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Systematic study on He isotopes with the antisymmetrized molecular dynamics
plus generator coordinate method
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We study the structure of He isotopes systematically using a model in which the frameworks of the anti-
symmetrized molecular dynami¢&MD) and the generator coordinate meth@CM) are combined. The
present AMD-GCM can reproduce basic features of the isotopes, for example halo structufele iand
tendency of the binding energies of the isotopes within relatively small number of basis functidhi, Ithe
importance of two configurationéHe-n and (*He-n)—2n, is shown for the ground state. fite, the calcu-
lated rms radius is smaller than the experimental one.

PACS numbd(s): 21.10.Dr, 21.60.Gx

[. INTRODUCTION the halo nucleus. To improve this, recently a new method to
combine the frameworks of the AMD and the Hartree-Fock
Recently, the development of experiments using unstablenethod has been proposgty].
nuclear beams have enabled us to reveal a lot of exotic prop- In this paper, we propose a method which can describe
erties of neutron-rich nuclei close to the neutron driplihe  the characteristic structure of valence neutrons including the
One such property is a so-called neutron halo structure corialo (skin) structure quantitatively, which will be used for a
sisting of a cloud of weakly bound valence neutrons aroundystematic analysis of light neutron-rich nuclei. As a first
a core nucleu$2]. The wave function of a valence neutron step, we study He isotopes. We superpose the AMD wave
with an extremely small binding energy has large spatiafunctions based on the generator coordinate meteiV).
distribution and a long tail. For He isotopééje with a large  Since each AMD wave functioiGCM basis functioh is
root mean squar@ms) radius[2] has been studied as a typi- obtained through a variational process, the calculated energy
cal example of halo nucl¢B]. Such anomalous behaviors of converges rapidly even within small number of basis func-
weakly interacting valence neutrons around a core is obtions. Here, we superpose the AMD wave functions with
served not only if"He but also in other He isotopes. There- different values of the rms radius, and the halo structure in
fore, now it is significant to study systematically the behav-He isotopes is reproduced.
ior of valence neutrons around e core in the isotopes. In Sec. Il, we briefly explain our modéAMD +GCM) by
For example, recently, the excited states ‘éfe (E,=2.9 which we can quantitatively and systematically study many-
+0.3 MeV[4], E,=3.2+0.2 MeV[5]) are observed at very body cluster systems. In Sec. lll, the binding mechanism of
low energy region. The observed excited state has been ankle isotopes is discussed by applying the present method.
lyzed to have a complicatetHe+ n+n+n four-body struc- ~ Summary and conclusions are given in Sec. IV.
ture [4]. Furthermore, also iffHe, a large rms radius is
observed 2], and it is also considered to have a similar halo
(skin) structure. Il. “He+VALENCE-NEUTRONS MODEL
In order to study structures of light neutron-rich nuclei _ _ )
beyond the three-body, several valuable approaches have To describe the structures of He isotopes systematically,
been proposed up to nd\e—15|. For example, the stochastic We introduce a*He+valence-neutrons model in which the
variational methodSVM) developed by Vargat al.[15] is ~ frameworks of the antisymmetrized molecular dynamics and
one of the excellent methods to solve accurately few-bodyhe generator coordinate meth@@CM) are combined. Total
Systems beyond three-body. However, when we include Corgave function (\If‘ﬂfK)) is described as Superposition Kjd

excitation or extend to heavier systems, these few-body ap-__. . I ron(p).
proaches make the computing time increase drastically. Thiggjécée,& :SMf[;”\g;\f functions|®y,(2";8))) based on

may restrict the systematic study of light neutron-rich nuclei.
On the other hand, the structure version of the antisymme-
trized molecular dynamic6éAMD) has been powerfully ap-
plied for systematic studies of neutron-rich nu¢tes]. How- |V ()= cPlD3 (25 B)). (1)
ever, since the wave function is essentially described by a B

single Slater determinant, this restriction makes it difficult to

describe a halo structure as discussed in RE3]. The at-

tempt to superpose the Slater determinants has been péiere 8 represents numbers of the AMD basis functions, and
formed, however, this has not satisfactorily worked to ex-the coefficientsc? are determined by diagonalizing the
plain a large rms radius of'Be which is also a candidate for Hamiltonian matrix. The parameteZ€Z,, ..., Z,) for
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nucleons represents the centers of the Gaussian wave padks shown in Ref[16], by solving this cooling equation, the

ets. Here, the parity and the angular momentum are projectezkpectation value of the Hamiltonid&) decreases as devel-

to good quantum numbers, opment of imaginary timer, since ther derivative of E is
always negative,

|[@%(2))=PycP*|0(2)), 2 . .
JE_g EdZ 5 0F dZ7 12
:_(1+ P(I’)) (3) i=5 ﬁZ dT i=5 azl* dr’
B E dz, dzf _
= | ded(cosp)ayDif(asyen —iad) TS dr dr 3

e oA During this optimization of parameters, parity of the sys-
xexp—ipy)exp—iyd)R(aBy). “) tem is projected to a good quantum number. We can con-
strain the value of an rms radius during the cooling process

