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Abstract. Coulomb breakup of neutron-rich nuclei around mass A
has been studied experimentally using secondary beams ( 500–600 MeV/u) of unstable nuclei produced at GSI. The
spectroscopic factor deduced for the neutron occupying s1=2 level in 15 C ground state is consistent
with the earlier reported value. The data analysis for Coulomb breakup of 17 C shows that most of the
cross section yields the 16 C core in its excited state. For 17 22 O, the low-lying E1 strength amounts
up to about 12 of the energy weighted dipole sum rule strength depending on neutron excess. The
cluster sum rule limit with 16 O as a core is almost exhausted for 17;18 O, while for more neutron rich
isotopes the strength with respect to that limit decreases.
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1. Introduction
The physics of exotic nuclei has attracted much interest during the past decade. The properties of nuclei with large neutron excess have turned out to be very different compared to
those of stable nuclei in many respects. One outstanding observation in exotic nuclei is the
halo structure. The halo structure arises from the low binding energy of valence nucleons,
which can tunnel through the potential barrier and have an appreciable probability to be
localized at a distance much larger than the mean radii of nuclei. First experimental evidence of this feature was deduced from large matter radii, inferred from interaction cross
section measurements [1]. Another experimental signature was obtained from narrow momentum distributions of the fragments after one-neutron removal reactions. Such narrow
momentum distributions are inherent to the large spatial distribution of the loosely bound
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halo neutrons [2,3]. Moreover, the loosely bound valence nucleons are strongly coupled
to the particle continuum, yielding the phenomenon of low-lying multipole strength, not
observed in stable nuclei. Experimentally, low-lying dipole strength was observed for the
halo nuclei 6 He [4], 11 Li [5–7], 11 Be [8] and 19 C [9]. To explain this enhancement of lowlying dipole strength in neutron-rich nuclei, two types of mechanisms have been discussed.
One is the excitation of the soft dipole resonance which may occur due to the oscillation
of the core against loosely bound nucleons. The other is the direct breakup mechanism
leading to continuum final states. In this paper, we shall present our recent experimental
results on both, single particle and collective properties of light neutron-rich nuclei. As
an experimental probe we used the electromagnetic excitation of secondary beams of exotic nuclei at high energy passing by a high-Z target. This type of excitation favours E1
transitions with only small contributions from E2 transitions. Experimental results on the
dipole response of the neutron rich carbon isotopes 15;17 C and the oxygen isotope chain
with A = 17 to 22 are presented.
2. Experimental method
The radioactive beams were produced in a fragmentation reaction of a primary 40 Ar beam,
delivered by the synchrotron SIS at GSI, Darmstadt, impinging on a beryllium (4.0 g/cm 2 )
target. The fragments were separated using the fragment separator FRS [10]. In two settings, a degrader was inserted in the midplane of the FRS. In these cases only 17;18 O and
19;20 O, respectively, were transported to the experimental area. Figure 1 shows a schematic
view of our experimental setup. In a third setting without degrader and optimized for 22 O,
the beam contained various isotopes with similar mass-to-charge ratio (A=Z ) ranging from
Be up to F. The secondary beams were identified uniquely by means of energy-loss and
time-of-flight measurements. Figure 2 shows composition of incident ‘cocktail’ beam. The
trajectory of the particle was measured by position sensitive Si pin-diodes placed before
and after the secondary target. Behind the target, the fragments were deflected by a large
gap dipole magnet (ALADIN). By using energy-loss and time-of-flight measurements, as
well as position measurements before and after the dipole magnet, the nuclear charge, velocity, scattering angles and the mass of the fragments were determined. The position of
the fragments after ALADIN was measured by fiber detectors [11]. The neutrons stemming from the excited projectile or excited projectile-like fragments were kinematically
focussed into the forward direction and were detected with high efficiency in the LAND
neutron detector [12]. This detector was placed at zero degree about 11 m downstream
from the target and covers a horizontal and vertical angular range of about 80 mrad.
In order to detect -rays, the target was surrounded by the 4 Crystal Ball spectrometer,
consisting of 160 NaI detectors.

3. Data analysis and results
By measuring the four-momenta of all decay products of the projectile after inelastic
scattering followed by breakup, the excitation energy of the nucleus is determined. The
Coulomb dissociation cross section with the Pb (1.8 g/cm2 ) target was obtained after
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Figure 1. Schematic view of the setup in the experimental area.

