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1. Introduction
This report combines the organizational, personnel, financial and scientific aspects of our
work in the past year under this project. In many cases a clear separation between work under this
project and other projects or sources of financing is not possible, and I will mention those
specifically, where possible.
In 2018, in fact immediately after the previous report, the Nuclear Astrophysics Group
(NAG) from the Department of Nuclear Physics (DFN) of IFIN-HH continued its research
activities motivated by nuclear astrophysics. The project team was essentially the same as for the
2017 part of this project and is composed by the following members:
1.
Livius TRACHE, Project Director, CS I
2.
Florin CARSTOIU, senior researcher, CS I
3.
Alexandra SPIRIDON, PhD, Research Scientist
4.
Alexandra-Ionela CHILUG, PhD student, Research Assistant
5.
Dana TUDOR, PhD student, Research Assistant
6.
Ionut-Catalin STEFANESCU, PhD student
7.
Iuliana STANCIU, PhD student, Research Assistant
8.
Andreea SUVAILA, financial resp.
Some of the positions of the young members of the group have changed, however, due to progress
in their careers. As such:
•

•
•
•

Alexandra Spiridon graduated and has obtained her PhD at Texas A&M University, College
Station, TX, USA. Following a competition in the summer of 2018 she was promoted to
Research Scientist in DFN.
Ionut STEFANESCU graduated his master’s degree and was admitted a PhD student at the
Physics Doctoral School of the University of Bucharest.
Iuliana STANCIU is currently a PhD Student at the Technical University Munich, Germany.
In 2018, ec. Gherghina STAN has retired and is replaced by ec. Andreea SUVAILA.

NAG continued to work in 2018 in nuclear physics for astrophysics (NPA) research and
education and formation.
Research concentrated on (1) the use of direct measurements for nuclear astrophysics, conducted
at IFIN-HH facilities and financed mostly through this project and (2) on the use of indirect
methods with experiments carried out at international facilities and financed separately. While
these may seem formally different, group’s activities remained closely intertwined, with their goals
well and consistently followed through.
Education and formation were also in the focus of the project director (PD) of this project and
of the group and consisted of the continuous formation of its younger members, as well as from
activities targeting a broader, international audience. The younger members were or are part in
PhD programs, 3 at the Physics Doctoral School of the University of Bucharest and 2 at abroad
universities (USA and Germany). As for the broader audience, the PD has organized, with the help
of NAG members, four important events in 2018, of which three with wide international
participation:
- The ChETEC training school that our group was organizing on April 10-20, 2018, in
Magurele. [ChETEC (Chemical Elements as Tracers of the Evolution of Cosmos) is a
COST Action (http://www.cost.eu) CA16117 aiming to increase networking of specialists
in nuclear astrophysics, star dynamics, nucleosynthesis and observational astronomy –
http://chetec.eu. Participants are from 29 countries. The Project Director was a co-proposer
and is a member of its Management Committee; the action was approved by the European
program COST in November 2016 and was started in March 2017.] The training school at
IFIN-HH was attended by 15 trainees (from master students to post-docs) from across
Europe, as intended. Them and 3 international trainers and 2 local trainers were fully
supported by ChETEC for an event that got very good grades from all involved. It consisted
of lectures and a hands-on experiment at the 3 MV tandetron accelerator and the
MicroBequerel laboratory that IFIN-HH has in the Slănic-Prahova salt mine.
- The Carpathian Summer School of Physics 2018, Sinaia, July 1-14, 2018
(http://cssp18.nipne.ro/ ). This event is a periodic one, continuing a tradition of over 50
years. This year’s 28th edition had the title: "Exotic Nuclei and Nuclear/Particle
Astrophysics (VII). Physics with small accelerators”. The PD and 2 of NAG members were
the main and most effective of the Organizing Committee. Was attended by close to 100
participants from 4 continents. It was considered an important success. For it we have
obtained partial support from the Romanian Ministry of Research and Innovation (MCI),
from ENSAR2 NuSPRASEN and from private sponsors. Its Proceedings are being
prepared by us for publication with the Conference Series of the American Institute of
Physics, one of the most prestigious publishers in our field. On Nov. 28, 2018, we submit
the volume to the Publisher and will appear in early 2019.
- The ECT*workshop “Indirect Methods in Nuclear Astrophysics”, proposed and organized
by the PD at the European Centre for Theoretical Studies in Nuclear Physics and Related
Areas, Trento, Italy, only a few weeks ago: Nov. 5-9, 2018 (see the webpage

https://indico.ectstar.eu/event/27/overview). It was similarly considered a success.
ENSAR2 and ECT* were the sponsors of the event.
- The (national) Summer School for Physics Olympics, July 18-6, 2018 in Busteni
(http://www.nipne.ro/indico/conferenceDisplay.py?confId=365 ). This was the 4th yearly
edition of this event well appreciated by the about 25 high school students, best in their
senior classes, selected from the finalists of the Romanian Physics Olympiads. Note: given
that at every edition about 5 of the participants were already students accepted at the most
prestigious universities of the world (Oxford, Cambridge, Princeton, etc...), these could be
considered international events, too!
Note that none of these events were directly financed from this project (except for the partial
support for the participation of some group members to some of them), because funds from it were
not available or came from other sources, but they cannot be separated from the activities of the
group in the research direction financed through NUCASTRO2. The events were in the research
area financed by this project, we both made efforts and benefited from them and as such cannot be
ignored in this report. Therefore, in Appendices we will add the reports presented after the closing
of each of the events above.

2. The design and construction of a screened beta-gamma coincidence

system.
Activitatea 2.1 - Proiectarea si constructia unui sistem de coincidente beta-gama cu ecranare.
Here we report on the specific research activities as per the plan presented at grant proposal.
The research activities refer to direct measurements for nuclear astrophysics and have these
different but related parts:
1. the design and construction of a complex equipment that complements our experimental
possibilities and
2. the completion of experiments and the consequent analysis of the data acquired. The
experiments were carried on at the 3 MV tandetron accelerator of IFIN-HH.
3. The completion of analysis of past experiments through preparation of reports or articles
published or submitted for publication.

2.1 The BEGA detection system
As proposed, we designed and built in collaboration with the Romanian representative of
Canberra Ltd. a compact and powerful system for beta-gamma coincidences. We dubbed it BEGA.
It was conceived late last year and was put together and tested for performances in 2018. It is
meant to do de-activation measurement for cases where the activities are from isotopes that have
lifetimes too short to make possible the transport in the salt mine at Slănic. Therefore, the necessary
background reduction is made with beta-gamma coincidences. In addition, we require an exact and
easily reproducible geometry, to avoid lengthy and uncertain calibrations. A sketch of the BEGA
system is presented in Figure 1. It is financed from this project.

Figure 1. BEGA: the beta-gamma coincidence system

In conception BEGA is simple:
- 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 4 coverage and therefore, a
maximum detection efficiency.
- 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.
- A Pb shield wrapping all 3 detectors.
- A table on which the system is mounted that will assure a precise geometry and easy
handling.
The system is shown in Fig. 2 below in greater detail.

Figure 2. Views from the design of BEGA.

The system was finalized and tested in 2018. The tests were done with available gamma-ray
sources 137Cs and 60Co and with probes activated at the 3 MV tandetron. Targets of graphite were
bombarded with 13C beams to produce 24Na activities. The decay of these probes is well known
from the experiments we conducted in the last few years. The half-life of 24Na of T1/2=15.0 hrs
permitted the transfer and measurement of probes at the ultra-low background laboratory IFINHH has in the Slănic-Prahova salt mine. This last measurements allowed us to determine the lowest
activities we can measure with BEGA for probes with much shorter activities.

2.2 BEGA Tests
During tests we:
1) Made the electronics and acquisition setup appropriate to run the beta and gamma-ray
detectors simultaneously
2) Setup the coincidences and determined the characteristics of the system:
a. Beta cut-off energy possible
b. Coincidence efficiency
c. Background of the system
3) Evaluated its sensitivity (minimum activity that can be detected with BEGA).
The results are presented briefly below. The system is pictured in Fig. 3.

Figure 3. Picture of the beta-gamma coincidence system.

1) The electronics and acquisition setup appropriate for running the beta and gamma-ray
detectors simultaneously.
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. This requires a coincidence electronics scheme and an
acquisition setup as shown in figure 4. Four spectra were recorded simultaneously, a gamma
spectrum without coincidence gating and three spectra with the coincidence gate: a gamma
spectrum for comparison, a beta spectrum and a time spectrum (for verification purposes). The
coincidence condition was set using a time window, so that if both β-particle and γ-ray are
detected in this window we can say that it is a coincident event [1].

Figure 4. Coincidence acquisition setup for a HPGe detector and a plastic scintillator.

2) Setup the coincidences and determined the characteristics of the system:
a. Beta cut-off energy
b. Coincidence efficiency
c. Background of the system
Firstly, we started to characterize our coincidence system using a 60Co radioactive source with
well-known activity. The cut-off on the signals from the scintillator was set just above the noise
from the photomultiplier used. Multiple runs were taken in different configurations. Specifically,
we measured the source with the detector unshielded, shielded and with shielding plus beta-gamma
coincidence (see Figure 5). The coincidence efficiency was 8%. This was due to the protective
tape wrapped around the scintillator by the producers, which stopped most of the beta particles
from 60Co before they could reach the scintillation material. The source used has an electron
spectrum with a relatively low energy, leading to the small efficiency reported above. For the cases
where we plan to use the system the energies will be higher (reflected in the shorter half-lives of
the isotopes in question).

Figure 5. 60Co spectrum with detector unshielded (red line), shielded and with beta-gamma
coincidence (blue and green lines).
At the end of these tests, a natural target of carbon was irradiated with 13C beam at the Elab=9 MeV
and beam current of 2.6 µA. Using the detection setup mentioned above, we looked at the proton
evaporation channel, 12C(13C, p)24Na. The unstable daughter nucleus 24Na is (T1/2=15 h) is β
decaying and produces 24Mg in an excited state. Therefore, the β emission is followed by cascade
gamma rays which occur almost instantaneously (the excited state has a lifetime in the fs range).
We studied this reaction in the past, down into the Gamow [1, 2] window, where for the lowest
beam energy of Elab=4.6 MeV we were able to detect an activity of 3.5 mBq. In order to be able to
measure such a low activity, after irradiations at the 3MV tandetron [3] we did de-activation
measurements in the ultra-low background laboratory µBq, situated in the Unirea salt mine, at
Slănic [4]. This method is suitable for cases were the reaction product has a half time of 2-2.5 h,
necessary time to transport the targets to the laboratory.
On the other hand, the BEGA setup is meant for de-activation measurements in cases where the
activities are from isotopes that have lifetimes too short for them to be transported to the Slănic
mine. A similar comparison spectrum with the detector unshielded, shielded and with shielding
plus beta-gamma coincidence is shown in Figure 6 for 24Na. In this case, the coincidence efficiency
was 16%. Again, we suspect that the low efficiency is due to the protective tape blocking a lot of
the lower energy betas. This will be further investigated in the future.

