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The three-body model of14C+n+n is applied to study theE2 transition in16C. Then-14C potential is chosen
to reproduce the single-particle energies of15C. The wave functions of16C are obtained as a combination of
correlated Gaussians by including the Pauli requirement. It is found that the hinderedE2 transition can be
accounted for by a polarization charge of about 0.10e while the E2 transition in15C requires a little larger
charge of 0.16e. The soundness of this result is contrasted to theE2 transitions ins17O,18Od and s17F,18Ned
nuclei. The longitudinal momentum distribution of15C fragments from16C breakup can be well reproduced.
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Electric quadrupolesE2d transitions provide us with im-
portant information on the deformation of transition charge
density. The enhancement ofE2 transition probabilities sug-
gests that more active nucleons contribute to the transition,
thereby pointing to a kind of collectivity beyond a single-
particle motion. Measurements ofE2 transition strength for
exotic nuclei are in progress and give us information on a
new region of deformation[1,2] or the vanishing of magic
numbers which reflect the stability of the nuclear mean field.
Very recently theE2 transition from the first 2+ state to the
ground 0+ state in16C has been studied through a lifetime
measurement using a recoil shadow method[3] and 16C
+208Pb inelastic scattering[4]. The BsE2d value is found to
be 0.63±0.12e2 fm4, which corresponds to anomalously
small strength of about 0.26 W.u. The anomaly is apparent
by a comparison between14C and16C. 14C is neutron closed
and 16C has two more neutrons, so the energy of the first
excited state is expected to be lower in16C than in14C. In
fact the excitation energy is 1.77 MeV for16C whereas it is
7.01 MeV for 14C. Therefore theBsE2d value of 16C is ex-
pected to be larger than that of14C. In spite of this expecta-
tion theBsE2d value of16C is much smaller than that of14C,
which is 3.74e2 fm4 s1.87 W.u.d.

The purpose of this investigation is to study the structure
of 16C by focusing on a mechanism which leads to the hin-
dered transition in16C. Our basic assumption is that the rel-
evant levels of16C are generated from a14C+2n model. We
consider the structure of15C as well in a14C+n model. There
are some evidences which support the model. First14C can
practically be considered inert as equally well as16O because
the excitation energy of the first excited state is fairly high
(about 6 MeV) in both nuclei. Secondly the data on fragmen-
tation experiment are available[5–7] and in particular the
momentum distribution of14C fragment from the breakup of
15C confirms the one-neutron halo structure of15C [5].
Thirdly spectroscopic information on particle-hole configu-
rations in16C has recently been extended to high excitation
energy[8]. The 14Cst ,pd reaction in particular supports the
14C+ssdd2 configuration for the ground and first excited
states of16C [9]. Fourthly the inelastic scattering experiment
suggests that the 21

+ state of16C is formed nearly by valence

neutron excitations[4]. Finally a-cluster configurations ap-
pear to play no active role in15,16C, so excitations of the14C
core can be neglected as a first trial. Note that in16C the
12Be+a threshold is 13.81 MeV, much higher than that of
14C+2n s5.47 MeVd.

At the same time we will analyze theBsE2d values of the
normal nuclei17,18O and 17F, 18Ne. For these nuclei, how-
ever, we anticipate that the16O core plus valence-nucleon
model is not as good as for15,16C. For example, thea thresh-
old of 17O is just 2.22 MeV above the16O+n threshold, and
in 18O the a threshold becomes lowests6.23 MeVd, much
lower than the16O+2n thresholds12.19 MeVd. See Refs.
[10–13] for the importance of thea correlation or multi-
particle-hole excitations in18O. In the case of17F and18Ne
the a threshold is still low though higher than the16O+p or
16O+2p threshold.