2.75

2.5

4

6

8

projectile charge Z

Figure 2. Composition of the secondary ‘cocktail’ beam.
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subtracting nuclear contributions determined from the data with a C (0.573 g/cm 2 ) target
applying a proper scaling of the cross sections (for details see [13]). From the measured
differential cross sections d=dE  (excitation energy E  ) for electromagnetic excitation,
the B (E1)-strength distributions were deduced on the basis of the semiclassical approximation [14,15].
4. Direct breakup of 15;17C
According to the direct breakup model, the nucleus is considered as a core plus a loosely
bound nucleon. The neutron separation energies of 15;17 C amount to 1.218 and 0.729
MeV, respectively, and are thus much smaller than the binding energies of core neutrons.
When a projectile moves with very high velocity passing by a high-Z target, it is excited
by absorbing virtual photons due to the time-dependent Coulomb field. The differential
cross section may be written as (see [9,16]):

d
=
dE 



16 3
9hc



NE1 (E  )

X
m

j hq j (Ze=A)rYm1 j

(r)i j2 :

(1)

NE1 (E  ) represents the number of equivalent dipole photons of the target Coulomb field,
computed in a semiclassical approximation [14,15]. (r) represents the ground state wave
function of the projectile. hq j describes the final state where the neutron is in the contin-

uum and it is approximated by a plane wave. The single particle wave functions forming the
ground state have been derived from a Woods–Saxon potential with parameters r 0 = 1:25
fm and a = 0:7.
It is clear from the above relation that the dipole strength distribution is very sensitive to
the single particle wavefunction which in turn depends on the orbital angular momentum
and the binding energy of the valence neutron. Thus, comparing the experimental Coulomb
dissociation cross section with the calculated one, information on the ground state properties such as orbital angular momentum of the valence nucleon and the corresponding
spectroscopic factor may be gained. The core state to which the neutron is coupled can be
identified by the characteristic decay.
The ground state spin of the 15 C I  is known to be I  = 1=2+ and a spectroscopic
factor for the neutron in the s orbital of 0.88 was obtained from the 14 C(d; p)15 C reaction
[17]. A narrow momentum distribution (673 MeV/c) of the fragment 14 C was observed
after one neutron knockout reactions [3]. The matter radius, as inferred from the measured
interaction cross sections, however, seems only marginally larger than that of the core
nucleus [18]. These somewhat conflicting results encouraged us to investigate 15 C.
Our data analysis [19,20] shows that the overwhelming part of the breakup cross section
leaves the 14 C core in its ground state and only a small fraction of 14 C fragments appear
in excited states, as could be deduced from the corresponding -ray spectra. The differential crossN
section d=dE  , analysed as described above, is consistent with a predominant
14 C(0+ ) S configuration and also, within minor deviations, with the spectroscopic
1=2
factor extracted from the (d; p) reaction. Figure 3 shows the sum energy spectra of the
decay from 14 C fragments. The lower part of figure 3 shows d=dE  for electromagnetic
excitation of 15 C followed by decay into a neutron and a 14 C fragment in its ground state.
Contributions from excited states are subtracted. The experimentally observed shape of the
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Figure 3. Top: -sum energy spectrum as measured in coincidence with 14 C fragments
after breakup of 15 C. Bottom: Coulomb dissociation cross section as a function of excitation energy (E  ) of 15 C (605 MeV/u) breaking up into a neutron and a 14 C fragment
in its ground state. Contributions involving excited states as well as contributions from
nuclear excitations are subtracted. The solid curve reflects the results from calculation
on the basis of direct breakup model (see text). The data are not corrected for efficiency
and acceptance of the neutron detector system, but the instrumental response function
was folded into the calculation.

spectrum is in perfect agreement with the calculation (solid curve) where a s-wave neutron
single particle wavefunction coupled to the 14 C ground state was adopted. From the absolute cross section, a spectroscopic factor 0.72 is deduced. In the lower panel of figure 3 we
also show the relative Coulomb breakup cross sections for the population of different core
states. We would like to mention that we have applied the same method to 14 B [21], which
was part of the mixed secondary beam, and obtain a spectroscopic factor consistent with
that from independent measurements [22].
The ground state spin of 17 C is not fully established experimentally. Since the last
valence neutron can occupy 1s 1=2 , 0d3=2 or 0d5=2 orbitals, the ground state spin could
be 1/2, 3/2 or 5/2. Shell model calculations predict three low-lying (triplet) levels with
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Figure 4. Top: Sum energy of decay transitions from 16 C after breakup of 17 C.
Bottom: Coulomb dissociation cross section as a function of excitation energy E of
17 C in coincidence with the 1.766 MeV transition 16 C +
+ . For comparison
with calculated cross sections (solid and dashed lines), see the text.

( (2

! 0 ))

( )

