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Abstract
The absolute v-ray yields from a-particle-induced reactions on thick targets of Be, BN, NaF, Mg, A¢ and
Si for incident energies between 5.6 and 10 MeV are presented. The excitation distributions of several nuclei
have been deduced from the experimental y-ray yields and are compared to theoretical predictions based on
a statistical model of nuclear reactions.

1 Introduction

Statistical nuclear reaction models have produced reaction cross sections which agree within a factor of two with
experimental measurements for medium and heavy nuclei. Reaction cross sections known to this level of accur-
acy are useful in y-ray background calculations for ultra-low background experiments, where backgrounds are
dominated by the intrinsic radioactivity of the laboratory and detector materials. These backgrounds result from
both the primary decay spectrum associated with natural radioactivity and from secondary reactions induced
by energetic decay products, mostly a-particles. The y-ray background from the primary decay component is
known to be small above 4 MeV, so that secondary reactions become more significant. The magnitudes of these
secondary reactions are largely dominated by Coulomb barrier penetration, and therefore are sensitive to the
presence of light elements. Few experimental measurements for light elements are available in the energy range
of a-particles from the uranium and thorium chains, so background predictions have to rely largely on theoretical
calculations. In this work, the applicability of statistical model calculations to light elements is investigated by
comparison to a set of experimentally measured thick target y-ray yields.

The following section describes the experiment and analytical techniques used to obtain thick-target v-ray
yields in Be, B, F, Na, A¢, Mg and Si. This is followed by a presentation and discussion of the experimental
results. Theoretical yields based on the statistical model are described in Section 4, and compared with exper-
imental results in Section 5. The level of agreement obtained following different simplifying approximations is
examined for several nuclear reactions. The accuracy of these theoretical calculations is further explored through
a comparison of y-ray energy distributions based on experimental measurements and theoretical calculations.

2 Experiment

The measurement and calculation techniques used in this study are outlined below; a detailed description has
been published previously [1]. Measurements of the thick-target vy-ray yields were performed using Lawrence
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Berkeley National Laboratory’s 88" cyclotron. Thick targets of Be, BN, NaF, Mg and A{ were exposed to
a-particle beams with energies of 10, 8.8, 7.7, 7.0, 6.3 and 5.6 MeV, while a target of Si was exposed to 10 MeV
a-particles only.

The resulting +-rays were detected in 100 cm?® hyper-pure germanium detectors placed at 30.6° and 109.9°
with respect to the a-particle beam. Spectra between 2 and 10 MeV were recorded. An annotated portion of
each y-Tay spectrum from the 109.9° detector for the highest energy a-particle beam is shown in Fig 1. A pulser
signal triggered by the target current integrator was injected into the high-energy portion of each spectrum to
monitor the detector live time. The low energy v-ray rate was reduced by placing a 2 cm thick lead attenuator
in front of each detector.

The area of each v-ray peak, obtained by subtracting the underlying background determined from a quadratic
fit to surrounding regions, was normalized to the a-particle counts on target, the detector efficiency and the
detector live time. The corresponding absolute y-ray yield was extracted from the y-ray distribution by a fit of
the two normalized peak areas to the zeroth and second order Legendre polynomials; higher order contributions
were minimized by positioning the detectors near the zeros of the fourth and sixth order terms in the expansion.

Both statistical and systematic uncertainties were incorporated into the calculation of the transition yields.
Statistical uncertainties included those from the counts in a peak area, the live time and detector efficiency.
Additional systematic uncertainties were evaluated for the extrapolation of the background beneath the peak
as well as for the detector efficiency and live time. A further uncertainty was added to the E, = 8.8 MeV
measurements to account for a loss of beam resulting from degraded beam focus at this energy. Statistical
uncertainties were propagated in quadrature, while systematic uncertainties were propagated linearly. The
statistical and systematic uncertainties were assumed to be independent, and were combined in quadrature.

3 ~-Ray Yields

Tables 1 through 14 report the measured thick-target reaction yields per a-particle for the equivalent elementally
pure targets containing natural isotopic abundances. The yields in these tables have been listed in a condensed
form with the number and error followed by the power of 10 in brackets. For example, an entry of 4.3+ 1.2(-7)
indicates a yield of (4.3 £ 1.2) x 10~7 y-rays per a.

Only yields which could be assigned uniquely to a residual nucleus are reported. Spectral peaks containing
multiple transitions contributing more than 5% to the total peak area were separated into constituent yields
using published decay schemes [2, 3, 4]. The population of each contributing level was determined from the y-ray
intensity of alternate decay branches from the level, and then used to calculate the contribution to the composite
yield. The contribution was subtracted from the yield, enabling the determination of all yield components. In
cases where this subtraction resulted in unreasonable uncertainties in a weak yield branch (<20% of total yield),
the total statistical uncertainty was calculated from the quadrature sum of level population and branching ratio
uncertainties. Such cases are marked next to the affected yield entry, or next to the transition identification
when all yields were affected.

A number of adjustments were applied to the yields. In a few cases kinematic peak broadening caused an
overlap of transitions resulting in ambiguous identifications which could not be resolved using the known level
populations. Cases in which the majority of the yield could be attributed to a single transition on the basis of
average level populations of residual nuclei are reported with an uncertainty increased to equal the estimated
contamination. These yields are marked in the tables as containing additional contaminations.

The interaction of neutrons from the (@, n) reaction also necessitated some yield adjustments. The 2614 keV
4-ray from neutron and o-particle scattering on 2°Pb in the lead attenuators produced a sharp peak, while
the iron 7631/7647 keV neutron capture doublet [5] produced a broader peak. All neutron-induced peak areas
were found to scale with the calculated neutron yield determined from published tables [6]. Neutron effects were
determined by isolating the induced peaks or by using the observed scaling with neutron yield.

A number of yields were obtained through additional analysis which resulted in larger uncertainties, while
some ambiguous transitions were excluded from the tables altogether. Such transitions are discussed below,
along with estimates of their yields and uncertainties.

A broad peak in the BN target spectrum near 2140 keV attributed to inelastic scattering off both 108 and
118 was excluded from the tables. This peak was present at all measured energies, and had yields for elemental
boron ranging from 1.89 x 10~3 y-rays per @ at Eo = 10 MeV to 7.41 x 1072 y-rays per a at Eq = 5.6 MeV.




The NaF target peak at 3880 keV, attributed to both the **Na(a, n)?Mg 5690 — 1809 keV and 1°F(a, p)22Ne
5147 — 1274 keV transition, was excluded. The target yield for this peak ranged from 1 x 107% y-rays per
a-particle at 10 MeV to 2 x 10™7 at 7 MeV. The 2130 keV peak in the NaF target also was excluded. Both the
*Na(a,n)?6Af 2545 — 417 keV and the 2®Na(a, p)?6Mg 3941 — 1809 keV transitions could equally contribute
to the yield. A target yield of between 3.62 x 1078 and 1.3 x 10~ 4-rays per o from this transition was observed
between a-particle energies of 5.6 and 10 MeV.

In the Mg target, a peak at 3936 keV attributed to the 2>Mg(a, p)28A¢ 3936 — 0 keV and 2°Mg(a, p)2°A¢
3935 — 0 keV transitions was excluded from the tables. This peak was observed at E, = 10 through 7.7 MeV
with a yield of 4.98 x 10~7 to 4.01 x 108 y-rays per o, respectively. A peak at 3255 keV attributed to the
*5Mg(a, p)?8AL 3296 — 31 keV and 26Mg(a, 7)?9Si 5285 — 2028 keV transitions observed at energies of 10 MeV
through 7.0 MeV, with yields ranging between 3.15 x 10~7 and 1.90 x 10~8 4-rays per a was also excluded. Due
to the relatively few y-rays observed for the 2Mg(e, p) reaction, these two exclusions may account for as much
as half the y-ray intensity from the 28A¢ residual nucleus.

Only a few uniquely determined (a, ') transitions were identified. The 1°F(a, o’) 2780 — 197 keV transition
had measured yields of (2.48 +0.14) - 1078, (6.64 £ 0.93) - 10~°, and (3.58 & 0.22) - 10~% y-rays per o at E, =
10, 8.8 and 7.7 MeV, respectively. The >Mg{a, a’) 2738 — 0 and 27Af(c, o’) 3680 — 844 keV transition yield
for E, = 10 MeV was (1.65+0.41)- 1075 and (6.18 £ 2.31) - 107 y-rays per a respectively.

No table has been provided for the single 4439 keV ~-ray observed from Be. Be yields reported previously
(1] are due to this transition alone, and are not repeated here.

Only two excitations were observed for the 1!B{a, p)!*C reaction, and both of these occurred only for F, =
10 MeV. At this a-particle energy, the 6728 — 0 keV yield was (2.64 £ 0.27) - 10=7 ~-rays per a and the
6094 — 0 keV yield was (1.07 £ 0.06) - 10~° 5-rays per a.

