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ERNA experimental program
✤ Quiescent H and He burning:

✤ 7Be(p,𝜸)8B
✤ 7Be RIB production

✤ 12C(α,𝜸)16O
✤ 16O(α,𝜸)20Ne

✤ Jet gas target
✤ AGB 19F nucleosynthesis

✤ 14N(α,𝜸)18F
✤ 15N(α,𝜸)19F

✤ AMS of Super Heavy Elements

✤ Advanced burnings
✤ 12C(12C,p)23Na and 12C(12C,α)20Ne
✤ 23Na(p,α)20Ne
✤ 19F(a,p)22Na
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7Be(p,𝜸)8B

5

in Solar Fusion I. Total errors, including systematic errors, are
shown on each data point, to facilitate a meaningful com-
parison of different data sets. All data sets exhibit a similar
S17ðEÞ energy dependence, indicating that they differ mainly
in absolute normalization.

Following the discussion in Sec. IX.B, we determine our
best estimate of S17ð0Þ by extrapolating the data using the
scaled theory of Descouvemont (2004) (Minnesota calcula-
tion). We performed two sets of fits, one to data below the
resonance, with E # 475 keV, where we felt the resonance
contribution could be neglected. In this region, all the indi-
vidual S17ð0Þ error bars overlap, except for the Bochum
result, which lies low.

We also made a fit to data with E # 1250 keV, where the
1þ resonance tail contributions had to be subtracted. We did
this using the resonance parameters of Junghans et al. (2003)
(Ep ¼ 720 keV, !p ¼ 35:7 keV, and !! ¼ 25:3 meV), add-
ing in quadrature to data errors an error of 20% of the
resonance subtraction. In order to minimize the error induced
by variations in energy averaging between experiments, we
excluded data close to the resonance, from 490 to 805 keV,

where the S factor is strongly varying and the induced error is
larger than 1.0 eV b. Above the resonance, the data have
smaller errors. Only the Filippone et al. (1983) and
Weizmann group error bars overlap the UW–Seattle/
TRIUMF error bars.

Figure 9 shows the best-fit Descouvemont (2004)
(Minnesota interaction) curve from the E # 475 keV fit [to-
gether with the 1þ resonance shape determined by Junghans
et al. (2003), shown here for display purposes]. Our fit results
are shown in Table VII. The errors quoted include the in-
flation factors, calculated as described in the Appendix. The
main effect of including the inflation factors is to increase the
error on the combined result by the factor 1.7 for E #
475 keV, and by 2.0 for E # 1250 keV. Both the S17ð0Þ
central values and uncertainties from the combined fits for
these two energy ranges agree well, the latter because the
added statistical precision in the E # 1250 keV fit is mostly
offset by the larger inflation factor.

We also did fits in which the low-energy cutoff was varied
from 375 to 475 keV and the high-energy exclusion region
was varied from 425–530 to 805–850 keV. The central value
of S17ð0Þ changed by at most 0.1 eV b. On this basis we
assigned an additional systematic error of &0:1 eV b to the
results for each fit region.

To estimate the theoretical uncertainty arising from our
choice of the nuclear model, we also performed fits using the
shapes from other plausible models: Descouvemont (2004)
plus and minus the theoretical uncertainty shown in Fig. 8 of
that paper; Descouvemont and Baye (1994); the CD-Bonn
2000 calculation shown in Fig. 15 of Navrátil et al. (2006b);
and four potential-model calculations fixed alternately to
reproduce the 7Liþ n scattering lengths, the best-fit 7Beþ
p scattering lengths, and their upper and lower limits (Davids
and Typel, 2003). The combined-fit results for all these
curves, including Descouvemont (2004), are shown in
Table VIII.

We estimate the theoretical uncertainty on S17ð0Þ from the
spread of results in Table VIII: &1:4 eV b for the E #
475 keV fits, and þ1:5

'0:6 eV b from the E # 1250 keV fits

(the smaller error estimate in the latter case reflects the
exclusion of the poorer potential-model fits). We note that
the estimated uncertainties are substantially larger than those
given by Junghans et al. (2003) and by Descouvemont
(2004).

