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Abstract

Alpha-induced thick-target v-ray yields from light elements have been measured
in the energy range between 5.6 MeV < E, < 10 MeV. The y-ray yields above
2 MeV from thick targets of beryllium, boron nitride, sodium fluoride, magnesium,
and aluminum were measured, and the results of this experiment were used to con-
struct tables suitable for calculating the a-induced direct production <-ray intensity
distributions from materials. These results show a significant reduction compared
with previous estimates of the distribution.

1 Introduction

In recent years there has been a growing interest in experiments to test the
predictions of grand unified theories and extensions of electro-weak theories.
These experiments, including proton decay, double beta decay and neutrino as-
trophysics investigations, typically involve measurements with low event rates
and therefore require large detector volumes. In many cases events in these de-
tectors can be mimicked or overwhelmed by background effects, in particular
by high energy 7-rays. A significant number of v-rays originate from natural
radioactivity in the detector components and surrounding materials. Elements
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Department of Energy under contract #DE-AC03-765F00098

2 Present address: AECL Research, Chalk River Nuclear Laboratories, Chalk
River, Canada K0J 1J0
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of both the ***U and #**Th decay chains emit energetic a-particles which can
react with light elements to produce these high energy y-ray backgrounds.

The naturally occuring elements of the uranium and thorium decay chains
produce 7y-rays by several different mechanisms. Generally the largest source
of high-energy ~-rays (E., >5 MeV) results from the capture of neutrons pro-
duced through both spontaneous fission and through the («,n) reaction on
light elements. Such a y-ray source has been investigated and characterized
by many researchers [1-6]. The spontaneous fission of uranium also produces
some high energy v-rays, but at a rate which can be neglected in most cir-
cumstances [7,3].

Since an understanding of the different a-induced ~y-ray background compo-
nents is crucial for the effective design and operation of low background ex-
periments, several groups have presented detailed studies of this y-ray source.
In particular, Pomansky [3] has presented theoretical results indicating that
(o, py) and (@, nv) reactions produce substantially more high energy ~-rays
than previously thought. This secondary v-ray background source had not
been considered significant and had not been investigated in other background
studies. This background source, referred to here as the “direct production”
source, 1s the focus of the present work.

The experimental setup is described in section 2 and the techniques used for
analysis of the data is described in section 3. A summary of y-ray yield mea-
surements for Be, B, F, Na, Mg and A/ is provided in a form suitable for
spectrum calculations in section 4. The results are discussed in section 5, and
their use is illustrated by a calculation of this background for granite, a com-
mon environmental material. In addition, the significance of this background
in situations where the neutron induced component is suppressed is illustrated
through a consideration of a-induced direct production ~-ray background from
photomultiplier tubes to be used in the Sudbury Neutrino Observatory.

2 The Experiment

Measurements of high energy ~-ray yields were performed using the facili-
ties at the Lawrence Berkeley Laboratory’s 88" cyclotron. Since the primary
purpose of this study was to determine the thick-target ~-ray yield, self-
supporting thick targets of Be, BN, NaF, Mg and A/ were used in these mea-
surements. Each target was sufficiently thick to completely stop the highest
energy a-particle. Alpha beam energies of 10.0, 8.8, 7.7, 7.0, 6.3 and 5.6 MeV
were used. The physical arrangement of the counting area is illustrated in
figure 1.
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Fig. 1. The experiment target and counting area for the v-ray measurements.



The emitted ~-rays were detected in two HPGe detectors, denoted as the for-
ward and backward detectors, and located at 30.6° and 109.9° with respect
to the incident beam direction and approximately 19 cm and 15 cm from the
target, respectively. The low energy ~-ray counting rate was reduced by plac-
ing a 0.95 cm thick lead shield directly in front of each detector. The signals
from the forward detector were processed by an Ortec 572 amplifier, while
the backward detector used a Canberra 2021 amplifier. In the initial 10 MeV
runs, the unipolar output of each amplifier was input directly into an Ortec
PC/MCA system. In subsequent runs, a low energy cutoff of approximately
2 MeV was implement by triggering an Ortec 442 linear gate and stretcher
with an Ortec 551 timing SCA. The SCA generated a gating pulse whenever
the bipolar amplifier signal exceeded an adjustable lower energy threshold.
On receiving a gating signal, the linear gate and stretcher passed the delayed
unipolar amplifier signal through to the MCA.

