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Present SFB projects at RIKEN
with R3 NeuLAND at RIBF

• 4 double planes + electronics packed into boxes

• Shipping to RIKEN Nishina Center (Japan) starts on 12.01.2015

• Arrival in SAMURAI area on 27.01.2015

11.01.18, 17(56
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NeuLAND + NEBULA setup

NEBULA
• Modular plastic scintillator-based neutron detector

• 4 modules containing each:

• 12 VETO paddles (32cm x 1cm x 190cm)

• 2 x 30 NEUT paddles (12cm x 12cm x 180cm)

• All paddles read out with 2 PMTs

• Only vertical paddles

• 1n efficiency: ~ 40% (2 modules; total 48 cm)

NeuLAND Demonstrator @ SAMURAI
• NeuLAND placed in front of NEBULA à better time 

resolution

• NEBULA VETO in front of NeuLAND

à improved invariant-mass resolution

à 4n detection possible for the first time March 2015

NeuLAND
SAMURAI

NEBULA
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• “Soft” dipole excitation of 6,8He

• Spectroscopy of n-rich Ca 
isotopes

• Dipole response of n-rich Ca 
isotopes

• Coulomb break-up of deformed 
halo nucleus 31Ne

• Structure around the N=16 
shell closure

• EoS: Heavy-ion collision in 
Sπrit TPC

• Calibration measurement for 
1n detection efficiency

Summary NeuLAND at RIKEN

• NeuLAND@SAMURAI allowed unique 

physics program

• 4n detection possible for the first time

• 12 Experiments in 71 days of beamtime

• 12 double-planes ready for FAIR phase-0 at 

GSI from 2018

Structure of n-rich nulcei

Multi-neutron decays 
beyond the dripline

• Search for a resonant 
tetraneutron system

• 8He(p,pα)4n

• 8He(p,2p)7H

• Spectroscopy of 27,28O

• Lifetime of 26O(g.s.)

Side products

• 6He(p,pα)2n

• Unbound F isotopes
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NeuLAND shipped back to GSI
What next ? RIBF still the most powerful RI beam facility

• Packing of NeuLAND + electronics 
August/September 2017

• Flight to Frankfurt mid-September

• Arrival at GSI on 21.09.2017



Accepted proposal:
Dipole response of the drip-line nuclei 
24O and 29F 

(Proposal for NP1512-SAMURAI37) 

Thomas Aumann

&

Takashi Nakamura

December 7th 2017

18th Nuclear Physics PAC Meeting

RIBF RIKEN
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Proposal

• Electromagnetic excitation and neutron decay of the drip line nuclei 24O and 29F 

• Aim: Extraction of low-energy B(E1) strength
direct (model-independent) comparison to ab initio theory

• 24O: New ab-initio calculations of B(E1) available for 22,24O
- Coupled cluster + Lorentz integral transform (S. Bacca et al.)
- No-core shell model (Christina Stumpf et al., AG R. Roth)

heaviest (only) doubly magic drip-line nucleus in reach, strong Pygmy expected
data from GSI stop at 22O 
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Theory predictions
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FIG. 3. Isoscalar E0, isovector E1, and isoscalar E2 strength functions of the even-A oxygen isotopes 16�24O using the SRG-evolved
NN+3N(400) (blue line) and NNLOsat (red dotted line) interaction. The thin lines in the right-hand column show the total E2 response. The
oscillator frequency is ~⌦ = 20 MeV and � = 0.5. The NCSM model spaces are truncated at Nmax = 8(9). The arrows indicate the experimental
centroid energies for 16O from [71].

on this interesting topic, but rather show that the strength dis-
tributions from the NCSM predict substantial fine structure.
In Fig. 2, we compare the discrete strength distributions from
NCSM, RPA, and SRPA on a logarithmic scale for the exam-
ple of the isoscalar E2 mode in 16O. Evidently, the NCSM
strength shows much more fragmentation and fine structure in
the energy region of the giant resonance than even SRPA.

Applications. A particularly interesting region for appli-
cations of the NCSM for strength distributions is the oxygen
isotopic chain. It is easily within the reach of the method and
the collective response of the neutron-rich oxygen isotopes
has been and continues to be a focus of research [14, 74]. In
Fig. 3 we present the isoscalar E0, isovector E1, and isoscalar
E2 strength distributions for the even oxygen isotopes from
16O to 24O for the NN+3N(400) and the NNLOsat interaction.
An important di↵erence between the two chiral NN+3N inter-
actions is that NN+3N(400) underestimates the ground-state
radii of the oxygen isotopes by about 10%, while NNLOsat is
constructed to reproduce the experimental radii well.