FIG. 9 (color online). S17ðEÞ vs center-of-mass energy E, for E #
1250 keV. Data points are shown with total errors, including
systematic errors. Dashed line: scaled Descouvemont (2004) curve
with S17ð0Þ ¼ 20:8 eV b; solid line: including a fitted 1þ resonance
shape.

TABLE VII. Experimental S17ð0Þ values and (inflated) uncertainties in eV b, and "2=dof deter-
mined by fitting the Descouvemont (2004) Minnesota calculation to data with E # 475 keV and with
E # 1250 keV, omitting data near the resonance in the latter case.

Fit range E # 475 keV E # 1250 keV
Experiment S17ð0Þ # "2=dof S17ð0Þ # "2=dof

Baby 20.2 1.4a 0:5=2 20.6 0.5a 5:2=7
Filippone 19.4 2.4 4:7=6 18.0 2.2 15:8=10
Hammache 19.3 1.1 4:8=6 18.2 1.0 12:5=12
Hass 18.9 1.0 0=0
Junghans BE3 21.6 0.5 7:4=12 21.5 0.5 12:3=17
Strieder 17.2 1.7 3:5=2 17.1 1.5 5:1=6

Mean 20.8 0.7 9:1=4 20.3 0.7 18:1=5

aWe include an additional 5% target damage error on the lowest three points, consistent with the
total error given in the text by Baby et al. (2003a) [M. Hass, 2009 (private communication)].
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in Solar Fusion I. Total errors, including systematic errors, are
shown on each data point, to facilitate a meaningful com-
parison of different data sets. All data sets exhibit a similar
S17ðEÞ energy dependence, indicating that they differ mainly
in absolute normalization.

Following the discussion in Sec. IX.B, we determine our
best estimate of S17ð0Þ by extrapolating the data using the
scaled theory of Descouvemont (2004) (Minnesota calcula-
tion). We performed two sets of fits, one to data below the
resonance, with E # 475 keV, where we felt the resonance
contribution could be neglected. In this region, all the indi-
vidual S17ð0Þ error bars overlap, except for the Bochum
result, which lies low.

We also made a fit to data with E # 1250 keV, where the
1þ resonance tail contributions had to be subtracted. We did
this using the resonance parameters of Junghans et al. (2003)
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ing in quadrature to data errors an error of 20% of the
resonance subtraction. In order to minimize the error induced
by variations in energy averaging between experiments, we
excluded data close to the resonance, from 490 to 805 keV,

where the S factor is strongly varying and the induced error is
larger than 1.0 eV b. Above the resonance, the data have
smaller errors. Only the Filippone et al. (1983) and
Weizmann group error bars overlap the UW–Seattle/
TRIUMF error bars.

Figure 9 shows the best-fit Descouvemont (2004)
(Minnesota interaction) curve from the E # 475 keV fit [to-
gether with the 1þ resonance shape determined by Junghans
et al. (2003), shown here for display purposes]. Our fit results
are shown in Table VII. The errors quoted include the in-
flation factors, calculated as described in the Appendix. The
main effect of including the inflation factors is to increase the
error on the combined result by the factor 1.7 for E #
475 keV, and by 2.0 for E # 1250 keV. Both the S17ð0Þ
central values and uncertainties from the combined fits for
these two energy ranges agree well, the latter because the
added statistical precision in the E # 1250 keV fit is mostly
offset by the larger inflation factor.

We also did fits in which the low-energy cutoff was varied
from 375 to 475 keV and the high-energy exclusion region
was varied from 425–530 to 805–850 keV. The central value
of S17ð0Þ changed by at most 0.1 eV b. On this basis we
assigned an additional systematic error of &0:1 eV b to the
results for each fit region.

To estimate the theoretical uncertainty arising from our
choice of the nuclear model, we also performed fits using the
shapes from other plausible models: Descouvemont (2004)
plus and minus the theoretical uncertainty shown in Fig. 8 of
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and Typel, 2003). The combined-fit results for all these
curves, including Descouvemont (2004), are shown in
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475 keV fits, and þ1:5
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(the smaller error estimate in the latter case reflects the
exclusion of the poorer potential-model fits). We note that
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1250 keV. Data points are shown with total errors, including
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with S17ð0Þ ¼ 20:8 eV b; solid line: including a fitted 1þ resonance
shape.
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mined by fitting the Descouvemont (2004) Minnesota calculation to data with E # 475 keV and with
E # 1250 keV, omitting data near the resonance in the latter case.