Only the 4439 — 0 keV transition y-ray was observed from the °B(a, d)'2C reaction. The transition yields
were (1.11 & 0.08) - 10~°, (2.09 £ 0.29) - 10~°, (1.06 £ 0.05) - 105, (6.00 & 0.44) - 10~7, (1.77 + 0.09) - 10~7,
(4.97 £ 0.49) - 1078 v-rays per « for E, = 10, 8.8, 7.7, 7.0, 6.3 and 5.6 MeV, respectively.

Contamination of the 2313 keV level from the !B(a, n)!*N reaction by the !*N(a, a’) reaction was accounted
for using inelastic scattering cross sections reported by Dyer et al. {7]. The (a,o’) thick-target yield per « for
this y-ray was 3.01 x 107% at E, = 10 MeV, 9.12x 10-7 at E, = 8.8 MeV, and 1.06 x 10~7 at E, = 7.7 MeV,
respectively, with associated uncertainties of 10%. At 10 MeV, the (o, a’) reaction accounted for 13% of the
combined yield, and at 7.7 MeV accounted for less than 3%.

Only two *N(a, )70 transition yields were determined in this study. The 3841 — 0 keV transition had
measured yield intensities at E, = 10 and 8.8 MeV of (4.71 £ 0.22) - 10~% and (1.35 % 0.36) - 10~7 ~-rays
per a, respectively, and the 3055 — 871 keV transition had measured yield at £, = 10, 8.8 and 7.7 MeV of
(2.09+0.38) - 107%, (5.22 4+ 1.03) - 107 and (2.42+ 0.18) - 107 ~-rays per a, respectively.

The °F(a,p)??Ne 6115 — 1274 keV transition was contaminated by the ?3Na(a, n)26Mg 4834 — 0 keV
transition at E, = 10 and 8.8 MeV, conservatively estimated at 20% from neighboring level populations and
lower a-particle energy behavior. The total yield at these energies has been attributed to the 6115 — 1274 keV
transition, with an additional 20% uncertainty. No yield for the 4834 — 0 keV transition in the 10 and 8.8 MeV
E runs has been assigned, while at lower energies reaction kinematics permitted both transitions to be resolved.

The '°F(a,n)??Na 3519 — 0 keV yield was separated from the *Na(a,n)?A¢ 3508 — 0 keV yield using
level lifetime information. The 3519 keV level in 22Na has a lifetime of 0.6 ps, which is also the same order as the
stopping time (0.5 ps [8]) for an ion in the target, while the 3508 keV level in 26 A¢ has a much shorter lifetime
of 0.02 fs. The sharp, fully Doppler-shifted 3508 keV v-ray peak on top of the extended broad 3519 keV peak
was isolated and subtracted from the total area. An additional uncertainty of 20% was assigned to both yields
to reflect the observed area ratio fluctuation between detectors.

This procedure was also used to separate the sharp peak of the long lived °F(a,n)??Na 2571 — 0 keV
transition from the broad °F(a, ') 2780 — 197 keV transition. Again, an area ratio fluctuation contributed
an additional 20% uncertainty to these yield determinations.

In the forward angle detector of the E, = 10 MeV run, the 2*Na(a, p)?6Mg 5715 — 2938 keV transition was
contaminated by the pulser peak. The separation of pulser and transition areas resulted in a large statistical
uncertainty of 85% for the forward detector y-ray peak area.

The level branching ratios determined from these yields are in agreement with published values [2, 3, 4] within
statistical uncertainty, with the sole exception being the decay of the 4895 keV level from the 2Mg(a, p)?°Si
reaction. The published branching ratios indicate that transitions to the ground state and first excited state decay




in a ratio of 1:3.1, with a 16% uncertainty. The measurements reported here indicate a stronger ground state
transition leading to ratios between 1:1.6 to 1:0.82, and exclude the published value at the 1o level of statistical
uncertainty (20%). This behavior was attributed to some unidentified contamination of the weak ground state
transition.

4 Statistical Nuclear Reaction Calculations

The results presented above allow an evaluation of statistical nuclear reaction models for these light nuclei.
Statistical compound nuclear model reaction cross sections have been calculated and integrated with stopping
powers [9] to provide estimates of the thick-target yield for excitations of the residual nucleus, which were
compared to experimental values.

The statistical model of nuclear reactions is based on the assumption that all reactions proceed via the
formation of a compound nucleus which then decays through all energetically possible channels. The excitation
of the compound nucleus is assumed to be such that individual levels strongly overlap so that the decay is
independent of the detailed level structure. The reaction cross sections calculation separates into two steps: the
calculation of the cross section for forming the compound nucleus, and the calculation of the branching ratios
for the decay of the nucleus by the various channels. The absorption cross section is typically obtained from
solutions of the optical potential for the appropriate incident particle. The channel decay probability can be
found by combining absorption cross sections and the density of nuclear states using the principle of detailed
balance to obtain the inverse absorption cross section from these components. Through an extension of this
principle, the excitation probability of a particular energy region in the residual nuclei was estimated.

Two types of absorption cross section sources were used in this study. The first source was a parameteriz-
ation of optical model total absorption cross section results {10, 11, 12] by Chatterjee, Murphy and Gupta [13].
The second source was derived from distorted-wave Born approximation (DWBA) solutions of the wavefunc-
tion provided by the Oxford computer code DSTWAV [14] using two different parameterizations of the optical
potential. One set of potentials was taken from global parameterizations where the potential was treated as a
smooth function of atomic number, mass and particle energy; the other set was derived from parameters obtained
from phenomenological fits to experimental data for individual nuclei{15]. Both types of potential were used in
statistical model calculations to provide a detailed comparison with experimental results for the 2°Mg(a, n)?%Si,
26Mg(a, 2)?°Si, and 27A¢(«a, p)3°Si reactions.

4.1 Optical Potentials

A number of studies have established global optical potential parameters for neutrons and protons. The most
recent studies by Becchetti and Greenlees [16] and Varner, Clegg, McAbee and Thompson [17] indicate a de-
pendence of the potential depths on both particle energy and nuclear isospin for nuclei with mass numbers of 40
and greater. Below this mass range, and at low incident energies, non-systematic nuclear structure effects cause
departures from this smooth behavior and complicate the use of a global parameterization for these nuclei.

Some global parameterizations applicable to the low energy and medium mass range have been developed.
In this investigation, a potential presented in a study of medium mass nuclei by Alexander et al. [18] was used,
to which the spin-orbit potential of Varner et al. [17] was added. The global parameterization for low energy
protons suggested by Perey and Perey [15, 19] and applicable down to a mass number of ~30 was used. Both
potentials were derived from the scattering data tabulated in [15].

Although many investigations have attempted to parameterize the optical potential for a-particles, consistent
systematic potentials have not been found [15]. The low energy behavior has not been well established due
to the predominance of Coulomb scattering below 20 MeV. McFadden and Satchler [20] were unable to find a
reasonable mass parameterization of the potential in their study of 24.7 MeV a-particles for elements ranging
from oxygen to uranium. In the present study, the average values suggested by McFadden and Satchler were
used for all nuclei, and no energy dependence has been introduced in the potential parameters.

Phenomenological potentials [15] were linearly extrapolated to unstable nuclei using the isospin dependence
of Varner. The energy dependence of Varner also was added to both neutron and proton potentials. No 1sospin
extrapolation or energy dependence was used in determining the phenomenological a-particle potentials.




4.2 Level Density

It has been established that the constant temperature and Bethe equations [21, 22, 23, 24] provide a good
description of nuclear level densities. This study used the level density parameters of Gilbert and Cameron
[21, 22] which were found to agree with the observed level structure, except in the case of 28A¢, where the
level density of von Egidy [23] provided a substantially better agreement with the established structure. The
effect of discrete levels was investigated by adding steps and discontinuities to the level density in order to more
closely reproduce the observed level structure. Calculations using these discontinuous level density functions are
referred to by the term “modified level density”.

4.3 Reaction Cross Section Calculations

In calculating the reaction cross section in the compound nucleus formalism, both the compound nucleus forma-
tion probability and the channel decay probability are required. The level density parameterization used in this
study makes no distinction between positive and negative parity states, and so the cross section, o, for forming
a compound nucleus of spin J from a target nucleus with spin J, is given by

J+Jo :
B 2J +1
= 2, ey )

The channel decay probability is related to the probability of the reverse reaction through the principle of
detailed balance. For a compound nucleus C with excitation energy Eo and spin J that can decay into the
residual nucleus B with excitation energy and spin E, Ji and particle b with kinetic energy and total angular
momentum ¢, j, the channel decay probability W,.;;,, is
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where for clarity the angular momentum labels for the cross section have been condensed into the particle labels
C, band B. In this case the term p; is the density of states for the compound nucleus and p; is the product of the
density of states for the particle b and residual nucleus B, integrated under the restriction of energy conservation.
The density of states for & is that of a free particle with velocity vy, while for B it is the level density discussed
previously. The transition probability is
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which together with equation (1) provides the reaction cross section through a compound nuclear spin channel
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where ¢ is the kinetic energy of the emitted particle b and m, is its mass. In this equation the total decay
probability has been normalized to unity to remove the dependence on the compound nucleus density of states.
The integration occurs over the entire range of valid residual excitation energies between 0 and Eg, with ¢ =
Er — E, while the normalization sums over all compound nucleus decay channels with spin J. The cross section
into a residual nucleus excitation energy range between E; and F» was found by substituting these values for
the integration limits 0 and Eg in the numerator of equation (4), and summing over all spin contributions (!, J,
j and Jp) to this energy range.

