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Background characteristics at KATRIN \‘(IT
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Overview

® Count rate of ~10 mcps close to tritium endpoint - Design background
level in same order of magnitude.

® Main Spectrometer (1240 m3) represents main source of background.

® Current background level is ~200 - 600 mcps depending on
electromagnetic field setting.

Main Spectrometer

Detector
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Background characteristics at KATRIN ﬁ(".

Expected background sources

® Two main sources expected from earlier experiments with MAC-E filter
spectrometers:

Secondary-electron

Stored-particle related .
emission related

LN,-cooled :
baffle system Vessel\surface Vessel\surface
. TAWA)Y
AU¢ e VYV
e 6 o o o' o o o e \ B
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Background characteristics at KATRIN ﬁ(".

Expected background sources

® Two main sources expected from earlier experiments with MAC-E filter
spectrometers:

Secondary-electron

Stored-particle related .
emission related

M/y M’y
LN,-cooled :
baffle system Vessel\surface Vessel\surface
: NN
AU : IVARVARVA
» See talk by J. Wolf @ oeo e elo o0 o e\ =
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Background characteristics at KATRIN ﬁ(".

Magnetic-field dependence

THAY //

Vessel\surface F*2

B V/\V/\\é' \ B ¥

1.6 > Background turns
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| s, = S R R independent of
= R T magnetic field
08 e HUR S— s strength

1.2

04F """""""" """"""""" A —L """"""" - Purely volume
0 dependent

Rate per volume (mcps/m3)
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Background characteristics at KATRIN

Electrostatic shielding

® Impact of electrostatic shielding on radial
background distribution

Ei1s b .
2 E .
E 1o E - - Shielding impacts
o " AU=-5V = e background radial
= = e e B H:‘;-f“ independently
>08 e e
8 C AU = -100V - Contradicts model
& 04 = . of secondary-
=T E aalit electron emission
= . e e induced
0.0 Attt b b b o background
05 1.0 1.5 20 25 30 35

radius in analyzing plane (m)
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Background characteristics at KATRIN ﬂ(".

Karlsruhe Institute of Technology

Spectrometer bakeout

® Impact of spectrometer surface
conditions on radial background profile

o 1.6
S - N
5 —
Q -
e 12 |
Py = - Shielding impacts
E - before bakeout . background radial
S 08 & | . - independently
8 — after bakeou;—///
Q . - Contradicts model
g 04 P // of secondary-

— electron emission

Y T T P E P S B S B induced
05 10 15 20 25 30 35 background

radius in analyzing plane (m)
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The Rydberg-atom based background model -\\J(IT

Characteristics

How to combine volume dependent background
with surface conditions and AU-dependence?

Institute for Nuclear Physics (IKP), KIT



The Rydberg-atom based background model ﬂ(".

Characteristics

How to combine volume dependent background 2O
with surface conditions and AU-dependence? HZOCP )

- Neutral messenger particles AU
(Hydrogen Rydberg atoms)

. A
- Explains volume dependence. V' o o/
(]

= Explains impact of electric shielding .-~

, ]

> Explains impact of bake-out. UnA E ;9
c ) I

|4
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The Rydberg-atom based background model

Characteristics
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How to combine volume dependent background
with surface conditions and AU-dependence?

- Neutral messenger particles

(Hydrogen Rydberg atoms)

- Explains volume dependence.

= Explains impact of electric shielding .-~

- Explains impact of bake-out.

- Explains low-energy
background electrons.

- Generation mechanism?

U(r) 4

]
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Radon progeny in the Main Spectrometer -\\J(IT

Observation of 219Pb signature

® Found small traces of 21°Pb contamination in the Main Spectrometer
(=1Bq / m?).

3 F > T
x B X2 / ndf 3.058/3 | ] S R '
2 1= T Mean  s241:008076 [T S 10 (£ Beta .
7% - Sigma 1.462 + 0.1009 o u : i [ ] Conversion
€ 19 — 12.04 /10 /«g/m/[_ e
= i | Mean 63.97 £ 0.7013 | Shell reorg. |~
C Sigma 4.414 £ 0.8622+] 3 = 9
T10°E
T R
10_5_ 1 1 1 i 1 1 1 i 1 1 1 i 1 I.[ l‘{ i Il I{I iT 1 .[I ‘llwl : 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1
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Energy (keV) Energy (keV)

B 210Pp must have been deposited in spectrometer over the course of
inner electrode assembly and commissioning.
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Radon progeny in the Main Spectrometer ﬂ(".

