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The three-body model df'C +n+n is applied to study th&2 transition in'°C. Then-1C potential is chosen
to reproduce the single-particle energies'. The wave functions of°C are obtained as a combination of
correlated Gaussians by including the Pauli requirement. It is found that the hinB2rednsition can be
accounted for by a polarization charge of about 6.1hile the E2 transition in'°C requires a little larger
charge of 0.16. The soundness of this result is contrasted toBReransitions in(*’0,*%0) and (*'F,'®Ne)
nuclei. The longitudinal momentum distribution BT fragments fromt®C breakup can be well reproduced.
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Electric quadrupoléE2) transitions provide us with im- neutron excitation$4]. Finally a-cluster configurations ap-
portant information on the deformation of transition chargepear to play no active role itr'€C, so excitations of th&'C
density. The enhancement B2 transition probabilities sug- core can be neglected as a first trial. Note that%a the
gests that more active nucleons contribute to the transitio}?Be+a threshold is 13.81 MeV, much higher than that of
thereby pointing to a kind of collectivity beyond a single- *4C +2n (5.47 Me\).
particle motion. Measurements B2 transition strength for At the same time we will analyze tH&E2) values of the
exotic nuclei are in progress and give us information on ,,rmal nucleil’*% and 17F 18\je. For these nuclei, how-
newbreglonhpfhdeffcl)rrr:emorﬂlt,Zgjlﬁtr th]?tr\]/anlsh;ng of magfllc |gever. we anticipate that th#O core plus valence-nucleon
numbers which reiect the Stability ot the nuciear mean feld,, , ye| is not as good as f671€C. For example, the: thresh-

Very recently theE2 transition from the first 2 state to the L
groﬁnd g st);te in'®C has been studied through a lifetime P'dlg’f "0 is just 2.22 MeV above th€O +n threshold, and
measurement using a recoil shadow methgyl and 1°C in ~°0O the « threshold becomes lowe$6.23 MeV), much

+2%8p)y inelastic scatteringd]. The B(E2) value is found to  lower than the'®0+2n threshold(12.19 Me\). See Refs.

be 0.63+0.122fm? which corresponds to anomalously [10-13 for the importance of thex correlation or multi-
small strength of about 0.26 W.u. The anomaly is apparerarticle-nole excitations in°O. In the case of 'F and**Ne
by a comparison betwedfAC and’€C. “C is neutron closed the a threshold is still low though higher than theO +p or
’ 16

and '°C has two more neutrons, so the energy of the first © *2p threshold. _ .

excited state is expected to be lower*fic than in*4C. In It is instructive to rewrite th&2 operator according to our
fact the excitation energy is 1.77 MeV f&iC whereas itis Model. Suppose that the core has mass nurhpand atomic
7.01 MeV for “C. Therefore theB(E2) value of *C is ex- numberZ, while the valence-nucleon part mass numbegr

pected to be larger than that BC. In spite of this expecta- @nd atomic numberZ, (A=A.+A,). The EZ operator

—avyA ; ;
tion theB(E2) value of°C is much smaller than that 3fc, ~ Mu(A)=€2i218%,(ri—X,), wheree; is the charge of thith
which is 3.74€? fm* (1.87 W.u). nucleon(in units ofe), X, the center-of-mass coordinate of

— el z
The purpose of this investigation is to study the structurdN€ System, and,(r)=rY,,(f) can be expressed as

of 8C by focusing on a mechanism which leads to the hin-

dered transition if®C. Our basic assumption is that the rel- Mu(R) = M) + M, (V) + e, (R) + -+, (1)
evant levels of°C are generated from4C +2n model. We

consider the structure ofC as well in a“C +n model. There A\ A\2 A \2 A )2
are some evidences which support the model. EfStcan q= <—) E e+ <—) 2 e-= (—”) Z.+ (—) Z,
practically be considered inert as equally well%@ because A A
the excitation energy of the first excited state is fairly high (2)
(about 6 MeV in both nuclei. Secondly the data on fragmen-

tation experiment are availab{®-7] and in particular the where R=X.-X, is the relative distance vector from the
momentum distribution of*C fragment from the breakup of core’s center-of-mass to that of the valence nucleons and the
15C confirms the one-neutron halo structure € [5]. ellipsis denotes those parts which couple the electric dipole
Thirdly spectroscopic information on particle-hole configu- operator of the core with the dipole operator for the relative
rations in'°C has recently been extended to high excitationmotion and the analogous one for the valence-nucleon part.
energy[8]. The *C(t,p) reaction in particular supports the The first and second terms on the right-hand side of(EQ.
14C+(sd)? configuration for the ground and first excited stand for theE2 operators for the core and valence parts,
states oft®C [9]. Fourthly the inelastic scattering experiment respectively, and the third term ti&2 operator for the rela-
suggests that the] Ztate of*°C is formed nearly by valence tive motion between them.