Each AMD wave function in Eq(2) for the A-nucleon sys- . ; S
a2) 4 by introducing a Lagrange multiplier in E¢L2),

tem has the following form:

*
|D(Z1Z5, ... Zp))= Al p1¢2- - - Pal, (5 %:_£+77£: di:_§+n£, (14)
dr &Z;k az;k dr (92, &Zl

di=vixi, (6)
whereO is the expectation value of an rms radius. Here, the
where¢; is theith single particle wave function constructed multiplier % is determined by the condition that thederiva-
from the spatial party; and the spin-isospin pan;. The tive of O is zero,
spatial part is expressed by a Gaussian wave packet in coor-

dinate representation, 0 2 50 9Z; N
, ) or Loz, or  OC
2v\ 3 Zi\° 1,
wn=\To) em - gz O A g0 9E a0
14

=2, =1 + +c.c=0. 15
_ uzzs i 9zF T ozF 19

i

2
« exr{ —v(r=R)™+ K- r}, @) Therefore, they value is determined from this equation
A

where complex paramete = vR+(i/2%+\v) K; repre-

*
sent centers of the Gaussian wave packetsiaisdhe width 2 (0019Z)(9BI9Z7) +C.C.

=5
parameter. In the present analysis, we assume a presence of n="A (16)
an a cluster ¢,=2,=23;=2,=2,) [18], then the model 2 (9019Z;)(9019Z¥) +c.c.
space become$He+valence neutrons: i=5
|D(Z,,Z5, ...24)=Ald,(1239 ¢p5- - - pal.  (9) The Hamiltonian operatd has the following form:

In this framework, the AMD wave functions with differ- -
ent intrinsic configurations are superposed based on the H= izl +2 Vi, (17)
GCM. This is performed by constraining the AMD wave -

functions to have a fixed expectation value of some physwadvhere a two-body interactiofz” includes the central part,
quantity, and by changing this constrained value, a lot of the(he spin-orbit part and the Coulomb part. For the central part,

GCM basis functions are generated. We constrain the r
radius of the total system. The diagonal elements of tm\aﬁle use a Volkov-type effectivll =N potential[19] as

Hamiltonian matrix become a function of paramefer V(r)=(W—MPIP[V, exp( — r/c2) +V, exp( —r2/c2)],

+ ") + (18)
o (PT(D)H|P*(2)) _ , _
E(Z,2*)= FEpENpem— (100 where,W=1—M. For the spin-orbit term, we introduce the
(@7(2)]27(2)) G3RS potential20] as

We optimize these parameteshefore the angular momen-
tum projection by using the frictional cooling method in the

AMD, whered;=5.0 fm 2, d,=2.778 fm 2, P(30) is a projec-
4z JE dz* JE tion operator onto a triplet odd state,is a relative angular
I |

ST dr s (11)  momentum, and is a spin §;+S,). The potential strength
T 9Z; T i V, will be given in Table I.

V|S=V0{e_dlr2—e_dzrz}P(SO)E'é, (19)
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TABLE |. The parameters for effective nucleon-nucleon inter- rameters are modified to reproduce the four-neutron binding
actions. energy of®He, we cannot reproduce the binding energies of
He, °He, and "He.

Vi (MeV) V, (MeV) ¢y (fm) ¢, (fm) MV, (MeV) In Fig. 1(b), we show rms radii of the He isotopes. All
calculated radii are smaller than observed ones. To describe
Enyol -8334 14486 160 082 056 900 0 105sely bound or unbound nature of valence neutrons
Okabe 1 —60.65 ~ 61.14 ~ 1.80 1.01 060 2000  4r5,nd4He core, we should superpose Slater determinants.
Enyo2 -8334 14486 160 082 055 900 |n Ref.[16], En'yo, Horiuchi, and Ono superposed a few
Okabe 2 —60.65  61.14 180 101 056 2000 sjater determinants fot'Be, but that only has slightly in-
creased the value of the rms radius. To reproduce the experi-
mental large value of the rms radius, a much larger number
Ill. RESULTS AND DISCUSSION of the basis functions is required, but that increases calcula-
) . o tion time drastically. Therefore, the problem is how to