Deposition mechanism

%Rn

® Spectrometer was vented to ambient air o i
for years during installation of inner

electrode system.

100%

JEEmme
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Radon progeny in the Main Spectrometer

Deposition mechanism

B Spectrometer was vented to ambient air
for years during installation of inner
electrode system.

® Rn-progeny is plated-out on spectrometer

surfaces by various transport

mechanisms. _
® Implantation of 21°Pb into sub-surface ¢

layers due to recoil of 214Po.

® No direct background contribution by
210ph in KATRIN standard operation.
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Radon progeny in the Main Spectrometer ﬂ(".

Consequences

® Recoil of 210Po a-decay causes sputtering
on the inner surfaces of the Main
Spectrometer.

® Short bursts of secondary electron
emission on ms-timescale.

x (m)

»® A N O N &~ O
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Radon progeny in the Main Spectrometer ﬂ(".

Consequences

® Recoil of 210Po a-decay causes sputtering
on the inner surfaces of the Main
Spectrometer.

® Short bursts of secondary electron
emission on ms-timescale.

® |dea: Rydberg atoms are generated in
sputtering process.

6 2™ process

e

“\a‘ \50\ = Fe
,6“‘“(\0“\ . - b

\o“ 9°‘Q O -8 Fe = “Pzr'

™ Fe [8
-
oe Fe a—
“»
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Radon progeny in the Main Spectrometer
Experimental test

Idea: Use short-lived alternative for 210pp = 212pp @:ﬁ @

® Artificially contaminate Main Spectrometer | @

surfaces.

212Pb 36%
106 h

220Rn

¥

rate / cps

\‘\ 216Po

212Pb

210Pp contamination in Main |
Spectrometer is root cause of [ L
» i background o

*‘*hr%, | 1 |
elevated background rate at reference et
KATRIN! 05 ”'1L0”"2jo”'3lol'“4jo’lllslo"”esloL“t_JTio;h
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Radon progeny in the Main Spectrometer ﬂ(".

Countermeasures against Rydberg background

® Cleaning inner surfaces to get rid of radon progeny.

- Well established techniques from other experiments (Borexino, Gerda, etc.)
—> Difficult to carry out in case of KATRIN (vessel size, electrode system, etc.)

® Using strong UV light source (LightHammer) to reduce hydrogen
reservoir on the inner spectrometer surface.

- Tests are currently ongoing.

19 Institute for Nuclear Physics (IKP), KIT



Radon progeny in the Main Spectrometer -\\J(IT
Conseguences of Rydberg background for KATRIN

® Measured background level is 56x higher than design level. Without
any optimizations this worsens the KATRIN sensitivity to ~350 meV.

® Optimizations: NSRS RREEEEERREEEEREEEEET
—~ 3501 558 mcps £

i ] ——E -30eV . . @ 5

. . 0 non-optimized 5

- Scanning strategy o E - 45 eV E
> Analysisinterval - 8 51 ——E,-60ev  ojiminary g

9 Reduce VOIUme %E) - M ?

with drawback of £ : y =
E> 250— W % _

worse .energy . i DA [
rESO|UtI0n -E;’ ] TDR 2004 1.2 0.8 B-field in mT 0.38 )

= 200 |® optimized for AE ~2.5eV

® KATRIN still s ] omes _
reaches a sensitivity 150 +————— |
0 100 200 300 400 500 600

of 240 meV (90% C.L.)

background rate in mcps
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Conclusion & Outlook .\\J(IT
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Current background level at KATRIN significantly higher than design.

Background not related to background sources observed in
predecessor experiments.

Background characteristics indicate neutral messenger particles from
spectrometer walls that are being ionized in the volume

- Model of Rydberg atom induced background.

Recent measurement results prove direct link between deposition of
Rn-progeny on inner spectrometer surfaces and background level.

Tests of intense UV light source as potential countermeasure are
ongoing.