In the parameterized and spin-independent calculations, only total absorption cross sections and level densities
were used, and the total reaction cross section reduced to the same form of equation (4) without the dependence
on j and j'. The upper limit of each integration was taken as the kinematic limit for each reaction product.
Unrealistically large neutron cross sections at energies close to zero were avoided by adopting a low energy
behavior described by

O'n(f) = O’n(fcut) (Ec:t)llz (5)

(1}




below a suitable cut-off energy e.,:. The sensitivity of the calculation to €.,: was estimated by varying €c,: In
the calculation between 0.1 and 1 MeV, which produced changes in the calculated cross section on the order of
5%.

A large fraction of the a-particle absorption cross section occurs for high spin levels in the compound nucleus
which are not experimentally observed [28]. Such high spin levels primarily contribute to the elastic scattering
of the a-particle. This component of the cross section was removed by truncating the sum over J at the highest
observed level spin near 8 MeV excitation in the compound nucleus, which is equivalent to restricting the sum
over J to the first 5 or 6 lowest spins of the compound system.

The effects of the different data sources and approximations are illustrated in Fig. 2, which compares the
published experimental total thick-target neutron yield [25, 26], for the 2?A¢(a, n) reaction to calculated values.
In the first level of approximation, the angular momentum coupling of the cross sections was ignored. Within
this approximation, three different sets of cross sections were used: the parameterization of Chatterjee et al. [13],
the results from optical calculations using the phenomenological potentials, and the optical calculation using the
global potentials. Each of these cross section sets over-estimates the total thick-target neutron yield by as much
as a factor of five. Introducing proper spin-coupling improved the overall agreement by almost 50% for both
sets of optical potential cross sections, with approximately half the difference resulting from the restriction of the
compound nuclear spin. These results are similar to those from the Hauser-Feshbach calculations of Woosley et
al. [27], which differs primarily in its treatment of discrete levels. Both calculations reproduce the total neutron
yield to within the same accuracy and agree with the experimental yield to within 50% over most of the energy
range.

5 Theoretical Comparisons

Although the condition of overlapping compound nuclear states is met at the highest a-particle energy investig-
ated, it is less clear whether the overlap is sufficient at lower energies to justify a simple statistical treatment of
the reaction process. These calculations apply to the average behavior of the residual nucleus; as such, the exper-
imental results to which these calculations are compared should sample many levels to reflect a configuration-
averaged behavior. At low excitation energies, this average behavior is generally difficult to establish because of
the low level density near the ground state.

The thick-target high energy nuclear excitation from 10 MeV a-particles, characterized by the level population
distribution for residual nuclei of 28Si, 2°Si and 3°Si is used to assess the level of agreement obtained when a large
overlap of compound nuclear states exists. The theoretical and experimental population distributions dependence
on a-particle energy are then examined for features which may signal the breakdown of statistical behavior
and indicate a limitation to these calculations. Finally, theoretical and experimental direct production v-ray
distributions from a-particles are compared in order to assess the reliability with which theoretical calculations
can be used in y-ray background determinations.

5.1 Excitation of the Residual Nucleus

The direct population distribution for 2829305 was obtained using the measured yields in Tables 8, 10 and 13,
respectively, and the known decay schemes to deduce the population of as many levels in the residual nucleus as
possible. The results for E, = 10 MeV are shown in Fig. 3 summed into 1 MeV bins. The inclusion of allowed
but unobserved levels would not significantly change the deduced distributions except where noted below.

The E, = 10 MeV population distribution for 22Si is shown in Fig. 3(a). The 2*Mg(a, n) reaction populating
this nucleus has one of the largest @Q-values (2654 keV) of the reactions studied here, and correspondingly
produced the highest energy excitation observed in a residual nucleus. This nucleus has only three excited states
below 5 MeV. The absence of a nuclear level between 5§ and 6 MeV gives rise to an empty bin in this energy
range. The population of the other bins was fixed by three to six levels each. The largest number of unobserved
levels occurred in the 9 to 10 MeV bin, and could increase this population by as much as a factor of two.

The measured population distribution for °Si is shown in Fig. 3(b). This nucleus contains five excited states
below 4 MeV, two of which (between 3 and 4 MeV) decay through a vy-ray cascade below the energy cut-off of
this study. As a result, no determination of the population distribution below 4 MeV could be made, and we
have restricted our characterization to energies above this. The population distribution was determined from a
sample of five levels in each of the 4 to 5 MeV and 6 to 7 MeV range, and two levels in each of the remaining




bins. The majority of undetermined level populations falls between 6 and 8 MeV, and could account for a factor
of two increase in the 6 to 7 MeV population and a factor of 3 to 4 in the 7 to 8§ MeV bin, assuming average
populations for these levels.

The population distribution for 3°Si is shown in Fig. 3(c). This nucleus has six levels below 5 MeV, five
of which decay primarily through the emission of y-rays with energies of 2 MeV or greater. This nucleus con-
tained the smallest number of undetermined level populations of those studied, and provided the most complete
determination of the population distribution. Above an excitation of 5 MeV, the population in each bin was
determined by at least 5 levels. The population of the 4 to 5 MeV bin was determined by only 2 levels. Levels
with an undetermined population would increase no bin by more than 20% for an average estimated population.

In addition to the experimentally deduced population distribution, a set of statistical model calculations
of the population distribution is shown in each figure. Each calculation, except for those using a modified
level density, follows a smooth curve with excitation energy. Most calculations are well within a factor of two
of the experimental measurements for these high energy excitations. Generally, the parameterized calculation
predicts the largest populations. A somewhat better agreement with experiment was obtained in the spin-
independent calculations by using global potential DWBA cross sections. A further improvement of about 15%
occurred when spin coupling was properly accounted for. The modified level density calculation, employing the
same cross sections reproduced some of the measured structure and generally achieved the best agreement with
experimental results.

The results using the “phenomenological” potential DWBA calculations did not improve agreement with
experiment. A larger variation of optical potential parameters with mass [16, 17] was anticipated for these light
nuclei; this variation was expected to be followed more closely by experimental parameterizations of individual
nuclei than by global potentials. However, the phenomenological potential calculations provided no improvement
over the global potential ones, and in some cases were in considerably poorer agreement. In part this disagreement
may have arisen from the extrapolation of the required optical potential parameters to unstable nuclei and
different particle energies using the general trends established by the global potential, as well from inconsistencies
between potential parameterizations of various research groups.

The calculations over-estimate the population distributions within 2 MeV of the maximum excitation energy.
This is likely due to the compound-elastic component of the neutron and proton absorption cross sections. The
compound-elastic component of the cross section can be ignored at incident energies where a large number of
decay channels are available [28], but at low energies where only a few exit channels exist, this channel can
account for a large fraction of the reaction cross section. In calculating the inverse reaction, these low incident
energies correspond to the emission of low energy particles and consequently high energy excitations of the
residual nucleus.

At low excitation energies, not shown in these figures, the statistical model calculations fall below the meas-
ured population by a factor of two to four. In part this under-estimate was corrected by the use of the modified
level density in the calculation, which moved some strength to these lower energy regions. In most cases these low
excitation energy populations were dominated by one or two levels, and as such were sensitive to non-statistical
effects. As a result, these levels are considered to be inaccurately described by these calculations, and are not
consider further.

5.2 Mean Excitation

The above discussion of the excitation distribution indicates an agreement between theory and measurement at
E, = 10 MeV, with differences reflecting difficulties in the statistical characterization of experimental results
rather than a breakdown in the theoretical model. In this section the behavior at lower o-particle energies is
explored through the mean excitation energy of the residual nucleus.

The experimentally determined mean excitation curves for 28Si, 2°Si and 3°Si in Fig. 4 were calculated from
a population-weighted sum of the level energies. The theoretical mean was similarly obtained by treating the
population of each bin as a single level at the bin center. Theoretical calculations exhibited a similar energy
dependence largely independent of data source, and so only those using the global optical potential cross section
are shown in Fig. 3.

Additional adjustments were required in the calculation of the experimental data mean. In order to avoid
distortions, the populations of levels missing due to spectrum interference were excluded from the calculation.
Low energy bins containing only one or two levels have been excluded through a low energy cut-off to avoid




non-statistical effects. Because of these adjustments, the calculations do not provide a true mean, but rather
a sampling of the excitation which nevertheless should reflect the behavior of the true mean. Therefore, the
comparison between theory and experiment focuses more on the slope rather than the absolute magnitude of the
calculated mean. The adjusted uncertainty in the mean is due solely to statistical uncertainties.

The calculation of the mean excitation for 28Si, shown in Fig. 4(b), utilized the measured excitations of levels
above 5 MeV. The same level energy cut was used for the evaluation of the theoretical mean excitations. However,
the selection of this energy cut has probably accentuated the effect of the discrete level structure by including an
experimental bin in which no excitations are possible. The experimental points show a monotonically increasing
mean excitation energy with a-particle energy. Levels with unknown populations can only significantly affect
the E, = 10 and 8.8 MeV mean excitations, increasing the mean excitation energy by no more than 150 keV
and 50 keV, respectively, for average populations of each level. Such an effect would not significantly change
Fig. 4(b).

