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Neutrino	  Mass:	  Direct	  Measurement	  

•  Shape	  of	  T2	  beta	  spectrum	  near	  the	  endpoint	  	  

•  Kinema,c	  constraint	  
•  Tri,um	  (T2)	  
•  Best	  laboratory	  limits	  
	  	  	  	  	  	  mν	  <	  2	  eV	  
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KATRIN	  in	  one	  figure	  
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KATRIN	  by	  the	  Numbers	  

•  Source	  ac,vity:	  1011	  decays/second	  
•  Tri,um	  reduc,on	  factor:	  1014	  
•  Minimum	  B	  field:	  3	  G	  	  
•  Maximum	  B	  field:	  60,000	  G	  
•  Design	  main-‐spec	  resolu,on:	  0.93	  eV	  
•  Main	  spectrometer	  volume:	  1400	  m3	  

•  Expected	  mν	  sensi,vity	  in	  5	  calendar	  years:	  	  
	   	   	   	   	   	  0.2	  eV	  at	  90%	  CL	  
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Molecular	  T2	  Beta	  Decay	  Levels	  

5	  
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Molecular	  Source	  Considera,ons	  

•  Molecular	  excita,ons	  affect	  
beta	  spectrum!	  

•  Ab	  ini(o	  final-‐state	  
distribu,on	  calcula,ons	  
–  Standard	  geminal	  basis	  	  
–  A.	  Saenz	  (Humboldt-‐Berlin)	  

•  Combine	  distribu,ons	  for	  
each	  state,	  species,	  …	  

to the variance of the FSD, ��2
FSD, modifies the extracted neutrino mass-squared by992

�m2
⌫ ' �2��2

FSD. (37)

Doss et al. [9] calculated the final state distributions arising from the lowest four rota-993

tional states of T2 and the lowest two states of HT and DT, i.e. those populated in a 30-K994

thermal source. The FSDs were binned with 0.01-eV resolution compared to the 0.1-eV995

resolution used in reporting previous results [8]. We have estimated the variance of each996

binned distribution in two ways: using the central bin energy value and the reported mean997

energy value. We take the average of the two results as the best estimate of the variance and998

half the di↵erence as the width (standard deviation) of the error distribution. The mean ex-999

citation energies and estimated variances of the FSDs are listed in Table XI. Unfortunately1000

the distributions for higher rotational states of T2 were not available, and distributions for1001

HT are not available with the required binning resolution. Future calculations of the FSD,1002

such as calculations using the configuration-interaction method, will be helpful in expanding1003

and improving the estimates of the variances.1004

Figure 7 compares the semiclassical variances calculated for initial states (0, J) in T21005

using Eq. 30 to the variances estimated from the calculations of Doss et al. [9]. From1006

the figure we conclude that the semiclassical model is a good proxy for the FSD variance.1007

The di↵erence between the two is about 7% and independent of J. Of this di↵erence, 1%1008

is attributable to our more accurate result for Ekin
rec,max because all contributions to the1009

variance are proportional to p2/2m. Given the limited set of full FSD calculations available,1010

we use the semiclassical variances to estimate the systematic errors associated with various1011

experimental parameters.10121013

After shifting the excitation energy to compensate for di↵erences in the recoil kinetic1014

energy, the e↵ective mean excitation energy of each of the FSDs corresponds to the same1015

laboratory endpoint energy for each isotopolog. Thus the variance of the summed distribu-1016

tion can be taken as the sum of the variances for each isotopolog i and each rotational state1017

J , weighted according to their populations fi and PJ,i for isotope and rotational state, respec-1018

tively. An additional variance contribution arises from the translational Doppler broadening1019

�2
trans at a given temperature T . The overall variance �2

tot of the line broadening can be1020

43
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Saenz	  et	  al.	  PRL	  84	  (2000)	  

Fackler	  et	  al.	  PRL	  55	  (1985)	  

0.001

0.01

0.1

1

10

100

 R
el

at
iv

e 
pr

ob
ab

ilit
y 

(%
/e

V)
-250 -200 -150 -100 -50 0

 Binding energy (eV)

Mainz	  and	  Troitsk	  

KATRIN	  

Details	  in	  arXiv:1502.03497	  	  



Molecular	  Source	  Considera,ons	  

•  Molecular	  excita,ons	  affect	  
beta	  spectrum!	  

