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Abstract: The complex-scaled Green's function (CGF) method is employed to explore the single-proton resonance in

"F. Special attention is paid to the first excited resonant state 5/2", which has been widely studied in both theory and

experiments. However, past studies generally overestimated the width of the 5/2" state. The predicted energy and

width of the first excited resonant state 5/2° by the CGF method are both in good agreement with the experimental

value and close to Fortune's new estimation. Furthermore, the influence of the potential parameters and quadruple de-

formation effects on the resonant states are investigated in detail, which is helpful to the study of the shell structure

evolution.
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1 Introduction

The new generation radioactive ion beam facilities
enabled the discovery of numerous exotic phenomena
near the drip line, such as proton halo [1, 2], neutron halo
[3-6], changes of nuclear magicity [7, 8], etc. Consider-
ing that the Fermi surface for exotic nuclei is very close
to the continuum, the valence nucleons are easily
scattered into the continuum. The contribution of the con-
tinuum, especially the resonance in the continuum, is par-
ticularly important. With the small Coulomb barriers,
some of resonances are_ oriented to be very broad and the
ground state (g.s.) of °F is viewed as a (broad) s- wave
resonance [9- 11 However, the first excited state (5/2")
of the unstable "°F is viewed as a narrow resonance with
higher Coulomb barriers. Because the Coulomb barrier
holds the proton for a long time, the 5/2" state is V€1;y nar-
row [12]. Moreover, another important feature of "F is a
new resonant state 1/2 , which was investigated by the
Gamow Shell Model [13]. The very narrow width (36
keV) was pointed out for the first time with high preci-

sion. Further steps to explore exotic phenomena in PF
will be quite interesting.

During the past decades, the proton-rich nuclei be-
came accessible in the proton elastic resonance scattering
reaction [14]. Various experlments on the resonances in

F are in progress. The *'Ne ( He, L1) reactlon had been
used to investigate the unstable nucleus “F in 1978 [15]
and 0.24(3) MeV (the first excited state 5/2°) is close to
the value indicated in the analysis (I'~ 0.2 MeV of 5/2")
of Ref. [16] and our predictions (E, =2.770 MeV and the
width I'=0.239 MeV) for the resonant state lds.
Moreover, the radioactive beams of ‘O were usually util-
ized to populate the resonant states (1/2 572 ) in °F [17,
18], where the peaks in the curve, that differential cross
sections plotted as a function of the scattering angle, are
used to present the resonant states.

Considering the dominant role of the resonant states
in thw proton drip line, numerous methods were de-
veloped for probing single particle resonances. The de-
veloped multi-channel algebraic scattering (MCAS) the-
ory [12] is highly appropriate for narrow resonances.
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Based on the MCAS theory, three negative parity states
(1/2,5/2,3/2) in "F with the widths of only a few keV
were found by Canton et al. [12]. Fortune and Sherr were
commltted to studying the ground and excited states of

F for decades, by investigation with a potential model
[19-21]. The R-matrix theory is usually used in elastic
scattering experiments to analyze low-lying resonances
[22], where the two lowest resonant states ( 1/2" and 5/2+)
in "F were fitted by the R-matrix. The R-matrix theory
can also be used to determine spectroscopic properties of
the states [23]. The Gamow Shell Model (GCM) is like-
wise an efficient tool for exploring single-particle reson-
ant states in the proton drip line [13], where the GCM
provides relatively narrow resonances with high excita-
tion energies of "F. Meanwhile, several bound-state-like
methods were developed for the single-particle resonant
states. These include the S-matrix [24], analytic continu-
ation in the coupling constant (ACCC) [25], complex
scaling method (CSM) [26], the Green's function method
[27], etc.

Although many experiments and theoretical studles
[17, 20, 24] are devoted to the investigations for °F, the
width of the 5/2” still has large uncertainty. In rare cases,
the proton resonant state is extremely narrow at higher
energies, even for the resonance with low angular mo-
mentum. " F sets such an example in this study. Since
Fortune's predictions in Ref. [16] and the single-neutron
resonant states can be successfully located by the com-
plex-scaled Green's function method (CGF) [28-32], here
we use the CGF method to extend the investigation of
single-proton resonant states with the solution of the
Schrodinger equation, espec1all}/ for the ground and ﬁrst—
excited states. The choice of 'O as the core of "F is
mainly attributed to two reasons. One is that the strong
neutron shell closure effect also happens in “o [33], the
other is that Z = 8 (magic number) plus one proton could
be better to investigate the single particle resonant states
in neutron-deficient nuclei. The paper is constructed as
follows: the general formalism of the CGF method is
presented in Sec. 2; Sec. 3 presents the numerical details
and results. Finally, the main conclusions are summar-
ized in Sec. 4.

