
Annals of Physics 412 (2020) 168044

Contents lists available at ScienceDirect

Annals of Physics

journal homepage: www.elsevier.com/locate/aop

ScatteringwithManning–Rosen potential in all
partial waves
B. Khirali a, A.K. Behera a, J. Bhoi b, U. Laha a,∗

a Department of Physics, National Institute of Technology, Jamshedpur, 831014, India
b Department of Physics, Veer Surendra Sai University of Technology, Burla-768018, Odisha, India

a r t i c l e i n f o

Article history:
Received 21 October 2019
Accepted 25 November 2019
Available online 3 December 2019

Keywords:
Manning-Rosen potential
Jost solution
Jost function
n-p system
n-d system

a b s t r a c t

Ordinary differential approach together with certain properties
of Gaussian hypergeometric functions is exploited to construct
exact analytical expressions for regular and irregular solutions
in all partial waves for motion in Manning–Rosen potential. The
Jost function thus obtained from the near the origin behaviour of
the irregular solution is used appropriately to compute scatter-
ing phase shifts for the neutron–proton and neutron–deuteron
systems for few lower partial waves. Our results are in good
agreement with experimental data.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The conceptual understanding of physical systems through the exact analytical solutions of wave
equations in quantum mechanics provides some strong evidences to the correctness of different
quantum theory. Since its inception the number of exactly solvable problems in quantum mechanics
is limited but these solutions are valuable for cross checking as well as improving different models
and numerical methods. Recently, many efforts have been given to the exactly solvable problems
by a number of authors. The factorization method [1–5], group theoretical techniques [6–8],
super-symmetric quantum mechanics [9–17], exact quantization and proper quantization rule
[18–22] and shape invariance [23] are few methods adopted by these authors to solve the quan-
tum mechanical problem. The study of exponential type potentials like the Hulthén potential
[24–29], Manning–Rosen potential [30–42], Wood–Saxon potential [43–45], Eckart-type poten-
tial [46] are oldest one however, they are still used in many applications of physics to obtain
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different observables quite accurately. We plan to work with the Manning–Rosen potential in
the nuclear domain to treat nucleon–nucleon and nucleon–nucleus scattering. The present text
is an effort in this direction. In Section 2 we construct Jost solution and function corresponding
to the potential under consideration in all partial waves. Section 3 is meant for computation and
discussions on phase shifts. Section 4 is devoted for concluding remarks.

2. Jost solution and function

The S-wave Manning–Rosen potential reads as

V (r) = b−2
[

α(α − 1)
(1 − e−r/b)2

e−2r/b
−

Ae−r/b

1 − e−r/b

]
(1)

where A and α are two dimensionless parameters. However, b has the dimension of length. For all
partial wave the above potential can be written as

V (r) = b−2
[

δ(δ − 1)
(1 − e−r/b)2

e−2r/b
−

Ae−r/b

1 − e−r/b

]
(2)

with

δ =
1
2

[
1 ±

√
1 + 4 {α(α − 1) + ℓ(ℓ + 1)}

]
(3)

and ℓ takes the values 0, 1, 2, 3, . . .. Here the centrifugal barrier term [31,47] is considered as
b−2 ℓ(ℓ+1)

(1−e−r/b)2
e−2r/b, for small values of r which behaves as ℓ(ℓ+1)

r2
. In the limit h̄2/2m = 1, the

Schrödinger’s wave equation for Manning–Rosen potential in all partial waves is given by[
d2

dr2
+ k2 − b−2

{
δ(δ − 1)

(1 − e−r/b)2
e−2r/b

−
Ae−r/b

1 − e−r/b

}]
ϕℓ(k, r) = 0. (4)

Here ϕℓ(k, r) stands for the on-shell regular solution. Using the transformation

ϕℓ(k, r) = bδ(1 − e−r/b)δ eikr gℓ(k, r) (5)

Eq. (4) is converted to

b2(1 − e−r/b)er/b g ′′

ℓ (k, r) +
[
2δb + 2ikb2(1 − e−r/b)er/b

]
g ′

ℓ(k, r)
+ (2ikbδ − δ + A) gℓ(k, r) = 0. (6)