•  Ab	  ini(o	  final-‐state	  
distribu,on	  calcula,ons	  
–  Standard	  geminal	  basis	  	  
–  A.	  Saenz	  (Humboldt-‐Berlin)	  

•  Combine	  distribu,ons	  for	  
each	  state,	  species,	  …	  

to the variance of the FSD, ��2
FSD, modifies the extracted neutrino mass-squared by992

�m2
⌫ ' �2��2

FSD. (37)

Doss et al. [9] calculated the final state distributions arising from the lowest four rota-993

tional states of T2 and the lowest two states of HT and DT, i.e. those populated in a 30-K994

thermal source. The FSDs were binned with 0.01-eV resolution compared to the 0.1-eV995

resolution used in reporting previous results [8]. We have estimated the variance of each996

binned distribution in two ways: using the central bin energy value and the reported mean997

energy value. We take the average of the two results as the best estimate of the variance and998

half the di↵erence as the width (standard deviation) of the error distribution. The mean ex-999

citation energies and estimated variances of the FSDs are listed in Table XI. Unfortunately1000

the distributions for higher rotational states of T2 were not available, and distributions for1001

HT are not available with the required binning resolution. Future calculations of the FSD,1002

such as calculations using the configuration-interaction method, will be helpful in expanding1003

and improving the estimates of the variances.1004

Figure 7 compares the semiclassical variances calculated for initial states (0, J) in T21005

using Eq. 30 to the variances estimated from the calculations of Doss et al. [9]. From1006

the figure we conclude that the semiclassical model is a good proxy for the FSD variance.1007

The di↵erence between the two is about 7% and independent of J. Of this di↵erence, 1%1008

is attributable to our more accurate result for Ekin
rec,max because all contributions to the1009

variance are proportional to p2/2m. Given the limited set of full FSD calculations available,1010

we use the semiclassical variances to estimate the systematic errors associated with various1011

experimental parameters.10121013

After shifting the excitation energy to compensate for di↵erences in the recoil kinetic1014

energy, the e↵ective mean excitation energy of each of the FSDs corresponds to the same1015

laboratory endpoint energy for each isotopolog. Thus the variance of the summed distribu-1016

tion can be taken as the sum of the variances for each isotopolog i and each rotational state1017

J , weighted according to their populations fi and PJ,i for isotope and rotational state, respec-1018

tively. An additional variance contribution arises from the translational Doppler broadening1019

�2
trans at a given temperature T . The overall variance �2

tot of the line broadening can be1020

43

6	  

Details	  in	  arXiv:1502.03497	  	  



Molecular	  Source	  Considera,ons	  

•  Molecular	  excita,ons	  affect	  
beta	  spectrum!	  

•  Ab	  ini(o	  final-‐state	  
distribu,on	  calcula,ons	  
–  Standard	  geminal	  basis	  	  
–  A.	  Saenz	  (Humboldt-‐Berlin)	  

•  Combine	  distribu,ons	  for	  
each	  state,	  species,	  …	  

to the variance of the FSD, ��2
FSD, modifies the extracted neutrino mass-squared by992

�m2
⌫ ' �2��2

FSD. (37)

Doss et al. [9] calculated the final state distributions arising from the lowest four rota-993

tional states of T2 and the lowest two states of HT and DT, i.e. those populated in a 30-K994

thermal source. The FSDs were binned with 0.01-eV resolution compared to the 0.1-eV995

resolution used in reporting previous results [8]. We have estimated the variance of each996

binned distribution in two ways: using the central bin energy value and the reported mean997

energy value. We take the average of the two results as the best estimate of the variance and998

half the di↵erence as the width (standard deviation) of the error distribution. The mean ex-999

citation energies and estimated variances of the FSDs are listed in Table XI. Unfortunately1000

the distributions for higher rotational states of T2 were not available, and distributions for1001