The targets were attached to an aluminum target ladder with 2.22 cm di-
ameter target holes. A 0.16 cm thick lead shield with corresponding 1.91 cm
diameter holes shielded the aluminum holder from the a-particle beam. The
target ladder was rotated 30° clockwise from the beam direction to minimize
the interference of the target ladder shield with ~-rays produced in the tar-
get. The current on target was measured by a beam current integrator which
generated one count for each nC of charge on target. Beam current leakage
and secondary electron effects were minimized by collecting the beam current
from the combined target ladder and target chamber. The target chamber was
electrically isolated from the rest of the beam line as shown in figure 1. Beam
currents were adjusted to maintain the detector dead times to between 15 and
25%, as reported by the MCA units. All targets except for Be were exposed
to currents ranging from 4 to 100 nA, while the more active Be target was
exposed to currents typically between 1 and 20 nA. Beam position and diam-
eter were monitored using a quartz phosphor on the target ladder which could
be viewed remotely through a camera. The beam spot diameter was between
0.3 cm and 0.6 cm.

Pile-up and dead time were monitored by placing a pulser signal on the test
input of each detector preamp. The pulse generators were externally triggered
by the beam current integrator. The pulser voltage was adjusted to place the
pulser peak in the high energy (> 10 MeV) region of each spectrum, except
during the 10 MeV runs in the forward angle detector when it was placed in
the low energy portion of the spectrum.



3 Analysis

In order to determine the total absolute ~-ray yield for each transition, the
area of each peak in a spectrum was extracted, and the residual nucleus tran-
sition identified. Some of the most significant identified transitions from Af
are indicated in figure 2, which shows the high-energy portion of the £, =
10 MeV spectrum. The peaks in the spectrum are identified by both the re-
action and transition. Only escape peaks used in the yield calculations are
labelled, and can be distinguished from full energy peaks by a trailing (1°)
and (2"?¢) label for a first and second escape peak, respectively. At 7620 keV,
a low-level contamination arising from neutron capture on iron can also be
seen.

Each peak area was converted into an absolute yield using the integrated beam
current, the pulser-measured live time, and the measured detector efficiencies.
The measured transition yields from reactions with a particular target nucleus
were then combined into 1 MeV wide bins to permit convenient spectrum cal-
culations such as those presented here. The yields from individual transitions
is reported elsewhere [16].

3.1 Peak Areas

The a-particle kinematics coupled with the use of thick targets in this exper-
iment and the energy dependence of the excitation cross section resulted in a
complex shape for the v-ray peaks which could not be parameterized reliably.
Therefore, the area of each peak was determined from the difference between

the total number of counts in the peak region and the interpolated background
area beneath it.

The background for each peak was defined by three regions: one on either side
of the peak, plus a region underlying the peak. The side regions were chosen
to be as close to the peak as possible, while still free of significant interference
from either the principal or neighbouring peaks. The underlying background
was defined as either linear or quadratic in shape, with an optional step at
the centroid position. All parameters except the centroid were calculated us-
ing a weighted least squares fit. After the background parameters had been
calculated, the centroid of the peak was recalculated, and the fit parameters
were adjusted to reflect a shift of the fit origin. In instances where a step
background was used, the dependence of the centroid calculation on the posi-
tion of the step necessitated the iteration of the centroid calculation until the
centroid position converged on a stationary value.

The least squares fitting of the background function used weights based on the
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Fig. 2. A portion of the high energy v-ray spectrum from Af for 10 MeV a-particles

is shown for the backward angle detector. The major transitions used in the yield
calculations have been identified. Several unidentified peaks represent escape peaks

which were subtracted from the spectrum during analysis.



fitted parent distribution. Since the weights were then a function of the fitting
parameters themselves, the fitting process was iterated until the fit parameters
converged. This procedure avoided the underestimate of the background region
area that typically results from using statistical weights.

In a number of cases, adjacent peaks were not fully separated and contained
a significant contribution from nearby peaks. In these cases, the peak areas
were separated by fitting each peak to a Gaussian shape. The background
was first calculated as described previously, with a peak region encompassing
the combined peaks. This background was then subtracted from the spectrum
in the peak region, and the resulting spectrum was fit to a two-Gaussian
function by a non-linear least-squares calculation. The area of each peak was
taken as the total number of counts in the doublet peak region weighted by
the fractional area of each Gaussian.