2 Formalism

To explore the single-proton resonances in “F, we
first sketch the theoretical formalism. The Hamiltonian of
this system is written as

=2
H= 2p_M + Veent + Vet + Veou + Vi, (1)
where the potential consists of the following four parts
Veent = =Vo f(r), (2)

Vaet (7) = —B2Vok(r) Ya0(3, ¢), 3)
and the spin-orbit coupling potential
2 1df() , =
sl 2.
Va=V; Vi ar . 4)
Here, f(r) = ﬁ, k(r)=r——= f( ) . The parameter My

is fixed at 135 MeV in Ref. [24] to 1nvest1gate “F. Be-

cause the Coulomb interaction potential is widely used in
nuclear physics, the deformed Coulomb potential is giv-
en by

Za 3Za (R
T2 °) BroYao(@.4), 7> R, ),
r S5r
37 2
Vcou = SRa( 4 ) ﬁZOYZO(ﬁ <P) (5)

Za P2
+—13-—|, r <R, ),

2R, ( ROZ) @, ¢)
here « is the fine-structure constant. The Hamiltonian H
and wave function ¢ are transformed as

Hy=U@O)HU@®)™", (6)

bg=UO). (M

Here, U(6) is a complex rotation operator defined by the
transformation 7 — 7', and Hy(/y) is the complex scaled
Hamiltonian (wave function) with the complex rotation
angle 6 in Refs. [34-36]. The corresponding complex
scaled equation becomes

Hgo = Egig. (®)

By solving the complex scaled Eq. (8), we can single
out bound states and resonant states. Details are provided
in the literature [29]. However, there are some disadvant-
ages in CSM that are indicated in Ref. [31]. For example,
to accurately determine resonance parameters, we need to
repeat diagonalization of the Hamiltonian in complex
scaling calculations, while a complicated loop integral is
imposed on the Green's function method in search of res-
onant states. Therefore, the CSM is combined with the
Green's function method by defining the complex-scaled
Green's function (CGF) as

GY(E)=UWB)GE)U®) ' = , 9
(E)=UO)G(E)U() E—H, )

in the coordinate representation
G9(E,?,7')=<? E ?’>. (10)

Then, with an extended completeness relation
N, N,
Do+ Y@ [aEmia=1. )
b r

the density of states can be defined as
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pg(E):—lIm f d?<? ?>
T
:—-1 f { wb(f‘)w
E- E;,

Z W (PP (7)

E-EY
deGM]. (12)

E-H,

E—E?

Employing the basis expansion method, the density of

states can be approximately expressed as

N,
P} (E) =Zd<E—Eb>

= Z r/ 2
(E-E,)’+I7/4
| VNN, ¢l
+— . 13
m Z (E—&f) +&l -
In Eq. (12), ¢4 and ¢ are the complex scaled wave func-
tions for the bound and resonant states, respectively,
while ¢ is the wave function of the rotated continuum.
The bra states with tilde represent the bi-orthogonal coun-
terparts of the ket states. Detailed explanations can be
found in Ref. [37]. In Eq. (12), Ep, EY, and E? represent
the energy eigenvalues of Hy for the bound states, reson-
ant states, and rotated continuum, respectively. N, and N,
are the numbers of bound and resonant states, respect-
ively. In Eq. (13), N represents the total number of states
(the size of basis). Because of the normalization of the
wave functions for bound and resonant states, the integra-
tion on 7 in Eq. (12) is unity. However, for the con-
tinuum, there appears singularity in the integration 7,
which can be eliminated using the basis expansion meth-
od in the discretization of the energy spectrum. Then, the
density of states can be expressed by the bound state en-
ergies Ey(b =1,2,...,N,), the resonance complex energies
E’=E,-il,/2(r = 1,2,...,N,), and rotated continuum en-
ergies & = ef —igl (c=1,2,..,N=N, - N,).
As there are approximations in realistic calculations,
o} (E) is slightly dependent on 6. The dependence can be
weakened by subtracting the background of Hy, which is
defined as the density of continuum states p)" (E):