HT are not available with the required binning resolution. Future calculations of the FSD,1002

such as calculations using the configuration-interaction method, will be helpful in expanding1003

and improving the estimates of the variances.1004

Figure 7 compares the semiclassical variances calculated for initial states (0, J) in T21005

using Eq. 30 to the variances estimated from the calculations of Doss et al. [9]. From1006

the figure we conclude that the semiclassical model is a good proxy for the FSD variance.1007

The di↵erence between the two is about 7% and independent of J. Of this di↵erence, 1%1008

is attributable to our more accurate result for Ekin
rec,max because all contributions to the1009

variance are proportional to p2/2m. Given the limited set of full FSD calculations available,1010

we use the semiclassical variances to estimate the systematic errors associated with various1011

experimental parameters.10121013

After shifting the excitation energy to compensate for di↵erences in the recoil kinetic1014

energy, the e↵ective mean excitation energy of each of the FSDs corresponds to the same1015

laboratory endpoint energy for each isotopolog. Thus the variance of the summed distribu-1016

tion can be taken as the sum of the variances for each isotopolog i and each rotational state1017

J , weighted according to their populations fi and PJ,i for isotope and rotational state, respec-1018

tively. An additional variance contribution arises from the translational Doppler broadening1019

�2
trans at a given temperature T . The overall variance �2

tot of the line broadening can be1020

43

Need	  to	  know	  both	  the	  isotopic	  	  and	  	  
rota:onal	  state	  gas	  composi,on	  very	  well.	  	  
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Laser	  Raman	  Spectroscopy	  

7	  

Rotation Vibration 

S.	  Fischer	  et	  al.,	  Fusion	  Sci.	  Tech.	  60	  (2011)	  925	  

•  Composi,on	  of	  source	  (T2,	  DT,	  HT,	  J	  states)	  
– Gas	  dynamics	  	  
– Final	  state	  spectra	  

•  Con,nuous	  monitoring	  	  
of	  tri,um	  purity	  

•  Recent	  test	  results:	  
– 0.1%	  precision	  in	  20	  sec	  
– 3%	  accuracy	  



Laser	  Raman	  Spectroscopy	  

7	  

Rotation Vibration 

appendix is enclosed by light-tight tubes to prevent 
ambient light to enter along with the Raman scattered 
light, and to ensure laser safety. Once moved to the right 
place, the LARA setup is screwed down, ensuring a fixed 
position of the LARA cell relative to the optical setup.  

The LARA setup uses a 532 nm laser (Coherent 
Verdi V5) as the excitation source.  After leaving the 
appendix, the scattered light is focused by a set of lenses 
onto an optical fibre bundle that transport the light to the 
spectrograph. A low-noise CCD (PI PIXIS:2K) is used to 
acquire the spectra. The LARA setup and the design of 
the LARA cell have been discussed in detail in previous 
publications 2,7, while a general discussion of the design 
of LARA systems for tritium monitoring can be found in 
Schlösser et al. 11 Automated software post-processing 
routines transform the raw 2D-image of the CCD into a 
spectrum. These routines include an astigmatism correc-
tion as well as a cosmic ray removal, which is necessary 
due to the long exposure times. 4 Measurements at 
LOOPINO are typically performed in three steps:  
(1) LOOPINO is evacuated to less than 10 Pa and 

afterwards filled with gas from the ISS and/or the 
CAPER facility 10 of TLK. 

(2) The pumping unit of LOOPINO circulates the gas for 
several weeks through the LARA-cell and the buffer 
vessel, while Raman measurements (250 s acquisition 
time, 5 W laser power) are continuously performed.  

(3) After a measurement run the gas is being transferred 
back to the CAPER facility for tritium-recovery.  

The CAPER facility can be also used to perform gas 
chromatographic (GC) analyses of tritiated gas mixtures 
with about 5 % relative uncertainty. 

