Impact of T-BetaEndpoint
and Control of Filter Potential
on KATRIN-Result
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1.) Correlation of uncertainties @fendpoint E,) and square of neutrino mass,J?

2.) High voltage control

3.) Potential distribution in main KATRIN Spectrometer

4.) Potential distribution in magnetically confined$f@a of gaseous tritium source
5.) Outlook into future side experiments for KATRIN

» Absolute high voltage standard by collinear laser spectpy
 Improved (T -*He)-mass difference by ECR in ion trap
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Integral3-spectrum and ist Mass - Energy correlation
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Situation at KATRIN design parameters 5
1 simulated KATRIN-spectrum
. : 304
The sensitivity of the integral spectrum an, J? % after lyear mesurement
maximizes at a signal to background ratio i {L m,=0eV
S/B=2 (3) B
expected to happen at i~ +ic+
- 20
Eq—Egy=5eVv> (4) £ #,
2\ -+
o(m)= (0eV)xa(E,~E) (5) g || /¥
£ | =05V 4
= #&+¢" +E|O
SR ToE S Tt b b, R L
LB opt. mass sensitivity at E
SIB=2 :
0 I | filter potentjal [eV], ,

18267 18568 18569 18570 18571 18572
E

opt
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Situation at KATRIN design parameters

The sensitivity of the integral spectrum an J?
maximizes at a signal to background ratio
S/IB=2 (3)
expected to happen at
Eo—E=5ev>  (4)

o (i) = (10eV) x o (E, - E)| (5)

Simulation of 3y measurement
atB = 10 mHz predict uncertainty:

o((m,)?) = 0.02 eV (6)
and (n,)? — E, correlation:
om)=@eV)x3(E)  (7)

\
— N\

10005

. Inserting external

» P E, would require
A this precision!

1 -0.005

S S -0.01
01 -0.05 0 0.05 0.1

m?fit [eV?]

countrate [mHz]

+
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4 simulated KATRIN-spectrum
30_‘} after lyear mesurement
i {L m,=0eV
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m,,=0.oe ++#_+ ; E
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LB opt. mass sensitivity at :
SIB=2 :
ole” | filter potentjal [eV], ,
18267 18568 18569 18570 18571 18572
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Spectrum od final state distribution of daughter molecidar(3HeTY

100 |

[+
+ .
" simulated KATRIN-spectrum
30—‘.# after lyear mesurement
B {L m,,=0eV
++‘/
— b
295
= o
)
5 B / ++ E |
E m\,=0.5eV j__+: O(rot.—wb.)
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max. range of measurements



Spectrum od final state distribution of daughter molecidar(3HeTY

In addition: Energy loss spetcrum(ét in T,-source
-

+ .
" simulated KATRIN-spectrum
30—‘;# after lyear mesurement
B {L m,,=0eV
++‘/
+
N 98
T 20 “+
= o
Q
g /’ + E |
100_ E mv=0.5eV j‘-+= O(rot.—wb.)
S ; :#i{r# EO
- o P +
S 1o I S Bl - e SNRIENCT FRSUEECS 00 e
50 | :
N LB opt. mass sensitivity at
SIB=2 !
| | | }%520 18540 18560 1| .7 | filter potentjal [eV],
18460 18480 18500 18520 18540 18560 18567 18568 18569 1857Q, 18571 18572
43% = 40% §v7%
/ \ rotational
Electronic excitation Energy loss in + vibrational
into continuum Tritium source B-recoil excitation
of CHeT)

A
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Correlation of final state and energy loss spectrum witlpemt and n,)?

B

+ .

4 simulated KATRIN-spectrum
If, e. g., a particular spectral component with 304 after lyear mesurement

: _ JE
energyE; and weight?; would have been missed 1
] ) + m,,=0eV
a measurement at energy< E, - E | e
yields systematic correlated down shiftsEf — H
N -
2 20
and furthermore through (2) and (4)(@h,)~: E i,
+
I S
S(me) = 2(E _E B 1 e (E, - Ej - E)3 P (8) g _m\,=0.5eV T EO(rot.—vib.)
(m/) = 0 opt é EO -E-T (E o E)Z i 8 : #If#__ g E.O
0\ S 1o I S R - e SURIENCT FRSDESE S S 2
LB opt. mass sensitivity at
. , , i SIB=2 !
| | | PR ,"I | I 0 I I f”t‘?r p()tentjal [ev]lh
18460 18480 18500 18520 } 18540 18560 18567 18568 18569 1857Q, 18571 18572
43% C Y 40% §v7%
v \ rotational
Electronic excitation Energy loss in + vibrational
into continuum Tritium source B‘reCO” excitation
of CHeT)

A

max. range of measurements
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Correlation of final state and energy loss spectrum witlpemt and n,)?