Fit range E # 475 keV E # 1250 keV
Experiment S17ð0Þ # "2=dof S17ð0Þ # "2=dof
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total error given in the text by Baby et al. (2003a) [M. Hass, 2009 (private communication)].
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Direct Measurements Indirect Measurements

Strieder et al. 
NuPhA 696(2001) – 
Bochum

S(0) = 18.4 ± 1.6 
eVb

Azhari et al. PRL 82 
(1999) - ANC

S(0) = 17.8 ± 2.8 eVb

Hammache et al. 
PRL 86(2001) – 
Orsay 

S(0) = 18.8 ± 1.7 
eVb

Tabacaru et al. PRC 
73(2006) - ANC 

S(0) = 18.0 ± 1.8 eVb

Jumgans et al. PRC 
68(2003) – Seattle  

S(0) = 21.4 ± 0.6 ± 
0.6 eVb

Schumann et al. 
PRC 73(2006) - CD

S(0) = 20.6 ± 0.8 ± 1.2 
eVb

Baby et al. PRC 67 
(2003) – Weizmann 

S(0) = 21.2 ± 0.6 
eVb 
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H2 extended gas target
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thickness up to 1E19 atoms/cm2,
effective length 29.8 cm
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7Li(p,n)7Be @ ~11.4MeV → 7Be/7Li ≃ 10-7-10-9

⇓
hot chemistry
7Be/7Li ≃ 1/1

⇓
cathodes production

⇓
beam from SNICS source
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7Be(p,𝜸)8B measurements
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First run:
ca. 36 h
630, 660, 690 keV
>150 counts
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14N(α,𝜸)18F and 15N(α,𝜸)19F
✤ intense N beam production (not trivial with SNICS)

✤ extended 4He target characterisation
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12C(α,𝜸)16O
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D. Schürmann et al.: First direct measurement of the total cross-section of 12C(α, γ)16O 303

E [MeV]
2 2.5 3 3.5 4 4.5 5

S
(E

) [
ke

V
 b

]

10

210

310

-=1πJ

+=2πJ
+=4πJ

+=2πJ

+=4πJ

+=0πJ

Fig. 3. Total S(E) factor of the reaction 12C(α, γ)16O. Data near the narrow resonances at E = 2.68, 3.9, and 4.9 MeV are thick-
target yields. The solid line represents the sum of the different amplitudes extracted from a recent R-matrix calculation [22].
Error bars shown are statistical only.

The thickness of the extended windowless He gas tar-
get was determined using the 4He(7Li, γ)11B reaction at
Elab = 1.668 MeV [19], energy loss measurements of differ-
ent ions [20], and the 4He(7Li, 4He)7Li∗ reaction at Elab =
3.325 MeV [21]. The weighted average of the results yields
N4He = 4.21±0.14×1017 atoms/cm2 with an effective tar-
get length of 42.6±1.4 mm, that corresponds to an energy
loss, Eloss, for the 12C ions smaller than 25 keV in the in-
vestigated energy range. The small target thickness leads
to a nearly constant cross-section along the target, thus
Eeff = (Ebeam − Eloss/2)∗M4He/(M12C + M4He).

The number of projectiles N12C is determined through
the detection of the elastically scattered 4He nuclei in two
collimated silicon detectors located in the target chamber
at 75◦ from the beam axis. Calibration runs performed
at each energy before and after the measurement runs al-
lowed to relate the observed scattering rate to the concur-
rent beam current. The scattering rate was measured in
short runs of typically 60 s to achieve a statistical preci-
sion of better than 1%. The beam current without target
gas was monitored in a Faraday cup (FC2) located after
the quadrupole triplet before and after the determination
of the scattering rate. This procedure was found to be in-
dependent of the beam focussing and reproducible within
the statistical error. A 100% transmission of the incident
beam through the gas target is a requirement of the sepa-
rator [19] and was verified by the full transmission through
a retractable focussing aperture in front of the gas cell with
a diameter of 3 mm.