Even with elevated background level, KATRIN can reach sensitivity of
240 meV / c2 (90% C.L.).

Institute for Nuclear Physics (IKP), KIT
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The KATRIN experiment ﬁ(".
Single beta decay
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The KATRIN experiment

Measurement principle

total rate
in cps
—

relative rate difference

-0.02}

measuring time
in days

25

retarding energy qU - E; in eV

10 ¢

0.1}
0.0l ,

0.00 +

-0.01}

-30 -25 -20 -15 -10 -5 0 5
EO g L ° - . | m?
Aslg ° ...‘. Y
-.... Regl
m, = 0 meV l |
m, = 350 meV H
* generated data 1

OO0 00nM
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retarding energy qU - E; in eV

AT

Karlsruhe Institute of Technology

Integrated T, B spectrum
close to kinematic
endpoint at E; = 18.6 keV

Impact of nonzero m, on
spectral shape is most
pronounced a few eV
below E,

Optimized measurement
time distribution to
increase sensitivity
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The KATRIN experiment ﬁ(“.
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MAC-E filter
electro%
"
101 e’/s / '4'
solen0|d s solenoid
Us
D Bmin Bmax
P B U,
‘ B
E
uzflz const. Exin = E |+ E, AE = 0.93 eV
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The KATRIN experiment

Experimental beamline

Rear
Section

N
S
N
N

. Calibration &

E LT
——

! L ;_i{: v . - 7.-:‘. 113
L e e ek i

Windowless gaseous
tritium source

—

Tritium B-decay rate

\ i
monitoring i of 1011 1/s + Cryogenic & i
| differential pumps _ _ i« Si-PIN diode array
. Artificial i Operating parameters « MAC-E filter width: 0.93 eV @ 18.6 keV i
electron | (T, p, etc.) stabilized * Tritium retention ! Highly efficient
source : at 1073 level factor of >1012 « Operated at UHV conditions (<101 mbar) ' e" counting

Transport Section

+ Adiabatic e transport

Pre-

: Detector
spectrometer |

Main Spectrometer

~7O m First Light-eventsﬁo ms ©

» Closed beamline at 23'4 September 2016 if{?{'ﬂ gus i
e :

®) First Light event on 14t October 2016 \\\\\\\8“:\:‘:"@ %, :
5 |
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Background characteristics at KATRIN _\_ﬂ(IT

Expected background sources
Muon panels

® Investigated muon vs. secondary / \
electron correlation. T, ==
4

® Small fraction of secondary
electron rate is found to be muon

T
I

,‘\ \\\\\

W

&&

\ \\\\

™~

induced.
5 1L 10 o | 5 10
s / =m
% o.sé—
E g Muon panel
£ B 1
‘g O:— ',"
N o [a=13.6+08% |
8k
iy
-isf- - For symmetric case no
i N B | | | correlation was found!
-4 -2 0 2 4 6

Deviation from mean muon rate (%)
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Background characteristics at KATRIN

Effect of electric dipole

® Electric dipole to drift-out stored particles

AT

Karlsruhe Institute of Technology

of energies E > 1 eV. \ )
SgcT: ) A TR S S O S SRS S R
£ - ! ! : !
§560 — —J‘“‘__|“" """" — el. field
540 Z_ ' . Reference BG: 531 +/-9mcps | L] — electron trajectory
70 et e e e T 3 No significant
o) AR S O S s ]”_ A S N L impact of electric
- E | j RS R dipole on
480 - === =-==-- r—-=—=—~-=-°= e D L e i b T-—==° | B r=—-==7
C | i | | | | : background level
460 :— Dipole on-:-------- -- Dipole off ------¢------- S e e e observed.
440 =(542.4 +I/-1O.4)mlcps ' ' (496.8 4.-/-5.8) méps
00 02 04 06 08 10 12 14 16 '1.8'_' 2.0 = Background
. " ' Time () electrons must be
Dipole active: Dipole inactive: low-energetic
(E<1eV).

542 +/- 10 mcps 497 +/- 6 mcps
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The Rydberg-atom based background model ﬂ(".

Karlsruhe Institute of Technology

Characteristics

30

How to combine volume dependent background

with surface conditions and AU-dependence?

