AAEPHA ®I3UKA

SAJNEPHA ®I3UKA TA EHEPTETHKA 2010, T. 11, Ne 4, c. 362 - 366

YK 539.165

SEARCH FOR DOUBLE B DECAYS OF *Ru AND '“Ru
WITH HIGH PURITY Ge y SPECTROMETRY
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Experiment to search for double B decay of °Ru and '“Ru is in progress in the underground Gran Sasso National
Laboratories of the INFN (Italy) with the help of ultra-low background high purity (HP) Ge y spectrometry. After 2162
h of data taking with 473 g ruthenium sample in low-background set-ups with HP Ge detectors, new improved limits on
2B processes in “°Ru and '“Ru have been established on the level of 10'*-10" yr.
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Introduction

Studies of double beta (23) decay give important
information about properties of neutrino and weak
interactions [1]. Measurement of neutrinoless (0v)
double beta decay could define the nature of
neutrino (Majorana or Dirac) and the absolute scale
of the effective neutrino mass. Neutrinoless mode of
2 decay is forbidden in the Standard Model (SM) as
violating the lepton number conservation. At the
same time, two-neutrino (2v) mode is fully allowed
in the SM. However, as a second-order weak
process, 2v2p decay occurs at extremely low rates.
Experimental efforts during almost 75 years have
mainly been dedicated to the investigations of 2
decay leading to the observation of the two neutrino
2B decay in 10 isotopes with half-lives in the range
of 10" - 10** yr. Only limits on the level up to
10%-10"yr were set in the most sensitive
experiments on neutrinoless (0v) 2 decay. The
only one positive evidence of the Ov2f decay of
"Ge has been reported with Ty, ~ 2 - 10 yr [2]. For
2¢, ¢B” and 2B processes, even allowed in the
Standard Model the neutrino accompanied mode is
still not observed.

%Ru is one of only six potentially 2p" active
nuclei [3]. The energy of 2P decay is O = (2718 £
+ 8) keV [4]. The decay scheme of *°Ru is presented
in Fig. 1 [5, 6]. “Ru has considerably high natural
abundance: 6 = 5.54 % [7]. It should be also noted
that in the Ov2¢ process with capture of one electron
from the K shell and a second one from one of the L
shells, the energy release of (2695 + 8) keV is close
to the energy of the excited level of %Mo with Eey =
=2700 keV [5,6]. In case of 2¢ capture from two L
shells the energy release (2713 £ 8) keV is equal,
within errors, to the energy of the other excited level
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2713 keV. Such a coincidence could give a resonant
enhancement of the neutrinoless KL and 2L capture
as a result of energy degeneracy [8]. The possibility
of the resonant Ov double electron capture was
discussed in [9 - 11] where an enhancement of the
decay rate was predicted for the case of coincidence
between the released energy and the energy of an
excited state.
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Fig. 1. Decay scheme of *°Ru [5, 6]. Energies of excited
levels and emitted y quanta are in keV (relative intensities
of y quanta are given in parentheses). O, is the double
beta decay energy.

First search for 2B and eB” processes in *°Ru was
performed in 1985 on the surface of the Earth [12].
A Ru sample of 50 g was measured over 178 h with
two low-background HP Ge detectors (110 cm’
each, operating in coincidence). The limits on 2p"
and eB” decay to the ground state (g.s.) and excited
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levels of Mo were in the range of T\p=
=10" - 10" yr. New improved limits on different
channels and modes of 2P processes in *°Ru as well
as the first limit on '“Ru — '"Pd" decay were
obtained recently in our preliminary experiment
[13]. Here we report new results of the experiment
derived from improved statistics.

