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Abstract The High EffiCiency TOtal absorption spectrom-
eteR (HECTOR) is a 47 y-summing detector designed to
measure capture cross sections. Here, we present the com-
missioning of HECTOR at the Compact Accelerator System
for Performing Astrophysical Research (CASPAR) labora-
tory, which is located at the Sandford Underground Research
Facility 4850 feet underground. With the underground envi-
ronment drastically improving the signal-to-noise ratio of
the detector, it is estimated HECTOR will be able to push
cross-section measurements below a nanobarn. Details of the
experimental setup are discussed along with the analysis of
several resonance strengths measured for the 2’ Al(p, y)?8Si
reaction between the lab energies 0.2-1.0 MeV. The mea-
surements are in excellent agreement with those found in the
literature.

1 Introduction

To better our understanding of stellar nucleosynthesis, there
is a drive to experimentally measure nuclear reaction cross
sections important to stellar burning processes over the astro-
physically relevant energy ranges. Of particular interest are
reactions thought to be sources of neutrons for the s-process,
one of the primary mechanisms for creating the elements
above the iron peak [1]. This includes (o, n) reactions pro-
ducing these neutrons as well as the competing (¢, y) reac-
tions. However, the astrophysical energy ranges for these
reactions occur on the order of hundreds of keV where the
cross section exponentially drops due to the Coulomb barrier.
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In order to measure the rapidly declining cross sections
in this energy region, a highly efficient detector setup with a
good signal-to-noise ratio is desirable. This can be achieved
using deep underground research facilities (e.g., [2-5]) which
provide shielding from cosmic-muon rays. Here we present
the setup of High EffiCiency TOtal absorption spectrometeR
(HECTOR) at the Compact Accelerator System for Perform-
ing Astrophysical Research (CASPAR) laboratory [5]. The
laboratory is located 4850 feet underground within the San-
ford Underground Research Facility in South Dakota, United
States.

HECTOR is a 47 y-summing detector comprised of 16
segments. Each segment contains a4” x 8" x 8” Nal(TI) crys-
tal enclosed by a 1-mm thick aluminum casing. The crystals
were manufactured by Saint-Gobain Crystals [6]. Scintilla-
tion light from each crystal is read out by two 3” diameter
10-stage photomultiplier tubes (PMT). A 60 mm bore hole
through the detector allows for placing of the target in the
center of the array without compromising the solid angle
covered by the detector.

HECTOR was first commissioned at the Nuclear Science
Laboratory (NSL) at the University of Notre Dame [7] and
has since been used to measure several («, y) and (p, y)
reactions related to explosive nucleosynthesis [8,9]. HEC-
TOR operates on the principle of the y-summing technique,
a well-established method for cross-section measurements
[10]. After a particle capture, the residual nucleus is formed
in an excited state with energy Ex = E.;, + Q, where E,
is the energy in the center of mass frame and Q is the Q value
of the reaction. It then promptly decays with the release of
one or several y rays as it transitions towards the ground
state. Instead of analyzing each individual y ray, HECTOR
is able to simultaneously detect and sum the energies of all
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emitted y rays, forming a single peak known as the sum peak
at E'x. The yield of the reaction —which is proportional to
the total-reaction cross section— is then given by the number
of counts in the sum peak corrected by a summing efficiency.
The summing efficiency takes into account the efficiency of
the detector due to each y ray from all the cascades transition-
ing to the ground state. The summing efficiency is discussed
in more detail in Sec. 4.

