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Spin and pseudospin symmetries of the Dirac equation are investigated for a novel interaction term,
i.e. the combination of Tietz plus a hyperbolical (Schidberg) potential besides a Coulomb tensor
interaction. This choice of interaction yields many of our significant terms in its special cases. After
applying a proper hyperbolical term, we find the corresponding superpotential and thereby construct
the partner Hamiltonians which satisfy the shape-invariant condition via a translational mapping. We
report the spectrum of the system and comment on the impact of various terms engaged.
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1. Introduction

The special relation of scalar S(r) and vector V (r)
interactions in the Dirac theory were shown to have
significant physical meaning. More precisely speak-
ing, the cases V(r) + S(r) = cps = const. and V(r) —
S(r) = ¢ = const., which are respectively called the
pseudospin and spin symmetries in the nomenclature,
were shown to have notable consequences in nuclear
and hadronic spectroscopies [1]. These symmetries
have been successfully used to describe and investigate
complicated phenomena such as the deformed nuclei,
the super-deformation effect, and the properties shell
model [2-6]. Authors of [7] give, in a detailed and
systematic manner, the ins and outs of the theory.

As the forthcoming equations reveal, these symme-
tries yield Schrodinger-like equations. Consequently,
our common tools in non-relativistic quantum me-
chanics have been applied to the theory to investigate
the equation under physical interaction terms. The
list is rather lengthy and includes asymptotic iter-
ation method (AIM) [8], Nikiforov—Uvarov (NU)
technique [9], supersymmetric quantum mechan-
ics (SUSYQM) [10] and the shape-invariance (SI)

condition [11], exact quantization rule [12], etc.
The pseudospin symmetry usually refers to as
a quasi-degeneracy of single nucleon doublets with
non-relativistic quantum numbers (n,l,j = [ + %)
and (n—1,14+2,j =1+ %) where n, [, and j are
single nucleon radial, orbital, and total angular
quantum numbers, respectively [4]. The total angular
momentum is j = T+5, where [ =1+ 1 denotes
a pseudo-angular momentum, and § is the pseudospin
angular momentum [13]. The tensor interaction
was originally introduced into the Dirac formalism
with the replacement p — p — iMwf - FU(r) in
the Dirac Hamiltonian [14]. The Dirac equation
with different phenomenological interaction in the
symmetry limits has been considerably investigated
in recent years [15-33]. Among the lengthy list,
the exponential-type potentials such asthe Morse,
Mie-type, Yukawa, and Tietz potential, due to their
successful predictions in physical sciences, have
received a bold attention [33 -36].

The main aim of the present paper is to obtain
approximate analytical solutions of the Dirac equa-
tion with a Tietz plus hyperbolical potential (T-H) in-
cluding the Coulomb potential under the above men-
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tioned symmetry limits. The paper is organized as
follows. In Section 2, we give a brief introduction to
supersymmetry quantum mechanics (SUSYQM) by
which we solve our obtained differential equation.
In Section 3, the Dirac equation is written for spin
and pseudospin symmetries with a Coulomb tensor
interaction. We solve the Dirac equation under these
symmetries in Section 4, and few special cases are
discussed in Section 5. Finally, the conclusion is pre-
sented in Section 6.

2. Supersymmetry

We include this short introduction to SUSYQM to
proceed on a more continues manner. In SUSYQM, we
normally deal with the partner Hamiltonians [10]

2

Hy= f—mwi(x% (1)

where

Vai(x) = @(x) £ @' (x). )

In the case of good SUSY, i. e. Ey = 0, the ground state
of the system is obtained via

@ (x) =Ce V™, 3)
where C is a normalization constant and
X
Ux) = / dz0(2). @)
Xo
Now, if the shape invariant condition
Vi (ag,x) =V_(aj,x)+R(ay) 5)

exists (aj is anew set of parameters uniquely deter-
mined from the old set ag via the mapping F : ay —
a; = F(ap), and R(a;) does not include x), then the
higher state solutions are obtained via

E,= Y R(a)), (62)
=1
n—1 A‘tL .
o7 09 = T1( 7 g ) ). 6
Jj= n
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dJ
T

Therefore, this condition determines the spectrum of
the bound-states of the Hamiltonian

az

Hj=-5a2"

V_(aj,x)+E; ®)
and the energy eigenfunctions of
Hj(pn_—j(aﬁx) :E"(pn_—j(ajvx)v ”Z]a (9)

are related via [1-3]:

. At
Oui(42) = o =g e (i) (10

3. Dirac Equation with a Tensor Coupling

The Dirac equation for spin-% particles moving in
an attractive scalar potential S(r), a repulsive vector
potential V (r), and a tensor potential U(r) in the rel-
ativistic unit (i = ¢ = 1) is [25]

[(_)'c'ﬁ—Fﬁ(M—kS(r)) — iﬁ&~fU(r)] y(r)
=[E-V()]y(),
where E is the relativistic energy of the system, p=
—1V is the three dimensional momentum operato,r and

M is the mass of the fermionic particle. &, B are the
4 x 4 Dirac matrices given as

-(23) 06 )

where [ is the 2 x 2 unitary matrix, and G; are the Pauli
three-vector matrices:

(01 (0 —i
=11 0)>%2=\i o)
o (10
=\o -1/

The eigenvalues of the spin—orbit coupling operator are
K= (j—i—%) >0, k=— (j—l—%) =< 0 for unaligned j =
/- % and the aligned spin j =1+ % respectively. The
set (H K ,JZ,JZ) forms a complete set of conserved
quantities. Thus, we can write the spinors as [26]