Generally, the structure of the response is very similar for
the two interactions. For the isoscalar E0 strength the main
di↵erence is a relative shift of the stength distribution, with
the NNLOsat interaction producing about 4 MeV higher reso-
nance energies. This is surprising since in a naive mean-field
picture one would expect lower resonance energies for an in-
teraction that produces larger ground-state radii. The com-
parison of the NNLOsat response for 16O to the experimental
centroid energy for the isoscalar giant monopole resonance is
also surprising. Our predicted monopole resonance appears at
too high energies although the interaction is known to predict
a nuclear matter incompressibility within the empirical range
[51, 75]. This indicates that other aspects of the interaction,

e.g., momentum dependencies or non-localities, play an im-
portant role for the transition strength that is not probed by
static properties. The overestimation of the resonance ener-
gies compared to experiment is also evident for the E1 and E2
strength distributions, although the NNLOsat interaction tends
to predict a lower resonance energy than the NN+3N(400) in-
teraction for these modes.

The strength distributions exhibit interesting systematics
throughout the isotopic chain. The isovector E1 distribu-
tion broadens as one moves toward mid-shell at 20O, as ob-
served experimentally [14], and narrows again as the next neu-
tron closed-shell is approached. At the same time more and
more low-energy strength appears, which is compatible with
the emergence of pygmy dipole excitations [8, 76, 77]. We
can calculate electric dipole polarizabilities from the strength
functions, which, however, are too small because the strength
is at too high energies. For the NNLOSAT interaction, we ob-
tain a dipole polarizability of 0.48 fm3 compared to the exper-
imental value 0.58 fm3 [78]. With adding more and more neu-
trons, our predictions for the dipole polarizabilities increase
systematically, reaching 1.09 fm3 for 24O. The isoscalar E2
distribution starting from 18O shows strong contributions from
low-lying neutron-dominated 2+ excitations, which hardly
contribute to the total E2 strength without isospin decomposi-
tion, also shown in Fig. 3. This low-lying quadrupole strength
can be interpreted as a pygmy quadrupole resonance, pre-
dicted in [79] and recently measured for 124Sn [80].

Conclusions. We have formulated an ab initio approach
for the description of transition strength distributions by com-
bining the NCSM with the Lanczos strength-function method.
It solely relies on a truncation of the many-body basis and we
demonstrated convergence of the strength distributions with
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FIG. 11. (Color online) Comparison of L(�0,�) at � = 10
MeV for 22O and 16O. Di⇤erent harmonic oscillator frequen-
cies have been used: ~⇥ = 20 and 24 MeV for 16O (dashed
and full blue lines) and ~⇥ = 24 and 26 MeV for 22O (dashed
and full black lines).
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FIG. 12. (Color online) Comparison of the LIT-CCSD dipole
cross section of 22O with the photoneutron data of Ref. [2].
The grey curve starts from the theoretical threshold, while
the dark/blue curve is shifted to the experimental threshold.

ties of the Lorentzian kernel the BSR can also be written
as

BSR =

⇤ ⇥

�⇥
d⇤0L(⇤0,�) . (48)

In both ways we obtain a value of 4.6 and 6.7 fm2 for 16O
and 22O, respectively.

We note that the BSR can also be written as [65]

BSR ⇥
�
NZ

A

⇥2

R2
PN . (49)

Here RPN is the di⇤erence between the proton and the
neutron centers of mass. If one assumes that the two
centers of mass do not di⇤er much in 16O and 22O, dif-
ference in the BSR between 16O and 22 O is explained by
the di⇤erent neutron numbers and mass numbers. This
is indeed what we observe within 10%.
Inverting the LIT and imposing the strength to be zero

below the N3LO threshold energy of 5.6 MeV, we find
the cross section displayed in Fig. 12. In this case we
did not include the Gamow prefactor of Eq. (44) in the
inversion, because the first channel corresponds to the
emission of a neutron. One notices the appearance of a
small peak at low energy. The existence of such a peak is
a stable feature, independent on the inversion uncertain-
ties. The latter are represented by the band width of the
curves, obtained by inverting LITs with � = 5, 10 and
20 MeV and varying the ⇥ in Eq. (44). As before, the
grey curve corresponds to the LIT-CCSD result starting
from the theoretical threshold, while the dark/blue curve
is shifted to the experimental threshold. After this shift
is performed, it is even more evident that the strength
of this low-lying peak reproduces the experimental one.
Such low-energy peaks in the dipole response are debated
as dipole modes of the excess neutrons against an 16O
core, see, also Ref. [66]. However, like for the experi-
mental result, the strength of this low energy peak only
exhausts about 10% of the cluster sum rule [67] inspired
by that interpretation.
This is not the first time that the LIT approach sug-

