Universita di Roma

<

Tor Vergata

Rare nuclear processes in Hf isotopes

10th International Conference on New Frontiers in Physics
23 August 2021 to 2 September 2021
Crete, Greece

Vincenzo Caracciolo
on behalf of the collaboration.
University of Roma “Tor Vergata” and INFN



INTERESTING IN STUDYING THE 34 DBD+ EMITTERS

DBD modes without the presence of neutrinos, if observed, can open
windows on new physics

to test calculations of different nucleus shapes and decay modes

that involve the vector and axial-vector weak effective coupling 4
constants; possible study of the “resonant effect” on the Ov2e mode; U
mutual information from the simultaneous study of positive and (
negative DBD can constrain the theoretical parameters with very hig
confidence

the nuclear matrix elements for the two-neutrino mode and for the
neutrinoless mode can be related to each other through relevant
parameters: in the free nucleon interaction, the g, value is 1.2701,

but, when considering a nuclear decay, there are indications that the
phenomenological axial-vector coupling value is reduced at g, < 1, more
precisely: g, = 1.269 A%18 or g, = 1.269 A0-12, depending on the

nuclear model adopted to infer the g, value. DBD investigation with

various nuclei would shed new light in constraining these and other

important model-dependent parameters.

As byproduct: developments of new detectors, e.g., new crystal
scintillators containing DBD emitters
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A search for double beta decays in
hafnium using HP-Ge gamma
spectrometer

The isotope '74Hf is one of the potentially 2g, £p* i
radioactive nuclides with the energy of decay =z i T65keV o
Q,=1100.0(23)keV and the isotopic abundance - Ty
6=0.156(6)% (they used the old value 0.16(12)%).

The half-life limits on 2e and ef* processes in !"*Hf. The energies of the 3 quanta (E, ), which were used to set the

T2 limits, are listed with their corresponding detection efficiencies (17) and values of lim §.

2¢, ef*
0,5 = 1100.0(23) keV

Shield
-~ \ Ge7
Hafnium
Geb

sample

Set-up Il

mys = 179.8 g, &=59.0 mm, h=5.0mm 225 m

Channel Decay Level of Ey U lim 5 Experimental limit underground: Joint Research Centre of European
of decay mode daughter (ke¥) (%) {counts) at Tysz (abat 90% C.L. Commission (Geel, Belgium). 75 days
nucleus (keV) o0 C.L. ! ’ ’
2K 2v 2.5 5146l 1.24 36 =7.1x 10'6 Chain Nuclide Activity in the sample (mBg)
KL v gs. 514610 0.73 36 > 4.2 % 1016 0K 14
2K v 2+ 763 51.4-61.0 1.03 36 =5.9% 10'° 800 <0.11
KL 2 2+ 765 51.4-61.0 0.61 35 =3.5x%10'® HTes =020
2L 2v 2+ 765 76.5 0.39 204 =39 10'® "':HE =3 )
2K v gs. 977.4 453 100 >5.8 % 107 = YR
KL Ov 0.5, 1028.9 446 30 = 1.9 % 1018 1815 LAS-L 007 (0,12 +-0.00
2L 0w g5, 0804 430 1.2 =THx 1ot? LEZHf <0.5
2K 0w 2T 785 000.9 4.67 54 =71 x [ol? B2y 28, :ﬁi[]_"
KL Ov 2+ 765 0324 4.50 05 = 6.2 % 1017 2857y, 2384025
2L O 0+ 763 1003.9 451 8.0 =7.2% 1017 ITN Y TYRY
Kg+ (2v + 0v) os. 511 10.6 202 > 1.4 107 31p, 3
Lpt (2v + 0v) as. 511 10.7 202 = 1.4 %107 227 ¢ 20£05
=y Bmp, 11+5
236 07
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In case of the 2K and KL capture in 17#Hf, a cascade of X-rays (and Auger electrons) of Yb atom with individual energies, in particular, in the
energy interval (50.8-61.3)keV is expected, while energies of the 2L capture X-ray quanta are =(7 -10)keV, that are below the detectors’ energy
thresholds. We took into account only the most intense X-rays of ytterbium: 51.4 keV (the intensity of the X-ray quanta is 27.2%), 52.4 keV
(47.4%), 59.2 keV (5.2%), 59.4 keV (10.0%), and 61.0 keV (3.4%).