By changing the variable (1 − e−r/b) = z the above equation becomes

z(1 − z)g ′′

ℓ (k, z) +
[
c ′

− (a′
+ b′

+ 1)z
]
g ′

ℓ(k, z) − a′b′gℓ(k, z) = 0, (7)

where

a′
= δ − ikb + (δ2 − k2b2 − δ + A)1/2, (8)

b′
= δ − ikb − (δ2 − k2b2 − δ + A)1/2 (9)

and

c ′
= 2δ. (10)

Comparing Eq. (7) with the standard Gaussian hypergeometric differential equation [48–52][
z(1 − z)

d2

dz2
+ [γ − (α + β + 1)z]

d
dz

− α β

]
F (z) = 0 (11)

in conjunction with Eq. (5) the general solution of Eq. (4) reads as

ϕℓ(k, r) = bδ(1 − e−r/b)δ eikr 2F 1
(
a′, b′

; c ′
; 1 − e−r/b) . (12)
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Substituting δ = ω + 1 in above equation one has

ϕℓ(k, r) = bω+1(1 − e−r/b)ω+1eikr 2F 1
(
A′, B′

; C ′
; 1 − e−r/b) (13)

with

A′
= 1 + ω − ikb + (ω2

− k2b2 + ω + A)1/2, (14)

B′
= 1 + ω − ikb − (ω2

− k2b2 + ω + A)1/2 (15)

and

C ′
= 2ω + 2. (16)

Using the analytic continuation of Gaussian hypergeometric [48,49] function

2F 1(a, b; c; z) =
Γ (c)Γ (c − a − b)
Γ (c − a)Γ (c − b) 2

F 1(a, b; a + b − c + 1; 1 − z)

+ (1 − z)c−a−b Γ (c)Γ (a + b − c)
Γ (a)Γ (b) 2F 1(c − a, c − b; c − a − b + 1; 1 − z)

(17)

and the relation

2F 1(a, b; c; z) = (1 − z)c−a−b
2F 1(c − a, c − b; c; z) (18)

Eq. (13) yields

ϕℓ(k, r) =
bωΓ (2ω + 2)

2ik

[
Γ (1 + 2ikb)
Γ (A′∗ )Γ (B′∗ )

(1 − e−r/b)−ω eikr

×2F 1
(
A′

− 1 − 2ω, B′
− 1 − 2ω; 1 − 2ikb; e−r/b)

−
Γ (1 − 2ikb)
Γ (A′)Γ (B′)

(1 − e−r/b)−ω e−ikr

×2F 1
(
A′

∗

− 1 − 2ω, B′
∗

− 1 − 2ω; 1 + 2ikb; e−r/b
) ]

(19)

On comparing Eq. (19) with the standard relation between regular and irregular solutions [53]

ϕℓ(k, r) =
1
2ik

[ℑℓ(−k)fℓ(k, r) − ℑℓ(k)fℓ(−k, r)] (20)

One can easily identify the Jost solution (irregular) fℓ(k, r) and Jost function ℑℓ(k) as

fℓ(k, r) = (1 − e−r/b)−ω eikr 2F 1
(
A′

− 1 − 2ω, B′
− 1 − 2ω; 1 − 2ikb; e−r/b) (21)

and

ℑℓ(k) =
bωΓ (2ω + 2)Γ (1 − 2ikb)

Γ (A′)Γ (B′)
. (22)

Here fℓ(−k, r) = (fℓ(k, r))∗ and ℑℓ(−k) = (ℑℓ(k))∗. It is well known that near the origin behaviour
of the Jost/irregular solution fℓ(k, r) represents the Jost function ℑℓ(k) [53–55] according as

ℑℓ(k) = (2ℓ + 1) Lim
r→0

rℓ fℓ(k, r). (23)

For the potential under consideration the above relation is modified appropriately to have

ℑℓ(k) = (2ω + 1)bω Lim
r→0

(1 − e−r/b)ωfℓ(k, r). (24)
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Now we verify whether fℓ(k, r) in Eq. (21) reproduces ℑℓ(k) as given in Eq. (22) under the limiting
condition in Eq. (24). From Eqs. (21) and (24) one gets Eq. (22) by using [48,49]