In some instances, escape peaks from higher energy transitions interfered with
background and area calculations of full energy peaks of lower energy transi-
tions. This interference was removed by subtracting the escape contribution
using the measured full energy peak intensity and the known detector response.
The response was determined as described below.

3.2 Detector Efficiency Characterization

The absolute full energy peak efficiency of each detector was determined using
a combination of calibrated sources, uncalibrated sources and Monte Carlo
calculations. A series of Monte Carlo calculations was used to determine a
functional form for the detector peak efficiencies between 0.5 and 10 MeV.
These efficiencies also supplemented the high energy efficiency data where few
v-ray source measurements were available.

A total of five calibrated standard sources were used to characterize the de-
tector system: ¢°Co, 137Cs, **Mn, *?Na and 2*®Pu-'3C. The first four sources
were used to calibrate a ®*Co source, which provided absolute efficiency mea-
surements up to 3.6 MeV. A measurement at 6.13 MeV was provided by a
238py-13C source. The Monte Carlo characterization of the experimental de-
tector system was used to constrain the efficiency above 4 MeV according to
the known ~-ray interaction cross sections.

The absolute detector efficiency was found to be accurately parameterized
between the energy range from 0.5 and 10 MeV by an equation of the form

__exp[f(E)
e £) = 1+ exp {M}

ai

(1)

-1



where f(E) is a second order polynomial in y-ray energy E, and the a; are
constants. The coefficients for this equation were obtained from a least squares
fit to the source measurement data and normalized Monte Carlo results. The
normalization of the Monte Carlo results was obtained using source data above
2 MeV, since uncertainties in modelling detector dead regions caused difficul-
ties in matching the efficiency maximum near 600 keV. The sensitivity of the
normalization to the 2 MeV cut was estimated by varying the cut between
1.5 MeV and 3 MeV. The normalization varied by approximately 5% for this
range of cuts, and showed deviations of up to 15% from the measured 6.13 MeV
calibration value. Based on this, an uncertainty of 15% was attributed to the
normalization, and was applied to the Monte Carlo data used in the calibra-
tion.

The measured relative escape peak efficiencies were in agreement with those
determined by the Monte Carlo simulation. Both calibrated and uncalibrated
sources were used to measure the ratio of the escape peak to the full energy
peak areas. The use of area ratios eliminated the dependence of these efficien-
cies on the source strength, and also allowed the use of some of the data from
the target runs. This additional data significantly increased the number of
data points available above 4 MeV. The relative escape peak properties were
taken from the Monte Carlo calculations and normalized to the experimen-
tal data. The averaged experimental data for the single escape efficiency was
found to be 100.3 £ 1.0% and 100.4 4+ 0.8% of the Monte Carlo results, while
for the double escape efficiency was found to be 97.1£1.0% and 98.4+1.0% of
the Monte Carlo results for the forward and backward detectors respectively.

3.3 Yield Determinations

The ~-ray yield calculation for a given transition incorporated three distinct
steps. The peak areas were determined as discussed above. Second, the net
peak areas were converted into v-ray yields for each detector. Finally, the
individual detector yields were used to determine the total isotropic yield for
each transitions.

The conversion from peak areas to absolute v-ray yields was achieved by di-
viding the peak area by the detector efficiency at the peak centroid energy, the
number of a-particles on target, and by the dead time and pile-up corrections.
The number of a-particles on target was recorded by the scaler counter, and
the dead time and pile-up corrections were monitored by the counts placed in
the pulser peak of each spectra.

The angular y-ray yield measurements were fit to a Legendre polynomial ex-
pansion, from which the F, coefficient provided the «-ray yield into 4x. The



analysis assumed that the counts for each peak in each detector could be
expressed solely in terms of the Fy and P, components of the Legendre poly-
nomial expansion of the y-ray angular distribution. The detector positions
were chosen near the zeros of the Py component of the Legendre polynomial
in order to minimize the contribution of higher order terms in the expansion.
A small correction for the finite detector geometry was made by approximat-
ing the contribution of each Legendre polynomial to the detector yield by the
integral of the polynomial intensity over the area of each detector face.

