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Search for neutron decoupling in 22O via the (d, d ′γ ) reaction
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We have searched for valence neutron decoupling in 22O, a phenomenon recently observed in neutron-rich C,
B, and lighter O nuclei. From the cross section of the (d, d ′γ ) reaction for the transition between the ground
state and the first 2+ state of 22O, the neutron and proton deformation parameters have been deduced by distorted
wave analysis using and reanalyzing the data of a previous Coulomb excitation measurement. The ratio of the
neutron and proton multipole transition matrix elements Mn/Mp compared to the N/Z value has been derived
to be around 1. This result indicates that the 22O isotope has small and similar neutron and proton deformations,
which is consistent with N = 14 shell closure. Thus, the concept of neutron decoupling does not hold for this
nucleus.
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During the last few years a deep interest has evolved to
explore the unusual features of very neutron-rich nuclei. A
possible dripline effect is the development of a thick neutron
skin [1], the concept of which is needed also to interpret
the Coulomb displacement energies in mirror nuclei [2].
Increasing the number of neutrons in a nucleus causes the
nuclear radius to grow according to the A1/3 rule, while the
size of the proton distribution may remain nearly constant.
Such a situation was found, e.g., in heavy Na isotopes, where
a neutron skin of ∼0.4 fm was observed [3]. The consequence
of a neutron skin may be special dripline features. According to
theoretical calculations, the most specific excitation mode of
nuclei with a thick neutron skin is the isoscalar quadrupole
excitation of the skin, which is a large-amplitude motion
decoupled from the rest of the nucleus [4,5]. Recently, as
a result of incorporation of the continuum coupling into
the quasiparticle random phase approximation, calculations
predicted a surface neutron quadrupole mode associated with a
bound 2+ state [6–8]. The strength of the neutron contribution
is expected to be proportional to the number of neutrons in
the neutron skin [6,7]. In self-consistent calculations, where
the effect of the shell closure is also taken into account [8],
a bell-shaped strength distribution as a function of mass is
predicted similar to the mass dependence of the quadrupole
electromagnetic transition probability, but the neutron strength
is calculated to be several times larger than the electromagnetic
one for the oxygen isotopic chain.

Indeed, a significant enhancement of the neutron transition
probability has been measured both for 18O and 20O [9,10].

Both from experimental systematics [9] and theoretical consid-
erations [8], a large neutron transition probability is expected
also for 22O. To observe the evolution of nuclear structure
effects as the dripline is approached at 24O, we studied the
neutron transition probability in 22O by use of the (d, d ′γ )
process. In a parallel work, the (p, p′) reaction [which has a
different sensitivity for protons and neutrons than the (d, d ′)
probe] was applied [11] for this purpose.

In our experiment, a 94A MeV energy primary beam of
40Ar with 60 pnA intensity hit a 9Be production target of
0.3 cm thickness. The reaction products were momentum
and mass analyzed by the Institute of Physical and Chemical
Research (RIKEN) projectile fragment separator (RIPS) [12].
The RIPS was operated at 6% momentum acceptance. The
secondary beam mainly included neutron-rich 25Ne and 22O
nuclei. The total intensity was approximately 1500 cps having
an average 22O intensity of 600 cps. The identification of
incident beam species was performed by energy loss and time
of flight (TOF). Two plastic scintillators of 1 mm thickness
were placed at the first and second focal planes (F2 and F3)
to measure the TOF. Silicon detectors with thickness of 0.5
mm were inserted at F2 and F3 for energy loss determination.
The separation of 22O particles was complete. The secondary
beam was transmitted to a CD2 target of 30 mg/cm2 at the
final focus of RIPS. The reaction occurred at an energy of 34A
MeV. The position of the incident particles was determined
by two parallel plate avalanche counters (PPACs) placed at F3
upstream of the target. The scattered particles were detected
and identified by a 2×2 matrix silicon telescope placed 96 cm
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FIG. 1. Separation of oxygen isotopes using �E-E information
in the silicon telescope. Bold solid line is a sum of five Gaussian
functions and a polynomial background. The individual Gaussians
and the background function are also plotted with the thin and dashed
solid lines, respectively.

downstream of the target. The telescope consisted of four
layers with thicknesses of 0.5, 0.5, 2, and 2 mm. The first
two layers were made of stripped detectors measuring the
x and y positions of the fragments. On the basis of �E-E
information, separation was carried out among the different
oxygen isotopes, which is demonstrated in Fig. 1, where the
linearized mass spectrum of oxygen nuclei is shown for one
segment of the telescope.

Eighty NaI(Tl) scintillator detectors of the Detector Array
for Low Intensity radiation (DALI) array [13] surrounded

FIG. 2. Doppler-corrected spectra of γ rays emerging from
22O+CD2 reaction. Solid line is the final fit including the spectrum
curve from GEANT4 simulation; an additional smooth polynomial
background is plotted as a dotted line.