The charge state distribution ΦR of the 16O recoils
produced in the 4He gas target depends on the geometric
origin in the target: 16O recoils produced in the upstream
part of the target will most likely reach an equilibrium

charge state distribution in the passage of the remaining
target length, while those produced near the downstream
end of the target will not, i.e. they will keep memory of the
charge state at the moment of their formation. Since this
effect is not accurately predictable [20], the charge state
distribution of the 16O recoils after passing the He gas is
affected by a significant uncertainty. To remove this uncer-
tainty, an Ar stripper was installed after the 4He gas target
with a number density nAr = 5.6± 0.6× 1016 atoms/cm2.
This density is sufficient for all ions produced at different
locations in the 4He target to reach the same charge state
distribution. Finally, the observed 16O charge state distri-
bution in the combination of 4He and Ar gas was measured
over the full energy range [21]: for each charge state the
separator was set properly and the resulting current ob-
served at the end of the separator in FC4 (fig. 1). The
measured charge state distribution differs from the equi-
librium charge state distribution of 16O ions in Ar gas [20]
due to the effect of charge exchange in the 4He rest gas
in the downstream pumping stages of the gas target after
the post-target stripper. This effect is energy and charge
state dependent and amounts to a chance of the equilib-
rium charge state distribution of 20% at most.

The transmission of the separator TRMS essentially de-
pends on its acceptance compared to the emittance of the
recoils, which, in turn, depends on γ-ray emission, tar-
get effects, and the beam emittance. The angular accep-
tance of ERNA has been measured using an 16O beam
and an electrostatic deflection unit [19], which can deflect
the beam at any position within the target region in order
to simulate the recoil ion angular opening at the differ-
ent geometrical locations where 16O recoils are produced.
The energy acceptance was measured by varying the beam
energy from the accelerator. For both quantities, ERNA

Schuermann et al. EPJA 26(2005)
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Fig. 9. Panel A: Yield spectrum acquired with the ∆E de-
tector during the resonance scan at the beam energy Ep =
852 keV. The energy range of α0 peak is between 4500 and
5600 keV. The acquisition time is t = 1.25 · 104 s and the beam
current is I = 125 nA. This is the spectrum measured in each
point of the yield plot in panel B. Panel B: Measurement of
the α0 yield as a function of the impinging beam energy. The
center of the resonance is shown. The acquisition time for each
energy step is t = 160 s and the beam current is I = 64 nA.

Considering the negligible contribution of nearby lev-
els, the following expression for the cross section for an iso-
lated resonance was used in the calculation:

σ(E) = σR · ER

E
· Γ 2

R

4(E − ER)2 + Γ 2
R

. (6)

The resonance at Ep = 852 keV has a width ΓR =
23 keV and the value of the cross section at the resonance
energy ER = 842 keV is σR = 3.4mb [28].

The beam energy distribution and the energy strag-
gling of protons inside the target were considered through
a single Gaussian function g(E,Ep, x) describing the en-
ergy spread due to the energy loss inside the target and
the longitudinal straggling of protons inside the target ma-
terial:

g(E,Ep, x) = B
1√

2πΩ(x)

× exp
[
− (E − (Ep − T (Ep) · x))2

2Ω2(x)

]
. (7)
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Fig. 10. ∆E-E matrix for the nuclear pair resonance. The
circled spot corresponds to the pair detection, while the energy
region with high intensity ∆E signals between 100 and 300 keV
and E signals up to 4000 keV corresponds to the interaction of
a single electron (or positron) with the telescope. The rest of
low intensity signals in the matrix are due to the electron and
positron scattering processes.

The variables are the energy of the proton in the target
E and the depth inside the target x. Ω(x) was calculated
using the Bohr formula [29] given by

Ω(x) =
(

1.56 · 10−4z2 Z̄

Ā
Emax

x

s

) 1
2

(MeV), (8)

where Z̄ and Ā are the average atomic number and weight
in case of a multielement target and z is the atomic num-
ber of the projectile. B is a normalization constant, deter-
mined in order to represent with g(E,Ep, x) a probability
distribution.

