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Why study double beta decay? 

• Determine neutrino nature (Majorana or Dirac) 

• Test of lepton number conservation 

• Absolute neutrino mass scale and hierarchy 

• Improve nuclear matrix elements 

 

 

 
 

Positive results on ββ decay are detected for 12 isotopes: 

2νβ-β-: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd, 238U 

2νECEC: 130Ba(geochemical) 
http://www.nndc.bnl.gov/bbdecay 
 

β+β+ and β+EC decays have lower Q value than ECEC, the latter is favorable. 

None of them have been detected in direct experiment yet. 

For 78Kr:  W(2νECEC) : W(2νβ+EC) : W(2νβ+β+) = 1900 : 580 : 1. 
M.B. Voloshin et al., Pis'ma Zh. Eksp. Teor. Fiz. 35, No. 12, 530-532 (1982) 
 

But the ECEC process is hard to study: no charged particles emitted. 

It can be detected only through characteristic radiation. 
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2K capture in 78Kr is a 78.6% fraction of all ECEC events. 
M. Doi and T. Kotani, Prog. Theor. Phys.87, 1207 (1992) 

Se* Se* Se** 

eA eA ωA
2 = 0.163 

eA KX ωA*ωK = 0.241 

KX eA ωK*ωA = 0.241 

KX KX ωK
2 = 0.355 

Fluorescence yield for Se*: ωK=0.596 

Binding energy: BK = 12.65 keV 

First approximation: ωK
2 = 0.355 

Dirac-Fock method: ωK
2 = 0.47 

Released energy: Erel = 25.8 keV 

Se** = Se* · Se*,  Erel = 2BK(Se) = 25.3 keV 

F. F. Karpeshin, M. B. Trzhaskovskaya, and V. V. Kuzminov, 
Bull. Russ. Acad. Sci.: Phys.76, 884 (2012). ωK

2  uncertainty  → T1/2 syst. error 
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Single K-vacancy characteristic radiation: 
Kα1=11.221 keV (58.1%), Kα2=11.181 keV (30.2%) 
Kβ1,3=12.491 keV (11%), Kβ2=12.651 keV (0.6%) 
http://xdb.lbl.gov 



1 M. Aunola and J. Suchonen, Nucl. Phys. A 602, 133(1996). 
2 J. Toivanen and J. Suhonen,Phys.Rev.C55, 2314 (1997). 
3 M. Hirschet al.,Z. Phys. A347, 151 (1994). 
4 O. Rumyantsev and M. Urin,Phys. Lett. B443, 51 (1998). 
5 S. Mishra, A. Shukla, R. Sahu, and V. K. B. Kota,Phys.Rev.C 78, 024307 (2008). 

4 



The experiment has been carried out at the Baksan Neutrino Observatory 
INR RAS (Russia) in one of the chambers of the underground laboratory of 
the Gallium Germanium Neutrino Telescope during 2005-2012 years. 
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(CH )2 nPbCuKr

Calibra tion 

  channel

Gas equipment

Signal

18 cm 15 cm 8 cm 

Samples 
Isotope content (vol %) 

78 80 82 83 84 86 

Enrich. Kr (47.65 L) 99.81 0.17 0.005 0.005 0.005 0.005 

Depl. Kr (100 L) 0.002 0.41 41.36 58.23 0.003 - 

Nat. Kr 0.354 2.27 11.56 11.55 56.9 17.37 

Source = Detector 

Case material Cu 

Inner diameter, mm 140, 137 

Outer diameter, mm 150 

Anode diam., mm 0.010 

Total volume, L 11.0, 10.3 

Operating volume, L 9.16, 8.77 

Pressure,  bar 4.42, 4.609 

Capacity, pF 30.6 

Anode resistance , Ohm 613 

High voltage, V 2400 

Amount of krypton atoms 1.08·1024 

1160 mm 

710 mm 

595 mm 

Large low-background copper proportional counter 

Proportional 
counter 

Pre-amp 
(CSA) 

Amp 
 

Dig. Osc. 
LA-n20-12PCI  

PC 
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Main properties: 

Low-BG 
materials: 



50% of KX rays (11 keV ) are absorbed at the  distance of 16 mm from their origin. 
Extrapolated range for Auger electrons (3 keV) is 0.5 mm. 
 
