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Results of recent oscillation experiments: ©,,, ©_,, 03
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Search for the absolute
neutrino mass scale

1) Cosmology

very sensitive, but model dependent
current sensitivity: Xm(v,) ~ 1eV

Mpe)f]

pover apectrum P{K) ({1

2) Search for 0v3[3
very sensitive, but needs v to be of Majorana-type
sensitive to coherent sum: m__(v) =| X |U_?| €“Om(v)| ' U, = v, ‘
— partial cancelation possible n n
Evidence for m_(v) ~ 0.4 eV (Klapdor-Kleingrothaus et al.)? -

3) Direct neutrino mass determination:
No further assumptions needed, use E2 = p%c? + m?c* = m?3(v)

® Time-of-flight measurements (v from supernova)
SN1987a (large Magellan cloud) = m(v,)<5.7eV (PDG 2003) - °

e Kinematics of weak decays /
measure charged decay prod., energy/momentum conserv. = m3(v) . I
B-decay searchs for m(v,) - tritium B decay spectrometers

- '¥Re bolometers
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3 complementary ways to the ﬁ‘?;&?
absolute v mass scale Azi
1) 003m0|09y1 T IT T TTTT 7] 20 bounds from .
Very SenSItIVG Zm(vl) | _ : ///_g e v oscillation datag
but model dependent i 4 | = 6 decay
M, 10 3 ﬁ”/ g 3 e Ov2F decay
2) OVBB: (eV) 10_2; / 9 __ e cosmology
eV|dence? 76 543 2 1 ? normal hierarchy
Majorana neutrinos ) O N ¥ o A nverted fierarehy
— 2 o 2;
m.(v) =[Z U e“Um(v)

3) direct neutrino mass
determination:
no further assumptions
no cancellations:

M 5 (eV)

2 — 2| m2
m (Ve) = |Uei | m (Vi) Fogli et al., hep-ph/0608060
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B decay: (AZ) - (AZ+1)" +(e)+ v

B electron energy spectrum:

dN/dE =K F(E,Z) p Ey (EcEl) Z U P[ (BB —m(v)? ]

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

1.2 [ - 10,
f’ [ 2
SR oc m(v,) _ _ )
= S \ oscillation exp: small Am,
= .rlIr =3 B -x‘n.
" ro2 — see only average
e W i m, =0eV
= f =l 4 o ¥ .
= ;= + I// 2. 1013 neutrino mass squared:
= ; = :—m.,,.z =15 eVy / m 2 .— 2 2
, . v )2 =2 U |I*m(v.
: .r; of My, = 1eV — = 1’/‘))3_*_“ ( e) | e|| ( I)
OF=g~7g 75 Tho-— - I

energy £ L[kev] E—Ey [=v]




Cryo bolometer experiments with '®’Re

Electro-thermal link

Multiple purpose, scalable new detector technology

basic idea: B emitting crystal = cryodetector
= single final state: detection of total energy except v Thermometer
Choice of 3 emitter: ""Re: E, =2.47 keV (t,,=4.310")

Particle absorber

MANU2 (F. Gatti et al., Genua)

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

- sensitivity: m)
now: m(v) < 26 eV (.F.Gatti, Nucl. Phys. B91 (2001) 293) |o %
future: eV resolution by s.c. transition sensors. z|¥
(now typically: AE = 30 eV) s _
7 R
MiBeta (E. Fiorini et al., Mailand,Como) _—% '8 } %_“_*F_M_%HH{‘_}{]L{H_{
- AgReO, (10 * 250 -350 mg) 23 240 245 280 255

- Final result of Mibeta after 1 year data taking with 10 dete _ . _ energy [keV]
(M. Sisti et al., NIMA520 (2004) 125)
m2=-112 £ 207 + 90 eV? = m, <15 eV (90%CL)
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Principle of the MAC-E-Filter Wy
% 2 &

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 ' ! !
BB, B

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

T, source detector

p. (without E field)

= parallel e beam f]‘/’/k//’a‘»a%;f//
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Principle of the MAC-E-Filter Wy
% 2 &