1 801

oV (E) = —Z — (14)

2
T (E-a) + &

where £)(0) = €)X —ic? are the eigenvalues of the asymp-

totic Hamiltonian Hg in the form of Hy with r — co. After
subtracting the background of Hy, the continuum level
density (CLD) Ap(E) is as the difference between the
density of states p}(E) and the density of continuum

states p)" (E):
Ap(E) = py (E) = py" (E). (15)
The CLD is also related to the scattering phase shift 6(E),
1 d5(E)
Ap(E) = ———. 16
p(E)= =0 (16)

By performing integration of every term, the phase shift
O(E) is obtained as:

S(E) Nb7r+2{—cot (Er_/g)}
&{ cort(25))
{—Cot 1( gR)} (17)

With the definitions of oy, 0., and O

MZ"

E-FE,

6, = ,
co T2
t6, E-ef

cotd, = ,

c el (18)

E—a,?R

cotdy = o

&

the phase shift is then expressed as

S(E) = Nb7r+26 +Z(5 Zék (19)
c=1

Based on the relationship between the phase shift and the

cross section, the partial cross section for spherical nuc-

lei is expressed as

dn(2l+ 1)
2

= 2Eu/h* with the reduced mass p.

o)(E) = sin® §,(E), (20)

where k2

3 Results and discussion

We explore the single-proton resonance in PR using
the formalism represented above. Based on the experi-
ment and data analysis with the R-matrix, the model para-
meters are determined by reproducing the experimental
single-proton separation energy S, = —1.51 MeV, sugges-
ted in Ref. [17]. The single-particle energy & of the last
valence proton is determined from the S, energy,
& =-S5 ,. Then, the 1/2* (g.s.) resonance energy of °F was
determmed to the one-proton decay energy 1.51 MeV,
which correspond to the single-proton separation energy.
For the broad resonance 1/2* with I'~0.84—-1.2 MeV
[17, 38], the obtained width is 1.07 MeV using our meth-
od. These calculations confirm that the parameters are
suitable for the following discussion. Under such circum-
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stances, the potential geometry is fixed. For the central
potential, Vy =53.40 MeV, a=0.64 fm, and rp =1.17 fm
for the radius R = ryA'/3. For the spin-orbit potential, the
strength of the spin-orbit coupling Vg’ =7.46 MeV is ap-
plied. Moreover, the Coulomb potential with a radius
R. =R is assumed. The complex-scaled equation is solved
by expansion in Laguerre polynomials. When the basis is
truncated up to 100 shells, the size of all concerned sub-
spaces is sufficiently large to study the single-proton res-
onant states in present calculations. With the fitted para-
meters, the pattern is similar to the neutron resonant
states [39] in the following calculations. Fig. 1 shows the
change of the eigenvalues of Hy with 6 from 3° to 7° by a
step of 1°. The resonant states are clearly isolated from
the continuum with increase in the rotation angle. Pos-
sibly, the positions of the resonant state 5/2* hardly
change with increasing 6, however the real situation does
not conform to this situation. More details are given in
Fig. 2.

0.0 T T T
"“F,5/2" |
0.4 .
S o8t -
q) I
E )
— 12 —o—30 N
—— 4
50
16 | —o0—6° .
70
20 L Il L Il L Il L Il L
0 1 2 3 4 5
E [MeV]
r
Fig. 1. (color online) Variation of eigenvalues of H, with ¢

for the 1ds,, state, where the complex-scaling parameter ¢
varies from 3° to 7° by steps of 1°.

0.240 |
0.236
>
2 o232}
—
0228}
0.224
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2.7776 |
>
(0]
2, 27744
o
27712
3 6 9 12 15
eO
Fig. 2. 6 trajectory for resonant state 1dss.

