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Gamma-ray production cross-section data have been obtained for the inelastic neutron scattering
reactions 126,128,130Te(n, n′γ) at five neutron energies between 3.6 and 10 MeV. We report data for
the γ-ray energy region relevant to 0νββ decay of 130Te with Qββ-value of 2527.515 keV, assuming
natural abundancy tellurium, as used at CUORE and SNO+. The natural abundance of 130Te,
128Te and 126Te is 34%, 32% and 19%, respectively. For CUORE the γ-ray cascade from the excited
state in 130Te at 2527.06 keV and in 126Te at 2533.85 keV are of concern. For SNO+, accounting
for its inferior energy resolution, an additional four levels are important in 130Te, an additional
nine levels in 128Te, and an additional eight levels in 126Te. Of these, we report neutron-induced
γ-ray production cross sections for the strongest transitions: the 2581.15 keV level in 130Te, the
2494.20, 2508.06, and 2630.14 keV levels in 128Te, and the 2496.83 and 2585.46 keV level in 126Te.
The largest cross-section values were found for cascade γ-ray transitions to the ground state, while
direct transitions to the ground state are very weak and were not observed in the present work.
Both the CUORE and SNO+ detectors, however, may not be able to distinguish between cascade
transitions and direct transitions to the ground state, making the neutron-induced excitation of
the 2527.06 keV state of 130Te in particular a potential problem for 0νββ decay searches of 130Te,
because it matches its Qββ-value.

I. INTRODUCTION

Neutrinoless double-beta (0νββ) decay is a second-
order weak nuclear decay which, if detected, would have
large implications for neutrino and particle physics [1].
As such, many large-scale experimental efforts are under-
way to detect this elusive decay mode. The Cryogenic
Underground Observatory for Rare Events (CUORE)
collaboration at the Laboratori Nazionali del Gran Sasso
(LNGS), Italy is using natural tellurium in its search for
0νββ decay of 130Te (natural abundance 34.1%) [2]. In
addition, the SNO+ collaboration at the Sudbury Neu-
trino Observatory (SNO) located in the Creighton mine
in Sudbury, Canada has started its search for this decay,
again using natural tellurium [3]. The CUORE experi-
ment employs 988 TeO2 bolometers of 750 g each, while
the SNO+ experiment is using a large-volume liquid scin-
tillator detector loaded with a tellurium compound at
the 0.5% level (natural tellurium by weight), resulting
in 1330 kg of 130Te. Although the techniques employed
are very different, a common feature of both experiments
is related to neutron-induced background, which could
mimic the signal of interest. In this paper we investi-
gate prompt γ rays produced by the interaction of fast
neutrons on natTe.
It is established that cosmic muons can produce neu-

trons in underground laboratories with energies up to a
few GeV [4]. Muon-induced neutrons produced inside the
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detector may be rejected by using high-efficiency muon
vetos. Muon-induced neutrons produced in the rock sur-
rounding the detector, however, can be much more diffi-
cult to veto and create a concern for rare-event physics
searches such as 0νββ decay. This source of neutrons is
a larger concern for CUORE, located at LNGS with an
overburden of 3.1 km water equivalent (km.w.e.). SNO+,
with an overburden of 6.0 km.w.e., is expected to have a
≈ 50 times lower muon-induced neutron flux [4].

Another source of neutrons are those produced by
(α, n) reactions, caused by actinide contamination in-
ternal to the detector and surrounding shielding materi-
als, which produce neutrons with energies up to approxi-
mately 8 MeV [5]. Although 0νββ decay experiments go
to great lengths to minimize all actinide contamination, α
decay is still observed on detector components. These α
decays can initiate (α, n) reactions on 13C, 130Te, 125Te,
and 18O in SNO+ and CUORE. For SNO+, (α, n) reac-
tions on 13C are an additional accessible reaction chan-
nel. Neutrons from spontaneous fission of 238U, although
less likely, may also be produced inside the CUORE and
SNO+ detectors.