The behavior of the mean excitation energy is fairly well reproduced by the calculations. The calculation
using the modified density shows a significantly higher mean energy due to the absence of an excitation in the 5
to 6 MeV bin, and is in significantly better agreement with experiment than calculations using a purely statistical
level density. This illustrates the importance of using realistic level densities in such calculations. The slight
deviation of the mean between E, = 7 and 7.7 MeV from a smooth behavior appears to be more likely caused
by an uneven distribution of levels within the lowest energy bin than by a breakdown of the statistical nuclear
model. Only three level were populated between 5 and 6 MeV, with two strongly populated levels near 6.9 MeV,
and one near 6.3 MeV. At low a-particle energies, this bin accounts for most of the observed excitation and the
distribution of levels could account for the observed behavior.

The behaviour of the mean excitation energy in 2°Si is shown in Fig. 4(c). Here, an energy cut of 4 MeV
was used. The mean at E, = 5.6 MeV is not shown because only a single level was populated. All other points
used at least 5 levels to determine the mean.

The experimental mean excitation exhibits a weaker dependence on E, than that predicted by the calculations.
This could indicate unobserved levels. For E, = 10 MeV, there are 14 levels between 6 and 8 MeV with unknown
populations. Assigning an average excitation for these levels would increase the mean excitation energy at
10 MeV by 300 keV. Similarly, an unobserved population of levels close to the highest determined excitation in
the 8.8 MeV run would significantly increase this mean excitation energy. These considerations indicate that the
difference between the theoretical and experimental energy dependence cannot be attributed with certainty to a
breakdown of the statistical model, and suggest that a more complete excitation measurement for this nucleus
may indeed be consistent with the statistical compound nuclear model.

The mean excitation of 3°Si, shown in Fig. 4(c), used an energy cut of 5 MeV to avoid distortions from two
strongly populated levels at 4809 and 4831 keV. The population of the 5231 keV level which is known only below
E, = 7.7 MeV was excluded from the calculation of the mean excitation, to allow an appropriate comparison of
run results.

A total of 8 undetermined level populations were excluded from the mean excitation energy determination
at 10 MeV. At 7.7 and 8.8 MeV there were only 6 undetermined levels and below this energy only 3 levels
had unknown excitations. In all cases the measured excitations comprised the majority of all known levels, and
so provided a reasonable sample of the excitation of the 3°Si nucleus. Population of these missing levels would
increase the measured results by less than 40 keV at all a-particle energies.

The theoretical calculations for 3°Si predicted an a-particle energy dependence which was consistent with
experiment. Each calculation resulted in roughly the same slope and behavior, with somewhat shallower slopes
being produced by the propetly spin-coupled calculations.

5.3 a-Induced y-Ray Yields from Materials

The statistical model has been used to generate y-ray spectra resulting from a-particle irradiation within a
composite material of light elements containing trace contaminations of uranium and thorium (30, 31]. The
present calculations have also been used for this purpose, and provide a separate assessment of the accuracy of
the statistical compound nuclear model for light elements. Such a comparison can be particularly useful in the
understanding the nature of backgrounds in low background experiments.

Fig. 5 shows the calculated y-ray spectrum for granite, a common host rock for several low-background
laboratories, for a trace thorium mass fraction which is five times that of the uranium mass fraction. The




theoretical spectrum of Pomansky [29] for the direct production of y-rays through the (a, nvy) and (a, py) reactions
in granite is also shown, along with theoretical calculations using global potentials with full spin coupling. Both
experimental and theoretical yields fall considerably below those reported by Pomansky using the calculations
of Glotov [29, 30, 31].

The theoretical spectra from the present calculation also contained only (o, py) and (e, ny) reaction yields.
The excitation distribution for each residual nucleus was converted into a y-ray spectrum by convolving these
with the average y-ray cascade from the known decay schemes of all the levels within each 1 MeV excitation bin.
The calculation for bins corresponding to levels without known decay schemes were assumed to produce a single
y-ray by decay to the ground state. The spectrum for an individual element was constructed by adding together
the individual y-ray spectra, weighted by the target nucleus isotopic abundance. To obtain the full spectrum,
the elemental contributions were then summed, weighted by their respective stopping powers as described in [1].

The theoretical y-ray spectra calculations using global potentials, shown in Fig. 5, reproduce the gross shape of
the spectrum constructed from the transition measurements of this study [1], and share similar overall features,
except within 2 MeV of the maximum energy. The gross structure is largely determined by the excitation
distribution of the residual nuclei, while departures from general trends are largely determined by details of the
de-excitation y-ray cascade. The spin-independent (not shown in Fig. 5) and fully spin coupled calculations
produced similar spectra, with differences being less than 15%. The best agreement with measurement was
obtained for the “global, modified density” calculation which used full spin-coupling, agreeing to within a factor
of two over most of the vy-ray energy range. They also provide an order of magnitude improvement in agreement
with measurement compared with the results of Pomansky and Glotov. This difference appears to arise from
their use of experimental 2*Mg(e, n) yields [1, 30] to determine the 27A¢(a, p) and **Na(e, p) reaction rates. The
calculation of these (a,p) reactions from {a, n) measurements require corrections for Coulomb barrier effects
which are sensitive to spin-coupling. Also, Pomansky and Glotov made several simplifying approximations to
produce conservative over-estimates of the y-ray background.

6 Conclusions

We conclude that a simple calculation using the parameterized cross sections of Chatterjee et al. can predict
the gross excitation population distribution of the residual nucleus to within a factor of two in the A = 20 to 30
mass region. A 50% improvement in the calculation can be obtained by using DWBA cross sections. Only a
slight improvement is obtained by the proper treatment of spin-coupling, and no improvement in agreement with
measured populations is obtained by using phenomenological potentials. We also find that it is important to use
a level density which accurately reflects the low energy level structure of the residual nucleus. Such a treatment
is most similar to Hauser-Feshbach calculations which have been used by a number of researchers to determine
reaction rates in heavier nuclei than considered here. Such calculations by Woosley et al. (see Fig. 2) typically
achieve agreement with measured yields within a factor of two, accuracy similar to that of our own calculations.
A Hauser-Feshbach calculation for the reactions considered here could anticipate improvement due to a proper
handling of level parities, and would be expected have a larger effect on the low energy populations, which tend
to exhibit a parity bias, than at high energies. More significant improvements may be possible through a careful
treatment of the compound-elastic component of the cross section. Such a calculation would be expected to
significantly improve the agreement within 2 MeV of the maximum excitation energy.

No evidence for significant deviation in measured behavior from statistical model predictions has been found.
All statistical model calculations produced similar mean excitation energy curves for each nucleus which was
largely followed by the experimental measurements.
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Figure 1: +v-ray spectra for E, = 10 MeV. Prominent peaks are labelled. Escape peaks have been indicated

” 3
£ 10°
°
D 3
1 L
R/ 4,
S B .
1a,q,, Yo, Yo %
10’ Ve VY Ty,
E ’1\79‘0 9, o 0
t ~0, ™ /.
100;_- % (1 0
10-1 1. 1 1
4000 5000 6000 7000 8000
y-Ray Energy (keV)
7 Mg target
2
=
E}
[+
o
4000 6000 8000 10000
y-Ray Energy (keV)
e Si target
10%¢ T . —
2
c
E
=]
o

BN target

6000

5000
y-Ray Energy (keV)

only in instances where they have been used in the yield calculation.

11




1 O T T T ¥ I LIRS | v ¥ ' T 1 L T 1 LI L ) ] I 1 1 T T

=
o
-
-
-

-5
10
(o
e
()
Q.
L
2 :
>~ . 6
10 "k E
¥ — published yield ]
-- Woosley et al ]
- parameterized )
L global spin indep.
! phen., J, £ 11/2 i
. global JC < 11/2

10" TR R R
) 6 7 8 9 10

a—Particle Energy (MeV)

Figure 2: Theoretical 27 A¢ thick-target neutron yields. The curve marked “published yields” indicates a com-
posite of measured total neutron yields [25, 26].

12




Pop. Density (107% MeV™! per a)

2.0 — . — 4

T T i — 1 M M T T 1 M
+ (a) — g experimental results 3 3 (b) —Bg; experimental results
3 -- parameterized o 3 ]- -- parameterized
-- global, spin independent ) -- global, spin independent
L - phenomenological a. l ----- phenomenological
15+ - - global - 3tk -~ global
L .- global, modified density l> -+ global, modified density
---------------------- I s
,,,,,,,,,, -y =
._\L °
f
o
o
Al
>
=
K7
=}
[
a
. o
Lo o s
0.0 o 1 i 1 A 0 1 1
5 6 7 8 9 10 4 5 6 7 8

Excitation Energy (MeV)

(c)

—
(o]

— %54 experimental results

-- parameterized

--- global, spin independent

+ - phenormenological

-~ global :

.- global, modified density x
b 1 i3 1

5 6 7 8 9
Excitation Energy (MeV)

o
3]

Pop. Density (10™° MeV™! per a)

o
o]

N

Figure 3: The E, = 10 MeV excitation population distribution of (a) ?8Si from the 2Mg(a, n) reaction, (b) 2°Si
from the 2Mg(a, n) reaction and (c) 3°Si from the 2?A¢(a, p) reaction. The deduced population distribution is
shown by the histogram, with the error bars reflecting experimental uncertainties. The broken lines show the
predicted populations from the statistical model, using the spin independent and spin-coupled calculations.

