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Abstract. Proper understanding of the stellar nucleosynthesis processes requires information on a variety
of capture reaction cross sections. Since these cross sections are typically very low, they require efficient
measurement techniques. The High Efficiency Total Absorption Spectrometer (HECTOR) was designed
to measure capture cross sections relevant for astrophysical processes. HECTOR is a γ-summing detector
comprised of 16 separate NaI(Tl) segments. The detector design is presented, as well as a detailed study of
the detector’s summing efficiency and analysis procedure. The results of the commissioning of HECTOR are
presented. The resonance strengths of the well-known resonances in the 27Al(p, γ)28Si reaction measured
with HECTOR are compared with the literature values.

1 Introduction

Radiative capture cross sections for heavy nuclei are key to
understanding stellar nucleosynthesis. However, measure-
ments of these cross sections can pose an experimental
challenge as cross sections in the astrophysically relevant
energy range are typically very small. In addition, struc-
ture information for nuclei relevant to astrophysical pro-
cesses is, in many cases, incomplete. This missing struc-
ture information severely limits instances where γ-ray de-
tection can be applied to studying capture reaction cross
sections.

Typical measurements of proton- or α-capture reac-
tions for stellar nucleosynthesis are performed using ei-
ther the in-beam technique or the activation technique.
The in-beam technique [1–3] employs high-resolution γ-
ray detectors to measure γ rays following the de-excitation
of an excited state populated during the reaction. In order
to extract a cross section, the branching ratios of all the γ
rays that populate the ground state need to be well known,
and the angular distribution of the emitted γ rays must be
determined. This technique proves to be particularly chal-
lenging for heavy nuclei, where the level schemes are not
well known. As a result, transitions with low branching
ratios or those that result in low-intensity γ rays feeding
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into the ground state are overlooked. Thus, this technique
frequently results in an underestimation of the cross sec-
tion.

The activation technique [4–6] also has its limitations.
For example, this technique is only applicable to the cases
where the reaction product is unstable, with an appropri-
ate half-life, typically minutes to days. The decay radia-
tion of the reaction product also needs to be known to
correctly account for the branching ratios.

The γ-summing technique [7,8] overcomes many of
these difficulties. Since the detectors employed for these
types of experiments cover nearly the full 4π solid angle,
a correction for the angular distribution is not necessary.
A well defined level scheme for the compound nucleus is
also unnecessary, since the method depends on the aver-
aged quantities of the γ-emission properties.

In this paper, HECTOR, a new γ-summing detector
with full segmentation, will be discussed. In sect. 2, the
principles of the γ-summing technique are explained. In
sect. 3, the detector design and the data acquisition sys-
tem are discussed. In sects. 4–7, the details of the summing
technique, the data analysis procedure, and the procedure
for calculating the detector summing efficiency are pre-
sented. In sect. 8, the first measurements performed using
HECTOR for well-known resonances in the 27Al(p, γ)28Si
reaction are compared with the literature values.
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Fig. 1. A cartoon demonstrating the principles of the sum-
ming technique. For an arbitrary level scheme (left), there are
many possible decay paths feeding the ground state. Instead of
observing each of these γ rays individually (top right), the γ-
summing technique (bottom right) measures the energy of an
entire cascade. This eliminates the need for precise structure
and branching information to be known about the compound
nucleus.

2 γ-summing technique

The principle of the γ-summing technique is shown in
fig. 1. The entry state populated by the captured projec-
tile de-excites via emission of γ rays. When a small, high
resolution detector is employed, the individual γ rays are
detected, and the Compton background may hinder some
of the lower intensity transitions. However, if a detector
with 4π solid angle is used, the γ rays from each decay cas-
cade are simultaneously detected and summed within the
electronics to form a single peak at an energy EΣ given
by

EΣ = ECM + Q, (1)

where ECM is the center-of-mass energy of the projectile-
target system, and Q is the reaction Q-value.