It is instructive to rewrite theE2 operator according to our
model. Suppose that the core has mass numberAc and atomic
numberZc while the valence-nucleon part mass numberAv
and atomic numberZv sA=Ac+Avd. The E2 operator
MmsAd=eoi=1

A eiY2msr i −XAd, whereei is the charge of theith
nucleon(in units of e), XA the center-of-mass coordinate of
the system, andYlmsrd=r lYlmsr̂d can be expressed as

MmsAd = Mmscd + Mmsvd + qeY2msRd + ¯ , s1d

q = SAv

A
D2

o
iPcore

ei + SAc

A
D2

o
iPvalence

ei = SAv

A
D2

Zc + SAc

A
D2

Zv,

s2d

where R=Xc−Xv is the relative distance vector from the
core’s center-of-mass to that of the valence nucleons and the
ellipsis denotes those parts which couple the electric dipole
operator of the core with the dipole operator for the relative
motion and the analogous one for the valence-nucleon part.
The first and second terms on the right-hand side of Eq.(1)
stand for theE2 operators for the core and valence parts,
respectively, and the third term theE2 operator for the rela-
tive motion between them.
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The utility of the above formula is exemplified by an ex-
treme case that the valence nucleons form a cluster withJ
=0. In this case theE2 operatorMmsvd for the valence part
makes no contribution. A good example to apply the cluster
model is theBsE2d transition in 16O from the 2+ state at
6.92 MeV to the 0+ state at 6.05 MeV because these states
are well described with ana-cluster orbiting around the12C
core [14]. The BsE2d value is calculated through a radial
matrix elementI =e0

`u0sRdu2sRdR4dR, whereu0sRd andu2sRd
are the relative motion functions withL=0 and 2. We gen-
erated them from a potential −102.46e−0.12R2

sMeVd to-
gether with the Coulomb potential, which reproduces the
binding energies of the two states with appropriate node
numbers. The resultingBsE2d value is 52e2 fm4, in fair
agreement with experiment, 65±7e2 fm4 [15].

We used the bare charge for the nucleon to arrive at Eq.
(2). The effect of the distortion or polarization of the core is
renormalized as an effective charge. By assuming that the
polarization charged is isoscalar, the chargeq of the third
term in Eq.(1) is subject to a change

q → qeff = q + SAc

A
D2

Avd. s3d

It is important to note that, when the valence nucleons are all
neutronssZv=0d andAv is much smaller thanA, q2 becomes
very small butqeff

2 may become fairly large. For instance, in
the case of16C=14C+2n q2 is only 0.0088 but increases
drastically toqeff

2 =0.16 for d=0.2, a typical value used in
shell-model calculations. However, when the valence part
contains at least one proton,q2 is already large and the
change ofq2 to qeff

2 is rather moderate. For17F=16O+p q2 is
0.83 and changes toqeff

2 =1.19 ford=0.2.
The wave function for two like nucleons is determined

from the following Hamiltonian:

H = TR + Tr + U1 + U2 + v12, s4d

wherer is the relative distance vector of the valence nucle-
ons.Ui is the nucleon-core potential, andv12 is the potential
between the valence nucleons. The Coulomb potential is
taken into account. AsU we use

U = − V0fsrd + V1ø ·s
1

r

d

dr
fsrd + VCoul, s5d

wherefsrd=h1+expfsr −Rcd /agj−1 with Rc=r0Ac
1/3 and we set

a=0.65 fm andr0=1.25 fm. Other parameters ofU are de-
termined to reproduce the single-particle energies of the
nucleon+core system:V0 are 50.31, 52.98, 53.20 MeV and
V1 are 16.64, 23.23, 22.13 MeV fm2, for n+14C, p+16O,
n+16O, respectively. Forv12 we take the singlet-even part
of the Minnesota potential [16]: 200e−1.487r2

−91.85ge−0.465r2
sMeVd, whereg is unity for the Minnesota

potential but adjusted to reproduce the ground-state energy
of the core+two-nucleon system. We assume that two like
nucleons are in the spin-singlet state. The spin-orbit potential
in Eq. (5) thus makes no contribution to the energy. Trial
wave functions for the grounds0+d and exciteds2+d states are

expressed in terms of a combination of correlated Gaussians,
CLMs1,2d=oi=1

K CiCLMsAi ,vid sL=0,2d:

CLMsA,vd = s1 − P12dhe−1/2x̃AxYLMsvdxS=0s1,2dj, s6d

where the permutationP12 assures the antisymmetry require-
ment, x̃Ax is a short-hand notation forA11x1

2+2A12x1·x2
+A22x2

2, and a global vector,v=u1x1+u2x2, specified by
su1,u2d, describes the rotational motion of the system
[17,18]. The coordinatesx1 andx2 are the distance vectors of
the nucleons from the core’s center-of-massx1=R+ 1

2r, x2

=R− 1
2r. The two nucleons are explicitly correlated as the

correlated Gaussian contains a cross termA12x1·x2 in the
exponent. The inclusion of this term is quite different from
the previous cluster-orbital shell-model calculations[19],
which led to slow convergence due to the absence of such
cross terms.

