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Triaxial deformation in 1°Be
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The triaxial deformation in%Be is investigated using a microscopic- @+ n+n model. The states of two
valence neutrons are classified based on the molecular{btBi} model, and ther orbit is introduced about
the axis connecting the twa clusters for the description of the rotational bands. There appear two rotational
bands comprised mainly &"=0" andK™=2", respectively, at low excitation energy, where the two valence
neutrons occupK™=3/2" or K™=1/2" orbits. The triaxiality and th& mixing are discussed in connection
to the molecular structure, particularly to the spin-orbit splitting. The extent of the triaxial deformation is
evaluated in terms of the electromagnetic transition matrix elem@&egydov-Filippov model Q-invariant
mode) and density distribution in the intrinsic frame. The obtained values turned out je=06°—20°.
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[. INTRODUCTION be the axis connecting twa clusters. If we adoptK™
=3/2" or 1/2° orbits for the two valence neutrons, there
Recently, exotic structures of the Be isotopes have beeappear two rotational bands in low energy; one is dominated
theoretically and experimentally studied, and many new pheby the K=0 intrinsic structure and the other li=2. The
nomena have been discusgdd-7]. One of them is the ap- calculated two 2 states of these bands can be related to the
pearance of the cluster rotational band structure in the exabserved first 2 state at 3.358 MeV and the second &tate
cited states of'%Be (a«+°He) [5,7] and °Be (e+3He, at 5.958 MeV. It is therefore important to show how the
®He+®He) [4,6]. We have suggestd@—10), based on the triaxial intrinsic configuration emerges in these states, and
molecular-orbit(MO) model, that the development a@f« how the orbits of the valence neutrons deviate from the axial
cluster structure depends on the neutron orbits locatedymmetry. Here, we calculate the electro-magnetic transition
around the core comprised of clusters. In the second™0  between thes&K=0 and K=2 bands[B(E2: K=2—K

state of 1°Be, an anomalously prolonged-a clustering =0)] as a signal of a triaxial deformation. This transition is
structure emerges due to the valence neutrons located aloSgPPressed when the orbitals are of pure axial symmetry.
the a-a axis[8,9]. However, the orbitals may deviate from the axial symmetry,

The nucleusi’Be has been known to have a strofg when the valence neutrons are mutually more correlated and

deformation due to the-a core. In this paper, we discuss form a localized dineutron pair due to the neutron-neutron

another aspect, a triaxial deformation. The triaxial deformaint€raction. The recoil effect of the valence neutrons with

tion is possible as a result of the dynamics of the two valenc<5GSpect to thex-o core the.n p_Iay§ a role to break the axial
i 0 . - symmetry of the charge distribution.

neutrons. The triaxiality of°Be has been theoretically dis- This paper is oraanized as follows. In Sec. II. we dive a

cussed based on the deformed oscillator mpti], in which bap 9 : s 9

. . . . ipti f th ingle-particl it the tw
a v distortion of 34.8° has been predicted. According to thedescrlp lon of the single-particle orbits around the tawo

- . clusters based on MO. In Sec. lll, we show our results on
Davydov-Filippov mode[12], this y value suggests that the 103 and a conclusion is given in Sec. IV

excitation energy of the second Xtate is 2.3 times higher ' o
than that of the first 2 state. In'%Be, the first 2 state is
observed at 3.358 MeV, and several tates have been
observed around the 8 MeV region. Because of the presence
of the 2" states in this energy region, recently, an experi- The framework is the same as in RE8], and only im-
mental study has been performed in order to identify a triportant points are recaptured here. We introduce a micro-
axial structure of*®Be [13]. scopic e+ a+2n model for 1°Be. The neutron configura-

In this paper, we discuss the triaxiality 4iBe as a com- tions are introduced based on the molecular ofbiO)
posite system of thex-a core and two valence neutrons, picture[14—16. The total wave function is fully antisymme-
comparing it with other theoretical models. In our previoustrized and expressed as a superposition of Slater determi-
study on'%Be[8], all of the observed low-lying positive- and nants with various configurations of the valence neutrons.
negative-parity states are explained as combinations of threghe Slater determinants are also superposed with respect to
basic orbits K™=3/2", 1/2", and 1/2') of two valence neu- different relative distances between the twalusters. The
trons around the twar clusters. Here, the axis is taken to  projection to the eigenstates of angular momentlis nu-

merically performed. All nucleons are described by Gauss-
ians with a common oscillator parameter. Twalusters are
*Electronic address: itagaki@phys.s.u-tokyo.ac.jp introduced on thez axis, and the wave function of thi¢h

