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Introduction

Nuclear astrophysics was founded ∼ 70 years ago and since then this field of
study has matured. Observational astronomy, nuclear physics, cosmo-chemistry,
and theoretical astrophysics have all made significant contributions to the modern
nuclear astrophysics. New technologies have brought major improvements in the
understanding of the origin of the chemical elements from our Universe: powerful
computers capable to study the evolution of stars in a multidimensional framework;
high energy astrophysics done with space telescopes give new points of view of the
Universe; the cosmo-chemistry succeeded to isolate small pieces of stardust found
in very old meteorites, this gives a better understanding of the processes occurring
in stars but also on how solids are formed (process that occurs due to the fact
that matter condenses); and finally the most relevant, for this experiment, the nu-
clear physics was able to measure reaction cross sections near stellar energies by
using facilities that provide either stable or radioactive ion beams but also different
measuring setups [1].

Nowadays, the science program of the majority of nuclear physics laboratories
already includes Nuclear Astrophysics as a significant component. The experimental
studies can be divided into two categories: direct measurements - which study reac-
tions at low energies as they occur in stars or as close to that as possible, followed by
extrapolations into the so-called Gamow window - and indirect methods, which use
information (such as nuclear data) extracted from reactions at much higher energies
to estimate reaction cross sections or reaction rates in the range of energies relevant
for astrophysics. This is due to the fact that at low energies the reactions involving
charged particles – this is a large part of reactions in stellar environments – are
very much hindered by the Coulomb barrier, leading to considerable measurement
difficulties. Therefore, the case of direct measurements calls for special experimen-
tal solutions. This part of the school presents a facility for direct measurements
at low and very low energies typical for nuclear astrophysics. The facility consists
of a small and compact tandem accelerator where irradiations are performed and
gamma-ray deactivation measurement setups: a β-γ coincidence setup (used to re-
duce the background) together with an ultra-low background laboratory located in a
salt mine where very low radioactivities can be measured. They belong to IFIN-HH
and are situated 120 km apart (the salt mine lab. from IFIN-HH location). Their
performances are shown using one physics case. This facility is competitive for the
study of nuclear reactions induced by alpha particles and by light ions at energies
close to or down into the Gamow window [2].
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Case study — 13C+12C

Study Motivation

Most of the important reactions in nucleosynthesis involve nucleons, p - or n
- radiative capture. Only few ion-ion reactions are important. The most relevant
during the carbon burning phase is the 12C+12C fusion reaction. Its complicated res-
onance structure and the lack of reliable measurements, down into Gamow window,
made it difficult to draw clear conclusions. The 13C+12C fusion reaction is the ideal
case to constrain the 12C+12C S-factor. At energies bellow and above the Coulomb
barrier, it has been observed that 13C+12C and 13C+13C cross sections are upper
bounds of the 12C+12C, and match the maxima of the resonance-like structure seen
in 12C+12C, in the range from 10−8 to 1 barn (see Fig. 2.1) [3, 4].

Figure 2.1: The astrophysical S-factors of 12C+12C and 13C+12C in comparison
with model calculations. In panel (a) the 12C+12C data with red, green, blue and
black empty circles, from [5], [6], [7], [8] are shown. In panel (b), with blue and
green full circles, the 13C+12C data from [9], [10] are shown [3].
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Types of measurements

During the experiment two types of measurements will be performed, prompt
gamma ray and de-activation measurements. Excited states of the compound nu-
cleus 25Mg will be populated during the irradiation thus we will detect prompt
gamma rays by placing a detector on the accelerator beam line.

Figure 2.2: Channels opened during the in-beam measurements
https://www.nndc.bnl.gov/qcalc/.

The only channel that leads to an unstable nucleus is the proton evaporation
channel; it is the only channel for which we can apply the activation method. Its
product is 24Na which has a half-life of 14.997 hours [2].