III.  RESULTS AND DISCUSSION 

III.A.  Gas Mixture with Low Levels of Tritium 

The first test-measurements at LOOPINO were performed 
with non-tritiated gas mixtures, e.g. with deuterium (not 
discussed here), and a gas mixture with a low concentra-
tion of tritium that contained all six hydrogen isotopolo-
gues T2 : DT : D2 : HT : HD : H2 (approximate concentra-
tion 0.9 : 8.3 : 16.3 : 9.0 : 34.6 : 31.8, in %, according to 
GC analysis). Figure 4 shows an example spectrum of this 
mixture, which was circulated in LOOPINO for about 
160 hours. The Q1-branches of the hydrogen isotopo-
logues, which correspond to purely vibrational excitations 
( = 1, J = 0), are in the spectral range 2450–4250 cm-1

and are well separated. The S0-branches, related to pure 
rotational excitations ( = 0, J = 2), are found in the first 
1500 cm-1 of the spectrum and cannot be fully resolved 
with our combination of spectrograph and CCD.  

The underlying background spectrum consists of the 
Lorentz wing of the laser line (strongly suppressed by an 
edge filter) as well of Raman scattering and fluorescence 
from the SiO2 cell windows (peaking at ~450 cm-1). 7 Due 
to these two reasons, all quantitative analysis is based on 
the Q1-branches of the hydrogen isotopologues. Besides 
the Q1-branches, several weaker spectral lines of the main 
gas constituents D2, HD and H2 can be observed, namely 
S1 ( = 1, J = 2) and O1 ( = 1, J = 2) lines.  

Besides the new gas composition no significant dif-
ferences between the spectra of the circulated mixture and 
of a static sample 7 were found, i.e. the additional win-
dows in the appendix and the vibrations from the pumping 
units inside the glove box did not influence the measure-
ments.  

The absolute peak intensities of the Q1-branches of 
the hydrogen isotopologues varied during the monitoring 
by up to 5 %, due to laser power fluctuations

Fig. 3: Sketch of the connection of the LARA system 
(left) and the LARA cell inside the glove box, using the 
appendix (right).  

Fig. 4: Spectrum of lowly-tritiated gas sample with all six
hydrogen isotopologues measured inside the appendix. 
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Fischer et al.        MONITORING OF TRITIUM PURITY IN KATRIN USING LASER RAMAN SPECTROSCOPY

S.	  Fischer	  et	  al.,	  Fusion	  Sci.	  Tech.	  60	  (2011)	  925	  

•  Composi,on	  of	  source	  (T2,	  DT,	  HT,	  J	  states)	  
– Gas	  dynamics	  	  
– Final	  state	  spectra	  

•  Con,nuous	  monitoring	  	  
of	  tri,um	  purity	  	  

•  Recent	  test	  results:	  
– 0.1%	  precision	  in	  20	  sec	  
– 3%	  accuracy	  
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Non-stop monitoring for > 21 days 

Long-term monitoring inside a test loop 
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ptotal = 200 ± 0.3 mbar 
Laser power: 5 W 
Acquisition time: 250 s 
Tritium purity > 95 % 

S. F. et al, Fusion Sci Technol. 60 3, 925-930 (2011) 
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The	  Main	  Spectrometer	  

•  Magne,c	  Adiaba,c	  
Collima,on	  with	  an	  
Electrosta,c	  Filter	  
(MAC-‐E)	  

•  Wire	  Plane	  Electrode	  
–  2	  wire	  layers	  
–  Installa,on	  finished	  
January	  2012	  

•  Ultrahigh	  Vacuum	  
– Goal:	  10-‐11	  mbar	  
–  Turbo,	  NEG	  and	  cryo	  
pumps	  

8	  
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8	  

93rd ASPERA Technology Forum, 13.-14.3.2012

  Automated 3D measurement table in clean 

  room with 2 sensor heads:
 

● Camera: (hole positions, ceramics)

● Custom laser sensor:
- measure wire coordinates to ±10 μm
- measure wire tensions to ± 0.04 N

● MySQL database of all geometrical 
measurements and close up fotographs

Electrode module QA

wire tensions

wire sag

23rd ASPERA Technology Forum, 13.-14.3.2012

Wire electrode: Purpose

1.6 mHz

total background rate
2.8 mHz

● Cosmics and radioactive contamination
produce secondary electrons that can 
mimic e- in endpoint energy region
 

● 650 m2 surface of main spectrometer
 → ca. 105 μ / s + contamination 
 

● Reduction due to B-field: factor 105-106

 

● Real signal rate in the mHz region
 

● Additional reduction necessary !