2F 1(a, b; c; 1) =
Γ (c)Γ (c − a − b)
Γ (c − a)Γ (c − b)

. (25)

Thus, our constructed Jost solution and function are in order.
We shall make a check on our expressions for fℓ(k, r) and ℑℓ(k). Under the limiting condition

α → 0 the effective Manning–Rosen potential [30–42] in Eq. (2) is converted to pure Hulthén-like
(HL) one [26] in all partial waves with − (A + ℓ(ℓ + 1)) /b2 = V0eff , the effective strength of the
potential. Therefore, from Eqs. (21) and (22) we obtain

Lim
α→0

fℓ(k, r) = fℓHL(k, r) = (1 − e− r/b)−l eikr 2F 1
(
−l + P, −l + Q , 1 − 2ikb, e−r/b) (26)

and

Lim
α→0

ℑl (k) = ℑlHL (k) =
blΓ (1 − 2ikb)Γ (2ℓ + 2)

Γ (l + 1 + P)Γ (l + 1 + Q )
(27)

with

P = −ikb + i b(V0eff + k2)1/2; Q = −ikb − i b(V0eff + k2)1/2. (28)

For α = 0 Eq. (3) may take the value δ = −ℓ or ℓ + 1 so that ω = −(ℓ + 1) or ℓ. When ω = ℓ Eqs.
(14)–(16) yield

A′
= ℓ + 1 − ikb + ib(k2 + V0eff )1/2 = ℓ + 1 + P, (29)

B′
= ℓ + 1 − ikb − ib(k2 + V0eff )1/2 = ℓ + 1 + Q (30)

and

C ′
= 2ℓ + 2. (31)

But when ω = −(ℓ + 1). The value of C ′ becomes a negative integer. Thus, it does not produce
an acceptable solution. These equations are similar to Hulthén potential in all partial waves [26]
except V0eff = − (A + ℓ(ℓ + 1)) /b2 is replaced by V0, the strength of the conventional Hulthén
potential. For pure Hulthén potential V0 = −A/b2, while V0eff contains a term involving angular
momentum. This arises due to the choice of centrifugal barrier as b−2 ℓ(ℓ+1)

(1−e−r/b)2
e−2r/b instead of

b−2 ℓ(ℓ+1)
(1−e−r/b)2

e−r/b. If one assumes the screened centrifugal barrier like that has been considered in
case of Manning–Rosen potential [30–42], the proper Hulthén limits are obtained. In Appendix
we present the solution of the Hulthén potential with the centrifugal barrier b−2 ℓ(ℓ+1)

(1−e−r/b)2
e−2r/b.

However, for s-wave case Eqs. (26) and (27) reproduce the desired results for Hulthén potential,
reported in a number of publications [24–29].

The Jost function plays a very important role in examining the properties of both bound
and scattering states for quantum mechanical systems [54–56]. The Jost function is in general a
complex quantity. The zeros of the Jost function in the upper-half of the complex momentum
space reproduce the bound state energies and phase of the same is the negative of the scattering
phase shifts [52–56]. In a recent article [42] we have studied the (n-p) and (n-d) systems and
found excellent agreement in binding energies and scattering phase shifts for s-wave Manning–
Rosen potential. In the present text we apply our expression for Jost function in all partial waves to
compute neutron–proton and neutron–deuteron phase shifts up to ℓ = 2 by fixing the parameters
of the potential.

From Eq. (22) the Jost function ℑℓ(k) has zeros at the poles of the gamma functions Γ (A′) or
Γ (B′) with k = iκ . Thus, from the condition A′

= −n at k = iκ we have

κ =
A − (n + 1)2 − ω(2n + 1)

2b(n + ω + 1)
; n = 0, 1, 2, . . . (32)



