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Abstract
We measured thick-target yields of 126,128,130] from bombardments of natu-
ral Te targets with 15-, 30-, 45- and 50-MeV protoné, together With iodine
prbdqctién' cross sections for 1.85- aﬁd 5.0-GeV protons. Using these data,
we have estimated the relative cosmic-ray iﬁduced production 6f 126X e, 128Xe
and 13%Xe in Te ores. These quantities are significantly different from those
used previously iﬁ a determination of the ratio of the double deéay half-liv;s
of 130Te and 128Te. A revised cc;rréétion of cosmic-ray prédﬁcgd Xenon can

change the half-life ratio by as much as 8%. This quantity is of importance

because it can be used to set a limit on the 0-v double3 decay mode.

PACS numbers: 25.40.-h,23.40.-5,27.60.+j
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I. INTRODUCTION

- The first evidence of§13°Te double-8 decay was vobta,ined more than fprty years agovby .
Inghram and Reynolds '[1], who performed a geocﬁemical experiment, showing that %°Te
decays to ®Xe. The geochemical method is based on the measurement of the number of |
double-ﬂ ‘decay. daughter atoms that 4re'trapped in the parent mineral. The accuracy of
this technique depends on;sevgral factors. F irst, large differgnces in the chemical properties
of the parént a,nd'da.ughtér species facilitate the sepé,ra.tion and counfing of the relatively
small nufﬁber of daughter atorns. Second, contaminations of the parent mineral with the
déughtér species at tHe t.imerf ermation of the mineral can limit the technique’s accu-
racy. Third, the mobility of the daughter species in the mineral and the diffusion times

will effect the mea_sure_merit. Besides simple diffusion of the atomsv, seismic and thermal
effects must be considered. Fourth, the ore must be preéisely dated and be of sufficient age
_that an adequate concentration of the da.ughter species has accumulated to permit accurate
measurement. -Fi._n.a,lly, the measured quantity of .double-ﬂ decay candidate nuciei must be -
éorrecfed for other processes that can also generate the daughter specieé. Processes such ~
as fission, cha’rged;pa,rticle capture and cosmic-ray spallation reactions must be considered.
So far, the geochemjcalAvrnethod has been successfully applied 6nly to those double8 decay
-candidates 'wh_ic.h lead to noble-gas daughter species: 823e—> 82Kr, and 128'13°Te—> 128,130% ¢
These resuli;s have been recently reviewed by Manuel [2]. The #2Se case is of ﬁarticular
interest because double-3 decay has been measured for this syétem both by the 'geoc-h.emical'
method and by direct coﬁnting. The‘agreernent. of the ha,lf;livés defermined by these two
very different techniques provides an excellent Cénsistency qhve.ck of both methods.

The double3 decay haif—lives of 128’13.(_’Te have been recently remeasured by Bernatowicz
et al. [3], using the geochemical method. A recent review by Moe [4] points oﬁt a po‘ssi—
ble discrépa,nqy between the absblu’pe half-life values obtained by Bernatowicz et al. and
those from previous results [2], where the half-life of 1%0Te decay was measured relative to

that of 32Se, from ores containing minerals of both elements. However, the half-life ratio



t1(**°Te)/t1(***Te) is independent of the age of the minerals and of the retention of the
daughter atoms. Bernatowicz et al. measured the number of atoms, and isotopic abun-

dances of Xe present in samples collected from several tellurium ofes. Deviations from the

isotopic abundances of atmospheric Xe, in the form bf eicesses of some of the isotopes, were

found. As can be seen from Fig.. 1, several processes besides double-3 decay can produce

Xe isotopié excesses: (1) fission, (ii) neutron capture on Te, (iii) ?"I(n, ), (iv) a-particle-, |
(v) neutrino-, (vi) cosmic-ray muon- and secondary-proton reactions. Affer' correcting the

measured excesses for the mechanisms (i-v), there still remained a small excess of 126Xe,

which is not a double—ﬂ decay product, that Bernatowicz et al. attributed to muon- and

proton-induced reactions.

Cosmic rays observed at sea level consist niostly (=75%) of muons, with a vertical flux
of about 1.3 x 10*> m~2s™" [5]. The muon energy spéctfum falls steeply with energy, xE~?,
and faster above a few TeV. Muons are highly penetrating particles; they are observed in
several underground experiments, with a total flux decreasing approﬁcima,tely exponentially
as a function of the depth [6,7].