Therefore electrons are absorbed almost immediately while X-rays pass far away, 
creating three clusters of ionization. Information on the primary charge distribution 
along counter radius is fully represented in the pulse shape. Three-point events 
have a number of unique features and were the subject of study. 
 



Current pulse 

Charge pulse 

Idealized pulse shape expected from 2K capture in 78Kr leading to three-point event (K,K,eA). 

M1-amplitude is proportional to the energy release in detector. 

τf  = t09 − t01 — pulse rise time, t01 and t09 are moments of 10% and 90% rise of the amplitude 

τp — time between the primary pulse and the after-pulse appearance 

λ = (M2 – M1)/M1 — relative amplitude of the afterpulse 

Pulse shape analysis 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) 
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Real signals of candidate events from 2K capture in 78Kr leading to 
three-point event (K,K,eA). The signals were denoised with wavelet 
transformation and were symmetrized by discarding ionic component 
contribution, leaving only primary electrons’ signal. 
 

Real signals of candidate events 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) 
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Current pulse 

Charge pulse 



Calibration and gas purification 

Y = 0.036  
gamma/decay 

Every ~2 weeks LPC was calibrated with an isotope gamma source of 109Cd: 
Eγ = 88 keV, Y = 0.036 γ/decay 
 
The samples had no quenching or accelerating gaseous additions and 
were purified before filling through a Ni/SiO2 absorber from 
electronegative admixtures. 

Table of Isotopes EIGHTH EDITION, Richard B. Firestone,  
Version 1.0, March, 1996 10 

88 keV peak resolution is ~5.7 keV 



Two stages of measurements 

First stage: enriched 78Kr – 8400 h,  depleted 78Kr – 5000 h 

Second stage: enriched 78Kr – 9457 h,  depleted 78Kr – 6243 h 

   The casing of detector was made of M1k-grade copper. In the second stage, inner 
surface of counter’s casing was shielded with M0k copper, characterized by lower 
amount of radioactive admixtures. This shielding was made as a tightly adjusted 
set of rings made of a copper strip (1.5 mm thick and 20 mm wide). 
   A layer of copper of 1.5 mm thickness completely absorbs electrons escaping 
from the counter casing with energies up to ∼1.6 MeV. Such an update of the 
setup led to reduction of the background owing to α-particles by ∼20 times. 
The background in the energy range from 10 to 100 keV was reduced by ∼7 times. 
The positive effect of this copper layer led us to add two layers of M0k-copper (3 
mm thick) mounted on the inner surface of the flanges. 
   The total volume between the flanges became 10.3 L, and the operating volume 
between the ends of the anode wire caps became 8.77 L. The counter was filled 
with working gases to the pressure of 4.609 bar, and the amount of krypton atoms 
in the operating volume remained practically the same (1.08·1024). 
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Large low-background copper proportional counter 

Experimental set-up 
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Large low-background copper proportional counter 
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Current pulse 

First stage spectra 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) 

enriched  

depleted 

Atmosphere 
81Kr: EC (K 87.5%),  T1/2 = 2.29 ×105 y 
     81Br*: E* = 13.5 keV, ωK=0.614 

Sup. from cleaning with ethanol 
14C: β–,  T1/2 = 5700 y, Qβ = 156.5 keV 

Atmosphere 
85Kr: β–,  T1/2 = 10.752 y, Qβ = 687 keV 

From 238U decay chain 
210Pb: β–,  T1/2 = 22.2 y, Qβ = 63.5 keV 
    84% 210Bi†: E† =46.5 keV 
    Eγ =46.5 keV (4.25% per decay) 
    Ec.e.=30.1 keV (52% per decay) 
    Ec.e.=43.3 keV (13.6% per decay) 

Table of Isotopes EIGHTH EDITION, Richard B. Firestone,  
Version 1.0, March, 1996 