Figure 6. 24Na spectrum with detector unshielded (red line), shielded and with beta-gamma
coincidence (blue and green lines).
3) Evaluate the sensitivity (minimum activity that can be detected with BEGA).
The irradiated target had an activity at the end of irradiation of 704 Bq. We have been measuring
the target for 5 days and we are still recording activity and the measurement is ongoing. The
minimum detected activity at this point (after 5 days, representing approximately 8 half-lives) is
4 Bq. The sensitivity is therefore even lower (better).

2.3 Future plans
In Nov. 2018 we presented to the IFIN-HH PAC the proposal for an experiment that will use
BEGA as its main equipment: “Test of ion-ion fusion mechanisms at sub-barrier energies for
nuclear astrophysics” (as of Nov. 26 it was approved). We reproduce its abstract here:
We have a program to study ion-ion fusion reactions at very low energies, motivated by nuclear
astrophysics. The most important in this category are the reactions between 12C and 16O nuclei. They define
stellar scenarios in various important evolution phases of massive stars. Coulomb repulsion inhibits these
reactions very much, which make their direct measurement difficult or impossible. We propose a 17O+12C
experiment at the 3 MV tandetron, which continues the program to study fusion mechanisms opened with
the 13C+12C experiments conducted in the past 3-4 years. In-beam gamma-ray and de-activation
measurements using BEGA will be carried out.

3. Measurements of reactions induced by low-energy alpha-particles.
Results of the 58Ni + alpha experiment.
Masuratori in fascicul reactii cu particule alfa de joasa energie.
Rezultate din experimentul 58Ni+alfa.
Type Ia supernovae have an important contribution to the nucleosynthesis of many Fe-group
elements and a small contribution for elements like silicon, sulphur, argon and calcium. To predict
isotopic abundances in stellar environments, we need to know the reaction rates that are input data
for the nucleosynthesis codes. For this reason, it is necessary to measure reaction cross sections at
astrophysical energies.
Sensitivity tests have shown that there are many reactions which have a direct impact on the final
abundance of isotopes. One such reaction is the 58Ni(α, γ) 62Zn reaction which has impact on the
production of 62Ni, 63Cu and 64Zn in type Ia supernovae.
During the pre-supernovae evolution, in the oxygen burning stage, temperatures can reach in some
regions values up to 4 GK. In these regions one could find some contaminant nuclei from the iron
group, such as 54Fe, 56Ni, 52Fe, 58Ni, 57Ni and 55Co [5]. The -particles that are necessary for
capture reactions are produced in the photodisintegration reactions in the silicon burning stage.
However, this stage is stopped when equilibrium abundance distribution around iron is reached.
Silicon burning stage has 3 phases: incomplete burning, complete burning with normal freeze-out
and complete burning with alpha rich freeze-out. The astrophysical scenario where the reaction
58
Ni(α, γ)62Zn is assumed to have an important role is during the alpha freeze-out process in nuclear
statistical equilibrium (NSE). In the inner regions of a SNIa temperatures and densities are high
enough to reach NSE. The alpha rich freeze-out process has an influence in the matter ejected
during NSE.
The other important motivation for which we chose this reaction is that we were able to use the 3
MV Tandetron accelerator capability to provide beams with low energies and intensities, combined
with the ultra-low background laboratory from the salt mine in Slănic-Prahova. We have shown
previous experiments that we carried out in this combination accelerator plus ultra-low background
laboratory, that we are able to reach the Gamow window and to measure cross sections down to a
few tens of pb (as in 13C+12C experiment for example [2]).
The reaction 58Ni (α, γ) 62Zn has the Q value Q= +3.4 MeV and the reaction 58Ni (α, p) 61Cu has
the Q value = -3.1 MeV. Because of relatively long half-time of the reaction products, T1/2(61Cu)
= 3.33 h and T1/2(62Zn) = 9.26 h, these reactions are suitable for study through the activation
method.
The reaction 58Ni(α,γ)62Zn occurs in stars at temperatures between 2 and 5 GK. For 2 GK
temperature, the Gamow window is from approximately 2.4 to 6.4 MeV with the maximum
contribution at 4.4 MeV and for 5 GK, the corresponding Gamow window is between 6-10 MeV
and the maximum contribution to the rate is at ~8 MeV. Until now, for relevant astrophysics
energies, this reaction was studied three times (in 1955 by M. Morinaga [6], in 1963 by E.K.

McGowan [7] and in 2014 by S.J. Quinn [5]), but the lowest energy reached through these three
experiments didn’t go below Elab=4.9 MeV (where the cross section is ~ 1µb). Hence, to verify the
theoretical predictions, it is needed to find the reaction cross section at energies lower than 4.9
MeV to reach the lowest part of the energy Gamow window. This was the main goal of the
experiment: to measure the reaction cross sections at energies lower than 4.9 MeV.
The 58Ni+α experiment was proposed and accepted through PAC2016 and performed at the 3MV
Tandem accelerator by using an α beam with energies in the range Elab= 3.8 - 9.0 MeV and beam
intensities of about 200 enA (2+) for the higher energies and up to 700 enA (2+) at the lowest
energies. Since the 58Ni isotope has an abundance of 68.08%, for this experiment we used natural
nickel thick targets (of 2x2.5cm2 area) with a thickness of 0.5 mm. In total 51 targets were
irradiated at different energies in more than 300 hours of beam on target. The other isotopes present
in natural nickel targets are: 60Ni (26.22%), 61Ni (1.14%), 62Ni (3.63%), 64Ni (0.93%), but through
activation with alpha particles stable nuclei are produced or nuclei which have thresholds above 4
MeV and they have not disturbed us at low energies. Example of a part of gamma rays produced
from natural Ni targets in an online spectrum during our experiment is shown in the Figure7.

Figure7. Gamma ray spectrum observed during online measurements for a target irradiated with α beam
at an energy of 8MeV for 1 hr.

We started the experiment by performing energy and efficiency calibrations of the HPGe detectors
used. We used the calibrated radioactive sources present in our department. In the Figure 8 we
show the efficiency curves obtained during the calibration.
We have made several activation and online measurements. The measurements were carried out
in two laboratories: the ultra-low background laboratory µBq (in Unirea salt mine at Slanic) for
targets irradiated an energies below 4.2 MeV, using a HPGe detector with 120% relative efficiency
and in the NAG laboratory using HPGe detectors with 75% and 100% relative efficiency. These

detectors were used in order to measure the γ-ray yield following the decay of 62Zn and 61Cu. In
Figure 9 the detectors used during the measurements are shown.
Through irradiation with alpha particles on 58Ni, only three channels lead to activation: the
radiative capture and the proton evaporation channel which have convenient half-times like 9 and
3 hours to measure the targets inside the salt mine, in the ultra-low background laboratory, and the
pα channel, but it has a long half-time: 271 days and also a high threshold which exceeds our
energy region of interest.

Figure 8. Efficiency calibration curves of the HPGe detectors used in the NAG laboratory for decay and
prompt gamma-ray measurements

Figure 9. HPGe detectors used for activation and online measurements and the experimental setup.

Our goal was to determine the reaction cross sections. First step was to determine the reaction
channel yield through the 2 kinds of measurements. For activation measurements we should
determine the activity at the end of irradiation firstly and then to evaluate the number of nuclei
which decayed during the measurements and during the waiting time.
We used the thick target yield method, so the cross section were extracted from the difference
between the yields of two consecutive irradiation energies divided by the superficial density of
nuclei present in target in the corresponding contributing layer. These were calculated using
LISE++ based on TRIM [8].
The preliminary results of the reaction cross section determined for the (α,γ) channel can be seen
in the Figure 10, results obtained during decay measurements and in Figure 11 for the in-beam
measurements.

Figure 10. Comparison between the results of the determined reaction cross section during this
experiment and previous experiments.

Figure 11. The preliminary results obtained for the prompt gamma ray measurements done at IFIN in
comparison with those obtained in the past experiments.

Further we done the same data analysis for the (α,p) channel. The results are being drawn in Figure
12 for the decay measurements and in Figure 13 for the online measurements. The experiments
were repeated to check the source of mismatches observed in the online measurements.

Figure 12. Comparison between the results obtained in IFIN and in the other experiments.

Figure 13. The results for the prompt gamma ray measurements.

We cross checked also our results in the astrophysical S-factor determined from the reaction cross
section for the (α,γ) channel which has a direct impact on the production of 62Ni, 63Cu and 64Zn in
type Ia supernovae. The comparison is shown in Figure 14.

Figure 14. Astrophysical S factor determined for the 58Ni(α,γ)62Zn reaction

In conclusion we were able to perform irradiation + decay measurements in the lower part of
Gamow energy window, region in which there are no experimental data available, as seen in Figure
15 by using the 3 MV Tandetron accelerator capability to provide beams with low energies and
intensities, combined with the ultra-low background laboratory from the salt mine in SlănicPrahova. We will follow these with analyses as those in Ref. 9.

Figure 15. The corresponding Gamow window for the 58Ni(α,γ)62Zn reaction is highlighted to mark the
comparison between previous experiments and our experiment done at IFIN-HH.