Each of the absolute detection efficiency, detector live time, and a-particle
count on target contributed to the systematic uncertainty of the measured
yield. The detector efficiency contributed a v-ray energy dependent uncer-
tainty between 1% and 10%, in addition to a 3.5% uncertainty reflecting
the measured sensitivity to target positioning and reproducibility of efficiency
measurements. The live time in each detector was determined for runs other
than F, = 10 MeV to within 1% from the area of the pulser peak inserted
into each spectrum; in some cases this uncertainty was increased in the for-
ward detector by gain instabilities, and in the backward detector by a pile-up
of vy-ray counts on the tail of the pulser peak. In no case did the live time
uncertainty exceed 6%. In the 10 MeV runs, the live time was deduced from
the counting rate in each detector due to a failure of the live time monitor
system. This determination introduced an additional uncertainty of less than
10% in the detector live time, except for the A¢ and Be targets, where an
uncertainty of close to 20% was assessed for the forward detector.

The total number of particles on target was determined by the number of
counts generated by the beam current integrator and accumulated in the
scaler. The pulser system was triggered by the same signal as the current
scaler, so that the area of the pulser peak determined the live-time corrected
particles on target. In this way, the beam count uncertainty was included in
the determination of the live time uncertainty. The only additional uncertainty
assigned to the number of particles on target was in the £, = 8.8 MeV runs,
where beam source focusing difficulties lead to a significant target beam spot
halo. This resulted in a 23 + 10% loss of particles onto the target ladder lead
shielding as determined from a comparison of specific transition yields with
measurements reported by other groups. A comparison of our yields with the
cross sections of Seamster et al [8] for the 2230 keV and 2210 keV v-rays from
the 2" Al+a and the *Mg(a, p) reactions respectively is shown in figure 3. All
our yields for these v-rays are in agreement within our adopted uncertainty
and the estimated 10% uncertainty of the cross section measurements.

The yield measurements for beryllium are also consistent with the cross sec-
tions reported by other researchers. These yields are approximately 15% lower
than those calculated using the cross sections of Geiger and van der Zwan
[9,10], who measured the cross section for the associated neutron group with an
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Fig. 3. The 2230 keV and 2210 keV ~v-ray yield from the A/ and Mg targets, re-
spectively. The points indicate the yield measurements, while the lines indicate the
thick-target yield calculated from an integration of the cross sections, measured in
0.1 to 0.5 keV intervals, of Seamster et al. The A{ target data sets contain the
yield from the 2230 keV and 2210 keV v-rays resulting from the (o, p) and (¢, @)
reactions respectively.

uncertainty between 11 and 16%. The relative measurements of the differential
~-ray cross section by Seaborn et al [11] were used to extend this comparison
above 8 MeV by scaling to the total cross sections of Geiger and van der Zwan
in the region of overlap. These cross sections agreed to within 30% with four
cross section measurements in the same energy range by Verbinski et al [12],
who estimated a 10% systematic uncertainty in their measurements. Our yield
measurements at the two highest a-particle energies are consistent with the
cross section derived yields within this uncertainty and fall 10% higher than
the derived yields at 8.8 and 10 MeV.
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Fig. 4. Selected yields from the BN and NaF targets. Only yields from peaks with
unique identifications have been shown. The joining line between yields is provided
as a visual aid only.

4 Results

The yields were calculated from the combined full energy and escape peak
yields when available. The escape and full energy peak yields were found to
be in agreement within statistical uncertainties in all cases. A representative
sample of the thick-target v-ray yields is shown in figures 4 and 5. These yields
correspond to single transition peaks from various reactions, and have been
adjusted to reflect the yield from elemental targets. The thick-target yields in
most cases are a smooth function of energy. The yields for individual transi-
tions change by as much as three orders of magnitude between 5.6 and 10 MeV
a-particle energies. All thick-target yields follow the expected monotonic de-
crease with o-particle energy. In some instances, such as the °B(ea, d)!*C
4439 — 0 keV reaction in figure 4 and the **Mg(a, p)*"Af 3004 — 0 keV
reaction of figure 5, the effects of strong resonances cause a significant change
in the yield behaviour.