13




Mean Excitation (MeV)

@
o

28, T ML 1 1
[ © T Si experimental resuits
r — global
F-- global, modified density
75F
7.0+
6.5 3
6.0
L - 1 1 )

Mean Excitation (MeV)

5 6 7 8 9
a—Particle Energy (MeV)

Figure 4: Mean excitation of (a) 28Si from the 2°Mg(a, n) reaction, (b) 2°Si from the 2Mg(a, n) reaction, and

(c) 3°Si from the 2?Af(a, p) reaction.

10

Mean Excitation (MeV)

! cT aSi expetlirr;en;.alfr;su{u' ' -
— global
[ -~ global, modified density
55}
5.0
4.5F %
% (b)
6 7 8 9 10
a-Particle Energy (MeV)
6-6 30, 1 T T T T
© 7Si experimental results
— global
6.4 |- global. modified density -
6.2}
6.0}
5.8}
56f
5.4

14

7
a-Particle En

8 9
ergy (MeV)




!
1

LR SR BLAL |l.
1 IIIIIII

(o)
o
o

LI lllll'
oL
e | lIIlll

H
7’

.......
....

E E
: -5 ’-‘.\'. :
: _ =~ "\‘ ' :
1 - R TTTTT |
- F—-> .o ]
i .\ 1 -
o i -‘:_\' : -
W]
107 F— present results 3
- -- Pomansky (theoretical) S

--- global

----- lobal, mod. densit -—I—
10_1 L gl L 1 L 1 1 |y 1 1 1 | ' . N

2 4 6 8 10
v—Ray Energy (MeV)

Figure 5: The direct o-induced 4-ray spectrum in granite. The solid curve labelled “present result” was
constructed from measurements of the y-ray The dotted and dot-dashed lines show the results of theoretical
calculations using global potentials. The broken-line histogram shows the calculations of Pomansky.




Table 1: Thick-Target y-Ray Yields from the °B(q, p)'3C Reaction in Boron (quanta per o)

Transition a-Particle Energy (MeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6
385450 (3854) 253L0.14(—6) 1.49%0.21(-6) 8.39%031(—7) 7.36%054(—7) 655%0.27(—7) 5.15%0.25(~7)
368430 (3684) 6.90+0.29(—6) 4.12+0.57(—6) 2.71£0.13(—6) 2.26%0.16(—=6) 2.01+0.09(—6) 1.39 £ 0.07(-6)

3089 — 0 (3089) 1.62+ 0.23(~6) 6.67+0.97(-7) 4.16£0.23(-7) 3.54+0.39(-7) 3.13+0.30(~-7) 2.23£0.13(-7)

Table 2: Thick-Target v-Ray Yields from the }!B(c, n)!*N Reaction in Boron (quanta per «)
o-Particle Energy (MeV})
7 7.0

10.0

8.8

7.7

Transition
(keV)
6446 — 0 (6446)
6203 = 0 (6203)
5834 = 0 (5834)
5691 —+ 0 (5691)
5106 — 0 (5106)
4915 - 0 (4915)
3948 —+ 0 (3948)
5691 — 2313 (3378)
5106 — 2313 (2793)
6446 — 3948  (2498)
23132 0 (2313)

Table 3: Thick-Target y-Ray Yields per a from the !°F(a, n)??Na Reaction (quanta per a)

4.78 £ 0.36(-7)
1.31 4 0.36(—7)
1.06 & 0.05(—6)
9.64 % 0.63(-7)
7.77 £ 0.29(-6)
1.43 % 0.12(—6)
3.98 + 0.98(-7)
2.24 £ 0.12(-6)
2.22 £ 0.64(-6)1
9.22 £ 3.55(-8)
2.65+ 0.13(-5)

9.43 % 1.26(~7)
3.06 £ 0.52(—7)
3.08 £ 0.52(~7)

2.39+ 0.38(-7)

9.51 % 1.41(~6)

2.00 £ 0.09(—7)
9.54 & 1.00(—8)
1.16 £ 0.13(—7)

4.69 % 0.80(—8)

5.22 % 0.20(—6)

4.62+ 0.91(-8)

2.85 & 0.21(~6)

tyield contains additional uncertainty from adjustment or contamination

10.0

8.8

a-Particle Energy (MeV)

7.7

7.0

6.95  4.03(—9)

1.40 + 0.06(~6)

Transition
(keV)

5101 — 0 (5101)
5174 — 583  (4591)
4583 = 0 (4583)

4360 — 0} (4360)

5101 — 891} {(4210)

4622 — 6574 (3965)

4319 — 657 (3662)

351901 (3519)

3943 —» 657 (3286)

4524 -5 1528 T (2996)
3707 — 891  (2816)
4771 = 1952 (2819)

4622 — 1952 (2670)

4583 — 19521 (2631)

2571 =01 (2571)

4360 — 1952 (2408)

4296 — 1937 (2359)

3707 — 1528%

(2179)

1.63£0.79(—7)
7.81 % 1.45(=7)

2.54 % 0.68(—6
1.36 £ 0.80(—7
6.10 + 3.18(—7
9.29 + 2.74(—7
1.10 £ 0.23(—6)
2.03 + 0.26(—6)
5.42 & 2.10(—6)

4.61 % 0.36(—6)

9.13 + 3.83(-7)
6.03  6.32(-7)
6.43 + 2.01(—6)
1.08 £ 0.21(—6)
1.34 % 0.67(—6)
6.98 + 5.32(—7)

3.69 £ 0.95(—8)

1.85+0.10(=7)
2.48 + 0.53(-7)
4.75 £ 2.12(-7)

3.56 + 0.68(~7)

2.72 £ 0.68(—6)
1.56 + 0.36(~7)

1.67 £ 0.36(-7)

1.10 & 0.40(—8)

4.57 + 2.59(—8)

1.23£0.25(=7)

1.48 £ 0.34(~6)
4.66 + 1.50(—8)

5.80 £ 1.30(—8)

6.14 £ 1.74(—7)

tyield contains additional uncertainty from adjustment or contamination
1yield determined from deduced level population
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3.29 £ 0.80(~7)

7.89 4 0.41(-7)



Table 4: Thick-Target v-Ray Yields from the °F(«, p)?°Ne Reaction (quanta per «)
Transition a-Particle Energy (MeV)

{(keV) 10.0 8.8 7.7 7.0 6.3 5.6
7489 = 0 (7480)  1.87 £ 0.55(—7) = = - - =
7052 = 0 (7052) 9.43+ 7.93(—8) — — — — —
6853~ 0 (6853) 6.17+ 0.96(—7) — — — — —
6691 — 0 (6691) 3.94+1.27(-7) 9.31+2.01(—8) — — - —
7644 — 1274  (6369) 1.57+ 1.06(-T) — — — — —
7489 — 1274  (6214) 4.34+0.82(~7) — - — - —
6115 =0 (6115) 4.61%1.41(-7) — — —_ — —
7052 — 1274 (5777) 4.79+ 0.81(—~7) — — - — —
6904 — 1274 (5629) 1.64:+0.83(~7) — — — — —
6817 — 1274  (5542) 3.40+ 1.25(—7) 8.35+ 3.34(—8) — — - —
5365 — 0 (5365) 3.87+4.19(=7) 1.25+1.09(-7) 5.17+4.61(-7) 3.08+1.55(—8) 1.20+1.21(-8)} 8.82+9.05(—10)}
5326 — 0 (5326) 1.61+0.44(—6) 5.02£1.72(-7) 1.93+0.70(—7) 5.85%3.47(—-8) 2.34+1.26(—8)  7.63%1.98(-9)
6115 — 1274"  (4840) 1.87+0.41(—6) 6.41+1.62(-7) 1.50£0.19(—7) 4.70+1.36(—8) 1.27% 0.67(—8) 1.23 £ 1.67(-8)
5910 — 1274 (4635) 2.59+0.20(—6) 6.64+1.04(~7) 2.27+£0.22(=7) 5.83% 0.90(—8) — —
4457 = of (4457) 3.82+2.68(-7) 1.38+1.10(-7) 7.42+1.18(—-8) 5.76+2.28(—8) 1.62+0.36(-8)  5.35+ 1.27(-9)
5641 — 1274 (4367) 3.04%0.93(-6) 8.80%1.43(=7) 2.27+0.53(=7) 1.1830.22(-7) 1.89%4 0.36(-8) 2.21 £ 1.18(-9)
7721 — 3357+ (4364) 2.59 % 0.64(—6) — —_ — — —
5365 — 1274 (4090) 3.49+% 0.45(—6) 1.37+0.20(—-6) 5.92+0.42(-7) 3.06+0.29(—7) 1.10%0.08(-7) 7.90 % 1.55(-9)
5326 — 1274 (4052) 9.81+ 7.97(—-7) 2.68+0.53(—7) 1.05+0.16(-7) 3.0640.59(-8) 2.00+0.43(-8)  3.22+ 0.80(—9)
7341 —+ 3357  (3984) 4.59+ 4.97(-7) — — — - —
7721 — 4457 (3264) 5.85+ 1.06(-7) —_ _ — — —
4457 12741 (3182) 1.00+0.12(-5) 4.48+0.72(—6) 2.68+0.10(—6) 1.73+0.15(—6) 8.73+0.41(-7)  2.68+0.13(-7)
6311 — 33571 (2954) 3.67% 1.23(—6) — — — — —
5910 — 3357}  (2553) 1.854 0.94(—7) — — — — —
6817 — 4457 (2360) 2.17+ 0.83(-7) 5.33+ 2.22(—8) - — — —
5523 — 3357  (2166) 6.30+ 2.15(—6) 1.62+0.24(—6) 6.84+0.45(—7) 2.65+0.37(—7) 4.63+ 1.07(-8) -

tyield contains additional uncertainty from adjustment or contamination
iyield determined from deduced level population

