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Microscopic cluster model in harmonic oscillator traps
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Microscopic cluster model (MCM) is a successful theoretical framework to investigate nuclear clustering
phenomena. In this work, we put it in a harmonic oscillator trap (HOT) and propose a new method abbreviated
as MCM-HOT to study scattering states of cluster systems in free space. As proofs of concept, we compute the
scattering phase shifts for some single-channel two-cluster systems. The numerical results given by MCM-HOT
agree well with those from the conventional microscopic R-matrix method, implying that our novel method
MCM-HOT can be useful in studying scattering processes of light neutron-nucleus systems.
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I. INTRODUCTION

Cluster structures play an important role in nuclear
many-body systems, attracting intensive attention from both
experimentalists and theorists. Microscopic cluster models
(MCMs) have achieved notable success in describing clus-
ter structures by taking nucleons as building blocks and
presuming the appearance of nuclear clusters. Several re-
alizations of MCMs have been proposed in the literature,
including resonating group method (RGM) [1-5], generator
coordinate method (GCM) [6-8], and the Tohsaki-Horiuchi-
Schuck-Ropke (THSR) wave function method [9-11]. They
all follow the general philosophy of MCMs and are different
from each other in technical aspects.

Due to the essential requirement for introducing open
quantum systems in many-body problems, the continuous
spectrum is also of paramount significance apart from the dis-
crete bound and resonant states. Within this context, scattering
phase shifts play a pivotal role as they provide fundamental
insights into the interaction between nucleons, which is crit-
ical for understanding the cluster structure, studying nuclear
interactions, and predicting complicated reactions. Both pre-
cise experimental measurements and theoretical calculations
of scattering phase shifts are of great importance. Therefore,
achieving a treatment of continuum scattering states within
the MCM emerges as a crucial endeavor. Various methodolo-
gies, such as complex scaling method [12—16], microscopic
R-matrix method [17-20], continuum level density method
[21-24], and so on, have already been proposed to address
the scattering problems.
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In general, dealing with the many-body scattering prob-
lems is a more complicated task than solving bound states.
If the properties of scattering states can be conveniently
extracted from bound state calculations, it would facili-
tate a more effective approach for investigating continuum
scattering states. The trap method is such an approach
that involves confining particles within an artificial poten-
tial trap to extract properties of the original system. It has
been successfully applied in atomic physics and nuclear
physics. Explicitly speaking, the properties of elastic scat-
tering between two particles in an infinite-volume system
can be related to discrete energy spectrum of a trapped
system through a closed-form formula, for example, the
Busch-Englert-Rzazewski-Wilkens (BERW) formula [25] in
harmonic oscillator traps [26—30]. Subsequently, the BERW
formula is extended to both coupled-channel and few-body
cases [31-35].

In this work, we aim to combine the trap method with
the microscopic cluster model and present a comprehensive
theoretical framework called MCM-HOT to calculate the
scattering phase shifts, which is applicable to various im-
plementations of microscopic cluster model such as RGM,
GCM, THSR, and so on. To confirm the validation of the
MCM-HOT, we take o +n and o + o (without Coulomb
force) systems as illustrative examples, while employing the
microscopic R-matrix method as a benchmark. In addition, we
introduce the complex virial theorem within the framework of
MCM to ensure the accuracy of discrete energy spectrum in
harmonic traps.

The rest parts are organized as follows. In Sec. II, we
provide the general framework of MCM-HOT, which is ap-
plicable to different concrete MCMs such as RGM, GCM,
and THSR. In Sec. III, the numerical results are presented and
discussed. Section IV summarizes the article. The complex
virial theorem in MCM and some formulas in GCM and
THSR are included in the Appendixes.

©2024 American Physical Society
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II. THEORETICAL FORMALISM

A. Microscopic cluster model

In this part, we provide a concise theoretical framework
of the MCM. For more specific theoretical details of RGM,
GCM, and THSR, please refer to Refs. [36,37].

Considering a system composed of A nucleons, we assume
that it can be divided into two clusters with nucleon numbers
A; and A;. The relative coordinate p between two clusters and
the translation-invariant internal coordinates &, ;, §, ; can be
expressed as follows:

p =Rc.m.,l _Rc,m_,z,
§,=ri—Rem 1, i=1,... A,
EZ,J‘:rj—Rc,m.,Zaj=A1+1,...,A1+A2’ (1)

where R. , 1 and R, > are the center-of-mass (c.m.) coordi-
nates of two clusters.

In the RGM, the total wave function can be constructed
from the internal cluster wave functions (denoted as ¢, and
¢, for two-cluster system). These internal wave functions are
obtained through a harmonic oscillator model with an oscil-
lator parameter represented as b. Generally, it is assumed that
the oscillator parameters of all clusters are the same. Deviating
from this assumption can lead to serious technical challenges
due to spurious c.m. components. For two-cluster systems, the
RGM wave function can be formulated as

V(E i, &5, p) = A $1(E1,1)P2(82,))e(p)
= /ﬁf¢1($1,i)¢2(§z,j)3(p —r)grydr, (2)

where g(p) is the relative wave function and needs to be de-
termined by solving the Schrodinger equation. 27 represents
the antisymmetrization operator.