The angular coverage of the detector ensures a high
summing efficiency (typically 10–30% for medium- and
high-Z targets). This not only facilitates the rate at which
data can be taken, but also allows for extending the mea-
surement to much lower cross sections than are typically
accessible via other techniques.

The γ-summing technique is a well established method
for measurement of capture cross sections for heavy nuclei.
The technique has been employed by Yamamoto et al. [9]
using a 4π BGO total absorption detector for (n, γ). An-
other 4π BGO spectrometer for the summing technique
has been developed for astrophysically relevant radiative
capture reactions at the underground laboratory LUNA
by C. Casella et al. [10]. The Karlsruhe 4π BaF detec-
tor [11] has also successfully employed the γ-summing
technique to measure (n, γ) reactions.

Tsagari et al. [7] were able to use a large volume single
NaI(Tl) crystal to perform total absorption spectroscopy
for charged particle capture reactions. The next iteration
of NaI(Tl) summing detector, SuN [12], introduced a seg-
mentation of the crystal. Segmentation allows for Doppler

Fig. 2. The design for HECTOR (left), and a photograph of
the actual detector (right).

correction of reaction γ rays, therefore allowing for the
application of the summing technique to cross sections
measured in inverse kinematics [13].

3 HECTOR

The High EffiCiency TOtal absorption spectrometeR
(HECTOR) was designed at the University of Notre
Dame, and manufactured by Saint-Gobain Crystals [14].
The array consists of 16 NaI(Tl) crystals, each with dimen-
sions of 4′′ × 8′′ × 8′′. Scintillation light from each crystal
is read out by two photomultiplier tubes. Each segment
of HECTOR is housed by a 1mm aluminum casing. The
crystals are assembled to form a 16′′ cube. A 60mm bore
hole through the array allows for placing the target in the
center of the array without compromising the solid angle
covered by the detector. A schematic of the detector is
shown in fig. 2.

The segmented design of HECTOR allows for simulta-
neous measurement of the total absorption spectrum and
the individual γ rays contributing to the cascade. There-
fore, some structure information from the de-excitation
of the compound nucleus can be deduced from spectra
measured with HECTOR. The modular design also allows
for the possibility of coupling HECTOR to another array,
or rearranging the segments to adapt to different target
chambers.

During experiment, data from HECTOR is read out
through the NSCL Digital Data Acquisition System
(DDAS) [15]. The HECTOR acquisition system is sim-
ilar to the one used with the SuN detector [12] at the
NSCL. It is comprised of three XIA Pixie 16 [16] modules
which are 16-channels 14-bit 100 MSPS digitizers. Two
modules read the signal directly from the photomultipli-
ers while the third one is used for monitoring purposes.
For the in-beam commissioning of the array (sect. 8), the
third module was configured to read an external trigger
signal and beam current.
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Fig. 3. Sum spectrum obtained for a 60Co source located in
the center of the HECTOR array, compared to a Geant4 sim-
ulation.

The external trigger signal is an analog sum of one
PMT signal from each of the segments. While the discrim-
inator thresholds on each individual PMT are kept just
above the noise level (about 20 keV), the external trigger
signal is used for triggering the DAQ only for events with
total energy deposited in the detector above an adjustable
1–2MeV threshold. As such, the trigger discriminates low-
energy background counts without limiting the dynamic
range of individual segments.

The beam current is read off the beam pipe and target
holder within the detector. The assembly is electrically
insulated from the detector and the beam line in front of
the array, and is utilized as a Faraday cup. The charge
collected from the beam pipe is recorded by a current dig-
itizer that outputs NIM pulses, which are then recorded
in a Pixie channel. Thus, the beam current is constantly
monitored during the experiment.

4 Geant4 simulation

The summing technique allows for measurements of
proton- and α-capture reaction cross sections for nuclei
with unknown level schemes. The efficiency of the sum-
ming detector, however, depends on both the energy of
the sum peak and the multiplicity of the γ-ray cascade.
Therefore, the summing efficiency (εΣ) of the detector has
to be determined as a function of these two parameters.
For this purpose, a Geant4 [17] simulation of the HEC-
TOR array has been developed. The geometry of the de-
tector, including the dead layers, as specified in the tech-
nical documentation provided by the vendor was included
in the simulation.