gests the existence of a low-energy dipole mode. In fact
Ref. [22] predicts a similar, but much more pronounced
peak in 6He for semirealistic interactions. In that case,
however, due to the much bigger ratio of the neutron halo
to the core, the cluster sum rule is fully exhausted.
When integrating the theoretical photo-absorption

cross section up to 100 MeV we obtain an enhancement
� = 0.54� 0.57 of the Thomas-Reiche-Kuhn sum rule.

VII. APPLICATION TO 40CA

The computational cost of the CC method scales
mildly with respect to the mass number A and the size
of the model space. This allows us to tackle the GDR
in 40Ca, for which data by Ahrens et al. [60] exist from
photoabsorption on natural samples of calcium.
In Fig. 13(a) we show the convergence of the LIT cal-

culations as a function of Nmax for a fixed value of the
HO frequency ~⇥ = 20 MeV and for � = 10 MeV. It
is apparent that the convergence is of the same quality
as for the oxygen isotopes. In the bottom panel, a com-
parison of two LITs with di⇤erent underlying HO pa-
rameter (~⇥ = 20 and 24 MeV) is presented, indicating

MATSUO, MIZUYAMA, AND SERIZAWA PHYSICAL REVIEW C 71, 064326 (2005)
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FIG. 12. E1 strength function in the neutron-rich even-even oxygen, calcium, and nickel isotopes near the drip line, calculated with the
mixed pairing force (solid line). The result obtained without the pairing correlation (by use of a very weak pairing force V0 ≈ 0) is also plotted
(dotted line). Renormalization constant f is determined to achieve the approximate self-consistency for both cases with and without the pairing
correlation. Arrows indicate the one- and the two- neutron threshold energies Eth,1 and Eth,2. Note that Eth,1 = Eth,2 in 86Ni and 84Ni, where
there are no bound quasiparticle states for neutrons.

potential which is expected to be more realistic. Note that the
shell model [28] and the phonon coupling model [29] based
on the Skyrme HF+BCS+QRPA approach exhibit a saturation
around 22O.

Comparing among O, Ca, and Ni isotopic chains, we ob-
serve slightly different behaviors in the soft dipole excitation.
In the case of Ni isotopes, the E1 strength is distributed at
very low excitation energy as the neutron threshold energy
is very low (Eth,1 ∼ 0.70−2.45 MeV). This can be related
to the small neutron Fermi energy in the A = 80−86 nickel
isotopes, which is only about −1.50 to −0.40 MeV. Note also
that the single-particle energies of the most weakly bound
neutron Woods-Saxon orbits 3s1/2 and 2d5/2 in the vicinity of
the Fermi energy are small; e3s1/2,2d5/2 ∼ −1 MeV (Fig. 1). In
Ca isotopes, the increase of the E1 strength above the neutron
threshold energy Eth,1 is not as steep as in O and Ni, but a
small peak is formed at the energy which slightly deviates
from the threshold energy. This occurs because there is no

weakly bound neutron s orbit in the calcium isotopes, while p
orbits (2p1/2,3/2) participate instead (see the following section
for details).

C. Pairing effects on dipole strength

We analyze effects of the neutron pair correlation on the
soft dipole excitation, which is the primary issue in the
present investigations. To visualize the influence of neutron
pairing correlation, we perform a calculation where the neutron
pairing interaction is switched off, i.e., by setting V0 = 0.
(For open subshell nuclei such as 18,20O, a very weak pairing
interaction V0 = −28 MeV fm3 is used to guarantee a J π =
0+ configuration in the last j-shell orbit partially occupied in
the ground state. This choice produces such a small average
pairing gap ⟨"n⟩ < 0.1 MeV that the pair correlation effects
are negligible.) Calculated results are shown by the dotted line

064326-14

Masayuki Matsuo et al., PRC 71 (2005) HFB + CQRPA

IS and IV dipole in 22,24O: I. Hamamoto, H. Sagawa, private communication

S. Bacca et al.
coupled-cluster + Lorentz 
integral transform

GSI data 
PRL 2001

No-core shell modelC. Stumpf, T. Wolfgruber, 
R. Roth, 
arXiv:1709.06840

22O

24O
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Proposal

• Electromagnetic excitation and neutron decay of the drip line nuclei 24O and 29F 