Table 5: Thick-Target v-Ray Yields from the 2¥Na{a, n)?6A£ Reaction (quanta per a)

Transition a-Particle Energy (MeV)
(keV) 10.0 8.8 7.7 70 63 56
3922 5 0 (3922) 8.42%1.25(-7) — = — - =
3508 — 0 (3508) 9.92+1.85(-7) 1.16%0.26(—7) 3.64+209(-8) — — —
3403 = 0 (3403)  6.59+ 1.30(—7) 7.99 + 2.09(—8) — - - =
3403 — 4170 (2986) 1.0240.20(—6) 1.23 % 0.30(—7) — - - -
2661 — 417 (2244) 8.37£1.25(—=7) 1.80+0.42(~7) — - - -

!yield determined from deduced level population
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Table 6: Thick-Target v-Ray Yields from the 22Na(a, p)?Mg Reaction (quanta per a)
a-Particle Energy (MeV)

8.8

7.7

7.0

6.3

5.6

Transition
(keV) 10.0

6877 — 1809 (5069) 4.41 + 1.50(=7)
6745 — 1809 (4936) 3.83 + 0.87(—7)
4834 =01 (4834) —
433220 (4332) 5.49 £ 7.31(-7)
7100 - 2938 (4162) 9.59 % 1.70(~7)
6745 — 2938 (3807) 4.46 £ 1.16(=7)
6634 — 2938 (3696) 4.81 £ 1.68(—7)
5474 — 1809 (3665) 5.51 £ 2.84(=7)
4900 — 18097 (3092) 3.87 £ 1.94(—86)
4834 — 1809 ' (3026) —
2938 -+ 0 (2938) 5.17 £ 0.74(—6)
5715 — 2938t (2777) 2.57 % 1.75(=7)
5690 —» 29381  (2751) 9.94 £ 5.19(-7)

4350 — 1809  (2541)

4332 — 1809 (2524) 1.15 £ 0.07(—

4318 — 1809  (2510)
5291 — 2938 (2352) 1.44 £ 0.26(~—

828 % 2.07(—8)
3.87 + 3.13(-8)
1.05 + 0.30(=7)

6.77 £ 5.07(~8)
2.83+ 0.59(-7)
1.39 & 0.34(—6)
6.59 £ 0.97(-7)
1.20 £ 0.43(-7)
1.33£0.41(=7)

1.55 + 0.53(-8)
2.95 + 1.82(—8)
7.06 + 1.77(—8)

7.69 + 1.48(—8)
7.02 + 0.38(—7)
3.80 £ 0.38(—7)
6.95 + 2.75(—8)
6.39 + 2.84(-8)

2.23+ 1.30(-8)
5.27 £ 1.01(-8)

6.28 + 1.01(-8)
4,23+ 0.35(=7)
1.94 % 1.22(-8)
2.88 £ 0.37(-7)
1.84 + 0.85(-8)
2.18 % 1.42(-8)

1.10 £ 0.83(—8)
2.39+ 0.37(-8)

1.24 % 0.09(—7)
7.65 + 3.57(=9)
1.98+ 0.13(—7)

1.19+ 1.76(-9)
6.57 % 1.73(-9)

3.22 % 0.33(-8)

9.16 + 0.59(~8)

tyield contains additional uncertainty from adjustment or contamination

5)  4.68 % 0.69(~—

6) 3.491 0.60(—

6) 2.57 £0.25(—6)

7)  1.89+0.17(~7)

1.87 £ 0.19(—6)

1.34 + 0.36(—7)

Table 7: Thick-Target v-Ray Yields from the 2¢Mg(a, p)?” A¢ Reaction (quanta per a)

8.73 % 0.47(-7)

3.734 0.43(-8)

Transition a-Particle Energy (MeV)

(keV) 10.0 8.8 7.7 7.0 6.3 5.6
5438 5 0 (5438) 4.20 £ 3.86(—8) — = — = —
5156 = 0 (5156)  5.20 % 1.83(—8) — — — — —
4580 — 0 (4580) 4.42 4 0.82(=7) — — — — —
441050 (4410) 8.16 +5.42(—8) 6.32 % 2.82(~8) - — — —
3957 5 0 (3957)  5.06 % 0.87(-7) — — — — —
4410 - 1014} (3396) 4.92+3.26(—8) 7.31 % 3.96(—9) — — — —
3957 — 844 (3113)  4.33 4 1.53(—8) — — — — —
3004 — 0 (3004) 3.7240.69(—6) 6.09+ 0.86(~7) 2.92+0.15(-7) 5.07+0.62(—-8) 1.03%0.15(—8) 5.14%0.83(—-9)
2082 — ot (2982) 2.204+0.60(—6) 5.81% 1.18(—=7) 2.62+0.14(=7) 1.98+0.26(=8) 4.39+0.92(—9) 2.10+ 0.50(~9)
3957 — 1014 (2942) 5.68 + 2.72(—8) — — — — —
3680 — 844!  (2837) 3.67+1.51(~7) 5.66+ 2.07(=8) 1.61% 1.23(~8) — — —
2735 —+ 0 (2735)  1.03+0.47(—6) 3.56%0.54(—7) 1.20%0.11(~7) — - —
3680 — 1014 (2666) 2.27+0.52(—7) 3.50% 1.35(-8) 9.94+ 8.25(-9) — — —
4580 — 2211  (2369) 1.12+ 0.48(-7) — —_ — — —
4510 — 2211 (2299) 8.07 £ 1.62(=7) — — — — —
2211 = 0 (2211) 8.05+1.42(—6) 2.60+0.35(—6) 1.34£0.06(-6) 3.61%0.27(—7) 5.42£0.63(=8) 1.47+ 0.46(—8)

tyield contains additional uncertainty from adjustment or contamination

lyield determined from deduced level population
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3.51 + 0.18(-7)

5.26 + 1.88(—9)



Table 8: Thick-Target v-Ray Yields from the 2Mg(a, n)?5Si Reaction (quanta per a)
a-Particle Energy (MeV)

10.0

8.8

7.7

7.0

6.3

Transition
(keV)
9929 —+ O (9929)
9796 — 0 (9796)
9496 = 0 (9496)
9479 =+ 0 (9479)
8905 — 0 (8905)
8328 —+ 0 (8328)
8259 — 0 (8259)
9796 — 1779 (8017)
7933 — 0 (7933)
9382 — 1779 (7603)
7416 5 0 (7416)
7381 = 0 (7381)
6879 — 0 (6879)
8589 — 1779  (6810)
8413 — 1779  (6634)
8259 — 1779 (6480)
7799 — 1779 (6020)
7381 = 1779 (5602)
6888 — 1779 (5109)
6879 — 1779 (5100)
6276 — 1779 (4497)
8945 — 4618  (4327)
8413 — 46181  (3795)
4980 — 1779 (3201)
4618 — 1779 (2839)

9.62 £ 3.43(-9)
1.83  0.92(—8)

4.45 + 1.00(~8)

3.28 + 1.21(~8)
3.36 + 1.48(~8)
2.10 £ 0.92(—8)
1.59 % 0.88(—8)
1.49 + 0.29(~7)
5.53 + 3.62(—8)
2.73 4 0.71(-7)
1.10 + 0.99(-7)
5.39 + 0.93(—7)
9.06 % 2.15(—8)
1.51+ 0.31(=7)
8.57 + 2.91(-8)
1.74 + 0.36(~7)
1.51 + 0.43(—7)
7.79 + 1.40(-7)
2.10 £ 0.61(~7)
6.11 % 1.07(-7)
1.16 £ 0.24(=7)
1.89 + 0.41(-8)
4.22+0.76(-7)
2.21 + 0.39(—6)

8.61  2.97(-9)
1.03 £ 0.22(—8)