The quality of the simulation was tested with a 60Co
source. A comparison of the sum spectrum obtained ex-
perimentally for the source placed in the center of the
array with the one generated by Geant4 is shown in fig. 3.
A very good agreement between the two spectra can be
observed.
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Fig. 4. Example of the analysis procedure of the sum peak
from a 60Co source. A Gaussian plus a linear function (solid
red line) is fitted to the sum peak (green), the linear component
(dashed red line) is subtracted from the sum peak within (EΣ−
3σ, EΣ + 3σ). The result is shown in black. The same region
is then integrated to obtain the total number of events in the
sum-peak range.

5 Data analysis procedure

Establishing a reliable, robust, and standardized analy-
sis method for HECTOR is necessary for future cross-
section measurements with the array. An important step
of the data analysis is a proper subtraction of the back-
ground under the sum peak. The background under the
sum peak includes room and cosmic-ray background, as
well as events corresponding to incomplete summation of
the γ rays of interest. In order to assess this background
and eliminate it from the sum-peak integral, a standard
procedure similar to those employed for other summing
detectors [2,8] has been developed for HECTOR.

A two-step procedure is required to obtain robust
and self-consistent background determination, as shown
in fig. 4. The first step is a fit of a Gaussian function to
the sum peak, excluding the background on the low-energy
side of the peak, in order to determine the width (σ) of the
sum peak and its position, i.e., the sum-peak energy EΣ .
Once the width is determined, a region (EΣ−3σ, EΣ+3σ)
is fitted with a sum of a Gaussian function and linear back-
ground. The linear background is then subtracted from the
spectrum and the region within ±3σ from the peak cen-
troid is integrated to obtain the total number of events in
the sum peak. The uncertainties in the fit parameters are
then propagated to obtain the uncertainty in the number
of counts in the sum peak.

While the shape of the background under the sum-
peak is more complex than a simple linear function, most
likely has a form of a step function, the linear fit is more
robust. In principle it rely only on two data points, at EΣ−
3σ and EΣ+3σ. Since the same procedure is applied to the
experimental data and to Geant4 simulations for efficiency
determination, the effects of systematic error introduced
by this background subtraction are minimized.

The next step of the analysis is to determine the av-
erage multiplicity of the γ-ray cascade. This information
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Fig. 5. Example hit patterns obtained from Geant4 simula-
tions. Each pattern is generated by measuring the number of
detectors fired for events within the sum-peak. Top panel: sum-
peak energy of 5 MeV distributed evenly between γ rays of
multiplicity 2, 4 and 5. Bottom panel: multiplicity 4 for the
case of 5 and 15 MeV total energies. Gaussian curves fitted
to the histograms are used to determine the average segment
multiplicity 〈M〉.

can be obtained two ways. The first one is to extract the
average number of HECTOR segments that detected a γ
ray for each event of a complete summation. The second
one is the so-called “in/out” method [8] that compares the
number of summation events in the whole detector array
to those recorded in one half of the array.

A depiction of the first method is shown in figs. 5
and 6. The hit pattern is a histogram of the number of
segments M that fired for events within the ±3σ range
of the sum peak. In fig. 5, sample hit patterns obtained
from Geant4 simulations of γ-ray cascades are shown. A
clear shift in the distribution can be seen for events with
the same sum-peak energy but different γ-ray multiplic-
ity, while a minimal shift in the distribution is observed
for the same γ-ray multiplicity but different sum-peak en-
ergy. This is to be expected, as the number of interactions
per γ ray does not change significantly within the energy
region of interest. Thus, for cascades with a larger number
of γ rays, the probability that the interaction involves a
larger number of crystals increases. A plot of the hit pat-
tern centroid 〈M〉 versus the average number of γ rays
in a cascade 〈Nγ〉 as obtained from Geant4 simulations
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Fig. 6. Relation between the average number of γ rays in the
cascade 〈Nγ〉, and the average segment multiplicity 〈M〉. Data
obtained from Geant4 simulations (see sect. 6).

for EΣ = 5, 10, and 15MeV is shown in fig. 6. The de-
tails of the aforementioned simulations are discussed in
the following section.