- Neutral messenger particles
(Hydrogen Rydberg atoms)

Radial distribution of Background

[
[

4+ measurement
4 simulation 3.5m

+
+

[y
[=]

14 _+_

12 : :F
. 3

Volume normalized background rate, arb. units

o
=]

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0,035 0.040 0.045
Radius on the detector wafer m

O
A Hzoq) H
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Rydberg model — temperature dependence

AT

Karlsruhe Institute of Technology

m Spectrometer temperature was increased from 19°C to 43°C
m Linear increase expected for large n
m Most of background could be due to Rydberg atoms

relative ionization rate of H Rydberg atoms by BBR

/2]

) g
& 2.0 E 60
= 2o
g 18 660
@
c 16 640
5
814 620
c
k)
o 1.2 600
=
® 10
21 580

0.8 560

0 10 20 30 40 50 60

temperature / °C

G.W. Lehman, “Rate of ionisation of H and Na Rydberg atoms by black-
body radiation”, J. Phys. B, 1983

Florian Frankle, “SDS3 measurements - status and outlook”
KATRIN CM32, Karlsruhe, Germany

—+— increasing temperature

—+— decreasing temperature

i

| -l

TTTTTT T ITT T T T T T

\295\ - \300\ -

\305. T

‘310‘ L ‘315. L
temperature / K

normalized slope (average): 0.79 + 0.12

correlation factor; 0.6
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Rydberg model — selective field ionization

1000 - - - - vessel

‘ electric field

500

total rate / mcps

ur) |

unbaked A-E* A=774+5 x=-0.0967 +0.0044 y (n Z
4 c

baked A=547T+T7 £ =-0.1118 £0.0066
measurement, baked / \
measurement, unbaked

0.01 0.1 1 10 100

electric field / (V/cm)

++ | |

® Spectrometer baking improved background, but same behavior after
baking

® Rydberg atoms are ionized by the electric field between vessel and
electrodes and hence can not reach the inner spectrometer volume

32 Florian Frankle, “SDS3 measurements - status and outlook” Institute for Nuclear Physics (IKP), KIT
KATRIN CM32, Karlsruhe, Germany
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Rydberg model test ﬂ(".

B attach 228Th source to main

spectrometer —
B “contaminate” inner surface with 212Pp ¢ e
' 216Po
B close valve to 228Th source and check
for exponentially decaying background T anpy,

rate

® alternative proposal: use short lived
implanted radium source (**2Ra, %?*Ra)

B, 2.3 MeV (64%)

o, 9.0 MeV

a, 5.5 MeV o, 6.4 MeV [, 331 keV o, 6.2 MeV (36%)
212t
226Th  ,,, 22Rpn ... > Bi
Florian Frankle, “SDS3 measurements - status and outlook” Institute for Nuclear Physics (IKP), KIT

KATRIN CM32, Karlsruhe, Germany



228Th source — contamination phase ﬂ(".

® Source courtesy of XENON collaboratio X@
(Thanks to V. Hannen / C. Weinheimer) 5%E

Matter Project

® Exposure started on Dec 1st, 2016
® Exposure time 20h 6min (about 2xT,,,, 73%)

rate after opening valve rate before closing valve
to source (warm baffles): to source (cold baffles):
Pixel Distribution Electron ROI (cps) Pixel Distribution Electron ROI (cps)

MS pump port 100 78 + 0.8 cps 28 + 0.5 cps

34 Florian Frankle, “SDS3 measurements - status and outlook” Institute for Nuclear Physics (IKP), KIT
KATRIN CM32, Karlsruhe, Germany
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212Pp contamination — decay phase
background rate with symmetric magnetic field X* I ndf 72.36/90
p0 1.84 +0.02 cps
@ 25— e s P s S | P1*In(2)  10.53£0.17 h
) ™ | | | | | | p2 0.672 + 0.005 cps
-~ A, ! 3 ! ! ! ! :
e ;
o B \1‘{;& i
) O S
L |
- My ) =pglexp(-toy) + py
¥ iy | | |
15— Ty o I At I s
- My 5 5 s s s s
- kg
1__ """"" *‘I'-I-d'ﬂm,% """""" e
_ B NP i s
— 3 T H*'F#w“ﬁ“*ﬂ*ﬁm%m- S
0_5_- ,”J,”J,”,L”,i,”,L”,l,”l”,l”,j”,J””I””I””I””:l,”L”l”,I”,L”J:””L”,L”,L”,l”,‘l,”l,,,J,,,J,”J””iﬁﬁlﬁﬁl”,l”,L,,I‘”,J,,
0 10 20 30 40 50 60 70
time/h

