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The electric quadrupole transition from the first 2! state to the ground 0! state in 16C is studied
through measurement of the lifetime by a recoil shadow method applied to inelastically scattered
radioactive 16C nuclei. The measured mean lifetime is 77" 14#stat$ " 19#syst$ ps. The central value of
mean lifetime corresponds to a B#E2; 2!1 ! 0!$ value of 0:63e2 fm4, or 0:26 Weisskopf units. The
transition strength is found to be anomalously small compared to the empirically predicted value.

DOI: 10.1103/PhysRevLett.92.062501 PACS numbers: 23.20.Js, 21.10.Tg, 27.20.+n, 29.30.Kv

Quadrupole strengths are fundamental quantities in
probing the collective character of nuclei. The enhance-
ment of the electric quadrupole (E2) transition strength
with respect to that of single proton excitation may reflect
large fluctuation or deformation of nuclear charge [1]. One
of the important E2 transitions in an even-even nucleus is
that from the first 2! (2!1 ) state to the ground state (0!g:s:).
The reduced transition probability B#E2$ for the transi-
tion, which involves a matrix element of the E2 operator
between the 0!g:s: and the 2!1 states, has long been a basic
observable in the extraction of the magnitude of nuclear
deformation or in probing anomalies in the nuclear
structure. With recent advances in techniques for supply-
ing intense beams of unstable nuclei, several exotic
properties such as magicity loss [2–4] have been discov-
ered in neutron-rich nuclei through measurements of E2
strengths.

The present Letter reports lifetime measurements of
the 2!1 state of the neutron-rich nucleus 16C. The lifetime
is inversely proportional to B#E2$. A simple model of a
nucleus as a quantum liquid-drop describes well the sys-
tematic tendency that B#E2$ varies in inverse proportion
to the excitation energy E#2!1 $ of the 2!1 state [5]. For
carbon isotopes, when N changes from the magic number
8 to 10, E#2!1 $ decreases dramatically from 7.01 to
1.77 MeV [6]. It can then be anticipated that 16C (N %
10) would have a much larger B#E2$ than that of 14C
(N % 8). Unexpectedly, a remarkably small B#E2$ was
found for 16C in the present work. The observed value, in
Weisskopf units, turns out to be far smaller than any other
B#E2$ measured on the nuclear chart.

In the present experiment, a new technique was em-
ployed to measure the lifetime of an excited state popu-
lated in inverse-kinematics reactions. The technique
essentially follows the concept of the recoil shadow
method (RSM) [7], in which the emission point of the
deexcitation ! ray is located and the !-ray intensity is
recorded as a function of the flight distance of the de-
exciting nucleus. As the flight velocity of the deexciting
nucleus is close to half the velocity of light, the flight
distance over 100 ps corresponds to a macroscopic length
of about 1.7 cm. The present shadow method provides a
wide range of applicability, extending to lifetimes of as
short as a few tens of picoseconds. In particular, the
method is useful for determining the B#E2$ value of Z <
10 nuclei, at which the use of intermediate-energy
Coulomb excitation [3,4] may suffer from contamination
of nuclear excitation.

The experiment was performed at the RIKEN accel-
erator research facility. A secondary 16C beam was pro-
duced through projectile fragmentation of a 100-MeV=
nucleon 18O primary beam, separated by the RIKEN
projectile-fragment separator (RIPS) [8]. The 16C beam
was directed at a 9Be target, 370-mg=cm2 thick, placed at
the exit of the RIPS line for inelastic excitation. The
particle identification for the secondary beam was per-
formed event by event by means of the time-of-flight
(TOF) !E method using a 1.0 mm-thick plastic scintil-
lation counter (PL) located 180 cm upstream of the target.
Two sets of parallel plate avalanche counters (PPACs)
were also placed upstream of the target to record the
position and angle of the projectile incident upon the
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“Official” magic numbers?!
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Excerpt from Nobel Lecture by Maria Goeppert-Mayer, 
Dec. 12 1963, page 29, 3rd. paragraph.
The magic numbers from 28 on can definitely not be 
obtained by any reasonable extrapolation from the 
lower numbers, but form a different sequence. There 
are two different series of numbers, 2, 8, 20, 40.. ., of 
which 40 is no longer noticeable, and another, 6, 14, 
28, 50, 82, 126 of which the first two at 6 and 14 are 
hardly noticeable. The second series is due to spin-
orbit coupling. In ten minutes the magic numbers 
were explained, and after a week, when I had written 
up the other consequences carefully, Fermi was no 
longer skeptical.