Bernatowicz et al. considered muon-induced reactions, and also those caused by sec-
ondary protons (i.e. protons produced in the muon-induced nuclear spallation in the fock), '
showing that their contribution does not affect the value inferred for the 13°Te double8
decay half-life, because they account for only 1073 of the 1¥Xe measured excesses. On the
other hand, the same calculations show an effect as large as 20% for the 1?®Te half-life, as
observed in one of Bernatowicz et al.’s samples. However, the correction to the 128X e excess
for this mechanism depends critically on how one scales the 12Xe excess from that of 126Xe,
the “cosmic-ray detector”. Because these corrections are modei—dependent, we decided to
address them by measuring the yields of iodine from proton reactions on tellurium targets,

to shed light on the contribution of the secondary protons underground, and estimate that

of direct muon reactions.



II. EXPERIMENT

The Te targets were made of 99.99% purity metallic tellurium, purchased from Johnson .
Matthey. Tellurium pieces were crushed and pressed at 120 °C for 4 miﬁ, to form the targets.
For the low-energy ac_ti\)ations (<50 MeV) the beam was stopped in the targets, which were
disks, 1.9 cm in diameter and 1.0 cm thick, with densities of about 6.01 g/cm® (96-97% of
the cr_ystalline tellurium density). The targets for the high-energy experiments were (i) a

-disk, 3.0 cm in diameter and 0.7 cm thick for the 1.85-GeV activation, with a density of
-6.04 g/cm?, and (ii) a square, 5.1 x 5.1 x 1.0 cm for the 5.0-GeV activation, with a density
of 5.66 g/cm?. |

The low-energy.proton activations were performed at: the 88-Inch Cyclotron at Lawrence
Berkeley Laboratory; those at high—energ& were performed at the LBL’s Bevé,tron accelera-
tor. At the Bevatron, the targets ‘were held in air, with the Te slabs assembled in a stack,
together with polycaét acrylic plastic sheefs (polymethyl methacrylate, [C502Hg], ). These
plastic sheets served to monitor the integrated beam exposure, through the production of
11, from the C and O contents of the plastic [8,9]. The 15-, 30-, 45-, and 50-MeV proton
activations were done with bombardment times of‘ 10 min for the first two, and one hour
for the last one, each having an integrated current of 10 xC. The 1.85- and 5.0-GeV proton
experiments Were done with bombardment times of approximately one hour, with integrated
currents of 60 anci 5. nC, respectively. To check for iodine losses during the activatidns, due
to the heating of the target, one of the activated targets was heated to 22100 °C on a hot
plate, for a period corresponding to the bombardment time. The radioa.ctivity lost was less
than 1%. |

' Fbllowing the irradiations, the targets were 'y-couﬁted with a 100 cm? coaxial HPGe
detector inside a 5-cm thick lead shielding. Due to the widely different half-lilveé of the
iodine isotopes under study: %I (13 days), %I (25 min), **"I (9 min), and '3%1 (12 hours),
th_reé different sizes of time bins were used for counting: 5-min bins during the first hour,

1-hour bins during the next 24 hours, and then several 6-hour bins. Some of the targets were

~



. measured two weeks later, to confirm the amount of radioactivity attributed to the 13-day
component. All photopeaks in the spectra could be attributed to reactions on Te.

The data a,n.alysis was carriéd out by fitting the photopeaks of chare,cteristic ~-rays of
each isotope, with emission probabilities greater than 1% for all spectra, using the program
GELIFIT [10]. The time—dependent yields of 'ea,ch.'y-ra,y line were fit to .determine initial
activities. The decay of .the 9-min isomer -of' 1301 hes no pure, intense transitions (i.e.
~ with en emission probability >1_%)‘ that are not produced in the decay of 13%]. We then
" performed a two-component fit of the 536-keV i)hotopeak time—dependent yieids to deduce
| the separate contributions of 3°™] and 1291, All half-lives measured were in agreement with
the values found in the literature, [11] indicatting no loss of jodine from the targets during
~ the measurements. | | |
| The v-ray detection efﬁaency curves for the thick- target yields were determmed as fol-
lows. We measured the detection efficiency for standard v-ray calibration sources pla.ced
in front and behmd our targets, for several locatxons on the target surface. These scans of
~the target surface were then averaged for the front and back measurements separately, to