It is vital to take into account the Pauli principle for the
motion of the valence nucleons. This is done by requiring
that the trial wave function has no overlap with all the orbits
unljm occupied in the core

kunljmsiduCLMs1,2dl = 0 si = 1,2d, s7d

where the single-particle orbitunljm is generated fromU and
nlj runs over 0s1/2, 0p3/2, 0p1/2 for 16C. The coordinatesx1
and x2 are most convenient to satisfy Eq.(7) as the spatial
part of unljmsid is a function ofxi. The requirement(7) is
practically achieved by the orthogonal projection method
[20]. The probability of mixing-in of the occupied orbits was
actually small, typically 10−4. See, e.g., Ref.[21] for other
way to treat three-body systems with Pauli principle and core
excitation.

An upper bound for the energy is given by the eigenvalue
of the generalized eigenvalue problem

o
j=1

K

HijCj = Eo
j=1

K

BijCj si = 1,2, . . . ,Kd, s8d

SHij

Bij
D = kCLMsAi,viduSH

1
DuCLMsAj,v jdl. s9d

The matrix elements are evaluated by the method given in
Ref. [18]. Each basis function is specified by four parameters
sA11,A12,A22,u1d, as u1

2+u2
2 can be chosen arbitrary, say

unity. u1 is redundant forL=0. The energy(the wave func-
tion as well) is a function of 4K(or 3K) nonlinear param-
eters, and crucially depends on the choice of these param-
eters. We used the algorithm called the stochastic variational
method(SVM) [18] to optimize the parameters. The SVM
increases the basis dimension one by one by testing a num-
ber of candidates which are chosen randomly and in addition
fine-tunes the already chosen parameters by a refinement
process. Many examples have shown that this procedure is
powerful to set up such a basis set that gives a virtually exact
solution.

Figure 1 displays the energies of16C as a function of basis
dimension. The value ofg was 1.20. Also shown are those
energies which are obtained in the noncorrelated Gaussians
sA12=0d. The noncorrelated basis misses the energy by about
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1.6 MeV compared to the correlated basis calculation. Table
I lists the results of calculation. The spacing between the
ground and 2+ excited states is in fair agreement with experi-
ment. The 02

+ state is predicted at the excitation energy of
2.94 MeV, which is also close to experiment. The mean
square radius of the nucleon distribution for15,16C is related
to that of 14C: r2s15Cd= 14

15r2s14Cd+ 14
225kx1

2l and r2s16Cd
= 14

16r2s14Cd+ 7
64kR2l+ 8

256kr2l. Note thatkx2
2l=kx1

2l. The mean
square radiusr2s14Cd is not known but expected to be
slightly larger than the point-proton radiuss2.35 fmd2 [22].
Thus the mean square radius of15C is concluded to be larger
than that of16C.

The probability of finding the spin-singlet neutrons in the
1s1/2 or 0d5/2 radial function of15C is calculated. For the
ground state of16C, the s1s1/2d2 probability is 0.49 and the
s0d5/2d2 probability is 0.39. The missing probability(0.13)
signals the importance of unbound single-particle orbits or
continuum states of15C. The two probabilities scaled to add
up to unity are similar to the shell-model result with LSF
matrix elements[9]. For the 02

+ state thes1s1/2d2 ands0d5/2d2

probabilities are 0.47 and 0.49, respectively. For the 2+ state
the 1s1/20d5/2 probability is largest(0.68).

The BsE2d value for the 2+→0+ transition in 16C was
calculated according to the decomposition(1). Figure 2 dis-
plays theBsE2d values of15,16C as a function of the polar-
ization charged. With d=0 the calculation gives too small
values to compare with experiment. To reproduce the data
we needd<0.16 for15C andd=0.098±0.012 for16C. If we

use the samed as15C theBsE2d of 16C becomes about twice
larger than experiment. The polarization charges needed to fit
the data are not very large, which supports the present model.
The difference of the charges required for15C and 16C is
much smaller than the other cases as will be shown in Table
II. The hinderedBsE2d value of16C can be reproduced natu-
rally without invoking any unusual assumptions. The third
term of Eq. (1) contributes to theBsE2d value about two
times more than theMmsvd term, and their cross term ac-
counts for about a half of theBsE2d value.