One of the main advantages of this technique is that for
sufficiently high Q values, the sum peak forms beyond ter-
restrial and beam-induced backgrounds. For some reactions
of interest, the sum peak forms between 8—12 MeV. This
region is marked in the sum spectrum shown in Fig. 1. show-
ing two-week background runs taken with HECTOR; the
red line shows the rates for a background taken at the NSL
(Surface) whereas the blue line shows rates for background
taken underground at CASPAR. In both cases the background
in the sum-peak region is much lower compared to the ter-
restrial background that spans up to about 2.6 MeV. How-
ever, on the surface there is significant background in the
sum-peak region due to cosmic muons which ultimately lim-
its HECTOR’s ability to measure low cross sections. How-
ever, as can be seen in Fig. 1 the cosmic-ray induced back-
ground is greatly reduced when HECTOR is taken under-
ground to CASPAR. With the reduction of the cosmic-muon
background, other features become distinctly visible such as
internal contamination of the crystals by U, Th, and daughter
nuclei between 4-6 MeV, as well as a pronounced peak at
6.8 MeV stemming from neutron capture onto the crystals.
The structure of the background is comparable to what has
been observed by other Nal detectors at underground labs
[11]. The difference in background rates between surface
and underground measurements for the expected sum-peak
region is over four orders of magnitude. At these rates it is
estimated that HECTOR can measure cross sections below
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Fig. 1 Background rates for sum spectra taken with HECTOR at sur-
face level (red) and 4,850 feet underground at CASPAR (blue). Rates
were calculated using two-week background measurements
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a nanobarn, making it a prime candidate to be used in the
measurements of the aforementioned stellar-burning nucle-
osynthesis reactions.

In this work we present the in-beam commissioning of
HECTOR at CASPAR through the measurements of reso-
nance strengths in the well-studied 2’ Al(p, y)?3Si reaction
between lab energies 0.2—-1 MeV. The 991.9, 887.8, 632.2,
405.3, and 292.6 keV-resonances were investigated. In Sect.
2 the target setup is discussed. In Sect. 3 we present the anal-
ysis details of the experiment. In Sect. 4 and 5 we present
and compare two approaches in estimating the summing effi-
ciency of the detector: one which relies on simulating the y -
ray cascades based on the known level scheme, and a statisti-
cal method that creates and simulates random y -ray cascades
for when the level scheme is not known. In Sect. 6 we present
and discuss our measured resonance strengths compared to
values reported in the literature.

2 Experimental Method

The measurements were performed at CASPAR using the JN
1-MV accelerator to generate protons between lab energies
0.2-1.0 MeV. The protons impinged onto a thin aluminum
target corresponding to a 20 keV energy loss measured at
the 405.3-keV resonance. The target was created at the NSL
through the melting and evaporation of high-purity (99.99%)
aluminum pellets onto a 0.5 mm thick tantalum backing.

Each resonance was scanned in 0.5-2.0 keV steps in order
to identify the resonance plateau and the front edge. In addi-
tion, an off-resonance measurement was taken approximately
5-10keV below each front edge to estimate the direct capture
component of the reaction.

During experiment, data from HECTOR was processed
by the NSCL Digital Data Acquisition System (DDAS) [12].
Itis comprised of three XIA Pixie 16 modules [13] which are
16-channels 14-bit 100 MSPS digitizers. Two modules read
the signal directly from the PMTs while the third one was
used for monitoring purposes. DDAS was triggered by each
individual PMT which had a discriminator threshold set just
above the noise level (about 20 keV). While HECTOR has
the ability to use an external trigger (see [7] for more details),
it was not used in this commissioning experiment.

The target setup was modified from that of [7] to accom-
modate much higher beam intensities required for measure-
ments at CASPAR. In Fig. 2 amodel of the setup can be seen.
Only half of the array is shown and the beam pipe has been
made transparent so the internal components can be seen. The
aluminum target was encased in an aluminum target holder
which attached to the end of the beam pipe located at the
center of HECTOR. The target was cooled using deionized
water provided through nylon hoses fed into the back of the
target. In order to prevent carbon buildup on the target, a cold
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Fig. 2 A visualization of the Geant4 construction of the HECTOR
target setup. Only half of the array is shown and the beam pipe is trans-
parent to show internal components

trap was used in which a liquid-nitrogen cooled copper tube
was installed 2 mm in front of the target. In addition, the cold
trap was biased with a -300 V voltage to suppress secondary
electron collection on to it.

The total number of particles incident on the target was
determined by electrically isolating the target holder and
beam pipe from the detector and ground, effectively turning
them into a single Faraday cup. Thus, the deposited charge
was collected and integrated using a current digitizer. The
beam current was varied between 1-20 pA depending on
the strength of the resonance being scanned in order to min-
imize pileup. Throughout the experiment the total detector
dead time was kept below 1%.

