AT

Karlsruhe Institute of Technology

KATRIN

Ecole Internationale Daniel Chalonge 2013
July 26, 2013

Guido Drexlin, KCETA

KIT — University of the State of Baden-Wurttemberg and
National Research Center of the Helmholtz Association



Outline QAT

Karlsruhe Institute of Technology

B Introduction
- Scientific goals

B Tritium source

- challenges:
temperature stability

B Electrostatic spectrometer

- challenges:
radon-induced background

B Conclusion
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KATRIN experiment AT

Karlsruhe Institute of Technology
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B Karlsruhe Tritium Neutrino Experiment

- next-generation direct v-mass experiment at KIT
- International Collaboration: 120 members

15 institutions in 5 countries: D, US, UK, CZ, RUS
- reference v-mass sensitivity: m(v,) = 200 meV

B KATRIN member institutes
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absolute v-mass scale AT

Karlsruhe Institute of Technology

cosmology: role of relic-v’s as hot dark matter (€2,)|, L dark energy
particle physics: absolute neutrino mass scale (m,)| 1
T 1 — tritum R-decay | dark matter Vsterile?
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http://www.symmetrymagazine.org/sites/default/files/images/standard/what_mass.png

motivation: v’s in astroparticle physics AT

Karlsruhe Institute of Technology

cosmology: role of relic-v’s as hot dark matter (Q,)
particle physics: absolute neutrino mass scale (m,)

—_
|I|I

calculated anisotropies of the
CvB form, = 10 meV
(S. Hannestad, 2009)

»
s &

M idea: capture of relic neutrinos on
x
R-unstabile isotope (°H, 18’Re):

Xl v. + °H — SHe + e

advantage: no threshold! Im <066V (®) 001 <
_ CvB
08 | ] dipole
06 | m(ve) =0 eV smi > 0.05eV (1v) 2001 7
o < Formive | g experimental challenges in case of 3H:
02 8 I, a) >10% KATRIN T, target mass required
o b—— (~100 g), 24 g T, are on site at TLK
3 2 1 0 b) resolution AE < 50 meV for 18.6 keV }’s
E-Eo[eV] strongly limits accepted source solid angle
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motivation: searching for sterile neutrinos QAUT

cosmology: role of relic-v’s as hot dark matter (Q,)
particle physics: absolute neutrino mass scale (m,)

Karlsruhe Institute of Technology

M idea: detect kinks in [3-decay spectrum when mass of sterile species
is accessible kinematically in 3-decay (sub-eV to keV scale)
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- see also talk by C. Weinheimer 1oL,
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KATRIN experiment — overview QAT

Karlsruhe Institute of Technology
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Source & Transport Section (STS)

31- _ L region close to 8 end point
RSRellEl  most sensitive method Dé
ideal E, 18.6 keV = T |
B_emitter t1/2 123 y B Mpeegr;ﬂjfn -g- 0.6 :' m(Ve)= 0eV
08 ! ©
3 3 = = : — 04 F /
H>"He+ e + v, 0s |- £ only 2 x 1013 of al
02 F decays in last 1 eV
04| I
@ 4 m(ve) =1V
9 — 0z} 0
3H \ P S TP TP
q ol 1 1 _// -3 -7 -1 0
3He 2 6 10 14 18
electron energy E [keV] E-Ej[eV]

G. Drexlin, V. Hannen, S. Mertens, C. Weinheimer, Current Direct Neutrino Mass Experiments (Review)
Advances In High Energy Physics (2013) 293986
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KATRIN experiment — overview QAT

Karlsruhe Institute of Technology

i |
g4, === Fi. g e ' Eve == o
Rl w w el o iy s
%g%”)\' 1250 m3

largest ever tritium
throughput ~ 10 kg/a

largest ever UHV
recipient (<10-1 mbar)
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KATRIN — benchmark parameters AT

Karlsruhe Institute of Technology

i diai . R, R L L = €
= ey
tritium source: 101! 3-decays/s total background: 102 cps
(= LHC particle production) (= low level @ 1 mwe)

experimental challenges

& 103 stability of tritium source column density
& 102 isotope content in source

& 10  non-adiabaticity in electron transport
% 10 monitoring of HV-fluctuations

& 10%  remaining ions after source

& 1014 remaining flux of molecular tritium E\/F
- -
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KASSIOPEIA code