Experiment

Ruthenium of 99.99 % grade in form of tablets
~ J16 x 5 mm (with mass = 8.5 g each) produced
by powder metallurgy was provided by Heraeus
[14]. The total mass of the sample is 473 g. The
ruthenium was measured at the Laboratori Nazionali
del Gran Sasso (average overburden of
~ 3600 meters water equivalent) with the HP Ge
detector GeCris (468 cm®) during 986 h, and in the
low-background set-up GeMulti with four HP Ge
detectors (=225 cm’ each) during 1176 h. Energy
spectra without sample were accumulated over 1046
h with GeCris and 7711 h with GeMulti. Typical
energy resolution of the detectors is 2 keV at
1332 keV line of “Co. The spectra normalized on
the time of measurements are presented in Fig. 2.
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Fig.2. Sum energy spectra accumulated with the
ruthenium sample over 2162 h (Ru sample) and without
sample over 1046 h (Background) by the ultra-low
background HP Ge y spectrometry. Inset: simulated
spectrum of “’K. The energies of y lines are in keV.

There is a clear difference between the spectra
mainly due to contamination of the ruthenium
sample by “’K. The activity of *K in the sample is
(3.3 £ 0.6) Bg/kg. Some excess was also observed in
gamma peaks of *'*Bi (in equilibrium with ***Ra).
Besides, a peak with energy 622 keV and area S =
= (215 + 25) counts was detected (Fig. 3). We
suppose this peak is due to presence of radioactive
1%Rh, produced by the decay of cosmogenic '°Ru in
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Fig. 3. Fragment of sum energy spectra accumulated with
the ruthenium sample over 2162 h (Ru sample), and
without sample over 1046 h (Background) by ultra-low
background HP Ge vy spectrometers. The energies of y lines
are in keV.

the sample. Activities of YK, %Ry, and **°Ra, as well
as upper limits on activities of possible contamination
of ruthenium by ®Co, “’Cs, U/Th daughters were
determined in our previous work [13].

Search for double p processes in *’Ru and '"Ru

Two positrons can be emitted in the 23" decay of
%Ru with the total energy of (674 + 8) keV.
Annihilation of these positrons will give four 511 keV
v’s leading to extra rate in the annihilation peak. A
part of the spectrum around 511 keV is shown in
Fig. 3. In the experimental distribution measured with
the Ru sample during 2162 h, there are (1673 £ 71)
events in the 511 keV peak. The main source of the
511 keV line is decay of “)K in the sample which
produces an annihilation peak through the creation of
e'e pairs by 1461 keV y quanta and small B" decay
branch. A simulated spectrum of *’K is shown in inset
of Fig. 2, where the peak at 1461 keV together with
single escape (950 keV), double escape (439 keV)
and annihilation (511 keV) peaks can be recognized.
The activity of *K (3.3 + 0.6) Bg/kg corresponds to
(1049 + 38) counts in the annihilation peak. Some
contribution to the annihilation peak give also decays
of *®Tl and 'Rh. The difference between the
observed and the expected number of counts
(173 £ 102) can be ascribed to the 2p" decay of *°Ru
searched for; it gives no evidence for the effect. In
accordance with the Feldman - Cousins procedure
[15] recommended by the Particle Data Group [16],
the effect cannot be greater than 320 counts at 90 %
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of confidence level (C.L.). Taking into account the
number of *Ru nuclei in the sample (N = 1.56 x
x 10%) and the registration efficiency (9.6 %), we
have estimated a limit on the half-life of *°Ru
relatively to 2" decay (sum of 2v and Ov modes) as
(here and below all the limits are given at 90 % C.L.):

Tin 2B (2v+0v), g.s. — g.8.) > 7.2 - 10" yr.

A limit on the ep” decay of *°Ru to the ground
state of °Mo was estimated in the same way taking
into account the slightly lower detection efficiency
for this channel:

Th (eB7(2vHOV), g.s. — g.8.) > 4.6 - 10" yr.