Page 32, 2nd. paragraph
Fig. 7 shows a fairly realistic level scheme for 
protons. It shows the fairly small splitting of the 1p 
or l=1 level. The splitting of the 1f (l=3), 1g (l=4), 1h 
(l=5) are increasingly larger.
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• Charge-Changing Cross Section (CCCS) measurement via transmission method 

Proton rms radii via CCCS measurements
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Figure 3.6: Schematic view of EN beam line and separation method.

Table 3.1: Characteristics of EN beam line.

Configuration Q-Q-Q-D-SX (F1-first section)
SX-Q-Q-D-Q-Q-Q (F2-second section)
Q-Q (F3-third section)

Maximum magnetic rigidity 3.2 Tm
Energy acceptance �E/E = ±8%
Angular Acceptance �✓ = ±20 mrad, �� = ±14mrad
Energy dispersion at F1 0.866 m
Energy degrader uniform thickness
x magnification 2.0 (variable)
y magnification 1.4 (variable)
A dispersion 6.51 mm/% (d/R = 0.5; variable)
Z dispersion -3.91 mm/% (d/R = 0.5; variable)
A/�A (x0 = 0.5 mm) 326 (d/R = 0.5; without energy straggling)
Z/�Z (x0 = 0.5 mm) 195 (d/R = 0.5; without energy straggling)
Path length of the central orbit 20.248 m
Focal Planes F1: dispersive focus

F2, F3: double achromatic focus
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• Proton rms radii extracted from CCCS using finite-range Glauber model

CCCS: total cross section for all processes that reduce the proton number of  
             projectile nuclei

• First measurement of CCCS at incident energy around 45A MeV

T. Shimoda et al, NIMB 70, 320 (1992)
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FIG. 4. (a) Experimental σR’s (black open circles) [42,44–47]
and σCC’s (red symbols) of 12C on the carbon target. The red
filled and red open squares are our data at 45A MeV and data
from Refs. [17,43,48,49] respectively. The black solid line is the
energy-dependent σR(E) calculated with the best-fitted βpn(E) (inset)
and HO-type neutron density distribution. The red solid line is the
calculated σCC(E). The dashed (black and red) lines are results of
Glauber calculations [for σR(E) and σCC(E)] with the OLA plus
higher-order correction [50]. (b) Experimental σR’s for 12C on a
beryllium (open squares) and aluminum (filled circles) targets. The
solid and dashed lines are the σR(E)’s calculated with the present
Glauber model. A neutron-density distribution with a tail structure is
necessary for beryllium target. See text for the details on the input
density distributions for the target nucleons.
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TABLE II. Input parameters and bare total nucleon-nucleon cross
sections for the Glauber model calculations.

E (MeV/u) σ tot
pp (mb) βpp (fm2) σ tot

pn (mb) βpn (fm2)

10 321.0 1.050 929 0.360
20 146.7 0.564 484 0.367
30 95.3 0.474 316 0.371
40 69.9 0.454 223 0.376
50 55.0 0.403 164.1 0.393
60 45.2 0.354 128.1 0.461
70 37.6 0.299 108.4 0.579
80 33.0 0.265 93.7 0.636
90 29.5 0.237 83.8 0.639
100 27.3 0.217 74.8 0.630
110 25.8 0.200 67.5 0.608
125 24.8 0.181 59.6 0.493
145 25.2 0.164 52.6 0.261
170 24.8 0.136 46.9 0.100
200 24.3 0.107 41.9 0.034
300 23.9 0.068 34.7 0.011
400 26.1 0.058 32.4 0.010
600 37.5 0.052 35.1 0.010
800 47.4 0.048 38.4 0.010
1000 47.5 0.049 38.2 0.010
1500 46.8 0.041 40.6 0.010
2200 45.0 0.037 40.8 0.010
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• determined range parameters for 
finite-range Glauber model

• tested with 12C+27Al, 12C+9Be, 
11Be+12C

• successfully applied to CCCSs 
for 12-19C+12C

D.T.Tran, Ph.D. Thesis (2017), Osaka Univ.
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      Ref. [8]
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[8] M. Wang et al, CPC 41, 030003 (2017)

(a) Rp taken from Refs.[1-5]
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Large proton subshell gap in 13-20C 
comparable to shell gap in oxygen.