B-field [T]

one of the world’s

S A

=, -20 leading codes for M
£ field calculation &

é 107 particle tracking

m
F. Gluck, Prog. in Electromagnetics Research B, 32 (2011) 351-388 & 319-350

10 July 26, 2013 G. Drexlin — KATRIN KIT-KCETA



KATRIN — challenges and solutions AT

Karlsruhe Institute of Technology

>

source
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Why is the
gaseous tritium source
so challenging
when measuring m(v,)
and hunting for keV-mass v.?



Karlsruhe Institute of Technology

WGTS — principle AT

closed tritium loop

o o
c c
~ ~

~1s

O

S 10 3-decays/s
s

O

S pd = 5-10% mol/cm?

=i

-5m (I) +5m

Windowless Gaseous Tritium Source
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Karlsruhe Institute of Technology

WGTS — injection & pumping chamber QAT
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Karlsruhe Institute of Technology

WGTS - s.c. magnet system AT

superconducting magnet system for adiabatic guiding of [3-decay electrons
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Karl:r he In:tlt te of Technology

Tritium Laboratory Karlsruhe — TLK g(“‘

- TLK: unique large research facility at KIT for KATRIN and fusion (ITER)
20 years of experience in tritium handling and processing, 24 g on-site

B. Bornschein et al., Fusion Sci. Techn. 60 (2011) 1088 |
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Investigation of source systematics AT

Karlsruhe Institute of Technology

~

B control of source systematics:
- near-time control/monitoring systems for key parameters

M
- successful large-scale test experiments (WGTS demonstrator) M
- improved source modelling: quasi-3D gas flow |

\
CMS WGTS cryostat Transport section . column denSIty proflle
Column 5 0 4
density = .
Electron =
gun A e - . i) 2
..... 7 “‘. -h“"*'- .tcu
. “. [ Beam Z o
: 28 R ™. | tube temp. B
X-ray M ’ PIN diode o
detector [ CCER Temp. stab./ B (i otor T -2
3 injection Pt500 sys. E
Faraday /& it P 5
PP Composition| .~ Lo ressure S 4
SELEVN - Inner Loop stabilization o
spectr. o

M. Babutzka et al., New Journal of Physics 14 (2012) 103046
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Karlsruhe Institute of Technology

Closed loops and high-purity tritium source  AJT

B continuous purification
with Isotope Separation System

extensive
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Karlsruhe Institute of Technology

Test of Inner Loop (TILO) AT

B demonstrate stability of tritium
flow in closed loop system

10.03
10025 F e
E requirement of pressure stability of T, buffer
lgi 10.02 TILO
o ] )
oo B TILO achievements
- successful commissioning
10.01 ags .
Prean = (10.0146 £ 0.0012) mbar - StablhtyZ requwed: 103
10005 ¢ achieved: 104 |
10 - reduced source systematics
12 hours > S
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Karlsruhe Institute of Technology

Hydrogen Isotopologues QAT

rotation

—>’G+i .\

V|brat|on
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Karlsruhe Institute of Technology

Hydrogen Isotopologues QAT

10
383 >
@®© [ c
,936? .
S 4L =
sS4 =
S . %
821 ’
OFf

rotation - recoil effects

- molecular
—> + i \ excitation

(final states)
V|brat|on
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Laser Raman (LARA) spectroscopy AT

Karlsruhe Institute of Technology

;ﬁ@%
B LARA task: A

continuous monitoring of actual
H-isotopologue composition
- high precision (~0.1%)

Laser
S 5\W 532 nm
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Karlsruhe Institute of Technology

7

Laser Raman (LARA) spectroscopy AT

Peeil = 200 mbar )
laser power =5 W
T, acq. time =250 s
20007 tritium purity > 95 %
__ 10004
2 g2
s DT
2 7254
2
g
< 700 - ﬂ D, HT
675 _J\J\JJ L‘,\‘ﬂJ U\/\J‘\R\"JLJ\_\\
650 T T T T T T T T T T T T T T T 1
600 610 620 630 640 650 660 670 680
Laser Wavelength (nm)
) 532 nm \
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LARA — Laser Raman Spectroscopy AT

e S
N IS
| 3 b,
Mie - aid s il !