iecore i evalence
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The utility of the above formula is exemplified by an ex- expressed in terms of a combination of correlated Gaussians,

treme case that the valence nucleons form a cluster dvith \PLM(1,2)=Ei'§1Ci\IfLM(Ai,vi) (L=0,2:
=0. In this case th&2 operatorM ,(v) for the valence part A
makes no contribution. A good example to apply the cluster Vim(Av) = (1-Py{e Vim()xs=0(1,2)},  (6)
E;nggehln 'i/t?e?éEZS t;a?sm?rg (IJnSlI%I) \f/robm the Ztﬁtate ff[t t where the permutatioR,, assures the antisynzwmetry require-

. eV to the O state at 6. eV because these state TIAX i ; i )
are well described with an-cluster orbiting around th&C T:;;EXA;nés aa 523; h\?gcdm?: ialjll?(Tng(llels’;gﬁ#Izéé Xéy
core [14]. The B(E2) value is calculated through a radial (y ), describes the rotational motion of the system
matrix element = [gug(R)u(RIR*dR, whereug(R) andu,(R) 17 1g. The coordinates; andx, are the distance vectors of
are the relative motion functions with=0 and 2. We gen- ihe nucleons from the core’s center-of-mags R+3r, x,

erated them from a potential —102.48% (MeV) to- =R-3r. The two nucleons are explicitly correlated as the
gether with the Coulomb potential, which reproduces thecorrelated Gaussian contains a cross tépx; X, in the
binding energies of the two states with appropriate nodexponent. The inclusion of this term is quite different from
numbers. The resulting(E2) value is 52e?fm?, in fair  the previous cluster-orbital shell-model calculatiofi®],
agreement with experiment, 654e# fm* [15]. which led to slow convergence due to the absence of such
We used the bare charge for the nucleon to arrive at Ecgross terms.

(2). The effect of the distortion or polarization of the core is |t is vital to take into account the Pauli principle for the
renormalized as an effective charge. By assuming that theotion of the valence nucleons. This is done by requiring
polarization charges is isoscalar, the chargg of the third  that the trial wave function has no overlap with all the orbits

term in Eq.(1) is subject to a change Unijm OCcupied in the core
2 (Unijm()[¥m(1,2)=0 (i=1,2), (7
0= Qe =g+ (%) AS. (3) L

where the single-particle orbit,;, is generated fron and
ﬁ]lj runs over 8y, Op/,, Opy), for 18C. The coordinates,
and x, are most convenient to satisfy E(Y) as the spatial
part of uy;m(i) is a function ofx;. The requirement?7) is
practically achieved by the orthogonal projection method
[20]. The probability of mixing-in of the occupied orbits was
r%\ctually small, typically 10%. See, e.g., Refl21] 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

It is important to note that, when the valence nucleons are al
neutrons(Z,=0) andA, is much smaller thai, g> becomes
very small butqgff may become fairly large. For instance, in
the case of*®C='C+2n ¢ is only 0.0088 but increases
drastically toqiﬁ:0.16 for 6=0.2, a typical value used in
shell-model calculations. However, when the valence pal
contains at least one proton? is already large and the
change ofy? to g2 is rather moderate. FfF=°0+p ¢? is
0.83 and changes tf,=1.19 for 6=0.2.