In the highest a-particle energy runs, the most significant source of uncer-
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Fig. 5. Selected yields from the Mg and A{ targets. Only the thick-target yields
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vields is provided as a visual aid only.

tainty resulted from the 10 MeV live time determinations and the 8.8 MeV
beam halo adjustment. The 10 MeV live time determination introduced un-
certainties ranging from as much as 15% for the A¢ and Be targets to as little
as 3% in the NaF target. At other energies, the detector live time typically
contributed between 0.5% and 2% to the yield uncertainty. The detector effi-
ciency uncertainties, discussed previously, played a more significant role with
contributions as large as 11%. Statistical uncertainties in the peak area ac-
counted for a contribution on the order of 10% to 15% for all but the weakest
transitions. Uncertainties based on the selection of the background shape were
typically of the same order as the statistical uncertainties, with values ranging
from 2% to 15% in most cases. In cases where branching ratios were required
to separate individual transitions, the branching uncertainty typically added
between 10% and 25% to the total uncertainty in the yield. Branching ratios
were primarily used in the calculation of the NaF target yields.

Only yields from the NaF target were significantly affected by ambiguous
~-ray transition identifications. In cases where a spectrum peak was associated

12



with reactions from both target nuclei, published decay schemes were used
to separate the yields where possible. In cases where only an estimate of a
transition yield from a minor contributor to the total peak was available,
a 100% uncertainty for that contributor was adopted. In most cases these
estimated yields only accounted for a small fraction of the yield attributed
to a given energy bin. An exception to this is found between 2 and 3 MeV,
where a large peak associated with both the **Na(a,n)?*®Af 2069 — 0 keV
and the °F(a, p)?*Ne 3357 — 1274 keV yield accounts for about 70% of the
yield from the target in this energy range. In this case, the yield was divided
equally between the two reactions with a 100% uncertainty adopted for both
yields. This uncertainty dominates the total uncertainty for this energy range
in both the fluorine and sodium yields.

Our experimental results are summarized in tables 1 through 7. The tables
consist of the thick-target v-ray yields for each element, summed into 1 MeV
wide bins. These elements consist of common light elements with favourable
Q-values for the production of high energy v-rays. All a-particle energies in-
vestigated, except for 10 MeV, correspond to the range of primary a-particle
energies encountered in the natural uranium and thorium decay chains. The
10 MeV measurement provided a limiting measurement for the highest pos-
sible yield. The yield for each element has been adjusted to correspond to
elementally pure targets with normal isotopic abundances. The yields mea-
sured from the composite BN and NaF targets were adjusted according to the
ratio of the stopping powers of the individual elements in each target [4]. For
example in the BN target, this resulted in a multiplication of the observed
boron yields by a factor of 2.30. Similarly, for the NaF target, the fluorine
yields were multiplied by 2.25 and the sodium yields by 1.80. Variations of
0.5% in the calculated stopping power ratios were obtained over the beam
energies considered here; this uncertainty has been neglected in these yield
tables.

The uncertainties quoted in these tables contain both the statistical and sys-
tematic uncertainties discussed previously. The statistical uncertainties from
individual transitions were summed in quadrature, while the separate sys-
tematic uncertainties were simply added, and the total uncertainty in each
bin determined from a quadrature sum of the individual statistical and sys-
tematic uncertainties for the bin. The summation of a number of individual
transitions within each bin is responsible for the dominance of the system-
atic component of the yield uncertainty. In this presentation of our data, no
attempt has been made to separate 7-rays of a similar energy resulting from
different reactions on the same element in the target.

In the measurement of the boron 5-ray yield, the 1*B(a,n)*N 2313 keV tran-

sition was contaminated by inelastic scattering of a-particles on *N. This con-
tamination was removed by subtracting the (a, ') contribution using an inte-

13
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gration of the cross sections reported by Dyer et al [13]. These cross sections
indicate an (a, ') thick-target elemental yield for this y-ray of 3.01 x 107
at F, = 10 MeV, 9.12 x 1077 at £, = 8.8 MeV, and 1.06 x 10~7 at E, =
7.7 MeV. A 10% uncertainty in these yields was adopted based on the uncer-
tainty reported by Dyer et al. At 10 MeV, the (a,n) reaction accounted for
less than 13% of the total yield, and at 7.7 MeV accounted for less than 3%
of the yield.

