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Abstract. Experimental methods in nuclear astrophysics experiments with radioactive beams are de-
scribed, and evaluated. The importance of performing the (p, p) elastic scattering in parallel to a (p, α) or
a (p, γ) reaction is emphasized.

PACS. 26.50.+x Nuclear physics aspects of novae, supernovae and other explosive environments – 27.20.+n
6 ≤ A ≤ 19

1 Introduction

The understanding of explosive phases in a star’s life re-
quires the measurement of numerous nuclear reactions in-
volving radioactive nuclides. Most of them are studied
more conveniently in the inverse kinematics mode.

In the last decade, experiments with radioactive
beams have been performed in several places, including
the Radioactive Ion Beam facility in Louvain-la-Neuve,
where a series of beams from A = 6 to A = 35
were produced. The list of beams presently available
with their energy range and intensity is accessible at
http://www.cyc.ucl.ac.be.

In the course of this decade, experimental methods
were developed to cope with the peculiarities of radioac-
tive beams.

This paper deals with two different topics: i) nuclear
reactions of astrophysical interest and ii) elastic scattering
of radioactive nuclides. For each, methods and results will
be described. The present paper does not aim at furnish-
ing neither a complete description of the results obtained
in these two fields nor a discussion of the astrophysical
consequences which were deduced. Instead, the goal here
is to discuss experimental topics that were not considered
in previous publications, and their impact on the quality
of the data.

2 Reaction of astrophysical interest

In hydrodynamic hydrogen burning occurring in explosive
stellar situations [1], the reactions of interest are mostly of
the (p, γ) and(p,α) types, the former bringing the material
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away from the stability line, the latter bringing it back to
stability. Escape from a given cycle (in this case the hot
CNO cycle) can be triggered by a (p, γ) reaction (e.g.
the 19Ne(p, γ)20Na reaction), or by reactions induced on
helium i.e. (α, γ) or (α, p) reactions like 15O(α, γ) and
18Ne(α, p). This work will concentrate on (p,α) and (p, γ)
reactions induced by radioactive beams.

2.1 (p, α) reactions

In (p,α) reactions in inverse kinematics, α-particles are
emitted in 4π steradians. Large surface detectors are thus
required. In addition, detectors should have a good an-
gular resolution, as the angular distribution of the α-
particles has to be measured in order to deduce (or to
confirm) the orbital angular momentum associated to the
resonant states and to perform a safe extrapolation of the
α counts to that part of the solid angle which is not cov-
ered by the detectors.

A detector of the LEDA or LAMP type [2] is very well
adapted to this problem. LEDA was in fact used several
times to perform measurements of the 18F(p,α)15O reac-
tion in different energy domains [3–5]. In all cases, the
detector covered the angular region between 12◦ and 26◦
polar angle in the laboratory, with a 1◦ angular resolu-
tion. This region represented about 10% of the total solid
angle. The reason for this relatively small percentage was
the fact that the time-of-flight information had to be mea-
sured in order to identify particles flying from the target
to the detector. A distance of 20–25 cm was found ade-
quate to separate different species in a two-dimensional
(t, E) spectrum. The 18F(p,α) reaction being induced by
a 18F beam of 14 MeV on a CH2 target, the outgoing
protons, α-particles and 18F ions have typical energies of
2 MeV, 9 MeV and 6 MeV, respectively. The quality of
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the particle identification is dependent (first) on the en-
ergy resolution of the LEDA individual elements, which
is typically 23 keV for 5.486 MeV α-particles, including
the electronic noise [2]. The second factor affecting the
identification is the timing resolution governed by three
factors:

i) The time resolution of the incident beam: from a cy-
clotron, the beam can be given a superior time resolu-
tion only by a limitation of the phase acceptance. This
is usually achieved by a slit placed near the center of
the machine and resolutions of less than 1 ns [6] can be
obtained that way for light-ion beams. However, this
method is not applicable to our radioactive heavy-ion
beams, for two reasons: 1) no further loss of intensity
is tolerable, starting from 105–109 s−1 full beams and
2) the central region of our cyclotron has to be left
free, in the acceleration in the sixth-harmonic mode.
Any blocking of the beam by slits could jeopardize the
separation between the radioactive beam and its stable
isobar, as the cyclotron is used as a mass separator.

ii) The phase of the beam with respect to the RF: the sig-
nals used for tagging the beam burst are in fact taken
from the RF amplifiers. Any phase shift of the beam
with respect to the RF will broaden the resolution of
the time measurement. As such a phase shift is how-
ever a slow process, the broadening can be minimized
by dividing the acquisition time in short runs, that can
be corrected for a shift before summing them up.

iii) The quality of the electronic modules (discriminators,
TDCs) following the timing output of the preamplifier.

