) if the degenerate mass scenario is true

KATRIN's timeline:
souce: demonstrator: 2010, full WGTS: 2010-2012
tritium elimination line DPS2-F: 2010, CPS: 2011-2012
main spectrometer 2010-2011
detector 2010
regular data taking 2012-2018 (3 full-beam-years)
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