In order to estimate the expected background in 0νββ
decay experiments, the neutron-induced cross sections
on the relevant isotopes must be known in the neu-
tron energy range of interest. This has initiated a large
effort by the Triangle Universities Nuclear Laboratory
(TUNL) [6] and other experimental groups. A num-
ber of neutron-induced reactions have been measured
on 76Ge, including neutron capture [7], 76Ge(n, p)76Ga
[8], and 76Ge(n, 2n)75Ge [9]. Similarly, the 136Xe neu-
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tron capture cross section was measured in Ref. [10] and
the 136Xe(n, 2n)135Xe cross section in Ref. [11]. Ar-
gon is an important component of 0νββ decay searches
at the GERmanium Detector Array (GERDA) and the
Large Enriched Germanium Experiment for Neutrinoless
Double-Beta Decay (LEGEND). To aid in these efforts,
the neutron capture [12] and 40Ar(n, p)40Cl [13] cross sec-
tions of argon has been measured. A number of recent
experimental efforts have measured neutron-induced γ
ray production cross section on materials of relevance for
0νββ decay. This includes ββ decay nuclei 76Ge [14–16]
and 136Xe [17–19]. In addition, there have been sev-
eral studies on common detector shielding and structural
components such as copper [20, 21] and lead [22–24].
Focusing now on tellurium, the effect of detector and

component activation by cosmic rays has been studied
[25–27]. Several neutron-induced γ-ray production cross
sections were measured during an extensive study using
the GErmanium Array for Neutron-Induced Excitations
(GEANIE) at the Los Alamos Neutron Science Center
[28]. This work provides cross-section measurements for
the first excited states of 126,128,130Te from threshold to
200 MeV neutron energy. In addition, the 2607.33 keV
γ ray transition in 130Te is also thoroughly measured.
These are all transitions which decay directly to the
ground state. There are additional γ-ray cascades, occur-
ring from states in tellurium near the Q-value for 0νββ
decay of 130Te at 2527.515 keV, which were not measured
in Ref. [28]. In order to determine γ-ray production cross
sections for these states, experiments were performed at
TUNL. The following Sect. II briefly describes the ex-
perimental setup. Sec. III focuses on the data-taking
and data-analysis procedure. The results obtained in the
present work are presented in Sec. IV. Finally, Sec. V
provides a summary and concluding remarks.

II. EXPERIMENTAL SETUP

The 2H(d, n)3He reaction was used to produce mo-
noenergetic neutrons with mean energies of 3.6, 4.5, 6.0,
8.0, and 10.0 MeV to cover the energy range of inter-
est for (α, n) neutrons. The TUNL tandem accelerator
was employed to accelerate pulsed (2.5 MHz) deuteron
beams with pulse widths of approximately 2 ns onto a
gas cell filled to 5 atm with high-purity deuterium gas
[19]. Deuteron beam currents on target varied between
0.8 µA and 1.3 µA depending on deuteron energy and
performance of the ion source. A schematic of the ex-
perimental setup is shown in Fig. 1. A massive shielding
wall made of heavy metals, concrete, and polyethylene
separates the neutron-production location from the tel-
lurium target and detector location. Neutrons produced
in a small forward-angle cone pass through a collimator
made of copper and strike a 2.9 cm diameter and 0.6 cm
thick natural tellurium disk with mass of 14.3 g, posi-
tioned at 0◦ at a distance of 175 cm from the deuterium
gas cell. The tellurium disk is viewed by two high pu-

rity germanium (HPGe) clover detectors. Two detector
configurations were used. In the first configuration one
detector was positioned at 90◦, while the other was at
127◦ relative to the 0◦ neutron beam, as shown in Fig. 1.
Here, the front face of the 90◦ detector was at a distance
of 5.9 cm from the center of the tellurium disk, while for
the 127◦ detector this distance had to be increased to 8.3
cm to avoid partial illumination of this detector by the 0◦

