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Neutrinoless double-beta decay (0v3[3) searches typically involve large-scale experiments for which
backgrounds can be complex. One possible source of background near the Ov3S signature in the
observed spectra is v rays arising from inelastic neutron scattering from the materials composing or
surrounding the detector. In relation to searches for the 0vBS of *Xe to *®Ba, such as the EXO-
200 and KamLAND-Zen projects, inelastic neutron scattering «-ray production cross sections for
136X e and 13*Xe are of importance for characterizing such v rays that may inhibit the unambiguous
identification of this yet-to-be-observed process. These cross sections have been measured at the
University of Kentucky Accelerator Laboratory at neutron energies from 2.5 to 4.5 MeV.

I. INTRODUCTION

The observation of neutrinoless double-3 decay, Ov33,
promises to be the best way to establish the absolute
mass of the neutrino and to determine whether neutrinos
are Majorana particles, i.e., their own antiparticles. Two-
neutrino double-S decay has been observed for many nu-
clei — 48Ca, 76Qe, 82Se, 907r, 100Mo, 116Cd, 128Te, 130T,
136Xe, 1°ONd, and #**U [1], but 0v33 has not. Several
of these isotopes are the subjects of searches for Ov343 in
large-scale experiments, such as "*Ge in the Majorana [2]
and GERDA [3] projects and 13¢Xe in the EXO-200 [4]
and KamLAND-Zen [5] experiments.

The signature for Ov33 is a discrete signal correspond-
ing to the energy of the Q value of the decay, which for
the decay of 13%Xe to ¥%Ba is 2457.99(27) keV [6]. Crit-
ical to these large-scale experiments is an understanding
of backgrounds which may produce a signal resembling a
Ovf3B event and complicate the unambiguous identifica-
tion of this process. Methods have been developed in or-
der to reduce the impact of such background events. For
example, the EXO-200 Collaboration employs a muon de-
tection system to actively veto most muon-induced events
[4]. EXO-200 also possesses the ability to distinguish be-
tween single-site and multi-site events. In a single-site
event, all charge is deposited within a single volume with
dimensions of 2 to 3 mm; all other events are consid-
ered multi-site [4]. Charged-particle interactions tend to
be single-site, while y-ray interactions are predominantly
multi-site due to Compton scattering.

A possible source of background that may be diffi-
cult to distinguish arises from inelastic neutron scattering
(INS). Neutrons are produced by natural radioactivity in
the surroundings as well as by incident muons. These
neutrons may then inelastically scatter from the detec-
tor or neighboring materials populating excited states in
these nuclei and potentially emitting + rays with energies
in the region of interest (ROI) near the Q value. It is,
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therefore, important to identify such v rays and measure
INS ~-ray production cross sections for the nuclei com-
posing the detector components. Both the EX0-200 and
KamLAND-Zen experiments incorporate enriched Xe —
80.6 % '3°Xe and 19.4 % **Xe for EXO-200 [7] and
90.9 % '35Xe and 8.9 % ¥1Xe for KamLAND-Zen [5].
While ~-ray production cross sections for neutron scat-
tering from structural materials are also important, the
materials producing backgrounds can be eliminated, or
their use reduced. The cross sections of 134136Xe are the
present subject of study.

II. EXPERIMENTS

At the University of Kentucky Accelerator Laboratory
(UKAL), nearly monoenergetic neutrons (AE a50 keV)
were produced by the 3H (p,n)3He reaction using accel-
erated protons from the 7-MV Van de Graaff accelerator
incident upon a cell of tritium gas at a pressure of ap-
proximately 1 atm. The gas cell was separated from the
beamline by a 3.6-pm molybdenum foil. The resultant
neutrons were scattered from highly enriched (> 99.9%)
samples of solid ¥*XeF, (11.50 g) and ?%XeFsy (10.65
g) contained in polytetrafluoroethylene vials with an in-
ner diameter of 1.8 cm. Subsequent v rays were de-
tected using a BGO Compton-suppressed HPGe detec-
tor of &50% relative efficiency. Gamma-ray spectra were
obtained for incident neutron energies of 2.5 to 4.5 MeV
in 0.25-MeV increments at a detection angle of 125° in
order to minimize the effects of the angular distribution
of the emitted ~ rays, when a Legendre polynomial fit of
the form W(0) = Ap[l + A2 Px(cos0) + Ay Py(cosh)] is ap-
plied. Spectra were also obtained for a 59.23-g metallic
cylinder of natural iron 1.90 cm in diameter and 2.54 cm
in height at each neutron energy in order to measure the
yield of the 847-keV ~ ray of °Fe such that the INS y-ray
production cross section may be used as a standard.