Figure 2.3: Gamma energies together with their probabilities can be found at
https://www-nds.iaea.org.
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In this experiment 13C beams will hit thick targets of natural carbon (98.93%
12C and 1.07% 13C). The fact that we use a thick target will only affect the way in
which the final cross section will be determined.

Experimental procedure

o Setup

For prompt gamma-ray measurements, a HPGe detector of 100% relative
efficiency will be placed at 550 with respect to the beam axis in forward direction,
at a distance of 13 cm. The final irradiation setup is shown in Fig. 2.4 below.
We will determine the contributions from p, n, and α evaporation channels for the
energies where reaction cross sections are high enough to be measured [2, 11]. For

Figure 2.4: Irradiation chamber schematics and the HPGe detector placed inside
the lead castle to measure prompt gamma rays [2].

de-activation measurements the irradiated targets will be transported and mea-
sured either by using BEGA station (our group lab) or the ultra-low background
laboratory, µBq from Slanic Prahova.

BEGA consists of:

Ù a plastic scintillator with a 20 mm x 20 mm x 2 mm slot in the middle where the
activated target will be positioned. It will assure a 4π coverage and therefore,
a maximum detection efficiency;

Ù two HPGe detectors on each side of the target, in closest possible geometry.
Space is left for metallic foils (Cu and Sn) to cut low Z X-rays;

Ù a Pb shield wrapping all 3 detectors.

The β-γ coincidence technique is used to reduce the background that comes from
natural decays, such as 40K, natural radon decays, the 511 keV gamma rays from
the annihilation of positron-electron and their Compton continuum.
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Figure 2.5: The beta-gamma coincidence system [?].

The microBequerel (µBq) laboratory of IFIN-HH in Unirea salt mine from Slanic
Prahova (located at about 2 hours drive North of Bucharest). The depth of the mine
is around 210 m (∼600-meter water equivalent). The reason for which this location
has been chosen is the very low natural radioactivity, due to the fact that walls do
not present cracks and due to the high purity of the salt. Also, the environmental
conditions in the salt mine are very stable year-round: temperature between 12
and 13 0C, humidity 60-65%. In this mine the laboratory was built to perform
measurements using gamma ray spectrometry in ultra-low radiation background.
The average dose underground was found to be 1.17 ± 0.14 nGy/h, approximately
80-90 times lower than the dose at the surface [2, 12, 13].

Figure 2.6: The location of the µBq laboratory inside the Slanic salt mine [2, 12]
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Figure 2.7 compares natural background γ-ray spectra measured above ground
and underground. The top spectrum shows that the strongest components of the
γ rays spectrum at Eγ<2.6 MeV are associated with the natural environmental
radioactivity and exhibits intense characteristic lines. At higher energies, the back-
ground originates mostly from cosmic rays. The natural radioactivity is significantly
reduced for measurements in the underground laboratory (bottom spectrum). It can
be seen that the measured background radiation (using a protection shield, produced
by Canberra Ind., consisting of 15 cm Pb and 5 cm Cu) is about 4000 times smaller
compared to the background spectrum measured at the surface. This is the major
advantage we want to test and use in the current measurements [2, 12]. The total

Figure 2.7: Natural background from the µBq laboratory collected with the same
HPGe: top is above ground (not shielded), bottom is underground shielded. [2, 12]