This Gaussian function gives the probability that a
projectile incident on the target at an energy Ep has an
energy between E and E+dE at a depth inside the target
x corresponding to the energy loss E − Tp · x. Finally, the
reduced reaction yield becomes

y(Ep) =
∫ ∞

0

∫ s

0
σR · ER

E

× Γ 2
R

4(E − ER)2 + Γ 2
R

· g(E,Ep, x)dE dx. (9)

In conclusion, the expected total number of reactions is
given by

Ntot = Np · Nt · y(Ep), (10)

where Np is the number of proton projectiles determined
from the integrated beam current I and Nt is given by
eq. (4).

The integrated charge was measured considering the
total number of counts in the α0 peak, whose area Atot

is proportional to the integrated charge Qtot. The propor-
tionality constant was determined in the resonance scan
normalizing the observed yield to beam current I and ac-
quisition time t. The total integrated charge during the
efficiency measurement was Qtot = 1.57(9) mC.
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Fig. 14. Array configurations with two (A), three (B), four (C)
and six (D) telescopes. Note that all the configurations are
arranged in order to fit inside the reaction chamber taking into
account at the same time the most probable angular correlation
of the electron-positron pair.
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Fig. 15. Pair detection matrix with the generation of 106

pair events. The ∆E and the E signals for two telescopes in
four-fold coincidence are summed (indicated, respectively, with
∆E1 + E1 and ∆E2 + E2) and permutated for all the possi-
ble crossed coincidences. The clear identification of the pair is
given in the matrix by the ellipsoidal region with a pair effi-
ciency of 1.910(14) · 10−2.

respectively with ∆E1 +E1 and ∆E2 +E2) obtained per-
mutating for all the possible crossed coincidences with the
generation of 106 pair events. Note that the clear identifi-
cation of the pair is given in the matrix by the ellipsoidal
region, which presents the shape of the energy distribution
given by eq. (2). In this configuration the pair efficiency is

ϵe+e− = 1.910(14) · 10−2. (19)

The four-fold coincidence in such a configuration en-
sures a high γ-ray suppression. Figure 16 shows the matrix
output for the generation of 107 events consisting of two
γ-rays in coincidence having, respectively, the energies of
6MeV and 7MeV, which represents the worst γ-ray in-

0
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!E1"E1 !keV"

0

2000

4000

!E2"E2 !keV"

0

20

40

Coun ts

Fig. 16. γ-ray induced background matrix with the generation
of 107 pair events. Note that in the same ellipsoidal region of
fig. 15 there is a high γ-ray suppression, resulting in a γ-ray–
induced background of 2.14(14) · 10−5.

duced background condition since a single photon inter-
action would obviously give no four-fold coincidence.

Selecting the same energy region of the previous case,
the γ-ray induced background is thus

IBγ = 2.14(14) · 10−5, (20)

which is approximately one thousand time less intense
than the signal produced by the pairs.

5 Conclusions

In this paper we discuss the importance of the experimen-
tal study of E0 transitions in some cases of interest in nu-
clear astrophysics, in particular 12C + 4He and 16O + 4He.
A solid-state two-stage detector was developed in order to
study these transitions in coincidence with the detection
of recoils at the recoil mass separator ERNA. Test mea-
surements on 19F(p,α)16O and a detailed simulation of
the experiments show the feasibility of the proposed ap-
proach, providing e+-e− pair are detected. Different de-
tector configurations were studied, allowing to achieve a
design with an efficiency as high as ≈ 2% with the array
configuration (C) (fig. 14), that will be build for E0 transi-
tion measurements in the 12C(α, γ)16O reaction. This will
allow to perform measurements with a statistics of about
50 e+ − e− pairs per week in the energy range 2–3.5MeV
for 12C + 4He and under the conditions (at the lowest
energy) of a beam current of 5 pµA, a target thickness
n = 1 · 1018 at/cm2 and a charge state probability of 40%.
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production, Franco Bizzarri and Dr. Riccardo Natali, INFN
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tion of the test chamber. This work has been supported by
INFN (ERNA Collaboration), Italy.
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TABLE I. List of possible transitions in 12C(12C,p)23Na. The
energy E

p

of the emitted proton in calculate for E = 2.6 MeV
at µ

lab

= 130± and given in the laboratory system.