Observed subshell gap is consistent with shell-model (with YSOX interaction) 
and ab initio coupled-cluster calculations (with chiral NN+3NF interactions)
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• Possible N = 6 subshell closure
(Theo) Shell Model:  T. Otsuka et al, PRL 87, 082502 (2001) 
(Exp) Transfer reaction: F. Skaza et al, PRC 73, 044301 (2006) 
(Exp) Charge radii systematics: I. Angeli et al, ADNDT 99, 69 (2013)

• Possible Z = 6 subshell closure
(Exp/Theo) E(21+), empirical shell gap: B.A. Brown, PPNP 47, 517 (2001) 
(Exp) Charge radii systematics: I. Angeli et al, ADNDT 99, 69 (2013)

72 I. Angeli, K.P. Marinova / Atomic Data and Nuclear Data Tables 99 (2013) 69–95

Fig. 1. Development of the experimental values of the proton radius during the
years: Hand, 1963 [33], Simon, 1980 [34], Melnikov, 2000 [35], Sick, 2003 [36],
Borisyuk, 2010 [37] and Pohl, 2010 [38].

For light nuclei, the contribution of higher order moments, the
so called higher moments correction (HM), is vanishingly small,
usually less than the experimental errors, and therefore � ⇡
�hr2i. For the heaviest nuclei the radial moments higher than
�hr2i contribute almost 10%. A well developed procedure has been
applied [13,14] to convert the experimental � into �hr2i. This is
done for all isotopes with Z � 36.

Traditionally, F has been evaluated from atomic electron shell
data using either semi-empirical procedures and/or Hartree–Fock
methods for calculating the relevant electronic density at the site
of the nucleus. The normal mass shift constant, given by N = ⌫me,
is calculated with the transition frequency ⌫ and the electronic
mass me. The specific mass shift constant, S, accounting for the
correlations of the electronic motion, can be calculated reliably
only for very light elements. In all cases of medium mass and
heavy elements, different kinds of semi-empirical methods have
been used. These methods of F and MS evaluation have yielded
very consistent sets of �hr2iA0,A-values [5] all over the nuclear
chart and even for very long isotopic chains. They didn’t produce
(e.g., unreasonable crossings of the isotopic course of nuclear
radii between different elements). More importantly, the results
could be interpreted in quantitative agreement with other well
established experimental facts of nuclear structure. For extracting
the nuclear parameter � from OIS, the semi-empirical approach
using optical information was preferred whenever possible (see
Table 2 and the corresponding references).

When more than one data set on OIS is available, generally the
most precise value that has been published was used. In many
cases it was necessary to compile data from different sources and
to reanalyze them.

3.2. Radii differences between isotopes from K↵ isotope shifts

Most of the 89 K↵ X-ray IS data are from Table II of Ref. [4],
which is an extended version of Ref. [24]. Original papers have
also been taken into account [25–27]. Two modifications were
performed in Table II of Ref. [4]: (1) For uranium the correct mass
interval is 233–238U instead of 235–238U (see Ref. [28]). (2) Regarding
the results of a �2/n0 test [29], the shift for 121–123Sb [30] was
omitted and some errors increased. In the table and papers referred
above, energy shifts �ECoul are given, which can be expressed in
terms of even moments of the charge distribution: �ECoul = C1�,
where the nuclear parameter � contains the information on the
size of the nucleus. Exploiting the wealth of �R data from e�

and µ� experiments, it was possible to compare the theoretically

Fig. 2. Isotopic behaviour of rms charge radii for light elements from 2He to 35Br.
For the sake of completeness the R-values obtained by non-opticalmethods are also
shown. The error bars include the total, statistical and systematic uncertainties of
the input data. The dashed vertical lines denote the conventional shell closures,
while the small-dashed lines indicate the appearance of non-traditional magic
numbers (see Ref. [7]).

calculated C1 value to experiment in a wide range of atomic
numbers, and to perform a small (0.965) correction on it. For more
details see Section 2.5 of Ref. [13].

3.3. rms radii from e� and µ� experiments

The main source for the R values is the table of Ref. [15] which
summarizes data from a large number of e� and µ� experiments,
explaines in detail the sources and selection of these data, as well
as the statistical procedure of the combined treatment of both
data types. Here we briefly mention only the changes. Change in
the evaluation: for the absolute R data from e� and µ� methods,
the simpler and more transparent averaging formulae were used
(EXCEL) instead of the lengthy (FORTRAN) procedure (see Chapter
4 in Ref. [15]). This resulted in small changes in the mean R values.
New data: for the stable isotopes of 9 elements, the table [15]
contains rms radius values evaluated model independently by
combining electron scattering, muonic atoms X-ray and optical
isotope shifts. These are: Ca, Kr, Sr, Zr, Mo, Sn, Sm, Gd and Pb.
In the first step of the present updated version of combined
treatment, the R values for these isotopes are recalculated using
only e� and µ� data sources and then, in a second step, two
different procedures [12,13] of combined analysiswithOIS data are
performed. The radii of U and Th isotopes are also recalculated in
view of critical remarks from Kozhedub [31].