these spins. Warburton and Millener [23] showed that the analysis of the -ray spectra
following -decay of this isotope seems to exclude 5/2 + as ground state. A comparison
of the measured -decay half-life of this isotope [24] with the theoretical prediction for a
Gamow–Teller -decay, however, allows both 3/2 or 5/2 as ground state spin. It may be
interesting to notice that though the neutron separation energy is smaller than in the case
of 15 C, relatively a broad momentum distribution (1416 MeV/c) of the fragment ( 16 C)
was observed in one neutron knockout reactions [2,3].
Our experimental data for Coulomb breakup of 17 C show that most of the cross section
yields the 16 C core in its excited state with I  = 2+ , or excited states at excitation energies of around 3–4 MeV. Only a very small part of the cross section leaves the core in its
ground state. Figure 4 shows the sum energy spectra of the decay from 16 C fragments.
In the upper panel of the figure we also show the relative Coulomb breakup cross sections
for the population of different core states. The lower part of figure 4 shows d=dE 
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for electromagnetic excitation of 17 C in coincidence with the 1.766 MeV transition
(16 C(2+ ! 0+ )) without acceptance and efficiency corrections for the neutron detector.
These corrections, however, are taken into account in the calculated cross sections using
detailed detector response simulations. A proper choice of relative contributions from wave
functions involving l = 0N
and l = 2 neutrons, as shown in the figure, can reproduce the
data well. Thus, 16 C(2+ ) s;d can be considered as the dominant ground state configuration of 17 C [19] and a 1/2+ ground state spin of 17 C can be ruled out. In consequence,
3/2+ and 5/2+ are the possible ground state spins of 17 C. The Coulomb dissociation cross
section which populates 16 C in its ground state is ( 99 mb) very small. The shell model
calculations
[25] quote the spectroscopic factor of 0.7 and 0.03 for neutron considering
16 C(0+ ) N d and 16 C(0+ ) N d as ground state configurations, respectively. The
5=2
3=2
N
direct break up model delivers a cross section of 107 mb for a 16 C(0+ ) d configuration
with spectroscopic factor of unity. Thus, our experimental result favours I  = 3=2+ as
ground state spin of 17 C. It should be noticed that our results are in agreement with those
observed from an independent method, i,e knockout reactions [25].

5. E1 strength distribution of neutron-rich oxygen isotopes
The electromagnetic excitation to the continuum with subsequent neutron decay was investigated systematically for neutron-rich oxygen isotopes up to 22 O [26]. Using unstable
beams of energies of 500 to 600 MeV/u, the dipole strength can be studied up to about 30
MeV in excitation energy. 16 O is a strongly bound doubly magic nucleus. For the heavier
isotopes one may expect a decoupling of valence neutrons from the inert 16 O core. The
separation energy for the last neutron in the even isotopes A = 20 to 24 is 7 to 8 MeV and
less (3 to 4 MeV) for odd-even isotopes, compared to 16 MeV for 16 O. Thus, the neutronrich oxygen isotopes might be considered as candidates to show soft-dipole excitation at
excitation energies well below that of giant dipole resonance which is observed at energies
of 20–30 MeV in 16 O.
For 18 O, we have compared our measured differential Coulomb excitation cross section
with that, derived from photo absorption measurements [27–29]. The comparison shows
good agreement with our data.
In figure 5, the evolution of the integrated low-lying strength for oxygen isotopes is
summarized. The experimental data are normalized to the values of the classical dipole
sum rule STRK and to that of the dipole cluster sum rule S clus . The latter [30] can be
written as

Z N
Sclus = STRK  c v ;
Ac N

(2)

where STRK stands for the classical energy weighted Thomas–Reiche–Kuhn dipole sum
rule [31] limit, and the indices c and v refer to the core and valence nucleons, respectively.
It may be noted that the requirement for application of the cluster sum rule is to identify the
dipole strength associated with the relative motion between core and valence nucleons. In
figure 5, the energy-weighted dipole strength integrated up to 15 MeV excitation energy as
fractions of the classical and cluster dipole sum rules are shown. For this integration limit,
the low-lying dipole strength for oxygen isotopes exhausts up to 12% of the classical sum

Pramana – J. Phys., Vol. 57, Nos 2 & 3, Aug. & Sept. 2001

541

U Datta Pramanik et al

Figure 5. Evolution of integrated dipole strength Sexp in units of the TRK sum rule
STRK (upper panel) and of the cluster sum rule Sclus (lower panel) for oxygen isotopes
as a function of the neutron excess N -Z . The filled squares and triangles denote the
dipole strength integrated up to 15 and 20 MeV, respectively. The data are compared
to a shell model calculation by Sagawa and Suzuki (integrated up to 15 MeV excitation
energy). For the stable 17;18 O isotopes results from photo absorption measurements are
shown for comparison (open symbols).

rule. The lower part of the figure shows that the cluster sum rule limit (with 16 O taken
as the core) is exhausted  80% for 17;18 O. But for the more neutron-rich nuclei, dipole
strength as a fraction of S clus decreases continuously. On the other hand, one observes that
if the strength is integrated up to 20 MeV, it exceeds the cluster sum rule limit. Thus, core
excitations plays already a role in this energy region, while for 16 O the integrated photoneutron cross section between 15 to 20 MeV corresponds to 1.6% [34] of S TRK only. It
thus appears that a strict separation into a core and valence nucleon sector is not applicable.
6. Summary
We have shown that Coulomb dissociation is a powerful tool to explore the single particle
structure as well as collective properties of exotic nuclei. Differential Coulomb dissocia542
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tion cross sections for neutron rich nuclei in the mass region around A  20 were deduced.
For 15;17 C, the observed low-lying dipole strength can be explained by direct
N transitions
into the continuum. For 15 C the main ground state configuration is 14 C(0+ ) s . The deduced spectroscopic factor is consistent with that obtained from (d; p) reactions. For 17 C,
it is found that the dominant ground state configuration involves a mixture of s and d wave
neutrons coupled to the (2 + ) first excited state of the 16 C core. A systematic investigation
of the dipole strength distribution for 17 22 O isotopes was performed. A clear separation
of dipole strength associated to core excitations and to the relative motion between core
and valence nucleons is not observed.
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