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Inelastic neutron scattering on Pb isotopes can result in ~I rays near the signature endpoint energy 
in a number of fJfJ isotopes. In particular, there are ~/-ray transitions in 206Pb and 207Pb that might 
produce energy deposits at the 76Ge Qpp in Ge detectors used for OvfJfJ searches. The levels that 
produce these, rays can be excited by n,n', reactions, but the cross sections are small and previously 
unmeasured. The cross section on natpb to produce the 2041-keV, ray from 206Pb is measured to 
be 3.1 ± 0.6 (stat.) ± 0.3 (syst.) mb at R! 9.6 MeV. The cross section on nat pb to produce the 
3062-keV ,ray from 207Pb is measured to be 4.3 ± 0.8 (stat.) ± 0.4 (syst.) mb at the same energy. 
'Ve place upper limits on the cross sections for exciting some other levels in Pb that have transition 
energies corresponding to Qpp in other fJfJ isotopes. 

PACS numbers: 23.40.-8, 25.40.Fq 

1. INTRODUCTION 

Neutrinoless double-beta decay (Ovf3f3) plays a key role 
in understanding the neutrino's absolute mass scale and 
particle-antiparticle nature [1-6]. If this nuclear decay 
process exists, one would observe a mono-energetic line 
originating from a material containing an isotope subject 
to this decay mode. One such isotope that may undergo 
this decay is 76Ge. Germanium-diode detectors fabri­
cated from material enriched in 76Ge have established the 
best half-life limits and the most restrictive constraints 
on the effective Majorana mass for the neutrino [7, 8]. 
One analysis [9J of the data in Ref. J8J claims evidence 
for the decay with a half-life of2.23!g:3~ x 1025 y. Planned 
Ge-based Ovf3f3 experiments [10, 11J will test this claim. 
Eventually, these future experiments target a sensitivity 
of >1027 y or ,,-,1 event/ton-year to explore neutrino mass 
values near that indicated by the atmospheric neutrino 
oscillation results. 

The key to these experiments lies in the ability to re­
duce intrinsic radioactive background to unprecedented 
levels and to adequately shield the detectors from ex­
ternal sources of radioactivity. Previous experiments' 
limiting backgrounds have been trace levels of natural 
decay chain isotopes within the detector and shielding 
components. The ,-ray emissions from these isotopes 
can deposit energy in the Ge detectors producing a con­
tinuum, which may overwhelm the potential Ovf3f3 sig­
nal peak at 2039 keY. Great progress has been made 
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identifying the location and origin of this contamination, 
and future efforts "ill substantially reduce this contri­
bution to the background. The background level goal 
of 1 event/ton-year, however, is an ambitious factor of 
"-'400 improvement over the currently best achieved back­
ground level [8]. If the efforts to reduce the natural de­
cay chain isotopes are successful, previously unimportant 
components of the background must be understood and 
eliminated. The work of Mei and Hime[12] recognized 
that (n, n',) reactions will become important for ton­
scale double-beta decay experiments. 

Reference [13] recognized that the specific , rays 
from Pb isotopes at 2041 and 3062 keY are particu­
larly troublesome. The former is dangerously near the 
2039.00±0.05-keV Q-value for zero-neutrino double-beta 
decay in 76Ge and the latter can produce a double-escape 
peak line at 2040 keY. That paper pointed out that the 
cross sections to produce these lines in natpb were un­
measured and hence set to zero in the data bases of the 
simulation codes used to design and analyze OvfJf3 data .. 
The paper also attempted an initial estimate of the cross 
section, but made it clear that better measurements were 
required. 