Special attention deserves the new value for the radius of 6Li
obtained by analysis of electronic scattering experiments data and

1.6

2.0

2.4

2.8

0         4         8

He

Li
B

Be

Neutron number

R
C
 [f

m
]

N
O

C

74 I. Angeli, K.P. Marinova / Atomic Data and Nuclear Data Tables 99 (2013) 69–95

a b

c d

Fig. 4. Isotonic behaviour of rms radii R over the whole nuclide chart. In this case only the R-scales in all panels are identical. For visual simplicity only even N curves are
drawn in panels (b)–(d). Special attention is paid to the region of light elements: panel (a), elements from 1H to 8O where isotonic curves for all odd and even N-values are
drawn.

The dependences of the rms nuclear radii on neutron number
N and proton number Z are demonstrated in Figs. 2–4. Adding
new data to that of Ref. [10] does not influence the global features
of the isotopic (Figs. 2 and 3) and the isotonic (Fig. 4a–d) radii
developments. Different aspects of the nuclear radii tabulation can
be considered. Those include (i) general features of the isotopic and
isotonic trends; (ii) appearance of non-traditional magic numbers;
(iii) new exotic phenomena that have been observed in the
region of light nuclei; (iv) influence of the deformations; (v) data
reliability, and (vi) comparison between theory and experiment.
As all consequences of the radii tabulation are already discussed in
detail in our previous work [7], here we summarize briefly only
those which refer to the appearance or disappearance of magic
numbers.

The conventional nucleon magic numbers 2, 28, 50 and 82
are evident from the charge radii development. The effect can
be seen in Figs. 2–4 showing that the slope of the isotopic and
isotonic curves is steeper at the beginning of an interval between
two magic numbers and tends to saturate at the end. Therefore,

the shell closure effect on the charge radii manifests itself in
characteristic slope changes (kinks) of radii at magic neutron and
proton numbers. As has been shown in our previous work [7], a
quantitative criteriumof finding shell closure effects canbe applied
even if the eye is uncertain in deciding about its existence. This is
the case for N = 126 and for most of the isotonic series.

New data in the region of light nuclei are of great importance,
showing interesting peculiarities. Some of those are already
discussed in Ref. [7]. For example, there is a strong indication that
for nuclei with Z around 10, the neutron numbers N = 6 and
N = 14 (or N = 16) may be magic or magic like instead of the
conventional magic numbers N = 8 and N = 20 (see subsection
3.2 of Ref. [7]). From the point of view of isotopic nuclear radii
behavior, themagic numberN = 20 has no visible influence on the
development of the charge radii in the case of stable nuclei in the Ca
region (see Fig. 2). In themass region A = 100, the doublemagicity
of 96Zr [46] is also confirmed by the rms charge radii trend [7].

Here we call the attention on Fig. 4a, where a characteristic
slope change of the isotonic curve at Z = 6 for N = 8 and also
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Quadrupole collectivity of 10C from (α,α’) with 
MAIKo active target
✓ g.s. cross section ➔ determine effective interaction  
                                     of α-N (single-folding model) 
✓ 2+1 cross section ➔ extract neutron matrix element  
                                     Mn = 6.8±0.7(fit)±1.1(sys) fm2 

✓ Proton matrix element Mp = 6.63±0.11 fm2 

✓ (Mn /Mp)/(N/Z) = 1.55±0.17(fit)±0.25(sys) 
      ➔ relatively suppressed proton transition in 10C

T. Furuno, T. Kawabata, HJO et al, arXiv:1908.01910T. Furuno, T. Kawabata, HJO, et al. 
NIM A 908, 215 (2018).

E. A. McCutchan et al., Phys. Rev. C 86, 014312 (2012)
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• We have investigated the systematics of point-proton rms radii, 
electric quadrupole transition rates and atomic masses of light 
nuclei.

• Our systematic analysis reveals marked regularities which support a 
prominent proton subshell closure in 13-20C.

• The observed subshell closure, i.e. SO splitting, in 14,15C is 
supported by shell model and ab-initio coupled-cluster calculations 
with chiral NN+3NF interactions.

Thank you very much for your attention!