After substituting this wave function into the Schrédinger
equation, we obtain the RGM equation

/ (P, p') — Eat (0, 0))(p)dp =0,  (3)

where 7 and .4 are the nonlocal overlap and Hamiltonian
kernels defined as

{igﬁ z%} = (91828(p = 1)l {If} | pr28(p" — 1)),

“

where the integrals are performed over the internal coordi-
nates & and the relative coordinate r. The kinetic energy of
the c.m. has already been subtracted in the Hamiltonian H.

In the GCM framework, the Brink wave function of two-
cluster can be expressed through the Slater determinant

OR) = —— det 1§ =y 5 A p
( )—ﬁ € {¢1<—X >"'¢A1<_x )

cbmx(ﬂx’ :Bys ,Bz) = /d3R1 o 'd3Rn €Xp {_

(R, -

i—1

b (2R). . ulir

X — J—
'A1+1 A A A

_ [A1Ay!
- Al

the individual orbitals ¢3 are factorized in space, spin, and
isospin components:

A A
d[@(—fm@z(jm} (5)

B(S) = ¢(r, S)xor ©6)

where x,. is the spin-isospin wave function. The radial part
¢(r,S) is an harmonic oscillator function. In the case of s
wave, it reads

_ Q)
os(r, §) = (b)) exp ( ¢ be ) ) (7

where b is called the oscillator parameter. When assuming a
common oscillator parameter b, Eq. (5) can be rewritten as

AqlA,!
OR) =,/ %cbc.m.mqs(c,>¢<c2>r<p,R>], (®)

which involves the translation-invariant functions ¢(c;) and
¢(cy) of two clusters. The center of mass and radial wave
functions read

AN A
Dem. (Rem) = (ﬁ) exp <_ @Rg.m.>’ (9)
o\ Mo
I'(p,R) = (ﬁ) exp (—ﬁ(p —R)Z), (10)
where 11y equals A/Tsz'

The overlap kernel N(R,R’) and Hamiltonian kernel
H(R, R') are calculated by

NR,R) = (2(R)||®R"),

, , an
H(R,R) = (®(R)|H |PR)) .

In contrast to the traditional picture of localized clustering
(Brink wave function in the GCM), nuclear clusters in the
nonlocalized cluster model are not fixed to specific geometric
positions but can move freely in a hypothetic nuclear con-
tainer. For noe boson system, the nonlocalized THSR wave
function can be expressed as a superposition of localized
Brink wave functions ®?(R;, ..., R,):

2
S <1€—%"+1§+1§)}¢B(R R
> > L, Ry,

) Rn) = det{¢0§(rla Rl )XO'[T[ T ¢Os(r4ns Rn)XU4,,‘L’4,l}7 (12)
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where By, By, B, represent the deformation parameters along
three directions. For two o system we only handle the case
of axially symmetric deformation with the z axis being the
symmetry axis, namely, B, = B, # B..

The harmonic oscillator potential between two clusters
can be introduced by adding a direct local potential % uw*r?
in RGM equation. As for GCM and THSR, introducing the
harmonic oscillator potential can be achieved through the
corresponding asymptotic relative wave functions. Specific
details can be found in Appendix B. For n clusters in the
MCM, the introduction of harmonic oscillator traps follows a
similar procedure. In the RGM, this means that for each of the
n — 1 coordinates within each Jacobi coordinate, we introduce
a local harmonic oscillator potential with the relevant reduced
mass. In the case of GCM and THSR, n — 1 asymptotic rel-
ative wave functions within each Jacobi coordinate should be
utilized to construct the matrix elements.

B. Harmonic oscillator trap

Generally, the scattering phase shift of two particles can
be formulated by the discrete energy spectrum of the trapped
system in a closed form:

det[cot(§(E)) — F"™(E)] =0, (13)

where §(E) represents the diagonal matrix of scattering phase
shifts, and the analytic matrix function .#"*(E) is determined
through the geometric and dynamic properties of the trap it-
self, which can be derived through the quantization condition.

If considering a harmonic oscillator potential, a formula
about the scattering length term for two cold atoms trapped in
it is initially proposed in Ref. [25], and later, it is extended
to compute full energy-dependent phase shifts and applied
to cases for partial waves beyond s wave. Here, it is called
Busch-Englert-Rzazewski-Wilkens (BERW) and formulated
for angular momentum / as

I412(3 4 | _ E
cot(8,(E)) = (—1)+! (4}‘:_2“’> F(‘l‘_‘_—?%))
where p is the reduced mass and §; is the scattering phase
shift. This formula holds at the eigenenergies £ = % with
the center-of-mass energy already subtracted. In a harmonic
trap each particle experiences a potential %M w?’r?, where M
is its mass. One can only deal with the relative motion of
two particles based on the fact that the center-of-mass motion
can be factorized, namely, the interaction caused by harmonic
oscillator trap can be directly written as §uw?r?, where r is
the relative coordinate.