counts from 40 to 2700 keV are compared above. The integrated underground rate
for this gamma-ray energy region was 25,870 counts in 48 h, that is 539(4) cts/h,
(statistical uncertainty only). For comparison we can refer the reader to two under-
ground installations: LUNA at Laboratori Nazionali Gran Sasso [14] and CASPAR
at Sanford Underground Research Laboratory in Lead, SD, USA [15]. Both consist
of accelerators and detection setups, and are very deep under (3800 mwe- metre
water equivalent and 4300 mwe, respectively). Therefore, we can compare only the
gamma-ray backgrounds at these places with the one in Slanic, when similar data
exist. The underground LUNA facility (accelerator and detectors), under 1.4 km of
rock in Gran Sasso, reports [14] a rate of 4870 cts/h in the 1461 keV peak (40K)
and 1325 cts/h at the 2614 keV peak (232Th series) with a 137% relative efficiency
HPGe detector. Relative efficiency is a common way to express Germanium detec-
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tor efficiency. This is the efficiency relative to a 60Co source (using the 1332 keV
peak), placed at a distance of 25 cm of from a 3” x 3” NaI(Tl) detector [16]. In a
similar detector in Slanic we measure a rate of 1.81 cts/h and 4.8 cts/h in the same
peaks. With special shielding, including anti-radon box with dry nitrogen gas flow
around the detector, the rates at LUNA become 0.93 cts/h and 0.42 cts/h (setup
B in Ref. [14]) for the same two representative gamma-ray background peaks and
with extra shielding these rates were reduced by another factor of 2. More recently,
at the location of LUNA2 [17] the rates for the same two gamma lines are reported
as 2190(10) cts/h and 680(15) cts/h unshielded, and 14.8(3) cts/h and 15.2(3), re-
spectively, for the shielded HPGe detector of 100% relative efficiency (no anti-radon
box). At CASPAR, the gamma-ray background in the region 40–2700 keV is es-
sentially the same underground as is at the surface (due to the proximity of rock
walls). With shielding the background decreases by a factor 100 in the energy region
mentioned [15]. These two latter underground locations are vastly superior in terms
of shielding against muons and neutrons, which reflects in reduced background in
gamma-ray spectra at Eγ>2.7 MeV [2].

o Energy calibration

The object of energy calibration is to derive a relationship between peak posi-
tion in the spectrum and the corresponding gamma-ray energy. This is normally
performed before measurement, if only in a preliminary manner, but it is usual for
spectrum analysis programs to include more sophisticated calibration options. En-
ergy calibration is accomplished by measuring the spectrum of a source emitting
gamma-rays of precisely known energies and comparing the measured peak position
with energy [18]. The energy calibration consists in the experimental determination
of a function, usually a first-degree polynomial, describing the energy dependence
of the channel number in the spectrum:

Eγ = A+B · Ch (2.1)

where Eγ is the gamma-ray energy, Ch is the spectral channel number for the center
of the peak corresponding to Eγ (usually the channel with the maximum number of
counts), A and B are constants to be determined for calibration [18]. To do this we
will use a 152Eu source.

o Detection efficiency calibration

For detection efficiency calibration we will use sources with well-known activities:
152Eu, 133Ba, 60Co, 137Cs. The initial activities of the sources will be provided
during the experiment. The present activities can be determined either by hand
or using: http://www.radprocalculator.com/Decay.aspx. For prompt gamma ray
measurements, the radioactive sources will be placed in the same geometry as the
targets.
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Table 2.1: Calibration sources initial activities.

Channel Λ0 [Bq] 01.06.2008 Uncertainty [Bq] T1/2

152Eu 389300 ±7800 13.517 y
133Ba 34000 ± 1020 1925.28 d
60Co 31000 ± 900 10.551 y
137Cs 9000 ± 270 30.08 y

The most probable gammas used to obtain the efficiency calibration curve, for
each source, are listed below:

Table 2.2: Gamma energies (for each source) used to obtain the efficiency calibra-
tion curve.

Source Eγ [keV] Iγ (abs) [%]
152Eu 121.78 28.53

244.69 7.55
344.27 26.59
443.96 2.827
778.905 12.93
964.057 14.51
1112.076 13.67
1408.013 20.87

133Ba 80.99 32.99
276.39 7.16
302.85 18.34

356.0129 62.05
383.848 8.94

60Co 1173.228 99.85
1332.492 99.9826

137Cs 661.657 85.1

We want to have in the end a collective set of measurements, so we will establish
notations for every spectrum that we save. For calibration measurements we will
name the files as follows: ”Isotope[name] location[on/off] fargeom.asc” for example:
”133Ba off fargeom.asc”. The next step is to integrate the chosen peaks (corespond-
ing to the listed enrgies in Table 2.2)and obtain the areas (no. of detected counts).
We then determine the efficiency as follows:

Eγ =
A

Λ · Iγ · tc
(2.2)

where:
A is the peak area;
Λ is the source current activity;
Iγ is absolute intensity;
tc is the counting time.
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For de-activation measurements we have to consider the coincidence sum-
ming effect.