Il. EXTENDED MOLECULAR-ORBIT MODEL
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valence neutrond; x;) is expressed by a linear combination functions do not have exactly conserved quantum nurkber
of local Gaussians: On the other hand, the paramebeis small enough usually,
and theK™ number is preserved to a good extent, and is
dixi= > 9iGr X, (1)  expressed hereafter &
j ! When these orbital parts of the wave functions are

coupled with the spin part, the orbits with™=3/2, 1/2,

whereR; is a parameter corresponding to the Gaussian cen-. 1/2. and—3/2 are introduced as follows:

ter.

In the MO model, the states of the valence neutrons are |3/27)= ¢,¥O|nT>, |1/27)= llf'flo|nl>, (8)
expressed by a linear combination of orbits around two
clusters. The lowest orbit has one node and negative paritgnd their time reversal,
that is thep orbit. We take the harmonic-oscillator-type wave
function for thep orbit. Suchp orbits in thex, y, and z |=3/27)=y"QInL), [~12)=y"QInT). (9
direction are denoted ag,, #,, and,, respectively. We . ) . i )
now classify single-particle orbits for the valence neutrons in  USing these orbits, we introduce three configurations of
terms ofK quantum numbers: ®((3/27)%) with K=0, ®((1/2)%) with K=0, and

—_— i 5 5 ®(3/27 1/27) with K=2 for the two valence neutrons, and
Pt ighy=(xtiy)ex —vrlorYyexd —vre],  (2)  mixing amplitude of these configurations are variationally
determined after the angular momentum projection.

_ _ 2 _ 2
Y=z exf —vre]erY ex — v, (3) The Hamiltonian and the effective nucleon-nucleon inter-
Yy = (x—1y ) exd — 2oy, jexd — 2. (4) action used are the same as in Ré&i.
Thesep orbits haveK=1, 0, and—1, respectively. Ill. TRIAXIAL STRUCTURE IN  '°Be

Now we construct MO from thesp orbits. Since each
valence neutron can move around one of the anmdusters,
there should be two sets of tipeorbits defined with respect
to those twoa clusters. Thus, the, i) orbit whose
center is shifted atta[ —a] on the z axis is denoted as
(IEihy) ca [(Ixxiy) _al. As linear combinations of
these orbits, the lowest MOs are expressed as

In °Be, we adopt three configuration®((3/27)?),
®((1/27)?), and ®(3/2” 1/27). The values of the param-
eters for the valence neutrons are obtained variationally. The
parametefa describes the positions of the Gaussian centers
on thea-a (z) axis, and parametds corresponds to the ro-
tation radius of ther orbit about thex-a axis. The optimized
values are listed in Ref8].

MO_ (o +i (i) . 5 Before performing the angular momentum projection, we

1=ty at (it ly)-a ® discuss the triaxial deformation of the intrinsic wave func-
IMO= (=i th) s at (dh—i i) 6) tion. The intrinsic density ofb((3/27)?) is shown in Fig.

- X y/+a X y/—a-

1 [(a), xz plane; (b), xy pland, where thea-a distance is
These orbits clearly hawé=1 andK = —1, respectively. In  chosen to be optimal, as it turns out to be 3 fm.

these cases, the classical picturepdirbit is a circular mo- The intrinsic density is defined as a snapshot of a rotating
tion about then-« (z) axis. This is the so-called orbit. system. The plane in which the spin-up valence neutrons

the orbit becomes the so-callecbrbit, just along ther-a (z) ~ Z @xis being thea-a axis. Therefore, the spin-up valence
axis. This orbit is a higher-nordal orbit and only relevant toneutron is fixed on the&z plane, and the spin-down valence
the second 0 state, discussed also in antisymmetrized mo-neutron occupy the norma{ = —3/2" orbit. The intrinsic
lecular dynamic§AMD) calculationg17] and in stochastic density on thexz plane[Fig. 1(a)] shows a larges deforma-
variational methodSVM) calculations[18]. We now disre- tion along thez axis due to the presence of twicclusters. As
gard this orbit. for the xy plane[Fig. 1(b)], as you can naively expect, the