4. Conclusions
In 2018 the work in nuclear physics was continued and several successes were obtained by the
Nuclear astrophysics Group from IFIN-HH.
We reported here on the scientific results in nuclear physics for astrophysics using direct
measurements, as per the original proposal of this project:
- An important equipment was realized and tested: BEGA, a beta-gamma-ray
coincidence system that will allow high sensitivity de-activation measurements for
short lived isotopes produced in reactions at very low energies. It extends the range of
measurements down to half-lives of a few minutes to a few hours.
- The study of low-energy a-induced reactions on 58Ni was completed (experiment and
analysis).
Additionally, four scientific meetings were organized by NAG, with large and prestigious
international audiences.
Several articles were published, and a large number of lectures and communications at
international scientific meeting were presented by the group. The list is at the end of this report
and copies of the most important are included in Appendices.
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ChETEC training school at IFIN-HH
"An experiment of Nuclear Physics for Astrophysics using direct methods"
Bucharest-Magurele, Apr. 9-21, 2018
(preliminary) Report
There were 15 trainees (students) and 3 international + 3 local trainers (only 2 full time).
The students participating at the school and two of the international trainers arrived in Bucharest
and then in Magurele (a suburb of Bucharest where the physics institutes are located) in the evening
of Monday, April 9th. The school has started Tuesday morning with a few formalities and a
welcome talk and a short presentation of IFIN-HH by dr. Ioan I Ursu, the Scientific Secretary of
the institute.
We then had classes on Tuesday and Wednesday, held by prof. Marialuisa Aliotta (Univ. of
Edinburgh) and dr. Gyorgy Gyurky (ATOMKI Debrecen).
From Wednesday afternoon and Thursday we had interlaced classes with visits at the accelerators
and work in the laboratories.
Dr. Mihai Straticiuc has lead the presentation of the accelerators, dr. Raluca Marginean introduced
RoSPHERE and Romulus Margineanu talked about the microBequerel laboratory in the Slanic
salt mine. Prof. Silvia Leoni (Univ di Milano) has lectured about the use of gamma-ray techniques
in nuclear structure studies, with emphasis on the use in nuclear astrophysics (see the attached
program).
Marialuisa Aliotta and Gyorgy Gyurky were lead to the salt mine by Romulus Marginean
on Thursday, April 12.
The 15 students were divided in 3 teams: Alpha, Beta and Gamma, with a local team leader.
They will work for the latter part of the school separately.
During the classes the students were actually very interested and asked many questions. Marialuisa
and Gyorgy, the first trainers, were very pleased. So were we, during the later classes. Afterwards
the trainees started to work on calibrating the detectors and the accelerator and Saturday the first
of the three teams went to the salt mine. We did not have any complains about scheduling classes
and experiment during weekend. Each team has travelled to the salt mine to take there for
measurement the probes irradiated in IFIN-HH.
On Monday, April 16, the students visited CETAL, a laser center hosting a 1 PW laser (situated in
a different institute, but on same campus in Magurele). Thursday April 18 and Friday April 19,
they visited several important installations in the institute: ELI-NP, the gamma irradiator IRASM,
a cyclotron, the Department of Hadron Physics. These two days were also dedicated to the final
analysis and comparison of their data. They put together a presentation (included).
Friday evening, we had a dinner in the Orasul Vechi (Old Town), in Bucharest.
Saturday all students left the guest house where they were hosted.
The lectures were posted on the website of the school, most of the time the next day after the
presentations http://www.nipne.ro/indico/internalPage.py?pageId=0&confId=354.

In the last day we presented the students with a questionnaire to evaluate their stay. The results are
included, attached. The overall impression was very good, they say.
We may conclude that the event was a success.
It looks like smaller classes, they were 15 students, and the absence of big professors
seating in the first row, is what make the students get visibly more involved! The possibility to
work hands-on and to interact freely with one-another seems to work better than other approaches.
The combination of international trainers, with shorter stays, but proven expertise in the
field, and of local trainers who know well the environment, was, we believe, also a good choice.
Dr. Mihai Straticiuc carried excellently most of the day-to-day activities. The local team leaders
(students) also behaved very responsibly.
The attendance sheets contain 180 student signatures and 47 signatures of the trainers (attached).
I attach also school pictures taken in the last day of work (Friday 20 th)
Livius Trache
School director

Carpathian Summer School of Physics 2018
Exotic Nuclei and Nuclear/Particle Astrophysics (VII).
Physics with small accelerators
July 1-14, 2018, Sinaia, Romania

Report
This is a brief report on the Carpathian Summer School of Physics 2018 that was held this
summer July 1st - 14th, 2018, in Sinaia, Romania. It was the 28th edition of a long tradition. This
year the title of the event was:
"Exotic Nuclei and Nuclear/Particle Astrophysics (VII).
Physics with small accelerators”
and is the 7th in the latest series with the same title organized in Mamaia (2005) and Sinaia
(2007, 2010, 2012, 2014 and 2016) and keeping the topic “Physics with small accelerators”,
which was added in 2016. It was hosted again in Sinaia, Romania, on the Conference Center of
hotel ”International”. The school is part of the European Network of Nuclear Astrophysics
Schools (ENNAS), together with the European Summer School on Experimental Nuclear
Astrophysics, ESSENA (Santa Tecla, Italy) and the Russbach School on Nuclear
Astrophysics, RSNA (Russbach am Pass Gschütt, Austria). ENNAS is endorsed by the Nuclear
Physics Board of EPS and is supported by ENSAR2, a project of the European Horizon 2020
program, through NUSPRASEN. The additional flavor brought by the explicit inclusion of
subjects related to physics with small accelerators (fundamental or applied research) turned out
to be a plus again, because of the exchange of ideas that was facilitated thru the presence of
people, experts or beginners, with different competences and interests.
The format of the latest editions was kept: the first week of the event was closer to a
school-like format defined by a series of courses up to 2 hours each, aimed at graduate students,
post-docs and young researchers. The second week had a conference-like format, with 1 hour
invited lectures. Students and young researchers gave 20 min. short communications (distributed
over both weeks). The first day (July 2nd) was dedicated to introductory lectures. Most of the
topics related to applications were concentrated in the first week, which included also two days
(July 5-6) reserved for the special sessions “ELI-NP. Status and Perspectives”. On this occasion
many laser specialists from ELI-NP and from outside Romania, have joined the school.
Topics announced were like the ones in past years, including accelerator applications explicitly:
•
•
•
•
•
•
•

Exotic nuclei
Nuclear physics with RIBs
Nuclear physics for astrophysics
Stellar evolution. Neutron stars
and supernovae
Astroparticle physics
Stellar and laser induced plasmas
Physics at ELI-NP

•
•
•
•

Applications at small accelerators
Nuclear astrophysics with small
accelerators
Instrumentation
Accelerators for medical
treatments, radioisotope
production and industrial
applications

The “Horia Hulubei” National Institute for Physics and Nuclear Engineering (IFIN-HH)
Bucharest-Magurele was the sole institutional organizer of the school.
Organizing Committee:
Livius Trache and Ovidiu Tesileanu: chairs
Mihai Straticiuc and Tiberiu Sava: scientific secretaries
Ion Burducea, Alexandra Spiridon, Ionut Stefanescu, Doru Pacesila and Dan Ghita
The International Advisory Committee established at the end of 2017 was made of reputable
scientists and academics, many of which have joined us to present lectures, talk with students
and among themselves:
C. Bertulani (Commerce, TX)
C. Diaconu (Marseille)
M. El Eid (Beirut)
F. Ferroni (Rome)
Z. Fulop (Debrecen)
S. Gales (Bucharest)
U. Garg (Notre Dame)
J. Jose (Barcelona)
A. J. Jull (Tucson)
T. Kajino (Tokyo)
K.H. Kampert (Wuppertal)
K.-L. Kratz (Mainz)
W. Kutschera (Vienna)
K. Langanke (Darmstadt)
A. Mackova (Prague)

N. Marginean (Bucharest)
T. Motobayashi (Tokyo)
A. Petrovici (Bucharest)
N. Pietralla (Darmstadt)
H. Rebel (Karlsruhe)
T. Sajavaara (Jyvaskyla)
Ch. Scheidenberger (Giessen)
B. Sharkov (Dubna)
O. Sorlin (Caen)
C. Spitaleri (Catania)
H.-A. Synal (Zurich)
T. Uesaka (Wako)
M. Wiescher (Notre Dame)
N. V. Zamfir (Bucharest)

Students from Romania, from the surrounding regions and all countries were invited to attend. A
limited number of stipends (8 full + 4 partial) to cover the local expenses for students were
available. In total there were 92 participants:
• 58 from Romanian institutions: 4 institutes, 2 universities and 2 companies
• 34 from institutions outside the country: 12 institutes and 21 universities
who presented 70 lectures and 18 student communications (oral, 20 minutes each).
On Saturday July 7 we had the traditional outreach session of the school with the subject:
“How one prepares the next generation of scientists in the age of instant communication”
where we invited guests from Romanian academia and media representatives.
Sponsors of the school were IFIN-HH as organizing institutions, the Romanian Ministry for
Research and Innovation (MCI), ENSAR2 through the NUSPRASEN network, and the exhibitors
CAEN, Wiener, Canberra, Coralgon, Pfeiffer, BSI, Bruker, Total SpectruM, iseg, Quantech
Works (logos below). Moreover, most of the participants were supported by their respective
institutions, a fact which contributed to existence and the success of the school and which makes
these institutions be our sponsors too. We thank them all!

One “Thank you!” of appreciation was that CSSP18 was declared a success by all participants,
appreciated both for the quality of science and organization. Participants recommended during
the discussions in the Closing session, on Friday, July 14th:
- To continue this school with a new edition in 2020
- To continue its affiliation with ENNAS
See the website for the closing remarks:
http://www.nipne.ro/indico/getFile.py/access?sessionId=95&resId=0&materialId=0&confId=368
The Proceedings of CSSP18 will be published again with the prestigious “AIP Conference
Proceedings” series of the American Institute of Physics AIP Conference Proceedings, in Open
Access.