3 Analysis

Before the experiment, each PMT of HECTOR was gain
matched using a ®°Co calibration source. The calibration
source was also used after the experiment to verify that the
gain did not significantly change throughout the experiment.
A unique energy calibration was performed for each of the 16
segments of HECTOR. The calibration utilized several cali-
bration sources (eg., 22N, 137Cs, and 6OCo) as well as y rays
from the resonances of the 2’ Al(p, y)*8Si reaction. Figure
3 shows an energy calibration for one of the inner segments
of HECTOR. While the calibration appears linear, a second-
order polynomial is used to correct for slight non-linearities
observed for y-ray energies above 10 MeV.

Each resonance analyzed in this work are sufficiently nar-
row such that the de Broglie wavelength of the incident par-
ticles, reaction widths, and stopping energy can be treated as
constants over the resonances. Furthermore, the total energy
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Fig. 3 Energy calibration for one of the 16 segments of HECTOR

loss of the impinged protons through the target is much
greater than the width of each resonance such that the tar-
get can be treated as essentially an infinitely thick target.
Under these conditions the resonance strength wy of each
resonance can then be calculated from the infinitely-thick
target formula [14]:

NE 2 ( Mt

wy = —
V=N, es 2\ M, +m,

) T(Ep), ey

where Ny is the number of counts in the sum peak, N, is the
number of incident particles, ¢y is the summing efficiency,
Ar is the de Broglie wavelength at the resonance energy, m,
and M; are the projectile and target masses, respectively,
and T'(E)) is the stopping power of the beam in the target
evaluated at the resonance energy. The stopping power was
calculated at each resonance energy using SRIM software
[15]. A 5% uncertainty was assumed for each stopping power
value.

The procedure for extracting the yield for each resonance
is as follows. For each run identified on the resonance plateau,
the off-resonance was scaled by the ratio of N, for the on-
and off-resonance runs and subtracted from the on-resonance
spectrum to remove the direct capture contribution. An on-
resonance run, off-resonance run, and subtracted spectrum
for the 991.9-keV resonance is shown in the top panel of Fig.
4. For each resonance analyzed in this work the off-resonance
contribution is negligible. The only significant source of in-
beam background at higher energies appears around 6 MeV
due to the decay of '°0O from the '"F(p, ay)!'%0 reaction
which is a common contaminant in proton induced measure-
ments. However, since the Q value of 27Al(p, ay)?8Si is
11.6 MeV, the sum peak forms well beyond the 6 MeV region
and is therefore not a concern.

After subtraction of the off-resonance, a five-parameter
function combining a Gaussian with a first-order polynomial
was fitted to the sum peak. The linear background compo-
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Fig. 4 Analysis of a run on the the 991.9-keV resonance plateau. Top
panel: Sum spectrum showing fitting of the sum peak. Dotted black
line shows the linear background to be subtracted while the dashed
lines show the 30 integration region. The red histogram is the linear-
subtracted sum peak to be integrated. Bottom panel: Segment multiplic-
ities for events corresponding to the integrated sum peak region. The
dotted red line marks the mean of the distribution (M)

nent, which include incomplete summation events, was then
subtracted from the sum peak. The residual peak after all
subtractions was then integrated within a 3o region about the
fitted mean of the sum peak. The top panel of Fig. 4 shows
an example of the fitting procedure of the sum peak with the
linear-subtracted residual sum peak shown in red while the
integration region is marked by vertical-dashed black lines.
The bottom panel of Fig. 4 shows segment multiplicities for
events corresponding to the integrated sum peak region. This
distribution is used to estimate the summing efficiency in the
statistical approach discussed in Sect. 5.

For each run, the uncertainty of Ny was calculated by
/N7 + Ny, where N7 is the number of counts in the unsub-
tracted sum peak and Ny, is the number of counts subtracted
off due to the linear background. The uncertainty of N, was
assumed to be 5% for each run. The uncertainty in the yield
was calculated by the propagation of these uncertainties using
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standard quadrature. The total yield for the resonance, and its
uncertainty, was then calculated by taking a weighted average
of the yields of the runs analyzed on the resonance plateau.

