Electric Dipole Transition of the First Excited State of °Be
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The E1 transition strength of the 1/2+ first excited state of 9Be is calculated using three body
cluster model and complex scaling method where the excited state is correctly treated as
unbound. The 1/2+ resonance is obtained using the attractive three-body potential.
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INTRODUCTION

It is a longstanding problem to determine resonance
energy and decay width of the first excited 1/2* state
of °Be, which is closely connected with the problem
to clarify whether it is a resonant state or not. The
resonant structure [1-5] and a virtual characteristic
state [6] of °Be(1/2%) have been studied by the
various theoretical approaches and photo-
dissociation experiments. However, a complete
understanding on the nature of °Be(1/2") state has
not yet been obtained. It is desired to perform a more
comprehensive study based on an a+a-+n three-body
calculations which can treat the bound ground state
and also the unbound resonant states of °Be in an
unified framework.

The low-energy photodisintegration of 9Be has also
received much attention from the viewpoint of the
astrophysical interest. The photodisintegration cross
section has been discussed to be negligibly small in
the energy region between thresholds of ata+n
(1.5736 MeV) and ®*Bet+n (1.6654 MeV). The
observed cross section above the §Be+n shows a
prominent peak, although there are some
discrepancies among the experimental absolute
values. The cross section profile has an asymmetric
shape and cannot be explained by a simple
resonance formula like the Breit-Wigner form.

In this work, the complex scaling method (CSM) [7-
8] Is applied to an a+a+n three-cluster model for
understanding the nuclear structure and (y,n)
reactions for low-lying states in °Be.

We treat the unbound nature of the 1/27 state of 9Be
and investigate the E/ transition between 1/2" and
3/2- states, which contributes to the (y,n) reaction
dominantly. Furthermore, we examine the
resonance formation in the (y,n) reaction to see
whether a direct three-body breakup or a two-step
process through the ®Be+n intermediate resonant
state is dominant.
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FRAMEWORK
A. a+a+n three body model

The Schrodinger equation for the o+a+n system
using the orthogonality condition model (OCM)
is solved. The Schrodinger equation is given as

HY = E, W (1)

where J™ is the total spin and parity of the
ata+n system and v is the index of eigenstates.
The energy eigenvalue E,, is measured from the
o+a+n threshold of °Be. The Hamiltonian for
the relative motion of the o+a+n three-body
system is given as

3
H= Z ti—Tem + Ve (&) + Voo +Vpp + V3
i=1

()
where t; and T,,, are kinetic energy operators
for each particle and the center-of mass of the
system, respectively. The interaction between
the neutron and the i-th o particle is given as
Von (&), where &; is the relative coordinate
between them. The Kanada, Kaneko, Nagata,
Nomoto (KKNN) potential [9] is employed for
V. For the a+a interaction V,,,, we employ the
same potential as used in Ref. [10], which is a
folding  potential of the  effective
nucleon-nucleon (NN) interaction and the
Coulomb interaction.
The pseudopotential Vpp = A |Ppp){Ppp| is
the projection operator to remove the Pauli
forbidden states from the relative motions of
a+ta and o+n. The Pauli forbidden state ®pf is
defined as the harmonic oscillator wave
functions by assuming the (0s)* configuration,
whose oscillator length (A\=10° MeV) is fixed to

2
i=1
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reproduce the observed charge radius of the o
particle. In the present calculation, the a+o+n
three-body potential V5 is used. The explicit
form of V5 is given as

Vs = vgy eXP(_#PZ) (3)

where p is the hyper-radius of the a+at+n
system. The hyper-radius is defined as

p? = 2r? +§R2,

where r is the distance between two d's and R
is that between the neutron and the center-of-
mass of the a-o subsystem. To reproduce the
ground-state properties, we take the potential
strength v3, and the potential width u as 1.10
MeV and 0.02 fm™2, respectively. For other
spin-parity states, the same value of u as used
in 3/27 states is employed, and different
strengths are used to reproduce the energy
positions of the observed peaks in the
photodisintegration cross section.

The Schrodinger equation with the coupled
rearrangement-channel Gaussian expansion
method [11] is solved. In the present
calculation, the °Be wave function (D}’n is

described in the Jacobi coordinate system as

Ve = Seiy €2y 0| [0{006 R x| @)
24

where Cg;;(J™) is a expansion coefficient and y1

2

is the spin wave function. The relative

coordinates , and R, are those in three kinds of

the Jacobi coordinate systems indexed by ¢ (=

1, 2, 3), and the indices for the basis functions

are represented as i and j. The spatial part of the

wave function is expanded with the Gaussian
basis functions.