approximate the extended-source geometry. We then corrected t-he efficiency data for coin-
cident y-ray summing effects using the prograrn KORSUM [12], and fit the front and back.
“efficiencies as a _functien of the photon energy.. Because the high-energy measurements were
done with target thicknesses much smailer, than the corre’sponding proton range, we used
- the geometric average of the previous two efﬁciency curves as our effective efficiency. This
- corresponds to a first-order correction of the self-attenuation and solrd-angle difference be-
tween the frent- and back efficiencies. For proton energies of 50 MeV and below, the targets
completely stopped the .bea,m, S0 We had to do a different correction for the self-attenuation.
For this, we fit the total phet'on—absorptiOn cross-sectien for tellurium in t'he'energy.range of
" interest, with data taken from tne ‘wor-k of Hubbell [13]. Then we took the efﬁcienvey curve
determined for the front of the target and folded it with an e_nergy-dependent term of the
type exvp[_-l—p(‘E) X %], where u(FE) is the energy-dependent photon-absorption coefficient,

and R is the range of the protons. We also_performed a solid-angle correction to obtain -
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the effective detection efficiency. We verified that these effective efficiencies reproduced the
correct relative y-ray intensities for all decays studied. Fig. 2 shows a spectrum obtained

from the 50-MeV activation, with the principal y-rays identified.

III. RESULTS AND DISCUSSION

.,To make a statement a;Bouf the proton-induced xenon excesses, Bernatowicé et al. used
: ba, simple model. - They é,ssumed that only (p,n) reactions take place, and that they all
ha;vé the same cross section. Then, the relative yields of the resulting Xe is;)topes wouid
depend only on the Te isotopic abundances in the ores and on the ﬁ-decay b‘r.anching ra-
tios of the produced iédiﬁe to xenon. While for sufficiently lowf,enérgy protons it is t'rué'
- that only (p,n) reactions are possible, it can be seen from Ta.Blg I that the Q-values for
. t‘he 128,130e(p, 3n)126:128] and 30Te(p, 5n)'?%1 reactions are not térribiy high. The energy
~ spectrum of protons underground is not well ch&ractefized. Thus it is reasonable to expect
that these additional reactions could also contvribute t‘o.the observed 126:128Xe excesses. The |
lbw-énergy.bombardmepts we did provide information 6n the sepa,ra.te contributions of the
(p,n), (p,3n) and (p, 5n) reactions. ‘One can gener.a,lize the model of Bernatowicz et al. to -
include these reactions byi assumi;ig that, where they are eﬁérgetically allowed, they have
the sé,me cross sections as those of the (p,n) reagtions. The relative yields predicted by this
model are shown in Table iI. |

Table IIT shows our results for the iodine thick-target yields, and the produc.tion Cross |
sectiohs for the high-energy experiments. The intégrated beam current of the 50-MeV ac-
tivation suffered a systématic error, later identified as being due to the high conductivity -
of the water used to cool the target and collifnator aésemblies. Forrthlfs activation we only
quote relative yields. Table IV contains the relative Xe yieldé inferred from th¢ data in
Téble I11. We also present data caléu_lated frbm thick-target iodine yields of Roughton et al.
n4. " B |

Based on their model, Bernatowicz et al. inferred N(1%*Xe)/N (126Xé)=3.42‘(this is 3.47



for the mass ratio). If we assume that (p, zn) reactions are the sole source of iodine and xenon
in the ore, Wé Would expect the relative Xe yields to be roughly given by the experimental
ratios in Table IV. However, the appropriate value to use is obviously dependent 0;1 the
proton energy spectrum. Table IV shows that even for 'enérgie_sr between 3 and 15 MeV, the
3.42 ratio is only achieved in a very narrow energy range, a more appropriate value lying
between =1 and ~3. |

The muon reaction p* + 4Te — p* + 7~ + AT is the equivalent of a (p,n) reaction.
Bernatowicz et al. estimated that pr.oton-.and muon-induced reactions contribute roughly
equal amounts of Xe. We can.té,ke into account these direct muon reactions, and keep as
3.42 the 1?®Xe to *%Xe ratio from their contribution. Using 1.0 for the xenon ratio conﬁng ’
from seconda,ry proton reacfions, yields a total ratio of 1.75, assuming equal reaction rates
- for muons and protons. In this case, the half-life ratio becomes (3.77 £0.13) x 10~*, which
is cbnsistent with the result obtained by Bernatowicé et al. for the deeply buried Kalgoorlie
krennerite sample.