4 Geant4 Simulations and Summing Efficiency using
known Level Schemes

Since the first commissioning of HECTOR, the summing effi-
ciency has been studied and analyzed through use of Geant4
[16] simulations. With the new setup at CASPAR, several
components of the target holder construction have been mod-
ified along with the introduction of new components. The
detector response, and subsequently the summing efficiency,
depends sensitively on the amount of material present in the
setup.

In order to create the most accurate simulations possible,
as in the previous commissioning effort at the NSL [7], the
new target setup was implemented in Geant4 and verified by
comparing simulated energy spectra with those produced by
calibration sources such as ®°Co and '3’ Cs. Figure 5 shows a
sum spectrum for a ®*Co source place at the center of HEC-
TOR compared to a Geant4 simulation. The simulation is
normalized to the activity of the source. Applying the fitting
procedure discussed in the previous section, the integrated
counts for the experimental and simulated sum peak agree
within 2%.

With a proper code established, one can determine the
summing efficiency of areaction of interest by comparing the
yield of the simulated sum peak to the total number of events
simulated. Since the level scheme of the reaction product 28Si
is well known up to 13 MeV, the summing efficiency was
calculated by simulating the y-ray cascades that correspond
to the transitions between the known levels with the known
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branching ratios. Branching information for primary-y tran-
sitions for entry states into >8Si was collected from various
sources: For the 292.6-keV resonance, [17] was used. For
the 403.3-keV resonance, [18] was used. For the 991.9-keV
resonance, [ 19] was used. For the 632.2-keV and 887.8-keV
resonances, the branching information from [20] was used.
Branching information for secondary-y transitions was col-
lected from [21].

Figure 6 shows a comparison between experimental data
and simulation of the 405.3-keV resonance. The top figure
is the sum spectrum. The bottom figure shows the com-
bined individual-segment spectra gated on the total-summed
energy for an event within the 3o integrated sum-peak region.
This “sum-peak gated” spectrum, within the limit of the res-
olution of the detector, reflects the cascades from the entry
state down to the ground state. As can be seen in both fig-
ures, there is excellent agreement between experimental and
simulated spectra.

In order to calculate the summing efficiency and estimate
its uncertainty, the branching ratios were modified and simu-

lated 1000 times in a Monte Carlo approach. This was done by
sampling branching ratios from a Gaussian with mean equal
to the branch value and standard deviation equal to the uncer-
tainty that was reported in the literature from which it was
collected. The branching information for the 632.2 keV and
887.8-keV resonances collected from [20] does not report
uncertainties on the branching ratios. Therefore for these
two cases a 5% uncertainty was assumed for the dominant
branching and a 20% uncertainty for the rest.

For each simulation, using the same analysis procedure,
the simulated sum peaks were fitted, subtracted, and inte-
grated to determine the summing efficiency. The summing
efficiency for each resonance was then taken as the mean
of the summing efficiencies from the 1000 simulations. The
uncertainty was taken as the sample standard deviation of the
distribution.

5 Summing Efficiency using Statistical Method

While the level scheme for 28Si was sufficiently well-known
for the purposes of this work, there are many cases where
the branching information may be incomplete or unknown
entirely. To circumvent this issue, a statistical approach for
estimating the summing efficiency which requires no knowl-
edge of the level scheme was established [7]. As this approach
will be used in future works, the summing efficiency for the
five resonances measured in this work have also been esti-
mated using this statistical method. It will be shown that it
is consistent with summing efficiencies calculated using the
known level-scheme approach.

In the statistical approach the summing efficiency is esti-
mated by experimentally measuring the average segment
multiplicity (M., ) for events corresponding to the sum peak.
More precisely, (M,p) is defined as the mean of the segment
multiplicities for events with sum energies within the same
30 integrated region used to determine Ny. This distribu-
tion is shown for the 991.9 keV case in the bottom of Fig.
4. Contributions from direct capture are considered by scal-
ing and subtracting the multiplicities of events in the same
integration region from the off-resonance run. A (M,y,) is
determined for each run analyzed on the resonance plateau.
The (M.,,),) of the resonance is taken as the mean of these
values while the uncertainty is taken as the sample standard
deviation.