• Aim: Extraction of low-energy B(E1) strength
direct (model-independent) comparison to ab initio theory

• 24O: New ab-initio calculations of B(E1) available for 22,24O
- Coupled cluster + Lorentz integral transform (S. Bacca et al.)
- No-core shell model (R. Roth et al.)

heaviest (only) doubly magic drip-line nucleus in reach, strong Pygmy expected
data from GSI stop at 22O 

• 29F: Heaviest Borromean close-to-dripline nucleus
N=20 (closed shell?) nucleus (28O + p)
p-state intruder ? (P. Doornenbal, H. Scheit et al, PRC 2017) → enhanced low-lying dipole
(large-scale SM: Utsuno, Otsuka et al.: narrowed gap (pf), gain of correlation energy       
→ 29F bound, island of inversion)

in addition information from 1n knockout reaction + nuclear excitation
➔ Experiment will clarify the valence-neutron shell structure
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Coulomb breakup of drip-line / halo nuclei
Phys. Scr. T152 (2013) 014012 T Aumann and T Nakamura

Figure 16. Left: one neutron removal cross sections for 19C, 20C and 31Ne on Pb (diamonds) and C (circles), and extracted Coulomb
breakup cross sections (squares) obtained at about 230 MeV per nucleon. The large Coulomb cross section of 31Ne close to that of 19C
(established halo nucleus) indicates the 1n halo structure of 31Ne. The Coulomb breakup cross section for 19C estimated from the
kinematically complete measurement [18] is shown by the green square. The data for 19C and 31Ne are taken from [34]. The data for 20C are
preliminary. Right: the Coulomb breakup cross section for 31Ne on Pb at 234 MeV per nucleon is compared with direct-breakup calculations
for the configurations shown with C

2
S = 1. An example of lower C

2
S value (C2

S = 0.5) is also shown by the dot-dashed curve for the
1p3/2 configuration.

consistent with the 1n halo structure in 31Ne. The other

important implication of this result is that the conventional

shell model configuration of |30Ne(0+
1) ⌦ ⌫0f7/2i for the N =

21 nucleus does not represent a primary configuration of

the 31Ne ground state. Large-scale Monte-Carlo shell model

(MCSM) calculations employing the SDPF-M effective

interactions [80] support the assignment of J
⇡ = 3/2� having

a |30Ne(0+
1) ⌦ ⌫1p3/2i contribution, which is consistent with

the current findings.

The shell model calculations (MCSM) also showed the

large configuration mixing, where |30Ne(0+
1) ⌦ ⌫1p3/2i could

be mixed with |30Ne(2+
1) ⌦ ⌫1p3/2i and |30Ne(2+

1) ⌦ ⌫0f7/2i.

Such a large configuration mixing may be described in terms

of deformation. Recently, the current data were interpreted by

a deformed mean-field model [85]. There, the 21st neutron

(1p3/2) can be orbiting in a deformed mean-field potential,

namely in the Nilsson levels [330]1/2� or [321]3/2�, although

the possibility of an s-wave valence neutron ([200]1/2+) in

a strongly deformed mean field (� > 0.59) was not fully

excluded. More recently, the ground state properties of 31Ne

were also discussed using the particle-rotor model, which

takes into account the rotational excitation of the 30Ne

core [86]. It is interesting to note that halo properties, such

as direct breakup dynamics and soft E1 excitations, are kept

for the wave functions obtained in a deformed mean-field

potential.

One neutron halo structure of 31Ne has recently been

confirmed also by the reaction cross section measurement

of this nucleus at RIBF [87]. Further experimental work

on determining the content of the halo structure of 31Ne is

highly called for. In particular, it is important to determine

Sn as well as the configuration mixing experimentally. For

that, a kinematically complete measurement of 31Ne would

be one of the key experiments, where C
2
S and Sn can

be extracted unambiguously for this 1n halo nucleus. At

RIBF at RIKEN, such experiments are expected to be

performed using the SAMURAI (Superconducting Analyser

for MUlti-particles from Radio-Isotope beam) facility (see

figure 20 in section 3.3).

3.2. Soft E1 excitation of 2n halo nuclei

The soft E1 excitation of 2n halo nuclei has a different

aspect from that of 1n halo nuclei, i.e. it has two neutrons

involved in the initial state and excitation. The three-body

nature makes the interpretation of the experiment difficult. As

will be mentioned, the two neutron correlation in the initial

state and the FSIs between n–core and n–n will play important

roles.