B. Khirali, A.K. Behera, J. Bhoi et al. / Annals of Physics 412 (2020) 168044 5

Table 1
List of parameters for the potential.
System State A b (fm) α

n-p

1S0 0.952 1.152 −0.0043
3S1 1.57 1.2135 0.005
1P1 1.4505 0.83 0.005
3P0 1.9045 0.32 0.005
3P1 1.4505 0.78 0.005
3P2 2.0505 0.141 0.005
1D2 3.35 0.07 0.005
3D1 2.90 0.44 0.005
3D2 4.15 0.12 0.005
3D3 3.20 0.07 0.005

n-d

1/2(+) 2.725 2.1441 0.005
1/2(−) 1.40 1.71 0.005
3/2(−) 2.40 0.53 0.005
3/2(+) 8.043 1.70 0.005

and

En = −
h̄2

8mb2

[
A − (n + 1)2 − ω(2n + 1)

(n + ω + 1)

]2
; n = 0, 1, 2, . . . (33)

For ℓ = 0, ω = α − 1 and our Eq. (33) reproduces the results of Refs. [32,42].

3. Results and discussions

Using the parameters given in Table 1 we have computed the scattering phase shifts for different
states of n-p and n-d systems and portrayed them in Figs. 1–4.

Looking closely into Fig. 1 it is noticed that our 1S0 & 3S1 scattering phase shifts for n-p system
are in good agreement with that of Ref. [57] up to ELab = 50 MeV. Beyond that our results gradually
increase with energy from the stand data [57].

For P- and D-states our phase shifts values for n-p systems as depicted in Figs. 2 and 3 are in
reasonable agreement with the results of Gross and Stadler [57]. For 3P0 state our results started
increasing with energy beyond ELab = 125 MeV, on the other hand, the same for 3P1 state agree
well beyond ELab = 125 MeV and differs slightly in the low energy regions. The scattering phase
shifts for 3D1 and 3D3 states portrayed in Fig. 3 are in exact agreement with that of standard
data [57]. For 1D2 state our results are in closed agreement with that of standard data [57] up
to ELab = 175 MeV. Beyond 175 MeV, however, our results differ slightly from those of ref. [57].
The phase shift values for 3D2 state differ at low and intermediate energies but reproduce better
results beyond ELab = 175 MeV. The scattering phase shifts for n-d system for different states under
consideration plotted in Fig. 4 are in excellent agreement with those of Ref. [58] in the entire energy
range.

The associated potentials for different states of various systems are also presented in Figs. 5–8.
The nature of our phase shifts are fully consistent with those of the potentials for the concerned

systems.

4. Conclusion

In one [42] of our recent articles we have computed S-wave scattering phase shifts for n-p and
n-d systems using the Manning–Rosen potential up to 50 MeV and 10.5 MeV respectively and found
a close agreement with the standard results [57,58]. However, for n-d system a slight difference in
phase shift values was observed up to ELab = 5 MeV. In the present text we have used the same
parameters for 1S0 and 3S1 states of n-p system but some new parameters, reproducing the correct
binding energy of n-d system, are used to compute the scattering phase shifts for 1/2+ state of n-d
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Fig. 1. (n-p) scattering phase shifts (1S0 and 3S1) as a function of laboratory energy.

Fig. 2. (n-p) scattering phase shifts (1P1 , 3P0 , 3P1 and 3P2) as a function of laboratory energy.
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Fig. 3. (n-p) scattering phase shifts (1D2 , 3D1 , 3D2 and 3D3) as a function of laboratory energy.

Fig. 4. (n-d) scattering phase shifts as a function of laboratory energy.
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Fig. 5. S-wave (n-p) potentials as a function of r.

Fig. 6. P-wave (n-p) potentials as a function of r.
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Fig. 7. D-wave (n-p) potentials as a function of r.

Fig. 8. (n-d) potentials as a function of r.
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system. The expressions for the Jost functions are exploited for computing the scattering phase
shifts for different states of n-p and n-d systems up to ℓ = 2. With the parameters given in Table 1
we obtain good agreement in the phase shifts over the entire energy range under consideration for
n-p and n-d systems. Hüber et al. [58] calculated elastic n-d scattering phases up to 19 MeV using
Faddeev equations in the momentum space formalism with the realistic Bonn-B NN potential. In
the current text we treat the n-d system within the two-body model of interaction and achieve
excellent agreement in phase shift values with the sophisticated calculation of Hüber et al. [58].
From the foregoing discussions it is clear that three parameter Manning–Rosen potential, although
used as a molecular potential, also has the ability to reproduce the various physical observables
for nuclear systems. Further, it may be extended for studying complex nucleus–nucleus systems.
However, to treat charged hadron system one has to construct an expression for the Jost function
with Manning–Rosen Plus electromagnetic interaction. This problem is in our active consideration
and will be addressed in the future. Thus, it is our belief that the present treatment with the
Manning–Rosen potential may be quite interesting to nuclear physicists.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relation-
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Appendix