B Observed half-life matches 212Pp literature value of 10.64 + 0.01

very well
B Assuming similar processes, 21°Pb contamination < 5.1 kBq
35 Florian Frankle, “SDS3 measurements - status and outlook” Institute for Nuclear Physics (IKP), KIT

KATRIN CM32, Karlsruhe, Germany



212Pp contamination — decay phase

[ rate - asymmetric B-field |

® rate from vessel wall shows
the same exponential decay
(T =10.9 h)

® There is a very strong
correlation between
electrons from the vessel
wall and electrons from the
spectrometer volume

36
KATRIN CM32, Karlsruhe, Germany
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881.8/101
po 3099 + 2.669
p1 15.73 + 0.0209
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Florian Frankle, “SDS3 measurements - status and outlook”
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Background signature ﬂ(".

radial profile pixel distribution ratio ratio

—+— 28Th - first 10 runs

—s— reference background

— —
o
ARNRRN

1

normalized events
- N
| [T ‘ [T |
|

+

© O O ¢
N A O
[T

o

o 2 4 6 8 10 12 14
FPD ring

® induced background has the same behavior as existing background

-> main spectrometer 21°Pb contamination is root cause of background

37 Florian Frankle, “SDS3 measurements - status and outlook” Institute for Nuclear Physics (IKP), KIT
KATRIN CM32, Karlsruhe, Germany



The experimental beamline ﬂ(".

Karlsruhe Institute of Technology
Overview

Windowless gaseous
tritium source

Y« Tritium B-decay rate
! of 1011 1/s

« Operating parameters
(T, p, etc.) stabilized
at 103 level

29.70
Specified Stability: +30 mK/h
Measured Stability: +=10.1 mK/48 h

o 2965

£

g

3

£ 2960 Nt Waria et it Wt sthertordisstsl A
8

§

F 20.55)

29.50

06:00 12:00 18:00 00:00 06:00 12:00 18:00
Timespan 12 Nov 2016 - 13 Nov 2016
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The experimental beamline ﬂ(".

Karlsruhe Institute of Technology
Overview

Rear
Section

Windowless gaseous
tritium source

P T e e

» Calibration & \.
monitoring | of 101 1/s |

« Tritium B-decay rate
» Atrtificial * Operating parameters

electron (T, p, etc.) stabilized
source at 102 level

Angular-selective UV illumination

electron gun

High-energy electrons

o—
@
l * ©

Low-energy electrons

39 Institute for Nuclear Physics (IKP), KIT



The experimental beamline ﬂ(".

Karlsruhe Institute of Technology
Overview

Rear
Section

Windowless gaseous
tritium source

N
N
N
S

+ Adiabatic e transport

« Calibration & \‘. e Tritium B-decay rate i
monitoring ! of 101t 1/s i+ Cryogenic &
i differential pumps

+ Artificial * Operating parameters
electron (T, p, etc.) stabilized + Tritium retention
source at 103 level factor of >1012

Differential A
<« pumping <« lon blocking and ion drift electrodes
section
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The experimental beamline ﬂ(".

Karlsruhe Institute of Technology
Overview

Rear
Section

Windowless gaseous
tritium source

N
N
N
S
\

« Calibration &\\I e Tritium B-decay rate i
monitoring ! of 101t 1/s i+ Cryogenic &

+ Adiabatic e transport

differential pumps

+ Artificial * Operating parameters
electron (T, p, etc.) stabilized + Tritium retention
source at 103 level factor of >1012

Cryogenic
Pumping
section

4 Condensed 83mKr
source

Forward beam monitor
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The experimental beamline
Overview

Pre-

spectrometer Main Spectrometer

AT

Karlsruhe Institute of Technology

AN A

~

IIII!IIIIIII.