”The coincidence-summing correction factors, which are important when mea-
suring nuclides decaying through a cascade of successive photon emissions, with high
efficiency detectors. The nuclides of the type referred above are quite common; on
the contrary, the nuclides without cascade photon emissions are rarely encountered
[19]. From the point of view of efficiency of gamma-ray spectrometers, coincidence-
summing phenomena led to two fundamental effects:

l coincidence losses from the peak;

l coincidence summing up in the peak.

These effects take place when there is a nonnegligible chance that two or more than
two photons originating from the same decay act hit simultaneously the detector
[19].

Suppose that one of these photons has deposited completely the energy in the
sensitive volume of the detector. In common conditions, a pulse would have been
recorded in the full energy peak. But in the case when some additional energy
has been deposited in the detector simultaneously by other photons, the pulse is
no longer recorded in the full energy peak of the first photon because the energy
deposit in the detector is higher than the value corresponding to the peak; that is,
count-rate losses from the full energy peak of the first photon are observed. By
this phenomenon, the apparent full energy peak efficiency for the given peak of
the nuclide in question is smaller than the FEP efficiency at the same energy for a
nuclide without cascade photons emission [19].

In other cases, a transition can be produced either directly, by the emission of
a single photon with energy E0, or by the emission of two succesive photons with
energies E1 and E2:

E0 = E1 + E2 (2.3)

This is the case eg. of 134Cs, where the 1365 keV photon has exactly the same
energy as the sum of the energies of the 569 and 796 keV photons. In such cases,
the apparent FEP efficiency for the given nuclide at the energy E0 is higher than
the corresponding efficiency at the energy E0 for a nuclide without cascade photon
emission. Indeed, in the event that the energy of each of the two photons (569 and
796 keV) has been completely absorbed in the detector, the signal corresponding
to this event is added to the 1365 keV peak. That is, coincidence summing up
increases the apparent FEP efficiency. In certain cases, coincidence summing up is
completely responsible for the peak, e.g. the 1785 keV peak of 22Na, which is the
result of summing the 1274 keV with the 511 keV produced by positron annihilation,
or the 1401 keV peak of 134Cs, which is the result of summing up the 605 and 796
keV photons. Both types of coincidence-summing corrections (coincidence losses
and coincidence summing up) depend in a complex way on the decay scheme of
the nuclide, on the detector efficiency, on the measurement geometry (including the
sample, the detector, the shield), on the sample composition and density [19].”

Experimentally (for de-activation measurements) the coincidence summing cor-
rection will be determined by measuring one target placed in close (0 cm) and far
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geometry (20 cm). Firstly, we place the radioactive sources at 20 cm from the de-
tector. By doing this we obtain the efficiency of the detector at 20 cm (as in the
case of prompt measurements, and by fitting the curve we will obtain Eγ20), but we
need the efficiency of the detector at 0 cm because this is how we will perform the
measurements for our irradiated targets. Secondly, in order to obtain the efficiency
of the detector at 0 cm using the efficiency curve for 20 cm we will irradiate one of
the targets and perform offline measurements for both 20 cm and 0 cm [2].