These () +a, (¥x)-a» (¥y)+a, and @) _, orbits can  density shows deviation from circular distribution and mix-
be approximated by a combination of two local Gaussiansture of a triaxial component is evident. The contour line of
whose centers are shifted by a variational parameteer- 0.01 in Figs. 1a) and Xb) suggests the deformation of this
pendicular to thez axis. We thus use the following wave nucleus isg~0.5 andy=11°.

functions: We then perform the angular momentum projection,
where the wave function is rotated and integrated over the
() +a*Gag +be,~ Gas,-be,s Euler angle, and the rotational symmetry is restored. Here,
the K mixing betweerK =0 andK =2 finally determines the
(‘//y)+a°cGaéZ+béy_Gaészéyv ce (7)  degree of the triaxiality of the system.

This intrinsic wave function is numerically projected to
The values of these parameterandb are variationally de- the eigenstates of angular momentum, and the basis states
termined by using the cooling method in AM[D9-24 in-  are superposed by generator coordinate mett®gM).
dependently for each-« distance. Since the rotational sym- Here, the coefficients representing linear combinations of
metry about thez axis is broken with Eq(10), the wave Gaussians for each single particle orbit are treated as varia-
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FIG. 1. The intrinsic density oP ((3/27)?) [(a) xz plane;(b) xy
pland, where thea-« distance is chosen to be optimal 3 fm.

tional parameters to take into account deviations from the

original orbits. Because of this, not only the “single-

particle” MO state where the valence neutrons independently

rotate around ther-« core, but also more complex states

where the valence neutrons are mutually more correlated as a

dineutron cluster can be included.
Using our framework, the binding energy of oaeluster

is calculated to be 27.5 MeV, and the threshold energy of free

a+a+n+n system is X(—27.5=-55.0 MeV. Experi-

PHYSICAL REVIEW C 65 044302

TABLE |. The electromagnetic transition probabilif8(E2)]
in 1%Be afterK mixing. All units are ine? fm*.

B(E2: 2] —07) 11.8(expt. 10.04-1.2)

B(E2: 2; —07) 0.70
B(E2: 2] —23) 3.99
B(E2: 4, —2]) 11.1

interaction attractively and the other feels it repulsively. Af-
ter the mixing of these two bands, the first 2tate becomes
E,=3.1 MeV (experimentally 3.358 Me)/ and the second
one is slightly pushed upHE,=5.6 MeV, experimentally
5.958 Me\). The first 2" state has the squared overlap with
the K=0 state by 0.96, and the second 2tate has the
squared overlap with th&k=2 state by 0.92. Therefore, the
second 2 state has the component Kf=0 by 8%, and it
can be considered as an indication of a triaxial deformation.

This triaxiality of the 2" states is reflected in the electro-
magnetic transition rate, ari8i(E2) values are summarized
in Table I.

The E2 transition between the first "2 state and the
ground state is calculated B§E2: 2, —0;)=11.8e?fm?,
which agrees with the experimental value of 10.04
+1.2 €2 fm*. Furthermore, the inter-band transition is calcu-
lated: B(E2: 2] —25)=3.99e2fm*. If the system is axi-
ally symmetric, this transition between differéitvalues is
more suppressed. Therefore, the value indicates that the 2
states have a component of a triaxial deformation.

Using the Davydov-Filippov modé¢ll2], we can estimate
the degree of the triaxiality as a function of theangle. The
ratios B(E2: 2, —0;)/B(E2: 2{ —0;) and B(E2: 2,
—27)/B(E2: 2 —07) are given in the Davydov-Filippov
model as follows:

3—2sirf(3y)
J9—8sir’(3y)
. 3-2sird(3y)

\9—8sirf(3y)

20 sirf(3y)
7 9-8siri(3y)

T 3 2siR(3y) @9
+

V9—8sirf(3y)

B(E2:
B(E2:

2, —07)

21+—>0Ir)

(10

25 —27)

. 2;—>0I)

mentally, the ground state is lower than this energy by 8.4

MeV.