Karlsruhe Institute of Technology

I - T T2

3

5W z
Nd-YAG laser =
N @

B L ARA achievements
- sampling time reduced to
At = 60 s for 0.1% precision M
- trueness: required < 10%
achieved: < 3% ™
- systematic investigations M

Time (d)
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WGTS — windowless gaseous source QAT

Karlsruhe Institute of Technology

N

B WGTS: molecular tritium source of
highest luminosity & stability
complex cryostat with:

- 12 cryogenic circuits

- 6 cryogenic fluids

need very good
temperature stability

and homogeneity
better than 10-° at 30K

16 m long cryostat

26 July 26, 2013 G. Drexlin — KATRIN
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WGTS — demonstrator AT

Karlsruhe Institute of Technology

Neon return line

Pt500 + vapour
pressure sensor

Helium inlet /
(25 K)
Liquid
neon

Neon two phase tube

Source tube at 27 - 30K

B WGTS demonstrator:
- proof-of-principle of 2-phase
beam tube cooling principle

S. Grohmann et al., Cryogenics 51, 8 (2011) 438
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Karlsruhe Institute of Technology

WGTS demonstrator — BT stability at 30K QAT

30,35 d — ~
4h measurement | B Technology highlight:
X, ' successful proof-of-principle of novel
@ 3030 ] WGTS beam tube cooling system
A S KATRIN spaciication _dataz  AT=15mK (1o)(1h)
S joosk 1 - required: AT = 30 mK (16) (1h)
e : 3 - implications:
2 1 significantly reduced systematic
20-201 vapour pressure sensor | errors from source fluctuations
- noise band width<0.2mK ] Apd/pd ~ AT/T = 5-10°5
L L L Ly v v ] \_

06:00 07:00 08:00 09:00 10:00

S. Grohmann et al., The thermal behaviour of the tritium source in KATRIN, Cryogenics 55 (2013) 5
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WGTS — demonstrator AT

Karlsruhe Institute of Technology

Helium outlet Neon return line

(27 K) R T—

Pt500 + vapour
pressure sensor

Thermo
siphon

Helium inlet 1‘
(25 K)
Liquid
neon

Source tube at 27 - 30K - — Neon two phase tube

Apd/pd ~ AT/T ~5-10° Aplp ~ AT/T ~ 10
per hour
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Karlsruhe Institute of Technology

tritium retention techniques AT

B DPS & CPS: two large cryostat systems for overall retention factor > 104

B differential pumping section DPS\
active pumping by TMPs

B cryogenic pumping section CPS\

33 July 26, 2013 G. Drexlin — KATRIN
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AT

Karlsruhe Institute of Technology
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Why is a

single nuclear a-decay
In the spectrometer
so dangerous
when measuring m(v,) ?

2'16PO

4D




electrostatic spectrometers . AT

Karlsruhe Institute of Technology

.
.
s
.
.
.
.
.
-

S MS: precision filter - scanning

entire
spectrum

PS: pre-filter option N

fixed retarding potential 08

Uy = - 18.3 kV iy variable retarding potential
AE ~ 100 eV o U,=-18.4 ... -18.6 kV
_ o .
_ option to filter out n 22 m) AE ~ 0.93 eV (100% transmission)
low 3-decay electrons region close to & end point
- reduce background V=" MoS: _ o8|
from ionising collisions electron energy E [keV]  in operation & %0,6 m(ve) =0 8V
_ _ Ej 04 | /
ol i
MS retarding potential .
nuclear standard (8"™Kr) e
separate beam line E - Eg [eV]
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focal plane detector system AT

Karlsruhe Institute of Technology

B focal plane detector
segmented Si-PIN diode array: _ ——&&
- count transmitted electrons — =
- radial & azimuthal mapping  yged fux 8
- arrival time of electron ® =191 T cin?
- study of systematics