* MAC-E filter width: 0.93 eV @ 18.6 keV

R ———

» Operated at UHV conditions (<10-1° mbar)

Main Spectrometer P>
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The experimental beamline ﬂ(".

Karlsruhe Institute of Technology

Overview
Rear . Windowless gaseous . . | Pre- | .
: ! - g i Transport Section ! ! Main Spectrometer ! Detector
Section | tritium source ! | spectrometer .
1 I | | 1
i : \ ) N
kvl i

N
N
N
S
\

. * Adiabatic e transport
+ Calibration &

e Tritium B-decay rate

\ i
monitoring i of 1011 1/s « Cryogenic & i
i differential pumps _ _ i+ Si-PIN diode array
o Artificial i « Operating parameters *  MAC-E filter width: 0.93 eV @ 18.6 keV i
electron | (T, p, etc.) stabilized * Tritium retention i+ Highly efficient
source ' at 103 level factor of >1012 * Operated at UHV conditions (<10 mbar) ' e counting

The
<« detector
wafer
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First Light ﬂ(".

Karlsruhe Institute of Technology

Measurements

lon investigations

| )
—T

Beamline alignment
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Neutrino-mass measurement with KATRIN ﬂ(".
Measurement principle — The MAC-E filter

Karlsruhe Institute of Technology

Exint (€V) —18600

ttttt

E, Bmin

+18.6 keV = 0.93 eV

Ein = E| + E| i =7~ = const. AE = B.
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B aC k u p Karlsruhe Institute of Technology

Monoenergetic, angular ( ) and
radial (r) selective electron source.

Used in SDS commissioning

to characterize MAC-E filter . M. Erhard,
Phd thesis in prep.
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S 1.0 relative to "8 Ty ere: »* Vst 4
E’ magnetic field
e i 0°polar
= 0.8 v 2°polar
C L
e y 4° polar
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1.35 , , |
—  gimulation
¢ 3.8G meas. ||

1.30F

125}

1.20
115}

<€ >

Preliminary (M. Erhard, Phd
thesis in prep.)

potential punch trough in V

residuain o
I
—
|
*
L
[ ]
s
|

analysis point on y-axis in m
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Backup

51

AT

Karlsruhe Institute of Technology

LASYVCXRAICRX

magnetic bottle (axial)

[Storage of keV-electrons emitted in radioactive decays ]
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 Artificially elevate pressure in the spectrometer to reduce cool-down times.
 ldentify single radon decays as spike in the background rate.

« Determine efficiency of LN,-baffle system as Rn countermeasure.

«» 100 600
2 «— Rn-decay : w ™ hon-Rn
2 80 . - | —— Rn induced
8 p= 10-8 mbar = 400 i
© 60 p = 101% mbar L i
40 Q
T 200 [ e
- . + 0)
20 : 95.1+£0.3%
0 I ] L] L I JJM I 0 - [—I—\ ’_]_\
t th
W00 800 1200 pafiesiawus: i h5 O UG
Time (s)
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« 75000 muons / second

e Use muon veto to
correlate flux to electron
rate

w
O
[I'8
-l
Main
< spectrometer
w
Q
[V
—
T
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Deviation from mean rate (%)
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—4— Electron rate
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[a=13.6+08% |

—> Only small fraction of secondary
electrons are caused by muons!

Deviation from mean electron rate (%)
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Rate (cps)
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Backup & i)
* Measurements with water shielding showed no significant background
reduction.

» Characteristic clustering of secondary emission observed

- Use artificial y-source to check for clustering of events.

open Cobalt source
shielded Cobalt source

Rate (cps)

——— Difference

107"

1072

IIII|'|T[| IIII|'|T|'| Illllﬂﬁ\ IIIIIﬂTl IIIII|'|'|]NIIII

]
I
30

7 107 ]
60CO'SOU|’C€% Cluster size
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Integrated B-spectrum (cps)

Relative difference

Measuring time (days)
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average storage time (s)
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Rate (cps)
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ring centers
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Rate (cps)

Deviation from mean electron rate (%)
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Negative inner electrode

offset potential (V)
3

AT

Karlsruhe Institute of Technology
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Vacuum sensors
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Karlsruhe Institute of Technology

PS1 PS2

Ceramic isolators
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