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L Positive results from

WILHELMS-UNIVERSITAT

voscillation experiments

atmospheric neutrinos
(Kamiokande,
Super-Kamiokande, ...)

Uel Ue2 U€3
UM1 UM UM3

accelerator neutrinos S Ui U.g Uns
(K2K, T2K, MINOS, Ve
OPERA, MiniBoone)

solar neutrinos
(Homestake, Gallex,
Sage, Super-Kamiokande,
SNO, Borexino)

reactor neutrinos
(KamLAND, CHOOZ, Daya Bay,
DoubleCHOOZ, RENO, ...)
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: Three complementary ways to the

wmeree ™ absolute neutrino mass scale

1) Cosmology
very sensitive, but model dependent
compares power at different scales

spectrum P(k) [{h-' Mpc)?]

current sensitivity: Xm(v,) ~ 0.5 eV

2) Search for Ovpf ’
Sensitive to Majorana neutrinos

rrent power

Evidence for m_(v) ~0.3 eV (Klapdor-Kleingrothaus et al.)?
First upper limit by EXO-200, GERDA is running U, = v,

3) Direct neutrino mass determination:

No further assumptions needed, use E? = p%c? + mc* = mZ(V)WiOs observable mostly
e Time-of-flight measurements (v from supernova) :
SN1987a (large Magellan cloud) = m(v_) < 5.7 eV

e Kinematics of weak decays
measure charged decay prod., E-, p-conservation

B-decay searchs for m(v_) - tritium [} spectrometers

N [a.u.l

EEE T E e E 6
- "8’Re bolometers FFo eV
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B Comparison of the different

e ™ approaches to the neutrino mass

Direct kinematic measurement: m2(v,) = X|U_?| m*(v,) (incoherent)

Neutrinolesss double 3 decay: Mg, (v) =[Z[U, 2 e“Um(v)) (coherent)

if no other particle is exchanged (e.g. R-violating SUSY)
problems with uncertainty of nuclear matrix elements

T tritium g decay T tritium B decay

[N o
s
T
s
T

‘ee
|
N
‘ee
|
N

YRR

certainty due
to unknowns
of the neutrino

m (Vo) Mg [eV]

v e sy

m (Vo) Mg [eV]

10 ¢ ‘s . 10 ¢
mixing, essentially
the Majorana-phases
o normal hierarchy o inverted hierarchy
Ym(y,) [eV] Ym(y,) [eV]
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L Neutrino mass from

et Ut supernovae (time-of-flight)

e
Only one SN detected in v's: SN1987a _ OETTTI T T I E
% 40:— Kamiokande —
i o i = 80 + E ~ 1/At!2 E
Simple dependence for sharp v emission & 2054 4 - m, E
in time: £ =Y bt 4 S
OEI|III|II||III|II||II]|II||II]|IE
L L L 50: |||||1||l||||1||l|||||||l|l|:
At:?—ﬁ—:L— 3 ’%404H+ IMB —
b v 1 — L2 =, 30§_+ + _i
2 2 5 20 F + =
m m & - -
;:LL.(1+ y)—L- - c 10F =
2 2 =] = =
QEU zEU OE||||||||||||||||||||1|||||||1||:
With: _ 5OE|||||||1||l||||1||l||||||||||||:
% 40;— Baksan —;
2 _ g2 2 _ 2 32 = 30 =
= Bt = B ot
2 2 5 10 —
:E(l—}—ﬁ)(l—ﬁ)’;‘:?E (]-_/6) a OE|||||||||||||||||||II|II||III|IE
5 . m2 0 2 4 6 8 10 12 14

= — — ——o Time after first event [s]

QEZ G. Raffelt, Ann. Rev. Nucl. Part. Sci. 49 (1999) 163
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L Neutrino mass from

et Ut supernovae (time-of-flight)
]
Only one SN detected in v's: SN1987a e AR AR R AN AR AR RO
= 40 + Kamiokande —
. .. = — -
No energy versus time dependence visible Eo ZZ ; A E ~1/At2 - m_ E
— only upper limit on neutrino mass ;2 0 %J& ¢, =
OEI|III|II||III|II||III|II||II]|I:
Results depends on underlying SN model, e.g.: SO E T T T T T T T T T T
= 40 i—“+ + IMB —
m(v,) <5.7 eV Z 30E + =
T.J. Loredo et al., PRD65 (2002) 063002 5 20 - ++ =
£ 10 —
OEI|III|II||III|II||III|II||III|I:
m(Ve)<58eV _ 5OEI|l|I|I|I||II|I|I||II|I1I||II|I_
G. Pagliarolia, F. Rossi-Torresa and F. Vissani, g 40 Baksan —
Astropart. Phys. 33 (2010) 287 0 =
2 20—y + ; ¢ =
[ BUT JE
- galactic SN only about every 40 years 4'
- not sensitive below 1eV (uncertainty of neutrino emission time spectrum)

\_

. INAarTICT TV TyauT T art, oCT o (1 T TOJ
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A Determination of ,m(v )“