The high energy v-ray resulting from the giant dipole resonance in !°B has not
been included in these tables [14,15]. This 17 MeV 4-ray, which is above the
energy range investigated in this study, has an unusually large cross section on
the order of several microbarns below E, = 10 MeV [15]. Based on these cross
sections, the estimated ~-ray yield from a boron target with normal isotopic
abundance is 2.5 x 107'° quanta per a at F, = 8.8 MeV, 1.2 x 1071° quanta
per a at 7.7 MeV, and 6.9 x 107!? quanta per « at 7.0 MeV, with an estimated
uncertainty of 15%. Although this y-ray occurs with a comparatively weak
yield, its high energy and consequent low attenuation suggests it should be

considered and added to any backgrounds calculated from the yields listed in
table 2.

5 Discussion

One of the primary aims of this study was to provide the information required
to calculate the direct production a-induced 7-ray intensity distributions for
materials containing trace concentrations of the uranium and thorium decay
chains. Such spectra, together with other calculations of the spontaneous fis-
sion and radiative neutron capture contributions, enable a characterization
the y-ray background from the radioactive content of these materials. Both
the uranium and thorium chains emit a number of a-particles with energies,
listed in table 8, in the range covered by our measurements. These o-particle
energies and intensities were used to calculate the v-ray spectra from the ?3®U
and #?2Th chains in several materials. Since the uncertainties quoted in the
yield tables are largely dominated by systematic uncertainties, our calculations
using these tables have combined and propagated the uncertainties linearly,
rather than in quadrature.

The ~-ray intensity distributions were calculated by summing the yields ob-
tained for each a-particle energy, Y,(FE,), using a logarithmic interpolation
for each energy range given by

E.—E . /Y
nY.(E,) = InY; + —= 11(”) 9
Yelbo) =kt g Ty @
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Table 8
Equilibrium a-Particle Intensity from the 2*®U and ?32Th Decay Chains

238y 232
a-Emitter  Average  a-Particle a-Emitter  Average  o-Particle
a-Particle  Intensity a-Particle  Intensity
Energy per decay Energy per decay
(MeV) B8y (MeV) 232Th
238y 4.19 1.0 232Th 4.00 1.0
34y 4.76 1.0 228Th 5.40 1.0
230Th 4.66 1.0 *24Ra 5.65 1.0
?26Ra 4.77 1.0 220Rn 6.29 1.0
?22Rn 5.49 1.0 216Po 6.78 1.0
218pg 6.00 1.0 212B;j 6.05 0.36
211po 7.69 1.0 212po 8.78 0.64
210po 5.31 1.0

where the ¢ and ¢ + 1 subscripts indicate the tabulated yields Y at energies
E bracketing the a-particle energy, E,, for each element in the material. This
logarithmic interpolation scheme is based on the observed exponential depen-
dence of the thick-target yield on a-particle energy. In instances where the
lower energy yield was zero, a linear interpolation was used. A number of the
a-particles in both chains have energies below the lowest energy measurement
at 5.6 MeV in this study. The contribution of these a-particles to the v-ray
spectrum was obtained through an extrapolation using equation (2) with data
from the two lowest measured a-particle energies. The contribution of each ele-
mental yield to the spectrum was obtained through a stopping power-weighted
sum of the individual yields [4] using the stopping power of Ziegler [20].

For most elements, yield contributions due to a-particles with energies below
our lowest measured energy were small. The contribution from a-particles
with energies less than 5.6 MeV was largest for the lightest elements, and
more important for the uranium chain due to a greater number of a-particles
emitted with energies around 4 MeV. The extrapolated yields contributed
less than 10% to ~-ray yields above 5 MeV for each element in both the
uranium and thorium chains. Below this vy-ray energy, the yields for Be from
the uranium chain were most sensitive to the extrapolation, with as much of
60% of the uranium chain yield and 20% of the thorium chain yield coming
from a-particles with energies less than 5.6 MeV. A comparison of this yield
calculation to a calculation supplemented by Be yields between F, = 4 and
5.6 MeV derived from the cross sections of Geiger and van der Zwan [9,10]
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Table 9
Composition of Materials for y-Ray Spectrum Calculations