neutron beam. For the second configuration the HPGe
detectors were positioned at 72◦ and 109◦ with distances
of 8.2 cm and 5.3 cm, respectively, from the center of the
tellurium disk. A 1.5” x 1.5” liquid scintillator neutron
detector was placed downstream at 0◦ to monitor the
neutron flux and the timing characteristics of the pulsed
neutron beam. The actual neutron fluence was deter-
mined in separate experiments with the tellurium sample
replaced by a natural iron disk of 2.9 cm diameter and
thickness of 0.375 mm. The integrated deuteron beam
current served as normalization between the tellurium
and iron measurements. Normally, we would sandwiched
the tellurium sample between two iron foils for neutron
fluence determination. To avoid interference of the 56Fe
γ-ray lines with the many γ-ray transitions of interest
for tellurium, this approach had to be abandoned in this
special case.
Traditionally (n, n′γ) cross-section measurements are

performed at a detector position near 127◦, because in
this special case, angle-dependent terms in the differen-
tial cross-section expression are zero or very small, mak-
ing it possible to determine the angle-integrated cross
section in a single measurement at one angle [17, 29].
Therefore, our three angular settings below 127◦ are not
only intended to improve the statistical accuracy of the
data, but also to check on the conjecture that the feeding
of the state of interest from higher lying excited states
results in an approximately uniform decay γ-ray angular
distribution.

III. DATA-TAKING AND ANALYSIS

PROCEDURE

Time-of-flight (TOF) spectra were recorded with the
start signal obtained from one of the clover-detector seg-
ments and the stop signal derived from the delayed signal
of a capacitive time-pick-off located just in front of the
deuterium gas cell. One such spectrum is shown in Fig. 2
for an incident neutron energy of 6.0 MeV. The strong
peak seen is due to the neutron flight time between the
deuterium gas cell and the tellurium sample plus the neg-
ligible flight time of de-excitation γ-rays between the tel-
lurium sample and a clover detector segment, in addition
to the very short flight time of the deuteron beam be-
tween the pick-off and the deuterium gas cell. The TOF
peak from the γ-ray flash is visible to the left of the main
neutron peak. The width of the TOF peak is typically
25 ns and is completely governed by the time resolution
of the clover HPGe detectors. Gates set on the neutron
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FIG. 1. (Color online) Schematic of the experimental setup
showing the neutron source, shielding wall, collimator, and
the two clover HPGe detectors, which are positioned at
θγ = 90◦ and 127◦ relative to the incident pulsed neutron
beam. The clover HPGe detectors measure γ rays originat-
ing from the neutron-illuminated natural tellurium target. A
small liquid scintillator located downstream at 0◦ monitors
the neutron beam. Data were also taken with the two clover
HPGe detectors placed at θγ = 72◦ and 109◦.

peak and the random background were used to create
two γ-ray spectra, labeled “true + accidental” and “ac-
cidental.” After subtraction, the “true” γ-ray spectrum
of interest was obtained. The four individual spectra
of each clover detector were gain matched and added to
provide one single spectrum for analysis.

Before presenting γ-ray spectra, we note that for 130Te
only the level located at 2527.06 keV is a potential back-
ground signal for CUORE, while for SNO+ an additional
four levels between 2575.2 keV and 2648.57 keV are im-
portant [30]. For 128Te there are no levels of concern for
CUORE, but for SNO+ nine levels between 2494.20 keV
and 2643.28 keV are a potential problem [31]. Finally, for
126Te the level located at 2533.85 keV is of concern for
CUORE, and SNO+ may be affected by eight additional
levels between 2496.83 keV and 2640.4 keV [32]. The
levels referred to above are based on the average energy
resolution quoted by CUORE of (7.7 ± 0.5) keV, corre-
sponding ∆E/E ≈ 0.3% for its 988 TeO2 bolometers,
and the asymmetric energy region of interest for SNO+
between 2490 and 2650 keV.