5.90 + 0.94(—8)
1.19 4+ 0.22(=7)
4.43% 1.12(-8)
2.49 % 0.36(—7)
2.18 % 0.72(-8)
2.28 + 1.06(-8)
3.174 0.71(-8)
6.56 £ 1.08(—8)
6.26 + 1.08(—8)
3.92+ 0.55(-7)
9.72 4 2.30(~7)
3.88 % 0.54(~7)

1.17 + 0.18(-7)
1.20 + 0.17(-6)

5.45 + 1.73(—9)
2.91 # 0.27(—8)
6.11 % 0.70(—8)
1.83 £ 0.29(—8)
1.38 % 0.09(=7)
6.00 =+ 3.54(—9)

2.28 £ 0.60(—8)
3.47 + 0.31(-8)
2.05 + 0.10(~7)
5.37 4 0.75(—8)
2.224 0.10(—7)

6.44 + 0.38(—8)
6.49 + 0.35(—7)

1.82£ 0.91(-9)

1.16 + 0.18(—8)
3.68 + 0.47(—8)
8.13 % 1.24(~9)
7.58 % 0.51(—8)

1.44+ 0.30(-8
2.21£0.22(-8
1.24 4+ 0.09(-7
2.96 + 0.44(~8
1.56 % 0.11(~7

4.42+ 0.39(—8)
4.58 & 0.31(=7)

Yyield determined from deduced level population

1.26 + 0.10(—8)
3.38 + 0.62(—9)
3.36 + 0.22(—8)

5.22 + 0.68(—9)
7.06 % 0.44(—8)
1.31 £ 0.22(-8)
8.36 + 0.50(—8)

3.41 % 0.22(-8)
2.94 £ 0.17(-7)

Table 9: Thick-Target v-Ray Yields from the 2>Mg(a, p)?®A¢ Reaction (quanta per «)

5.97 4 0.42(-9)

1.32 % 0.09(-8)
2.33+ 0.65(—9)
2.97 £ 0.18(-8)

1.62% 0.11{-8)
1.43 % 0.08(=7)

Transition a-Particle Energy (MeV)

(keV) 10.0 8.8 7.7 7.0 6.3 5.6
3591 = 0 (3591) 3.71+£1.53(—8) 2.07 £ 2.31(=3) — — = -
3465 — 0 (3465)  1.11+0.27(~7) — — — —_ —
3347 = 0 (3347)  1.11£0.26(-7) 2.59%0.90(~8) 1.62 £ 0.43(—8) - —_ —
2272 5 0 (2272) 4.06+0.88(~7) 1.29+0.20(~7) 6.20£0.79(-8) 3.10+0.46(~8) 1.37£0.55(-8) —
2201 311 (2171) — 1.66 +1.06(~8)  2.46 + 2.15(—8) — — —
2139 - 0 (2139) 569+ 2.78(~8) 3.66+ 1.23(~8) 1.64+0.69(—8) 9.63+3.99(-9) 8.04+4.33(=9) -
2139531  (2108) 1.69£0.78(-7) 4.76+1.96(—8) 1.81+0.40(—8) 1.25+0.39(—8) 6.28+3.68(—9) —

tyield contains additional uncertainty from adjustment or contamination
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Table 10: Thick-Target y-Ray Yields from the 26Mg(a, n)?°Si Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(keV) 10.0 8.8 7.7 7.0 6.3 5.6
7692 — 0 (7692)  2.73 % 1.50(—8) = = = — g
67150 (6715)  1.50+ 0.36(=7) - —_ — — —
6522 — 1273 (5249) 3.52+ 1.30(-8) - — — — —
7072 -» 2028  (5044)  6.19+ 2.74(—8) - — — — —
4935 > 0 (4935) 3.16+0.92(=7) 147£0.27(=7) 7.21+0.75(=8) 3.34+0.48(—8) 1.02+0.13(-8) —
4895 — 0 (4895) 1.54+ 0.46(—-7) 7.59+1.51(—8) 4.52+0.84(=8) 2.07+0.36(—8) 1.17+ 0.13(-8) —
4840 - 0 (4840) 1.39£0.34(-7) 1.21+0.19(-7) 4.99+0.45(—8) 2.94+0.27(—8) 5.81% 1.26(—9) —
5949 — 1273 (4676) 4.25+ 2.52(—=8) 1.64+0.99(=8) 9.95 + 4.01(—9) — — —
6194 ~ 2028  (4166) 1.91+0.46(-7) 3.97 + 1.07(—8) - — — —
6522 — 2426%  (4096)  2.69% 1.01(~8) — — — — —
6107 — 2028  (4079) 1.39+0.37(-7) 5.02+ 1.61(—8) — — — —
5813 — 2028 (3785) 1.10+ 0.30(—=7) 3.15+0.77(=8) 1.39 4 0.29(—8) — — —
6107 —» 2426  (3681) 6.63+ 1.81(—8)  2.84+ 1.65(—8) —_ — — —
4895 — 1273 (3622) 2.49+0.45(—7) 1.13+0.30(~7) 5.63+0.33(~8) 2.33+0.27(-8) 9.59+ 0.87(-9) —
4840 — 12731 (3567) — 2.26 + 0.86(—8) 1.09+0.27(-8) 6.73 % 2.49(-9) — —
5949 — 2426  (3523) 5.14+ 4.06(—8) 1.08+0.66(—8) 9.47 % 4.50(-9) — — —
5813 — 2426  (3387) 1.194+ 0.45(—-7) 1.86+ 1.56(—8) 1.22 + 0.39(—8) — — —
6781 — 3624  (3157) 6.74+ 1.81(—8) — - — — —
5949 — 3067 ! (2882) 5.05+ 2.59(—8) 1.59+0.73(—8) 1.15+0.37(—8) — —_ —
4895 — 2028 ¢ (2867) 8.84+1.92(-8) 5.11%1.18(—-8) 2.00 % 0.26(—8) — — —
4080 — 1273 (2807) T.61% 1.56(—7) 3.26+0.47(-7) 1.49+0.15(-7) 8.59+0.66(—8) 3.54%0.32(—-8) 5.88% 0.46(—9)
5813 — 3067  (2746) 2.29+ 0.61(-7)} 7.25+3.20(-8) 2.67+ 1.58(—8) — — —
4741 — 2028 (2713) 9.32+ 1.72(—=7) 2.69+0.39(-7) 1.49+0.10(-7) 6.94+0.62(—8) 2.10z% 0.23(~8) —
2426 —+ 0 (2426) 1.30£0.21(—6) 7.68+1.07(~7) 4.56£0.26(~7) 3.27+0.23(—7) 2.28+0.13(-7) 1.19£ 0.07(~7)

tyield contains additional uncertainty from adjustment or contamination
tyield determined from deduced level population

Table 11: Thick-Target v-Ray Yields from the 2°Mg(a, p)>°A¢ Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(keV) 10.0 8.8 7.7 7.0 63 56

2103 5 0 (4403) 2.40£0.77(=7) — — pu —

3641 =+ 01 (3641) — 1.72 £ 1.20(-8) — — —_ =

2866 — 01 (2866) 2.16 £ 1.43(=7) 1.11+0.54(~7) 4.52+2.13(-8)! 1.17£2.71(-8) — —

tyield contains additional uncertainty from adjustment or contamination
Table 12: Thick-Target v-Ray Yields from the 27 A¢(a, n)3°P Reaction (quanta per a)
Transition a-Particle Energy (MeV)

(keV) 100 8.8 7.7 7.0 63 56
5208 — 0 (5208) 4.33 % 1.44(-8) = — = I —
5208 — 709 (4499) 2.17+ 1.69(—8) — — — - -
4144 5 0 (4144) 4.01+0.92(-7) — — — S —
3734 5 0 (3734)  1.86+ 0.60(—6) — — — - -
3734+ 677 (3057) 1.37+ 0.85(—6) — — — - -
2938 — 0 (2938) 2.34+0.55(—7) 4.72+ 1.75(-8)  2.23+0.98(-8) 4.04%+2.98(-9) — —
2840 - 0 (2840) 4.52+0.98(-7) 1.33%0.39(-7)  7.31% 1.95(-8) — _ =
2724 0 (2724) 1.73+£0.34(~6)  6.48+1.09(—7)  2.84% 0.20(-7) 6.61%2.10(-8) — —
2539 — 0f (2539) 4.04+0.85(—6) 1.23+0.19(-6) 6.79+0.72(-7) 1.82%031(-7) — —
3929 — 1455  (2474) 2.51+ 1.02(=7) — _ — - —
3019 — 677  (2342) 8.73+1.88(—7) 211+ 0.68(~7) 9.61+2.15(-8) 1.26+1.41(-8) — —
3734 — 1455  (2279) 6.03+ 2.21(-7) — — — - —
2038 — 677  (2261) 5.51+ 2.57(=7) — — — S —
2840 — 709 (2131) 1.23+0.24(—6) 3.85+1.22(-7)} 1.31£0.37(-7) 4.55+1.73(-8) — —

tyield contains additional uncertainty from adjustment or contamination
!yield determined from deduced level population
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Table 13: Thick-Target 7-Ray Yields from the 27Af(a, p)3°Si Reaction (quanta per )