For the de-activation measurements, we will determine the detection efficiency
for the gamma of interest at 0 cm by using the procedure below. The number of
counts detected during the first and the second measurements (at 0 cm and at 20
cm):

N0 =
A · fdecaymeas · fdecaycolling

tm
(2.4)

where: A is the area;
tm is the measurement time.

fdecaymeas. =
λ · tm

1− exp(−λtm)
(2.5)

fdecaycolling = exp(λ∆t) (2.6)

where ∆ t=tm0-tm20 and at 0 cm ∆t=0. Similar we determine N20.
The last step is the detection efficiency at 0 cm (for the gamma of interest) deter-
mined as:

Eγ0 =
N0

N20

· Eγ20 (2.7)

o Cross section determination for de-activation meas.

In an offline spectrum (de-activation measurements) we will see gammas coming
from 24Na decaying into 24Mg. The gamma energies and probabilities are:

Table 2.3: 24Na gamma energies and probabilities.

Eγ [keV] Iγ (abs) [%]

1368.626 99.9936
2754.007 99.855

The cross section for 24Na was extracted starting from the thick target yield:

Y (E) =

∫ E

0

dx

dE

NA

At
dE (2.8)

where:
dx
dE

= Range (g/cm2) determined using LISE++.
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ã Firstly, we have to calculate the activity at the end of irradiation
(for each target) as follows:

For the deactivation measurements, the first step was to calculate the activity
of the target material at the end of irradiation. This was reconstructed using offline
γ-counting data to account for decay occurring during the waiting period and the
measurement itself:

Nirr =
R

λ
(1− e−λtirr) (2.9)

where λ is the decay constant of the product nucleus, tirr is the irradiation time and
R is the nuclear reaction rate.

Figure 2.8: De-activation measurements procedure.

ã Secondly the thick target yield:

We defined the yield Ydecay as:

Ydecay =
Nirr

Np

(2.10)

Based on the preceding equations the yield is given by:

Ydecay(E) =
λNγe

λtw

(1− e−λtc)(1− e−λtirr)Iγεγ
· 1

Np

(2.11)

where tw is the waiting time between the end of irradiation and the start of counting
and tc is the counting time.
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ã The last step is the cross-section determination:

For a thick target we have to consider that the beam of 13C penetrates to different
depths for different energies:

σ(E) =
Y (E)− Y (E −∆E)

nt
(2.12)

where:
∆E= 0.2 MeV [in laboratory frame]; nt is the surface density of nuclei in ∆x
[nuclei/cm2].

nt = ρ
NA

A
∆x (2.13)

ρ=2.253 [g/cm3] (for carbon target);
NA - Avogadro’s number;
A - mass number 12,011 g/mole.

Figure 2.9: Schematic description of the thick target method [2].

The range x for each energy can be obtained using LISE++
(https : //lise.nscl.msu.edu/porting/download utilites.html, ∆x=x2-x1. Finally
we can determine the cross section corresponding to an effective energy E1<Eeff<E2.
In this case the cross section corresponds to an effective energy,Eeff , which is a
point between E and E-∆E and where the area under the cross section curve is
divided equally between E-∆E to Eeff and Eeff to E [20].The effective energy will
be determined as follows [20]:

Eeff ≈ (E −∆E) + ∆E

(
ln (1/2 + Y (E)/2Y (E −∆E))

ln (Y (E)/Y (E −∆E))

)
(2.14)
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Figure 2.10: Effective energy.

o Cross section determination for prompt meas.

The determination of the cross section is similar with that from de-activation mea-
surements. Data analysis starts with:

ã time integration of the beam current in order to obtain the total
charge which hits the targets to determine the number of projectiles:

Np =
Q(C)

e · q
(2.15)

where Q(C)= I·∆t - is the total charge. Then the reaction channel yield is:

Ych(E) =
Nγ

εγNp

(2.16)

where εγ is the photo-peak efficiency. The gamma energies and probabilities:

Table 2.4: The channels that open during the irradiation [11].

Channel Eγ [keV]
21Ne+α 350.7
24Na+p 472.2
24Mg+n 1368.63
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The 3 MV Tandem Accelerator

o Accelerator’s performance and calibration.