For a two-body system with short-range interactions, the
analytic matrix function .#"P(E) in Eq. (13) can be formu-
lated in a generalized form [32]

FIP(E) — 2RI +3/27 (NG0B )
l 2ukH g () nr—
G (1 E)
- = .  Inrr—> ’ 15
(rr)! 2 0) (13)

discrete spectrum

A —
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confined in a harmonic oscillator potential

—E

E

scattering in free space

FIG. 1. Left: scattering of « particle and neutron in free space.
Right: by introducing an artificial potential trap (illustrated here with
harmonic oscillator trap), o particle and neutron are confined in it.
The scattering properties in an infinite volume on the left can be
linked to the discrete energy spectra inside the trap on the right. The
trap size b is required to be much larger than the range of short-range
interactions between particles.

where Gf‘ee(r, ', k) is the free particle Green’s function

G (r, ', k) = —2ipk i (kr A (kr), (16)

where j; and h;“ are regular spherical Bessel and Han-

kel functions with k = \/2uE being the wave number, r_
and r. denote the lesser and greater of (r, r’), respectively.
For the harmonic oscillator trap, the trap Green’s function
G,™(r, ', E) can be written as G¢(r, r', E ) [38],

! 3 E
1 TG+i-2)
w(rr'?  T(1+3)
x Mp 1 (wor)We o (por?), (17)

Gy (r,r' E) =

where .4, ,(z) and #, ,(z) are the Whittaker functions [39],
r. and r. denote the lesser and greater of (r, r’), respectively.

The BERW formula can be easily obtained through
Egs. (13) and (15). For other types of traps such as spher-
ical hard wall trap [40-42], periodic cubic box, and so on,
obtaining their corresponding Green’s functions is sufficient.
Afterwards, following the framework outlined above, closed-
form phase shift formulas for these traps can be derived. More
detailed derivations can be found in Ref. [43].

The original BERW formula [Eq. (14)] is derived under
the assumption of short-range interactions, without taking into
account the long-range interactions. In the presence of the
Coulomb potential, Eq. (14) is not applicable and requires
complicated Coulomb corrections. At low energy, the long-
range Coulomb potential plays an important role for charged
particles. However, only in a few cases can the Coulomb po-
tential be analytically incorporated within trap method, such
as spherical hard wall and the confining potential described in
[44], where the potential equals 0 within a certain radius and
tends toward infinity as distance approaches infinity. Investi-
gating the microscopic cluster model within these potentials
may be also interesting.

By adding an artificial trap the particles are confined in a
finite volume and only bound states exist (as shown in Fig. 1).
The properties of scattering in infinite free space is encoded
in the confined system and connected with the eigenstates in
the trap through quantization condition. Furthermore, in order
to construct an interaction-independent modeling, the size of
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the finite volume induced by the trap should be significantly
larger than the range of short-range interactions, namely, the
width of the trap, denoted as b, should be guaranteed to satisfy
b > Rinter, Where Rin 1S the interaction range between parti-
cles. Therefore, we can find a region within the trap where
the interactions are insignificant. In this case, a connection
between the asymptotic form of the scattering wave function
with the trapped wave function can be established. Specifi-
cally for the harnionic oscillator trap, two spatial scales need

to satisfy b, = e > Rinter-

III. NUMERICAL RESULTS

We have already implemented the harmonic oscillator trap
into the MCM with a generalized approach. In the following
part, we take o + n system handled with RGM as a proof-
of-concept example. As mentioned in the previous section,
the harmonic oscillator trap is introduced by adding a local
interaction 1/1@*r?, which leads to the following new RGM
equation:

1 [d> 1(0+1)
— | S -2 E— V) — Vi
{2M |:dr2 2 :| + N (r) = 151Vs0.(r)

= f (&Y (r, 7)) + & (1, 7)) + ik (r, ¥ | P )
0
(18)

with

[, J=1+1/2
TIJ1={ / (19)

—(+1),J=1-1/2"

where direct nuclear potential Vy and direct spin-orbit poten-
tial V., exchange potentials k", k*, and ;- can be found in
Refs. [45-47].

The oscillator parameter b is set to 1.395 fm for & + n, and
the parameters in nucleon-nucleon potentials are all chosen
from Ref. [46]. In addition, it should be noted that the param-
eters for the spin-orbit interaction we utilized correspond to
the set I as defined in Ref. [46].

For a given parameter w, solving the new RGM equa-
tion above yields a discrete energy spectrum. With the BERW
formula, the corresponding phase shifts at these eigenener-
gies (excluding negative eigenenergies) can be obtained. In
practice, the choice of w should strike a balance between
achieving precision in bound-state solutions (i.e., @ should
not be too small) and satisfying the constraint imposed by the
trap method itself, which requires that w should not be too
large. In other words, the width b, = \/% of the harmonic
oscillator potential trap should be larger than the range of
cluster-cluster short-range interactions as much as possible.
The specific range of w will be provided in the subsequent
calculations and discussions.