For the CSSP18 Organizing Committee
Livius Trache
Ovidiu Tesileanu
Co-chairs
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X.D. Tang‡
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China and
Joint department for nuclear physics, Lanzhou University and Institute of Modern Physics,
Chinese Academy of Sciences, Lanzhou 730000, China

B. Bucher
Idaho National Laboratory, Idaho Falls, Idaho 83415, USA

L.R. Gasques
Departamento de Fı́sica Nuclear, Instituto de Fı́sica da Universidade de São Paulo, São Paulo, Brazil

K. Hagino
Department of Physics, Tohoku University, Sendai 980-8578, Japan and
Research Center for Electron Photon Science, Tohoku University, 1-2-1 Mikamine, Sendai 982-0826, Japan

S. Kubono
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China and
RIKEN Nishina Center, RIKEN, 2-1 Hirosawa, Saitama 351-0198, Japan

Y.J. Li and C.J. Lin
China Institute of Atomic Energy, Beijing 102413, P.R. China

A.S. Umar
Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA

Y. Xu
Extreme Light Infrastructure-Nuclear Physics, RO-077125, Magurele, Romania
(Dated: September 7, 2018)
We exploit an underground counting lab with extremely low background to perform an activity measurement for the 12 C+13 C system with energies down to Ec.m. =2.323 MeV, at which the
12
C(13 C,p)24 Na cross section is found to be 0.22(7) nb. The 12 C+13 C fusion cross section is derived
with a statistical model calibrated using experimental data. Our new result of the 12 C+13 C fusion
cross section is the first clear evidence in the light systems which rules out the existence of the
astrophysical S-factor maximum predicted by the phenomenological hindrance model, while confirming the rising trend of the S-factor towards lower energies predicted by other models, such as
CC-M3Y+Rep, DC-TDHF, KNS, SPP and ESW. After comparing the model predictions with our
data, a more reliable upper limit is recommended for the 12 C+12 C fusion cross sections at stellar
energies.

The 12 C+12 C fusion reaction is one of the most important reactions in nuclear astrophysics. The crucial energy
range extends from a few 10’s keV to Ec.m. =3 MeV [1].
All the measurements, going back 60 years, have been
limited to energies above Ec.m. =2.1 MeV. Extrapolation
is inevitably necessary to obtain the reaction rate for as-

trophysical applications. The situation is further complicated by the existence of resonance states with ∼50
keV widths and a few hundred keV spacings, continuing
down to astrophysical energies. The Gamow energy window for most astrophysical applications typically spans
500 keV or more, and with no reliable method for predicting the resonances at lower energies, the best way
to estimate the reaction rate is to extrapolate from the
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S-factor (MeV b)

vent us from drawing a clear conclusion. A much better
system for testing the various predictions is the isotope
fusion reaction 12 C+13 C. Apart from the similar entrance
channel, its cross section behaves much more smoothly
as opposed to the erratic resonance structure exhibited
by 12 C+12 C. Furthermore, the observed cross sections
of 12 C+12 C are bound from above by the 12 C+13 C excitation function, suggesting that the resonances arise
from the relatively lower level density available to the
compound system [16, 17]. As shown in Fig. 1, the
extrapolating models, CC-M3Y+Rep, SPP, DC-TDHF,
KNS and ESW predict a continuously rising S-factor
for 12 C+13 C while the hindrance model predicts that
a S-factor maximum should occur at Ec.m. =3.45±0.37
MeV [4, 5] based on the Dayras et al. measurement stopping at 3.11 MeV. Without experimental confirmation of
a rapid drop in the S-factor of 12 C+13 C at lower energies, the hindrance signature claimed for 12 C+12 C is not
reliable. Therefore, it is essential to extend the measurement of the fusion cross section of 12 C+13 C down to
lower energies and test the predictive powers of different
models.

S-factor (MeV b)

measurements at higher energies based on the averaged
astrophysical S-factor [2].
Modeling heavy ion fusion cross sections at deep subbarrier energies has been a long standing challenge for
nuclear reaction theory [3]. In recent years, an unexpected hindrance of heavy-ion fusion cross sections, relative to coupled-channels model calculations using standard nuclear potentials, has been observed at deep subbarrier energies [4]. For the systems involving A&30 nuclei, hindrance is identified by the occurrence of a maximum in the astrophysical S-factor followed by a rapid
drop at lower energies. Guided by the experimental Sfactors of the medium-heavy systems, Jiang et al. developed a phenomenological hindrance model which predicts that the 12 C+12 C S-factor reaches its maximum
at Ec.m. =3.68±0.38 MeV [4–6]. At lower energies, this
model predicts a rapid drop in the S-factor leading to
a reduced reaction rate that is many orders of magnitude smaller than the standard rate used for astrophysical modeling and having drastic implications on late-time
massive star evolution, the ignition dynamics of type Ia
supernovae and x-ray superbursts [1].
Both phenomenological and microscopic models have
been developed to understand the hindrance signature
and predict reliable fusion cross sections at deep subbarrier energies. For the systems involving A&30 nuclei, by introducing a shallow ion-ion potential related
to the incompressibility of nuclear matter, Esbensen
et al. demonstrated that the hindrance signature can
be explained using a coupled-channel calculation (CCM3Y+Rep) [7, 8]. But the exact origin of the repulsive
core used in the model is still under debate [9]. The
study of the microscopic model using density-constrained
time dependent Hartree-Fock method (DC-TDHF) [10]
shows the importance of the Pauli exclusion principle
in explaining the hindrance signature [9]. By considering the transition from the separated two-body to the
united dinuclear system, the adiabatic model proposed
by Ichikawa et al. is also capable to explain the hindrance signature [11]. For light systems such as 12 C+12 C,
however, both CC-M3Y+Rep [12] and DC-TDHF models
predict a moderate increase in S(E) toward lower energies. Other calculations, such as wave-packet dynamics
(TDWP) [13], a recent coupled channel calculation [14],
barrier penetration model based on the global São Paulo
potentials (SPP) and the Aguilera et al. modeling of the
non-resonant component of the 12 C+12 C cross sections
using the Krappe-Nix-Sierk potential (KNS) [15], predict a similar trend in S-factor at stellar energies. Comparisons between the selected model predictions and the
experimental data are shown in Fig. 1. Resolving the dramatic discrepancy between the existing extrapolations of
the 12 C+12 C cross sections at stellar energies is critical
to the success of astrophysical models.
The complicated resonance structure in 12 C+12 C and
the lack of reliable measurements at lower energies pre-
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FIG. 1. (Color online) S-factors of 12 C+12 C (upper panel)
and 12 C+13 C (lower panel) at sub-barrier energies. The
12
C+12 C data from Ref. [6], [15], [18], and [19] with errors
better than 40% are shown as red, green, blue and black open
circles, respectively. The 12 C+13 C data from Ref. [20] and
[21] are shown respectively as green and blue filled circles.
Model calculations, DC-TDHF (dark blue), CC-M3Y+Rep
(red) and ESW (green), are shown as solid lines; SPP using
global density distribution (red) and the proposed hindrance
signatures (black) are shown as the dashed lines. The KNS
prediction for the 12 C+12 C non-resonant component is shown
as the light blue dashed-dotted line.

Obtaining a precise measurement of such small fusion
cross sections is a great experimental challenge due to extremely low yields and ambient backgrounds. Up to now,
only 12 C+12 C has been measured down to 2 nb with errors ≤40% while other measurements for light systems
have stopped above 10 nb, which is not low enough to
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differentiate the various predictions [22, 23]. Notani et
al. has extended the measurement of 12 C+13 C to 20
nb [16]. This work further extends that effort by exploiting an underground counting lab with ultra-low background, pushing the measurement of the 12 C(13 C,p)24 Na
cross section down to 0.22(7) nb with which the 12 C+13 C
fusion cross section is determined to be 0.9 nb with an
uncertainty ≤ 30%.
The fusion reaction measurement of 12 C+13 C was performed by detecting the residual nucleus 24 Na (T1/2 =15.0
h) from 12 C(13 C,p)24 Na. A 13 C beam was delivered by
the 3 MV Tandem of IFIN-HH [24] with a typical current
of 10 to 15 pµA on a 1.5-mm-thick natural carbon target.
The accelerator terminal voltage was calibrated with the
27
Al(p,γ)28 Si reaction with uncertainty less than 0.1%.
The 12 C(13 C,p)24 Na reaction was studied in the energy
range from Elab =4.640 to 10.995 MeV with a energy step
of ∆Elab =0.2 MeV in three different runs. After each
irradiation, the target sample was transported to the underground counting lab (µBq) in the SLANIC salt mine
at a depth of 209 m below surface [25] for offline γ-ray
measurements. In the µBq lab, a well-shielded HPGe
detector was used to detect two cascading γ rays (1369,
2754 keV) emitted by the 24 Na β-decay. Some of the
higher energy measurements (Ec.m. >2.8 MeV) were also
performed in the Low Background Gamma-Ray Spectroscopy Laboratory (GamaSpec) in a basement of IFINHH. The detector efficiencies were carefully calibrated
with standard sources. The correction of coincidence
summing effect was evaluated by comparing the measurements of a 24 Na at two different distances, 15 cm from
the detector and a very close geometry (less than 1 mm
from the detector). The results are also compared with
the Monte Carlo simulations. The total time for irradiation and measurements was 20 and 33 days, respectively.
Fig. 2 shows the γ-ray spectrum obtained at the energy
of Ec.m. =2.323 MeV with a 24 Na production cross section
of 0.2 nb. The 1369 keV peak, used in our yield determinations, is clearly seen in both raw and background
subtracted spectra.
The fusion cross sections of 12 C(13 C,p)24 Na are obtained by differentiating the thick target yield using the
procedure given in Ref. [16]. Our measurement includes a
10% systematic uncertainty which primarily results from
the uncertainties in the beam current (5%), beam energy
(2%), detector efficiency (5%), and stopping power (7%)
from Ref. [26]. The measurement by Notani et al . is a
relative measurement. Their 12 C(13 C,p)24 Na cross sections are normalized to our data. Both results are shown
in Fig. 3.
Two different methods, in-beam characteristic γ
ray [20] and total-γ-ray yield [21], have been used to obtain the total fusion cross sections with the aid of the
statistical model. The ratio between these two measurements is 1.11±0.07(σ). The deviation from 1 of the mean
value and fluctuations (σ) are a consequence of statistical

FIG. 2. (Color online) (a) Spectra measured in the µBq underground lab with target sample irradiated at Ec.m. = 2.323
MeV (black) and background (red). The irradiations and
measurements took 3.4 and 3.9 days, respectively. (b) Spectrum after subtracting background.