FIG. 3. Two-dimensional plot of βp vs βn with parameter set (1).
The contours are χ 2 values representing the difference between the
calculated and experimental cross sections for the (197Au,197Au′) and
(d, d ′) process.

the target to detect the deexciting γ rays emitted by the
inelastically scattered nuclei. The intrinsic energy resolution
of the array was 10% (full width at half maximum) for a
662 keV γ -ray energy. Figure 2 present the Doppler-corrected
γ ray spectra for 22O nucleus, which were produced by putting
a gate on the time spectra of the NaI(Tl) detectors selecting the
prompt events and subtracting the random coincidences. By
first fitting the spectrum with a Gaussian function and smooth
exponential background, the position of the single peak was
determined at 3185(15) keV. The quoted uncertainty of the
peak position is the square root of the sum of the squared
uncertainties including two main errors, namely, the statistical
one and the one due to Doppler correction. The above energy
for 22O is in a good agreement with the value 3199(8) keV
measured earlier [14].

After the peak position was determined, it was fed into the
detector simulation software GEANT4 [17], and the resultant
response curve plus a smooth polynomial background was
used to analyze the experimental spectrum and determine
the angle-integrated cross section for the 22O+2H reaction to
be σ (0+

1 → 2+
1 ) = 19±3 mb. We note that the contribution

from the 22O+12C reaction was obtained by analyzing
the mass spectrum of the recoiled particles, i.e., the target
nuclei, and found to be 10%. This result can be combined

TABLE I. Neutron and proton deformations of 22O and Mn/Mp

values normalized with N/Z ratio derived by using different optical
potential paramater sets.

Optical potential βn βp (Mn/Mp)/
parameter set (N/Z)

1 [15] 0.20±0.06 0.24±0.07 0.9±0.3
2 [16] 0.29±0.07 0.22±0.07 1.3±0.5
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with the data from the 22O+197Au reaction [18], where the
sensitivity of the probe for proton and neutron distributions is
different from that of our case. First, we took different pairs of
neutron and proton deformation parameters (βn = δn/R, βp =
δp/R; R is the nuclear radius) and converted them to matter
and Coulomb deformation lengths for the deuteron and gold
probes (δd

M, δAu
M , and δC = δp) using the formulas(
Nbd

n + Zbd
p

)
δd
M = Nbd

nδn + Zbd
pδp, (1)

(
NbAu

n + ZbAu
p

)
δAu
M = NbAu

n δn + ZbAu
p δp, (2)

where N and Z are the neutron and proton numbers, re-
spectively, while bd

n/b
d
p = 1 and bAu

n /bAu
p = 0.82 are the

sensitivity parameters for neutrons and protons of the (d, d ′)
and (197Au,197Au′) probes. In the next step, the matter and
Coulomb deformation parameters were put into a distorted
wave calculation performed by ECIS97 [19]. The resulting
calculated cross sections were compared to the experimental
ones, and χ2 values were determined for each pair of neutron
and proton deformation parameters. During the (re)analysis,
the same optical potential parameters of Ref. [18] were used
for the scattering on 197Au, while two sets of parameters
([(1) 16O+2H at 31.6A MeV in [15], and (2) 22Ne+2H at
26.0A MeV in [16]] were employed for the (d, d ′) reaction.
A two-dimensional plot of βp vs βn with parameter set (1) is
shown in Fig. 3, where the contours are χ2 values representing
the difference between the calculated and experimental cross
sections. The role of the neutron and proton excitations in the
2+

1 state can be characterized further by the neutron and proton
multipole transition matrix elements Mn and Mp, which are
determined as [20]

Mn

Mp

= bp

bn

(
δM

δC

(
1 + bn

bp

N

Z

)
− 1

)
. (3)

The derived deformation parameters together with the

(Mn/Mp)/(N/Z) ratios can be found in Table I. It can be
clearly seen that the dependence on the choice of the optical
parameters is small, and the neutron and proton deformations
are close to each other. The (Mn/Mp)/(N/Z) ratio is 0.9±0.3
and 1.3±0.5 for the two parameter sets, which are consistent
with each other and with a recent result of 1.4±0.5 obtained by
a microscopic analysis based on matter and transition densities
generated by continuum Skyrme-Hartree-Fock-Bogoliubov
and quasiparticle random phase approximation calculations,
respectively [11].

The deformations deduced are similar to that of 16O,
reflecting that both the proton and neutron shells are also
closed in 22O. This is in contrast with the situation of 20O,
where the increased neutron matrix elements were ascribed
to larger neutron deformation or stiffness. While mean field
calculations account for the N = 16 subshell closure and
predict a significant decrease in the quadrupole transition
strengths [8], they cannot describe the N = 14 subshell
closure, which blocks the surface oscillations of the valence
neutrons in 22O.

Summarizing our results, we have studied the 22O nucleus
in the (d, d ′γ ) reaction. From the excitation cross section of
the 2+

1 state, using and reanalyzing the results of a previous
(197Au,197Au′) measurement, the ratio of the neutron and
proton multipole transition matrix elements (Mn/Mp)/(N/Z)
was determined to be around 1, this confirmed a recent result
for the N = 14 shell closure by Becheva et al. [11]. Unlike the
case of 20O, the 2+

1 state of 22O cannot be assigned to surface
vibration of the neutron skin.
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