A search for double beta decays in

hafnium using HP-Ge gamma

spectrometer

Experimental 712 [a]

Decay Mode Ey x [keV] n [%] This work

202K (g.s.) 524 0.50 > 1.4 x 10'°
2K L (g.s.) 52.4 0.50 > 1.4 x 10'°
202K (st exc.) 76.5 3.15 > 7.9 x 10!°
2v2K (st exc.) 52.4 0.50 > 14 x 1010
20K L (1st exc.) 76.5 3.15 =179 x 10'°
2vK L (1st exc.) 524 0.50 > 1.4 x 1016
2v2L (1st exc.) 76.5 3.15 > 7.9 x 10!°
0v2K (g.s.) 977.4 7.59 =27 x 108
0v2K (1st exc.) 900.9 8.01 >24x 10'8
OvK L (g.s.) 1028.9 7.32 > 4.2 x 1017
OvK L (1st exc.) 952.4 7.72 > 3.1 x 1017
OvLL (g.s.) 1080.4 7.09 = 3.6 x 1017
OvLL (1st exc.) 1003.9 7.45 >94 x 1017
KBt (0v +vi) 511 11.8 > 5.6 x 1010
LB (Ov + vi) 511 11.8 > 5.6 x 1016
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Section view of the detector and
sample (not to scale) with 1) hafnium
foils on the top and wrapping the Ge
crystal acting as the target and high-
voltage contact, 2) copper end cap of
1mm thickness, 3) copper HP-Ge crystal
holder, and 4) HP-Ge semi-coaxial p-
type crystal.

Hf foil: 0.25(1) mm thick, m=55,379(1)
g, 310 days.



INTERESTING IN STUDYING RARE o DECAY

Various theoretical models are continuously developed or improved, e.g., m ivated
by searches for stable or long-lived superheavy isotopes and predictions of théir half-

lives. ,

The study on the nuclear instability offers information about the nuclear structure,
the nuclear levels and the properties of nuclei.

The phenomenon of a decay can offer information about the fusion-fission reactions
since the a decay process involves sub-barrier penetration of a particles through the
barrier, caused by the interaction between the a and the nucleus

Among the naturally occurring a-emitting nuclides only those with either A > 208 or
A = 145 have a half-lives short enough to be detected

As byproduct: developments of new detectors, e.g., new crystal scintillators
containing o emitters



Potentially a decay of naturally occurring Hf-nuclides

Some potential transitions of Hf isotopes and related information. Only naturally occurring
isotopes (with natural abundance 6) and with Q > 0 between g.s. transitions or between g.s. and
lowest bound level transitions (with spin/parity J™) are listed. E is the kinetic energy of the alpha
particle. N is the number of nuclei in the CHC crystal used in this work. Experimental
measurements (when available) and theoretical prediction of the half-live are reported in the
last four columns.

Nuclide JT ) Qa E, N Ty (W)
Transition of
Parent — (%) (keV) (keV) Theoretical
Daughter Nuclei 2] [12] Experimental [15] [16] 9]
and its level (keV) [10,11] |
) - T . 2 0)( 15 [61° 35.101% | 74 16 35 16
THp oy 170y, 07 =088 016(12) ) 24045(2.3) | 2437.6(2.2) | 1.0 x 1010 | 20W) X 107 16,131 | 35-107 | 74 <107 3510
0t — 2t 84.2 = 3.5 107 [14] T3- 107 3.0x 10 6.0 x 10
. o 0t — 0T, g.s. — _ _ - 25 % 102| 6.6 x 102 2.0 x 10%
176 172~/ | Y i) QOE A ¢ » =4 20
Hf — 72Yb ot 5ot TR Y 5.26(70) | 2254.2(1.5) | 2203.3(1.5) | 3.3 xl// S 30107 [1d] | 13 x 102 35x 102 4.9 x 107
- . 7/2- = 5/27, g.s. _ I ” - 45x 102 | 52x102 4.4 %102
Hi = b T/27 = T/27, 786 18.60(16) | 2245.7(1.4) | 2195.3(L4) | LZACLOT ) oy 5 s 14] 9.1 x 10| 1.2x10* 3.6 x 10%
_ o 0T — 0T, gs. . / - 34x 108 | 1.1x10%  2.2x10%
178 17dy ) ~ 98(9 2084.4(1.4) | 2037 . - 21 . N _
Hf — ™Yb Ot - 2t T6.5 27.28(28) | 20844(14) | 20379(L4) AT A1) 0 b G 9 107 | 80 % 107 71 x 107
_ e 9/2t - 7/2%, g.s. _ . _ _ >2.2x10% [14] |45 %10 | 4.0x10% 4.7 x 10%
179 175+ 3 = ¥ = ; 20 = L
HE = "PYb 1 g0 /9 1045 13.62(11) | 1807.7(14) | 1T6T.6(147 | 86X 101 o 5 s T4 | 2.0x10% | 25 x 10% 2.2 x 10*
o 0+ — 0T, gs. _ : - 6.4x10% | 57x10% 9.2x10%
IS0 — 176Y - 35.08(33) | 1287.1(1.4) | 1258.7(1.4) | 2.2 x 102! :
- 0t — 2+, 82.1 5-08(33) ri14) ) 125 / ) * >1.0x 1018 [14] | 4.0 x 109 | 4.1 x 10 2.1 x 10