FIG. 3. (Color online) Cross sections of 12 C(13 C,p)24 Na are
obtained in this work (red) and Ref. [16] (black). A 10%
systematical uncertainty is included in both data. The total
fusion cross sections from Ref. [20], [21] are also shown as
green and blue squares, respectively.

and systematic errors of these measurements. As a conservative value, we combine the central deviation (0.11)
with the standard deviation (0.07) and estimate the the
systematic error of the model as 13% of these two different measurements [20, 21].
A reliable branching ratio of the 12 C(13 C,p)24 Na channel with a quantified uncertainty is needed to convert
the measured partial cross sections into total fusion cross
sections. The experimental branching ratio is obtained
by comparing the 12 C(13 C,p)24 Na cross sections to the
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and the hindrance prediction increases. At the three lowest energies, the deviation between the experimental data
and the hindrance model prediction ranges from 2.3 up
to 2.5σ. The ESW prediction made by Fowler in 1976,
which was based on the Dayras et al. measurement, provides an excellent fit to the old data sets as well as our
new measurements below 2.8 MeV where the minimum
cross section is about 3 orders of magnitude lower. In
both cases, the deviations between prediction and measurement are within 1σ.

S-factor (MeV b)

two sets of measured total fusion cross sections [20, 21]
(Fig. 4). Two different statistical model codes, Talys [27]
and Empire [28], are used to calculate the branching ratio
(see Fig. 4). The spin population of the 25 Mg compound
is taken as predicted by [12]. In the Talys calculation, the
potential parameters of the p and n channels are tuned
to reproduce the partial cross sections in Ref. [20]. In the
Empire calculation, the 24 Na channel branching ratio is
predicted using the default parameters and normalized
to the experimental data by a factor of 0.84. These two
calculations are similar with a difference less than 7%.
The fluctuation of data around the best fit is 14%, which
is related to the systematic uncertainties of the measurements and statistical model. This result is consistent
with the systematic error evident from comparing the
different measurements of the total fusion cross sections.
In this work, the Talys result is used for the branching
ratio correction. By including the systematic difference
of the two models (±3.5%), we adopt 14% as the systematic error for the branching ratio obtained from the
model. This error was overestimated as 20% by Notani
et al . [16].
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FIG. 4. (Color online) Branching ratio of the 12 C(13 C,p)24 Na
reaction channel. The red and black colors correspond to
our measurement and the normalized Notani et al measurement [16], respectively. The symbol shapes indicate the different total fusion cross sections taken from Ref. [20] (filled
circles) and Ref. [21] (stars). Solid lines show the normalized
theoretical branching ratios calculated with Empire (black)
and Talys (blue), with dashed lines representing the 1σ limits
from the Talys calculation.

The experimental S-factors together with predictions
are shown in Fig. 5. The first observation is that
a S-factor plateau, instead of a S-factor maximum at
3.45±0.37 MeV as predicted by the hindrance model,
is observed in the range of 3 to 4 MeV. As energy decreases, the S-factor continues to increase as predicted
by other models, ESW, SPP, CC-M3Y+Rep and DCTDHF, and the deviation between the experimental data
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FIG. 5. (Color online) S-factors of 12 C+12 C and 12 C+13 C
at sub-barrier energies. The data obtained by this work are
shown as red filled circles. The data from Ref. [16] are normalized to the current result and are shown as black filled circles
after correcting the overestimated systematic error. Other
symbols are identical to those in Fig. 1. An uncertainty of
14% has been added to all 12 C+13 C data to account for the
systematic uncertainty of the statistical model. The 12 C+13 C
predictions by CC-M3Y+Rep, DC-TDHF, SPP are normalized to our data below 3 MeV. The same normalization factors are also applied to the 12 C+12 C accordingly. The ESW
prediction for 12 C+12 C is calculated using the potential constrained by the 12 C+13 C.

The rising trend of the S-factor towards lower energies
was understood by including the second order expression
for the barrier transmission of a square-well black nucleus, which is missing in the definition of S-factor. For
the carbon isotope systems, the interaction radius of the
two heavy ions and the energy involved are so large that
the second order expression must be included [2].
The three theoretical models shown in Fig. 1, CCM3Y+Rep, DC-TDHF and SPP, are higher than our
result with deviations for Ec.m. < 3 MeV up to 35%,
55% and 55%, respectively, suggesting improvements in
physics are needed. This overestimation in DC-TDHF is
believed to be due to various breakup channels at higher
energies for such light systems that are not properly accounted for in TDHF dynamics and contribute to fusion instead. Although the underlying physics describing the three models is substantially different, the predicted S-factors at deep sub-barrier energies exhibit sim-
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ilar trends. By normalizing these three models to our
data below 3 MeV, the predictions are consistent with
each other with ±12% deviations at 1 MeV as shown in
Fig. 5. Our result demonstrates that the missing physics
in the three models has little impact on the shape of the
S-factor at deep sub-barrier energies. The same normalization factors are also applied to the 12 C+12 C fusion
cross sections calculated by the three models in Fig. 5.
After ruling out the possibility of the greatly suppressed S-factor predicted by the hindrance model, we
introduce new upper limits for the 12 C+12 C fusion cross
sections at stellar energies. It has been pointed out that
the 12 C+13 C calculation assuming high level density can
serve as the upper limit to the 12 C+12 C fusion cross sections having insufficient level densities in the resonance
states [16, 17]. The ESW parameters, which were recommended for 12 C+13 C in 1976 and have demonstrated
an outstanding predictive power, are used to predict the
12
C+12 C fusion cross sections after scaling the radius
from 7.2 fm to 7.14 fm to account for the difference in
nuclear size. This prediction provides an excellent upper bound to all the existing data with errors better
than 40%. Together with the three normalized 12 C+12 C
model calculations, four new upper limits are established
at energies below 3 MeV. Among the predictions, the
upper limit by the normalized DC-TDHF is the highest while the one by SPP is the lowest. The difference
between them is less than 20%. Therefore, the normalized DC-TDHF calculation is chosen as the conservative
upper limit. The current TDWP approach does not include the cluster effect and only provide a baseline for
the 12 C+12 C S-factor at lower energies. Combining the
new upper limits with the empirical lower limit (KNS)
and the prediction of TDWP, the 12 C+12 C fusion cross
sections are better constrained in spite of the unknown
resonances within the unmeasured energy range.
Recently the Trojan Horse Method (THM) has been
applied to determine the 12 C+12 C fusion S-factor at energies below Ec.m. =2.7 MeV [29], resulting in a new averaged S-factor with a rising slope faster than any models
presented in Fig. 5. Before drawing any final conclusion
from the indirect measurement in Ref. [29] and determining the actual trend of the averaged S-factor at stellar
energies, both accurate direct measurements at energies
below Ec.m.=2.7 MeV and the validation of the THM approach at higher energies with a better overlap with the
direct measurements would be urgently needed.
As a conclusion, the phenomenological model based on
the systematic study of the hindrance effect predicts that
the astrophysical S-factors of the 12 C+12 C and 12 C+13 C
fusion reactions reach a maximum around 3.5 MeV and
then rapidly drop as energy decreases. Our new measurement of the 12 C+13 C fusion cross section down to
Ec.m. =2.323 MeV disagrees with that and is the first
clear evidence in the light systems that rules out the existence of the S-factor maximum predicted for 12 C+13 C

by the phenomenological model, even though a similar
absence of hindrance has been found in a heavier system,
7
Li+198 Pt [22]. It also confirms the exponentially rising
trend of the S-factor towards lower energies predicted
by CC-M3Y+Rep, DC-TDHF, KNS, SPP and ESW. After calibrating these model predictions using our data, a
more reliable upper limit is established for the 12 C+12 C
fusion cross sections at stellar energies.
X.D.T. thanks H. Esbensen, C.Y. Wong, A.
Mukhamedzhanov and D.Y. Pang for the helpful discussions and A. Tang for proofreading. This project is
supported in part by the National Key Research and Development program (MOST 2016YFA0400501) from the
Ministry of Science and Technology of China and the
grants PN 16420102 and PN-III-P4-ID-PCE-2016-0743
NUCASTRO2 from the Romanian Ministry for Research
and Innovation. X.D.T. and N.T.Z. acknowledge supports from the National Natural Science Foundation of
China under Grants No. 11021504, No. 11321064, No.
11475228, No. 11490564, and No. 11405226. X.D.T.
also acknowledges supports from the key research program (XDPB09-2) and 100 talents Program of the Chinese Academy of Sciences. B.B. and S.U. acknowledge
support by the U.S. DOE under Contract No. DE-AC0705ID14517 and Grant No. DE-SC0013847.

∗
†
‡

[1]

[2]
[3]

[4]
[5]
[6]

[7]
[8]
[9]