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 ' ! t
BSBmo Bm‘ln Bm x BD
e adiabatic transformation:
T, source electrodes detector
u=E /B = const.
—> parallel e beam , T
potential ; 3

* Energy analysis by
electrostat. retarding field
AE = E.Bmin/Bmax = E'As,eff/A
e

~ 4.8 eV (Mainz) =0.93 eV (KATRIN)
s

analyse
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Magnetic Adiabatic Collimation + Electrostatic Filter
(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

0.... (degree)

0.4 : (|31 |O 2|O 3|O 4|O 5|O

0.35F
0.3F
0.25F

0.2F

transmission

0.05F

AE=EB_ /B =EA_JA . =093eV, KATRIN (4.8 eV, Mainz)
e e
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i+~ The Mainz Neutrino Mass Experiment ' %,

kol =
. % g
Phase 2: 1997-2001 “ ﬁ'z
aﬁé}.“"lNe\l“f‘“0
T,-SOURCE CF{YOGENIC TRAP  SOLENOID . ELECTRODES DETECTOR
// / O Mainz 94 data
(  —— 0.05F ®m Mainz 98/99 data
f— I — fit of 98/99 data for m,*=0
E] O Mainz 2001 data
% U\I 0.04 — fit of 2001 data for m,2=0
rEJ W ~ '
Bmax ? Bmax BD _.(lo_-)) 0.03r +.
Br|'|in : | + : + +
S i s
NEW GUIDING MAGNETS  NEW HIGH FIELD ELECTRODES g 0.02r Boerr |
¥ = =] T & T l:l: o £
0.01 ;
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retarding energy [keVl
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e+ The Karlsruhe Tritium Neutrino
experiment KATRIN

IS being set up at the Forschungszentrum Karlsruhe

Physics Aim:
Improvement of sensitivity by 1 order of magnitude: 2.2 eV — 0.2 eV

* higher energy resolution: AE = 1eV
since E/AE ~A__ cier

e relevant region below endpoint becomes smaller J10m
even less count rate dN/dt ~ A = larger spectrometer

= larger spectrometer

spectrometer

* much longer measurement time: 100d —» 1000 d

_— (Scientific Report FZKA 7090)
o




i Molecular Windowless Gaseous >R,
Tritium Source WGTS ﬁi

WGTS: tub in long superconducting solenoids I -
& 9em Iength' 10m. T = 30 K B 05 i__f_’_s}_”_’_’RfF?t_’F__’"’_"’_"’3’_‘_”_’_75{’?3_?_9;?.i‘.'?ﬁf.ree..
y . . S g oaf
Tritium recirculation (and purification) : max. starting angle
p,; = 0.003 mbar, q,, = 4.7Ci/s o e
allows to measure with near to . o
maximum count rate using 0.1 F KATRIN  pd=5x 10
—_ 17 2
pd=5-10"/cm . L
with small systematics 0 > 10 19

column density pd [ 1017 molecules / cm?2]
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Molecular Windowless Gaseous @Tﬁg

Tritium Source WGTS 5
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T

Conceptional design
2 phase Neon cooling with
operating temperature: 27-28 K

 spatial (homogeneity): = 0.1%
« time (stability/hour): = 0.1%

Kr Cu Tritium
Ne/Ar




Transport and differential &
& cryo pumping sections ﬁ%

Differential Cryogenic
pumping pumping

Rear System WGTS DPS2-F  CPS1-F CPS2-F

(] T LB v 3
i 3 S, S — 1, ey —— R — i — B < B — ] s bl ! ! I"h' 13 ! x] =
. 4 e L E »
== T B ¥ v i i F o
0 8§ 3 T £l - <l rin = s i -

Injection: 1.8 mbar l/s (STP)

, max. 2.5-10-1" mbar l/s
requirements:

» adiabatic electron guiding
» T, reduction factor of ~10"
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Cryogenic pumping section 'y
2

Objective: retention of remaining tritium flux

tritium partial pressure spectrometer p < 10-2° mbar
method: cryo-sorption on condensing Ar-frost
rate: <1 Ci T, in 60 days (regeneration with warm He-gas)

Cryocondensation

stainless

Cryosorption

stainless




: Wi aivers &PT Ra
i ' TRAP - TRitium Argon Frost Pump at FZK : 4

%z.