Previous authors have studied n,n', reactions in Pb 
usually using enriched samples to isolate the isotopic 
effect.'l[14, 15]. However, only [13] has attempted to re­
port results for the small-cross-section transitions that 
produce the lines of interest for 76Ge Ovf3f3. This paper 
presents measurements ofPb(n,n',) production cross sec­
tion of the ,rays at 2041 and 3062 keY for natpb. These 
, rays are produced by the relaxation of the 3744 keY 
level in 206Pb and the 3633 level in 207Pb respectively. 
Although our work was motivated by neutron reaction 



considerations in materials that play important roles in 
the MAJORANA [16] design, the results have wider utility 
since lead is used by numerous low-background experi­
ments. 

II. EXPERIMENT 

Data were collected at the Los Alamos Neutron Science 
Center (LANSCE) Weapons Neutron Research (WNR) 
facility [17J. As the broad-spectrum, pulsed neutron 
beam strikes the Pb target, the outgoing ~f rays are de­
tected by the GEANIE spectrometer [18J. GEANIE is 
located a distance of 20.34 m from the natural tungsten 
spallation target. 

The primary target used was a 2.5-mm thick natural 
Pb (natpb) foil angled 20° off the normal of the beam di­
rection. The GEANIE spectrometer consists of 26 HPGe 
detectors; 20 of which have BGO active shields. Of the 
26 Ge detectors, 16 are coaxial geometry with a dynamic 
range up to 4 Me V and 10 are planar geometry detectors 
with a limited dynamic range of 1 MeV. Due to the high 
'I-ray energy region of interest for Ovj3j3, only the coaxial 
detectors were considered here. Many of the GEANIE 
coaxial detectors had reduced resolution, due either to 
neutron damage or other issues, and only the four de­
tectors with the best energy and timing resolution were 
uSed in this analysis. 

Some of the detectors have Pb collimators surround" 
ing their face to select mainly radially-directional 'I rays 
from the target. A majority of the data collected oc­
cured with the detectors in this configuration. This may 
present additional Pb for neutron interaction, but since 
this Pb was not in the path of the neutron beam, it is 
assumed that this contribution is negligible and therefore 
not considered in our analysis. 

The pulsed neutron beam has the following timing 
structure. Macropulses, lasting 625 1-£8, occur at a rate of 
40 Hz. Micropulses are spaced every 1.8 /-LS, during which 
the neutron energy is determined by the time of flight 
from the micropulse start. An in-beam fission cham­
ber measures the neutron flux with 235U and 238U foils. 
In addition to the natpb data, there were source runs 
for calibration purposes. Data were collected from two 
radioactive sources, 152Eu and 226Ra, with the neutron 
beam shuttered. Analysis of the sources permit a relative 
efficiency curve for the detector array. 

III. ANALYSIS AND RESULTS 

A. Analysis description 

The data collected from GEANIE are stored in an 
event mode file containing time and pulse-height infor­
mation from each HPGe detector and the fission cham­
ber. Data from each detector must be checked for in­
tegrity and aligned to adequately sum together with the 

2 

others. The analysis permits gating the resulting Ge­
detector energy spectra on neutron energy to achieve a 
neutron energy dependence on the 'I-ray production. 

The absolute efficiency of each detector was deter­
mined by consfructing an efficiency curve based on the 
two sources counted. Using 22 lines in Eu and 29 in Ra, 
the known source activities and branching ratios, and the 
approximate run live time, an efficiency curve was gener­
ated from a fit to the calculated efficiencies. The run time 
is not known exactly but estimated using scaler counts 
from a pulser. The scale of the absolute efficiency is cor­
rected by the normalization discussed in Section III B. 
A correction is needed for attenuation of ,/-rays in the 
target. Based on the location of the four working detec­
tors, a path length seen by each detector through the Pb 
target is determined. An energy-dependent attenuation 
correction is calculated by integrating the exponential at­
tenuation expression over the total path length through 
the Pb target. This correction is combined with the de­
tector efficiency determined from the source data to ob­
tain an efficiency correcting for target attenuation. The 
net corrected efficiency for the array is the sum of the 
detector's corrected efficiencies. No correction was made 
for multiply scattered neutrons in the target due to the 
low probability of successive reactions involving the rare 
'1-rays of interest. 