In solving the RGM equation, we employ the Gaus-
sian basis functions ¢G(r) = Nyr'e™/" to expand the
wave function, with parameters r; = roy*~!,i=1,2,..., 30,
where rp = 0.1fm and y = 1.2. We begin our discussion

0 T T T
——microscopic R-matrix
® 1st eigenstate
E” 201 2nd e_igenstate
= ®  3rd eigenstate
L’°C>
= G
-% -40 1 4“1 1
)
@ ..
< u,
07 -...-‘.“'l-_-.-‘-\
-80 ' '
0 2 4 6 8 10
E (MeV)
c.m.

FIG. 2. The phase shifts of s-wave %Jr state computed with

microscopic R matrix and MCM-HOT. The solid line represents
results with microscopic R-matrix method, the circular, triangular,
and square markers correspond to results obtained with MCM-HOT
using the first, second, and third eigenenergies, respectively. For
these first three eigenstates, the maximum values of w adopted are
all less than or equal to 1.5 MeV. For the first, second, and third
eigenstates, the values of w are {0.30, 0.35,0.40, ..., 1.50} MeV,
{0.50, 0.55, 0.60, ..., 1.50} MeV, and {0.70, 0.75, 0.80, ..., 1.50}
MeV, respectively.

by considering the case of [ = 0. Figure 2 illustrates the
s-wave scattering phase shifts for o +n. The solid line
represents results obtained using the traditional microscopic
R-matrix method (for more specific details, please refer to
Refs. [18,48]), while the circular, triangular, and square mark-
ers correspond to results obtained through the MCM-HOT
using the first, second, and third eigenenergies, respectively.
Here, we have set the maximum value of w to be 1.5 MeV,
and all eigenvalue calculations have undergone verification
through the virial theorem to reduce errors stemming from
BERW'’s sensitivity to input energies. As mentioned above,
due to the inherent constraints of the trap method, @ cannot
be excessively large, as it would result in an overly narrow
harmonic oscillator trap. In our calculations, we have also
observed that taking an excessively large value for w will lead
to inaccuracies in the results of phase shifts.

For the s-wave case, we observe a very good consistency
between the results obtained through MCM-HOT and the tra-
ditional microscopic R-matrix method. Next, we will examine
two states %_ and %_ corresponding to the p wave to further
validate the reliability of our approach.

Figure 3(a) and 3(b) displays the scattering phase shifts for
17 and 3 states, respectively. The solid lines still represent
results obtained using the microscopic R-matrix method. In
MCM-HOT, we utilize the first four eigenstates, indicated by
circular, square, triangular, and rhombus markers, to compute
the scattering phase shifts. The maximum value of w is still
taken to be 1.5 MeV as the same as the s-wave case. It is
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FIG. 3. (a) The phase shifts of %7 state computed with microscopic R matrix and MCM-HOT. For the first, second, third and fourth
eigenstates, the values of w are {0.30, 0.35, 0.40, ..., 1.00} MeV, {0.50, 0.55, 0.60, ..., 1.50} MeV, {0.70, 0.75, 0.80, ..., 1.50} MeV, and
{0.90, 0.95, 1.00, ..., 1.50} MeV, respectively. (b) The phase shifts of %7 state computed with microscopic R matrix and MCM-HOT.
The maximum values of w are also all less than or equal to 1.5 MeV for first four eigenstates. In both (a) and (b), the circu-
lar, square, triangular, and rhombus markers correspond to the results calculated with MCM-HOT using the first, second, third, and
fourth eigenenergies, respectively, the solid lines represent results with microscopic R matrix. For the first, second, third, and fourth
eigenstates, the values of w are {0.20, 0.25, 0.30, ..., 0.60} MeV, {0.30, 0.35,0.40, ..., 1.50} MeV, {0.50, 0.55, 0.60, ..., 1.50} MeV, and

{0.70,0.75,0.80, ..., 1.50} MeV, respectively.

evident that MCM-HOT performs well for these two resonant
states corresponding to the p wave. Moreover, MCM-HOT
can accurately reproduce the rapidly varying portions of the
phase shift curves at lower energies, which also indicates that
MCM-HOT offers a high accuracy.

As another supplement, we apply the MCM-HOT to the
a-o system (without Coulomb potential) within GCM and
THSR frameworks. As previously mentioned, the harmonic
oscillator trap is introduced into GCM and THSR via asymp-
totic relative wave functions. The parameters used in the
calculation can also be found in the Appendix B.

Figures 4 and 5 demonstrate the scattering phase shifts
calculated by microscopic R-matrix method and MCM-HOT
in GCM and THSR frameworks, respectively. The three sub-
figures in each figure correspond to the results of S, D, and
G waves, respectively. We mark the results from R-matrix
method with solid lines, the square, circle, left-triangle, right-
triangle symbols represent the phase shifts extracted from
different eigenstates of trapped system. It should be noted that
for both D and G waves we have chosen the energies of the
first four eigenstates. However, since the first eigenenergy of
S wave may be negative, which should be eliminated, we have
utilized the second to the fifth eigenstates for the S wave. In
addition, we have chosen the same upper limit of 1.5 MeV
for w, while the lower limit is determined through the virial
theorem. In other words, we exclude values of w that are too
small and would result in insufficient accuracy in bound-state
solutions.