IIT. ANALYSIS AND RESULTS

Cross sections were determined by obtaining the yield
of each 7 ray in 34136Xe as well as the 847-keV ~ ray
in ?°Fe at each incident neutron energy and correcting
for the efficiency of the detector, multiple scattering of
neutrons, and y-ray absorption within the sample. The
detector efficiency was determined using 26Ra and *6Co
sources. Multiple scattering corrections were calculated
using an in-house code based on the work of Engelbrecht
[8] for inelastic scattering from cylindrical samples. The
corrected yields were then used to calculate the 34136Xe
~-ray production cross sections relative to those for 6Fe
taken from Ref. [9]. For neutron energies which are be-
tween those presented in Ref. [9], a linear interpolation
was applied. The cross sections for individual v rays with
energies in the ROI, i.e., within a 100-keV window cen-
tered on the endpoint energy of 2458 keV, are presented
in Tables I and II for '34Xe and '36Xe, respectively. Spec-
tra showing this region for both nuclei are displayed in
Figs. 1 and 2; excitation functions for the two most in-
tense v rays in the region of interest are shown in Figs.
3 and 4: the 2486-keV v ray in ®**Xe and the 2415-keV
~ ray in '35Xe, respectively.

The cross sections for levels with energies in the ROI
are also of interest, as cascades of v rays from the level
to the ground state sum to energies in the ROI and
may be detected as multi-site events. These values were
calculated by summing the v-ray cross sections for all
branches, and are given in Tables III and IV. In order
to calculate the probability that a given cascade would
occur, information about the level scheme is required.
Relevant levels, v rays, and branching ratios obtained by
taking a weighted average of the branching ratios cal-
culated separately for each incident neutron energy are
presented in Tables V and VI. One noteworthy exception
to this procedure concerns the 2486-keV level in 134Xe.
The 1639-keV ~ ray is an unresolved doublet in the 4.25-
and 4.50-MeV spectra, evident by broadening of the peak
and an increase in its calculated branching ratio. For
these two incident neutron energies, the cross section for
the 1639-keV ~ ray was determined using the average
branching ratios for incident neutron energies from 2.75
to 4.0 MeV and the «-ray cross section of the 2486-keV
~ ray. The level cross section is a sum of the y-ray cross
sections for all three branches.
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FIG. 1. Summed spectrum of the data obtained at all incident
neutron energies for **Xe illustrating ~ rays in the ROL
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FIG. 2. Summed spectrum of the data obtained at all incident
neutron energies for '**Xe illustrating + rays in the ROL.



TABLE 1. INS cross sections for + rays in '**Xe within the ROI for E,, = 2.5-4.5 MeV. E, is in keV and o, is in mb.

E, 025 02.75 3.0 03.25 03.5 03.75 04.0 04.25 04.5
2407.7 3.02(66)  4.78(94)  487(76)  4.36(86)  4.54(99)
2418.6 4.20(73) 6.8(10) 6.07(82)  5.26(89)  4.89(97)
2452.9 1.95(60)  3.02(79)  3.13(64)  3.75(81)  3.52(89)

2465 1.40(84)  1.63(57)
2467.6 2.62(62)  3.14(92)  5.14(78)  5.93(94) 5.7(10)
2477.5 1.37(56)  3.78(84)  3.59(68)  2.77(77)  2.55(85)
2485.7  0.90(39)  10.8(10)  13.2(12)  16.5(14)  16.9(15)  18.4(18)  14.0(13)  11.2(13)  10.6(14)
2490.7 1.93(59)  4.51(89)  4.22(70)  4.72(89)  3.10(86)
2506.6 2.91(77)  2.10(56)  2.46(74)

TABLE II. INS cross sections for v rays in '**Xe within the ROI for E,, = 2.5-4.5 MeV. E,, is in keV and o, is in mb.

E J2.5 02.75 J3.0 03.25 J3.5 03.75 J4.0 04.25 J4.5

Y
2414.8 30.0(22) 88.1(59) 114.8(76) 148.1(99) 155(10) 162(11) 139.4(96) 134.6(93) 111.8(82)
2480 3.31(78) 4.28(94) 5.5(13)
2498.5 3.76(79) 9.1(13) 9.9(16)
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FIG. 3. Cross section as a function of incident neutron energy FIG. 4. Cross section as a function of incident neutron energy

for the 2486-keV v ray in ***Xe. for the 2415-keV ~y ray in **Xe.
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TABLE III. INS cross sections for levels in ***Xe with energies within the ROI for F,, = 2.5-4.5 MeV. Ejeyer is in keV and og,,

is in mb.