The second method relies on the geometry of the γ-
ray detection system. For example, suppose a γ-summing
detector that covers a 4π solid angle was being used to
measure a cascade with only one γ ray. The ratio of the
sum peak intensity measured using the entire detector,
relative to the intensity measured using only some frac-
tion of the detector, would be proportional to the ratio of
the solid angle coverage in each case. That is to say, the
ratio of the sum-peak measured using the entire 4π detec-
tor (“in”) relative to using only half the detector (“out”)
would be equal to two. For a cascade of Nγ γ rays, this
ratio would instead be 2Nγ . For a detector that does not
cover a full 4π solid angle, like HECTOR, the base of the
exponential is expected to be less than two. Additionally,
for consistency with the method above, instead of Nγ , the
number of segments M can be used. To determine the
“in/out” ratio for HECTOR, the ratios of sum-peak in-
tensities for simulated events of various combinations of
EΣ and 〈M〉 are shown in fig. 7. The “in/out” ratio for
HECTOR is given as

R = 1.89(1)〈M〉, (2)

where 〈M〉 is the hit pattern centroid. The results of this
method are consistent with those of other summing detec-
tors that use the “in/out” method to determine the av-
erage γ-ray multiplicity. In this work and in future ones,
the first method will be used to determine 〈M〉 since in
case of HECTOR it provides a better sensitivity to 〈Nγ〉
and as such allows for more precise determination of the
summing efficiency.

6 Efficiency of the sum-peak

Determination of the summing efficiency (εΣ) of HEC-
TOR is vital to the precision of cross sections measured
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Fig. 7. Ratio of the efficiencies for the whole (“in”) and half
(“out”) of the detector vs. the average segment multiplicity.
Open symbols denote data from Geant4 simulation.

with the array. If the level scheme and branching ratios
for a reaction of interest are known, then through Geant4,
γ-cascades can be simulated and the resultant sum-peak
fitted as discussed in the data analysis. The efficiency is
then simply the ratio of the integral of the sum-peak to
the number of cascade events simulated. However, as pre-
viously stated, the reactions of interest for nucleosynthesis
processes involve nuclei for which the level scheme is un-
known. In general, the summing efficiency depends both
on the sum-peak energy and average number of γ rays
in the cascade 〈Nγ〉. Although 〈Nγ〉 is likely not known
for reactions of interest, the previous section has proven
that there is a functional relation between 〈Nγ〉 and the
average segment multiplicity 〈M〉 (fig. 6).

Therefore, to determine εΣ of the sum-peak, Geant4
simulations were performed for a fixed sum-peak energy,
using cascades of varying numbers of γ rays. More specif-
ically, each input file fed into the Geant4 simulations con-
tained 100 different cascades, designed to mimic the com-
plexity of a realistic cascade. For each cascade, the γ-ray
energies were chosen from a uniform distribution under
the constraint that the sum of the energies must equal the
sum peak energy. In addition, no γ rays below 200 keV
were selected, since the detection efficiency for γ-rays be-
low this energy is very low. Additionally, within the res-
olution of the sum-peak, events for which the low-energy
γ-ray was not detected will still be included in the sum-
peak integral. Using combinations of these artificial cas-
cades with different number of γ rays, we were able to sam-
ple different values for 〈Nγ〉. For example, a 〈Nγ〉 of 2.50
would contain 50 cascades of two γ-rays and 50 cascades of
three γ rays. For each simulation, both the efficiency and
〈M〉 were extracted as outlined by the data analysis pro-
cedure (sect. 5). This procedure was repeated for a range
deemed physically appropriate (〈Nγ〉 = 2 to 〈Nγ〉 = 7).
For each value of 〈Nγ〉 several realizations of the cascades
were generated. This results in a slight spread of the 〈M〉
values and in the obtained efficiency values. This spread is
an indication of the uncertainty in the summing efficiency.
In fig. 8, three efficiency curve examples are plotted as a
function of 〈M〉 for 5, 10, and 15MeV sum-peak energies.
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Fig. 8. Geant4 simulated summing efficiencies as a function of
the average segment multiplicity 〈M〉. In general the summing
efficiency depends on both the sum-peak energy and average
cascade multiplicity 〈Nγ〉, but in the statistical limit, there is
a one-to-one relation between 〈Nγ〉 and 〈M〉 which allows the
efficiency to be estimated from 〈M〉.