The wave function for two like nucleons is determined

from the following Hamiltonian: K K
> H;C=EX B;C; (i=1,2,...K), (8)
H=TR+Tr+U1+U2+U12, (4) =1 j=1
wherer is the relative distance vector of the valence nucle- H. H
ons.U; is the nucleon-core potential, ang, is the potential ( ! ) = (\If,_,v,(Ai,vi)|( >|\If,_M(Aj,vj)>. (9)
between the valence nucleons. The Coulomb potential is Bj 1
taken into account. AJ we use The matrix elements are evaluated by the method given in
14 Ref.[18]. Each basis function is specified by four parameters
U:—Vof(r)+V1€-sFaf(r)+VC0u|, (5)  (A11,A12,A%,Uyp), as ui+uj can be chosen arbitrary, say

unity. u; is redundant fol.=0. The energythe wave func-
tion as wel) 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
?‘nethod(SVM) [18] to optimize the parameters. The SVM
increases the basis dimension one by one by testing a num-
16 ; . ber of candidates which are chosen randomly and in addition
n+-0, respec'tlvely. Fouy, we ta'\ke the singlet-even gart fine-tunes the already chosen parameters by a refinement
of the Minnesota potential [16]: 2004 hrocess. Many examples have shown that this procedure is
-91.85ye0465" (MeV), wherey is unity for the Minnesota powerful to set up such a basis set that gives a virtually exact
potential but adjusted to reproduce the ground-state energyolution.
of the core+two-nucleon system. We assume that two like Figure 1 displays the energies '€ as a function of basis
nucleons are in the spin-singlet state. The spin-orbit potentiadimension. The value of was 1.20. Also shown are those
in Eq. (5) thus makes no contribution to the energy. Trial energies which are obtained in the noncorrelated Gaussians
wave functions for the groun@*) and excited2”) states are  (A,,=0). The noncorrelated basis misses the energy by about

wheref(r)={1+exg(r—Ry)/al}* with R.=r,A® and we set
a=0.65 fm andry=1.25 fm. Other parameters &f are de-
termined to reproduce the single-particle energies of th
nucleon+core system, are 50.31, 52.98, 53.20 MeV and
V, are 16.64, 23.23, 22.13 MeV finfor n+C, p+1°0,
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B(E2) [6°fm"]

FIG. 2. (Color online The B(E2) values for transitions from the
first excited state to the ground state’t%C as a function of the

FIG. 1. Energies, from th&'C +2n threshold, of the ground and polarization charges. Data for°C are taken from Refg3,4].

first excited states dfC as a function of basis dimension. Solid and

dashed lines denote the results with the correlated and noncorre-

lated basis calculations, respectively.

use the samé as*°C theB(E2) of °C becomes about twice
larger than experiment. The polarization charges needed to fit

1.6 MeV compared to the correlated basis calculation. Tablgne data are not very large, which supports the present model.
| lists the results of calculation. The spacing between therne gifference of the charges required f6€ and 1°C is
ground and 2 excited states is in fair agreement with experi- mych smaller than the other cases as will be shown in Table
ment. The Q state is predicted at the excitation energy of || The hinderedB(E2) value of*°C can be reproduced natu-

2.94 MeV, which is also close to experiment. The meaniy without invoking any unusual assumptions. The third

square radius of the nucleon distribution f8r'%C is related
to that of “C: r3(1%C)=%r2(MC)+2(x? and r2(*c)
=12r2(MC) + (R + 52:(r). Note that(x3)=(x?). The mean

square radiusr2(**C) is not known but expected to be

slightly larger than the point-proton radi@8.35 fm? [22].

Thus the mean square radius'e€ is concluded to be larger

than that of*éC.

term of Eq.(1) contributes to theB(E2) value about two
times more than the\ ,(v) term, and their cross term ac-
counts for about a half of thB(E2) value.

Table Il summarizes thE2 transition probabilities. The
value was chosen as 1.28 fbiNe and 1.27 for*®0. The
B(E2) of 1’F can be reproduced with a small(0.095, but
the transition in'®Ne requires a much larger valuges

The probability of finding thelgpir]-singlet neutrons in the =0.29. This clearly indicates that the relevant state$®ve
1sy, or Ods, radial function of °C is calculated. For the are not well described with the simptéO+2p model but

ground state of®C, the (1s,,,)? probability is 0.49 and the
(0ds/»)? probability is 0.39. The missing probability.13)

contain core excited configurations such gs-2h or «
+10. Similarly the fact that thé needed fort’O is as large

signals the importance of unbound single-particle orbits olms 0.40 suggests that the low-lying states'@ contain
continuum states ofC. The two probabilities scaled to add much of a-cluster configurations as noted in the beginning.

up to unity are similar to the shell-model result with LSF The & needed for the transition ifO is even largef0.61),

matrix elementg9]. For the § state the(1s,/,)? and (0ds»)?
probabilities are 0.47 and 0.49, respectively. For thetate
the 1s,,,0ds/, probability is largest0.68).