R —— WESTFALISCHE
WILHELMS-UNIVERSITAT
Eeesssssseeeee————— MUNSTER What does m(Vu) mean ?
=T+, (Two body decay)
Decay at rest: ) v, ,u,+ ‘
|ﬁV| = |ﬁ,u|
=E,+E,
—m? = +m2 —-2.-m, -,/m2 4 p?
v [ [ M

3 different Experiments:
Values from PDG2000

m, = 139.570180(350) MeV

Myonium: m,, = 105.658357(5) MeV
Magnetic spektrometer (PSI): Pu = 29.791998(110) MeV

FIG. 1; Experimental setup. (1) Central trajectory of 590 MeV

proton beam; (2) graphite target; (3) ceniral trajectory of muon

beam; {4) half-quadrupole magnets; (5) dipole magnets; (6) quad-

— m(v,) < 170keV/ c? (95% c.l.) (K. Assamagan et al., ‘repole magnets; (7) collimator defining the beam momentum accep-

tance; (8) concrete shielding of proton channel; (9) crossed-field

Phys. Rev. D53 (1996) 6065) Farsizte smaatar () ad callimatay (L) omatalr aewahile sal-

limator system (normally open); (12) magnetic spectrometer; (13)

pole of spectrometer; (14) muon detectors (silicon microstrip and

PDG2000: m(Vﬂ») < 190k€V/C2 (95% Cl) single surface-barrier detectors); 4,B,C: copper collimators.
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—— —— werusor Different neutrino mass states v,

MUNSTER

= Measure different muon momenta p with probability |U 2|

A

- > pu
Vv o T T u o

= 3 different neutrino masses m2(v,) with probability |U 2]

A

N

if different mass states can
experimentally not be resolved:

= mi(v ) =X - U2 - mi(v)

\ J

m2(v.)
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s Direct determination of m(v )
‘ from B decay

Bdecay: (A.Z) — (A.Z+1)" + v,

MUNSTER
B electron energy spectrum:

dN/dE =K F(E,Z) p E, (Ey-E.) Z|U_|? V(Es-E,)? — m(v,)?

(modified by electronic final states, recoil corrections, radiative corrections)

1.2 ¢

averaged
, heutrino
" mass

—
T T

const. offset ~ m% Vo)

L 2
=z U fFm

=
o

/mv=0eV

~2%10

©
e

count rate [a.u.l
=)
n

-13

-3 =25 =2 =15 =1 =05 O 0.2
E—E, [&V]

energy B [keV]

BirsshleARnmass, dptermination
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: Summary: 3-spectrum

WILHELMS-UNIVERSITAT

— NilsTex incl. electronic final states + v mixing

Including electronic excited final states of excitation energy V'; with probability 14/

Wi = [ (@o|¥s;) |* = look at endpoint

Using &5 = Ey @ F region Only
2N

Flnal States Of T B decay g 0.06 é rotational and vibrational
(A. Saenz et al. Phys. Rev. Lett. 84 (2000) 242, g T F excrtanons
N. Doss et al., Phys. Rev. C73 (2006) 025502) s 9%
% 0.04 ; exciled electronic states
= electronic final states 8 o0s fff ooundote
are very important 002 f
0.01 E
Including neutrino mixing - '
dZN 0 10 20 30 40 50
it dE = A- F(E Z—|— 1 P (E—|—m molecular excitation energy [eV ]
ZWJ & (Zm j —m{n)) )
\
= “Electron neutrino mass” :> the different m(vi)
@(VC) A _mz@ are not important
i \at present precision |
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—

Cryogenic bolometers with ®*’Re

Wi Unessii MIBETA (Milano/Como)
Electro-thermal link
AT = AE /¢ | Measures all energy except that
R Debye: of the neutrino

C~T3

2:55

energ-y [keV]

- sensitivity:

Christian Weinheimer

detectors: 10 (AgReO,)

rate each: 0.131/s
energy res.. AE =28¢V
pile-up frac.: 1.7 104

M2 =-141 + 211 + 90 _ _ eV?

M <15.6 eV (90% c.l.)
(M. Sisti et al., NIMA520 (2004) 125)

MANU (Genova)

- Re metalic crystal (1.5 mQ)
- BEFS observed (F.Gatti et al., Nature 397 (1999) 137)

m(v) < 26 eV (F.Gatti, Nucl. Phys. B91 (2001) 293)
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: MARE neutrino mass project:

— umw87Re beta decay with cryogenic bolometers

~

Advantages of cryogenic bolometers:

- measures all released energy
except that of the neutrino

- no final atomic/molecular states

- Nno energy losses

- no back-scattering

Challenges of cryogenic bolometers:
- measures the full spectrum (pile-up)
- need large arrays to get statistics
- understanding spectrum
B still energy losses or trapping possible

MARE-1 @ Milano-Bicocca

* 6x6 array of Si-implanted
thermistors (NASA/GSFC)

« 0.5 mg AgReQ, crystals

«AE=30¢eV, 1, =250 us

* experimental setup for up
to 8 arrays completed

e starting with 72 pixels in
2011

sup to 10"% events in 4 years
— ~ 4 eV sensitivity

MARE-1 @ Genova ;
¢ R&D effort for Re single crystals "“]j‘ﬁ‘r%g-

on transition edge sensors (TES)
— improve rise time to ~ ys and
energy resolution to few eV