As K=0 levels, the ground 0 state is calculated at
—60.5 MeV, the 2 state appears &,=3.6 MeV, and the
4% state appears &,=12.9 MeV. They fit quite well into
theJ(J+1) rule, and the dominant component is (3)2 for
the two valence neutrons. A§=2 states, the 2 state at
E,=5.6 MeV, the 3 state atE,=9.4 MeV, and the 4
state atE,=14.4 MeV form a rotational band structure.
They also fit quite well into thel(J+ 1) rule. TheK=2
band dominantly has a component of (3J21/27) for the

These values are compared with our calculation in Fig. 2.
The solid line in Fig. 2 shows the rati®(E2: 2,
—27)IB(E2: 27 —0;) calculated with the Davydov-
Filippov model. The ratio becomes 0.34 in our calculation,
and it has a crossing point with the Davydov-Filippov model
around y=19°. The dotted line in Fig. 2 shows the ratio
B(E2: 2, —~07)/B(E2: 2; —0]) calculated with the
Davydov-Filippov model, and it crosses with our result of
0.059 aroundy=17° and 22°. These results strongly suggest
that %Be has a triaxial deformation gf=15°-20°. Although

two valence neutrons, where one of them feels the spin-orbihe a-a core is of axial symmetry and electric charge

044302-3
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0. 4

0 5 10 15 20
v value (degree)

FIG. 2. B(E2) ratiosB(E2: 2; —2;)/B(E2: 2; —07) (solid
line) and B(E2: 2; —07)/B(E2: 2{ —07) (dotted ling, as a
function of y (degree. Our results of 0.34 and 0.059 cross with the

Davydov-Filippov model around 15°20°.

are only in thea’s, the recoil effect gives rise to a change

from the axial symmetry to the triaxial shape.

The v value can be deduced also in terms@fnvariant
model. In Ref.[25], the y value is related to the reduced

matrix elements of) operator:

Qz=2i (0711QlI2" )2 lQllor), 12

7 + + + + + +
da= \E,E (of11QlI2" )2 1Qll2] )2 lIQllo),

ds
;3/2 =Co0s 3y.

13

(14)

PHYSICAL REVIEW C 65 044302

Using these relations and taking the sum over indicasd|
up to 2, our calculated results correspondyte20.1°.

We discuss the electromagnetic transition between the two
2" states K-mixing effect between the two 2 state$ by
artificially changing the strength parametoi"e,s in Ref. [8]
for the spin-orbit term. The Majorana paramebkérfor the
central term is simultaneously changed to keep the calculated
ground 0" state energy constant. In Table Il, the
B(E2: 2, —2;) values are listed together with the calcu-
lated energies and magnetic dipole moments. Using the
original interaction, theB(E2: 2, —2,) value is predicted
as 3.99%? fm*.

When we increase th\(;u!'oS value, the excitation energy of
the second 2 state becomes higher, since one of the valence
neutrons repulsively feels the spin-orbit interaction. The
original interaction ¥/ =2000 MeV andM =0.6) givesE,
=5.70 MeV for the 2 state, but the interaction with
=2500 MeV andM =0.61 givesE,=6.82 MeV. TheB(E2:

27 —23) value then decreases from 3.8%fm* to
2.20e?fm*. Therefore, it is considered that with increasing
LS strength, theK quantum number of each*2state ap-
proaches a good number, where B2 transition between
the two 2" states is suppressed. On the other hand, when the
spin-orbit interaction becomes weaker, the transition rapidly
increases. Th&/§ value of 1500 MeV gives th8(E2: 2,
—21) values of 9.5%%fm* and when we adopV/{
=1000 MeV, the value becomes 17.63fm*. Here, the or-
bits of the valence neutrons deviate from ones with ggod
guantum numbers, and a triaxi@kt- « +dineutron clustering
configuration where the two valence neutrons are strongly
correlated becomes important.