/

T.P. Kohman, Phys. Rev. 121, 1758 (1961);
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A search for alpha decays in excited states of hafnium

isotope using HP-Ge gamma spectrometer
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= 19549 (3 as the target and high-voltage
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. f\:, 26.5 Decay Ey [keV] Experimental T2 [a]
ol 0 [sotope (v [%]) This work
hyb 1745 84.3 (13.7) =2.8 x 1016
0’ 0 176y 78.7 (10.6) >2.7 x 1017
DoHf 7THf 78.6 (12.5) =1.1 x 1018
N ; 0 12871 178y 76.5 (9.6) >1.3 x 10!8
4 27138 “ 179 ¢ 104.5 (26.7) =27 x 10!8
Y 180 .y 17
& 821 Hf 82.1(12.4) =4.6 x 10
0 0
176 T.P. Kohman, Phys. Rev. 121, 1758 (1961);
oYb 4
Transition Level of the danghter nucleus (ke'V) Experimental 712 (a Theoretical Ty 2 (a)
N [8] [9.10] [11]
O
N Ty, 1Ty ot, g5 = 2.0i4) = 1015 [ﬁ/| 74 % 101 3.5 = 1018 3.5 x 10'®
§ 2t, 843 = 3.3 x 10%% 30 x 10 1.3 x 10" 6.6 x 10"
N TeHE . 172y 2t, 787 = 3.0 x 1077 3.5 % 10 1.3 x 102 49 x 107
< "Hf - Pyb 771,786 = 1.3 % 10% 12 x 10% 9.1 x 107! 3.6 x 1077
:; 7E5F — ™yh 2+, 765 = 2.0 = 1017 8.1 x 10% 24 x 0 7.0 = 10M
Z OHf . 1T5YD (7/27), gs. =22 x 10 4.0 x 107 4.4 % 107 4.7 = 107!
i 92, 104.5 > 2.2 % 10 2.5 % 107 2.0 = 1072 22 x 10°
D 1Eyp . 1Ty R | = 1.0 101 4.1 x 1079 4.0 = 10% 2.1 = 10%




Study of rare alpha decay in Hf isotopes using a crystal scintillators
(source=detector): the experiment

NPA 1002 (2020) 121941 v' Cs,HfCl, crystal (CHC) 6.90(1) g
v" CHC crystal coupled low-radioactivity PMT (Hamamatsu R6233MOD)
v" placed above the end-cap of the ultra-low background HP-Ge
v' CAEN DT5720B digitizer 250 MSamples/s;
v/ 2848 h data taking
Energy Calibration
Preliminary quenching factor (QF) estimation ;‘f 3 | 22Na
4 %‘,400 A % :Z: FWHM = 99 keV
ux) 3501 E o 7 FWHM/E, = 7.8%
2300F E —
3 3 =
8250_ g UEOU 400 600 800 1000 1200 lwoo 1600 180G 2000
r 1500 357000 1500 2000 2500 3000 3500 Energy (keV)
200; Energy (keV)
150 raw data E 137CS
1 100 E FWHM = 60 keV
8 FWHM/E, = 9.1%
50
8
/ 0 I5IT|J(]I - 1I0|U(I] - %500 2000 2500 3000 20
Energy (keV) 0 200 400 1000 1200
Energy (keV)

Schematic cross-sectional view of the experimental set-up (not in scale). There are shown the CHC crystal
scintillator (1) coupled with a 3 inches PMT (2), the HP-Ge detector (3), which is separated by a cylindrical
Teflon ring (4). They are completely surrounded by a passive shield made by archaeological Roman lead (5),
high purity copper (6), low radioactive lead (7). The whole set-up (with the exception of the cold finger for
the HP-Ge detector) is enclosed in a Plexiglas box (8) continuously flushed with HP-N, gas.



Low background measurements of the CHC crystal

NPA 1002 (2020) 121941

Isotopic composition of "atHf
measured in a sample of the

Concentrations of trace contaminants in the CHC
crystal as measured by ICP-MS analysis. The limits
are at 68% C.L.