We can find that regardless of GCM and THSR, the numer-
ical results obtained by MCM-HOT for scattering phase shifts
are consistent very well with each other, as well as being in
pretty good agreement with the results from R-matrix method.

This further validates the reliability of employing different
cluster methods within the MCM-HOT framework. As for
hybrid models like Brink-THSR, a similar approach can also
be applied to introduce the harmonic oscillator trap, with the
only distinction being the more complicated asymptotic rela-
tive wave function. Furthermore, MCM-HOT employed here
can also conveniently be implemented into general few-cluster
GCM or THSR frameworks.

As an additional supplement for accuracy of bound state
solutions, in Figs. 6 and 7, we illustrate the verification with
the virial theorem using the %_ state of @ 4+ n system and
the 2% state of o + o system (without Coulomb potential)
as examples. The figures display the phase shifts obtained
from MCM-HOT, the eigenenergies and their deviation from
the virial theorem. When the eigenenergy and the wave func-
tion obtained within RGM framework are assumed as the
“exact” solutions E., and v, we can define Evjia as the
energy obtained by utilizing the virial theorem mentioned in
Appendix A:

aV(r)
ar
owW(r, r ow(r, r
(rr)+r, (rr)W/>
or or’

BNér, ') e, 8N(r,/r/) W>i|
r or

B _ 1
Virial = {E[WU

+Wr ) +r

+Ecm (WIN( 1)+

+V()+ W, r’)}/(lﬁl L=N(r ) y), (20)
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FIG. 4. (a), (b), (c) The phase shifts of 0%, 2% and 4" states
of o + « system (without Coulomb interaction) computed with mi-
croscopic R matrix and MCM-HOT in the GCM framework. For
the eigenstates utilized, the maximum values of w adopted are all
less than or equal to 1.5 MeV. For 07 state, wp,;, corresponding to
the second, third, fourth, and fifth eigenstates are 0.50, 0.70, 0.90,
1.10 MeV, respectively. For 2 state, @y, corresponding to the first,
second, third, and fourth eigenstates are 0.50,0.70,0.90,1.10 MeV, re-
spectively. For 4™ state, wp;, corresponding to the first, second, third,
and fourth eigenstates are 0.70, 0.90, 1.10, 1.30 MeV, respectively.
The step size for w is 0.10 MeV. The 21 generator coordinates used
for solving the bound states are uniformly distributed in the range
[0.1,21] fm.

150 - (a) microscopic R-matrix |
B 2nd eigenstate
3rd eigenstate
100 <« 4th eigenstate 1
b »  5th eigenstate
=z
50 1
o
w
]
or log 9 - 1
*g
-50 1
0 2 4 6 8 10 12 14 16
Ec_m_ (MeV)
(b) microscopic R-matrix
150 B 1steigenstate b
2nd eigenstate
R . <« 3rd eigenstate
on e Y P> 4th eigenstate
2 100 * M
Y
w
50 1
0 ‘ . ‘ ‘ . ,
0 2 4 6 8 10 12 14

microscopic R-matrix  (c)
150 B st eigenstate b
2nd eigenstate
— <« 3rd eigenstate
& P> 4th eigenstate 4 <
Z 100 g
o
50 - / ]
7/
4-_-_-,)," _
0 \ ! \ . .
0 2 4 6 8 10 12 14 16
E _ (MeV)
c.m.

FIG. 5. (a), (b), (c) The phase shifts of 0, 2%, and 4" states
of @ + « system (without Coulomb interaction) computed with mi-
croscopic R matrix and MCM-HOT in THSR framework. For the
eigenstates utilized, the maximum values of w adopted are all less
than or equal to 1.5 MeV. For 0" state, @y, corresponding to the
second, third, fourth, and fifth eigenstates are 0.50,0.70,0.90,1.10
MeV, respectively. For 2% state, wp, corresponding to the first,
second, third, and fourth eigenstates are 0.50, 0.70, 0.90, 1.10 MeV,
respectively. For the 4% state, wp, corresponding to the first, sec-
ond, third, and fourth eigenstates are 0.80, 1.00, 1.10, 1.30 MeV,
respectively. The step size for w is 0.10 MeV. The parameters of
the THSR wave functions used for solving the bound states are

B. s
S =05, 1,2....,10, 8 = 107° fm.
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state for o + n system obtained by MCM-HOT and R-matrix method with first three eigen-

states. For the first, second, and third eigenstates, the solid symbols correspond to the following w values: {0.3,0.4,0.5,..., 1.0} MeV,
{0.4,0.5,0.6,...,1.5} MeV, and {0.5, 0.6, 0.7, ..., 1.5} MeV, respectively. The hollow symbols correspond to w = {1.75, 2, 2.25, 2.5} MeV.
(b) The discrepancy between Evs, and the eigenenergy E. ., , The horizontal axis represents the numerical eigenenergy, while the vertical axis
displays the percentage difference between the values of E. , and Ev;, relative to E. .