There are no other peculiarities in the spectrum
which could be ascribed to the double B processes in
“Ru and '™Ru. Therefore we can set only lower
half-life limits on the decays searched for. To
estimate numbers of events, the experimental energy
spectrum was fitted in different energy intervals by
the sum of components representing the background
(internal *’K, *’Bi, U/Th, external y from the details
of the set-up) and the expected models for 2f3
processes in "°Ru simulated by using the EGS4 code
[17] with the initial kinematics given by the
DECAYO0 event generator [18]. The fits allow us to
set limits on the processes of 2P decay in “Ru
presented in the Table.

Half-life limits on 2p processes in **Ru and '"*Ru isotopes.
The energies of the y lines, which were used to set the T/, limit, are listed in column 4

Level of Tp, yr
Process of decay Decay daughter E, keV Experiment
mode nucleus, v Theory
E. keV Present work [13]
96Ru —>96M0
2" Ov +2v g.s. 511 >7.2-10" >3.9-10" 5.1-10%-5.1-10%
[19 - 24]
e’ Ov + 2v g.s. 511 >4.6- 10" >2.5-10" 7.8-10*"-2.3-10%
[19 - 26]
2v 27778 778 >1.8 - 107 >58- 10" -
Ov 27778 778 >1.8 - 107 >5.6- 10" -
Ov+2v 01148 778 >1.7- 10" >53-10" 3.8-107-2.0-10%
[19, 22]
2K Ov g.s. 2670-2686 | >2.1- 10" >1.2-10" 2.8 10" [19]
KL Ov g.s. 2687-2703 | >1.1- 10" >6.7 - 10" -
2L Ov g.s. 2705-2721 | >2.3 - 10" >1.2-10" -
2¢ 2v 27778 778 >1.9 - 107 >7.2-10" -
0" 1148 778 >1.8-10" >6.4 - 10" 5.2 -107[19]
271498 778 >1.6 - 107 >4.5- 10" -
271626 848 >1.9 - 107 >1.3- 10" -
Ov 27778 778 >1.9 - 107 >7.0- 10" -
01148 778 >1.8 - 107 >6.1- 10" -
271498 778 >1.6 - 107 >42-10" -
271626 848 >1.8 - 107 >1.2- 10" -
Resonant KL Ov + 2v 2700 1922 >2.2 - 10" >5.0-10" -
Resonant 2L Ov + 2v 2713 813 >5.1-10" >1.3- 10" -
1°4Ru—>1°4Pd
28 ov+2v | 2"556 556 >1.0-10° [>35-10" [62-10%-18 10"
[27, 28]
Transitions to the excited levels of Mo with  were set:

energies of 2700 and 2713 keV are the most
interesting because of a possible resonant
enhancement of the process. Analyzing the energy
intervals where y peaks from the de-excitation of the
2700 and 2713 keV levels of *Ru are expected, the
following limits on the resonant double electron
capture in *°Ru from K and L, and from two L shells
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T1n (KLQ2v + 0v), g.s. — 2700 keV) >2.2 - 10" yr.
Tin QLQ2v + 0v), g.s. — 2713 keV) > 5.1 - 10” yr.

Another isotope of ruthenium, 1Ry, is unstable
relatively to 2 decay (Q = 1301 keV). The
natural abundance of '“Ru is comparatively high:
n=18.62%. We set a limit on the double B
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transition of '*Ru to the 2%, excited level of '"Pd
with the energy of 556 keV. The fit in the energy
interval (547 - 572) keV gives the following limit:

Tin (2B7(2v + Ov), g.s. — 556 keV) >2.3 - 10" yr.

All the limits on double B decays of **Ru and
'“Ru obtained in the present work are summarized
in the Table. The results of the previous study [13]
are given for comparison.

Conclusions

The measurements performed over 2162 h with a
473 g sample of ruthenium with the help of ultra-low

background HP Ge v spectrometers were used to set
new limits on double P processes in *°Ru in the
range of Ty ~ 10871 yr, which improve limits set in
our previous measurements [13]; the values are two-
three orders of magnitude higher than those obtained
in the previous experiment [12].