Inlet flow rate: = 10 mbar Il/s

Isotopic composition (CAPER-GC):

HT: 7% T,: 19%
mbar DT: 43% H.,,D.,HD: 31%
10-11 Ar as of sommer 2005

10-12:

10-13!

Results suppression of trap for D, of better than 10°
No tritium penetration observed !




Main spectrometer:
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P re §7s

and main
spectrometer

&10m, length 24m
= large energy resolution: AE = 0.93 eV
= high luminosity: L = A__ . AQ/4n =A

AE/(2E) = 20 cm? 70

analyse S

ultrahigh vacuum requirements (background) p < 10" mbar %

,simple“ construction: vacuum vessel at HV + ;massless” screening electrode

Pre spectrometer

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

test of new ideas (XHV, shape of electrodes, avoid and remove of trapped particles, ...)
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task: detection of transmitted [3-decay electrons

with high energy resolution (AE =1 keV)
record radial profile of flux tube

' 64 segments 5X5 .
aim: background minimisation, systematic effects L bondegd onto ceramiCs _

/////////

o e
i A - - o -
- -

5 i g P
e T e - ~
/ gy - -
-
- - N
- D
- e 4

— post-acceleration to place signal line
at lower intrinsic background

="

' S —
: 1 E :
u aall =g |

!.ﬁ Wk [ [ [ | h_l :

LT T L 4

design: radially segmented

Si-PIN diode array electrode low-level shielding &
~150 pixels with A=100 cm?  (KV-acceleration) detector veto
D
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Technical challenges ;;z
%,” 12

e Recirculation and purification of tritium to a large extent (kCi)
* ~ 30 superconducting solenoids

e UHV (< 10" mbar) in huge volume (1000m?)

 HV calibration and stability on ppm level

* High resolution detectors

—> ideal place: Forschungszentrum Karlsruhe/Germany

Inst. f. Kernphysik
(IK)

KATRIN

Tritiumlabor
Karsruhe (TLK)

Institut fur Technische
Physik (ITP)
s

Inst. f. Prozessdaten-
verarbeitung
und Elektronik (IPE)




KATRIN location at >R,
Forschungszentrum Karlsruhe ﬁi

KATRIN hall groundbreaking
5. Sept. 2005

_ Research Director FZK R. Maschuw

‘ | yans]
| A RN

al

ummer 2006
e
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“| Vacuum tests and inner electrode .'%,
system of pre spectrometer il?

m

E 1 1 1 1 A1

N —~< |

' \3 ™
s

/ it |

ground electrode dry air com allow coo
wire eleetrode ¥ S“d cones . at -20°C: outgasing rate < 10" mbar I/s cm?
with getter pumps (NEG, 10000 I/s): p< 10-"'mbar

= better than KATRIN requirements
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Electromagnetic design tests ﬁfma
at the pre spectrometer have just started * fli

‘1111 Ne ut““

3 ,,,_‘.;,;/,‘
s.c. magnets — ’%gl
/ : z ’
; S ~ pre spectrometef
7] = |
| I -
== &
I E ) EmrimmaEEEEEEEEEEE
3 [
Lo il

05T e 0247 o248 o02ds ueg:)nz[iw 2 d/m SCannlng e-gUn
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Main spectrometer 3dim model @T,R%
with heating-cooling system ﬁfé

=N} Ports for HV supplies of
T e inner electrode system
s — = @ =200 mm

e,

beam line-
flanges
@ =500 mm

Support structure
(one end fixed,
the other movable)

Heating-ooling lines
-20 °C ... +350° C

3 ports
@ =1700 mm
* 12 TMPs, getter
* mounting eIectrodesJ




Main spectrometer @;BQ
vessel construction at MAN DWE %

; ! { I"r
.l i }.-, ‘L.