Element Material Composition by Mass

Granite Photomultiplier

Tube Glass

B — 7.00%

44.32% 53.50%

Na 2.86% 3.20%
Mg 0.67% —

Al 9.09% 2.10%

Si 30.08% 30.70%

K 4.69% 2.80%
Ca 2.59% —
Mn 0.25% -
Fe 5.40% —

agreed within 10% for the uranium chain, and within 4% for the thorium chain.
The B yields below E, = 4 MeV contained up to a 50% contribution for the
uranium chain and 20% for the thorium chain from a-particles below 5.6 MeV.
The ~-ray yields for F below E, = 3 MeV also contained a contribution
from low energy a-particles, with 25% and 6% of the uranium and thorium
yield, respectively, attributed to a-particles with energies less than 5.6 MeV.
All other targets at low ~-ray energies contained no more than a 20% yield
contribution in the uranium chain and 5% in the thorium chain at v-ray
energies above 2 MeV. this extrapolation had no effect on yields above E, =
4 MeV except for Be. In most applications, y-rays from the (o, p) and (e, n)
reactions below 4 MeV are a minor component of the total vy-ray spectrum,
and so uncertainties introduced by this extrapolation can be largely ignored.

The calculated y-ray intensity distribution for granite, a common host rock
for several low-background laboratories, with a composition given in table 9
is shown in figure 6 for a thorium mass fraction which is five times that of the
uranium mass fraction. The theoretical intensity distribution of Pomansky [3]
for the direct production of y-rays through the (o, ny) and («, py) reactions in
granite is also shown in this figure. Our experimental yield falls considerably
below that reported by Pomansky using the calculations of Glotov [3,22,23].
This difference appears to arise from their use of experimental **Mg(c, n)
yield measurements for the calculation of the 2" Af(a, p) yield. In many rocks,
including granite, the high-energy v-ray intensity is dominated by the contri-
bution from aluminum. The 2*Mg neutron yield was used as an estimate of the
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total 2" Af(a, p) yield. based on the similarity of the reaction Q-values and the
charge independence of nuclear forces. Although Pomansky and Glotov took
the proton Coulomb barrier penetration effects into account in calculating the
resulting excitation of the residual nucleus, our measurements indicate that
the high-energy ~-ray production rate from **Mg is approximately an order
of magnitude larger than that for aluminum, and so could account for the
observed discrepancy.

The intensity distribution in figure 6 labelled “present results” was derived
from the measured Na, Mg and A/ elemental y-ray yields. These elements
constituted 13% by weight of the granite and were exceeded in composition
only by oxygen and silicon. Only the rare "0 and ®0 oxygen isotopes have
a favourable @)-value for producing v-rays, and only through the (a,n) reac-
tion. The total neutron yield from the (e, n) reaction in oxygen for a-particles
up to 10 MeV has been reported, and is known to be a factor of 50 smaller
than the total neutron yield from aluminum [4]. Since more than half the alu-
minum 7-rays come from the (a, p) reaction, it is expected that the elemental
~-ray yield from oxygen would be only 1% that of aluminum, and therefore
contribute no more than 5% to the granite y-ray intensity distribution. The
inelastic scattering of a-particle off 0O may contribute to the high energy
~-ray yield at high a-particle energies through excitation of the 6.13 MeV
level. An integration using cross sections from an exponential extrapolation
from the 10 MeV cutoff of Dyer et al [13] to the 7.66 MeV reaction threshold
indicates a 6.13 MeV ~v-ray yield for E, =8.8 MeV of 4 x 1071° quanta per a.
This yield contributes less than 1% to the 6-7 MeV bin in granite, and can be
neglected in most calculations. Similarly for silicon, which has been shown by
measurements at £, = 10 MeV [21] to produce no ~-rays above 6 MeV, and to
have a yield approximately an order of magnitude less than aluminum below
this energy, the published neutron yield is an order of magnitude below that
of aluminum, and can be neglected in most calculations. This is supported
by theoretical calculations [21], which indicate that Si reactions do not sig-
nificantly contribute the y-ray yield above E, = 5 MeV, and account for no
more than 10% of the theoretical intensity distribution between 3 and 4 MeV
in granite.