Although the resonant states are separated from the
continuum, we still need to determine the most appropri-
ate 0 value for the investigation of the resonances in our
calculations in Fig. 2, where the § trajectory is plotted.
Extending the ABC-theorem [34-36] in realistic calcula-
tions, the condition that the resonance parameters are in-
dependent on 6 (% =0) is not available. A common ap-
proach is considering that the obtained values for the res-
onance parameters depend slightly on 6 by a finite basis
expansion in Ref. [40]. Hence, the best estimate for the
proton resonance parameters is |% at the minimal value.
When 6 is small (less than 6°), the resonance position is
very sensitive to the complex rotation angles. Once 6 is
larger than 6°, the energies and widths of resonant states
are almost independent of 6. As long as the complex rota-
tion angle 6 is sufficiently large, the obtained energies
and widths are reliable. However, it is worth noting that 6
is not infinite with a Woods—Saxon-type potential in the
present work, and the effective range is 0 <6 <tan™!
(ra/R). Hence, 6 = 6° as an optimal value is adopted in the
following. Moreover, the corresponding width and en-
ergy are 0.240 MeV, 2.770 MeV, respectively, for the
resonant state 1ds,, with CSM, respectively.

Comparing with the the resonance energies and
widths by CSM, we apply the complex-scaled Green's
function method to calculate the continuum level density
to determine the optimal resonance locations. The results
are exhibited in Fig. 3. Employing the same technique as
in Ref. [32], the available energy is obtained at E, = 2.770
MeV and the width T'=0.239 MeV for the resonant state
lds;». These calculation results are close to the experi-
mental value 0.24(3) MeV in Ref. [15], which is the first
value close to Fortune's analysis (0.2 MeV) in Ref. [16].
By examining the spectroscopic factor, Fortune pointed
out a serious problem that the width with 0.3 MeV ob-
tained from Refs. [12,13,18] is too large compared with
the one expected from spectroscopic factors for the low-

3.0 : : : : :

—5/2"

oal r=0.239 MeV|

— 181 §
>
(0]
=

— 1.2+ -
Q
<

0.6 i

0.0 : s ' -
0 2 4 6
Energy [MeV]
Fig. 3. The continuum level density Ao(E) for the 1ds), state

with the complex-scaling parameter 6 = 6°.
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Table 1. Energies and widths calculated for "F states with J™ = 1/2* and 5/2°.
JT E, /MeV I /MeV Ref.
1/2*(exp) 1.51+0.11 1.2 [17]
1.56(13) 0.6(+0.8/-0.4) [10]
1.31(1) 0.853(146) [18]
1.270(10)(10) 0.376(70) [13]
(calc) 1.31 0.8 [12]
1.39-1.51 ~0.8 [20]
1.194 0.531 [24]
1.51 1.07 CGF
5/2%(exp) 2.78(1) 0.311(10) [18]
2.853 +£0.045 0.34 [17]
2.763(9)(10) 0.305(9)(10) [13]
2.67(10) 0.5(2) [11]
(calc) 2.785 ~0.2 [16]
2.78 0.3 [12]
2.780 0.293 [24]
2.770 0.239 CGF

est 5/2% state in other 4=15 nuclei. However, the current
obtained width is 0.240 MeV with the CSM and 0.239
MeV with CGF. Hence, our calculations are closer to the
width obtained by Fortune than previous results, and fur-
ther details are provided in Table 1, which confirms that
our method is reliable in determining the width of the res-
onance. At the same footing, we obtained the resonance
energy 2.770 MeV, which is close to the average value
(2.794 MeV) obtained by the previous method in Ref.
[16]. It is further confirmed that the complex-scaled
Green's function method hold the advantages for the
study of single-particle resonant states near the drip line.

To make the results reliable, the phase shift method
(or 6 =n/2 rule) will provide a check for studying the
single-particle resonant states [24]. The phase shift ¢ of
the first excited state 1ds,, is shown in Flg 4 with 6 = 6°.
The first excited state can be regarded asa O core plus a
proton in the 1ds;, orbit, Wthh 1s Vrewed as a single-
particle state in the system ( °F = O+p) The resonant
energy (one-proton decay) E, =2.789 MeV can be ob-
tained from passing through ¢ = 7, which yields values
that are very close to the CGF and other theories [16, 41].
In this study, we converted the obtained phase shifts into
resonance cross sections using Eq. (20), which is plotted
in Fig. 5. The resonance energy is determined by the
cross section o reaching its maximum value. Hence, the
sharp peak value at E = 2.787 MeV is considered to be the
1ds;» resonance energy. The energy obtained is likewise
in agreement with the results of CSM and CGF.