dana.tudor@nipne.ro
livius.trache@nipne.ro
xtang@impcas.ac.cn
L. R. Gasques, E. F. Brown, A. Chieffi, C. L. Jiang,
M. Limongi, C. Rolfs, M. Wiescher, and D. G. Yakovlev,
Phys. Rev. C 76, 035802 (2007).
J. R. Patterson, H. Winkler,
and C. S. Zaidins,
Astrophys. J. 157, 367 (1969).
C. A. Barnes, S. Trentalange, and S. C. Wu, “Treatise
on heavy-ion science,” (Plenum Preess, New York, 1985)
Chap. 1, pp. 3–60.
B. B. Back, H. Esbensen, C. L. Jiang, and K. E. Rehm,
Rev. Mod. Phys. 86, 317 (2014).
C. L. Jiang, K. E. Rehm, B. B. Back, and R. V. F.
Janssens, Phys. Rev. C 75, 015803 (2007).
C. L. Jiang, D. Santiago-Gonzalez, S. Almaraz-Calderon,
K. E. Rehm, B. B. Back, K. Auranen, M. L. Avila,
A. D. Ayangeakaa, S. Bottoni, M. P. Carpenter, C. Dickerson, B. DiGiovine, J. P. Greene, C. R. Hoffman,
R. V. F. Janssens, B. P. Kay, S. A. Kuvin, T. Lauritsen, R. C. Pardo, J. Sethi, D. Seweryniak, R. Talwar,
C. Ugalde, S. Zhu, D. Bourgin, S. Courtin, F. Haas,
M. Heine, G. Fruet, D. Montanari, D. G. Jenkins, L. Morris, A. Lefebvre-Schuhl, M. Alcorta, X. Fang, X. D.
Tang, B. Bucher, C. M. Deibel, and S. T. Marley,
Phys. Rev. C 97, 012801 (2018).
S.
Mişicu
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a b s t r a c t
Intermediate energy single-neutron removal from 31 Mg has been employed to investigate the transition
into the N = 20 island of inversion. Levels up to 5 MeV excitation energy in 30 Mg were populated and
spin-parity assignments were inferred from the corresponding longitudinal momentum distributions and
γ -ray decay scheme. Comparison with eikonal-model calculations also permitted spectroscopic factors
30
to be deduced. Surprisingly, the 0+
Mg was found to have a strength much weaker than
2 level in
expected in the conventional picture of a predominantly 2p −2h intruder conﬁguration having a large
overlap with the deformed 31 Mg ground state. In addition, negative parity levels were identiﬁed for the
ﬁrst time in 30 Mg, one of which is located at low excitation energy. The results are discussed in the
light of shell-model calculations employing two newly developed approaches with markedly different
descriptions of the structure of 30 Mg. It is concluded that the cross-shell effects in the region of the
island of inversion at Z = 12 are considerably more complex than previously thought and that np −nh
conﬁgurations play a major role in the structure of 30 Mg.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .
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The “island of inversion” (IoI) in which the neutron-rich N ≈ 20
isotopes of Ne, Na and Mg exhibit ground states dominated by
cross-shell intruder conﬁgurations, has attracted much attention
since the ﬁrst observations [1,2]. In particular, this region has become the testing ground for our understanding of many of the concepts of shell evolution away from β -stability and has sparked the
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development of sophisticated shell-model interactions. Theoretical
approaches ﬁrst employed mean ﬁeld [3] and, later, shell-model
calculations [4–9] to explain the enhanced binding energies and
low 2+ excitation energies, wherein deformation and a diminished
N = 20 shell gap [15] result in f p-shell intruder conﬁgurations
dominating the ground state wave functions.
In the case of the Mg isotopes, 30,31 Mg were ﬁrst suggested
to lie outside the IoI, based on their masses [10,11]. Subsequent measurements, notably the measurements of the ground
state spin-parity ( J π = 1/2+ ) and magnetic moment [12,13] have
combined with theoretical work (e.g., Refs. [14,15]) to produce
a widely accepted picture in which 31 Mg is the lightest magnesium isotope within the IoI. Its ground state is characterised by a
strongly prolate deformed intruder structure with an almost pure
neutron 2p −2h conﬁguration [16,17]. In contrast, 30 Mg is ﬁrmly
placed outside the IoI and its structure interpreted as a spherical 0p −0h ground state [18] coexisting with a neutron 2p −2h
intruder-dominated deformed 0+
2 isomeric state at 1.788 MeV [19,
20] and with negative parity levels expected to appear, according
to shell model calculations, at a relatively high excitation energy
(>3.5 MeV [21]).
Very recently, calculations employing a new type of interaction – EEdf1 – have reproduced many of the properties of the
neutron-rich isotopes of Ne, Mg and Si [22]. Signiﬁcantly, the interaction was derived for the sd + p f shells from fundamental principles and explicitly including three-body forces. Intriguingly, the
EEdf1 calculations predict that multiple particle–hole excitations
play a much bigger role than suggested by the earlier calculations.
For example, in the Mg isotopic chain the admixture of neutron
2p −2h and 4p −4h conﬁgurations increases suddenly at N = 18
[22]. Indeed, the ground state structure of 30 Mg is predicted to
be very strongly inﬂuenced by the intruder f p-shell conﬁgurations, with ∼75% of the ground state wavefunction being of this
nature [22].
In order to test these two very different pictures of the transition into the IoI the structural overlaps between the 31 Mg and
30
Mg states are of critical importance. To date, however, there are
only indirect estimates, based on proton resonant elastic scattering
on 30 Mg [23]. In the present work, intermediate energy singleneutron removal from 31 Mg is investigated. In addition to providing a measure of the overlaps between the 31 Mg ground state and
the levels populated in 30 Mg, the spins and parities of previously
known and newly observed states are deduced.
The experiment was performed at the GANIL facility where
a high intensity 36 S primary beam (77.5 MeV/nucleon) was employed, in conjunction with the SISSI device [24]. A beam analysis
spectrometer delivered a secondary beam of 31 Mg (55.1 MeV/nucleon) with a rate of ∼55 pps. The secondary beam bombarded a
carbon target (thickness 171 mg/cm2 ) and the beam-like residues
were analysed according to momentum using the SPEG spectrometer [25] and identiﬁed in mass and charge using standard E-ETOF techniques.
The γ -rays emitted by the beam-like residues were detected
using an array of 8 EXOGAM Ge clover detectors [26] that were
arranged symmetrically in two rings, each of 4 detectors, at polar
angles of 45◦ and 135◦ with respect to the beam axis. The fullenergy peak eﬃciency for the array, after implementing add-back,
was measured to be 3.3 ± 0.1% at 1.3 MeV and the energy resolution, after Doppler correction, was 2.7%. A more complete account
of the experimental details may be found in Ref. [27].
The inclusive cross section for single-neutron removal from
31
Mg was determined to be 90 ± 12 mb where the error arises
principally from the uncertainty in the integrated secondary beam
intensity. The γ -ray spectrum, for events observed in coincidence
with 30 Mg residues, is shown in Fig. 1, after Doppler and add-back
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Fig. 1. (Color online.) Doppler corrected and add-back reconstructed γ -ray energy
spectrum (Eγ > 500 keV) in coincidence with 30 Mg. The overall ﬁt (red line) includes Geant4 generated lineshapes for each transition (black histograms) and an
exponential background (blue dashed line). The insets show the details of the regions from 850 to 1100 keV and 1575 to 2175 keV.

Fig. 2. (Color online.) Spectrum for the forward angle EXOGAM detectors for
+
Eγ < 500 keV. The grey histogram is the simulated lineshape for the 0+
2 → 21
decay – Eγ = 300 ± 5 keV. The red shading reﬂects the uncertainty in the half-life
– 3.9 ± 0.5 ns [19].

corrections were applied. Nine known transitions [28,21,29] were
observed. The energies and intensities are listed in Table 1 and the
deduced decay scheme shown in Fig. 3. A further weak, previously
unreported transition, which is not in coincidence (within the
statistics) with any other γ -ray line, was identiﬁed at 1660(2) keV.
The γ -ray energy spectrum was ﬁtted with lineshapes generated
for each transition using Geant4 [30], plus a smooth continuum
background.
Below 500 keV, no γ -ray lines were observed other than
an asymmetric peak at ∼300 keV corresponding to the known
+
306 keV transition from the isomeric 0+
2 1789 keV level to the 21
state (half-life 3.9(5) ns [19]). The lineshape for the isomeric decay was simulated (Fig. 2) using Geant4 and taking into account
the half-life and the 30 Mg post-target velocity (β = 0.303). The
analysis employed only the data acquired with the forward four
detectors as the corresponding lineshape exhibited particular sensitivity to the lifetime.
The 30 Mg level and γ -decay scheme in Fig. 3 is in accord with
previous studies [28,21,29], with the exception of two previously
reported transitions at 990 keV and 1060 keV [21] for which no
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Fig. 3. Level scheme of 30 Mg obtained in the present work. The widths of the arrows
reﬂect the absolute intensities of the transitions. The spin-parity assignments above
2 MeV are those deduced here (see text and Table 1).

evidence was found in the present work (insets Fig. 1) or indeed
in previous studies [28,29]. The γ -ray intensities were determined
by using the lineshapes from the simulations and then correcting
the counts in the full energy peak for the eﬃciency of the Ge array.
The branching ratio for the direct population of each level via the
neutron-removal from 31 Mg was obtained by gating on gamma-ray
energy and with feeding corrections taken into account. For the 0+
2
isomeric state, the direct feeding was deduced from the gammaray decay via the E2 radiative transition since the ratio E0/E2 is
very small (∼1.4 × 10−2 ), given the partial lifetime of the E0 decay (τ (E0) = 396 ns [20]). The exclusive cross section for each state
is the product of the direct branching ratio and the inclusive cross
section. The results are included in Table 1.
The cross section, σ−1n , to remove neutrons (n j) from a projectile of mass A populating ﬁnal states J π may be expressed
theoretically as [31],

σ−1n =


n j

A
A−1

N
C2 S( J π , n j )σsp (n j , S neff ),

(1)

where σsp is the single-particle cross section, [ A /( A − 1)] N is the
center-of-mass correction (N = 2n + ) [32], and S neff = S n + Ex
is the effective separation energy (S n (31 Mg) = 2.310 ± 0.005 MeV
[33]) with Ex the excitation energy of the state in the A-1 system.
The single-particle cross sections and momentum distributions
were computed using the eikonal formalism [34–36]. The potentials for the neutron–target and core–target interactions were derived using the Jeukenne, Lejeune and Mahaux (JLM) [37] nucleon–
nucleon effective interaction. The wavefunction of the removed
neutron was calculated in a Woods–Saxon potential where the
depth was adjusted to reproduce S neff . The Woods–Saxon radius
was constrained using Skyrme Hartree–Fock calculations (Sk20 interaction) and the diffuseness set to 0.7 fm. The 12 C target nucleus
was taken to have a Gaussian matter density with a root-meansquare radius of 2.32 fm.
Compilations of the results of intermediate-energy singlenucleon removal suggest that there is a systematic variation in
the ratio of the experimental and theoretical cross sections – the
so-called quenching factor, R s [38] – depending on the relative
binding energies of the neutron and proton [39]. As the exact origins of this quenching remain to be properly elucidated and may
well involve a combination of the structure inputs and reaction

Fig. 4. (Color online.) Exclusive momentum distributions derived for states in 30 Mg,
labelled by the excitation energy in keV, compared to eikonal-model predictions;
ﬁts were for momenta above 8750 MeV/c (see text).

theory, no attempt is made here to renormalise the experimental
spectroscopic factors. In addition it may be noted, that the S neff of
the levels populated here correspond to R s ≈ 0.85–0.90, and any
correction, if valid, would be smaller than the present uncertainties.
The exclusive longitudinal momentum distributions extracted
for the ground and excited states are presented in Fig. 4. The
ground state distribution was obtained from the inclusive results
by subtracting, with appropriate weighting, the momentum distributions for the observed excited states. The theoretical momentum distributions derived from the eikonal model calculations [34]
were folded with the experimental resolution (FWHM = 75 MeV/c)
and are compared to the experimental results in Fig. 4 where the
overall normalisation has been adjusted to provide the best possible description.3 (Table 1). In order to avoid any bias from dissipative processes in the reaction [40] which are not incorporated in
the eikonal modelling, the theoretical lineshapes were compared to
the data only for momenta greater than 8750 MeV/c, since the in-

3
We believe that this is preferable to the commonly adopted procedure whereby
the theoretical lineshapes are normalised to the peak of the experimental distribution.
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Table 1
Results for single-neutron removal from 31 Mg. The observed levels (Ex ), transition energies (Eγ ), intensities (Iγ ), direct fractional population (b) and corresponding cross
sections (σ−1n ) are listed. The orbital angular momentum () of the removed neutron, the corresponding chi-squared per degree of freedom (χ 2 /ν ), inferred spin-parity
( J π ), theoretical single-particle cross section (σsp ) and the deduced spectroscopic factor C2 Sexp are also provided.