B
+ .
" simulated KATRIN-spectrum
: 30-4 after lyear mesurement
Fortunately, calculations of 14
daughter spectrum are perfect*)] Present energy loss data | | ¥, my=oev
Sum of population probabilities stem from 4
Pj over all final StateEj Troitzk and Mainz gzo_ +i+
exhausts sum rule very well: = H
More precise data haveg /v*#
P -09983ll (9 to come fromKATRIN! | S [, -sev 1, B rot-vib)
Z T ' ( ) 5 || Ay o E,
S 100 T
LB opt. mass sensitivity at
SIB=2 !
| | | | | L ~filter potentjal [eV],,
18460 18480\ 18500 18520 18540 \ 18560 18 8 18569 1857Q, 18571 18572
43% 40% 5/377%
\ rotational
Electronic excitation Energy loss in + vibrational
into continuum Tritium source B-recoil excitation
of CHeT)

A

*) Saenz A, Jonsell S and Froelich P 20Rltys. Rev. Let84 242

max. range of measurements




2.) High voltage stability and contrpl

In order not to spoil the statistical KATRIN sensitiviaf o((m,)?) = 0.02 e\ seriously,
any of the known 5 major sources of systematic unceptaimbuld obey a limit;

o(n)¥*<0.007eV?| (10)

Mind:
Absolute precision of the filter potential
plays no role, since we fit, from data

count rate [a.u.]

Any potentialfluctuation in space or time during data 4
must be known and controlled precisely!
If undiscovered, systematic downshift of {2 occurs:

= 3(m?), = 2e2<(U —<u>)2> <0.007eV? = o(U)<60mV
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Precision HV Divider

Built byMunster group in cooperation with Dr. K. Schon and R. Marx, PTB Braunschweig
(R. Marx, IEEE Transactions on Instr. and Meas. Vol. 50, No. 2, 2001)

Manc -0.1e4

equipotential lines ™.

o (0.1

°
recise primary divider:
® 100 precision resistors
in helix structure
® total resistance R; = 184 MQ

® screened and matched according
to TCR and warm-up

e N, as insulation gas (circulating)
® stabilized temperature

main divider setup

(0.3

-0, 5

—l-0.7

—l-0.9

[ 11

|- 1.3

|- 1 5

—|-1.7

[l 1.9

2.1

e Bk

|25

|2 7

- DN O LAT o M\ 1 _0 M\
=20 C(OaTr<U1T ()

—l-2.9

[ref-3.1

|3 3

°
econdary divider:

® independent field shaping
electrode system

® identical potential drop

® preventing discharges and
leak currents

| -3 5

—l-3.7

0 5 10 15 20 2325  2®0 —c30
xfecm -

- * Precision Resistors
* Vishay Bulk Metal Foil technology
* R=1.84 MQ

®* TCR<2ppm/K

® capacitive divider —
® overload protection 11
Source: Th. Thimmler - Precision HV Monitoring for the KATRIN Experiment



Precision KATRIN Divider, assembly

— . —
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Control units providing
N_- atmosphere

at constant temperature

inside shield
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Source: Th. Thimmler - Precision HV Monitoring for the KATRIN Experiment



Calibration of KATRIN divider at PTB

FuG 100 kV supply
U=32kV

PTB |
reference KATRIN
divider divider
“MT 100"
10000:1 :13847142151
3334:1 '

HP 3458A DVM Fluke DVM 8508A

13
Source: Th. Thimmler - Precision HV Monitoring for the KATRIN Experiment



rel. dev. of scale factor AM/M [ppm]

Results

warm'up at-32 kV (5 inc'iep. runs'averagec'i) —x—
exponential fit f(x)
1.0 |
0.5 f
OO - ——— == %_ __: -2 _u it ]
05 | fppm
f(x) = a + b*e®
1.0 1 a=1972.47810(4)
b =-0.00189(25)
1.5+ ¢ =-1.40(25)
2
X /dof = 0.47
'20 C | | | 1 1 1
0 1 2 3 4 5 6

time [min]