Table II summarizes theE2 transition probabilities. Theg
value was chosen as 1.28 for18Ne and 1.27 for18O. The
BsE2d of 17F can be reproduced with a smalld (0.095), but
the transition in 18Ne requires a much larger valuesd
=0.29d. This clearly indicates that the relevant states in18Ne
are not well described with the simple16O+2p model but
contain core excited configurations such as 4p-2h or a
+14O. Similarly the fact that thed needed for17O is as large
as 0.40 suggests that the low-lying states of17O contain
much of a-cluster configurations as noted in the beginning.
The d needed for the transition in18O is even larger(0.61),
which again indicates significant amount of such core ex-
cited configurations as described with thea+14C model[10].

The quality of the wave functions obtained for15,16C can
be tested by the longitudinal momentum distribution of15C
fragment from the breakup of16C [6,7]. The reaction dynam-
ics can be incorporated in the Glauber or eikonal approxima-
tion [24,25]. We calculated the momentum distribution due
to the inelastic breakup process by using the following for-
mula [24]:

FIG. 1. Energies, from the14C+2n threshold, of the ground and
first excited states of16C as a function of basis dimension. Solid and
dashed lines denote the results with the correlated and noncorre-
lated basis calculations, respectively.

TABLE I. Properties of the ground and excited states in15,16C. E is the energy from the14C+n or 14C
+2n threshold. Energy and length are in MeV and fm, respectively.

Nucleus State Ecal Eexp kx1
2l kR2l kr2l kx1·x2l

15C 1
21

+ −1.218 −1.218 30.37
5
21

+ −0.478 −0.478 17.50
16C 01

+ −5.34 −5.469 16.81 9.43 29.52 2.05

21
+ −3.90 −3.699 15.35 8.27 28.30 1.19

02
+ −2.39 −2.466 21.31 11.21 40.40 1.11

FIG. 2. (Color online) TheBsE2d values for transitions from the
first excited state to the ground state in15,16C as a function of the
polarization charged. Data for16C are taken from Refs.[3,4].
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ds−n

dPi

=
1

2p"
E dbns1 − e−2 Im xnTsbndd

3E dse−2 Im xFTsbn−sd 1

2l + 1

3 o
m=−l

l UE dzesi/"dPizgljsrdYlmsr̂dU2

, s10d

wheregljsrd is the radial part of the spectroscopic amplitude
kCl jms15Cd uC00s

16Cdl. The distribution is contributed by the
breakup of16C to the1

2
+ and 5

2
+ states of15C. As is clear, the

distribution basically probes the Fourier transform of the
wave functiongljsrd of the last neutron in16C. We used the
nucleon-targets12Cd global optical potential[26] to calculate
the nucleon-targetsxnTd and15C fragment-targetsxFTd phase
shift functions. Details of calculation will be published else-
where. Figure 3 compares the theory with experiment. Rela-
tive contributions of both the12

+ and 5
2

+ 15C fragments are
naturally determined by the wave functions of15,16C. It is
seen that they contribute to the distribution quite differently.

Thes orbit is spatially more extended than thed orbit, so that
it produces a narrower momentum distribution. As the ex-
periment is well reproduced, the wave function of16C can be
judged acceptable.

To conclude, we have studied the anomaly of theE2 tran-
sition in 16C in the 14C+n+n model. It turns out that the
model is reasonable to account for the hindered transition
strength as well as the longitudinal momentum distribution
of 15C fragments from16C breakup. The soundness of
the model is confirmed by studying theBsE2d values in
(17O, 18O) and(17F, 18Ne) nuclei, where considerably differ-
ent polarization charges are needed to fit theA=18,18, pair
compared to the15,16C case. An open question is, however,
why the polarization charge for16C is smaller than that of
15C. A more sophisticated calculation will be called for
which includes other effects such as spin-triplet component,
noncentral forces, and core excitations.
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