Figure 3 shows a γ-ray spectrum obtained with 6 MeV
neutrons in the energy region of interest for 0νββ of
130Te. Clearly, in the energy region of Qββ = 2527.515
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FIG. 2. Time-of-flight (TOF) spectrum generated by
deuteron time pick-off signals and HPGe detector signals.
Time increases from left to right. The strong peak is due
to the neutron TOF between the deuterium gas cell and the
tellurium target disk plus negligible TOF contributions from
the deuteron beam (from the time-pick-off unit to the deu-
terium gas cell) and from γ rays (generated in the tellurium
target and detected in a HPGe detector).

keV there is no indication of a peak above background.
According to Ref. [30], the 130Te level at 2527.06 keV
does not decay directly to the ground state, as confirmed
by the present measurement. The 130Te level at 2607.33
keV, however, does decay to the ground state, and there-
fore is clearly visible in Fig. 3. Also shown in Fig. 3
are the ground-state transitions of 126Te and 128Te at
2503.55 keV and 2508.06 keV, respectively. In Ref. [2]
this energy region is dominated by the 60Co sum peak at
2507.5 keV. Fig. 3 exhibits a peak at 2480 keV. Interest-
ingly, Ref. [2] refers to an unidentified background peak
at 2480 keV. According to Ref. [32], there is a state in
126Te at 2479.73, which however, does not decay directly
to the ground state. Furthermore, Ref. [32] has a ques-
tion mark attached to this state, although it has been
identified in 126Te(n, n′γ)126Te and 126Te(d, d′)126Te ex-
periments.
Figure 4 presents a γ-ray spectrum obtained at En =

6.0 MeV in the energy range between 1600 and 1800 keV.
The peaks of interest belonging to 130Te and 128Te are
marked. The insets show the partial level schemes of
interest for the transitions observed. The peaks with-
out labels are background peaks. Figure 5 displays a γ-
ray spectrum of interest for 126Te, with the partial level
scheme shown again in the inset. Finally, Fig. 6 gives a
γ-ray spectrum obtained with the iron target in the neu-
tron beam. The strong γ-ray line at 846.76 keV used for
cross-section normalization is clearly visible.
The efficiencies of the clover HPGe detectors was mea-

sured with a mixed γ-ray source containing eight isotopes
ranging from 241Am (Eγ=59.5 keV) to 88Y (Eγ=1836.1
keV), covering the entire energy range of cascade γ rays
studied in the present work. This source was placed at
the location of the tellurium target to obtain an accu-
rate determination of the efficiencies for our experimental
setup. Small corrections were applied to account for the
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FIG. 3. (Color online) Gamma-ray spectrum measured with
6 MeV neutrons in the energy region of interest for 0νββ
decay of 130Te. The arrow at 2527.515 keV indicates where
a hypothetical 0νββ event would be located. In agreement
with Ref. [30], the decay of the 2527.06 state in 130Te is
not observed, because there is no direct branching to the
ground state. The 130Te ground-state transition at 2607.31
keV is clearly seen, as is the 126Te ground-state transition at
2503.2 keV, and less strong the 128Te ground-state transition
at 2508.04 keV.

FIG. 4. Gamma-ray energy spectrum of one clover HPGe
detector in the 1600 keV to 1800 keV energy range. The peaks
labeled are from the decay of neutron-induced excitations of
levels in 130Te and 128Te, respectively, as indicated in the
partial level schemes below the peaks. The peaks not labeled
are due to background. The incident neutron energy is 6 MeV.

different size of the tellurium target and the γ-ray cali-
bration source. Corrections were also applied to correct
for the dead time of the data-acquisition system.
Table I provides information on the neutron energy

and associated energy spread, clover HPGe detector an-
gle settings, average pulsed deuteron beam current, and
data-acquisition time used in the present work.