R&D to purify the material from *“’K is in
progress. Reducing the potassium contamination by
at least one order of magnitude and increasing the
exposure up to one-two years X kg could allow to
improve the sensitivity of the experiment ~ 1 order
of magnitude in terms of half-life.

REFERENCES

1. Zdesenko Yu.G. // Rev. Mod. Phys. - 2002. - Vol. 74. -
P. 663; Elliot S.R., Vogel P. // Annu. Rev. Nucl. Part.
Sci. - 2002. - Vol. 52. - P. 115; Vergados J.D. // Phys.
Rep. - 2002. - Vol. 361. - P. 1; Elliot S.R., Engel J. //
J. Phys. G: Nucl. Part. Phys. - 2004. - Vol. 30. -
P. R183; Avignone F.T. IlI, King G.S., Zdesenko Yu.G.
// New J. Phys. - 2005. - Vol. 7. - P. 6; Ejiri H. // J.
Phys. Soc. Jpn. - 2005. - Vol. 74. - P. 2101; Klapdor-
Kleingrothaus H.V. // Int. J. Mod. Phys. E. - 2008. -
Vol. 17. - P. 505; Avignone F.T. I1I, Elliott S.R., Engel
J. // Rev. Mod. Phys. - 2008. - Vol. 80. - P. 481.

2. Klapdor-Kleingrothaus H.V., Krivosheina 1.V. // Mod.
Phys. Lett. A. - 2006. - Vol. 21. - P. 1547.

3. Tretyak V.1, Zdesenko Yu.G. // At. Data Nucl. Data
Tables. - 1995. - Vol. 61. - P. 43; Ibid. - 2002. -
Vol. 80. - P. 83.

4. Audi G., Wapstra A.H., Thibault C. // Nucl. Phys. A. -
2003. - Vol. 729. - P. 337.

5. Firestone R.B. et al. Table of Isotopes / 8th edition. -
New York: John Wiley & Sons, 1996 and CD update
(1998).

6. ENSDF at NNDC site, http://www.nndc.bnl.gov/.

7. Bohlke JK. et al. // J. Phys. Chem. Ref. Data. - 2005. -
Vol. 34. - P. 57.

8. Sujkowski Z., Wycech S. // Phys. Rev. C. - 2004. -
Vol. 70. - P. 052501.

9. Winter R.G. // Phys. Rev. - 1055. - Vol. 100. - P. 142.

10. Voloshin M.B., Mitselmakher G.V., Eramzhyan R.A. //
JETP Lett. - 1982. - Vol. 35. - P. 656.

11. Bernabeu J., de Rujula A., Jarlskog C. // Nucl. Phys.
B.-1983. - Vol. 223. - P. 15.

12. Norman E.B. // Phys. Rev. C. - 1985. - Vol. 31. -
P. 1937.

13. Belli P. et al. // Eur. Phys. J. A. - 2009. - Vol. 42. -
P. 171.

14. http://www.heraeus.com.

15. Feldman G.J., Cousins R.D. // Phys. Rev. D. - 1998. -
Vol. 57. - P. 3873.

16. Amsler C. et al. // Phys. Lett. B. - 2008. - Vol. 667. -
P. 1.

17. Nelson W.R. et al. SLAC-Report-265, Stanford, 1985.

18. Ponkratenko O.A. et al. // Phys. At. Nucl. - 2000. -
Vol. 63. - P. 1282; Tretyak V.1, in preparation.

19. Vergados J.D. // Nucl. Phys. B. - 1983. - Vol. 218. -
P. 109.

20. Staudt A., Muto K., Klapdor-Kleingrothaus H.V. //
Phys. Lett. B. - 1991. - Vol. 268. - P. 312.

21. Hirsch M., Muto K., Oda T., Klapdor-Kleingrothaus
H.V. // Phys. Lett. B. - 1991. - Vol. 268. - P. 312.

22.Suhonen J., Aunola M. // Nucl. Phys. A. - 2003. -
Vol. 723. - P. 271.