» large arrays (=102 pixels) for
10%-10° detector experiment

» high bandwidth, multiplexed
SQUID readout

¢ also used with "*Ho loaded
absorbers

Angelc Nucciotti, Meudon 2011
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T e Principle of the MAC-E-Filter

MUNSTER

.
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

e Two supercond. solenoids
compose magnetic
guiding field

e Electron source (T,)
in left solenoid

L

S~ max Bmin

T, source detector
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T e Principle of the MAC-E-Filter

MUNSTER

]
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

e Two supercond. solenoids
compose magnetic
guiding field

e Electron source (T,)
in left solenoid

e ¢ in forward direction:
magnetically guided !
B

. é

S~ ma Bmin

e adiabatic transformation:

H= EcyCI/B = const. | |
= parallel e- beam . (W'ftho“ © field)

T, source detector

Christian Weinheimer V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 14



T e Principle of the MAC-E-Filter

MUNSTER

.
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

e Two supercond. solenoids
compose magnetic
guiding field

e Electron source (T,)
in left solenoid

e ¢ in forward direction:

magnetically guided 1 i -
. . . BSBmo Bm‘n Bmo BD
e adiabatic transformation:
T, source electrodes detector

u=E../B = const.
= parallel e beam e

potential

e Energy analysis by
electrostat. retarding field

AE=EB_/B_ =EA JA . ~48eV (Mainz) =0.93eV (KATRIN)
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—"— e Principle of the MAC-E-Filter

MUNSTER

.
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

= sharp integrating transmission function without tails:

Omee (degree)

0.4 (ﬂ 2|O3|O 4|O 5|O

0.35F
0.3F
0.25F
0.2F
0.15F
0.1F
0.05F
0

transmission

:||||||||I|||
-0.5 O 0.5 1 1.5

E-U (eVv)
AE = EBmin/BmaX = EAS’eﬂ/Aanalyse ~ 4.8 eV (Mainz) = 0.93 eV (KATRIN)
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= The Mainz Neutrino Mass Experiment

—_— e Phase 2: 1997-2001

CRYQGENIC TRAP  SOLENOID . ELECTRODES DETECTOR r
Vs s O Mainz 94 data
( — 0.05F ® Mainz 98/99 data
— JE— i — fit of 98,/99 data for m,*=0
[EZI_EE_%,'——\—L%HE] o O Mainz 2001 data
(%// = U‘ 0.04 _ — fit of 2001 data for m,?=0
%@;, == W = _
T S T T Tuj o) 03- + o
Emax ? Bmax BD "é’ : +E +
Br|'|in — : +
S i
NEW GUIDING MAGNETS  NEW HIGH FIELD ELECTRODES g 0-02r
& ; B B
0.01r 5
I T A S R
1%.55 18.56 18.57 18.58

retarding energy [keVl

|

After all critical systematics measured by own experiment
(atomic physics, surface and solid state physics:
inelastic scattering, self-charging, neighbour excitation):

mX(v)=-06+22+21eV2 = m(v)<23eV (95% C.L.)

\C. Kraus et al., Eur. Phys. J. C 40 (20058) 447
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e The Mainz Neutrino Mass Experiment
—_— Phase 2: 1997-2001

CRYOGENIC TRAP  SOLENOID

. ELECTRODES DETECTOR
// / O Mainz 94 data
( e | 0.05} m Mainz 98,/99 data
— JE— i — fit of 98,/99 data for m,*=0
E—WE + \ O Mainz 2001 data
(%///'_g — I — fit of 2001 data for m,*=0

5 = I 0.04
7 == rEWEE :
A T e ]

o
Emax ? Bmax BD _,g 0.03r
Br|'|in _:
=
NEW GUIDING MAGNETS  NEW HIGH FIELD ELECTRODES g 0.02r
0.01F
18,5 -

5 | _
After all critical systematics measur
(atomic physics, surface and solid Dr. Jochen Bonn
inelastic scattering, self-chargi
*7.4.44
m2(v) =-06+x22+21eV? = +27.812 )
\C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

J
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— —wemue  The Troitsk Neutrino Mass Experiment

MUNSTER

windowless gaseous T, source, similar to LANL
MAC-E-Filter, similar to Mainz

g )
2 T
T Vladimir
: | el Mikhailovich
Luminosity: L = 0.6cm? Energy resolution: AE = 3.5eV 1L903b4882f2)e1\{]
(L=AQ2n*A_ ) 3electrode systemin 1.5m -

source

diameter UHV vessel (p<10~° mbar)

g e

Re-analysis of Troitsk data
(better source thickness, better run selection)
Aseev et al, Phys. Rev. D 84, 112003 (2011)

mg < 2.05 eV, 95% CL

\
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S J——— m(v_ ) from tritium [ decay