First, we study structures of He isotopes within a modelchoose effective basis functions. In this work, we superpose
space of a single Slater determinant in order to see validity ofhe AMD wave functions chosen through a simple varia-
applying the AMD wave functions. For Li and Be isotopes, tional procedure which will be explained below. We prepare
the applicability of the AMD has been already shown bythe AMD wave functions corresponding to the energy mini-
En’yo, Horiuchi, and Ono. Basic properties of nuclei havemal state under the constraint of the values of the rms radius.
been reproduced except for anomalous behaviors of singla&nd we superpose all these functions generated by changing
particle orbits such as a halo structure for exampléin the constrained values of the rms radi@®CM). Here, the
and 'Be [16]. We compare four sets of the parameters forcoefficients for the superposition are determined by diago-
the Volkov potential as listed in Table I: En'yo 1 used in the nalizing the Hamiltonian matrix. This is an idea to describe
original AMD in Ref.[16], and Okabe 1 used for an analysis the nuclear structure such as a halo within rather small num-
on °Be in Ref.[21]. We introduce new parameters En’yo 2 ber of basis functions.
and Okabe 2 whose Majorana exchange parameters are de-Next, we investigate the validity of this procedureSide.
termined to reproduce the four neutron binding energy ofThe AMD wave functions are used as basis functions of the
8He (B.E.=3.11 MeV[22)). GCM. The interaction used is Volkov No. 2 with a Majorana

In Fig. 1(a), we show the binding energies of He isotopesexchange parametévl =0.58. Figure 2a) shows large en-
calculated within the bound state approximation. Both resultgrgy gain of®He due to the superposition of the AMD wave
with parameters En’yo 1 and Okabe 1 have shortcomings ifunctions as GCM basis functions, and the energy rapidly
comparison with experimental binding energies, by severatonverges. The horizontal axis shows the number of basis
MeV. That means a single Slater determinant may not béunctions which are superposed. Here, 1 on the horizontal
enough to describe valence neutron’s motion around thexis corresponds to one basis function, which is calculated
core. Furthermore, it is impossible to find parameters whictwithout the constraint of the value of an rms radius. And 2
reproduce the binding energies systematically within a singl®n the horizontal axis shows the superposition of this basis
Slater determinant. For example, in Figa)l using param- function and one whose rms radiuR,{,J is constrained to
eters En’yo 2 and Okabe 2 whose Majorana exchange p&-.15 fm. In the same way, 3 corresponds to the superposition
of these basis functions and a new one viRth=2.20 fm,
and so on up td=;,s=2.60 fm with step by 0.05 fm. Since

-1
—2§ | @ A the calculated energy shows rapid convergence, the frame-
% 9 L - ///A Tt | ——En'yol work we have introduced works well.
5 o4 | /)SS ;/// \\ —=— Okabe1 In Fig. 2b), the energy of each basis function is shown.
B2 26 L // X s —+—En'yo2 The hor!zontal axis represents thg constrained value' of 'Fhe
5 8 2 A\ —— Okabe2 rms radius. The AMD wave function whose rms radius is
é _30 Ty X \\ ——Bxp. constrained to 2.30 frithis is close to the experimental
" ‘ ‘ ‘ value gives the lowest energy after the angular momentum

projection to 0". This 0" energy(—25.7 MeV) is lower than

one obtained without the constrairt24.7 MeV) by about 1
MeV. This shows that the approximation of the projection
(b) after variation in the simple AMD is much overcome by
applying the constraint to the rms radius. When we perform
the GCM calculation, the energy of the ground state becomes

«w

[ed
w
T
¥

——En'yol

—»— Okabel A . S
+En;; lower by 3 MeV. This is due to the reduction of the kinetic
—x— Okabe2 energy, and the valence neutrons have very spread spatial

distribution.

Furthermore, in Fig. @), we show the convergence of an
rms radius to a large value when AMD wave functions are
superposed as GCM basis functions. The value of the hori-

FIG. 1. (a) The binding energies of He isotopes with AMD and zontal axis is the same as in FigaR As seen in Fig. &),

(b) the root mean square radii of He isotope with AMD. the rms radius also converges near the experimental value

—— Exp.

—_
o
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-
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w0 FIG. 3. (8 Binding energies of He isotopes with AMBGCM
215 22 225 23 235 24 245 25 255 28 (not including local energy minimum(b) Binding energies of He
R.M.S Radius (fm) isotopes with AMD+GCM (including local energy minimuin
E 3 © shown to be significant in the case 8fle (t+1t clusteriza-
=y tion). Using the present framework, such effects of core-
4 2 33im cluster breaking can easily be taken into account without any
g 24 x — mathematical and computational difficulties. We have
= PSS p
. 7_/; - checked for®He that thea cluster breaking contributes to
@A the increase of the binding energy by a few hundred keV.
S’ 1.8 This energy gain is almost the same as the more accurate
I~ value obtained in Ref.8]. Although this energy gain from

the core-cluster-breaking effect ifiHe is ~300 keV, it
might be more critical for Li isotopeg¢e.g., a-t clustering
effect, and this is our future problem.