The first Coulomb breakup measurement for halo nuclei

was made for 11Li in an inclusive manner, which showed

significant enhancement of low-energy dipole strength as

mentioned in [5]. Later on, final-state exclusive, kinematically

complete measurements of Coulomb breakup were made

for 6He [19, 88], 11Li [20, 39–41] and 14Be [89]. Here,

the kinematical complete measurements of 6He and 11Li

are primarily described in order to clarify the characteristic

features.

3.2.1. Coulomb breakup and soft E1 excitation of
11

Li.

In the 1990s, kinematical complete measurements for
11Li were made at 28 MeV per nucleon at MSU [39],

at 43 MeV per nucleon at RIKEN [40] and at

280 MeV per nucleon at GSI [41] (see figure 17 (right)).

However, these results are controversial with each other.

More recently, new data on 11Li were obtained [20] with

much higher statistics and with higher sensitivity for

two-neutron detections.

The controversial results on 11Li are considered to

arise from the difficulty of the multi-neutron measurements.

The fast-neutron measurement made above uses plastic or

liquid scintillators, where the recoiled protons or knocked-out

protons in the detector ingredients are a major source of

the detection. In this process, this neutron that induced this

14
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Figure 7. The halo nuclei and the current status of the Coulomb breakup experiments of those nuclei are shown in the nuclear chart up to
Z = 20 (Ca). The known neutron halo nuclei (published) are shown as indicated. The neutron halo nuclei studied by a kinematically
complete measurement (published) are shown by filled circles, and the ones studied only by inclusive Coulomb breakup (published) are
shown by the gradation of filled circles.

first clarify the underlying mechanism. We then discuss how

this excitation can be related to the halo property and we

show how this can be applied to the spectroscopy. Figure 7

shows the location of neutron halo nuclei, whose E1 response

is studied by either the kinematically complete measurement

or inclusive Coulomb breakup cross section. At RIBF at

RIKEN, other halo nuclei such as 19B and 22C have been

studied by kinematically complete measurements, and some

heavier neutron-rich nuclei such as 37Mg have been studied

inclusively, whose analysis is in progress. Hence, in the near

future, the E1 response will be clarified in those nuclei as

well.

A one-neutron halo nucleus has a simpler structure due to

its two-body nature. Unlike a two-neutron halo nucleus, which

has a three-body Borromean structure, it does not suffer from

strong FSIs in the breakup reactions. Hence, we first describe

the case of one-neutron halo nuclei and discuss the mechanism

causing the soft E1 excitation.

3.1. Soft E1 excitation of a one-neutron halo nucleus

First we clarify the underlying mechanism of soft E1

excitation and its spectroscopic significance by taking the

example of 11Be. Then we show the application to clarify

the structure of 19C, which had been controversial before the

Coulomb breakup experiment [18], and to the case of 15C,

which is important in the stellar reaction.

3.1.1. Soft E1 excitation of
11

Be.
11Be has been a benchmark

halo nucleus since it has a simple single-neutron halo

structure 10Be+n with a well-determined separation energy

Sn = 504(4) keV. The ground-state structure is known to be

dominated by the following two configurations:

|
11Be(1/2+

; gs)i = ↵|
10Be(0+) ⌦ ⌫1s1/2i

+ �|
10Be(2+) ⌦ ⌫0d5/2i, (7)

where the first term corresponds to the halo state. There

were spectroscopic studies of 11Be by using the transfer

reaction,10Be(d,p)11Be, from which the dominance of 1s1/2

neutron in the ground state (↵2 = 0.73 [35] and 0.77 [36]) was

extracted. More recently, the knockout reaction of 11Be [37]

and the 10Be(d,p) reaction in the inverse kinematics [38] also

showed similar values close to 0.7. We also show here that

the Coulomb breakup can be used to extract the spectroscopic

factor for the halo state.

The earlier Coulomb breakup experiments were devoted,

on the other hand, primarily to the two-neutron halo nucleus
11Li [39–41]. However, they failed to clarify the mechanism

of the soft E1 excitation, where the obtained B(E1) strength

distributions resulted in inconsistent spectra as shown later

in figure 17 (right). Theoretical interpretation of the soft E1

excitation of 11Li requires an understanding of the correlations

of the two neutrons and other two-body FSIs. Hence, the

Coulomb breakup of the simpler 1n halo nucleus 11Be played

a significant role in understanding the underlying mechanism

of the soft E1 excitation.