We can intuitively interpret this behavior as follows:
when the spin-orbit interaction is weak enough, the two va-
lence neutrons form a dineutron, in which the attractive in-
teraction between them strongly contributes. However, when
the spin-orbit interaction acts significantly and becomes
more important, the dineutron pair is broken and each va-

TABLE Il. The electromagnetic transition probabilit(E2)] from the first 2" state to second 2 state
calculated by changing the strength of the spin-orbit interact\'dﬁ)(The Majorana parametéM) for the
central interaction is also changed to keep the calculated grolindtdte energy constant. The original
interaction isV'OS= 2000 MeV andVl =0.6. The magnetic dipole moment is also predicie(b!) andw(ns)
represent proton-orbital part and neutron-spin part, respectively.

VE (MeV) 1000 1500 2000 2500
M 0.58 0.59 0.60 0.61
0; (MeV) —60.48 —60.38 —-60.51 —-60.75
2] (MeV) —57.69 —57.30 —57.26 —57.33
25 (MeV) —56.71 —55.78 —54.88 —-53.93
B(E2: 2] —2;)(e?fm%) 17.53 9.53 3.99 2.20
w(27) (un) 0.57 0.73 0.72 0.69
(u(pl), m(ns)) (0.70,-0.13)  (1.04,-0.30)  (1.13,—-0.41)  (1.16,—0.48)
©w(22) (pn) 0.91 0.59 0.48 0.43
(u(pl), m(ns)) (1.03,-0.12)  (0.65,—0.06)  (0.51,—0.04)  (0.46,—0.03)
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lence neutron rotates around the core in opposite directioorbit interaction, and when the two valence neutrons con-
with definite K values. Note that the spin-orbit interaction struct a spin singlet, it helps to reduce the contribution of the

does not act to form a dineutron pair wii==0. This is close

repulsive spin-orbit interaction. This is the main reason for

to the jj -coupling picture and axial symmetry of the systemthe smaller neutron-spin part i, 2 On the other hand, if we

is restored.

use weaker spin-orbit strength, the difference of the neutron-

This situation can be interpreted also from the nucleaspin part between the two2states becomes much smaller.

SU; model. At the SUY limit (parameters, b, andd—0),
®((3/27)? (dominant configuration of 2) and
®(3/2- 1/27) (dominant configuration of ) correspond to
linear combinations of two S{Uconfigurations: K, ,ny ,n;)
=(2,0,4), \w=(2,2 and (n,ny,n)=(1,1,4), (\,p)
=(3,0 (n,=4 is due to thex clusters along the axis). This
is because the valence neutrons in"3/@nd 1/2 are ex-
pressed as linear combinationspmérbitals along thex andy

When the strength of the spin-orbit interaction Vg
=1000 MeV, 2 has—0.13uy and 25 has—0.12uy.

Finally, we comment that thK-mixing effect is also im-
portant for the 4 states. The 4 state withK=0 at E,
=12.9 MeV becomes,=10.5 MeV after theK mixing,
and the 4 state withK =2 atE,=14.4 MeV is pushed up to
E,=17.0 MeV. The first 4 state has the squared overlap of
0.78 with theK =0 state and 0.63 with thi€ =2 state(here,

direction. Here, the spin-orbit interaction determines thekK =0 andK=2 are not orthogonal Therefore, the first 4

mixing ratio of the two SY representations. When it is
strong enough, since thg-coupling picture works well,

state has almost an equal contribution of K& 0 and the
K=2 basis states. This is because, in the case ‘ofthe

these two configurations are mixed to the almost samengular momentum vector witki=0 andK =2 are not nec-
amount. However, when the spin-orbit interaction is weak-essary to be spatially orthogonal, which is different from the
ened, the binding-energy gain due to the mixing amplitudegase of 2. Therefore, the&k mixing for the 4" state of'%Be

changes. Here, th@,u)=(2,2) configuration, which is a di-

is very strong, and the electromagnetic transition probability

neutron configuration, becomes much more important thafor the yrast band deviates from a simple rigid-body picture.

the (\,u)=(3,2) configuration. This means that a triaxial de-

The B(E2: 47 —27) value is calculated to be 11ef fm*,

formation is induced when the spin-orbit interaction becomegyen smaller than thB(E2: 2 —0;) value of 11.8e2fm*,

weaker.