IV. RESULTS

The neutron fluence to which the tellurium sample was
exposed to was calculated from the number of 56Fe nu-
clei, the yield in the 846.76 keV peak, Iγ = 1 [34], a

FIG. 5. Same as Fig. 4, but for the γ-ray energy region be-
tween approximately 1100 keV and 1200 keV, showing the
de-excitation γ ray of 1172.45 keV, originating from the de-
cay of the 2533.85 keV level in 126Te.
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FIG. 6. Gamma-ray spectrum in the energy region between
750 keV and 900 keV obtained from 6 MeV neutron-induced
excitation of the 846.78 keV level in 56Fe used for neutron
fluence determination.

small self-attenuation correction, the integrated deuteron
beam current ratio for the tellurium and iron runs, the
cross section value for the 56Fe(n, n′γ)56Fe reaction of
Beyer et al. [33], and the clover HPGe detector efficiency.
Using this information and the number of 130Te, 128Te
and 126Te nuclei in the natural tellurium sample, the
yields in the peaks of interest, and the associated γ-ray
detection efficiencies (again after self-absorption correc-
tions), the γ-ray production cross sections σ130Te, σ128Te,
and σ126Te were computed. They are plotted in Figs. 7
to 9 for the 130Te(n, n′γ)130Te, 128Te(n, n′γ)128Te, and
126Te(n, n′γ)126Te reactions.

We start the discussion of our results by first noticing
the uniform angular distribution obtained, for example
at 4.5 MeV for the relative yield of the 1687.56 keV tran-
sition, as shown in Fig. 10. Such a uniform angular distri-
bution is expected from the various γ-ray transitions of
different multi-polarities feeding the associated 2527.06
keV level. The same argument holds for the 846.76 keV
transition in 56Fe studied by Beyer et al. [29].

Now concentrating on 130Te (Fig. 7), the tellurium iso-
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TABLE I. Mean neutron energy and associated energy spread,
HPGe detector angle settings, 56Fe(n, n′γ) reference cross sec-
tion utilized [33], incident pulsed deuteron beam current, and
data-acquisition time used in the present work.

En ±∆En Angles 56Fe(n, n′γ) Id Measurement
(MeV) (◦) (b) (µA) time (h)
3.6±0.7 90, 127 1.30 ± 0.10 0.9 48
3.6±0.7 72, 109 1.30 ± 0.10 0.8 60
4.5±0.7 90, 127 1.40 ± 0.11 1.0 48
4.5±0.7 72, 109 1.40 ± 0.11 1.1 45
6.0±0.4 90, 127 1.49 ± 0.12 1.2 24
6.0±0.4 72, 109 1.49 ± 0.12 1.1 24
8.0±0.2 90, 127 1.33 ± 0.11 1.3 18
8.0±0.2 72, 109 1.33 ± 0.11 1.0 20
10.0±0.2 90, 127 1.35 ± 0.11 1.1 21
10.0±0.2 72, 109 1.35 ± 0.11 1.0 21

FIG. 7. (Color online) Neutron-induced production cross sec-
tions of 1687.56 keV and 1741.64 keV γ rays, resulting from
the decay of the 2527.06 keV and 2581.85 keV levels of 130Te,
as a function of incident neutron energy.

tope with the largest natural abundance of 34.08%, and
the main 0νββ candidate studied at CUORE and SNO+,
we note that the 1687.56 keV transition originating from
the decay of the 2527.06 keV level is the second largest
Te cross section measured in the present work. It peaks
near 5 MeV with close to 100 mb and then drops off to
40 mb at 10 MeV, the highest neutron energy used in the
present work. If the following 839.49 keV γ-ray is also
detected in the same 750 g TeO2 crystal at CUORE, or
in the vicinity of the 1687.56 keV deposition in the liquid
scintillator at SNO+, a perfect match with the 0νββ de-
cay energy of 2527.510 keV for 130Te would be achieved,
making it impossible to distinguish the potential 0νββ
event of interest from this neutron-induced background
event. The 2527.06 keV level is the only 130Te level of
concern for CUORE, while for SNO+ the level at 2581.85
keV with its decay γ rays of 1741.64 keV and 839.49 keV
causes an additional problem, although the associated

FIG. 8. (Color online) Neutron-induced production cross sec-
tions of 1750.94 keV, 1764.83 keV, and 1886.92 keV γ rays,
resulting from the decay of the 2494.20 keV, 2508.06 keV, and
2630.14 keV levels of 128Te, as a function of incident neutron
energy.