Dipl. thesis B. Ostrick (U Mainz, 2002), 

PhD thesis B. Flatt (U Mainz, 2004)

Inner wire electrode
 

● screening of background electrons from 
vessel material by a wire grid on negative 
potential
 

● The grid has to be 'massless' to avoid 
background from the grid itself
  

● proof of concept at the Mainz setup
→ reduced background by factor 10
 

● improved two layer design of KATRIN
electrode → expect reduction factor ≤ 100
 

● Shaping of the spectrometer electric field

e-

U

U-δU

μvessel hull

wire plane



The	  Main	  Spectrometer	  
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KIT-KCETA 55 Sept 6, 2013 G. Drexlin – KATRIN  

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

Cryogenic Cu-Baffle 

- cryotrap radon atoms  
  onto LN2 cooled baffle 

cryotrap gas species 

Excellent UHV 

- keep stable UHV with 
  p < 1 · 10-11 mbar (~5 a)  

getterable gas species 

Radon pump-out 

- fast pump-out time for 
  radon atoms 

non-getterable species 

LN	  baffles	  

KIT-KCETA 55 Sept 6, 2013 G. Drexlin – KATRIN  

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

Cryogenic Cu-Baffle 

- cryotrap radon atoms  
  onto LN2 cooled baffle 

cryotrap gas species 

Excellent UHV 

- keep stable UHV with 
  p < 1 · 10-11 mbar (~5 a)  

getterable gas species 

Radon pump-out 

- fast pump-out time for 
  radon atoms 

non-getterable species 

TMP	  ports	  

NEG	  strips	  



Spectrometer	  Commissioning	  

•  Vacuum	  performance	  	  
–  Achieved	  10-‐10	  mbar	  
–  NEG	  and	  LN	  baffle	  repairs	  

•  Transmission	  tests	  	  
–  No	  Penning	  discharges	  	  
–  Works	  as	  MAC-‐E	  Filter	  	  
–  Angular	  selec,ve	  e-‐gun	  

•  First	  look	  at	  Backgrounds	  
–  Radon,	  cosmics,	  etc.	  

�	  
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Upcoming	  Milestones	  

March	  2015	  
• End	  of	  current	  Spectrometer	  Commissioning	  Phase	  

April	  2015	  
• Delivery	  of	  Cryogenic	  Pumping	  System	  

August	  2015	  
• Delivery	  of	  Source	  (WGTS)	  	  

Middle	  of	  	  
2016	  

• First	  test	  of	  source	  with	  tri,um	  gas	  

End	  of	  2016	  
• Source	  and	  transport	  systems	  opera,onal	  

10	  



The	  Future	  
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of

G.	  Drexlin	  et	  al.,	  Adv.	  
High	  Energy	  Phys.	  
2013	  (2013)	  293986	  
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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Radon	  Background	  
J. Phys. G: Nucl. Part. Phys. 40 (2013) 085102 N Wandkowsky et al

Figure 4. Simulated trajectory of a single trapped electron with start energy E = 1000 eV. The
electron motion consists of a very fast cyclotron motion around the magnetic field line, a fast axial
motion and a slower magnetron motion around the beam axis. Secondary electrons generated by
the primary electron along its path are therefore seen as rings on the pixel detector. One can identify
the main hit region (green to red colors, corresponding to a large number of hits) and a surrounding
fuzzy region (blue, only a few hits) due to the cyclotron motion of the primary electron. The same
signature was found within the measurements of [16], where figure 6 shows some example events.

the magnetic mirror, and a slow magnetron motion around the beam axis. The magnetron
motion is caused by the !E × !B and the !∇|!B| × !B drift, which result from the inhomogeneous
electric (!E) and magnetic (!B) field configurations inside the spectrometer. Secondary electrons,
originating from ionizing collisions of the stored primary electron with residual gas molecules,
thus monitor this motion by following the magnetic field lines when escaping the magnetic
mirror trap. Consequently, they produce a characteristic ring structure at the detector. The
example in figure 4 shows a main hit region (green to red pixels, multiple hits per pixel) which
can easily be identified from the surrounding rather fuzzy region (blue pixels, single hits per
pixel) which is caused by the cyclotron motion of the primary electron. This unique feature
of ring-structures allows us to make use of a ring-fitting algorithm to unambiguously identify
radon-induced background events [22].