- s.c. magnets for guiding

L Wil .
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spectrometer: signal & background AT

Karlsruhe Institute of Technology

B KASSIOPEIA: detailed simulation of electron trajectories

B [T] ®transmission of R-electrons:
" magnetic guiding &
electrostatic retardation

DO -

“’(*"‘6"‘0 T o A
C S ol Y,
. ’of'..':?ofé:\‘

A

. I]éO .
B trapping of bg-electrons:
spectrometer acts as ':O
a magnetic bottle, i
long storage (h) I
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spectrometer: signal & background AT

Karlsruhe Institute of Technology

B
B KASSIOPEIA: v
\ v
——N (/ﬁ
—_— — s i e E
° = & & oy 3 w4
— 90f 3 T’\’,_\,AJ\*‘—A.AJ YA
9 7 |—— — [ | ‘ WE 7
o 80 11— | E—
% = I\ ,/f"’ll ]
— /0F | —_ | . Sy
(4y] - F
o 60 Coil 1 Coil 2
o = o
505 o B
40F trapped -
30
- not
20
- trapped
10
- signal electrons
D— L1l L1 lllllui3 ——EEH&&TL
1 10 102 10 10
Kinetic energy (eV)
o~

B trapping of bg-electrons:
spectrometer acts as
a magnetic bottle,
long storage (h)
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radon induced background AT

Karlsruhe Institute of Technology

B 21°Rn emanation from St707 NEG getter strips (3-1 km) in pump ports of
spectrometers 2193 215pg

@ = @ » S. Mertens, PhD thesis KIT (2012)
fe

. Shake-off
/ electrons

\0’@, conversion

\@é/electrons
+ Auger Q,
. elclions

shell reorganisation electrons

VA
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radon induced background AT

Karlsruhe Institute of Technology

B 21°Rn produced during primordial
\ protcinian 235U decay chain

- ‘{
il Actinium series °U NER: EEN
Actini;zn; 235U —_— 207Pb’ t1/2 —_ 7.1 . 108 a

Francium
223

*
Astatine /219 t +*
219 85
56 sec

219 Radon
86 219
Actinon
f y 3,96 sec ( )
.

Polonium

215 211
) F
o‘ o*oslo
. * q:b
** Q-
Bismuth
215 Bismuth
| - 211 |
) “ v
*
. 0
M 9.72% Mo
. Lead 82 M) Lead
212 - ‘§/ Stable / 207
.
o*

4,7 min /207

KIT-KCETA
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radon induced background AT

Karlsruhe Institute of Technology

SN explosions during formation of B 219Rn produced during primordial
Solar sysie 235U decay chain

A=a j+3

235 — 207Pp, t,, = 7.1 108 a

235,238 ) 232Th
, o

1.65:1
accumulation
In earth crust
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http://en.wikipedia.org/wiki/File:Alpha_Decay.svg

pre-spectrometer — measurements N4l

Karlsruhe Institute of Technology

B pre-spectrometer background investigations
- novel bg-source: 21-2?20Rn produce electrons in the keV-range, which
are trapped & generate enhanced bg-levels for up to several hours

Journal of Physics G
Nuclear and Particle Physics

events/s

F.M. Frankle et al., Astropart. Phys. 35 (2011) 128
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pre-spectrometer — measurements AT

Karlsruhe Institute of Technology

B Implications for main spectrometer

TDR-benchmark: rp, = 0.01 cps

p— B tritium
/)] B °°°Rn (wall)
8 219Rn (wall)
WARNING s o =
& 10
" " -O
non-Poissonian nature of § 102}
Rn-induced background has the o 03
potential to limit neutrino mass c;é
sensitivity of KATRIN 104

#1 #2 #3 #4

UHV pumping scenario
need novel background pumping

reduction techniques

S. Mertens et al., Astropart. Phys. 41 (2013) 52
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May 8, 2012 14:11
1 Spectrometer pump
ports are closed