All together, time resolution of our measurements
spanned the 1.5 to 3 ns range, most of which being due to
the intrinsic resolution of the beam. No specific attempt
was undertaken to improve this figure.

Figure 1 shows a typical two-dimensional spectrum re-
constructed for a particular strip of LEDA in the measure-
ment of the 18F(p,α)15O reaction. The RF signals, which
are used to stop the TDC, are taken every second cycle
only, using a rate divider. This provides with a duplication
of the spectrum covering normally one RF period and it
avoids the loss of that part of the spectrum in which start
and stop signals are too close to each other to be registered
by the TDC.

In fig. 1, α-particles from the 18F(p,α) reaction are
clearly separated. A region containing the associated 15O
ions can also be located in the (t, E) plane. Detecting
the 15O ions appears as an attractive alternative solution
as regard to the covered solid angle (much larger than
for α-particles). However, multiple scattering in the target
makes the angular resolution much worse for 15O ions and
in addition the loss of 15O counts through the central hole
of LEDA (� 10 cm) is not easily estimated for the same
reason.

The classical particle identification by the energy loss
method could be an interesting alternative to the time
measurement, the former providing with a much larger
solid angle (in principle). However, some practical prob-
lems are present: either one would have to add large sur-
face ∆E gas counters in front of the E silicon detector, or

Fig. 1. a. Typical two-dimensional spectrum obtained for a
particular strip of LEDA in the 18F + CH2 interaction. The
x-axis is the energy (in keV), the y-axis is the time of flight
(in ns). b. Projection of the two-dimensional spectrum on the
energy axis.

“monolithic” ∆E-E silicon detectors should be used. The
latter exist indeed, but not with such a large surface.

The 18F(p,α) reaction was performed between 270
and 730 keV above threshold in the c.m. [3–5]. This do-
main was covered in two steps. In each, the 18F beam
was scanning a broad range of energies while it crossed
a thick CH2 polyethylene foil (≥ 250 µg/cm2). In the
low-energy measurement (270–530 keV), the number of
α-particles detected was so low (a total of 47 events in
LEDA) that it was impossible to reconstruct an angular
distribution. Only a global spectrum was reconstructed in
the c.m. In such circumstances, the background counts
are an important factor to take into account, whether
they originate from “internal” sources, i.e. activated ma-
terial in the detector surroundings (e.g., the Al plate sup-
porting the detector) or from “external” sources (cosmic
rays). The background was measured with no beam on
target, implying that no time signature was available.
In the 6–9 MeV domain, the number of events recorded
was 1.6 ± 0.2/h/cm2. The measured background events
were scaled down by the ratio of the time window for
α-particles in the actual measurement to the RF period.
To reach energies lower than 270 keV in the c.m. does



J.-S. Graulich et al.: Nuclear astrophysics experiments: Reactions and elastic scattering 223

not appear to be feasible with the present 18F beam in-
tensity (≤ 106 s−1), unless a very strong resonance were
present below 270 keV, which is not predicted by calcula-
tions [7]. In addition, measurements below 270 keV would
be subject to a much larger background, as α-particles
from 18F(p,α) would have then energies below 6 MeV.
In the 4–6 MeV region, the background in the detector
was larger by a factor of about 6 than the background in
the 6–9 MeV region. This indicates that the background
origin is probably actinides. Let us remark that the back-
ground could be totally suppressed by requesting a coinci-
dence between the α-particle and the 15O ion. Limitations
quoted above about the non-obvious detection of these
ions should be kept in mind. In the low-energy measure-
ment, only one compound level in 19Ne was clearly excited,
at 6.74 MeV, (Jπ = 3/2−) for which a resonance strength
ωγ = 3.5 ± 1.6 eV was calculated. In the high-energy
measurement covering the 490–730 keV energy range, α-
spectra were dominated by a peak corresponding to the
excitation of the 7.07 MeV in 19Ne (Jπ = 3/2+). A reso-
nance strength of 4.6±0.2 keV was deduced for this level.
Our data have allowed to calculate the stellar reaction rate
for this reaction and, therefrom, the lifetime of 18F in the
presence of hydrogen in different stellar environments. The
latter quantity is relevant in γ-ray astronomy. The future
INTEGRAL mission of ESA [8] would be able to observe
511 keV γ-rays from 18F decays following hydrodynamic
H-burning in a nova phenomenon, if 18F β-decay is faster
than the 18F(p,α). (18F(p, γ) is much slower [9]). Our data
indicate that 18F would always react with protons before
decaying. This however is true only if 18F remains in a
dense environment after formation, which means that as-
trophysical models should give the answer [10].