Warm up time: 1 min
Warm upshift: 1 ppm
Long term stability: 0.7 ppm/mont

h

rel. deviation of dividing ratio

KATRIN Divider
® x100 faster warm-up
® x25 less fluctuation

2e-005
1.5e-005
1e-005

5e-006 %Q&

In comparison with:

® one of the most accurate
commercial 50 kVdividers

JRI4and new divider uncalibrated warmub .
1e-6
-le-6 —— -

25 ppm shift

3h warm-up

.
0 Al S

time/h

Source: Th. Thimmler - Precision HV Monitoring for the KATRIN Experiment



17.8 keV conversion line ¢Kr as KATRIN- HV monitor
Test measurements at old Mainz Mac-E-Filter, now tdhioeKATRIN-HV monitor

KIT, Mainz, Munster, Prague

4 83Rb/Kr-sources |

mounted on revolver..

B3
e Rb
EE“‘I{[ /,.= B2 d(ECEL TT.B%
8Rb-beam of 15 or 30 keV energy 112 - S _
implanted into inert substrates (Pt, Al) ﬁ PN LTEJ ke
.Y AE=32152keV A
= 712 — E..= 30.420 kaV
Ty=0.15pus Y, e r.=18aV
i =E|:| 1., = - =
. .Y AE=0d4keV o | By = 30472 ke
= a2 I,=1.2eV
e e " \— Si-detector
‘.-.m_.....-.-«.-__-_.-__'_'%_-'.-______-____---___---______--_____--____---_____---______________'_'_'_:___'_____-_, S
Scl B . el ’,:f|—lJ Sel. A
N .. | Mainz MAC-E-Filter| " /,
\._ ! i
([ ] @
17.8 keV
controlled by precision divider
and calibrated DVM
15

*) Source: Miroslav Zboril, PHD thesis 2011, MungRrague



w T T 11 T T T T T T 1T 1 T T 1T T T T T T
Results 5 140005 - ]
g C ]
Zero energy loss componeni3 2% |ntegraIS|gnaI g
of 83mKr conversion line 1000 S o]
from implantecd®*Rb mother - :
with small chemical shift# eV) \T_ R S s
- \\ — fitted line positior} —
s00]° AL —-17826.483(12) el
400 —]
= 0.1 L |
D — |
: 200 —
S 0.05 i Vg N . . . ]
8 [0 | 1V | A A | L 111
3 : 17825 17830 17835 17840 17845
- 0 i s retarding energy qU [eV]
e Cm TN
E; _0_05:_ Bt ....... ,. ..... I
4@ F_|source  shift [ppm/month] | —
£ TF || Implantation into inert substrate
> oqsb_| PT30kV#1 -0.27(3 1 seeems to guarantee
s ¢ E: ‘I’gkk\y 2 g'gggig || excellentlong term stability!
£ 02 Au30kv  2.39(19) 1
_0.25 :I 11 1 i 1111 i L1 1 1 i 111 i L1 11 il

0 5 10 15 20 25
time [day]

16
Source: Miroslav Zboril, PHD thesis 2011, Minsteatire



But on day 26 vacuum in spectrometer deteriotaked
Work function of electrodes changed by rest gas adsorption
Thereafter slow recovery (without baking)

0.1lllllllllllllll|||||||IIIIIIIIlllllllllll

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

0.05

4 ¢ ! v ks H 3 H
Ll 1k . " H . " . -
] ] i H ! i = :
-0.05— i Jieeeene : : Rt TR R —— [ .
H H H H H " 1

-0.1

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

-0.15

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

-0.2

.........

line energy shift AE, rel. to ref. spectrum [eV]

_0 25 111 I 111 I 111 I 111 I 11 1 I I L1 1 I Ll 11 i | I | I L1 11 I L1 11
) 5 10 20 25 30 35 40 45 50
time [day]

Source: Miroslav Zboril, PHD thesis 2011, Miunsteatire



Amplifier
-+
Post-
regulator

KATRIN Monitoring Concept

, ‘_

offset.
inner electrode [LOfSEE]
offsetsupply
] L]
1

|
I '

HV Distribution Unit
* 46 voltages
1VuptodkV

- offset / dipoles

- 10 mV pp noise

Monitor Spectrometer Precision DVM

Source: Th. Thimmler - Precision HV Monitoring for the KATRIN Experiment

Pumps, Sensors, SCS, ... on HV

HV Supply 1 &
(>50 mV pp AC noise)

Control

HV Supply 2 %
(20 mV pp AC noise)

Control

Reference Standard
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3.) Potential distribution in
KATRIN Spectrometer