The first full kinematical complete measurement of 11Be

was made at RIKEN at 72 MeV per nucleon [13], where

the E1 spectrum was obtained, and evidence for the direct

breakup mechanism of the Coulomb breakup is shown.

There the spectroscopic factor ↵2 was also extracted and the

spectroscopic significance was suggested for the first time. In

GSI, at much higher energies of 520 MeV per nucleon [14],

the Coulomb breakup of 11Be was measured to support the

result of [13] with higher statistics. This experiment also

measured � -ray in coincidence to pin down the component

of the second term of equation (7). It favors comparatively

higher excitations due to the incident energy dependence of

the virtual photons shown in figure 5. The third experiment

performed at RIKEN [15], which has further higher statistics

and better resolutions, utilized the angular distribution to

refine the E1 spectrum. Here, we explain the essence of

the Coulomb breakup and the soft E1 excitation of 11Be by

showing the latter experiment of RIKEN [15].

The experimental setup used in this experiment [15]

is shown in figure 8. The 11Be secondary beam, produced

by fragmentation of an 18O beam at 100 MeV per nucleon

at RIPS at RIKEN, bombarded a Pb target at an average

energy of 68.7 MeV per nucleon. The momentum vectors of

6

T. Aumann, T. Nakamura, 
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Experiment

	 4	

From	the	differential	cross	section	ds/dE	obtained	in	that	way,	the	dipole	strength	distribution	
dB(E1)/dE	and	the	photo-absorption	cross	section	sg	can	be	derived	in	a	standard	procedure	via	
the	relations	provided	by	the	theory	of	relativistic	Coulomb	excitation	[Bert88].	A	pre-requisite	
is,	however,	the	determination	of	the	nuclear	part	of	the	cross	section,	which	we	will	determine	
from	a	measurement	with	carbon	target.		
	
	
2.	Experimental	details	
	
The	experiment	will	 be	 carried	out	using	 the	SAMURAI	 spectrometer	 in	 combination	with	 the	
NEBULA	neutron	detection	setup.	The	setup	will	employ	the	standard	configuration	of	SAMUARI	
(30	degree	bending)	for	fragment	+	neutron	detection	as	displayed	in	Figure	2,	including	gamma	
detection	with	 the	 newly	 constructed	 detector	 array	 CATANA.	 The	 charged	 fragments	will	 be	
detected	and	identified	in	the	standard	configuration	with	the	FDC2	detector	and	the	horoscope.
	 	

	

	

	

	

	

	

	

	

	

	

	

Figure	2.	Schematic	drawing	of	the	SAMURAI	setup.		

	
The	 two-neutron	 detection	 efficiency	 using	 the	 NEBULA	 detector	 peaks	 at	 around	 7%	 in	 the	
maximum	of	the	acceptance	taking	into	account	strict	cross-talk	cuts.	For	the	excitation-energy	
region	 considered	 in	 this	proposal,	we	assume	an	average	 two-neutron	detection	efficiency	of	
5%.	

The	highest	beam	rate	we	expect	for	the	24O	case	with	about	10	kHz.	Since	the	target	thicknesses	
are	below	10%	reaction	probability,	we	do	not	expect	a	trigger	rate	beyond	1	kHz,	which	can	be	
handled	by	the	SAMURAI	data	acquisition	system.	

	

3.	Rate	estimates	and	beam-time	request	

Secondary	beams	

The	secondary	24O	and	29F	beams	will	be	produced	from	a	345	MeV/u	48Ca	beam.	The	beams	are	
separated	and	purified	using	the	BigRIPS	separator.	Experience	exists	already	for	all	secondary	
beams	mentioned.	For	 the	 29F	beam,	we	 intend	to	use	 the	setting	as	has	been	used	 for	 the	 28O	
experiment	in	November	2014	[Kond13].	In	this	experiment,	a	stable	intensity	of	90	pps	29F	has	
been	reached,	which	we	adopt	in	our	rate	estimate.	Concerning	the	production	of	24O	we	plan	to	
use	 a	 slightly	 lower	 energy	 than	 the	 maximum	 possible	 in	 order	 to	 reduce	 the	 tritium	
background.	This	is	a	result	from	the	experience	with	the	alpha	scattering	experiment	off	24O	by	
Baba	 et	 al.	 [Baba14],	which	was	 carried	out	 in	2014.	 	Based	on	 this	 experience,	we	 expect	 an	
intensity	of	9.000	pps	for	the	24O	beam,	taking	into	account	the	factor	of	two	higher	as	previously	

Figure 6: The layout of SAMURAI area is shown. For the measurement of the outgoing daughter
nucleus following breakup, the dipole magnet, hodoscope (HOOD), and drift chambers (FDC1
and FDC2) are used. For the neutron, the neutron detector NEBULA is used. For the γ-rays,
the NaI detector array DALI2 is used.