2.2 (p, γ) reactions

This type of reactions offer the experimentalist a broad
choice of detection set-up, that can fall in three categories:
i) the detection of prompt γ-rays; ii) the direct detection
of the final heavy-ion products; iii) the indirect detection
of the final products through their radioactive decays, i.e.
positrons, α-particles or protons.

Each method has strong and weak points, which were
detailed before by one of the authors [11]. In brief, the
following considerations can be made. The first method is
tractable only in a very limited number of cases, i.e. when
the spectroscopy of the compound nucleus is well known
and not too complicated. Germanium detectors can then
be used to detect γ-rays. An example is the 13N(p, γ)14O
reaction. The second method is universal, i.e. final nuclei
coming out from the target in a very narrow cone, of typi-
cally 1◦ half-opening. Beam ions are contained in the same
cone, both species, having very close momenta (the γ-ray
carries out a very small momentum), can be separated
according to their different velocities. The third method
can be performed in several cases, when the positron en-
ergy (Eβ) of the final nuclei is much larger than the one
of the beam nuclei (an example is the 11C(p, γ)12N re-
action where the Eβ ’s are 16.4 MeV and 1.0 MeV, re-

spectively), or when the final nuclei emit protons or α-
particles subsequently to the positron emission (an exam-
ple is the 19Ne(p, γ)20Na reaction, in which 20Na emits
an α-particle in 20% of the decays). The first and third
methods were performed in Louvain-la-Neuve to measure
the 13N(p, γ)14O [12] and the 19Ne(p, γ)20Na reaction [13],
respectively. A recoil mass separator (second method) is
presently developed [14].

The three methods differ strongly by their respective
detection efficiency (ε), defined as the ratio of the detected
to the produced events. ε is less than 1% in method i),
about 30% in method ii) and about 1–2% in method iii).
These numbers are specific for the set-up effectively used
in refs. [12], [14] and [13], respectively. One should remark
however that the increase in efficiency is directly related
to the complexity of the set-up.

3 Elastic scattering

The (p, p) elastic scattering is not of astrophysical interest
at first sight. Nevertheless it appeared that both the (p, γ)
and (p,α) reactions of astrophysical interest would benefit
from the simultaneous detection of recoil protons from the
CH2 target.

The first reason to measure the elastic scattering is the
normalization of the (p, γ) or (p,α) reaction.

Three methods appear feasible to normalize a reaction:

i) Beam ions can be integrated in a Faraday cup. This
method relies on the knowledge of the distribution of
the charge states beyond the target.

ii) Beam ions scattered from carbon nuclei in the target
can be detected at forward angles in the laboratory.
At low c.m. energies relevant in nuclear astrophysics,
the cross-section on C is purely Coulomb. The beam
intensity can be deduced, provided the scattered beam
ions can be separated from carbon ion recoiling from
the target at the same laboratory angle.

iii) Protons recoiling from the CH2 target can be detected
at forward laboratory angles. Proton spectra can be
easily normalized to a theoretical function (see below)
providing with the absolute cross-section. In fact recoil
protons allow to deduce the product of the beam in-
tensity and the proton content in the target. The ratio
of scattered beam ions (ii) to recoil protons is a mea-
sure of the stability of the CH2 target stoichiometry
during data acquisition.