Carbon, although not present in granite, does occur in significant concentra-
tions in some rocks. Available energy considerations indicate that the v-rays
from this element would primarily result from the (o, ') reaction on !2C
and the (@, n) reaction on the relatively rare *C isotope. The yield from the
13C(a,n) reaction can be estimated in the same manner as that for oxygen,
with the known neutron yield for carbon occurring at a rate approximately
two orders of magnitude below that for A/ and Mg. Since carbon typically
occurs in concentrations on the same order as that of A¢ and Mg, the v-ray
contribution from this reaction is assumed to be at most on the 1% level in
most materials and can be neglected in most calculations.
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Direct a—Induced y—Ray Spectrum in Granite

N T T T l T T T ! T T T I T T ]
10* j
e 3
- T _”—-___‘l =
3 i | 1
— 103 e ' —
o - ' -
© C | 7
™ 0 hl .
N_ L I ]
) L ] i
n i x Pt | ]
. |
l
"g 102 — f —
— C | 3
| B | -
ag B | ]
—_ B ¥ I 7]
| B | .
> L - | _
G) _____ =
= — |
> 10" = ! —
© - ! -
[a - T : ]
I?\ r T | N
— [ —
1
L ! i
10° =
. — present results .
—-— Pomansky (theoretical) i
10"1 ! ! 1 l 1 1 1 l 1 1 1 | ) ]
2 4 6 8

v—Ray Energy (MeV)

Fig. 6. The direct a-induced v-ray spectrum in granite. The yields are reported in
terms of the mass fraction of 238U, with a concentration of 232Th five times that of
2387J. The solid histogram shows the spectrum derived from experimental measure-
ments. The broken-line histogram shows the theoretical calculations of Pomansky
for granite with the same radioactive content.
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The *C(a, o') reaction produces a significant y-ray yield through the excita-
tion of the first excited state at 4.439 MeV. A yield of 2.6 x 10~® quanta per
a and 2.3 x 107° quanta per « for 7.7 and 8.8 MeV a-particles, respectively,
is obtained from an integration of the cross section measurements of Dyer
et al [13]. The 8.8 MeV yield from this reaction is larger than the 4 to 5 MeV
intensity distribution for the either Mg or A4, and so should be incorporated
into any calculation containing significant quantities of carbon. The 7.7 MeV
yield is an order of magnitude smaller than that in Mg and A4, and can be
neglected in most calculations.

Although in many circumstances the direct-reaction component of the ~-ray
spectrum from a material is a minor component of the total intrinsic y-ray
spectrum, under particular conditions, this background can become dominant.
Such a situation occurs when the neutron induced background is highly sup-
pressed in a material. A particular case where this occurs is in the Sudbury
Neutrino Observatory (SNO).

The SNO detector is a large volume heavy water Cerenkov neutrino detector
located in an ultra-low-background laboratory 2 km below ground level in the
Creighton mine near Sudbury, Canada. The detector consists of 1000 tonnes
of heavy water (D;0O) contained in a spherical acrylic vessel 12 m in diameter
surrounded by a 7300 tonne light water shield. Neutrinos are detected from
their reactions in D,O and are observed through the Cerenkov light produced
from the resulting relativistic electrons. An array of 9450 photomultiplier tubes
fitted with aluminum light concentrators detects this characteristic signal. The
photomultiplier tube array is arranged in an inward facing concentric geodesic
shell, approximately 17 m in diameter and 2.5 m away from the acrylic vessel
to provide a 60% surface area coverage of the D,O [24,25].

The detector was carefully designed to minimize the high-energy ~-ray flux
reaching the fiducial D;O volume. The outer light water shield reduces the
v-ray flux from the granitic host rock, and at the same time moderates neu-
trons produced by trace radioactivity in the photomultiplier tube and alu-
minum light concentrators. These neutrons are largely captured by the boron
component of the photomultiplier glass, and do not give rise to high energy
~-rays. In this case, the direct production component of the high energy ~-ray
background becomes the dominant background source, accounting for 80%
of the high energy ~-rays produced in the photomultiplier tube region of the
SNO detector, which in turn account for 50% of the y-rays reaching the fiducial
volume [6].

The ~-ray spectra for the photomultiplier tube glass used in the SNO detector
is presented in figure 7. Spectra from both the 2%¥U and 2*?Th chains are
shown in this figure for contamination levels of 1 ppm each. These spectra are
dominated by ~-rays from a-particle reactions on boron.
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232Th.
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