as for GCM and THSR frameworks, Ev;;, can be defined as

0y 3 Gy (RIH|C 9 (1R )

GCM
o Iy 22 Gy (R)ICj (nR) ‘ 1
Virial = 3, Zi’j(Ciw(nﬂi)|H|Cjw(nﬂj)) THSR’
oy X0 j(CYBICY (1B)) | _|
2D

where 1 = ¢ is introduced by the complex scaling method.
The parentheses “()”” used above denote the ¢ product required
by the non-Hermitian nature induced by the complex scaling
transformation.

From Figs. 6(b) and 7(b), it’s apparent that when there’s
a significant discrepancy between Evjsi, and the eigenenergy
E. ., indicating inadequate accuracy in solving the bound
state, there is a considerable deviation in the phase shift
obtained through MCM-HOT. Therefore, considering the ne-
cessity of the virial theorem, results with a large |Evira —
Ecm.|/Ecm. discrepancy should be disregarded. In the
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examples computed here, we have found that this relative
deviation ideally should be less than around 1%. For other
states of o + n and other states of o + o (without Coulomb
interaction) in the GCM framework, as well as computations
in the THSR framework, the results of the virial theorem
follow a similar pattern as shown in Figs. 6 and 7. Generally
speaking, for the same eigenstate, the smaller the value of w,
the greater the deviation between eigenenergy and the virial
theorem; for the same w, higher energy levels exhibit larger
deviations between eigenenergy and the virial theorem.
Based on condition b, = J;,Tw > Rinter, it is preferable for

w to have smaller values. However, in practical computations,
considering the precision of eigenenergy solutions and the
need to cover a broad range of scattering energies, is is often
impractical to make b,, significantly larger than Rjy.,. We need
to strike a balance to determine an appropriate range for w.
In the examples we have calculated, setting the upper limit
of w to be less than or equal to 1.5 MeV seems reasonably
suitable. In Figs. 6 and 7, we also demonstrate the phase shifts
obtained from larger @ with hollow symbols, along with the
discrepancy between the eigenenergy and the virial theorem.
It is noticeable that as w continues to increase, the difference
between the phase shifts obtained through MCM-HOT and
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FIG. 7. (a) The phase shifts of 2 state for o + o system (without Coulomb potential) obtained by MCM-HOT and R-matrix
method with first three eigenstates. For the first, second, and third eigenstates, the solid symbols correspond to the following w values:
{0.3,0.4,0.5,..., 1.5} MeV, {0.3,0.4,0.5,...,1.5} MeV, and {0.4,0.5,0.6, ..., 1.5} MeV, respectively. The hollow symbols correspond
to w = {1.75, 2, 2.25,2.5} MeV. (b) The discrepancy between Evyiy and the eigenenergy E. ., , The horizontal axis represents the numerical
eigenenergy, while the vertical axis displays the percentage difference between the values of E. , and Ev;, relative to E. p, .
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TABLE 1. The phase shifts obtained by MCM-HOT and R-matrix method with some typical values of w for the first three eigenvalues
(for 0" state of a + a (without Coulomb potential), the second, third and fourth eigenvalues). For a particular eigenstate of each state, three
w values are chosen as examples for performing computations of « + n system in RGM framework, and « + o system (without Coulomb
potential) in GCM and THSR frameworks. In both GCM and TSHR framework, the channel radius in R-matrix method is taken as 8 fm,
and in RGM calculations the channel radius is taken as 11 fm. In the R-matrix method the parameters of the THSR wave functions are

% =05,1,15,2,25,3,4,...,11, B, = tan(3 )8, fm and the generator coordinates used in GCM framework are R = 1,2, ..., 15 fm.

o + n RGM framework

1st eigenstate 2nd eigenstate 3rd eigenstate
state a)(MeV) E(MGV) SBERW (o) 5{?—malrix (o) w E SBERW 8R7matrix w E 5BERW 5R—matrix
? 0.3 0.5139 —18.85 —18.78 0.5 1.951 —36.08 —-3599 0.7 4254  —51.89 —-51.79
0.9 1.691 —33.67 —33.61 1.0 4.066 —50.84 —50.74 1.1 6.832 —63.93 —63.82
1.5 2.993 —44.16 —44.06 1.5 6.279 —61.66 —61.55 1.5 9471  —73.25 —73.10
%_ 0.3 0.7367 4.198 4.453 0.5 2.126 22.75 22.63 0.7 4.178 48.13 47.57
0.7 1.635 15.67 15.39 1.0 3.983 47.10 45.92 1.1 6.431 59.05 58.02
1.0 2.236 25.16 24.28 1.5 5.785 58.43 56.28 1.5 8.729 61.47 60.15
%7 0.2 0.4684 15.01 17.85 0.3 1.042 92.43 9340 0.5 2.576 121.0 121.0
0.4 0.7566 57.09 55.45 0.9 2.823 121.9 120.7 1.0 5.226 114.4 113.7
0.6 0.9334 85.60 81.74 1.5 4.791 116.8 115.1 1.5 7.975 106.3 105.4