FIG. 2. (a) The convergence of energy f6He. The horizontal Finally, we apply the present approach for He isotopes
axis shows the number of basis functions superpogedrhe 0©  and discuss the binding mechanism. In Figa)3we show
energy of each basis function. The horizontal axis is rms radius othe binding energies of He isotopes. The interaction used is
each basis functioric) The convergence of root mean square radiusthe same as that in Fig. 2. The systematic of the calculated
for ®He. The horizontal axis is the same (@& binding energies shows good agreement with the experimen-

tal data except forHe. This insufficiency of'He is easily
when the binding energy reproduces the experimental valuginderstood as follows. Since the ground state’kde is a
Therefore, now we get the wave function which reproducegesonance state above tAlen threshold, the relative mo-
the binding energy and the rms radius simultaneously withiriion between®He and a valence neutron is mainly described
rather small number of the basis functions. Here, it should b®y the present model. Then, the tail of one valence neutron is
mentioned that the properties of spatially extended valenceolved within a bound state approximatigthe maximum
neutrons aroundHe core is essentially described, even if theconstrained value oR,,=2.6 fm). On the other hand, the
present wave function is not an exact one because of theinding energy of’He from the*He+n+n+n threshold is
limited model space. However, it is difficult to compare thevery small(B.E.=0.54 MeV[22]), and the*He-2n motion
present result with the full space calculations, since thén ®He core is also important. Thi¢kle-n) —2n configura-
model space is truncated to only the set of optimal basi¢ion corresponds to a local energy minimum in the energy
functions under the constraint of the rms radius. In factsurface of ‘He, which is very near to the ground energy
when we use the same Minnesota potential employed in theinimum (SE=~0.05 Me\). Therefore, in Fig. &), for
calculation by Cstb [8], we need the exchange parameter ‘"He, we calculate the binding energy including both con-
u=1.1 to have the observed binding energy®fe (u pa- figurations(the maximum value oR,=2.6 fm). Now the
rameter in Ref[8] is u=0.98), then more attractive central calculated binding energy of He isotopes reproduce the ten-
potential is required to have the same binding energy. dency of the experimental values. Here, similar modification

As far as the so-called underbinding problemSde is  of wave functions to include a local minimal configuration is
concerned, in Ref8], the breaking of ther cluster has been done also forPHe, though it does not make a drastic change

0123456 78 9101112

Base Number
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different from the case ofHe. For°He and®He, we cannot the rms radius are constrained during the cooling process are
find any local energy minimum. Although the calculated rmsprepared, and these energy minimal states with different con-
radius of®He (E=—1.02 MeV andR,,=2.32 fm) is close  straint values are superposed based on the GCM. Because of
to the experimental valueEE —0.98 MeV [22] and R,  this superposition, the large rms radius®fe is reproduced.
=2.33 fm[23], 2.48 fm[2)]), that of 8He (E=—3.31 MeV  Although the present model is rather simple, in whieli0
andR, .= 2.31 fm) is smaller than the experimental value by Slater determinants are superposed, the experimental ten-
~0.2 fm (E=—3.11 MeV [22] and R,,=2.49 fm [23)). dency of the binding energies of He isotopes is reproduced
That is consistent with the accurate calculation by Vaga except for He. This insufficency of’He comes from the

al. [15] (E=—3.32 MeV andR,,=2.32 fm), where inter- rack of basis functions which is intuitively understood as
action used is also modified from the original Minnesotafollows. According to the present proceduféjen relative

potential to reproduce the experimental binding energy ofmotion is mainly solved. However, since the binding’tfe
6He. is very weak from the*He+n-+n+n threshold(0.54 MeV

For SHe and "He, there exist problems to treat the un- [22]), it is also important to describe two valence neutrons’
bound states. However, we checked the stability of the entdi-neutron motion against the core, which corresponds to a
ergy and the rms radius within the bound state approximalocal minimum in the energy surface. Therefore, when we
tion. Furthermore, since the ground state “dfe is bound combine basis functions for both configuratidnse neutron
from the *He+n+n+n threshold although it is unbound tail and two neutron taij this underbinding problem is over-
from the ®He-+ n threshold, the bound state approximation iscome. For °He, we obtain a smaller rms radius than the
expected to work for the two neutron decay mode and th&xperimental ones. Since the present model can describe ba-
three neutron decay modes. As far as fiide+n decay Sic features of He isotopes systematically, as a future prob-
mode is concerned, since the ground state energiHefis  !em, we will apply the method for systematic analyses on Li
below the centrifugal barrier of thewave by about 1 MeV, and Be isotopes. The extension of the framework might be

the bound state approximation is expected to be valid. ~ necessary to describe two center systems, for example
"Li(a+t) and ®Be(a+ a) because one center core picture
IV. SUMMARY AND CONCLUSIONS is not valid so much as the case of He-isotopes.
In summary, we have introduced a model for systematic ACKNOWLEDGMENTS
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