As anticipated, the efficiencies decrease with increasing
〈M〉, which in general relates to an increasing 〈Nγ〉.

Finally, a second order polynomial was fit to the re-
sultant efficiency curves, which is used to determine the
efficiency for an experimentally measurable 〈M〉. The rel-
ative uncertainty in the efficiency is estimated by the rel-
ative scatter of the simulations, which is on the order of
10–20%.

7 Summing efficiency as a function of the

source location along the borehole

In addition to the average segment multiplicity and the
sum-peak energy, εΣ is also sensitive to the angular cov-
erage of the detector. Therefore, εΣ is expected to depend
on the location of the interaction point along the detec-
tor borehole, as this will change the amount of material
the γ rays may interact with. For thin targets, which are
placed in the center of the array, this location is well-
known. However, if an extended gas cell is used as a target,
this effect needs to be taken into account when calculat-
ing the cross section. Summing efficiency as a function
of position along the borehole was investigated using a
60Co source with known activity. The source was moved
through the array using a wooden source holder, to both
measure the position of the source, as well as to secure it
within the array. The source was positioned in the center
of the borehole, and moved along the borehole in 1 cm in-
crements for the first 10 cm, and then in 2 cm increments
until the source reached the edge of the array. For each
source location, the summing efficiency for HECTOR was
calculated. The results are displayed in fig. 9. Calculated
εΣ values were then compared to two Geant4 simulations.
When only HECTOR was accounted for in the simula-
tion, the results overestimate the measurement. When the
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Table 1. Average multiplicities (〈M〉), summing efficiencies (εΣ) and resonance strengths (Sp) for 27Al(p, γ)28Si resonances
analyzed in this work compared with the values from the literature.

Ep (keV) EΣ (MeV) 〈M〉 εΣ

Sp (eV)

this work Simon [12] Endt [18] NACRE [19] Brenneisen [20]

2517.7 14.026 4.383 0.200(20) 16.9(10) 14.6(21) 16(3) 17.2(19) 15.9(32)

2675.5 14.141 4.564 0.187(20) 5.78(68) 4.7(10) 7.2(14) 7.32(84) 7.2(14)

2711.7 14.242 3.175 0.259(10) 18.1(11) 16.1(22) 14(3) 15.5(30) 13.9(28)

3098.0 14.455 4.426 0.177(20) 10.5(13) – 6.7(13) 3.8(19) 6.7(13)

3338.4 14.681 4.492 0.172(20) 4.53(62) 3.6(7) 4.3(9) 4.2(8) 4.3(9)

3674.9 15.016 4.548 0.165(20) 35.1(45) 33.3(46) 35(7) 33.5(67) 34.7(69)

3791.7 15.265 4.401 0.192(20) 13.5(18) 11.9(16) 7.3(15) 7.1(17) 7.3(15)

3960.8 15.315 4.561 0.161(20) 5.92(81) 5.4(8) 3.3(7) 3.2(6) 3.3(6)

Fig. 9. Summing efficiency for a 60Co source as a function
of the position of the source along the detector borehole. The
Geant4 curve (red, dashed line) includes the source holder in
the simulation whereas the black-dashed line does not. Abrupt
dips in efficiency correspond to the segmented gaps between
crystals within the array.

source holder was added to the Geant4 simulations, there
is good agreement between the measurement and simula-
tions. This also shows that any additional material (i.e.
target holder, collimator, etc.) can significantly affect the
summing efficiency. Such materials need to be properly
accounted for when determining the summing efficiency.