B. Complex scaling method

To calculate the photodisintegration cross section,
we use the CSM [7-8,10]. In the CSM, the relative
coordinates & (1, and R,) are transformed as

U(O)EU1(0) = Ee'?, Q)

where U(0) is a complex scaling operator and 6 is a
scaling angle being a real number. Applying this
transformation to Eq. (1), the complex scaled
Schrodinger equation is obtained as

HO W)(0) = EJW}n(6) . (6)

By solving the complex-scaled Schrodinger
equation with appropriate £? basis functions, we

obtain the energy eigenvalues Ef and eigenstates
Wz (8) (their biorthogonal states ‘T’l‘% (6)) [10].

The energy eigenvalues Ef obtained on the
complex energy plane are governed by the Aguilar,
Balslev, Combes (ABC) theorem [7-8]. A schematic
picture of the energy eigenvalue distribution is
shown in Fig. 1.
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Figure 1: Schematic picture of energy eigenvalue distribution
on the complex energy plane for the a+o+n system.

8Be(0*)+n continuum

In the CSM, the energies of bound states are given
by real numbers and are invariant under the complex
scaling. On the other hand, resonances and
continuum states are obtained as eigenstates with
complex energy eigenvalues. The resonances are
obtained as isolated eigenstates on the complex
energy plane, whose energies are given as EY =
EJ} — il /2. The resonance energies Ej and the
decay widths I}, are independent of the scaling angle
6 . The complex-scaled continuum states are
obtained on branch cuts rotated down by 26 as
shown in Fig. 1.

The branch cuts start from the different thresholds
for two- and three-body continuum states in the case
of the a+o+n system as shown in Fig. 1. This
classification of the continuum states is useful in
investigation of  properties of the °Be
photodisintegration.

Using the energy eigenvalues and eigenstates of the
complex-scaled Hamiltonian H? | the complex-
scaled Green's function is defined as

GOE;§,6") = (5| —51") = X,

E-H?

Wi (0) P)n(6) )
E-E}
In the derivation of the right-hand side of Eq. (7),

we use the extended completeness relation. The
cross section is calculated

°Be(3/27) + vy — atatn,

in terms of the electric-dipole transition. In the
present calculation, we focus on the low-lying
region of the photodisintegration cross section and
take into account only the dipole responses.
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The photodisintegration cross section ¢ is given by
the E1 ransition as

¥ (Ey) = op1(Ey) , (8)

where E, is the incident photon energy. The energy
E in Eq. (7) is related to E, as E =E, —Eg
where E ¢ is the binding energy of the Be ground
state measured from the a+o-+n threshold. The cross
sections for the electric-dipole transition oy, are
expressed as the following form:

3 (E,\ dB(ELE
UE1(EV) - 16: (hZ) (dEy Y) ©)

Using the CSM and the complex-scaled Green's
function in Eq. (7), the electric-dipole transition
strength is given as

dB(ELEy)

4B,

- 1 ~0 v
= nz,gsﬂ Z< .(0)]10, 11%7 (6))

X E_—ngvw)nom 1¥55.(6).  (10)

Where J 45 and W 5 (0) are the total spin and the
wave function of the ground state, respectively, and
Ogl is an electric-dipole transition operator.

RESULTS AND DISCUSSION

The 3/2- ground state of °Be is calculated at 2.16
MeV from the a+o+n threshold with no three-body
potential (v3 = 0) by M.Kato [12]. The two-cluster
potentials 1, and V,, are fixed to reproduce the
experimental data of the corresponding sub-
systems. Here, we introduce a repulsive three-body
potential

v3p = 1.10 MeV, 4 =0.02 fm?) to fit the
observed binding energy (-1.574 MeV) of °Be.
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Figure 2. Energies of the 1/2 state measured from the a+o+n
threshold, as a function of the three-body potential strength V3.
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Figure 3. The eigenvalue trajectory of the 1/2* state in the
complex-energy plane.

The Hamiltonian Eq.(2) reproduces all the threshold
energies of o+o+n, $Betn and ’He+a in the °Be
nucleus. Using this Hamiltonian, we do not obtain
the 1/2* resonance of °Be. This result is the same as
that obtained in Refs. [6, 12].

To clarify the resonance nature of the 1/2* state, we
carry out three-body calculation of the 1/2* state by
adding the three-body potential. With a strong
attractive three-body potential with a negative value
of vz, the 1/2* state is obtained as a bound state as
shown in Fig. 2.