WILHELMS-UNIVERSITAT
e MUNSTER

o BEJING
T (JTh) e x ¥ LIVERMORE
0 = T i %!E—i 5 # o
—20 - | E - A LOS ALAMOS
A0 | | | B MAINZ
% —60 - O TOKYO
= -0
NUA 80k |||~ ® TROITSK
—100 — 1 T O TROITSK step fen
—120F Ly A ZUERICH
~140F
L ST I TS S E N R
1990 1995 2000 2005 2010

year




: The KATRIN experiment  KIT

| WILHELMS-UNIVERSITAT Ry
e MUNSTER a
Lmper
S1[A[D)

Aim: m(v ) sensitivity of 200 meV (currently 2 eV)

« very high energy resolution
(AE < 1eV,i.e.6=0.3 eV) =source #* spectrometer concept

- strong, opaque source =dN/dt ~ A

source

 magnetic flux conservation (Liouville) = scaling law:

A | A =B /B =E/AE =
spectrometer source source spectrometer
20000 /1
detector
70 m main Spectrometer
pre
spectro-
ter
- aseous tem mets -

windowless 9 e SyS Y=p==
molecular fritium sOurc = 2

Christian Weinheimer V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 21



z Molecular Windowless Gaseous

E—CC T Tritium Source WGTS

%'ﬂ = = = -
NS || S\ Y E— I— T = |
V¥ . vy
2
WGTS: tub in long superconducting solenoids -
@ gcm, Iength 10m’ T - 30 K 'oé asymptotic maximum = 0.5 x pd
Q. 0.5 e free__
Tritium recirculation (and purification) 2

0.4}

P,y = 0.003 mbar, q,, = 4.7Ci/s

max. starting angle
45° 60° 80°

allows to measure with near to
maximum count rate using _

pd =5 - 10"/cm? il
with small systematics

02}
s =51°

emax

KATRIN

17
working point pd=5x10

0 5 10 15
check column density by e-gun, T, purity by laser Raman  column gensiy pd (1017 molecuies / cm?]
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: Very successful cool-down and stability

e M e tests of the WGTS demonstrator

per mill stability request:
dN/dt~n=(p V/R
ideal gas'law

cooling concept of WGTS:
pressurized 2-phase Ne

3035 T [ 1 1 11 v v 1 17 [ r 1 11

arrival of WGTS demonstrator at KIT: Apri

—

GNeinlet

T N
1o external Pt500 sensor 200-RTP-3-5106

buffer - » i
B 7€lry), ]
30.30 | ]77”76213/ ]

/‘/

He outlet i :

Cylinder 30.25 — e e - |

with L -

g | Lead y  helical L 4

g | core | groove R R R R R,

o 30.20 [— Average temperature 7, = 30.243 K —

- Outer L i

wall | Maximum peak-to-peak variation A7, = +0.003 K |

8 L Standard deviation o = +0.0014 K i

e T Currenﬂy; tests of sc magnets;s L. . .. L Lo Loy
inlet : 06:00 07:00 08:00 09:00 10:00
constructing of WGTS

Ti hh:
out of demonstrator ime [hh:mm]
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i Transport and differential

WILHELMS-UNIVERSITAT

& cryo pumping sections

Molecular windowless Differential
gaseous tritium source pumping

Cryogenic
pumping

with Argon snow

at LHe temperatures
(successfully tested with the
TRAP experiment)

0O

B L
i i
] ]
g ra|

|
M -!-!----
g

VY T YRy ]

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

<2.510"“ mbarl/s
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— = Commissioning of DPS2-F

e MUNSTER

N

e S
£ i — P
—

|

outgoing ga inlet
gas flow = 3x10"

=~ 3%10"? molecules/s
| molecules/s

mgaee  [irst gas
—== W flow reduction

Currently:
Problem of a broken diode
of the safety system
of a superconducting coil

Christian Weinheimer



__ Cryogenic pumping section
WILHELMS-UNIVERSITAT and test of principle

e MUNSTER

TRAP: TRitium Argon frost Pump

CPS: cryogenic pumping section

cryosorption of:

\\
A

60)\ N
»

stainless steel

|
T

E
5

cryosorption of T, by Ar frost
magnetic guiding field B = 5.6
specification finished
estimated delivery 2010
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e

]
e —— WESTFALISCHE
WILHELMS-UNIVERSITAT
e MUNSTER

l-‘.:.
= il e L3
k) | g
! .!! . Il I o .,!.!, N '!' i 2 - i i I [ .
eSO ool = = pro R A e . (g
e iy el —plg e gl e — ol I IS FOE  S— —
| | NEF g i L8 L A = i 1 i =

i i

= = & AX —AEK —aRxXx =x = &

axial field shaping

+ earth field compensation

Christian Weinheimer

Electromagnetic design:
magnetic fields

:>AE - E . Bmin / Bmax
=E - 1/20000
=0.93 eV

-10 0 +10

distance from analysing plane [m]
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— - — WESTFALISCHE The detector

WILHELMS-UNIVERSITAT
MUNSTER

Requirements
o detection of B-electrons (mHz to kHz)