CHC crystal by ICP-MS Nuclide  Concentration (ppb)
AN 24
Isotope Abundance (%) M7Sm 0.6(1)
n TIRG .
U 0.156(6) WSEIE 0131%
76 . : (7
”Tg arit 152Gy <0.02
—e bd( :] 18(]\K' <O 4
IS Hf 27.2(1) 184 N
179 ; - OS <0.003
Hf 13.9(1) 186 or
180§ 35.2(2) " Os <0.25
i L90py <0.02
29B4 <2
Nuclide Q. T1 o ' [sotopic E, Expected
(keV) j Abundance (keV) Counts
10 10 (%) [2]
R W 190641+ 220(1611015 - 23.708(19) 1854.8(17) <0.007
147Sm 2311.2(10) 1.060(11)x 10" | 15.00(14)  2249.9(10) 36(6)
1455m 1986.9(10) 7(3)x10% 11.25(9) 1934.6(10) | 3.6(1) x 10~*
152Gd 2204.4(10) 1 1.08(8) x 10 0.20(3) 2147.8(10) | <1 x 1073
15605 2820.4(13) 2.0(11) %10 1.59(64) 2761.0(13) | <6 x 1074
190py, 3252.6(6) 6.5(3) x 101 0.012(2) 3185.5(6) < 0.1
209Bi 3137.3(8) 2.01(8) =10 100 3078.4(8) <4 x1077




Low background measurements of the CHC crystal

N\ WV NPIPIORPAR Radioactive contaminations of the CHC crystal
measured with the ultra-low background HP-Ge
|Sotopic Compositi spectrometer GeCris of the STELLA faCIIIty at LNGS.

ts in the CHC
ysis. The limits

measured in a samj
CHC crystal by ICP-

Chain Nuclide Activity (mBq/kg) (ppb)

K 0.4(1)x 103 '
Igtirt.ope Abund: 447 10(4) 0.6(1)
ITAIf ( 60 =95 0.4(1)
176 137 0.74(8) x 10° e
1THE 182 <15 '
175 <04
HI Cs 79(8) <0.003
FUHE IS f <11 <b 25
180 _ Pl
Hf 190 P4 <90 <0.02
202pt <9.1 -9
Nuclide 2283 <192 L cted
228Th <3.6 nes
144N EE"EU EEGRE’L <23 007
478 m 2MTH <(0.80 6)
‘ 234mpy <0.48 x 10~
152014 ! 1073
1550; 235(J 2351] <14 10~
190py 0.1
20034 <1x 1077




Data analysis

Time-amplitude analysis of 228Th sub-chain and the derived Q.F.

Pulse Shape Discrimination (PSD) based on

the pulse mean-time
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Energy (keV)

The time-amplitude analysis was used to
select the events of the following decay sub-
chain of the 232Th family:

224Ra (Q = 5789 keV; T, = 3.66 d) = 2?°Rn (Q =
6405 keV; T,/, = 55.6 s) = #1®Po (Q = 6906 keV;
T,, =0.145s) - 212Pb.

An average activity of 228Th in the CHC crystal
scintillator has been estimated:
100(50) uBg/kg



Data analysis
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The energies of the peaks of 224Ra, 22°Rn and
216pg, selected by the described time-amplitude
analysis, are 2260(200) keV, 2540(200) keV,

NPA 1002 (2020) 121941 )
2780(240) keV (y scale), respectively.




Results on the decay of naturally occurring Hf isotopes

50

e —— 1% + 22%Th + *Rn + *'Ra —t— Data

; 234y 2807 , 226R —— Global fit
2827 . 238 — 218pg

35 .
218P0 + 212B| + 220Rn

30

Counts / 100 keV

25

20
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7000

Energy (keV)

Chain Sub-Chain  Activity (mBq/kg)
BITh 232Th 0.2(1)
228 Th ¢

0.2(1)
235U 238U 06(1}
234 4 230Th 1.4(2)

220R 4 0.2(1)

210pg 1.4(2)

When adopting the claimed half-life 2.0(4) 10y for the 7#Hf decay, the expected number of events -
within 2848 h of data taking with the used CHC crystal - is about 1100 counts. Thus, considering that the
measured events are 553(23) in total, even ascribing all of them to 7#Hf decay (despite the analysis
reported above), one ; in fact, even in such an unlike
hypothesis, the T,,, value derived from the present experimental data would be 4.01(17) 10% v, i.e. is
about 4.5 o far from the value 2.0(4)10%y. Thus, the . Let us now

perform a more refined determination of the T,, value of the 17*Hf decay supported by our data.



Results on the decay of naturally occurring Hf isotopes

35 35
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Conclusion

» To study the decay of naturally occurring hafnium to the ground state and
to the first excited states , a CHC crystal scintillator was used in
coincidence with a HP-Ge detector in 2848 h of live time.

> The results rules out the T, , value of the alpha decay of "*Hf given in
literature. In particular, we found that the decay of 7#Hf to the ground
state has been definitely observed with a T, = 7.0(1.2) x 10*° y. This value
is in good agreement with the theoretical predictions.

» New lower limits of the half-life for alpha decay of /4Hf to the first excited
state and for alpha decays of 17¢Hf, 177Hf, 178Hf, 1/°Hf either to the ground
states or to the first excited levels of daughter nuclides ( 10'®-10?° y) have
been set.

» New lower limits of the half-life for 2e and £3* decay of 74Hf ( 106-10%8 y)
have been set.
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