Inner spectrometer wall is lined complet
with fine grids repelling by -100 V
backgound electrons, emitted from w

19



3.) Potential distribution in
KATRIN Spectrometer

Inner spectrometer wall is lined complete "”W////’
with grids repelllng by -100 V ’.”— Ay

Potential varations stemming from--"""
grid fine sructure die out on the way
to theB-flux tube, slimmer by 1 m

| DAL / = . \ \\X( /. / i
Potential drop towards centre of analysing plane D Spec” 6=10m e R
can be simulated perfectly, |

provided wall has uniform work function

Fiducial 3-flux tube in anal. plane.:g =9 m

However, work function
may vary locally up to 1 eV
due to various surface contaminations

.
.
_____’_/________‘_____
.
4
. |
|
|
|
|
1
1
|
|
|
|
|
|
1
1
|
|
|
|
|
|
1
1
|
|
|
|
|
|
1
1
|
|
|
|
|
|
1
1
|
|
|
|
|

04V

Potential drop across anal. plane 20
X,

>




3.) Potential distribution in
KATRIN Spectrometer

g /!

Inner spectrometer wall is lined completely
with fine grids repelling by -100 V .

. i, i

background electrons, emitted from wall |
-

145 Pixel3-detector
projected from downstream
into analysing plane 3
Outer pixel projection covers arc of 2.4 m lengtt
Analysing potential along pixel projection may vary. 2
considerably due to fluctuation of work functien b

Specir_éf:io by, oy
B-flux tube in anal. plane.:g = 9N

:4__

Analysing potential has to be measuredally by\‘\\
scanninge- beam from electron gun across flux tubet.

Ho "

[l
1
\

& -
/ entrance \

spectrometer

Pilot experimentat performed at Mainz Spectrometer*)
Measurements at KATRIN will start soon!

21

*) K.Valerius et al. 201DINST6 P01002




4.) Potential distribution in magnetically confinecdgina

of windowless gaseous tritiusource (WGTS)

The concept of WGTS with strorigngitudinalmagnetic guiding field
was pioneered in the Los Alamoesnass experimer)
and further used in the Troitzk experimént

Later on it was recognized th@tdecay in WGTS forms thermal plasma
through ionisation of J-gas with
Strong transversenagnetic confinement of charged particles by 3.5 T gugdield

The scenario raises a number of tricky probléms

1)Wilkersond F, BowlesT J, Browned C, MaleyM P, RobertsorR G H, Cohend S, MartinR L,
KnappD A andHelffrich J A 1987Phys. Rev. Let82023

2) Belesev A ket al. 1995Physics Letter8 350263
3) Effects of Plasma Phenomena on Neutrino Mass Measuremts Process Using a Gaseous Tritium Beta Source

Anatoly F. Nastoyashchii, Nikita A. Titov, Igor N.&fozov, Ferenc Gluck, Ernst W. Otten
Fusion Science and Technology (ANS), Vol. 48 (20083-746 29




Mechanism and consequences of
magnetic confinement in WGTS

2
£ O-TT /]free
II.I llf | Jlllr | I|l IIII
T ELT L]
T RV R
- rear plate "U U U U collision gas out
———
v/B=3.6T \'
, o T central densities in WGTS:
Electro/ion pairs inJ-gas form - T,-gas: 165 cm?3

gasin | . ion/electron pairs: 20cm3

guasineutral plasma with
high longitudinal conductivity: o.

R _
very low transverse conductivityy . = 10 70'TT

—> charged particles leave the source along magnetic fiedslin

—> electric potential is constant along magnetic fild linaed a

can be defined by a conductive plate which crosses the il &t the rear end of WGTS]| !
NOW 2012 Ernst Otten 23




Rear plate and plasma potential

v

<«——rear section—»« WGTS
differ.pump. :

rear plate

—»Spectrometer

»
»

B

\_—'
e-beam T »
/_,—_’

from gun

//ﬁ

Al,O;- or Au-layer
Be-backing

Gold surface is preferred for its inertness
In particular it does not adsorb, T

—,?P:c\/egokTIZnez = 03mm

v

/‘—;,$ @, =(kT/2€)In(m /2m,7)

conductor

quasi-neutral, thermal plasma
*t  atfloating potentiatb,
with respect to conductor
I

Debye sheath

NOW 2012 Ernst Otten 24




In case of perfect magnetic confinemelBt—ew)

thelocal surface potentia®, in front of the rear plate
propagates along throughouthe WGTS!