Next, we examine the magnetic dipole moment as a prob
to determine the strength of the spin-orbit interaction. In

Table Il, the magnetic dipole moments of these twos2ates
are listed, and we predigt=0.72uy and 0.48 for the
first and the second "2 states, respectively. Unfortunately,

the dependence of the total magnetic moment of these stat8
with respect to the spin-orbit strength is rather monotonic

However, each component has a significant dependence.
Table I, the proton-orbital part and the neutron-spin part ar

also listed(the neutron-orbital part is, of course, zero, and
the proton-spin part also becomes zero due to the assumption

of the « clusters.

As for the proton-orbital part, using the original interac-
tion (V=2000 MeVM =0.6), 2 is calculated to have a
larger value than 2: the 2/ state has 1.13y and the 2
state has 0.46, . The 2 state is mainly oK =0, and there-
fore the rotation of thex-« core is the main source of the
angular momentumJ=2). However, in the case of,2,
since the valence neutrons already hKve?2, the rotation of
a-a IS not necessary to construtt 2, and hence the proton-
orbital part is smaller than;2. These values depend on the

and the B(E2: 4, —2;)/B(E2: 2{ —0;) ratio of 0.94
fhuch deviates from the rigid-body limit of 1.43. If we re-
strict the model space t&=0, then theB(E2: 4, —2])
becomes 14.2°fm* and the ratio B(E2: 4] —2])/
B(E2: 2{ —0;) of 1.18 becomes closer to 1.43. In the
gclear SWY model, the 4 states withK=0 [(\,u)=(2,2)]
and K=2 [(\,u)=(3,1)] become the same representation.

]l;his character partially remains as a strdfignixing effect

an the present MO model.

IV. SUMMARY AND CONCLUSION

We have applied the+ a+n-+n model to 1%Be and dis-
cussed the triaxial deformation of this nucleus. The orbits for
the valence neutrons have been introduced based on the mo-
lecular orbit(MO) model. In the present model, the spatially
extended motion of the valence neutrons aroundatiodus-
ters are described by linear combinations of Gaussians, and
the centers of the Gaussians are variationally determined.

The calculated energy levels show the appearance of two
band structures, which have dominant#y=0 and K=2
components, when the two valence neutrons occKgy

strength of the spin-orbit interaction. With decreasing spin-=3/2" or K™=1/2" orbits. The first 2 state has the squared
orbit strength, the difference of proton-orbital part betweenoverlap with theK =0 state by 0.96, and the second &tate
these two states becomes smaller due to increase of thas the squared overlap with the=2 state by 0.92. Since

K-mixing effect between the two 2 configurations, which

the second 2 state has the component kif=0 by 8%, the

we discussed. When the strength of the spin-orbit interactioelectromagnetic transition from the{'?state(mainly K=0)

is V=1500 MeV, Z has 1.04y and 2 has 0.6%y. As
for the neutron-spin part, in the'oszzooo MeV casdorigi-
nal interaction, 2; has —0.41uy and 25 has —0.04uy.
This result suggests that thg Xtate has both spin-singlet

to the 2 state(mainly K=2) is allowed (3.9%? fm?). Us-
ing the Davydov-Filippov mode[12], we estimated the
triaxiality for the 2" state. The ratioB(E2: 2, —2;)/
B(E2: 27 —0;) calculated with the Davydov-Filippov

and spin-triplet components of the valence neutrons. The 2 model and our model coincide aroung=19°, and the

state is dominated by the spin-singlet component. In the 2

B(E2) ratio B(E2: 2, —0%)/B(E2: 2; —0;) indicates

state, one of the valence neutrons repulsively feels the spiny=17°-22°. Originally, thea-« core is introduced to be of
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axial symmetry. However, because of the recoil effect of thebetween the core and the valence neutrons becomes weak.
valence neutrons, the charge distribution deviates from thelere, the valence neutrons form a dineutron pair with spin
axial symmetry, and the system becomes triaxial. We alsginglet, by which they can increase the spatial overlap be-
discussed the triaxial deformation by artificially weakeningtween them and the contribution of the attractive interaction.
the spin-orbit interaction. With decreasing spin-orbit interac-Therefore, it is very challenging to explore the triaxial defor-
tion, the orbits of the valence neutrons deviate from themations in 2Be and *“Be, which have weakly bound neu-
jj-coupling limit, and the dineutron configuration becomesi,ons and also deformed cores.
important. Here, the system becomes three-body-like and the
B(E2: 25 —2;) value drastically increases.
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