* high efficiency (> 90%)

 low background (< 1 mHz)
(passive and active shielding) PINCH

ELECTRONICS
DETECTOR

. DETECTOR
e good energy resolution (< 1 keV)

Properties
e 90 mm @ Si PIN diode ” __

e thin entry window (50nm) e,\e’d«

. SUPPORT
STRUCTURE
e detector magnet3-6 T

e post acceleration (30kV)
(to lower background in signal region)

e segmented wafer (148 pixels)
— record azimuthal and radial profile of

the flux tube o AN
— investigate systematic effects ™ et M imppt™ Vo
— compensate field inhomogeneities |
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: KATRIN detector is being

e e ST commissioned at KIT

y S A -\
i . e\ “4 <A - i
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: Electromagnetic design tests

Mot at the pre spectrometer

]
Y e e L]
s D dVOI( “’S!«%! - T
L; ‘ ‘-"!_J‘ f 7 ki TTTTTT
1 g e - ¥ I g . sl
e M =it
.-
~\J- 1
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e

]
e —— WESTFALISCHE
WILHELMS-UNIVERSITAT
e MUNSTER

Pre spectrometer
background studies |

file 3 run 190 mag 3p5T variablz
0.24
Ay
s 77
. 7
0.2 L
018 JU” 72X
- TS
= 0.16 %/
vz
014 -
-~ Z//
///7,//// o
0.12 y ////
=
/////// ra
-11.9 -11.8 -11.7 -11.6 -11.5

Solution: - very precise and very detailed
electromagnetic calculations

(special codes developed by KATRIN)

- avoid Penning trap by optimally
shaped electrodes
Result: Background reduction by 10%:
- with small Penning traps:
- optimally shaped electrodes with
residual shallow Penning trap

- no residual Penning trap

Christian Weinheimer

114

file 3 run 100 variable:

very small, but deep Penning traps near geometrical corners

0.25
0.2}
~ i
E 0.15
N~ i
~ I L
0.1 Yy
~ 4 pEEEE
bg ~1000 s 0.05 ;{ﬁ;;zéz::i— new ground electrode:
i surface adopted to the
- magnetic field lines
— -1 S Wk o~ A i s M R B
bg ~ 1s V3T s 17
bg ~ 0.1 s z (m)
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i Radon background in the pre spectrometer

wen - fFOM the non-evaporable getter (NEG) pumps
I —

Getter strips (SAES ST707) adsorbing residual gas (H2)

are essential to reach 10" mbar, composition:

70 % Zirconium: contains %*’Ac

25 % Vanadium
5 % lron

==

a
2351 - »27 Ac  »2Fr | »2Rga

“®Ra is gaseous — spectrometer — ionizations — background
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: Evidence for Radon background

e in the pre spectrometer
I —
trapped electron trajectory 30 min bursts of background rate
| YPOS:Xpos:zpos | ; |
g 250 %
S 200
E 150§
& 100f
> r
? 50 k-
0 AT

» produce secondary e

» 30 min intervals with high background (107" mbar)

Radon emanation from getter has to be suppressed
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e

]
e —— WESTFALISCHE
WILHELMS-UNIVERSITAT
e MUNSTER

baffle cooled with LN,

Christian Weinheimer

events/1000s

Elimination of Radon background
in the pre spectrometer

..........................

..........................

..............................

warm baffle:

30 min intervals with

250 mHz - 300 mHz

) Ot SOUUUUN SUUUUU: SUUUUOUS SUUUUUOSSUUUUYS 1SUUOUUE OUUTOUOY JOUUUUUOE SOUUUUUOt SOTUTUTE SOUUUOON: SUUUUOS UTUUTON SUUIUONS SUUIRS SSOROO

sE- cold baffle:

e — -------- background is always < 50 mHz -

100 _ ........

........................

S S ..

9 10 11 12 13 14 15 16 17

time [h]

diploma thesis S. Gorhardt/KIT
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: Main Spectrometer — Transport

‘ WILHELMS-UNIVERSITAT

I to Karlsruhe Institute of Technology
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Christian Weinheimer V Int. Pontecorvo Neutrlno PhyS|cs School, Ukraine, Sept. 2012 35



: KATRIN has a 100-times larger surface,

e ™ but requests same bg — something new

o
C u

S

Secondary electrons from wall/electrode

[
by cosmic rays, environmental radioactivity, ... “ "o
o

New: wire electrode on slightly more negative potential

o
Background suppression successfully testeal
at the Mainz MAC-E filter:
80+ v B=17T
?D_" « B=51T
: - - detector background
n 601 1.6 mHz
T
E 50
Péf 40
€ 301
3 2014 total background rate
2.8 mHz
10 4
N SR, S S S
0 50 100 150 200 250
Uscreen"V
Dipl. thesis B. Ostrick (U Mainz, 2002),

\_ PhD thesis B. Flatt (U Mainz, 2004)  /
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i Two-layer wire electrode modules

— e nstallation inside main spectrometer

Christian Weinheimer V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012




: Background from stored electrons:

e methods to avoid or to eliminate them

Stored electron by magnetic mirrors Radon suppression by LN, cooled baffle
F. Frankle et al., Astropart. Phys. 35 (2011) 128 S. Gérhardt, diploma thesis, KIT

e

ST
'[’:"‘f:’#‘_‘,‘

| warm baffle:

AWM ™S e i T T e

: 30 min intervals with
| 250 mHz - 300 mHz

Timea
aRe-05
1.60=-05

1.20=-05

£,00=-06

aventsi0is
MM ow
8 @ &

~| LN, cold baffle:

I'mue'%

background is always < 50 mHz

Y.96a-09

LA
time [h]

Nulling magnetic field by magn. pulse
B. Hillen, PhD thesis, Munster

i‘-‘:‘g&g}h Bl (7]

(Rl R

DOC0LG

| 0O

5 08

radial E x B drift |

due to electric

dipole pulse | Mechanical eliminating stored particles:
G. Drexlin et al., arXiv:1205.3729 M. Beck et al, Eur. Phys. J. A44 (2010) 499
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WILHELMS-UNIVERSITAT

Radon elimination by LN,-cooled baffles

—_— in the main spectrometer

V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 39



— — — WFLSHT:f;\E-CUHNﬁVERSHAT SyStematic u ncertai nties

MUNSTER

As smaller m(v) as smaller the region of interest below endpoint E_

— quantum mechanical thresholds help a lot !

A few contributions with Amv2 < 0.007 eV? each:

1. inelastic scatterings of B’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

3. WGTS charging due to remaining ions (MC: ¢< 20mV)
- monocrystaline rear plate short-cuts potential differences

4. final state distribution

>

- reliable quantum chem. calculations /
\

5. transmission function
- detailed simulations, angular-selective e-gun measurements

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

>~

- precision HV divider (with PTB), monitor spectrometer beamline
_/

tritium
source

spectrometer

Christian Weinheimer V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 40



— —wmuse  Recently achieved results at Troitsk

WILHELMS-UNIVERSITAT
e MUNSTER

Measurement of electron scattering on H, at 14, 18, and 25 keV. New data on excitation
and ionization spectra obtained with spectrometer resolution of about 1 eV.

| |
. >
_ |
e from moleclar windowless gaseous tritium source towards the
monoenergetic e-gun spectrometer
0.25 4 1999: V.N. Aseev et al., Eur. Phys. J. D 10 (2000) 39 025 " o
[
- - - Results from 1999 '\ S
0.20 \ Results from 2011 on 18.7 kV 0.20 Q]
. ! —— 14KV 8
y --- 18.7kV
0.15 1 0.15 s
< 0 d
= g S
0104 0.10 '%
&)
0.05 4 0.05 - q>;
=2
C
0.00 1 0.00 DC_U
0 40 20 3 40 50 10 ' 20 >
e (eV) : (V)
Electron energy losses by scattering in H, The same, at different energies
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A new pulsed angular-defined
— — WESTFALISCHE
My s UV LED photoelectron source

ldea:

fast non-adiabatic acceleration
with adjustable non-parallel Angle at
E and B fields electron source: 0°
pinch magnet: 0° 90°
| |
f  U=1.75kV ——
1.2 - resolution eV i e T U=200KV T
angle 12 deg | | = 3.00
; %3.50 }

normalized intensity

60 61 62 63 64 65 66
U (V)
V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 42
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A 2-dim scanning pulsed angular-selective UV laser
— — WESTFALISCHE
T photoelectoron source

esssssssssssssss——  MUNSTER

- T

e grounded cage

%%k\\%’%@?;&%ﬁ%\\‘ﬁ%%&%m IR BN

[Pree oy

1

. i
ah t
200um a —
lightTgyide l

SRR,
o 2 21,008
((@))

AN % "Eh'ﬁ.&'&'%&

-
KATRIN main spectrometer

Pulsed frequency-quadrupled high-repetition UV-laser
(266nm, 20ns pulses)
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B Plasma potential within

weren o wWindowless gaseous tritium source

— S0|lenoidal B-field

i |
potential * ? *
. -

defining L
rear wall T, injection T, pump-out
+ re-circulation

E xB
drift section

e Plasma is radially confined by the longitudinal B-field (no transverse mobility)
e There is a very good longitinal confinement by magnetic field lines (“short-cut”)
e Plasma is neutralized by low energy electrons (from inelastic scattering)

e Potential in source is defined by “potential defining rear wall”

e Escaping non-neutralized ions are drifted out by transversal E-field

Russian-German cooperation  A.F. Nastoyashchii, N.A. Titov, I.N. Morozov, F. Gliick and E.W. Otten,
within KATRIN: Fusion Science and Technology, 48 (2005) 743
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* Measurement of tritium concentration

——— meewew by laser Raman spectroscopy N"

Spectrum for pure T,

Raman excitation with 532nm laser
cell Vibrational-Rotational
45° mirro@ focussing ) 45° S
lens \/ Eis
Faraday M e
isolator Rotation Q,-branch
:2() Av =1
. ‘ ’ AJ=0
vertical Fibre bundle - i
polarisation 1-5W i S,-branch
Av=0
0,-b h .
<0> hvr:r;c R simulated
“VAppss' 532nm  1:1lens ;:w =1 { spectrum
Laser filter ‘ \ ‘ n AJ=+2 SpecGen)
ﬂ J}I\."h : \JLM‘M :
“Spec-10” 540 580 600 0 660 680
detector WellenfZenge [ffm]

