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60Fe nuclei play an important role both in γ-ray astronomy and in pre-solar grains study. The
interpretation of these observations depends on a reliable 60Fe yield prediction. We report here
on the d(60Fe,pγ)61Fe experiment performed at GANIL, aiming at studying the 60Fe(n,γ)61Fe
reaction to reduce nuclear uncertainties surrounding 60Fe nucleosynthesis. Preliminary results
concerning excitation energies of 61Fe are presented.
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1. Introduction

60Fe plays an important role in different contexts in astrophysics. Caracteristic γ-ray lines is-
sued from the radioactive decay chain 60Fe- 60Co- 60Ni were recently detected by INTEGRAL [1]
and RHESSI [2] spacecrafts which confirm, since 60Fe lifetime (T1/2 = 2.62± 0.004Myr [3]) is
short compared with the time scale of the chemical evolution of the Galaxy (≈ 1010yr), that 60Fe
nucleosynthesis is still active. 60Fe is also observed in pre-solar grains after its decay in 60Ni [4]
which is relevant to understand the conditions of formation of the early solar system. Last, observa-
tions of 60Fe in sediments of the deep ocean crust have been related to the explosion of a supernova
in the vicinity of the Earth, million years ago [5]. The interpretation of all these observations
depends on reliable 60Fe yields prediction.

60Fe is believed to be mainly produced in core-collapse supernovae [6] during explosive O-Ne
burning and in the He-burning shell by successive neutron captures on Fe-peak nuclei (s-process).
In a lesser extent, it is also produced in AGB [7] and Wolf-Rayet stars. Stellar models include
several inputs such as convection, mass loss or reaction rates, which should all be controlled to
calculate reliable yields. In particular, the cross-sections of 59Fe(n,γ)60Fe and 60Fe(n,γ)61Fe reac-
tions, involved in 60Fe nucleosynthesis, suffer from large uncertainties. Until recently [8], reaction
rates were based on Hauser-Feshbach calculations, no experimental data being available for those
reactions.

Reaction rates of radiative capture have two components: a resonant component involving
levels above neutron threshold, and a direct contribution involving levels below neutron threshold.
In the case of 60Fe(n,γ)61Fe the direct component is likely not to be negligible compared with the
resonant capture part, due to a relatively small value of the neutron threshold (Sn = 5.58 MeV).
Hence, using (d,p) neutron transfer reaction for this case can help to improve the knowledge of
61Fe spectroscopy [9] [10] (excitation energy, spin-parity and spectroscopic factors) which is im-
portant both to determine the direct component of the cross-section, and to constrain shell model
calculations used in Hauser-Feshbach calculations.

Accordingly, a d(60Fe,pγ)61Fe experiment was recently performed at GANIL to measure the
excitation energy of the different populated levels of 61Fe as well as their proton angular distri-
butions. The corresponding spectroscopic factors and angular momentum will be extracted re-
spectively from normalization and comparison of the shape of the experimental proton angular
distributions with theoretical distributions based on DWBA calculations.

2. Experimental setup

The 60Fe secondary beam was produced by fragmentation of a 64Ni beam (accelerated up to
55 A.MeV by the cyclotrons of GANIL) on a 500µm 9Be target placed at the entrance of the LISE
spectrometer [11]. The 60Fe beam was then selected in mass and charge by two magnetic dipoles
and in velocity by a Wien filter. After passing through a 700µm thick degrader, a 60Fe beam of
27 MeV/u with 105 pps intensity and 70% purity was obtained and sent on a 2mg/cm2 CD2 target.

The experimental setup (see Fig.1) was composed of charged particles and γ-ray detectors, as
well as an ionization chamber and a plastic placed downstream the target, allowing an identification
in charge of the heavy fragments via time of flight and energy measurement.
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Figure 1: Scheme of the experimental setup.

Two beam tracking detectors CATS [12], were placed in the beam 95.6 and 45.6 cm upstream
the target. These multiwire proportionnal chambers with a 70×70 cm2 active area allow to recon-
struct the position of incident ions event by event using charges deposited on several strips of the
cathode [13] with a good resolution (. 0.1 mm) leading to a position resolution of the beam impact
on target of ∼ 1 mm. Indeed, 60Fe being produced by fragmentation, the beam emittance and the
beam spot on target are large (1 cm in X, 2 mm in Y). A precise reconstruction of the beam impact
on target is thus required to determine accurately the proton emission point and angle.