Evaluated Nuclear Structure Data File (ENSDF), 

http://www.nndc.bnl.gov/ensdf 12 

13.5 keV peak resolution is ~2 keV 

Background sources: 



First stage spectra 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) 

If three Gaussians' areas correspond to energy depositions E1, E2 and E3 (E1 ≤ E2 ≤ E3 ), 
then the selection criteria are: 
C1: 0.9 keV ≤ E1 ≤ 4.5 keV (Auger electrons) 
C2: 0.7 ≤ E2 / E3 ≤ 1.0 (two K-rays) 
λ: 0.225 ≤ λ ≤ 0.5,  λ = (M2 – M1)/M1 (proportional range, discards edge effects) 

13 



First stage results 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) 

Range: (25.8±3) keV 
nenr =(38.1±6.3) y−1 

ndepl=(20.7±6.0) y−1 

nexp =n1 − n2=(17.4±8.7) y−1 
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Second stage spectra 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) 

Atmosphere 
81Kr: EC (K 87.5%),  T1/2 = 2.29 ×105 y 
81Br*K: E*K = 13.5 keV, ωK=0.614 

Sup. from cleaning with ethanol 
14C: β–,  T1/2 = 5700 y, Qβ = 156.5 keV 

Atmosphere 
85Kr: β–,  T1/2 = 10.752 y, Qβ = 687 keV 

From 238U decay chain, through 222Rn 
210Pb: β–,  T1/2 = 22.2 y, Qβ = 63.5 keV 
    84% 210Bi†: E† =46.5 keV 
    Eγ =46.5 keV (4.25% per decay) 
    Ec.e.=30.1 keV (52% per decay) 
    Ec.e.=43.3 keV (13.6% per decay) 
 

Evaluated Nuclear Structure Data File (ENSDF), 

http://www.nndc.bnl.gov/ensdf 
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Second stage results 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) G. J. Feldman and R. D. Cousins, Phys.Rev.D57, 3873 (1998) 

Range: (25.8±3) keV 
Nenr = 15 (9457 h), nenr =13.9 y−1 

Ndepl = 8 (6243 h), ndepl=11.2 y−1 

If three Gaussians' areas correspond to energy 
depositions E1, E2 and E3 (E1 ≤ E2 ≤ E3 ), 
then the selection criteria are: 
C1: 0.89 keV ≤ E1 ≤ 4.5 keV (Auger electrons) 
C2: 0.7 ≤ E2 / E3 ≤ 1.0 (two K-rays) 
λ: 0.155 ≤ λ,  λ = (M2 – M1)/M1 
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Combined result 

YU. M. GAVRILYUK et al. PHYSICAL REVIEW C87, 035501 (2013) G. J. Feldman and R. D. Cousins, Phys.Rev.D57, 3873 (1998) 
17 



I gained experience in calibration process and gas operation (transfer and purification). 



My goal 

My goal is to make a revision of results that were obtained in the described 
experimental search for 2K capture in Kr-78. 

I am trying to identify background sources and effects that could mimic 
required process. 

Among them may be: 

• double photoionization of an atom by single photon 

• double ionization caused by electron capture in 81Kr 

• subsequent ionization by photoelectron 

• photoeffect following Compton scattering 

• multiple ionization by beta or alpha particles 

• etc. 
 

At the moment I am processing data from irradiation with outer gamma 
source (109Cd) for the purpose of studying double photoeffect in krypton. 
On the basis of published papers I have estimated the contribution of 
double K-shell photoionization and double ionization following 
electron capture in 81Kr to the outcome of mentioned experiment. 



Double K-shell photoionization 

Photon energy condition:  

   Еγ > Eth = 2BК + ЕΔ 

E. P. Kanter et al., PHYSICAL REVIEW A73 022708 (2006) 

2BK, keV ЕΔ, keV Eth, keV 

Ne 1.740 0.123 1.863 

Cu 17.96 0.391 18.351 

Mo 40.004 0.65 40.654 

Kr 28.652 0.52 29.172 

R. Diamant et al.,  Phys. Rev. A, v. 62 (5), 052519(14), (2000). 
E. P. Kanter et al., Phys. Rev. Lett., v.83, №3, (1999). 
S. H. Southworth et al., AIP Conf. Proc. v. 652, (2003) 

PKK (Kr) = 0.129·Z-1.61 = 3.6·10-4 

 

29-39 keV: 1.3*104 events 
If to consider all of them as photoeffect, 
We can get ~ 3 events of 2K 
photoionization in region of 29-39 keV. 