B. Cross Sections 

With an array like GEANIE, observation of the an­
gular dependance of the '/ rays is possible. However, 
with only four detectors used at four unique angles, this 
technique is not optimal. Instead, an integral 'I-ray pro­
duction cross section is calculated based on the net 'I-ray 
yield of the array. 

Each 'I-ray event detected has timing information, 
which can be referenced to the start of a pulse for time-of­
flight neutron energy determination. The 'I-ray spectrum 
is gated into a number of individual spectra correspond­
ing to a fixed time interval but increasing neutron-energy 
width. The ~(-ray lines of interest are fitted via the RAD­
'VARE package (19) to obtain 'I-ray yields as a function 
of neutron energy. 

The flux measured by the fission chamber is gated into 
the same neutron bins using the same 'I flash and time­
of-flight technique, but corrected to determine the neu­
tron energy at the target location and not the flBSion 
chamber location. The resulting gated fission chamber 
pulse height spectra is analyzed using the known neutron­
induced fission crosS sections of 2:38U to determine neu­
tron flux. 

The angle-integrated 'I-ray cross section (a,y(En)) can 
be calculated using 

(1) 

where I"( is the 'I-ray yield [counts/MeV]' Ii> is the neu-



tron yield [neutron/MeV], E.y is the absolute I'-ray detec­
tion efficiency, t is the target aerial density [atoms/barri], 
0; is the internal conversion coefficient, T"( and Tip are the 
fractional live times of the HPGe detectors and flssion 
chamber, respectively, and N is a normalization factor 
based on a known cross section. 

If the normalization factor is calculated from the same 
data set, the energy-independent factors cancel, so 

(E '- 1+o;Ne ff 
0",,( n) - E.y <P 

An effective normalization factor, Neff, is deflned as 

K ",K 

N eff _ ""( Y.! 

-O"K[K-l K 
"( +0; 

(2) 

(3) 

where O"K is a known cross section in natpb correspond­
ing to a given transition labeled K. Neglecting the 
energy-independent contributions to the cross section al­
lows a reduction in the uncertainty budget. 

The prominent lines in the major Pb isotopes have 
been studied in detail [14, 15] and serve as a conve­
nient reference and known transition for normalization. 
The recent study [14] of Pb isotopes showed good agree­
ment between past experimental results and that of the 
TALYS [20] nuclear reaction code. The TALYS code ran 
with primarily default settings with proper treatment of 
long-lived isomers. The pulsed structure of the LANSeE 
beam and the time-of-flight gating allows the detection of 
prompt decays while long-lived isomers are a background. 

Three of the strongest lines in natpb are analyzed 
and compared against the TALYS result for normaliza­
tion. The three transitions are the 3- ---+ 0+ 2614.5-
keV I' ray in 208Pb, the ~- ---+ t 569.7-keV I' ray 
from 207Pb, and the 2+ 0+ 803.1-keV I' ray from 
206Pb. These three major lines were analyzed using 
15 ns time-of-flight neutron binning, which is the res­
olution limit of the HPGe detectors. Gamma-ray pro­
duction cross sections are calculated using TALYS to 
represent the production in natpb by summing and 
weighting by isotopic abundance. Therefore the 803-keV 
I' ray can be produced through the following reaction 
channels: 206Pb(n,n'I')206Pb, 207Pb(n,2nl'?06Pb, and 
208Pb(n,3nl')206Pb. Similarly, the 570-keV I'ray can be 
produced through the two channels: 207Pb(n,n'I')207Pb 
and 208Pb(n,2nl')207Pb. The 2615-keV I' ray only re­
sults from 208Pb(n,n'I')2°8Pb. To obtain the normaliza­
tion factor, the output of TALYS and experimental re­
sults were compared over the dominant neutron range 
of 4-7 MeV where the production rates for these lines 
are strongest. A normalization factor resulting from this 
analysis is estimated to be 1.22 ± 0.04 (0.3%). 