Protons were detected at backward angles by an annular Double-sided Silicon Strip Detector
(DSSD) and 4 MUST2 telescopes [14], made of three stages. The first one is a DSSD of 10×10 cm2

area and 300 µm thickness. It is made of 128 strips in X and Y and used for position (strip pitch:
0.7 mm) and energy loss measurement (35 keV FWHM resolution with a 3-α source). The second
stage is composed of 16 pads of Si(Li) of 5 mm thickness and 2.5×2.5 cm2 area (∼ 80 keV FWHM
energy resolution) for energy residual measurement. The last one, consisting in 16 CsI crystals (4
cm thick) designed for energy measurement, was not used for this experiment. The silicon annular
detector, designed by Micron as S1, is 500 µm thick and is composed of 64 strips of 1.4 mm
and 16 wedges for position localization and energy measurement (∼ 50 keV resolution with a 3-α
source). For the ground state, the angular coverage at backward angles of MUST2 telescopes and
the annular detector is 2.51 -22.77◦ in the CM frame (121-172◦ in the laboratory frame).

The expected resolution on excitation energy (∼ 700 keV) will be improved by the use of four
EXOGAM clovers (∼3 keV resolution for the γ-ray at 1.3 MeV of 60Co) placed close to the target
(∼ 5 cm) to detect γ-rays in coincidence.

3. Experimental results

Proton emission angle was reconstructed using the beam interaction position on target and the
direction of the beam reconstructed from CATS detectors, as well as the position of the detected
protons in MUST2 DSSD layer. The angular precision on the proton emission angle is ∼ 2.2◦ in
the laboratory frame.

Depending on the charged particles energy, particles stop or punch through the DSSD layer.
When they stop in the DSSD layer, the identification is performed via Time of Flight technique (see
Fig.2 left), whereas particles that punch through the DSSD layer and stop in the Si(Li) detector are
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identified via ∆E technique (see Fig.2 right). In both cases, a clear identification of protons is
achieved.

Figure 2: Proton identification in MUST2 telescopes. Left: Energy versus Time of Flight (ToF)
selection, where ToF is measured with respect to CATS detector; data of 2 telescopes are summed.
Right: ∆E-E selection, where ∆E is the energy loss of particles in the first layer of MUST2 detectors,
and E the energy deposit of particles in the Si(Li) detector; data of 3 telescopes are summed.

Kinematic lines (total energy versus angle) were extracted from proton emission angle cal-
culated from MUST2 position and the energy deposit in DSSD and Si(Li) detectors, taking into
account proton energy losses in CD2 target and in the dead layers of MUST2 telescopes (see Fig.3
left). Assuming two-body kinematics, excitation energy was calculated by taking into account en-
ergy loss in the gas of CATS detectors (see Fig.3 right). An additional selection in time of flight
between CATS2 and the plastic was also required to separate contaminants from the beam.

Figure 3: Left: Experimental kinematic lines energy versus angle for d(60Fe,pγ)61Fe reaction in
the laboratory frame; calculated kinematic lines for the 207 keV (in red) and 2160 keV (in black)
excited states are plotted for comparison. Right: Excitation energy spectrum of 61Fe; Carbon
background and break-up component are shown.

Two peaks are observed under the neutron threshold. Based on a full Monte Carlo simula-
tion of the setup and according to DWBA cross-section calculations using spectroscopic factors
predicted by shell model calculations [15], three dominant states are expected at 207, 628 keV (ex-
perimental data) and at 2160 keV (theoretical prediction). Excited states with spectroscopic factors
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lower than 0.01 were not considered. The first peak observed on Fig.3 (right) might be a mixing of
the 207 keV and the 628 keV states, whereas the second peak may let appear the 2160 keV state.
γ-ray analysis should allow to improve resolution and to disantangle some of the populated states.
The carbon-induced background was evaluated in a dedicated run using a pure carbon target. This
component normalized to the number of C nuclei in CD2 target and the number of incident 60Fe
ions is shown Fig.3 (right) in purple. The deuton break-up component (in blue) was evaluated with
Monte-Carlo simulations [16] but its normalization still need to be adjusted. However, it will not
affect the direct capture part, since it only plays a role above the neutron threshold.

4. Conclusion and perspectives

We reported on the first d(60Fe,pγ)61Fe experiment which was performed at GANIL aiming at
studying the 60Fe(n,γ)61Fe reaction, which plays an important role in 60Fe nucleosynthesis during
s-process in massive stars. Preliminary results for kinematic lines and excitation energies of the
populated states of 61Fe are obtained from charged particle detectors. Peaks are observed below
neutron threshold, probably mixing several states of 61Fe. Hopefully, in the near future, γ-ray
analysis will improve the excitation energy resolution and allow to disantangle some of the popu-
lated excited states of 61Fe. A further theoretical study is needed to evaluated the deuton break-up
strength. Angular momentum as well as spectroscopic factors of the different excited states of 61Fe
will be determined by comparison of proton angular distributions with DWBA calculations. This
information will then be used to estimate the direct capture component of the cross-section and
constrain shell model calculation.
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