The next step is to create simulated sum peaks from which
(M) and summing efficiencies can be calculated. Thousands
of simulations were performed using a fixed sum-peak energy
but varying the average number of y rays emitted. For each
simulation, the summing efficiency and (M) are extracted
using the same analysis previously discussed. When the sum-
ming efficiencies are plotted as a function of (M), they create
the so-called efficiency curves.
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Fig. 7 Top panel: An efficiency curve for a sum peak of 11-867 keV
used to analyze the 292.6-keV resonance. The red box marks the region
of efficiency points near (M, ) used to estimate the summing efficiency
probability distribution. Bottom panel: Projection of the efficiencies
within the gated region normalized with a total area equal to unity

An efficiency curve, which was used to analyze the 292.6-
keV resonance, is shown in the top figure of Fig. 7. Each point
on the efficiency curve represents a single simulation where
100 different y -ray cascades were simulated. The energies of
eachindividual y ray were determined by randomly sampling
from a uniform distribution. However, the energies were con-
strained such that the sum of the y-ray energies in each cas-
cade equaled the sum-peak energy.

Among the thousands of simulations that were performed,
only the simulations that produce a (M) similar to the mea-
sured (M,p) are considered. In the case of the efficiency
curve in Fig. 7, a red box centered at (M,,,) with a width
three times the experimental uncertainty marks the efficiency
points considered in the analysis. The bottom panel of Fig. 7
shows the projection of these summing efficiencies.

Because of the many different combinations of y-ray
cascades that can generate a (M) comparable to (Meyp),
a well-defined summing efficiency cannot be determined.
Rather the statistical method generates a probability distri-
bution function (pdf) where it is assumed that the true sum-
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Table 1 Average segment multiplicities (M) and summing efficiencies
ey . exp denotes experimentally measured values. L. s. and stat are quan-
tities calculated using the known level scheme and statistical approach
respectively

Ep (M) (M) ex ex

keV exp Ls. Ls. stat

292.6 4.25(5) 4.20(1) 0.0987(7) 0.096 3952
405.3 4.18(6) 4.168(5) 0.102(1) 0.097 9:907
632.2 3.40(1) 3.38(2) 0.165(2) 0.163(2)
887.8 2.53(9) 2.45(2) 0.265(5) 0.26(3)
991.9 3.40(1) 3.373(5) 0.163(1) 0.164(2)

ming efficiency is contained within this distribution. Unlike
the summing efficiency distribution that was produced using
the known level-scheme approach, this efficiency pdf is not
assumed to be a normal distribution. Therefore, standard
quadrature procedures cannot be used to propagate the uncer-
tainty of the summing efficiency into wy. Instead, a Monte
Carlo method was used to create a pdf for wy by sampling
values from pdfs of the yield, stopping power, and efficiency
and using Eq. 1. The yield and stopping power were sampled
as Gaussians with means equal to their measured values and
standard deviations equal to their uncertainties.

The pdf for the 292.6 keV wy is shown in Fig 8. It is
nearly Gaussian, but the distribution is slightly skewed due
to the convolution of the asymmetrical summing efficiency
pdf which is shown in the bottom panel of Fig. 7. From the
pdf of wy we report the median of the distribution while the
lower and upper errors are reported as the the 16" and 84"
percentiles of the distribution, respectively.

Summing efficiencies calculated from both approaches are
shown in Table 1. The summing efficiencies estimated from
the statistical approach are in remarkably good agreement
with those calculated using the known level schemes. For all
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Table 2 Resonance strengths wy for the 27 Al(p, y)?8Si reaction measured in this work compared with values from the literature. L s. are wy
calculated using known level schemes and stat are wy estimated using the statistical approach

E, This Work (Ls.) This Work (stat) NACRE [22] Others (refs. given in brackets at end of corresponding wy)

keV wy eV

2926 2.6517) x 107* 27388 x107*  3.8(7) x 107* 2.67% x 1074 [23],2.80(15) x 107 [24]

4053 9.76(51) x 1073 10337 x 1073 9.0(10) x 1073 1.0(2) x 1072 [25], 8.63(52) x 1073 [18], 1.04(5) x 1072 [24]