In conclusion, we find that the ratio of cosmic-ray produced ?Xe/'2Xe is energy de-
pendent. The simple model developed by Bernatowicz et al., and generalized by us, fails to
reproduce the measured ratios at any energy. Combining these results with the fact that
the energy spectrum of underground protons is not well known, leads to an additional sys-
tematic uncertainty of 10% in the ratio of the double8 decay half-lives of 128139Te. With
our half-life ratio of 3.77 x 10~* and the data from Bernatowicz et al. for 3°Te half-life, we
calculate a half-life of (7.2+0.4) >< 1024 years for 1%Te. The values for the upper.limits of the
noﬁ-standafd parameters are no more than 5% different from those obtained by Bernatowicz
et .al,, i.e., 2.4 eV for the effective neutrino mass, (m,), 6.0 x 1072 for the mixing of left-
and right-handed weak currents, (n), and 4.9 x 107 for the pure right-handed weak-current
term (), as calculated in the manner of Sﬁhonen et al. [15]. If we calculate the neutrino

mass limit by taking both, () and ()) as zero, we then get (m,) < 1.5 eV.
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TABL.E I. @-values, in MeV, for the (p,va:n) reactions of interest.

TABLES

Target (p,n) (p, 3n) (p, 5n)
126Te -2.9

128Te - ~2.0 -18.0

130Te -1.2 -16.5 -32.5




TABLE II. Relative production of Xe in a simple model in which it is assumed that, where

they are energetically allowed, all (p, zn) reactions have the same cross section.

r=1 z=1,3 z=1,3,5

N(128Xe)/ N (126Xe) | 3.42 265 ' 1.59
N(13%Xe)/ N (126Xe) - 3.89 1.45 0.87
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TABLE III. Our results for the 126:128:130] thick-target yields, together with the (p,zn) cross

sections of the high-energy activations.

Ep ’ ) 1261 C 1281 1 1301
(MeV) - | v : "~ . (107* nuclei/proton or mb) 2
15 O 1.31(2) - 1.08(1) . 0.42(1) g ®
| 0.70(1) m
30 13.5(1) : 11.0(1) | ©1.0403) g
| | | - | 0.98(2) m
45 | 23._6(5) | | Co138(1) - | 1.1(1) g
' o | 0.90(6) m
1850 . 6.9(23) 5.(4) | 3.0(1)°
5000 | " 15(6) 10(2) . | 4.6(9)?

2 The values quoted for the 1850- and 5000-MeV activations are cross sections, in mb, for the
(p, zn) reactions on natural Té. |

b gy and “m” identify the éeparate yields for the ground-‘ and meta-stable states of 1301

¢ The decay of the 9-min isomer was ﬁot observed in the high-energy experiménts. These cross
.séction.s were calculated from the observéd activities of the ground state only, being a combination
of the value for the ground-state, plus 83% of that for the isomer, corresponding to the branching

ratio for the isomeric transition.
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TABLE IV. Relative Xe production from the thick-térget I yields of Ref. 14, (upper part)
together with our data (lower part), 126Xe=1. The numbers in parentheses are the uncertainties.

in our measurements.

Ep' ) ‘ | : 128%, | _ - 130%,
(MeV) | | -
3.029 | - 05 | 215
3.346 | o 300 443
3934 2.34 o - 361

4292 | T 293 - 407
4.645 R 2.00 | 2.92

5.049 | . 1.75 | o 2.80 -
5.687 | - | 242 . . o 386
6.082 . | 281 | ' 317
6360 N | | | 3.51
15 o . 1.T6(9) B | 1.95(10)

30 o N 1.74(8) : . 03

15 - | 1.25(6) o)

50 | 0.94(22) | 0.17(5)
1850 | O 14(5) | . 0.39(14)
5000 ' . 1.1(5) -  0.28(13)

12
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FIGURES »
'FIG. 1. Region of the chart of the nuclides afound Te-I-Xe. The circles contain the mass
number of the isotopes in the corresponding diagonal, the filled squares représenf stable isotopes, -
and the dashed ones are the double decay parent (128130Te) and daughter (128’13°Xé) nuclei. The

radioactive iodine isotopes relevant for the problem have their half-lives and deéa.y modes indicated.

- FIG. 2. Partial v-ray spectrum“observed from the 50-MeV proton activation.
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