In addition to this “experimental” reason, it appeared
very soon [15] that recoil protons, because of their negli-
gible energy loss in the target, were very sensitive to the
presence of resonant states in the energy spectrum of the
compound nucleus made of a beam nuclide and a proton.
If such a resonant state is scanned by the beam ions while
crossing the target, spectacular changes occur in the re-
coil proton spectra detected at forward angles in the lab-
oratory. The proton spectra contain information on the
resonance energy, orbital angular momentum, total width
(Γt)and proton partial width (Γp), all these quantities be-
ing parameters in a global fit of the proton spectra over
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Fig. 2. Proton spectra from the 18F(p, p) elastic scattering measured at several angles in LEDA. The solid curve is the global
fit to the data [5].

the angular domain covered by the detector. The fitted
cross-section is the square of an amplitude containing a
Coulomb and a resonant (Breit-Wigner) terms. A nice ex-
ample of such a measurement is the recent work on the
18F(p, p) scattering [5]. Figure 1 shows a well-defined pro-
ton region in the (t, E) spectra. Figure 2 shows the projec-
tion of this region onto the energy axis at selected angles.
Proton spectra were obtained at 16 angles. A global fit
was performed as described above and all properties of
the resonant state were deduced. This state being char-
acterized by 	 = 0, the ambiguity between Jπ = 1/2+

and 3/2+ was removed by the following consideration: a
strong correlation exists between J , the spin of the reso-
nance and Γp, the proton partial width, in the sense that
fits are sensitive only to the product (2J +1)Γp. This cor-
relation was disentangled using a previous measurement
of Γp/Γt obtained from the 19F(3He, t) reaction [7]. More
details on the data analysis are contained in [5].

It should be stressed that quantitative conclusions re-
garding the resonance parameters can be drawn only if
all experimental effects are properly taken into account.
Some of them are considered hereafter.

i) The energy resolution and the angular resolution of the
detectors have to be incorporated, i.e. the theoretical
expressions used to fit the data have to be convoluted
with these factors. Let us remind that the proton en-

ergy in the laboratory E� is given by

E� = Ec.m.
4A

A + 1
cos2θ� , (1)

where Ec.m. is the energy in the c.m. system (nearly
equal to the laboratory energy in direct kinematics),
A is the mass number of the beam, and cosθ� is the
laboratory angle. The factor 4 in this equation is in
fact the reason why this method is working, as it gives
the outgoing proton a much larger energy than in the
direct kinematics mode.
The angular resolution ∆θ introduces an uncertainty
in the laboratory energy ∆E� which, from (1), is given
by

∆E� = 2E�tanθ∆θ . (2)

This results in an energy resolution varying with the
angle, and modifies the shape of the interference pat-
tern in an important way: in fact this experimental ef-
fects was mimicking an additional angular momentum
component in the fit (e.g., a substantial 	 = 2 compo-
nent in addition to the normal 	 = 0). Taking properly
into account the resolution effects in the analysis of our
19Ne(p, p) data totally suppressed this fictitious 	 = 2
component that was originally present [16].

ii) The energy calibration of the proton spectra is an im-
portant point. In order to deduce resonance energies
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from the measurement, an absolute energy calibration
is indeed requested. The classical calibration using α-
sources has to be corrected by a factor equal to the ra-
tio of the energy needed to create an electron-hole pair
in silicon from a proton or an α-particle [17]. However,
proton spectra measured with a radioactive beam can
also be calibrated using data obtained with the isobaric
stable beam: a well-known resonance in 13C(p, p) scat-
tering was used to calibrate proton spectra from the
13N(p, p) scattering [12]. This procedure is made very
easy by the fact that in a cyclotron, a fast change be-
tween two isobaric beams is possible (it takes a minute
or less).

Finally, we should mention that not all resonant states
can be studied with this method, only states having a total
width between 1 keV and about 50 keV being accessible.
At the low boundary, the distortion to the Coulomb pat-
tern caused by the presence of the resonance is too small to
be detected, taking into account the detector energy res-
olution and angular resolution. At the upper limit, a res-
onance would require a very thick target (> 300 µg/cm2)
to be covered in one step; beam straggling in the target
and proton energy loss become then difficult to cope with.
However, even a very narrow state could be measured if
it had even a small inelastic proton width, leading to the
emission of low-energy protons, below the Coulomb pat-
tern.

This work presents results obtained in the framework of
an Interuniversity Attraction Pole, financed by the Belgian
State Offices of the Prime Minister, Federal Services for
Scientific, Technical and Cultural Affairs. One of us (PL) is a
Research Director of the National Fund for Scientific Research,
Brussels. The data obtained with radioactive beams that are
quoted in this paper were measured by a large collaboration
from several universities, i.e. Brussels, Catania, Edinburgh,

Leuven, Louvain-la-Neuve, Notre Dame. We wish to thank
these colleagues for their contribution. The staff of the Cy-
clotron Research Center in Louvain-la-Neuve is gratefully ac-
knowledged for their dedicated involvement in the radioactive
beams production.
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