A TANDEM is a two-stage accelerator and its working principle is based on direct
acceleration in an electrostatic field, created by the high voltage terminal, together
with a system which doubles the energy. The TANDEM accelerator terminal is
charged with positive voltage and has two acceleration columns, one toward each
side of the terminal. The ion source, which is placed outside of the acceleration
system, produces a negative ion beam that is firstly accelerated toward the terminal.
The energy gain in this first stage is:

EI = e · U (2.17)

As the beam reaches the terminal, the negative ions are stripped by a thin foil or
a gas to form positive ions, which are then accelerated away in the second column.
The energy gained in this stage is:

EII = e · q · U (2.18)

where:
q - is the charge state;
e - is the elementary charge=1.6 ·10−19C.
The final beam energy, in MeV, is:

E = (q + 1) · U (2.19)

Negative ion source High voltage terminal

Figure 2.11: Two-stage TANDEM accelerator [21].

The 3 MV TandetronTM was designed and built by High Voltage Engineer-
ing Europa B.V. and commissioned at IFIN-HH in 2012. Its original intended use
was Ion Beam Analysis (IBA) with various methods: Rutherford BackScattering
(RBS), Elastic Recoil Detection Analysis (ERDA), Particle Induced X-rays Emis-
sion (PIXE), Particle Induced Gamma-rays Emission (PIGE), Nuclear Reaction
Analyses (NRA) and ion implantation, as described in Ref. [22]. The layout of the
TandetronTM and its beam lines are shown in Fig. 2.12 [2].
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Figure 2.12: Outline of the 3MV [2].

Accelerator’s calibration

In Nuclear Astrophysics (NA) a good knowledge of beam energies is very im-
portant. Therefore, we have to calibrate the tandem. The accelerator high volt-
age is monitored by a generating voltmeter (GVM) that provides feedback for the
TandetronTM driver. GVM requires periodic calibration and for this work the reso-
nant reaction 27Al(p,γ)28Si will be used [23, 24]. The well-known narrow resonance
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Figure 2.13: Excitation function for the 27Al(p,γ)28Si at 992 keV resonance.

at Ep=992 keV will be scanned in 0.1 kV steps and the excitation will be obtained
(see Figure 2.13). In order to determine the calibration curve (Figure 2.14) two
more cross-section maxima will be measured near 1317 keV, respectively 1381 keV
[25]. In previous experiment, the three points allowed for the determination of the
intercept 0.9495 and a 0.9930(5) kV slope in Fig. 2.14 bottom. We estimated the
uncertainty on E to be less than 0.1% [2].
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Figure 2.14: The 3 MV TandetronTM GVM calibration curve [2].

Irradiation plan

The machine has a maximum voltage of 3 MV, and it can run as low as 200 kV.
For our experiment we will use 13C beams, double or triple ionized (q=2+ or q=3+,
depending on energy). The beam current will vary with the energy, at higher energies
we will use lower currents as the cross section is high enough. At lower energies, the
beam current will be higher because the cross sections decrease significantly. Also,
the irradiation time will depend on energy.

Table 2.5: Irradiation plan.

Target Ebeam [MeV] Charge state beam current aprox. [µA] tirr Comments

T1 8 3+ 8 1.5 BEGA+Online meas.

T2 8.2 3+ 7 1.5 BEGA+Online meas.

T3 8.4 3+ 7 1.5 BEGA+Online meas.

T4 8.6 3+ 6 1 BEGA+Online meas.

T5 8.8 3+ 6 1 BEGA+Online meas.

T6 9 3+ 5 1 BEGA+Online meas.

T7 6.6 2+ 10 3 BEGA+µBq
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[10] B. Dasmahapatra, B. Čujec, F. Lahlou, Fusion cross sections for 12C+ 12C ,
12C+ 13C and 13C+ 13C at low energies Nuclear Physics A 384 (1982) 257-272.

[11] A. I. Chilug, D. Tudor, L. Trache, M. Straticiuc, I. Burducea, I. Focsa, D. G.
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