FARA-Cel H,/ HD / T,/ DT/ HT

=0.820/0.083/0.003 /0.005/0.085

3000 A —
Pcen = 154.8 mbar‘ 6

i H, 1 Hy ) s40=3)
2000 _ - +]
1000 24

] AoA f

728 730 732 734 3

P

=

3

o - =
s 807 DT

% 60 - ’

g_) -

@ 40 -

% ]

5 LMILJJ LL . “

@ - pedeay

o 0 L i |

Laser
5W 532 nm
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= . Stability of retarding potential /

— e @nergy calibration: ppm at 18.6

e Measure HV by precision HV divider

e Lock retarding HV by measuring
energetically well-defined electron

line with monitor spectrometer _
main spectrometer

=512 b
83m . ﬁ: T1/2:86’2 d
1=1/2- T ,=183h detector
o =2011 pre
. E=32,1517(5) keV  SpECtrometer
Tj2=1544ns
=17
831 E=04kev HV-supply
1=9/2+
Ty precision
- condensed &™Kr: DQ V divider
Munster/Mainz ~ with PTB
~evoporated and
implanted #Rb/%™KTr: monitor spectrometer
Rez/Mainz/Munster/Karlsruhe = modified Mainz spec.:
- 8Rb production: Bonn, Rez AE=5eV — 1 eV
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Solid ®’Rb/**™Kr source ® R

| . . . . . 83m
* original idea: 8Rb vacuum-evaporated on aluminum foil @ =«

° Compact’ h|gh count rate [Kovahk,j EIeC SPeC Rel Phen 58 (1992) 49] . residual gas

* open radioactive source impurity

A) pure radiochemistry & vac. evaporation B) implantation of #*Rb ions

NPI Rez/Prague ISOLDE/CERN
since 2005 L ‘ b since 2008
foils: Pt,Au

backing: C,Al, HOPG

@dea: A. Kovolik, Inst. Nuclear Problems, JINR, DUBNA )

A) EE:,:P(i) = Ey 4 Erec,y — Erec,e(i) — ( bin (825, i) — AEg; (evap, ’)) - (d)SPec - ¢source)

B) EG) = By + Eree.r — Ereee(i) — (Efi(gas, i) — AEET™ (impl, 1)) — Gupe

AEZ (impl, i) + ¢
.. ) b Pl source
e binding energy is reduced "
when going from free atom vac : vac i1
. bin (gas, i') ~ "bin (|mp ’ ’)
to adsorbed/implanted atom
M. Zboril, PhD thesis, Miinster + Rez V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 47



Measurements at Mainz spectrometer
source holder for 4 samples

towards
MAC-E
filter

Y \\\ '

hARR

Ukraine, Sept. 2012 48

F 4

M. Zboril, PhD thesis, Munster + Rez ~ VInt. Pontecorvo Neutrino Physics School,



Energy stability of K-32 line (4 implanted sources)

¢ cross-correlation method

stable vacuum conditions, * span of y axis = 0.35 eV = 20 ppm at |17.8 keV

%‘ 01 moderate bake-out T II """""""""""" i
= = prior to this meas. phase -
g 005__ ........... ................ ................. .......... {I .
o B % | ] l ? +1.6 ppm month™ ]
o 0 . | | & 4+30meV month ™ -
o 5 s : I I
T .0.05 I B LR R i
o N é é é I :
ur 5 : N -
g -0 A A o drifts of sources [ppm month-']:
@ L[ o Pt-30  VPt-30: —0.27 £ 0.324 £ 0.644
3 -0.15— R S S
g  °Pt-30#2 Pt-30 #2: 0.63 £ 0. 18, & 0.64,,,
o — - 5 : ]
Q _0_2__ Pt ’5 ......... ........... Pt-15: 0.23 + 0. |4stat + 0. 64syst'
= [ *Au-30 z é

- | | i | X Au-30:  2.39 £ 0.19; + 0.645

_0.250 1 1 1 5 1 1 I10I 1| I15I || I20I 1 1| I2|5|] |- I3|0I 1 I3I5I 1 I4|0I 1| I4|5I | I I50

relative time [day]
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Energy stability of K-32 line (4 implanted sources)

vacuum breakdown

= O in shectrometer vessele Iib .
> - : ; ; 10-1° » 10-* mbar ; eliberate ven.tmg
£ u g g g ; ; I - t of source section:
E 0.05_ ........... . ................ ................. . .......... ............................... !’.
:,-’. - * ] ' = reproducibly stable
b -1 5 : ¥ : :
o * s s '
- -0.05—Hf- LR HH ...................................... C
o — = . | '
Ué -0 1:__._._ ............................................ common Shift
I of -0.15 eV,
= u
o - o Pt-30 caused by shift &
§-0.155—~ Pt-30 #2  of spectrometer {7 Wi
o . 2: o Pt-|5 work functton'. I i
c =U.dd— e AR
= — ¢ Au-30 - - '
_ | | | | S : slow recovery of spec. work function
-0'250 5 10 15 20 25 30 35 40 45 50

relative time [day]
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—— T —— s KATRIN s sensitivity