Additionally, it can be seen in fig. 9 that there are
abrupt drops in the efficiency at 0 and ±10 cm. These posi-
tions correspond to the gaps between HECTOR segments.
The gaps reduce the effective solid angle and consequently
the summing efficiency.

8 Strength of the resonances in 27Al(p, γ)28Si

reaction

The in-beam commissioning of HECTOR was performed
by measuring well-known resonances in the 27Al(p, γ)28Si
reaction. The commissioning experiment was conducted

at the University of Notre Dame’s Nuclear Science Labo-
ratory.

Protons of energy range 2.5–4.2MeV were generated
using the FN Tandem Van de Graaff Accelerator. Each
resonance was scanned in 1–2 keV energy steps in order to
identify the energy centroid. The proton beam was inci-
dent on a 64.6(4)µg/cm2, self-supporting aluminum tar-
get, which was manufactured at the Nuclear Science Lab-
oratory as well. The target thickness was determined via
the Rutherford backscattering technique using a 3.2MeV
1H, 4MeV 4He, and 8MeV 12C beams. Recoiled particles
were detected using two silicon detectors at 135◦, and 145◦

degrees. 241Am and 148Gd α-source emitters of 5,485 keV
and 3,182 keV respectively were used to calibrate the de-
tectors. The collected data was analyzed and fitted using
SIMNRA [21].

The resonance strength Sp is defined as

Sp = ωγ(2Jp + 1)(2Jt + 1), (3)

where Jp and Jt denote total projectile and target spin,
respectively, and ωγ can be calculated from the integral
of the excitation curve using the finite target thickness
formula [8]

ωγ =
1

εΣ

Iγ

Nb

2

λ2
r

A

NA

M

M + m
T (Ep) (4)

where Iγ is the intensity of the sum peak, λr is the de
Broglie wavelength at the resonance energy, Nb is the num-
ber of beam particles incident on the target, εΣ is the sum-
ming efficiency, A is the atomic weight of the target, NA

is Avogadro’s number, m and M are the beam and target
masses, respectively, and T (Ep) is the stopping power of
the beam in the target.

Resonance strengths measured with HECTOR are
listed in table 1. The de Broglie wavelength was calculated
using the incident proton energy that was determined by
an NMR probe measuring the magnetic field of the FN
Tandem accelerator’s 90◦ analyzing magnet. The intensity
of the sum peak was obtained using the analysis proce-
dure outlined in sect. 5 after the room background and
non-resonant capture component were subtracted from
the data. For each resonance, the summing efficiency was



Eur. Phys. J. A (2019) 55: 77 Page 7 of 8

 keVγE
14000 14500 15000 15500 16000 16500 17000 17500

C
o

u
n

ts

0

100

200

300

400

500

〉 M 〈
0 2 4 6 8 10 12

 C
o

u
n

ts

0

1000

2000

3000

4000

5000

6000

7000

8000

〉 M 〈
3.5 4 4.5 5 5.5 6

 E
ff

ic
ie

n
cy

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0.26

Fig. 10. Analysis of the 3,674 keV resonance in the
27Al(p, γ)28Si reaction measured with HECTOR, in the top fig-
ure, the sum peak is fitted, subtracted, and integrated within
the 3σ region. In the middle figure a histogram of the segment
multiplicities measured in the sum peak region is fitted. The
smaller, blue historgram is off-resonance multiplicity, which is
subtracted off. The bottom figure shows a simulated efficiency
curve for a 15,240 keV sum peak. The average segment multi-
plicity is then compared to the efficiency curve to determine
the sum-peak efficiency and uncertainty.

determined using a simulated efficiency curve as discussed
in sect. 6. The procedure is demonstrated for the 3,674 keV
resonance in fig. 10.