3x1000 m
NEG strips
(pump speed
.. ~1.000.000 {/s) &




Spectrometer commissioning AT

Karlsruhe Institute of Technology

N
B 2013 first period of data-taking with entire spectrometer/detector

successful bake-out of spectrometer vessel at 300°C
NEG pump activated

Inner electrode system: no broken wire

first light achieved May 315t

extensive commissioning measurements started

52 July 26, 2013 G. Drexlin — VLOx KIT-KCETA



commissioning measurements AT

Karlsruhe Institute of Technology

Rate (cps) N\

1000

B Commissioning measurements
- study background characteristics
- study of optimisied electromagnetic layout
- first measurement of transmission curve with egun
- test active background removal methods

s 8 8 & g8 &8 3 g8 8
g 8 8 8 8 8 8 8 8

%2400
:;;2200 scanning into transmission

EEEDDD scanning out of transmission

=

random scan order **jld

&

W
il

o
51800
o
Ys00
1400 X 1
N
1200 Wi
i
1000 4
800 u;.’*m
. g
600 0
-
400
200

k

0
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spectrometer pressure p ~ 5 - 10 mbar

day time

ing

pressure at lunar surface duri




Background reduction techniques

IT

B Passive methods: pump out & cryotrap radon atoms
- minimise background generation mechanisms due to ionisation

.
A,
Radon pump-out Cryogenic Cu-Baffle Excellent UHV
- fast pump-out time for

- cryotrap radon atoms ||- keep stable UHV with
radon atoms onto LN2 cooled baffle || p<1-10-1 mbar (~5 a)

~ Ay

AW

I i S

_ non-getterable species

cryotrap gas species

55

getterable gas species
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Background reduction techniques AT

Karlsruhe Institute of Technology

B Active methods
- fast removal of stored electrons by breaking of trapping condition o 9

A “')

| Cylclotron Resonance Magnetic Pulse Electrostatic Dipole

- apply RF-field tuned - zero central B field - apply transversal dipole
to cyclotron frequency to induce drift to wall to drift electrons to wall

_ all electron energies _high energies (E>1keV) \Iow energies (E<1keV)
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Background reduction techniques AT

Karlsruhe Institute of Technology

B Active methods
- fast removal of stored electrons by breaking of trapping condition

| Cylclotron Resonance Magnetic Pulse + Electrostatic Dipole

- apply RF-field tuned 1.0
>~ e Trapped
to cyclotron frequency £ 4 Magnet pulse
'c% 0.8 . ee = Dipole
e go T *~¢e. .. combined
- ..
S 0.6 ' .
o) ) *--l‘\‘“
= 0.4 . o
[ .
o
= 02 . R}
g l“"a‘ ‘h‘t
0 ‘ -
1073 102 107 10° 101 102
_ all electron energies || electron energy (keV)
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KATRIN sensitivity AT

Karlsruhe Institute of Technology

B reference v-mass sensitivity h 1
for 3 “full beam” years: 8
- statistical & systematic errors § 0.99
contribute equally: B o8
T @) :
statistics oy, =0.018 eV? =
systematics o, < 0.017 eV? © 097
sensitivity m(v) = 200 meV (90% CL) 096 L
| 66 68 70 72 74
- 350 meV (50) electron energy +18.5 keV [eV]
. \ = ! i i | {
B other physics E 1200} _—— ——
- light sterile neutrinos (eV-scale) g 1000 - ————— —
reactor anomaly Saos W SR R R R
- heavy sterile neutrinos (keV-scale) % 2001 S~ ST VRV AN SN S—
warm dark matter 2200 e e —
. . . . < i i i i i
_ - non-V-Ainteractions, Lorentz violation | 3 O 2 4 8 8 10

full beam time [months]
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Conclusion QAT

Karlsruhe Institute of Technology

sterile v's?
sub-eV to
keV scale

absolute
v-mass scale”?

S
RH CUH'entS S
[
£ 099
pd
A0S >
Wi O\a\\Oﬂ © 098
OY e“\-z m(ve) =0 eV 1"“>
= 4k / Eo+mv)| £ g7
=
o2f m, =0.5 eV
m(ve)=1eV
096 . 4 . T
lllllllllllllllll 18566 18568 18570 18572 18574

U V]
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IT

Karlsruhe Institute of Technology
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