χ 2 /ν

Ex
[MeV]

Eγ
[keV]

Iγ
(%)

b
(%)

σ−1n



0.0
1.482(2)
1.782(5)
2.467(3)

–
1482(2)
300(5)
985(2)

–
57.0(28)
8.6(13)
8.4(5)

28.3(39)b
12.2(33)b
8.6(13)
8.4(5)

25.5(48)b
11.0(33)b
7.7(15)
7.6(11)

3.298(3)

1816(2)

13.0(8)

7.6(8)

6.8(11)

3.380(3)
3.457(3)

1898(2)
1975(2)

4.2(4)
10.6(6)

2.8(4)
10.6(6)

2.5(5)
9.5(13)

3.534(6)

3534(6)

12.3(9)

12.3(9)

11.1(16)

4.183(3)
4.252(3)

799(2)
954(2)

1.4(1)
5.4(3)

1.4(1)
5.4(3)

1.3(2)
4.9(7)

0
2
0
1
(2)
3
(2)
–c
2
(1)
1
(2)
–c
3
(2)

2.9
3.0
0.5
1.0
(1.6)
1.9
(2.8)
–
0.8
(2.2)
1.9
(2.0)
–
1.4
(1.6)

–

1660(2)

2.4(2)

2.4(2)

2.2(3)

–c

–

a
b
c

Jπ

σsp

C2 Sexp a

0+
2+
0+
(2)−

56.4
23.4
36.9
32.8

[0.42(8)]b
[0.44(13)]b
0.20(4)
0.21(3)

(3)−

17.6

0.35(6)

–
(2)+

–
18.7

–
0.48(7)

(1− )

28.9

0.35(5)

–
(4)−

–
16.6

0.27(4)

–

–

–

[mb]

[mb]

After accounting for the centre-of-mass correction. A systematic uncertainty of ∼10% related to the reaction modelling is not included in the quoted error [39,40].
Upper limits from observed yields (see text).
The corresponding momentum distributions could not be extracted.

clusive momentum distribution, as well as that for the ground and
2+
1 states, show evidence of tails at momenta below this value. In
the cases of the levels with unknown spin-parities (i.e., above the
0+
2 state), the lineshapes for the two  values that come closest to
reproducing the data are shown.
The most likely  values for the removed neutron were deduced
for all except two levels (3.534 and 4.252 MeV) according to the
smallest χ 2 /ν values (Table 1). The absolute values of χ 2 /ν reﬂect, in addition to statistical variations, contributions from any
imperfections in the γ -ray gating and background substraction,
and uncertainties in the theoretical lineshapes4 as evidenced by
the comparatively poor χ 2 /ν for the 2+
1 level.
Removing a neutron from the 1s1/2 orbital in 31 Mg leads to
0+ (and potentially 1+ ) states in 30 Mg. In the case of the 0+
ground state, the deduced spectroscopic factor of 0.42 ± 0.08 is
much larger than the indirect estimate of Imai et al. [23], namely
C2 S = 0.07 ± 0.03(stat) ± 0.07(sys), and both of the shell model
predictions discussed below (C2 S = 0.11−0.13). Given that the
cross section to the ground state is derived assuming that all of
the yield to bound excited levels has been identiﬁed (S n (30 Mg) =
6.35 ± 0.01 MeV [33]), both the cross section and the associated
spectroscopic factor (Table 1) should be considered as upper limits. Indeed, high energy (and unobserved) γ -rays, would arise from
any 1+ levels populated by 1s1/2 and/or 0d3/2 neutron removal;
these are predicted to lie near 5 MeV (Fig. 5) and candidates are
suggested in β -decay measurements [29].
In the case of the 0+
2 level, the spectroscopic factor of
0.20 ± 0.04 deduced here is, in terms of the conventional picture
of an intruder-dominated 2p −2h conﬁguration, surprisingly low.
Removing a neutron from the 0d3/2 orbital in 31 Mg can populate 1+ or 2+ states in 30 Mg. The 2+
1 state is populated strongly
here, however, the associated spectroscopic factor (0.44 ± 13) must
be interpreted with caution as the deformed character of 30 Mg
[45] will permit dynamical excitations (and de-excitations) to occur during the neutron removal. CCDC-type calculations suggest
that such effects will result in a net increase in the yield to the

4
These may arise from effects not incorporated in the model employed here [41,
42], the choice of the model or formalism (see, for example, refs. [43,44]) and uncertainties in the parameters of the model itself.

2+
1 state and the spectroscopic factor deduced here should, thus,
be considered an upper limit [46].
The next highest state characterised by  = 2 neutron removal
is found at 3.457 MeV. A fusion–evaporation study [21] suggested
a 4+ assignment which would, for a single-step process, require
neutron removal from the 1g 9/2 orbital. This is incompatible with
any reasonable structure for 31 Mg and with the observed momentum distribution. Given that any 1+ levels are expected (Fig. 5) at
30
high energy, a 2+
Na
2 assignment is made here, in line with the
β -decay study [29]. The large spectroscopic factor of 0.48 ± 0.07
suggests an intruder dominated structure.
Negative parity states will be populated via removal of an
f p-shell neutron from 31 Mg. Signiﬁcantly, the level at 2.467 MeV
has a momentum distribution characteristic of  = 1(1p 3/2 ) removal, for which spin-parities of 1− and 2− are possible. Given
− assignment is
that the γ -decay proceeds to the 2+
1 level, a 2
5
−
clearly favoured since a 1 assignment would favour direct E1
decay to the ground state. The presence of a negative parity state
at such a low energy is surprising in view of the shell model predictions (Fig. 5) and in comparison with the corresponding levels
in 26,28 Mg (Ex = 6.19 and 5.17 MeV).
The momentum distribution for the 3.534 MeV level is compatible with  = 2 or 1, and thus with spin-parity assignments of
(1, 2)+ or (1, 2)− for 0d3/2 or 1p 3/2 neutron removal respectively.
Given, however, that the γ -decay proceeds only via direct decay to
the ground state a spin of 1 is clearly favoured. Furthermore an assignment of 1− is strongly suggested since it would be the partner
of the nearby 2− state produced by 1p 3/2 removal.
The levels at 3.298 and 4.252 MeV both exhibit momentum distributions consistent with  = 3 neutron removal, although in the
case of the later  = 2 removal is also possible. The  = 3 (0 f 7/2 )
removal suggests spin-parities of 3− or 4− . Signiﬁcantly, the lower
of the two states decays to the 2+
1 state with the associated transition being E1 or E3 for the 3− or 4− assignments respectively. The
latter transition would, however, very probably be isomeric with a
lifetime approaching 1 μs, indicating that the lower level is 3− . For
the higher lying level  = 2 neutron removal suggests spin-parities
5
Whereas this contradicts Ref. [19], the feeding in
forbidden [21,29], thus implying negative parity.

30

Na β -decay appears to be
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Fig. 5. (Color online.) Level scheme for 30 Mg obtained in the present work compared to shell model calculations using the EEdf1 [22] and SDPF-U-MIX [15] interactions.
Spectroscopic factors (see text and Table 1) and proposed spin-parity assignments are shown on the left and right side of the energy levels, respectively. The energies of the
experimentally observed states are listed in Table 1 and Fig. 3. The orbital angular momentum () for the removed neutron is also indicated:  = 0 (red), 1 (green), 2 (blue),
3 (brown), undetermined (black) – see Table 1.

of (1, 2, 3)+ . Such assignments would be expected to be characterised by M1 decays [47] to the low lying 0+ and 2+ states rather
than the observed decay to the 3.298 MeV 3− level. As such it may
be reasonably concluded that the 4.252 MeV level is populated as
the 4− spin-coupling partner of the 3− state.
Turning now to the interpretation of the results presented here,
Fig. 5 provides a comparison with shell model calculations6 using
the recently developed EEdf1 [22] and SDPF-U-MIX [15] interactions. The former was derived from chiral effective ﬁeld theory
nucleon–nucleon interactions, whilst the latter is an extension of
the SDPF-U interaction [9] which allows for the mixing of different np −nh conﬁgurations. It should be noted that while the 31 Mg
ground state is essentially of intruder character in both calculations, the details differ markedly: 90% of the SDPF-U-MIX wave
function is 2p −2h, whilst, in the case of EEdf1, 66% is 2p −2h and
29% 4p −4h.
The difference between the two shell model calculations is
most apparent in the character of the 30 Mg states: the EEdf1 pre+
+
+
dicts the 0+
1 , 02 , 21 and 22 levels to be overwhelmingly dominated (70%) by intruder conﬁgurations while the SDPF-U-MIX
+
suggests a more conventional situation with only the 0+
2 and 22
states having intruder character (Fig. 6). In contrast, for the negative parity f p shell states, the two calculations agree (Fig. 5) that
they should lie at relatively high excitation energy (3.5 MeV).
Focusing on the new results, the spectroscopic factors measure
the structural overlap of the IoI nucleus 31 Mg with key low-lying
levels in 30 Mg. As shown in Fig. 5, the spectroscopic factor deduced
here for the 0+
2 state is in very good agreement with the EEdf1
based prediction and at clear variance with that of the SDPF-U-MIX
(being a factor ∼2 weaker), suggesting the increased importance of
4p −4h conﬁgurations.
In order to explore further the inﬂuence of 4p −4h conﬁgurations, calculations have been made using a three level mixing
model (3LM) [48]. In this approach, the starting point comprised
the unmixed np −nh (n = 0, 2 and 4) 0+ levels derived from the
SDPF-U-MIX interaction. The mixing was then varied until the excitation energy of the 0+
2 state equalled the experimental value. As
6
The EEdf1 calculations were performed in the sdp f model space for both protons and neutrons, while for the SDPF-U-MIX the protons were conﬁned to the sd
shell.