FIG. 9. (Color online) Neutron-induced production cross sec-
tions of 1919.09 keV, 1172.45 keV, and 720.64 keV γ rays,
resulting from the decay of the 2585.46 keV, 2533.85 keV, and
2496.83 keV levels of 126Te, as a function of incident neutron
energy.

cross section for the 1741.64 keV transition is somewhat
lower, peaking at 60 mb and exhibiting the same energy
dependence as observed for the 1687.56 keV γ-ray tran-
sition.
Turning our discussion to 128Te with its natural abun-

dance of 31.74%, we reiterate that only SNO+ is affected
by neutron inelastic scattering events on 128Te. Figure 8
presents γ-ray production cross sections for de-excitation
γ rays at 1750.94 keV, 1764.83 keV, and 1886.92 keV,
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FIG. 10. Angular dependence of the ratio of 130Te and 56Fe
yields measured with 4.5 MeV incident neutrons. Here, the
decay γ rays of the 2527.06 keV level in 130Te and the 846.78
keV level in 56Fe were used.

originating from 128Te levels at 2494.20 keV, 2508.06 keV,
and 2630.14 keV, respectively [31]. The production cross
section of the 1750.94 keV transition peaks just above
100 mb at 4.5 MeV and then follows the energy depen-
dence already seen in Fig. 7 for 130Te. The other two
transitions shown in Fig. 8 have a factor of two to four
smaller cross sections.

Finally, we turn our attention to 126Te with its natural
abundance of 18.84%. As can be seen from Fig. 9, the
de-excitation 1172.45 keV γ rays originating from the
decay of the 2533.85 keV level are a potential problem
for CUORE with cross section of just below 40 mb. The
other two γ-ray transitions at 1909.09 keV and 720.64
keV affect only SNO+ and have cross-section values of
approximately 55 mb and 15 mb, respectively.

Table II gives our results in numerical form. Here the
uncertainties assigned are governed by statistics, and in-
clude the 3.1% uncertainty in the γ-ray detection effi-
ciency and the 8% uncertainty in the neutron fluence
determination. Details are given in Table III.

V. SUMMARY AND CONCLUSIONS

Monoenergetic neutron-induced γ-ray production
cross sections have been measured at five ener-
gies between 3.6 and 10 MeV for the reactions
126,128,130Te(n, n′γ)126,128,130Te using natural tellurium
targets. This data, combined with that of Ref. [28], pro-
vide valuable information on potential backgrounds in
the 0νββ decay searches of 130Te at CUORE and SNO+,
where natural tellurium is used. The neutron energies
were chosen to represents the energy range most impor-
tant for the production of γ rays that can mimic the 0νββ
signal of interest. It was found that the excitation of the
130Te level at 2527.06 keV has the very large cross section
of 100 mb at 4.5 MeV. If the associated two successive de-
cay γ-rays with energies of 1687.56 keV and 839.494 keV
are detected in one of the TeO2 crystals at CUORE or in
a small volume of the large scintillator at SNO+, an un-
fortunately prefect match is created with the 130Te 0νββ
Q-value of 2527.510 keV, making it impossible to distin-
guish a potential 0νββ event from neutron-induced back-
ground. For both CUORE and SNO+, the excitation of
the 2533.85 keV level in 126Te with production cross sec-
tion of 40 mb may also cause a problem. For SNO+
with its inferior energy resolution compared to CUORE,
a total of six additional excited levels in 130Te, 128Te and
126Te are important, clearly showing the need for excel-
lent energy resolution in 0νββ searches. The 2527.06 keV
level in 130Te, however, clearly shows that this is only a
necessary, but not sufficient condition, because a com-
pletely actinide-free 0νββ detector is an impossible goal
to achieve, and a perfect veto against cosmic-ray pro-
duced neutrons within the detector or its shielding cannot
be built either. Therefore, the present data are an im-
portant contribution to estimate potential backgrounds
in 0νββ decay searches of 130Te.
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