Eiever 02.5 02.75 03.0 03.25 03.5 03.75 04.0 04.25 045
2408.6  5.87(87)  18.4(14)  30.0(20)  43.7(28)  53.5(34)  65.5(42)  50.4(38)  66.2(43)  71.0(45)
24404 9.90(88)  30.7(22)  37.8(27)  44.3(31)  38.5(28)  45.2(34)  37.3(28)  36.9(28)  32.1(41)
24857 2.67(56)  40.6(20)  51.6(25)  66.6(31)  69.7(33)  72.9(37)  57.5(20)  47.5(34)  43.6(34)
2502.4 32.6(17)  47.8(23)  63.1(20)  70.6(33)  78.3(39)  67.4(33)  71.8(36)  72.3(37)

TABLE IV. INS cross sections for levels in **%Xe with energies within the ROI for E,, = 2.5-4.5 MeV. Ejcy¢; is in keV and o,

is in mb.

Bievet J2.5 02.75 J3.0 J3.25 J3.5 J3.75 J4.0 04.25 4.5
2414.8  325(31) 96.0(61)  124.1(77) 159(10) 169(11) 177(11) 149.9(98)  145.9(95)  119.5(84)
2444.4  3.39(55)  18.3(14) 33.8(21) 63.5(35) 96.5(52) 100.3(56)  105.0(59)  112.7(62)  115.1(65)
2465.1  8.63(89)  35.1(23) 69.8(41) 101.3(59)  134.2(79)  154.2(91)  135.6(81)  146.9(87)  135.1(84)

TABLE V. Selected portion of the level scheme for **Xe.
Energies are given in keV. Levels and y rays in bold font were
observed for the first time in the INS measurements. B.R. is
the ~-ray branching ratio.

Elevelmitial Ev Ele’uelfmal B.R.
847.1 847.1 0.0 1
1613.8 766.7 847.1 0.501(9)

1613.8 0.0 0.499(9)

1731.2 884.2 847.1 1
1919.7 188.5 1731.2 0.033(3)
1072.6 847.1 0.967(15)
2408.6 488.9 1919.7 0.129(15)
677.4 1731.2 0.871(40)

2440.4 1593.4 847.1 1
2485.7 871.8 1613.8 0.286(24)
1638.6 847.1 0.464(28)
2485.7 0.0 0.250(21)
2502.4 771.1 1731.2 0.518(25)
888.5 1613.8 0.269(19)
1655.3 847.1 0.213(18)

TABLE VI. Selected portion of the level scheme for *%Xe.
Energies are given in keV. B.R. is the y-ray branching ratio.

Elevelm“ial E'y Elevel final BR
1313.1 1313.1 0.0 1
1694 .4 381.4 1313.1 1
1891.6 197.2 1313.1 1
2125.7 431.3 1694.4 0.198(6)

812.6 1313.1 0.802(15)
2261.7 370.1 1891.6 1
2414.8 11015 1313.1 0.077(9)
2414.8 0.0 0.923(30)
2444.4 182.7 2261.7 0.061(12)
318.5 2125.7 0.079(12)
552.5 1891.6 0.107(12)
750.0 1694.4 0.753(31)
2465.1 339.3 2125.7 0.132(9)
770.6 1694 .4 0.868(23)

IV. CONCLUSIONS

The measured ~-ray production cross sections for
134,136 X e from inelastic neutron scattering are given in
Tables I, and II. Level population cross sections are pre-
sented in Tables III, and IV. Of particular interest are
the 2415-keV ground-state v ray in '*Xe with a cross
section of ~120 mb, and the 2486-keV ground-state 7y ray
in 134Xe with a cross section of ~10 mb for incident neu-
tron energies between 2.5 and 4.5 MeV. These v rays may
produce interferences for a Ov30 signal at the Q value of
2458 keV as both lie within the current resolution of the
EXO0-200 detector (FWHM =100 keV) [7] for the neu-
trinoless double-3 decay signature. Levels with energies
within the ROI are also of importance as they produce
cascades of v rays, which may be detected as multi-site
events. The presented INS ~-ray production cross sec-
tions are important input for calculations to model the
backgrounds that appear in the spectra and assist in the
unambiguous identification of OvS3 events.
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