o + o (without Coulomb) GCM framework

2nd eigenstate 3rd eigenstate 4th eigenstate
0f 0.5 1.359 70.28 70.05 0.7 3.707 18.31 17.89 0.9 6.959 —20.88  —21.09
1.0 3.186 28.08 26.61 1.1 6203 —1248 —13.67 1.2 9.552 —4136 —4242
1.5 5.272 —1.317 —3.399 1.5 8853 -36.13 —-37.17 15 12.23 —5895 —60.07
1st eigenstate 2nd eigenstate 3rd eigenstate
2% 0.5 1.340 78.63 84.41 0.7 2.865 122.9 122.3 0.9 5.665 107.6 105.4
1.0 1.947 116.0 120.0 1.1 4.616 114.3 112.1 1.2 7.705 96.74 93.85
1.5 2.634 122.9 122.9 1.5 6.478 104.5 100.5 1.5 9.801 87.12 83.87
4+ 0.7 3.832 4.202 2.162 0.9 6.633 15.51 1392 1.1 9.663 68.63 71.57
1.1 5.974 11.40 9.314 1.2 8.556 42.12 43.06 1.3 1097 94.46 99.35
1.5 7.963 30.76 30.82 1.5 10.10 75.09 8234 15 1234 110.2 115.4

o + o (without Coulomb) THSR framework

2nd eigenstate 3rd eigenstate 4th eigenstate
0t 0.5 1.362 69.68 69.90 0.7 3.720 16.72 17.66 0.9 6.979  —22.88 —-21.22
1.0 3.194 2743 26.44 1.1 6.214 —1338 —1374 12 9.568 —42.56  —42.50
1.5 5.306 —3.370 —3.786 1.5 8889 —3831 3739 15 1227 —61.27  —60.38
1st eigenstate 2nd eigenstate 3rd eigenstate
2+ 0.5 1.347 77.60 85.37 0.7 2.871 122.2 122.2 0.9 5.676 106.5 105.3
1.0 1.973 115.0 120.4 1.1 4.627 113.6 112.0 1.2 7.717 95.89 93.76
1.5 2.678 121.9 122.8 1.5 6.496 103.5 100.4 1.5 9.819 86.05 83.84
4+ 0.8 4377 4.657 3.292 1.0 7.317 21.80 21.01 1.1 9.678 67.54 72.02
1.2 6.492 14.76 12.78 1.3 9.109 53.74 5698 1.3 10.97 94.44 99.31
1.5 7.963 30.76 30.83 1.5 10.10 75.08 8237 15 1234 110.2 1154
those from the R-matrix method also enlarges. This deviation IV. CONCLUSIONS
becomes particularly pronounced, especially for lower energy

In this work, we have provided a generalized framework
named microscopic cluster model in harmonic oscillator trap
(MCM-HOT) to extract the scattering phase shifts. This new

levels.
As an example of the final computed results, we also

present in Table I the phase shifts obtained by MCM-HOT . ; .
and R-matrix method with some typical values of @ for the approach can be adapted to various microscopic cluster meth-
first few eigenvalues. In the R-matrix method, the parameters ods such as RGM, GCM, THSR wave function method, and

utilized for RGM, GCM, and THSR computations are also 5 °™ o
listed therein. As a validation example, we have calculated the elas-
tic scattering phase shifts for %+, 17, and 3~ states of
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o +n system within the RGM framework. The results of
MCM-HOT exhibit good agreement with those obtained
through the traditional microscopic R-matrix method. Addi-
tionally, we have studied the o + « system (without Coulomb
interaction) within the GCM and THSR frameworks. The
numerical results obtained by MCM-HOT also confirms its
reliability. For more complicated clusters and heavier nuclei,
the techniques of GCM is more concise compared to RGM
in practice, therefore the further development and extension
of MCM-HOT within GCM may be more systematical and
powerful to compute the scattering phase shift. Additionally,
in the numerical solutions of bound states, we introduce the
complex virial theorem in the microscopic cluster model to
ensure that the discrete energy spectra are sufficiently accurate
not to impact on the application of the BERW formula. The
complex virial theorem also encompasses the case of resonant
states thus can be of assistance when dealing with the complex
scaled cluster model.