In total, eight resonance strengths were measured and
are plotted in fig. 11 and listed in table 1 along with pre-
vious measurements found in the literature for compari-
son. In general, there is good agreement (within 1 σ) be-
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Fig. 11. Resonace strengths for the 27Al(p, γ)28Si reaction
measured with HECTOR (solid data points), compared to
SuN data [12] (open circles), Endt [18] (upside-down trian-
gles), NACRE [19] (squares), and Brenneisen [20] (triangles).
The results from HECTOR and SuN are in a very good agree-
ment and reproduce well the data from other measurements.

tween our results and those listed in the literature. This
agreement is especially strong with the results of Simon
et al. [12], whose measurements were performed using the
SuN detector which also applies the summing technique.
The greatest discrepancy is in the 3,098 keV resonance,
for which there is no summing technique literature value
for comparison. However, for the resonances greater than
3MeV, the resonance strengths measured in this work are
consistently higher than those from evaluated sources such
as NACRE [19] and Brenneisen et al. [20]. This discrep-
ancy may be due to incomplete branching information
used in their calculations.

The dominant term in the reported uncertainties arises
from the error associated with estimating the summing
efficiency which is on the order of 10% for the higher mul-
tiplicity resonances. Additional contributions to the reso-
nance strength uncertainty include a 5% uncertainty in the
target thickness, propagated through as an uncertainty in
stopping power, as well as statistical errors associated with
integrated quantities such as the beam current and sum
peak intensity.

9 Summary

Measurements of radiative capture cross sections are im-
portant to the understanding of stellar nucleosynthesis.
HECTOR, the newly commissioned γ-summing detector,
will allow for such measurements to be conducted at
the University of Notre Dame. HECTOR is comprised
of 16 NaI(Tl) segments, with the γ-summing technique
employed offline. The summing efficiency εΣ of HEC-
TOR has been characterized as a function of average seg-
ment multiplicity 〈M〉 and sum-peak energy using Geant4
simulations. The calculated summing efficiency and stan-
dard analysis procedure outlined in this work have been
tested by measuring 27Al(p, γ)28Si resonance strengths,
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and comparing to literature values. The results are in good
agreement with previous measurements, thus implying the
aforementioned techniques are valid for measuring radia-
tive capture cross sections. Future plans with the array
include measuring (p, γ) and (α, γ) cross sections on sta-
ble, self-supporting targets, as well as developing a gaseous
target system to study radiative capture on noble gas tar-
gets.

This work was supported by NSF under grants No. PHY-
1614442, PHY-1713857 (NSL), PHY-1430152 (JINA-CEE)
and PHY-1102511 (NSCL). The authors would also like to
thank Jerry Lingle for building a target holder and support
structure for HECTOR and the whole staff of the Nuclear Sci-
ence Laboratory for providing the proton beam for the exper-
iment.

Data Availability Statement This manuscript has no associ-
ated data or the data will not be deposited. [Authors’ com-
ment: All data generated during this study are contained in
this published article.]

Publisher’s Note The EPJ Publishers remain neutral with
regard to jurisdictional claims in published maps and institu-
tional affiliations.

References

1. A. Sauerwein, J. Endres, L. Netterdon, A. Zilges, V.
Foteinou, G. Provatas, T. Konstantinopoulos, M. Axiotis,
S.F. Ashley, S. Harissopulos, T. Rauscher, Phys. Rev. C
86, 035802 (2012).

2. S. Galanopoulos, P. Demetriou, M. Kokkoris, S. Harissopu-
los, R. Kunz, M. Fey, J.W. Hammer, G. Gyürky, Z. Fülop,
E. Somorjai, S. Goriely, Phys. Rev. C 67, 015801 (2003).

3. S. Harissopulos, A. Spyrou, A. Lagoyannis, M. Axiotis, P.
Demetriou, J.W. Hammer, R. Kunz, H.W. Becker, Phys.
Rev. C 87, 025806 (2013).

4. M. Famiano, R.S. Kodikara, B.M. Giacherio, V.G. Subra-
manian, A. Kayani, Nucl. Phys. A 802, 26 (2008).
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