E. P. Kanter et al., PHYSICAL REVIEW A73 022708 (2006) 

Double K-shell ionization following EC 

81Kr: EC (K 87.5%),  T1/2 = 2.29 ×105 y 
 
Due to the change in nuclear charge 

Z        (Z-1) 

SHAKE-OFF process is likely leading 
to emission of the second K-electron 
(concept of an energy-independent 
asymptotic limit of the PKK ratio). 
 
PSO (

81Kr) = 0.08·Z-2 = 6,2·10-5 

 

E = 2BK(Br) + Ekin = 27.4 keV 
 

We can get ~16 false events at 27.4 keV. 
 
 
 
 



• Total exposure 0.343 kg×y 

• Counting rate of 2ν2K capture in 78Kr =  

• Significance level = 2.5 sigma              (2.5σ) 

    Previous result: T1/2>= 2.3×1020 y (90% C.L.) 
       Ju. M. Gavriljuk et al., Phys. Atomic Nuclei 63, 2201 (2000) 

    The value is in agreement with theoretical models 

• Indication but not evidence 
 

The objective of my Master thesis is to study different 
background processes for 2K capture in 78Kr. 

Combined result of two stages of measurements: 
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Conclusions 



Summary table 

 



NUCLEAR WALLET CARDS, October 2011, Jagdish K. Tuli, National Nuclear Data Center 

Table of Isotopes EIGHTH EDITION, Richard B. Firestone, Version 1.0, March, 1996 

Y = 0.036  
gamma/decay 



Table of Isotopes EIGHTH EDITION, Richard B. Firestone, Version 1.0, March, 1996 



 



Cu 

Element content, % 
Grade Cu O2 P 
М0к 99.97 0.015 0.001 
М1к 99.95 0.02 0.002 



 



 



 



 



Previous result: T1/2>= 2.3×1020y (at a 90% C.L.) 

Ju. M. Gavriljuk et al., Phys. Atomic Nuclei 63, 2201 (2000). 

The fraction of 2ν2K-capture events in Kr-78 with respect to the total number of 
2νECEC-capture events is 78.6% 



W 2ν2K = 0.786 ∗ W(2νECEC) 

Se**-----------------------> Se*+ Se*  

  

     wk=0.596   x-ray 

     we=0.404   e-Auger 

       

      Kab=12.652  keV,         2Kab=25.3 keV 

      Ka1=11.221  keV           0.574 

      Ka2=11.181  keV           0.298 

      Kb1=12.491  keV           0.120 

      Kb2=12.651  keV           0.005 

 

assumption 

 



 

Pulse amplitude spectrum from the 

external 109Cd source located in the 

middle of the LPC length: (0) all 

events, (1) single-point events, (2) 

two-point events, (3) three-point 

events, and (4) escape peak of 

characteristic photons.  



Current pulse normalizing 

The current signal produced as a result of gas amplification has an asymmetric form.  

The output pulse shape is defined by the superposition of induced charges from single electron 

avalanches distributed in time and intensity according to: the shape of the current pulse from 

primary ionization electrons, the shape of a pulse from an individual avalanche, and a finite time of 

the CSA self-discharge. The last two parameters are responsible for the asymmetry of the output 

current pulse. The output current pulse can be transformed to a symmetric shape by taking into 

account the analytical dependence of the amplitude of the output voltage pulse generated by a point 

(in projection onto the radius at the boundary of the gas amplification region) group of primary 

ionization electrons as a function of time and discharge constant of the output storage capacitor.               
The obtained form of a signal one can describe by a set of Gaussian curves and thus determine the 

charge that was deposited in separate components of a multipoint event. The calculated area of an 

individual Gaussian should correspond to the charge (energy) of the corresponding point-like 

ionization. 
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