W2

b, +
++++ = about10 Debye lengths
T ' =3 mm

AD =D, - D, =W, -W, = O(1V)

But mind: The potential step between differebtdomains is built up by
a few mm wide double layer of 2 oppositely charged Dedheaths

If the domains are much slimmer than the double layer theistaveraged off!

NOW 2012 Ernst Otten 25



First rear plate test samples measured
Santa Barbara, Mainz

Which backing for the gold layer?

Epitaxial Au-growth on Sapphire preferred
Since imonocrystalline domains show
always 111-plane up
same work function!

Scanning Electron Diffraction Pattern Microscopic false color image of work function
111-plane up: > 99% ! taken with scanning tunnel microscope
But forming 1um sized domains (full scale 200 mV)
with different azimuthal orientation Identical for all domains since 111 plane always up!

At boundaries (white) no diffraction pattern

200.0mv| ©M

NOW 2012 Ernst Otten
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Macroscopic pattern of surface potential of epitaxidtidayer on sapphire

False color plot (30 x30) mfn
Full scale 40 mV

Taken with Kelvin probe (in Lab atmosphere)

Scatter < fluctuation limit of 60 mV!

x—postion / mm

2012/03/07 15.21
AU(1117) on sapphire, sample I, 7.3.2012

40 mV

540 A
535
530
525
520
515
510
505
500V

/mm

g;osto
Au(111) en sapphire, sample I, 7.3.2

NOW 2012 Ernst Otten
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Macroscopic pattern of surface potential of epitaxidtidayer on sapphire

False color plot (30 x30) mfn 300 mV deep finger print
Full scale 40 mV on the surface potential of gold

Taken with Kelvin probe (in Lab atmosphere)  Obtained by a slightly careless experimentalist!
Scatter < fluctuation limit of 60 mV!

2012/03/07 15.21 2012/03/07 1452
AU(1117) on sapphire, sample I, 7.3.2012 u(111) on sapphire, sample |, 7.3.2012
£ £
£ 540 |A e
~ = COOA
fu
E B
8 535 % 30
a o
L L 550
530
25
500
525 >
: - e
520
4
o S
< 15 ™
515
400
510 10
350
505
5
500 |W s00Y
asition / mm posto n/ mm
Aul111) en sopphire, sample I, 732% ; / Au(111} on sapphire, sample |, 7328{1

KATRIN is not only a huge set-up
It also requires subtle expertise and care in many fetaild! 28



5.)0utlook into future side experiments for KATRIN

A) Towards an Absolute High Voltage Standard

Rabi‘s Golden Rule for Metrology:
Never measure anything but a frequency!

How to turn high voltage into frequency?
Answer:
Accelerate ion beam by potential differende

and measure Doppler shift of resonance line
(Revival of old principle by modern methods of laserspescopy)

NOW 2012 Ernst Otten
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Tool: Collinear laser spectroscopy

developed at Mainz in late @or on-line spectroscopy on massed separated beams isieoirt |
isotopes at CERN-ISOLDE

Mass separated Dopplershift
IlzonbeaTJ Doppler-tuning
kin = © by acceleration/
deceleration Av=voB =V, \/ZGU /mc
Colm
ar lase, Q'\ | Doppler widthao,

deflector shrinks reciprocal t®opplershift

Since initial energy spream.
IS constant of motion

" o(E)=0 = mMvo
photomultiplier (E) my® /2 d
Av o
Simplest version: =mc’ 2 ~ = KT =const.
Detection of resonance fluorescence 0

by photomultiplier viewing the collinear excitation region

Advancced, dedicated version planned by Darmstadt/Mailfeooation
W. Nortershauser et al
Resolution = (nat. line width / doppler shi®)10’seems feasible
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B) Proposal for precision spectroscopy of (T — 3He) mass difference
simultaneously and non destrucively in single ion traps at 4K

(K. Blaum et al., MPI Heidelberg)

Present vaIue:I Q(T - 3He) = (18590.1 £ 1.7) eV I

New experiment aims at rel. precision of 10-11 corresponding toI 0Q = 0.03 eVI

Apparatus

(in the range of minimal neutrino mass!)

4 traps in a raw
at4 K
within a solenoid

3Helt 3T1+ 12C4+
o ° °

monitor trap

preparation trap

I

I

1

|

I
measurement trap |
|

I

. |
preparation trap |
I

Timing :
T2 T3
11 11

NOW 2012 Ernst Otten

Procedure