SAMURAI are used. At the same time, to measure the momentum vector of outgoing neutron,
the neutron detector NEBULA is used.

NEBULA, plastic scintillator array, is placed at 11 m downstream of the target position,
operated 2-Layer setup shown in Fig. 6. The effective area is 1.8(H) × 3.6(V) m2, which covers
more than 80% acceptance of neutrons for the current Erel region of interest. The depth of
NEBULA with respect to beam direction is 48 cm, with which the one neutron efficiency of
about 35% is reached [31].

The charged particles of 30Ne (32Mg) following the breakup of 31Ne(33Mg), respectively, are
bent by about 50 degrees by the SAMURAI superconducting dipole magnet and measured by
the heavy ion detectors (FDC1, FDC2, HODF) at SAMURAI. To obtained the momentum
vector of the daughter nucleus, the track reconstructed by the heavy ion drift chambers (FDC1,
FDC2) and Time-Of-Flight (TOF) measured by the heavy ion hodoscope (HODF) are used. In
addition, this tracking information and the TOF are also used to identify the outgoing charged
fragments.

3.0.3 DALI2

DALI2 is used to measure the γ-rays emitted from the daughter nucleus. The efficiency is about
15% at Eγ = 1 MeV. To extract the Erel distribution in coincidence with γ-rays, the momentum
vector of each γ-ray is measured, In addition, to identify the final state of the daughter nucleus,
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Figure	 1.	 Comparison	 of	 the	 dipole	 photo-absorption	 cross	 section	 calculated	 in	 an	 ab	 initio	 theory	 by	

Bacca	 et	 al.	 [Bacc14]	with	 experimental	 data	 derived	 from	a	measurement	 of	 the	Coulomb	dissociation	

cross	section	at	GSI	[Leis01].	Figure	taken	from	Ref.	[Bacc14].	

	

	

29F	 is	 the	 heaviest	 neutron-rich	 Borromean	 nucleus	 reachable	 experimentally	 today.	 The	 A-1	

nucleus	28F	is	unbound	by	around	200	keV.	In	a	simple	shell-model	picture,	29F	is	a	N=20	nucleus	

as	 28O	 which	 is	 considered	 as	 a	 doubly	 magic	 nucleus.	 On	 the	 other	 hand,	 the	 recent	

measurement	 of	 29F	 at	 RIBF	 [Door17]	 suggests	 a	 quenching	 of	 the	 N=20	 shell	 gap	 and	 an	

extension	 of	 the	 Island	 of	 Inversion	 towards	 the	 fluor	 isotopes.	 Similarly,	 as	 for	 31Ne,	 an	

admixture	of	p	waves	into	the	valence-neutron	wave	function	might	lead	to	a	halo	character	of	
29F,	 and	 consequently,	 to	 a	 drastically	 enhanced	 dipole	 response	 at	 the	 threshold.	 The	

measurement	of	 the	Coulomb	dissociation	cross	 section,	which	will	be	 reconstructed	 from	the	

27F+2n	 decay,	 will	 clarify	 the	 valence-neutron	 structure,	 its	 main	 configurations	 and	 spatial	

extension.	Additional	information	on	the	valence-neutron	structure	we	will	obtain	from	the	one-

neutron	 knockout	 cross	 section	 with	 carbon	 target.	 Momentum	 distributions	 and	 angular	

correlations	between	recoil	and	neutron	decay	from	the	unbound	state	of	28F	are	sensitive	to	the	

angular	momenta	of	the	knocked-out	neutron	as	has	been	demonstrated	and	applied	previously	

in	various	cases	[Simo99].	The	proposed	measurement	will	thus	provide	new	insight	into	the	so	

far	 largely	 unknown	 structure	 of	 29F,	 which	 might	 also	 be	 important	 to	 understand	 the	

properties	of	28O.	For	the	latter	case,	knockout	reactions	and	Coulomb	dissociation	experiments	

are	impossible	due	to	the	unbound	nature	of	28O.	