The Schrödinger’s equation for Hulthén potential with the screened centrifugal term ξ 2 ℓ(ℓ+1)e−2ξ r

(1−e−ξ r)
2

reads as(
d2

dr2
+ k2 − V0

e−ξ r

1 − e−ξ r − δ2
ℓ (ℓ + 1) e−2ξ r(

1 − e−ξ r
)2

)
ϕℓH (k, r) = 0. (A.1)

Using the following transformation

ϕℓH (k, r) = eikr
(
1 − e−ξ r

)(ℓ+1)

ξ (ℓ+1) Fℓ(k, r) (A.2)

Eq. (A.1) converts to

eξ r (1 − e−ξ r) d2Fℓ(k, r)
dr2

+
{
2ikeξ r (1 − e−ξ r)

+ 2 (ℓ + 1) ξ
} dFℓ(k, r)

dr
+
{
2ik (ℓ + 1) ξ − (ℓ + 1) ξ 2

− V0
}
Fℓ(k, r) = 0.

(A.3)

By changing the variable 1 − e−ξ r
= z, the above equation becomes

z (1 − z)
d2Fℓ(k, z)

dz2
+
[
c ′

−
(
a′

+ b′
+ 1

)
z
] dFℓ(k, z)

dz
− a′b′Fℓ(k, z) = 0, (A.4)

where

a′
= 1 + ℓ −

ik
ξ

+

(
ℓ2 + ℓ −

k2

ξ 2 −
V0

ξ 2

)1/2

, (A.5a)

b′
= 1 + ℓ −

ik
ξ

−

(
ℓ2 + ℓ −

k2

ξ 2 −
V0

ξ 2

)1/2

(A.5b)

and

c ′
= 2ℓ + 2. (A.5c)

Comparing Eq. (A.4) with the standard Gaussian hypergeometric differential equation [48,49][
z(1 − z)

d2

dz2
+ [γ − (α + β + 1)z]

d
dz

− α β

]
F (z) = 0 (A.6)
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along with the Eq. (A.2) the general solution of Eq. (A.1) reads as

ϕℓH (k, r) =
(1 − e−ξ r )ℓ+1

ξ ℓ+1 eikr 2F 1
(
a′, b′

; c ′
; 1 − e−ξ r) . (A.7)

Using the analytic continuation of Gaussian hypergeometric function [48,49]

2F 1(α, β; γ ; z) =
Γ (γ )Γ (γ − α − β)
Γ (γ − α)Γ (γ − β) 2

F 1(α, β; α + β − γ + 1; 1 − z)

+ (1 − z)γ−α−β Γ (γ )Γ (α + β − γ )
Γ (α)Γ (β) 2F 1(γ − α, γ − β; γ − α − β + 1; 1 − z)

(A.8)

and the relation

2F 1(α, β; γ ; z) = (1 − z)γ−α−β
2F 1(γ − α, γ − β; γ ; z) (A.9)

Eq. (A.7) yields

ϕℓH (k, r) =
1
2ik

ξ−ℓ

⎡⎣Γ (2ℓ + 2)Γ
(
1 +

2ik
ξ

)
Γ (a′∗ )Γ (b′∗ )

(1 − e−ξ r )−ℓ eikr

× 2F 1

(
a′

− 2ℓ − 1, b′
− 2ℓ − 1; 1 −

2ik
ξ

; e−ξ r
)

−

Γ (2ℓ + 2)Γ
(
1 −

2ik
ξ

)
Γ (a′)Γ (b′)

× (1 − e−ξ r )−ℓ e−ikr
2F 1

(
a′

∗

− 2ℓ − 1, b′
∗

− 2ℓ − 1; 1 +
2ik
ξ

; e−ξ r
)⎤⎦ .