The two lines of most interest to Ge-based OvfJfJ exper­
iments using Pb shielding are weak and were observable 
in these data only by summing spectra over a large range 
of neutron energies. The 2040-ke V I' ray is most domi­
nant in the 4-30 MeV neutron range while the 3062-keV 
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FIG. 1: The ')'-ray spectra shovving the 2041-keV ,),-ray line 
and the 3062-keV ')'-ray line (6.7-12.5 MeV neutrons). 

I' ray is most dominant in the range from 4-13 MeV neu­
tron range (Fig. 1). For cross section analysis, the I'-ray 
spectra were gated by a larger bin width of 150 ns, which 
resulted in 9 bins covering the energy range of 1-200 MeV. 
For those bins where a peak was not observed, a sensi­
tivity limit was measured to provide an upper limit on 
the cross section. The internal conversion coefficients for 
these two transitions are not known and are assumed to 
be zero. 

Applying the normalization, the cross sections for the 
2041 and 3062-keV I'-ray lines are obtained (Figs. 2 and 
3). The results are 3-5 mb for both the 2041 and 3062-
keY lines for neutron energies near 10 MeV. The experi­
mental results are higher than that predicted by a TALYS 
calculation for these ~(-ray transitions. 

C. MeasureInent. Uncertainty 

The systematic and statistical uncertainties encoun­
tered are listed in Table I. The normalization correction 
uncertainty is estimated from the agreement of normal­
ization factors obtained from the three prominent lines 
compared against known cross sections. The three known 
transitions have an experimental uncertainty of less than 
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FIG. 2: The observed 'Y-ray production cross section for the 
2041-keV'Y ray in 206Pb. 
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FIG. 3: The observed 'Y-ray production cross section for the 
3062-keV'Y ray in 207Pb. 

"-'7% in the energy range 3-10 MeV and so we include a 
7% systematic uncertainty. The efficiency curve uncer­
tainty derives from the error in the fit to the the source 
data and the error in the attenuation correction, which is 
dominated by the uncertainty in the parameterized mass 
attenuation coefficient [21] and the tolerance of the target 
thickness. The statistical errors in the flux and yield mea­
surements are based on the counts in the fission chamber 
and 1-ray detectors, respectively. The uncertainty of the 
neutron energy is based on the timing resolution of the 
HPGe detectors. The statistics of the weak lines of in­
terest are the dominant source of uncertainty. 

Generally, the angle-integrated 1-ray cross section is 
computed from an integral of the differential cross sec­
tion. The 1-ray differential cross section can be expanded 
in a sum of Legendre polynomials and, excluding con­
tribution from cascades, can be predicted for transition 
between some states [22] near threshold. Higher energies 
and contributions from cascades diminish anisotropy in 
the angular distribution. In this experiment, the 1-ray 
yield was the sum of the yields of four detectors and 
assumes an isotropic distribution. Ref. [14, 22J define 
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anisotropic distributions for the E2, and Ml + E2 mul­
tipolarities. Those distribution show no more than a 6% 
deviation from isotropic assumption when evaluated at 
the locations of the four detectors used (cos (;I = 0.1818, 
0.2267, 0.5492, 0.8745). Further, Reference [23] tabu­
lates angular distribution corrections when assuming an 
isotropic distribution and finds correction mainly within 
5%. We include a 6% systematic uncertainty to account 
for any 1-ray angular distribution. 