ti”m Ne\xm"‘0




Main spectrometer
vessel construction at MAN DWE




Main spectrometer
vessel construction at MAN DWE

August 2006 - . Tk
- constructlon of mam spectrom t

- vessel has passed leak test s,ugc : #

[1 world's blgggs_t)_(HHes _el ev!er neen b b 5,
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It is very big and heavy ... & Re,
[1 a 8500 km long detour ey

Z"'I,rfl; Bern

H . FRAN E Iéenev kal%f\ W . "j ._ Sy 1S
=t Mﬁﬁﬁff Lvon §’ Milan,, LY X Zagreb
- Bordeaux CEN’ng; ) '?* ?unn enicey ‘ ]
) g -

BOSNIA ANléj

B
'lr—* Gépoa : ﬁ‘HERZEGUVINE\
3 Sl :

g
‘ﬁ

Jloul o‘ L}Sﬁ,
Andarra

Na;l:gul b
i 3 o s o7
——— __ Sardinia |4 Tyrr rhenian &3

g BALEARIC
- ISLANDS 3

Cagliari Lo '\
Mediterranean Sea ... F*Ta -~ T\

Valletta®
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ALGERIATAL 20N
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1w Arrival of the Main Spectrometer Vessel: @}1"
October 2006

i

29.10.06
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1) Low background: Mainz experiment:
most background from spectrometer

but KATRIN spectrometer is much bigger!
= need something new !

2) Huge statistics: optimized source &
large spectrometer

3) Systematic uncertainties:
need to be very small !




el Background reduction by a iR
,,maSS|eSS“ wire electrode %,,% j

Secondary electrons from wall/electrode

e -
o -—
by cosmic rays, environmental radioactivity, ... _ C U
)
wire electrode on sliahtlv more negative potential .
,_ ! ‘:7 [
_ft ' First realisation: o
\ /3 - Mainz |lI
- - U-AU U

(Background suppression successfully tested\
at the Mainz MAC-E filter:

80—v v B=1,7T
70 e B=51T
- - detector background
n 60+ 1.6 mHz
I
£ 50+
% 40+
€ 30+
= . total background rate
© 201 2.8 mHz
10 \4
Qtp==msme==s ""
0 50 100 150 200 250
Uscreen v
Dipl. thesis B. Ostrick (U Mainz, 2002),

— KATRIN pre spectrometer . PhD thesis B. Flatt (U Main%




KATRIN: = 240 double layer Pt
wire electrode modules AT

. 3 X 20 5 X 20 L
e cylinder

= : mall cone
1. wire layer |8 E

3 =0.3mm ™

c'\i't I

clean room to
build modules
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TR

FJ;'LIS;I:;S-Uni'.'eriitat 2 St t' t' @ . (‘Z
) Statistics < gt
%7 1 &
17‘.".11111Ne\x“"00
10 07
1) beta spectrum 2) final states _ Hnelastic scattering
8 Bf
- e 007 .
I ':_% 0.08 rotational and vibrational 0.5¢ -H ha O - 93 €
6 'g ' excitaﬂons _
= L ¥ 0.4
5 I § 0.05 ‘
B 4 I m Y = 0 eV E 0.04 excited electronic stales 0.3 ‘
z r ‘E 003 ground state
| & 0.2 3
_ : ) response
21 0.1F f t
00 : unction
Cmy=1eV— o N .
0 | 0 10 20 30 40 50 0 70 20
T N N molecular excitation energy [eV ] E-qU [eV]
-5 =25 -2 =15 -1 =05 0 (b
E_EO [eV] f 4500 %3
: 3
§-4ooo J"# = ;
4) measurement point distrib. = MC data 5 oo o .
i 1
% 3000 i+ 2 |
_g 107 1 3 [<res>=+15 ;<re§>=-0.(:)5
o 2500 " m(v)=0.5eV 18560 18570 18580
£ *’L [eV]
ﬁmﬁ LELEELETT - ta ' _
g i . endpoint energy
18520 18530 18540 18550 18560 18570 18580 1500 " '*i
Uo [eV] 10mHzbod f..fﬁ...ﬂﬁ.,#mﬂﬂ:#ﬁn; RS
100‘?8570 18571 18572 18573 18574 18575