From calculations for various values of vz, we find
that the 1/2* state becomes bound with the value of
v3p below -26 MeV. Increasing the value of vg),
from -26 MeV gradually, we search for the 1/2*
resonance solutions in the CSM, whose eigenvalue
trajectory is shown in Fig. 3. It can be seen that there
is a jump from the o+a+n threshold energy to a
complex value, the real part of which corresponds to
a energy just above the ®Be+n threshold. This
discontinuity of the trajectory may be understood by
considering the properties of solutions in the CSM.
In the CSM, resonance poles existing below the 26
line of continuum states starting from the lowest
threshold of a+o+n cannot be obtained as isolated
eigenvalues. Because of the analyticity condition for
the present complex scaled Hamiltonian, the 6
value must be smaller than 45° [7].
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Figure 4. The 1/2* energy eigenvalue distribution in the
complex energy plane for the a+a+n model.
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Figure 5. The EI transition strength for °Be (3/2 to 1/2%) as a
function of energy E, changing the strength vsp, of the three-
body potential.
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Figure 6. The El transition strength °Be (3/2° to 1/2%)
calculated for vz, = —20,—21,—22,—-25 MeV.

For virtual states (whose energy eigenvalue is
located at the negative real axis of the second
Riemann surface), the angle 8 has to be larger than
90°. When a virtual state exists in the $Be-+n channel,
a jump is expected in the resonance trajectory as
discussed in Ref. [13]. The present case is not a two-
body system but the a+a+n three-body one. It is
difficult to trace the jump behavior of the pole
solutions in the CSM.

Fig. 4 displays an example of the eigenvalue
distribution of °Be(1/2*) for v3, = 17 MeV with
0 = 15°. Besides the triangle corresponding to the
resonance, all solutions for continuum states
described by open circles lie on two straight lines
starting from positions of the o+a+n three— and
8Be(0")+n two-body thresholds. To investigate the
effect of the 1/2* resonance of °Be, the E/ transition
strength is calculated by using the solutions of the
1/27 state and the ground state.

In Fig. 5, the results are shown as a function of the
energy measured from the o+o+n threshold for
several values of the three-body potential strength
Uzp. The vz, = —15 and —17.1 MeV (attractive)
or the vz, = 0 and 10 MeV (repulsive) three-body
potential strengths are applied. The E/ transition
strength for vz, = —17.1 MeV rises sharply from

the 3Be(0")+n two-body threshold. The transition
strength reaches with a maximum of 0.26
e’fm?/MeV at E=0.11 MeV, and decreases to 0.01
e’fm?’/MeV at E= 0.5 MeV. As vy, increases, the
peaks of the FE/ transition strength decrease
gradually and move into higher energies. In the
cases of vz, = 0 and 10 MeV, the peaks of the £/
strength are broad and their energy positions are
distant from the ®Be(0")+n threshold. It is noted that
the E7 transition strength is very small in the energy
region below the #Be(0")+n two-body threshold.
The EI transition strengths calculated for
vzp = —20~ — 25 MeV are shown in Fig. 6. They
have transition strengths in the energy region
between o+o+n and the ®Be(0*)+n thresholds. Each
E1 transition strength seems to be expressed by the
Breit-Wigner form. In the case of v3; < —25 MeV,
where the 1/2* state becomes a bound state, the E/
transition strengths have not a characteristic
structure around o+o-+n and $Be(0")+n threshold
energies.
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Figure 7. The °Be(y, n)*Be cross section om as a function of
excitation energy E. The experimental data are taken from Refs.

[1-3]

Comparing the calculated photo-disintegration cross
section of the 1/2" state with the recent new
experiment [1], we and that vy, = —17.1 MeV
gives a good agreement as shown in Fig. 7. Using
this v3;, we obtain 1/2* as a three-body resonance.
This result indicates that the experimental cross
section can be explained in terms of the 1/2*
resonance of °Be.

SUMMARY

In this work, the properties of the 1/2* state of “Be
varying values of three-body potential are studied.
Without the three-body potential, we cannot obtain
the 1/2* resonance of °Be, which is consistent to the
results in Refs. [6, 12]. The 1/2" resonance is
obtained using the attractive three-body potential,
which is responsible to explain the E/ transition
strength of °Be with an enhancement near the a+o-+n
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threshold  energy. The calculated photo-
disintegration cross section is in good agreement
with new experimental data [1] using the resonance
solution of “Be(1/2%) with an appropriate strength of
the three-body potential.
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