23.Rath P.K., Chandra R., Chaturvedi K. et al. // Phys.
Rev. C. - 2009. - Vol. 80. - P. 044303.

24. Raina P.K., Shukla A., Singh S. et al. // Eur. Phys. J.
A.-2006. - Vol. 28. - P. 27.

25. Suhonen J. // Phys. Rev. C. - 1993. - Vol. 48. - P. 574.

26. Rumyantsev O.A., Urin M.H. // Phys. Lett. B. - 1998. -
Vol. 443. - P. 51.

27. Domin P., Kovalenko S., Simkovic F., Semenov S.V. //
Nucl. Phys. A. - 2005. - Vol. 753. - P. 337.

28. Raduta A.A., Raduta C.M. // Phys. Lett. B. - 2007. -
Vol. 647. - P. 265.

NOIIYK NOJABIAHOIO B-PO3IALY SIJAEP *Ru TA "“Ru
3A JTOMOMOI'OI0 HAJTHU3bKO®OHOBUX HAMNIBIIPOBIIHUKOBHUX
TEPMAHIEBUX y-CIIEKTPOMETPIB

II. Beaai, P. bepuaoeii, ®@. Kannemuia, P. Yepyaii, ®@. A. laneBuu, C. 1’ Anaxeno, A. Inuikirri,
M. Jlay6enmreiin, O. I'. Ilomimyxk, JI. IIpocnepi, B. I. Tpersix

EKCIIEpHMEHT 3 MeTOI0 TOMIyKYy MojBiifHOro P-posmamy smep Ru Ta '"*Ru mpoBomuThes y misemmiit
Hauionanphiit naboparopii I'pan Cacco HamionanbHoro iHcTuTYTY sigepHoi ¢isuku (Itamis) 3a I10MOMOror0
HanHu3bkopoHoBux HP Ge y-ciektpomerpiB. Ilicist 2162 roj HakOnMYeHHS JaHUX 31 3pa3KoM pyTeHito macoro 473 r
OTPHMMAHO HOBi OOMEKEHHS Ha Mepio/y HamiBpo3nay ams 2B-mpomecis B sapax **Ru ta '“Ru Ha pisai 10™ - 10" p.

Kniouosi crosa: nonsiiiHuit B-po3ma, %Ru, '"Ru.
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MOUCK JBOMHOI'O B-PACIIAJIA SIIEP *Ru U '"“Ru
C MOMOIIBKO CBEPXHU3KO®OHOBBIX TEPMAHUEBBIX y-CIEKTPOMETPOB

II. Beaau, P. Bepuat6eii, ®. Kannesna, P. Yepyaau, ®. A. laneBuy, C. 1’ Anmkesno, A. UHUMKUTTH,
M. Jlay6enmreiin, O.I'. Ilosmmyxk, /. Ilpocnepn, B. U. Tpersak

DKCIEPUMEHT TI0 TMOWCKY IBOWHOrO [-pacmana sep Ru u '™Ru Bemercs B momsemuoii HamponampHOI
naboparopun I'pan Cacco HanmonansHoro nHCcTUTYTa sigepHoi ¢u3uku (Mranns) ¢ moMomplo CBEpXHU3KO()OHOBBIX
HP Ge y-cnexrpomerpos. [locie 2162 4 HakoIIeHHUs JaHHBIX ¢ 00pa3loM pyTeHus: Maccoi 473 T IoiydeHbl HOBBIE
OrpaHHMYEHHS Ha IEPHOIbI OTypacaia Ams 2B-mporeccos B supax 'Ru u '**Ru na yposue 10" - 10" ner.

Kuiouesvie crosa: nBoitsoii B-pacnaz, *°Ru, '*Ru.
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