TABLE I: A listing of the systematic and statistical uncer­
tainties in the cross section measurement. 

normalization 
efficiency 

Systematic Uncertalnty 
2040-keV 3062-keV 

'Y ray 

angular correction 
known transitions 

0.35% 
1.22% 

6% 

0.35% 
1.25% 

6% 

Statistical Uncertainty 
neutron energy neutron flux 2040-keV 3062-keV 

1.24-1.58 2.2% 
1.58-2.08 1.0% 
2.08-2.87 0.92% 
2.87-4.20 0.87% 44% 
4.20-6.72 0.76% 15% 24% 
6.72-12.50 0.62% 20% 18% 
12.50-31.15 0.60% 17% 
31.15-200 0.49% 33% 

IV. DISCUSSION AND CONCLUSION 

The cross sections of interest to Ge Ovf3f3 are tabulated 
in Table II. In Ref. [13] an estimate for the cross section 
of the 207Pb(n,n' 3062-keV 1 ray)207Pb was given as 75 
mb with an uncertainty of about 20%. For natpb this 
would indicate a cross section for comparison of ~16 mb 
at an average neutron energy of ~4.5 MeV. Considering 
the caveats discussed in the previous work with regards 
to the presence of CI, that this cross section is a factor of 
a few above the values reported in this work is considered 
to be consistent. Reference [13] did not provide a value 
for the cross section for the production of the 20411 ray. 

Table III lists a number of frequently used isotopes 
for f3f3 and their Q values. In addition the table lists Pb 
isotopes which have transitions near 3 critical energies for 
each isotope. A 1 ray with an energy similar to that of the 
Q value can produce a background line that might mimic 
Ovf3f3 in an experiment that nses a Pb as a shield or for 
some other apparatus component. In addition, however, 
1 rays that pair produce in a detector but have either 
one (single escape peak) or both (double escape peak) 
annihilation 1 rays escape the detector may also produce 
a line feature at the Ovf3f3 endpoint for a give initiaI1-ray 
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TABLE II: The summary of the cross sections as a function of energy for the 2041 and 3062-keV transitions. 
Cross section (mb) 

neutron energy natpb( n,xn'Y )206Pb natpb( n,Xll'Y )207Pb 
2041 ke V 3062 ke V 

energy. Such ~f rays would be 511 keY and 1022 keV more 
energetic than the Q value. Also in Table III, we provide 
cross sections or upper limits on the cross sections to 
excite the levels that produce these 'Y rays in natpb. 

We have measured the cross sections for the production 
of'Y rays of interest to Pb-shielded Ge 01/(3(3 experiments 
relative to previously measured strong transistions and 
the results are presented in Table II. The cross sections 
are small (few mb) near 5-10 MeV and are below our 
sensitivity by about 40 MeV. The cross sections can be 
folded with the underground neutron flux to estimate 
background rates for such experiments. Although, the 
rates will likely be very low, the overall background must 
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TABLE III: A list of frequently studied isotopes for f3f3 and their Q values[24-26]. In columns 3-5 are indicated Pb isotopes 
with levels that emit I rays near the energies of the Q value, the Q value + 511 keY (SEP, Single Escape Peak), and the Q 
value + 1022 keY (DEP, Double Escape Peak) respectively. Also in columns 3-5 are the cross section values or upper limits 
for exciting the transitions in natpb with neutrons of 6.72-12.50 MeV. Where the cross section is listed as NA, we were 
unable to place a limit due to the ,-ray energy being the range of the detection system. The line arguably present at 
the SEP for 116Cd would be due to a transition we are unable to identify. 

1f3f3 Isotope I Qilil (keV) I ,ray SEP DEP 
,nCe 2039.00 ± 0.05 i",uoPb (T 3.1±0.7mb "'u ,-,uoPb (T 4.3±0.8 mb 
82Se 2995.5 ± 1.9 20sPb (T NA 

looMo 3034.40 ± 0.17 208Pb (T < 0.4 mb 206Pb (T 2.6±0.5 mb 20sPb (T NA 
l1sCd 2809± 4 (T = 0.67 ± 0.47 mb 
l3°Te 2530.3± 2.0 208Pb (T < 0.4 mb 
136Xe 2457.83 ± 0.37 206,208Pb (T < 0.3 mb 
l.oNd 3367.7± 2.2 207Pb (T NA 