retarding potential in main spectrometer [eV]




o o
S =

variance ¢ of my2 [eV2]
<
o
B

0.03

0.02

0.01

@TIQL
= KATRIN's statistical uncertainty ﬁ,\z

— Lol — s design optimisation "01-"03
I )
- e _- tritium purity by tritium laboratory (>95%)
. /S/
3 7m 3y 10mHz £ 2x stronger gaseous source
bl o025 B (@=75mm — F=90mm)
. _.% requires @=10m spectrometer)
" Y = - . .
! 1 N optimised measuring point
reference S T e . . .
i " distribution (~5 eV below E)
- A, 10m 3y 10mHz W
— e - e W 015
M Tl i i S Y el s
10m 3y1mHz optl '
RS NS e M ME W R E \ - active background reduction by
measuring interval below E=18575.0 [eV] iInner electrode system, low

background detector
(needs further detailed tests)
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As smaller m(v)

as smaller the region of interest below endpoint E

— EXxcited electronic final states does not

0.7
play a role (AE_ _> 27 eV)
0.6
0.5
— Inelastic scattering in T, is small
0.4
(AE__ > 12eV ot
' 0.3
= largest interval 25eV: 2%)
0.2
0.1
= One well-defined final state

(similiar to cryo detectors)

Is only true, since MAC-E-Filter response function
has no tails

j 3) Systematic uncertainties

<+ 1leV

ok

L 1 L 1 L
10
E - qU [eV]

.20. .



. L >R,
' 3) Systematic uncertainties A
Z

B,

%,/ &

]}zv P 0‘0
um Newt™

any not accounted variance ¢ leads to negative shift of m =2 A m > = -2 c°

1. inelastic scatterings of R’s inside WGTS
- requires dedicated e-gun measurements,
unfolding techniques for response fct.

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

3. transmission function a feV_V
- spatial resolved e-gun measurements contributions
4. WGTS charging due t ining i (MC: ¢ <20mV) with each:
: charging due to remaining ions ¢ <20m 5 5
Am 2 <0.007 eV

- inject low energy meV electrons from rear side,
diagnostic tools available

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



B Determine energy loss function and @T}R
" source column density pd ﬁi ;

74”72' -o‘o
T Newss™
main idea: measure pd in terms of pd
scheme of measurement

measure response function for 18.6
WGTS / keV electrons for diff. pd
E-GUN .
_/— SPECTROMETER  spECTROMETER TRANSMISSION FUNCTION

v

Tment

free

| I
I 0.8 /
Hl Markers: Result of deconvolution Z I
y - : e 06l
10 Quintic natural spline fit of deconvoluted & ! A
E energy loss function iE I
_ = I
m Input model of energy loss function 0‘4._
0.2[P’,° P’°
-2 L
10 =— N
: [ v 1 N M L 1 M
= 0 0 20 40
il AE [eV]
i => deconvolution of
o I [ energy loss function
T e gl o oo
10 15 20 25

-AE in eV
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2 Long term stability of the retarding HV ;;z

e Measure HV by precision HV divider

e |ock retarding HV by measuring
energetically well-defined (atomic/nuclear standard) and
sharp electron line with monitor spectrometer

main spectrometer

tritium source spec%?neter
or alternately : == detector
calibration

source

HV-suppl
continuously PPY

calibration source:
241Am/Co

@, precision HV
divider

monitor spectrometer
= modified Mainz spec.:
AE=5eV —1 eV

condensed &"Kr
source at Munster
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Su mmary & Outlook

Absolute neutrino mass scale is needed

for particle physics & astrophysics/cosmology
by direct neutrino mass measurement
(less model dependent & complementary)

KATRIN will become sensitive on the m(v,)
down to 0.2 eV:

m(v ) <0.2eV or
m(v_) >0 eV (for m(v_)>0.30 eV @ 30

2009/10  complete setup and commisioning
2010 start of data taking ‘*" e
2011 first results g
2015 finish data taking