	

	

1.2	Experimental	Method	
	

In	order	to	derive	the	electric	dipole	strength	distribution	dB(E1)/dE	we	intend	to	measure	the	

differential	cross	section	ds/dE	for	heavy-ion	induced	electromagnetic	excitation.	The	excitation	
energy	will	 be	 deduced	 using	 the	well-established	method	 of	 invariant-mass	 spectroscopy.	 In	

order	to	do	so,	the	final	state	has	to	be	characterized	in	a	kinematically	complete	measurement	

of	 the	neutron	decay	of	 the	 excited	projectile,	 i.e.,	 the	heavy	 residue	plus	neutrons	have	 to	be	

detected	 and	 their	 momenta	 measured.	 In	 case	 the	 reaction	 populates	 excited	 bound	 states,	

gamma	rays	emitted	 in	 flight	by	 the	heavy	residue	have	 to	be	detected	as	well.	The	excitation	

energy	prior	to	decay	can	then	be	derived	by	using	the	following	relation:	

	

	
	

The	most	important	channels	for	the	selected	cases	are	the	1n	and	2n	emission.	
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FIG. 11. (Color online) Comparison of L(�0,�) at � = 10
MeV for 22O and 16O. Di⇤erent harmonic oscillator frequen-
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and full black lines).
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FIG. 12. (Color online) Comparison of the LIT-CCSD dipole
cross section of 22O with the photoneutron data of Ref. [2].
The grey curve starts from the theoretical threshold, while
the dark/blue curve is shifted to the experimental threshold.

ties of the Lorentzian kernel the BSR can also be written
as

BSR =

⇤ ⇥

�⇥
d⇤0L(⇤0,�) . (48)

In both ways we obtain a value of 4.6 and 6.7 fm2 for 16O
and 22O, respectively.

We note that the BSR can also be written as [65]

BSR ⇥
�
NZ

A

⇥2

R2
PN . (49)

Here RPN is the di⇤erence between the proton and the
neutron centers of mass. If one assumes that the two
centers of mass do not di⇤er much in 16O and 22O, dif-
ference in the BSR between 16O and 22 O is explained by
the di⇤erent neutron numbers and mass numbers. This
is indeed what we observe within 10%.
Inverting the LIT and imposing the strength to be zero

below the N3LO threshold energy of 5.6 MeV, we find
the cross section displayed in Fig. 12. In this case we
did not include the Gamow prefactor of Eq. (44) in the
inversion, because the first channel corresponds to the
emission of a neutron. One notices the appearance of a
small peak at low energy. The existence of such a peak is
a stable feature, independent on the inversion uncertain-
ties. The latter are represented by the band width of the
curves, obtained by inverting LITs with � = 5, 10 and
20 MeV and varying the ⇥ in Eq. (44). As before, the
grey curve corresponds to the LIT-CCSD result starting
from the theoretical threshold, while the dark/blue curve
is shifted to the experimental threshold. After this shift
is performed, it is even more evident that the strength
of this low-lying peak reproduces the experimental one.
Such low-energy peaks in the dipole response are debated
as dipole modes of the excess neutrons against an 16O
core, see, also Ref. [66]. However, like for the experi-
mental result, the strength of this low energy peak only
exhausts about 10% of the cluster sum rule [67] inspired
by that interpretation.
This is not the first time that the LIT approach sug-

gests the existence of a low-energy dipole mode. In fact
Ref. [22] predicts a similar, but much more pronounced
peak in 6He for semirealistic interactions. In that case,
however, due to the much bigger ratio of the neutron halo
to the core, the cluster sum rule is fully exhausted.
When integrating the theoretical photo-absorption

cross section up to 100 MeV we obtain an enhancement
� = 0.54� 0.57 of the Thomas-Reiche-Kuhn sum rule.

VII. APPLICATION TO 40CA

The computational cost of the CC method scales
mildly with respect to the mass number A and the size
of the model space. This allows us to tackle the GDR
in 40Ca, for which data by Ahrens et al. [60] exist from
photoabsorption on natural samples of calcium.
In Fig. 13(a) we show the convergence of the LIT cal-

culations as a function of Nmax for a fixed value of the
HO frequency ~⇥ = 20 MeV and for � = 10 MeV. It
is apparent that the convergence is of the same quality
as for the oxygen isotopes. In the bottom panel, a com-
parison of two LITs with di⇤erent underlying HO pa-
rameter (~⇥ = 20 and 24 MeV) is presented, indicating

Electromagnetic excitation    
+ 1n,2n decay 

➠ B(E1)
+
Nuclear excitation  
➠ Excited states
+
Knockout reaction

29F→28F→27F+n
Angular correlation 
(p28F vs. pn) sensitive to 
quantum numbers

➠ Structure of 29F
Invariant-mass method