The ring radius fit determines the radial position r of the primary α-decay responsible for
producing the primary electron relative to the central axis. For a homogeneous distribution of
α-decays inside the spectrometer volume, the number of rings N(r) in a fixed interval [r, r + dr]
is expected to increase linearly with the radius (see figure 5). When comparing measured and
simulated spatial ring distributions, the good agreement visible in figure 5 implies that α-decays
indeed occur with uniform probability over the entire flux tube, as expected for neutral atoms
emanating into the UHV region. The smaller number of ring structures with radii rfit > 20 mm
is a result of the limited dimensions of the Si-PIN diode array (length = 40 mm), which does
not cover the entire flux tube (see figure 4). Nevertheless, events which produce a significant
amount of detector hits in the corner pixels with rfit > 20 mm can still be identified, albeit
with a reduced geometrical efficiency.

4.3. Rate of single events

While the event topology clearly points to a uniform radon decay probability per unit volume
over the entire spectrometer volume, we now investigate whether the two other parameters
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KATRIN	  Systema,cs	  

Total	  systema,c	  error	  budget:	  0.017	  eV2	  	  

source of achievable/projected systematic shift

systematic shift accuracy æsyst(m2
∫

)[10°3eV2]

description of final states f < 1.01 < 6

T° ion concentration n(T°)/n(T2) < 2 · 10°8 < 0.1

unfolding of the energy loss < 2

function (determination of f
res

) < 6 (including a more

realistic e-gun model)

monitoring of Ω d ∆≤
T

/≤
T

< 2 · 10°3

[E0 ° 40 eV, E0 + 5 eV] ∆T/T < 2 · 10°3

∆Γ/Γ < 2 · 10°3 <
p

5·6.5
10

∆pinj/pinj < 2 · 10°3

∆pex/pex < 0.06

background slope < 0.5mHz/keV (Troitsk) < 1.2

HV variations ∆HV/HV< 3 ppm < 5

potential variations in the WGTS ∆U < 10meV < 0.2

magnetic field variations in WGTS ∆B
S

/B
S

< 2 · 10°3 < 2

elastic e° ° T2 scattering < 5

identified syst. uncertainties æsyst,tot =
qP

æ2
syst º 0.01 eV2

Table 6: Summary of sources of systematic errors on m2

∫

, the achievable or projected accuracy of
experimental parameters (stabilization) and the individual effect on m2

∫

for an analysis interval of
[E

0

° 30 eV, E
0

+ 5 eV] if not stated otherwise (for details see individual chapters in section 11).

11.6 Expected statistical uncertainty

Since the MAC-E filter acts as an integrating spectrometer, the spectrum recorded by
varying the retarding potential U is an integral Ø decay spectrum N(qU,E0,m∫

) including
experimental effects such as the total number N

tot

of tritium nuclei in the source, the
measuring time t

U

at the retarding potential U and the response function fres. Therefore,
the simulation of Ø spectra consists of creating integral spectra

N(qU,E0, m∫

) = N
tot

· t
U

Z
E0

0

dN
Ø

dE
(E0,m∫

) · fres(E, qU)dE (98)

and adding a background component N
b

= Γ · t
U

considered to be a constant rate Γ
independent of the variation of the retarding potential U (see section 11.4.7):

N
th

(qU,R
s

, R
b

, E0,m∫

) = R
s

· N(qU,E0,m∫

) + R
b

· N
b

. (99)

The parameters R
s

and R
b

denote relative norms of the signal and the background. For
the simulation of a KATRIN-like spectrum, the expected value N

th

is randomly smeared
according to a Gaussian distribution with æ

th

(U) =
p

S + N
b

:

N
exp

(qU) = N(qU,E0,m∫

) + N
b

+ Rnd(Gauss, æ
th

(U)) . (100)
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