Table 1 lists the results for the energies and widths of
the low-lying states for °F, which are then compared to

d [rad./x]

0 2 4 6 8

Energy [MeV]

Fig. 4. 14Oer scattering phase shift for the 1ds), state of PR
generated by the Woods-Saxon potential. Remaining para-

meters are same as those in Fig. 3.

each other. The ground state in "F is a broad resonance,
except for the value 0.376(70), and the narrower width is
also supported by some theoretical predictions [42]. Our
calculations 1.07 MeV (width) observed as a broad wave
belong to I'~ 0.531—1.2 MeV in Table 1, and 1.51 MeV
is also in the energy range. For the 1ds,, state, the width is
as small as 0.239 MeV, which also belongs within the
range (0.2—-0.5 MeV) in Table 1. The suggested value
0.20 MeV by Fortune is slightly smaller than our results.
This indicates the calculations by the CGF method are re-
liable.

To further examine the applicability and validity of
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+
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45t -
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2
b
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Energy [MeV]

Fig. 5. The cross section of / = 2 partial wave in "F. Remain-
ing parameters are same as those in Fig. 3.

the current model, we explore the dependence of the res-
onant parameters on the shape of the potential. Using
Woods-Saxon potential for the low-lying states for isF,

there are three parameters, namely depth of potential V,
surface diffuseness a, radius parameter ry. Keeping
Vo =53.40 MeV and the radius ry=1.17 fm fixed, we
vary the parameter a to investigate how the energies and
widths of the 251/, and lds;, states are sensitive to sur-
face diffuseness a in Fig. 6. With the increase of a, the
energies and widths of the resonant states decrease, which
is expected because the potential becomes more dis-
persed. With the lower resonance energies and narrower
resonance widths, the lifetime of single proton states
would become longer with increasing a.

A similar trend is observed when we vary the central
depths Vj, keeping other parameters fixed. The results are
displayed in the middle panel of Fig. 6. With the deeper
potential, the energies and the widths of the 2s,,, and
1ds,, states both decrease. Compared with the 2s, state,
the energy of the 1ds;, state drop faster, and there ap-
pears to be a crossover in the resonance energy with
deeper potential. When the potential further deepens past
59 MeV, the resonant states show a disappearing trend,
and the width would hence be too narrow. The lifetime of

351 L 1 ]
_ 1d__ | I
5/2 -
3.0} T 1d %
— 000~ ~0-0-0-0-0| 512 T _
S 257 T T 1d
(&) i T 5/2 i
s 20} + +
W 1.5[00o- 'O'OW.O_C;% e ]
I 1 1 2s .
1.0 _ 231/2 i 231/2 _ 12
1.6} i 1 -
L L ¢ 28 J
1/2
S 12 % 29 | 28, ‘fx\ T
() r 1/2 T T il
= 08 il 1 -
— _ . _
04} i L0 §
OO C 1 1 1 1 1| dl5/2| l-— 1 d|57l(23\|0\lo~no-lc>|() l——1 dpz??.O:O-cl) 1 l—

0.625 0.650 0.6750.700 52 54 56 58 60
V. [MeV]

(color online) Parameters are same as Fig. 3, green circles represent resonant states with a =0.64 fm, ro = 1.17 fm, Vy =53.40

a [fm]

Fig. 6.
MeV.

1.17 1.20 1.23 1.26
r, [fm]
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the resonant states is a reciprocal of the width, hence if
one state has a narrower width, it would indicate that it is
more stable. Because the depth of potential significantly
influences the stability of resonant states, the relationship
between the depth of potential and the resonant states can
present the evolution of levels from unstable to stable
nuclei.

As ry is particularly important for comparing reson-
ant states of different isotopes, the influence of ry on the
resonance is shown in the right panel of Fig. 6. With in-
creasing ry, the energies and widths of resonant states
also decrease. The two states are degenerated around
r=1.23 fm. The resonance energies become lower, and
the resonance widths become narrower. This can be ex-
plained in terms of the increased ry. The potential be-
comes broader, which causes falling of the levels. Fur-
ther increasing ry, the resonant states are likely to be-
come the weakly bound states. The phenomena is in ac-
cordance with the effect of ¢ and V|, on resonant states.
This conclusion is useful to recognize the level structure
beyond the drip line.