WILHELMS-UNIVERSITAT
MUNSTER

Example of KATRIN simulation & fit

KATRIN
(last 25eV below endpoint, reference): \

| sensitivity:
m, < 200 meV (90%CL)

discovery potential:
m, = 300 meV (39)

m, = 350 meV (59) 1855 1856 1857  18.58

energy [keV]

(data—fit) /o [s™1 count rate [s7"]

Expectation for 3 full data taking years: o o)

syst - stat

Sensitivity is still statistically limited,
because with more statistics would go closer to the endpoint,
where most systematics nearly vanish

Sensitivity still has to proven, but there might be even some more improvements
Christian Weinheimer V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 51



KATRIN s sensitivity

WiLHELMS-U
, -UNIVERSITA
MUNSTER 4

Example of KATRIN si
simulatio '
(Iars't 25eV below endnoint V'f\£a.le_n 8: it N - - 10F Biacee
_, KATRIN will improve the sensitivity by 1 order of magnitude |
will check the whole cosmological relevant mass range
will detect degenerate neutrinos (if they are degen.) _
KATRIN can also searching sterile neutrinos
by looking for a kink in the decay spectrum: P
N, ctive T Dsterile .
dN/dE = K F(E.Z) P Eu (EqE) X U 12 VEE) ~ m(v;)*
Ex : 5¢
eV scale (reactor anomaly): >
Se | A. Formaggio, J. Barret, PLB 706 (2011) 68
A. Sejersen Riis, S. Hannestad, JCAPO02 (2011) 011
A. Esmaili, 0O.L.G. Peres, arXiV:1203.2632
\ keV scale (dark matter): under study

Sensitivity sti
y still has t
Christian Weinheimer ° proven’ bUt there mlght be even some mo .
re improvem t
V Int. Pontecorvo Neutrino Physi ens
hysics School, Ukraine, Se
7 , Sept. 2012 52



MUNSTER

WILHELMS-UNIVERSITAT

= ECHO neutrino mass project: 13Ho electron capture

with metallic magnetic calorimeters

163HO +e — 163Dy>l< + Ve — 163Dy + Y/e- + Ve

Counts [a.u.]

Counts [a.u.]

1

N\
N
\
N\

10'2 1 | 1 1 1 ] 0'2 1 | 1 |
05 10 15 20 25730 2550 2555 2560 5565 2570 2575
Energy [keV] Energy [keV]
200 T T T T
NI First 163Ho spectrum with MMC
136 F P.C.-O. Ranitzsch et al.,
E J Low Temp Phys 167 (2012) 1004
2 100 |
g
§ M
s0 |
NIl MII
0 L Al RN P T L aad
0.0 0.5 1.0 1.5 2.0

Christian Weinheimer

Energy £ [keV]

absorber . 1

SQUID locp

thermal link

thermal bath

courtesy L. Gastaldo
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: Project 8: Measure coherent cyclotron

insres radiation of tritium (3 electrons
B. Monreal and J. Formaggio, PRD 80:051301, 2009 %
B fleld—> : |

General idea: % % ﬁ courtesy J. Formaggio

e Source = KATRIN tritium source technology :
uniform B field
low pressure T> gas

B electron radiates coherent W('T) _ Wo e
cyclotron radiation ¥ K+ m,

® Antenna array (interferometry) for cyclotron radiation detection

since cyclotron radiation can leave the source and

carries the information of the 3 electron energy

A lot of R&D necessary and has just started
- Is it really possible ?

- What are the systematic uncertainties ?
Christian Weinheimer V Int. Pontecorvo Neutrino Physics School, Ukraine, Sept. 2012 54




| W:-:LSHTEF f;E-CUHNﬁVE RSITAT S u m m a ry

MUNSTER

3 complementary probes of the neutrino mass:
cosmology:  very sensitve, but model-dependent

OvBp: sensitive to Majorana neutrinos (EXO-200, GERDA, ..)
but Majorana phases and nuclear matrix elements
searches for lepton number violation

direct neutrino mass determination (MARE, KATRIN):
no other assumptions, kinematics of 3-decay at endpoint

KATRIN: 200 meV sensitivity: 1000 '

2012-13 commissioning of main '

spectrometer and detector

2010-14 commissioning of tritium source

and tritium elimination lines

from 2015 on regular data taking

for 9-6 years (3 years full beam-time

100 |

~~"Mass Limit (eV)

A Best sens. My,

I = Calorimetry best sens. my, KATRIN D 1

S 5 s 0.1E g
EE AP Ry el E E
fo SV gL BG4 g

J.F. Wilkerson, Neutrino 2012

0.0 | I | I I | I 1
1950 1960 1970 1980 1990 2000 2010 2020

E

o)

Year
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