Fig. 6. (Color online.) Decomposition of the wavefunctions in

30

Mg for the 0+
1,2 and

2+
1,2 states as derived from shell-model calculations employing the EEdf1 and SDPF-

U-MIX interactions and, for the 0+
1,2 levels, by a three-level mixing model (3LM) –
see text.

may be seen in Fig. 6, the 0+
2 level is strongly mixed with a signiﬁcant 4p −4h component (comparable to the EEdf1 prediction).
The spectroscopic factors derived from the overlap of the SDPFU-MIX ground state for 31 Mg with the 30 Mg 0+
2 state from the
3LM (C2 S = 0.26) is in better agreement with the experiment than
the SDPF-U-MIX prediction. In the case of the ground state, the
strength (C2 S = 0.22) is twice that of the SDPF-U-MIX prediction
(Fig. 5). For completeness, it may be noted that the 0+
3 level in the
3LM (C2 S = 0.15) is predicted to lie at around 3.8 MeV.
Turning to the negative parity states, the lowest in energy is
the 2− , which is observed to lie well below those predicted by
both the EEdf1 and SDPF-U-MIX interactions, with a strength signiﬁcantly weaker than either of the calculations. The proposed 1−
spin-coupling partner of the 2− is found to lie some 1 MeV higher
in excitation energy with a considerable strength. The shell model
calculations are reasonable in terms of the excitation energy but
underestimate the strength by a factor ∼2. Finally, the 3− and
4− levels are both reasonably well reproduced in terms of energy by the two calculations. However, while the strengths of each
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Fig. 7. (Color online.) Comparison of the experimentally deduced summed strength
for neutron f p-shell levels populated in one-neutron removal from 30−32 Mg with
shell-model predictions using the EEdf1 and the SDPF-U-MIX interactions. The experimental strengths (points with error bars) for 30,32 Mg are taken from Ref. [18].

are in very good agreement with the EEdf1 predictions, they are
considerably over-predicted by the SDPF-U-MIX calculations. Interestingly, the N = 20 shell gap incorporated in the SDPF-U-MIX
interaction is around 5.5 MeV, while that of EEdf1 is only 2.8 MeV.
Finally, it is instructive to map the evolution of the strength of
the f p-shell intruder states across the boundary of the IoI. This is
shown in Fig. 7, where the summed strength of the negative parity
levels observed in the A-1 nuclei populated in single-neutron removal from 30−32 Mg are compared to the shell-model calculations
using the EEdf1 and SDPF-U-MIX interactions. This comparison
highlights the enhanced role played by the cross-shell excitations
in the EEdf1 calculation, which displays a smooth evolution of
structure with neutron number, whereas the SDPF-U-MIX model
shows a clear transition at 31 Mg. The integrated experimental intruder strengths do not permit a deﬁnitive choice to be made
between the two descriptions of 30 Mg but do tend to support the
smooth evolution predicted by the EEdf1 model.
In conclusion, the structure of 30 Mg has been investigated using single-neutron removal from 31 Mg. The results, most notably
the relatively weak spectroscopic strength for the 0+
2 state and
the identiﬁcation of a low lying negative parity (2− ) level, are
at odds with the conventional picture of the transition into the
IoI. Comparisons are made with the results of shell model calculations employing two recently developed interactions with very
different descriptions of the underlying structure of 30,31 Mg. These
suggest that the low lying levels in 30 Mg are dominated by np −nh
conﬁgurations, including signiﬁcant 4p −4h contributions. As such
the transition into the IoI at Z = 12 appears to be considerably
more complex and less well deﬁned than previously thought. Ideally, improved measurements should be made (including highenergy γ -ray detection) so as to clarify the direct population of the
30
ground and 2+
1 states. In addition, an investigation of the d( Mg,p)
neutron transfer reaction would be valuable.
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Abstract. Using our IFIN-HH facilities: the 3 MV TandetronTM accelerator and the ultra-low background laboratory we
were able to study the 4He+64Zn reaction at energies under Coulomb barrier. With these facilities, cross sections of the
order of 30 nb were obtained. The thick target yields were determined through measurements of γ-ray yield followed by
the decay of 67Ga (T1/2=78.28 h) in two laboratories: microBequerel (the ultra-low background laboratory) and NAG
(Nuclear Astrophysics Group) where the gamma rays were detected with HPGe detectors with a relative efficiency of 120%
and 100% respectively. In addition, prompt in-beam gamma-rays were detected with an HPGe detector in close proximity
as long as the reaction cross section was sufficiently large for those gammas to be extracted from the target hall background.
Results of the experiment are shown below.

INTODUCTION
As it was determined by tests and past experiments, the 3 MV TandetronTM accelerator of IFIN-HH has the
capability to be used for direct measurements for nuclear astrophysics. Tests have proven that it has appropriate energy
range, stability, high currents and it is competitive for 4He and light ion beams [1]. The other facility that our institute
benefits of is the ultra-low background laboratory placed in a salt mine located at about 100 km north of BucharestMăgurele, in Slănic-Prahova [2], named the microBequerel laboratory. This is not a particularly deep mine, situated
at about 209 m (estimated to 560 m water equivalent) below surface. Due to the large distance between the caves and
the rocks and also to the high purity and compactness of the salt wall, a very low natural radioactivity occurs.
Measurements using a shielded Ge detector have shown that the background reduction factor is up to 4000 (relative
to the surface background of the same unshielded detector).
Therefore, on Oct. 2014 and Oct. 2015 a procedure has been tested in which targets are irradiated in Măgurele,
then transferred to Slănic and measured [3, 4]. Obviously, this procedure will not work for cases where the resulting
activity after irradiation has half-lives much shorter than the transfer time of about 2.5 hrs. An ideal case for testing
this procedure was proposed together with colleagues from China (IMP Lanzhou and CIAE Beijing): the reaction
13
C+12C. Only one reaction channel leads to radioactivity, one-proton evaporation 12C(13C, p), producing 24Na which
has T1/2=15.0 h, excellent for the procedure we used: one day of irradiation, transfer to Slănic in 2.5 hours and about
one-day de-activation measurement there, during the irradiation of the next target, and so on… Using this method
cross sections of the order of 130 pb were determined. These experiments were for the first time reaching into the
Gamow window for the reaction in question. We concluded that the laboratory can be competitive for direct nuclear
astrophysics measurements induced by alpha particles and light ions. We used these findings and strengthened them
on cases that can use this combination of facilities.

FIGURE 1. Background from the salt mine (μBq laboratory) [2].

64Zn

(α, γ)68Ge FUSION REACTION

The nucleosynthesis of elements heavier than iron is particular as their synthesis requires energy so their production
cannot be the source that powers a star. Therefore, their existence in nature must be explained by other processes than
He-burning, C-, O- or Si-burning in massive stars. Most of the heavy elements are produced through neutron capture
reactions; the two processes of neutron capture: s- and r- processes. However, on the proton-rich side of the valley of
nuclear stability there are almost three dozen of heavy stable isotopes that cannot be produced by these two processes,
these are the p-nuclei. Information about their abundances comes from the Solar System but there are differences
between the observed and calculated ones. One process that is considered to produce proton-rich isotopes is the γprocess. In this way p-isotopes are produced through consecutive (γ, n) reactions which lead the material to the protonrich region. Isotopes become neutron-deficient and charged particles emitting (γ, p) and (γ, α) reactions will play an
important role and influence the p-isotopes abundances. γ-induced reactions take place at high temperatures and
different explosive scenarios are thought for the γ-process. It is considered to take place in O/Ne layer of core collapse
supernovae and Ia supernovae. Astrophysical conditions must be known in order to model γ-process, but before that
you must know the input that involves thousands of reactions for which one should the reaction rates. Therefore, any
measurements that can improve and reproduce better p-isotopes abundances are needed [5, 6, 7].

FIGURE 2. Open channels for the reaction.

The Gamow window for the 64Zn (α, γ)68Ge reaction is between 4 and 6.5 MeV (the γ-process temperature is around
3 GK and for this energy range only two of the channels are open: 64Zn (α, γ)68Ge which is difficult to measure because
it has a long half-life, 64Zn (α, p)67Ga and the third one 64Zn (α, n)67Ge has a threshold at 9.5 MeV [5,6,7,8].
During the experiment we irradiated natural zinc thick targets (1 mm) by alpha beam with energies in the laboratory
frame between 5.4-8 MeV with steps of 0.2 and 0.25 MeV. Total beam time was 140 h and the beam current varied
from 0.2 to 0.7 µA. The thick target yield for 64𝑍𝑛(𝛼, 𝑝) 57𝐺𝑎 reaction was determined through measurements of the
γ-ray yield following the decay of 67Ga (T1/2=78.28 h) in two laboratories: microBequerel and NAG (Nuclear
Astrophysics Group), where the gamma rays (184.6, 209.0, 300.2 and 393.5 keV) were detected with HPGe detectors
with relative efficiency of 120% and 100% respectively.

FIGURE 3. Gamma rays from activation measurements.
The 64𝑍𝑛(𝛼, 𝑝) 57𝐺𝑎 cross section have been determined from the extracted thick-target yield Y(E):
𝐸

𝑌(𝐸) = ∫ 𝜎(𝐸)
0

𝑑𝑥 𝑁𝐴
𝑑𝐸 𝐴𝑡

where:
𝑑𝑥
𝑔
= 𝑅𝑎𝑛𝑔𝑒
𝑑𝐸
𝑐𝑚2
And then the experimental cross section was determined (thick target method):
𝜎(𝐸) =

𝑌(𝐸 + 𝛥𝐸) − 𝑌(𝐸)
𝑛𝑡

FIGURE 4. Preliminary results of experimental cross section for 64Zn (α, p)67Ga in comparison with previous
experiments [5, 6, 7, 8, 9].
The preliminary results obtained from the de-activation measurements are presented in Figure 4. Comparable results
with previous experiments have been obtained. The measurements were extended to lower energies down into Gamow,
where for the lowest energy the cross section was of the order of 30 nb.
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