From Flg 6, we see that 25/, level is lower than 1ds,,
level for “°F. Compared with the traditional shell struc-
ture in stable nuclei, these two states are inverted, which
may occur 1n the exotlc nucleus [43, 44]. It is worth to
mention that °C and "°F are mirror nuclei, and for °C [4],
the 2s,,, orbit is likewise below the 1ds/, orbital, which
1nduces the one-neutron halo. Hence, the one-proton halo
of "F may occur. Among the parameters a, Vy, ro, the en-
ergies and widths are less sensitive to the surface diffuse-
ness a. Thus, it is inappropriate to obtain the energy of
single-proton resonance by increasing a. With the in-
creasing Vp,ro, the energy of 1ds;, state drops faster than
that of the 25, state, which indicates if the resonant state
2512 becomes a weakly bound state, the 1ds;, orbit will
be lower than 25y, orblt and the inversion of sd states is
broken. leferent from "°C, it is difficult to form one- pro-
ton halo for "F in the spherical case. However, this may
lead to new phenomena with the shift of levels.

Notably, the energy difference between the 25, state
and 1ds,, state is onl about 1.2 MeV, and the fact is that
most nuclei around "°F are deformed, hence it is crucial to
take the deformation effects into account. From this view,
the single particle energies with the quadruple deforma-
tion B, are exhibited in Fig. 7. There are two large gaps,
i.e., the new magic number Z = 6 (1p3,, and 1p;,2) and the
conventional magic number Z = 8 (1p;,» and 2s,2) ap-
pear under spherical case. On the oblate side, the Z = 6
gap appears between 1/2[110] and 1/2[101]. On the pro-
late side, the gap is between 3/2[101] and 1/2[101]. With
the deformation varying from 8, = —0.4 to 0.6, the gap (Z
= 6) becomes smaller. A similar case occurs at the Z = 8
gap. From B, = -0.4 to —0.23, the shell closure Z = 8 is
related to the 5/2[202] and 1/2[101], while the gap is

T T T T T T
1

5 /2[220]
320211 —
—
Z=8

Energy [MeV]

or 1p1/2 ]

Z=6 3/2101]
1/2[110] 1Py,

: 1 \ \ 1 \ 1 \
-04 -0.2 0.0 0.2 0.4 0.6

B,

(color online) Proton single-particle levels as a func-

Fig. 7.
tion of quadruple deformation ;.

caused by 1/2[101] and 1/2[200] at B, > —0.23. With the
increasing deformation from 8, =0.1to 8, = 0 6 the ener-
gies of 1/2% (1/2[200]) ground state spin of "°F decrease
monotonously. The deformation effects destroy the Z =8
shell closure. From Fig. 7 shows that the change of de-
formation from an oblate shape to a prolate shape, with
the energy of the 5/2[202] orbit monotonically increasing,
while the level 1/2[200] rapidly decreases from
B2 =—0.23to B, = 0.6. It appears that the level 1/2[200] is
lower than the other levels, which are split form 1ds,,
level from B, =-023 to B, =0.6. Meanwhile, from
B2 =-0.4 to B, = —-0.23, the 5/2[202] orbit is lower than
1/2[200] orbit. These results indicate that the deforma-
tion effect on the evolution of resonant levels structure
cannot be ignored. Moreover, only one condition that the
obtained S, =0.215 to §, =0.766 MeV from $, =0.3 to
B2 = 0.35 agrees with the proton halo formation. Thus, it
is not sufficiently ev1denced to predict the formation of
the proton halo in F. Therefore, the quadruple deforma-
tion effects provides us with more important information
on the evolution of the shell structure.

4 Summary

The single-proton resonance in PF is investigated by
the CGF method, and the theoretical formalism is presen-
ted. We explored the single-proton resonant states, i.e.,
the ground state 2s;,; and the first excited state 1ds;, in

“F. The complex scaling parameter 6 dependence is
tested, which explained how the 1ds;,, state is isolated
from the continuum. We compared the energy and width
of the 1ds), state with those obtained by other methods.
The present result, 0.239 MeV for the width, is close to
the estimated decay width in Ref. [16] and also very close
to the experimental value (0.24(3) MeV). Simultaneously,
the energy of the 1ds,, state is 2.770 MeV, which ap-
proaches the average calculation and experimental values.
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To confirm the reliability of results, we also employ the
CSM, the scattering phase shift, and the cross section to
investigate 1ds;, with the same parameters. By the com-
parison of these methods, the differences in the calcula-
tion are found to be very small, and the correctness and
universality of our method are confirmed, which provides

an effective method for studying the resonances and nuc-
lear structure. Further, we investigated the effect of the
potential shape and quadruple deformation on the reson-
ant states, which are helpful to recognize the shell struc-
ture of the exotic nuclei.
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