In summary, we propose a new approach MCM-HOT and
employ it to conduct a preliminary investigation of elastic

J

scattering phase shifts in single-channel two-cluster systems
without Coulomb interaction. Incorporating the Coulomb in-
teraction in the trap method is relatively complicated to
handle [49] and we will conduct a detailed discussion and
study on systems involving the Coulomb potential in our
future work.
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APPENDIX A: COMPLEX VIRIAL THEOREM IN MICROSCOPIC CLUSTER MODEL

With the help of complex scaling method, the original virial theorem can be extended to the complex energy plane [50].
Therefore, we refer to it as the complex virial theorem in the following. In microscopic cluster model, we still base on the
variational principle and obtain the complex virial theorem in MCM:

0, (@|H (nr, nr)l¢) __ @HGr nr')lé)) —E
3y @I(1 = nN G, qr)lg) — @I — NG )lg)
3, (b HIHmr)¢bn~")) (@b~ HH@n)gbn~"))

= = Eexact,
3 (d(bn~Hl(bn=1)) (¢(bn=Hlpdn=")

where N(r, ') is the exchange norm kernel in RGM, b is the oscillator parameter. These formulas hold at the exact wave function
¢ and E,,, is the exact eigenenergy (bound state or resonance) of the Schrodinger equation. The parentheses “()” used above
denote the ¢ product required by the non-Hermitian nature, which is induced by the complex scaling transformation. The complex
virial theorem for GCM and TSHR mentioned above can be easily derived from the complex scaled cluster model [23,51]. The
energy spectrum of the trapped system is composed of discrete bound states, therefore we can simply set the complex scaling
angle 6 to 0 in MCM-HOT. However, for the sake of generality, we still provide the form that includes n below.

Explicitly speaking, we have the following expressions in the framework of RGM, GCM and THSR, respectively:

RGM framework.

for RGM

0 (plHmIP)

=0 — i0
o0 @GNl =)

» o (AD
for GCM and THSR

complex scaled Hamiltonian: H(yr, nr') = n =T + V(nyr) + nW(nr, nr')

2 vV (nr) oW (nr, nr') LW (nr, nr')
=S @ITI¢) = ( plnr ) + | oW (nrnr') + 1°r nr — ¢
n anr anr anr
, ON (nr, nr’) N (nr, nr')
+ Eexact | 910N (nr, nr') + 0°r nr — ¢ ). (A2)
anr onr

where V (r) and W (r, r’) represent the local and nonlocal potential, respectively. This formula can be regarded as an extension
of the original virial theorem to nonlocal interactions.

GCM framework.
Assuming the exact wave function ¢ can be approximately expressed as a superposition of a finite set of basis functions v (R)
(R represents the generator coordinate): ¢ = Y, ;¥ (R;). Therefore the complex virial theorem for GCM can be expressed as

8,( X, Gy R)IH| Y ; Cjwr(nR)) 225, GCRiOyr, (W MROIH Y (R ) + R;0yr, (Y (MR)IH Y (1R)))]
0 (X Gy R CUR)) X0 GCGRuw (W RV (R))) + Rjdow, (f (R (R)))]
(S @R)IHI Y, C (iR,)
(X Gy (R Y ; Civr(nR))

(A3)

— Lexact-
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THSR framework.
Similar to the case of GCM, we only need to replace the generator coordinate R with the deformation parameter § =

(Bs» /3)" B2):
0y (X, CUmBIHIY ; Cr(nB)) X, CiCilB Vg, (W (MB)IH 1 (nB))) + B; Vs, (¥ (1B)IH | (18)))]
(X CUmBIIY, CumBy) i, G (W (B (B)) + B; Vs, (W (nBIY (B))]
(X CrmB)IHI Y., Civr (nB)))

= = Eexact~ (A4)
(X Gy mBII Y., Civ(nB)))

For GCM and THSR frameworks, if the Hamiltonian and norm kernels can be obtained analytically, the kernels involving
derivative can also conveniently derived in the analytical forms.

APPENDIX B: HARMONIC OSCILLATOR TRAP IN GCM AND THSR FRAMEWORKS

We take the o-a system without Coulomb potential as an example to illustrate the application of the MCM-HOT within both
GCM and THSR frameworks. For this system, we use all the same parameters as the original ones in Ref. [51], namely, b = 1.36
fm, Majorana exchange parameter M = 0.573, and Volkov No. 1 force adopted as the effective two-body nuclear interaction.
Besides, in THSR wave function method we only handle the case of axially symmetric deformation with the z axis being the

symmetry axis, namely, B, = B, = B # B..
The kernels of the harmonic oscillator potential can be introduced through the asymptotic relative waves function as follows:

Vio.(R.R') = (TL(R, r)| 3u’r* [TL(R', r)) , for GCM
Viro.(B. B) = (TL(B. )] 30’r* [TL(B, 1)), for THSR, (B1)
where I'; denotes the asymptotic relative wave function with angular momentum L:

3 (r* +R?)

2 > ([ 2rR
IR, r)= s e b i\ —- , for GCM

b

2\ 34
TL(BL, B, 1) = (2ﬂ)3/2ﬁxﬂyﬁz<;>

X / d cos(0)P(cos(0)) exp(—r2 0052(9)

P32 2
X —_——
B+ 28 + 287 P ( P+ 2ﬁi>

2(82 - B?)

GESTICRSTy ), for THSR, (B2)

where 6 is the angle between r and z axis, iz is the modified spherical Bessel function of the first kind, Py (x) is the Legendre

function. Details of the derivation can be found in Ref. [24].
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