transition Jº E
x

(MeV) Q
x

(MeV) E
p

(MeV)
p

0

3/2+ 0 2.240 3.71
p

1

5/2+ 0.440 1.801 3.33
p

2

7/2+ 2.076 0.165 1.95
p

3

1/2+ 2.391 -0.150 1.69
p

4

1/2° 2.640 -0.399 1.48
p

5

9/2+ 2.704 -0.463 1.43
p

6

3/2+ 2.982 -0.741 1.20
p

7

3/2° 3.678 -1.437 0.67
p

8

5/2° 3.848 -1.607 0.53
p

9

5/2+ 3.914 -1.673 0.48
p

10

1/2+ 4.430 -2.189 0.13

FIG. 1. The total S§ factor of the 12C+12C reactions.

useful data below the Coulomb barrier and all have ob-
served pronounced structures in the excitation function.
Recently, the hydrogen contamination problem was sig-
nificantly reduced [19] to levels su±cient to reach 2.1
MeV in the center-of-mass system (all energies will be
expressed in the center of mass energy). A new partic-
ularly strong resonance was found at 2.15 MeV enhanc-
ing the reaction rates in the stellar temperature range.
The collection of data required heavy active and passive
shielding but remained limited at the low energy limit
mainly by natural background.

The 12C +12 C cross section æ(E) at low energies is
typically expressed in terms of the modified astrophysical
S-Factor [11]:

S̃ = Eæ(E) exp(2º¥ + gE) (1)

with ¥ = 13.88E°1/2 and g = 0.46 MeV°1 where the
energy E is given in MeV.

Figure 1 compares the 12C+12 C data collected to date
and shows the low energy limit reached by each respec-
tive experiment. Clearly there are large discrepancies

between a number of the data sets, which may corre-
spond to the detection method as well as the particular
strength of contamination within the target.

The use of optical potentials to explain the resonant
behavior of the 12C +12 C [13, 14] system have had suc-
cess in describing the energy dependence of both elastic
scattering cross sections and nuclear reaction cross sec-
tions. The existence of corresponding structures in both
channels has led optical models to predict the existence
of a resonance at E = 1.5 MeV [14].

Such a resonance would significantly reduce M , de-
crease the number of CO white dwarf progenitors, and
may explain the origin of superburst ignition. Presently,
no model accurately predicts the observed parameters
of superbursts using the current extrapolated reaction
rates, while under the assumption that a resonance exists
in the 12C+12C reaction at E = 1.5 MeV models could ac-
count for the observations [20]. The proposed resonance
with a nominal fiducial strength of !∞ = 3.4 £ 10°8 eV
and a maximum strength of one order of magnitude larger
would dominate the reaction rates over a wide tempera-
ture range around 5 £ 108 K. The verification of such a
resonance should be the ultimate aim of 12C+12C mea-
surements at astrophysical energies.

We report on measurements of the emitted protons
from the 23Na-channel by particle spectroscopy, i.e. to
the ground state (p

0

) and first excited state (p
1

) of 23Na.
Recently [21] an improbable multiple scatter process in-
volving hydrogen contamination within carbon targets
was discovered as a source of beam induced background
in charged particle spectroscopy. This background sig-
nificantly reduces the ability to measure directly into the
Gamow window, but may be overcome with the proper
choice of targets, e.g. Highly Ordered Pyrolytic Graphite
(HOPG). The present work utilized HOPG to reduce this
contribution to the background and extend the measure-
ment to 2.0 MeV.

II. EXPERIMENTAL TECHNIQUE

The equipment and procedures are similar to those
described previously [19], with the following diÆerences.
The 3 MV Pelletron tandem at the Center for Isotopic
Research on the Cultural and Environmental heritage
(CIRCE), Seconda Università di Napoli provided the
12C beam with up to 15 particle µA on target. A cal-
ibration of the terminal voltage was performed using
the well-studied 992 keV resonance in the 27Al(p,∞)28Si
(Q = 11585 keV) reaction [22, 23]. The energy cali-
bration verified that the absolute energy and the energy
spread are known as 3 and 2 keV, respectively. These un-
certainties result in a negligible error of less than 0.3 %
for a 3 to 7 MeV 12C beam.
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and shows the low energy limit reached by each respec-
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between a number of the data sets, which may corre-
spond to the detection method as well as the particular
strength of contamination within the target.