The B(E2) value for the 2—0* transition in*®C was
calculated according to the decompositidy. Figure 2 dis-
plays theB(E2) values of'>1€C as a function of the polar-

ization charges. With 6=0 the calculation gives too small

which again indicates significant amount of such core ex-
cited configurations as described with e *C model[10].

The quality of the wave functions obtained for'C can
be tested by the longitudinal momentum distribution™¥¢
fragment from the breakup ofC [6,7]. The reaction dynam-
ics can be incorporated in the Glauber or eikonal approxima-
tion [24,25. We calculated the momentum distribution due

values to compare with experiment. To reproduce the dattp the inelastic breakup process by using the following for-

we needd~ 0.16 for'°C and5=0.098+0.012 fort®C. If we

mula [24]:

TABLE |. Properties of the ground and excited statesh%C. E is the energy from thé*C+n or “C
+2n threshold. Energy and length are in MeV and fm, respectively.

Nucleus State Eca Eexp (x3) (R?) (r?) (XqXo)
’c i -1.218 -1.218 30.37
2 -0.478 -0.478 17.50
e 0p -5.34 ~5.469 16.81 9.43 29.52 2.05
2; -3.90 -3.699 15.35 8.27 28.30 1.19
0; -2.39 -2.466 21.31 11.21 40.40 1.11
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TABLE Il. B(E2) transition probabilities in units o&?fm?. 0, 20 s 5G4 X
B(E2)4 is obtained with no polarization chargé,,y is the polar- 05
ization charge needed to reproduce experiment. g 83 MeV/nucleon
C
3
Nucleus Initial  Final = B(E2)ey, B(E2)cal Bexp g
e St 1+ 097002 0025 016 §
=
tec 2 0; 063+0.12 0034 0098 &
YF o 57 64.9:13 55.4  0.095
®Ne 2 0  49.6%5.0¢ 30.0 0.29
17, 1 5
O EI 51’ 6.21+0.08 0.032 0.40 Py (MeV/c)
%o 2 0f  9.30+0.28  0.026 0.61
Rel (23 FIG. 3. (Color onling The distribution of*>C fragments from
bRef %3 i] 16C breakup at 83 MeV/nucleon as a function of the longitudinal
°Ref' [1’5 ’ momentum p The contributions of thé* and g* fragments oftSc
dRef. [23]' are shown by dashed and dotted lines, respectively. Data are taken
' ' from Ref.[6].
do_, 1 Thes orbit is spatially more extended than ttherbit, so that

fdbn(l -2 M xnr(bn)) it produces a narrower momentum distribution. As the ex-
periment is well reproduced, the wave function'® can be
judged acceptable.
To conclude, we have studied the anomaly of H2etran-

dP,  2ah

X f dse—2 Im xg1(by-s)

2+1 sition in °C in the **C+n+n model. It turns out that the
. NE model is reasonable to account for the hindered transition
X > deé' PGy () Yim(®) | (100 strength as well as the longitudinal momentum distribution
m=-1

of ®C fragments from?°C breakup. The soundness of
wheregj(r) is the radial part of the spectroscopic amplitude”be nlgdel is g?”f'lréned by studying tH&(E2) values in
(Wjm(*°0) | Woo(1%C)). The distribution is contributed by the ('O, ~0) and("'F, ™Ne) nuclei, where considerably differ-
breakup of°C to thel* and2* states of°C. As is clear, the ent polarization cshlarges are needed to fit 418,18, pair

2 2 . , . L
distribution basically probes the Fourier transform of thecompared to t_hé_ T case. An open question is, however,
wave functiong; (r) of the last neutron if°C. We used the why the polarization charge fdfC is smaller than that of

( 15 I . :
nucleon-targe(l&C) global optical potential26] to calculate C. A more sophisticated calculation will be called for
15 which includes other effects such as spin-triplet component,
the nucleon-targety,;) and—"C fragment-targetyrr) phase

shift functions. Details of calculation will be published else- noncentral forces, and core excitations.
where. Figure 3 compares the theory with experiment. Rela- One of the author$B. A-1.) was supported by the JSPS
tive contributions of both thé* and 2* '°C fragments are for foreign researcheréGrant No. P03028 This work was

naturally determined by the wave functions Bf'®C. It is  in part supported by JSPS Grants-in-Aid for Scientific Re-
seen that they contribute to the distribution quite differently.search(Grant Nos. 14540249 and 15-03023
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