6322 0.266(13) 0.269(14) 0.266(14) 0.25(3) [25], 0.267(25) [26], .268(18) [27], 0.217(43) [28], 0.29(3) [24]
887.8  1.22(7) x 1072 124012 x 1072 1.5(2) x 1072 1.33(25) x 1072 [25], 1.20(15) x 1072 [24]

991.9  1.94(10) 1.93(10) 1.9(1) 1.83(20) [25], 1.95(15)“, 1.93(13) [27], 2.00(17) [23], 2.00(15) [24]

¢ Calculated using yield from [29]
b No uncertainty reported for this work

five resonances, the summing efficiencies calculated using
known level schemes are contained with a 95% confidence
interval estimated by the statistical approach. Therefore the
resonance strengths calculated from both approaches are in
good agreement. However, we recommend adopting the res-
onance strengths calculated from the known level schemes
due to the excellent agreement seen between simulation and
experiment. The agreement in resonances strengths between
both methods shows that the statistical method can be used
in cases where the level schemes are not known.

It is worth noting that the ability of the statistical method to
produce a distribution of efficiencies with low relative error
on the order of 5-10% was achieved by imposing constraints
on the simulated cascades that created the efficiency curves.
This was done to best reflect properties of true cascades in
28Si. In particular, this was done by limiting cascades to no
more than four y rays emitted as analysis of the known level
schemes showed that cascades with five or more y rays emit-
ted make up less than 1% of the total cascades. Furthermore,
for all the resonances except the 887.8 keV, single y ray tran-
sitions directly from entry to ground were omitted as the yg
contribution for those resonances are negligible. As a final
constraint, the energy of every y ray in simulation was at
least 500 keV, again reflecting the fact that no low-energy y
rays were observed in the level scheme.

In general, when there is less information about the resid-
ual nuclei more variations and cases for the simulated cas-
cades will need to be considered. The combination of these
variations can be still be combined into a single efficiency
pdf. This will minimize possible systematic uncertainties or
bias in the efficiency curves. However, including more varia-
tions will naturally produce a broader efficiency distribution
and the relative error will increase.

6 Results and Discussion

Resonance strengths calculated using summing efficiencies
from the known level scheme and statistical approach are
listed in Table 2. They are labeled under Is. and stat respec-

tively. Again we recommend adopting the Ls. values as they
are more precise measurements on the order of 5%. Also
listed in Table 2 are resonance strengths listed in the NACRE
compilation [22] as well as various other measurements
found in the literature.

Comparing our measurements to those in the literature,
in general there is good agreement seen across all five res-
onances investigated. For the well-known 991.9-keV and
632.2-keV resonances, there is excellent agreement with two
independent measurements [27] and [29] which have similar
precision on the order of 7%. In [29], only a thick-target yield
ofthe 1778.9 -keV y ray isreported, so we have calculated the
resonance strength shown in Table 2 using the same stopping
power used in this work and assuming a branching ratio for
the 1778.9 keV line 0of 94.8(15) [19]. For the 405.3-keV reso-
nance, our measurement falls in between [ 18] and [24] which
is in good agreement when the uncertainties in the measure-
ments are considered. For the lesser known 292.6 keV and
887.8-keV resonances there is excellent agreement seen with
[24] where the y-summing technique was also employed.

7 Summary

In order to measure cross sections of stellar nucleosynthesis
reactions in the physically relevant energy ranges, HECTOR
has recently been commissioned 4,850 feet underground at
CASPAR. The underground shielding from cosmic rays dras-
tically reduces the background rates where the sum peak is
expected to form. This will allow cross section measurements
with HECTOR to be pushed below the nanobarn range. An
in-beam commissioning experiment for the target setup at
CASPAR was performed where several resonance strengths
in the 2’ Al(p, y)?8Si reaction were measured for lab ener-
gies between 0.2 and 1.0 MeV. The resonance strengths were
calculated using summing efficiencies from two different
approaches: one using the known level schemes, and a statis-
tical method that was developed for when the level scheme
is not known. The resonance strengths calculated from both
approaches are in good agreement with one another and are
in excellent agreement with values from the literature.
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