(A.10)

On comparing Eq. (A.10) with the standard relation between regular and irregular solutions [53]

ϕℓH (k, r) =
1
2ik

[ℑℓH (−k)fℓH (k, r) − ℑℓH (k)fℓH (−k, r)] (A.11)

one can easily identify the Jost solution (irregular) fℓH (k, r) and Jost function ℑℓH (k) as

fℓH (k, r) = (1 − e−ξ r )−ℓ eikr 2F 1

(
a′

− 2ℓ − 1, b′
− 2ℓ − 1; 1 −

2ik
ξ

; e−ξ r
)

(A.12)

and

ℑℓH (k) = ξ−ℓ
Γ (2ℓ + 2)Γ

(
1 −

2ik
ξ

)
Γ (a′)Γ (b′)

. (A.13)

References

[1] L. Infeld, T.D. Hull, Rev. Modern Phys. 23 (1951) 21.
[2] E. E. Witten, Nuclear Phys. B 185 (1981) 513.
[3] U. Laha, C. Bhattacharya, B. Talukdar, J. Phys. A: Math. Gen. 19 (1986) L473.
[4] S.H. Dong, Factorization Method in Quantum Mechanics, Springer, Netherlands, 2007.
[5] J. Bhoi, M. Majumder, U. Laha, Ind. J. Pure Appl. Phys. 56 (2018) 538.
[6] M. Bander, C. Itzykson, Rev. Modern Phys. 38 (1968) 330.
[7] Y. Alhassid, F. Gursey, F. Iachello, Phys. Rev. Lett. 50 (1983) 873.
[8] S.H. Dong, G.H. Sun, D. Popov, J. Math. Phys. 44 (2003) 4467.
[9] C.V. Sukumar, J. Phys. A: Math. Gen. 18 (1985) L57.

[10] F. Cooper, B. Freedman, Ann. Phys. NY 146 (1983) 262.
[11] U. Laha, C. Battacharyya, K. Roy, B. Talukdar, Phys. Rev. C 38 (1988) 558.
[12] J. Bhoi, U. Laha, J. Phys. G: Nucl. Part. Phys. 40 (2013) 045107.
[13] J. Bhoi, U. Laha, Braz. J. Phys. 46 (2016) 129.
[14] J. Bhoi, U. Laha, K.C. Panda, Pramana-J. Phys. 82 (2014) 859.
[15] U. Laha, J. Bhoi, Internat. J. Modern Phys. E 23 (2014) 1450039.

http://refhub.elsevier.com/S0003-4916(19)30299-4/sb1
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb2
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb3
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb4
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb5
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb6
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb7
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb8
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb9
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb10
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb11
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb12
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb13
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb14
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb15