Transition o-Particle Energy (MeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6
8164 = 0 (8164) 2.99 £ 0.72(—8) — = = — =
7623 —+ 0 1 (7623) 2.23+1.00(—8) 3.74 £ 1.54(—9) — — — —
7255 — 0 (7255) 6.51+1.38(—8) 1.15+0.24(—8) 4.55+ 1.17(-9 — — -
6915 — 0 (6915) 1.854+0.35(-7) 3.65+0.53(—8) 1.43%0.14(— 8) 2.85 % 0.47(~9) — —
6744 0 (6744) 3.64£0.64(-7) 1.26+0.18(-7) 5.20+0.31(-8) 9.95+ 1.03(-9) - —
6537 = 0 (6537) 1.35£0.25(~7) 5.49+0.78(—8) 2.41+0.17(—8) 4.92+ 0.61(~9) — —
8330 — 2235  (6095) 3.72 £ 1.35(—8) — — — — —
8290 —+ 2235  (6055) 5.48 + 2.24(—8) — — — — —
8164 — 2235  (5929)
8155 — 2235  (5920) } 425+ 1.34(-8) - - - - -
8103 — 2235 (5868) 8.85 + 2.73(—8) — — — — —
7911 —+ 2235 (5676) 6.98 + 1.58(—8) — — — — —
7668 — 2235  (5433) 1.50+ 0.30(-7) 1.73+0.81(-8) — — — —
7623 — 2235  (5388) 1.16 £ 0.25(=7)  1.83 + 0.89(—8) — — — —
7508 —+ 2235 (5273) 1.59+0.30(-7) 1.75+0.38(—8) 5.13+1.30{-9) — — —
7255 — 2235 (5020) 7.48 £1.72(~8) 1.14+0.45(-8) 2.67 % 1.19(—9) — — —
7079 — 2235 (4844) 228+ 0.49(—7) 5.76+1.41(—8) 2.05 + 0.61(—8) — - —_—
4809 —» 0 (4809) 1.03+0.18(—6) 5.24£0.72(—7) 3.03%0.16(-7) 1.87+0.22(-7) 1.0740.05(~7) 4.07+ 0.21(~8)
8190 — 3498 (4692) 5.48 + 8.70(—8) - - — — —
6915 — 2235 (4680) 2.60+ 1.07(-7) 4.92+1.48(—8) 1.82+0.28(-8) 3.59 % 1.31(-9) — —
6865 — 2235  (4630) 454+ 0.97(~7) 1.42+0.25(-7) 4.43+0.59(-8) 7.34+2.14(-9) — —
7911 — 3498 ¢ (4413) 1.72 + 0.68(—8) — — — — —
6641 — 2235 (4406) 6.25+0.97(-7) 1.54+0.21(-7) 7.65+0.48(—8) 1.32+0.15(-8) 1.32+ 1.59(—9) —
7668 — 3498 ! (4170) 3.45 £ 1.17(-8) — — — — —
7623 —+ 3498} (4125) 1.89 + 0.57(-8) — — — — —
3769 — 0 (3769) 1.17 £ 0.20(-6) 7.26 £1.10(-7) 4.00+0.33(=7) 1.71£0.37(~7) 1.11+0.09(~7) 3.70+ 0.38(—8)
7255 — 3498  (3757) 5.48 + 1.77(=17) — - — — —
5951 — 2235 (3716) 2.31+0.68(—6) 1.50+0.23(—6) 6.72+0.40(—7) 2.23+£0.20(-7) 5.98+ 0.37(—8) 6.57 + 1.26(—9)
7079 — 3498 (3581) 1.694 0.55(=7) 1.69+ 1.08(—8) — — — —
3498 5 0 (3498) 6.07+ 1.06(-6) 3.02+0.41{—6) 1.67+0.09(—6) 9.40+0.81(-7) 5.52+0.28(-7) 2.43+0.11(-7)
5614 — 2235 (3379) 498+ 1.05(-7) 2.69+0.60(-7) 1.36+0.17(=7) 6.22+1.39(—8) 2.61+0.59(—8) 5.64+ 2.86(—9)
5487 — 2235  (3252) 233+ 0.42(—6) 1.09+£0.15(—6) 5.69+0.44(—7) 3.34%0.54{(-7) 1.41+£0.11(=7) 3.81+ 0.65(-8)
6915 — 3769¢  (3146) 5.21+ 2.20(~8) 1.01+0.41(-8) 3.83+1.48(—9) 7.73 % 3.16(—10) — —
5372 — 2235 (3137) 1.08 £ 0.44(—-7) 8.24+3.17(-8) 3.41£0.85(—8) 1.98%0.64(—8) 1.07+ 0.47(-8) -
5280 — 2235  (3045) 494+ 1.00(—6) 2.64+0.37(—6) 1.40%0.10(—6) 8.17+£0.73(-=7) 4.02+0.22(-7) 1.26+ 0.08(=7)
6537 — 3498  (3039) 4324+ 1.22(—6) 1.774£0.91(=7) 7.81%2.02(-8) - — —
5231 — 2235  (2996) 410+ 1.46(—6) 7.38+2.57(~7) 2.65+0.86(—7) 6.42+1.63(—8) 3.44+0.73(—8) 1.12+0.87(-8)
4831 —+ 2235  (2596) 5.37+0.96(—6) 2.28+0.32(—6) 1.46+0.12(—6) 7.17+0.65(—7) 3.15+£0.20(-7) 1.32+0.11(=7)
4809 — 2235%  (2574) 451+ 1.01{(-7) 2.23+046(—7) 1.20+0.21(=7) 7.94+1.47(—-8) 4.56+0.74(—8) 1.73+ 0.29(—8)
5951 — 3498 (2453)
7255 — 4809  (2446) 1.84%0.74(-7) - - - - -
7079 — 48090  (2270) 1.90 £ 0.32(=7) — — — — —
2235 - 0 (2235) 4.89+ 0.86(—5) 2.02+0.28(—5) 1.11+£0.06(—5) 6.37+0.56(—6) 3.39+0.17(—=6) 1.52+ 0.07(—6)
7001 — 4831 (2170) 3.56+0.75(—7) 7.29%+ 1.58(—8) 2.15+ 0.82(—8) — — —

tyield contains additional uncertainty from adjustment or contamination
tyield determined from deduced level population
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Table 14: 10 MeV Thick-Target v-Ray Yields from Silicon (quanta per )
Transition (keV)

Transition (keV)

Yields

Yields

5256 =+ 0

4783 =+ 0
4261 - 0
4594 — 1266
3134 =0
4634 — 2234
22340
3415 — 1266

5798 = 0
4695 — 0
5549 — 2230
5006 —+ 2230

4149 — 78
3320 78
3005 — 78

4144 =0
4211 — 841
2969 = 0
2868 =+ 0
23130

4194 =0

“8Si(c, p)°tP:

{5256) 6.86+ 1.97(—9)
(4783)  2.42+0.32(—8)
(4261) 1.46 % 0.09(-T)
(3327)  2.92+ 0.72(-8)
(3134)  5.45+0.22(-7)
(2400)  2.44+ 0.66(-7)
(2234)  1.04+0.21(-5)
(2148) 3.34+ 0.69(—6)

29Si(a, n)32S:

(5798)  1.41+0.22(-8)
(4695)  2.88+0.39(—8)
(3319}  1.54+0.92(—8)
(2776)  1.25+0.14(-7)

298i( o, p)32P:

(4071)  7.02 + 4.83(-9)
(3242) 7.78+ 1.73(-8)
(2927) 1.82+ 0.40(-7)

30Si(a,n)*?S:

(4144)  1.64 £ 0.53(-8)
(3370)  1.74 £ 0.62(~8)
(2969)  2.04+0.32(-7)
(2868) 9.92 4 1.84(-8)
(2313)  7.05+ 2.20(-8)

308i(a, p)32P:

(4194) 1.49+£ 0.41(-8)

5015.4 — 0
5015.2 — 0
4594 5 0
3506 —+ 0
5529 — 2234
4261 — 1266
3506 — 1266 ¢
4431 — 2234

5549 = 0
4281 =+ 0
5413 — 2230
4695 — 2230

3793 = 78
3005 — 0
3793 — 1323

38320
3221 — 0f
2935 — 0
3221 — 841

5015
gSOlS% }

(4594)
(3506)
(3296)
(2995)
(2240)
(2197)

(5549)
(4281)
(3183)
(2465)

(3715)
(3005)
(2470)

tvield determined from deduced level population
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2.29 + 0.26(-8)

1.45+ 0.67(-8)
7.48 £ 0.28(=7)
1.81 + 0.64(—8)
6.89 + 1.62(—8)
5.20 % 0.36(—7)
1.69+ 0.21{~7)

1.09 % 0.23(-8)
1.90 + 0.09(—7)
6.26 + 0.67(—8)
3.23 % 1.62(—8)

9.12 % 4.02(-9)
3.26 + 1.61{~8)
1.24 + 1.39(—8)

1.12 4 0.42(-8)
1.78 + 0.76(—8)
1.13+ 0.48(—7)
3.114 1.39(-8)