The use of optical potentials to explain the resonant
behavior of the 12C +12 C [13, 14] system have had suc-
cess in describing the energy dependence of both elastic
scattering cross sections and nuclear reaction cross sec-
tions. The existence of corresponding structures in both
channels has led optical models to predict the existence
of a resonance at E = 1.5 MeV [14].

Such a resonance would significantly reduce M , de-
crease the number of CO white dwarf progenitors, and
may explain the origin of superburst ignition. Presently,
no model accurately predicts the observed parameters
of superbursts using the current extrapolated reaction
rates, while under the assumption that a resonance exists
in the 12C+12C reaction at E = 1.5 MeV models could ac-
count for the observations [20]. The proposed resonance
with a nominal fiducial strength of !∞ = 3.4 £ 10°8 eV
and a maximum strength of one order of magnitude larger
would dominate the reaction rates over a wide tempera-
ture range around 5 £ 108 K. The verification of such a
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from the 23Na-channel by particle spectroscopy, i.e. to
the ground state (p
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) and first excited state (p
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) of 23Na.
Recently [21] an improbable multiple scatter process in-
volving hydrogen contamination within carbon targets
was discovered as a source of beam induced background
in charged particle spectroscopy. This background sig-
nificantly reduces the ability to measure directly into the
Gamow window, but may be overcome with the proper
choice of targets, e.g. Highly Ordered Pyrolytic Graphite
(HOPG). The present work utilized HOPG to reduce this
contribution to the background and extend the measure-
ment to 2.0 MeV.
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The equipment and procedures are similar to those
described previously [19], with the following diÆerences.
The 3 MV Pelletron tandem at the Center for Isotopic
Research on the Cultural and Environmental heritage
(CIRCE), Seconda Università di Napoli provided the
12C beam with up to 15 particle µA on target. A cal-
ibration of the terminal voltage was performed using
the well-studied 992 keV resonance in the 27Al(p,∞)28Si
(Q = 11585 keV) reaction [22, 23]. The energy cali-
bration verified that the absolute energy and the energy
spread are known as 3 and 2 keV, respectively. These un-
certainties result in a negligible error of less than 0.3 %
for a 3 to 7 MeV 12C beam.
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less massive than the nucleus of interest.  In order to push the carbon measurement to lower 
energies the abundance of deuterium will need to be decreased.  Furthermore, future 
experiments should be aware of this type of beam-induced background to ensure reliable data. 
 

 
Figure 4 – Carbon ROI yields for the 12C(12C,p)23Na reaction for two targets of different deuterium levels as 
well as an extrapolated non-resonant thick target yield to low energies. The plotted oxygen beam data coincide 
in center of mass energy with the plotted carbon data in the beam-deuterium center of mass system.  Similar 
yields are found with both beams confirming the two-step hypothesis. 
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E’ stata completata l’installazione della cameretta di test per i bersagli da utilizzare per la reazione. Diversi 
tipi di bersagli sono stati utilizzati. E’ stata evidenziato il legame tra il contenuto di idrogeno, che produce 
un intenso fondo attraverso la 12c(d,p), e la temperatura superficiale. In Fig. 4 è mostrata una termografia 
del bersaglio durante il bombardamento con un fascio di 12C di 6 MeV. In Fig. 5 è mostrata la temperatura 
massima del bersaglio in funzione del tempo, e il corrispondente andamento della concentrazione di 
deuterio. 

 

 

 

Fig. 4 Termografia di un bersaglio di grafite colpito da un fascio di C da 6 MeV intensità I=30 microA..  

Fig. 5 Dipendenza della massima temperatura del bersaglio e del contenuto di deuterio durante il bombardamento con un fascio di C di 6 MeV. 
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23Na(p,α)20Ne will use the same setup with solid 23Na targets
possibly 19F(a,p)22Na will use same detectors and jet gas target
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