12 B. Khirali, A.K. Behera, J. Bhoi et al. / Annals of Physics 412 (2020) 168044

[16] U. Laha, J. Bhoi, Phys. Rev. C 91 (2015) 034614.
[17] U. Laha, J. Bhoi, Pramana-J. Phys. 84 (2015) 555.
[18] W.C. Qiang, S.H. Dong, Phys. Lett. A 363 (2007) 169.
[19] S.H. Dong, A.G. Cisneros, Ann. Phys. 323 (2008) 1136.
[20] X.Y. Gu, S.H. Dong, Z.Q. Ma, J. Phys. A 42 (2009) 035303.
[21] F.A. Serrano, X.Y. Gu, S.H. Dong, J. Math. Phys. 51 (2010) 082103.
[22] W.C. Qiang, S.H. Dong, Europhys. Lett. 89 (2010) 10003.
[23] F. Cooper, A. Khare, U. Sukhatme, Supersymmetry in Quantum Mechanics, World Scientific, Singapore, 2004.
[24] L. Hulthén, Ark. Mat. Astron. Fys. 28A (1942) 5.
[25] J. Bhoi, U. Laha, Pramana-J. Phys. 88 (2017) 42.
[26] U. Laha, Few-Body Syst. 59 (2018) 68.
[27] J. Bhoi, A.K. Behera, U. Laha, J. Math. Phys. 60 (2019) 083502.
[28] J. Bhoi, R. Upadhyay, U. Laha, Comm. Theor. Phys. 69 (2018) 203.
[29] U. Laha, J. Bhoi, Phys. Atom. Nucl. 79 (2016) 62.
[30] M.F. Manning, N. Rosen, Phys. Rev. 44 (1933) 953.
[31] W.C. Qiang, S.H. Dong, Phys. Lett. A 368 (2007) 13.
[32] S.H. Dong, J. Garcia-Ravelo, Phys. Scr. 75 (2007) 307.
[33] A. Diaf, A. Chouchaoni, R.L. Lombard, Ann. Phys. (Paris) 317 (2005) 354.
[34] W.C. Qiang, K. Li, W.L. Chen, J. Phys. A 42 (2009) 205306.
[35] C. Berkdemir, J. Han, Chem. Phys. Lett. 409 (2005) 203.
[36] G.F. Wei, C.Y. Long, S.H. Dong, Phys. Lett. A 372 (2008) 2592.
[37] G.F. Wei, S.H. Dong, Phys. Lett. A 373 (2008) 49.
[38] G.F. Wei, Z.Z. Zhen, S.H. Dong, Cent. Eur. J. Phys. 7 (2009) 175.
[39] W.C. Qiang, S.H. Dong, Phys. Scr. 79 (2009) 045004.
[40] G.F. Wei, S.H. Dong, Phys. Lett. B 686 (2010) 288.
[41] X.Y. Gu, S.H. Dong, J. Math. Chem. 49 (2011) 2053.
[42] B. Khirali, A.K. Behera, J. Bhoi, U. Laha, J. Phys. G (2019) 115104.
[43] R.D. Woods, D.S. Saxon, Phys. Rev. 95 (1954) 577.
[44] A. Altuğ, A. Oktay, S. Ramazan, J. Phys. A 43 (2010) 425204.
[45] V.H. Badalov, Internat. J. Modern Phys. E 25 (2016) 1650002.
[46] C. Eckart, Phys. Rev. 28 (1926) 711.
[47] S.H. Dong, X.Y. Gu, J. Phys.: Conf. Ser. 96 (2008) 012109.
[48] L.J. Slater, Generalized Hypergeometric Functions, Cambridge University Press, London, 1966.
[49] A. Erdéyli, Higher Transcendental Functions, Vol. I, Mc-Graw-Hill, New York, 1953.
[50] A.W. Babister, Transcendental Functions Satisfying Non-Homogeneous Linear Differential Equations, MacMillan, New

York, 1967.
[51] B. Talukdar, U. Laha, S.R. Bhattaru, J. Phys. A: Math. Gen. 18 (1985) L359.
[52] U. Laha, J. Bhoi, J. Math. Phys. 54 (2013) 013514.
[53] R.G. Newton, Scattering Theory of Waves and Particles, Mc-Graw-Hill, New York, 1982.
[54] U. Laha, Phys. Rev. A 74 (2006) 012710.
[55] U. Laha, Pramana-J. Phys. 67 (2006) 357.
[56] C.S. Warke, R.K. Bhaduri, Nuclear Phys. A 162 (1971) 289.
[57] F. Gross, A. Stadler, Phys. Rev. C 78 (2008) 014005.
[58] D. Hüber, J. Golak, H. Witala, W. Glöckle, H. Kamada, Few-Body Syst. 19 (1995) 1.

http://refhub.elsevier.com/S0003-4916(19)30299-4/sb16
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb17
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb18
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb19
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb20
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb21
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb22
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb23
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb24
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb25
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb26
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb27
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb28
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb29
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb30
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb31
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb32
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb33
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb34
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb35
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb36
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb37
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb38
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb39
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb40
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb41
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb42
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb43
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb44
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb45
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb46
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb47
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb48
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb49
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb50
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb50
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb50
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb51
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb52
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb53
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb54
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb55
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb56
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb57
http://refhub.elsevier.com/S0003-4916(19)30299-4/sb58

	Scattering with Manning–Rosen potential in all partial waves
	Introduction
	Jost solution and function
	Results and discussions
	Conclusion
	Declaration of competing interest
	Appendix
	References