QY

12)

13)
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where F(r) and Gy (r) represent the upper and
lower components of the Dirac spinors, respectively.
Y}m(G, 0), Y;m(e, @) are the spin and pseudospin
spherical harmonics, and m is the projection on the z-
axis. With other known identities [27]

(6-A)(G-B)=A-B+iG- (AxB),

L < 6~Z> (15)
o-p=0-r p+17

as well as
(6-L)Y},(0.9) = (x—1)Y},(6,9),
_"Z Yl » @ - j 97 ’
(fA)T( 0)=—(x-1}(0.0).
(GF)Y{m( , @ ) Y]m(97(p)a
(6 )Y)Im( ) 7Y;m(97(p)7

we find the following two coupled first-order Dirac
equation [27]:

(d LK U(r)> Fue(r) = (M4 Epe — A(r))

dr r a7
'GnK(r)a
(d—K+U())G — (M= Epe+2(r))
o7 U0 Gulr) =M =B+ 2(r) - (o
'FnK(r)a
where
A(r)=V(r)=S8(r), (19)
Z(r)=V(r)+5(r). (20)
Eliminating F,(r) and G (r) in (17) and (18), we ob-

tain the second-order Schrodinger-like equation as

& x(k+1) N 2kU(r)  dU(r)
dr r? r dr

-U0)

—(M+E;c—A(r)(M—E,«+X2(r))
“m(£+f—Uvﬂ}FAn:o

+ dr
& x(x—1) 2xU(r)  dU(r)
{ dr? r? + r + dr

2n

(M+Ep—A(r))

-U)

— (M + Eye— A(r) (M — En + (1))
dz(r) (L-21U(n) }G «(r)=0

(22)

i 5 (0)
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where k(k —1) =I([+1), k(k+1) =I(I+1). The
radial wave functions are required to satisfy the neces-
sary conditions, i.e. F,x and G, vanish at the origin
and the infinity. At this stage, we take A(r) or X(r) as
the T-H potential. Equations (21) and (22) can be ex-
actly solved for k¥ = 0,—1 and k¥ = 0, 1, respectively,
as the spin—orbit centrifugal term vanishes.

4. Solution of the Dirac Equation

In this section, we are going to solve the Dirac equa-
tion with the T-H potential and tensor potential by
using the SUSYQM.

4.1. Pseudospin Symmetry Limit

The exact pseudospin symmetry was proved by
Meng et al. [28]. It occurs in the Dirac equation when
d‘i( =0 or X (r) = Cps = const. [5]. In this limit,
we take A(r) as the T-H potentials [27, 36] besides

a Coulomb tensor potential [29]:

Ar) =Vo (smha(r—ro)>2

sinh(or) (23)
+V; (1 —ocoth(ar))?,
H 2
Ulr)=——, H="2%° >R, (24)
r 4rey

where Vp, Vi, 0, @ = ,, and H are constant coeffi-
cients, R, = 7.78 fm is the Coulomb radius, z, and z,
denote the charges of the projectile a and the target
nuclei b, respectively [29]. Since the Dirac equation

fr) 4+

o T T T T T T T 1
o 1 2 3 4 5 6 7 8

|_ % —_— azcsch2(ar)|

Fig. 1. Centrifugal term (1/r?) and its approximation for ot =
0.01.
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with the T-H potential has no exact solution, we use
an approximation for the centrifugal term as shown in
Figure 1:

1 o?
~ ———— = oesch?(ar) .

1. 25
r2 sinh?(or) @)

Using this term in (22) yields

d2
{ — 5+ | Ax(Ac— 1) = Vo(M — ER +Gp)
sinh?(curp) — Vi 62 (M — EPS + Cps)} esch?(aur)

+ [2\/0 sinh(auro) cosh(otrg) (M — EES + Cpe)

+2Vi0(M —Ehy —l—Cps)} coth(or) }Ggi(r) = (6

{ —M? —MCps+ (Efx)? — EReCos + Vo (M — Epyc

+ Cps) cosh?(arg) + Vo (M — Efx. + Cps) sinh? (atrg)
+VI(M—ER + Cps) +Vi0% (M~ EBy +Cps)}G2?((r) :
where k = —7 and kK = 7+ 1 for ¥ < 0 and x > 0 and
Ax=K+H.

4.2. Solution Pseudospin Symmetry Limit

In the previous section, we obtained a Schrodinger-
like equation of the form

d*Ghy(r -

~ SO V() Gr(r) = ERRGR() 2

with the effective potential being

Vet = lescschz(ar) + Vzps coth(ar), (28)
where
Vips = 02 Ax(Ag — 1) — MVi 62 + V62 Efy.

-V GZCPS — MV sinhz(ocro)

+ VoEnx sinh? (aurg) — VoCps sinh? (), (29)

Vaps = 2MVq sinh(aurg) cosh(otrg) — 2VoEhy sinh(otrg)
-cosh(ourg) 4 2VoCps sinh(ctrg) cosh(org)
+2MV;0 —2Vi0E} +2V10Cps -
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The corresponding effective energy is given by
Efx = —M* = MCps + (Ejx)” — EnxCos

+ MVy cosh?(aurg) — VoERy. cosh? (arg)
+VoCos cosh? (arp) + MV sinh? (ar)

— VoEbysinh? (atrg) 4 VoCps sinh? (atrg) + MV

S

—VIEDy +ViCps + MV1 62 — V1 G?Efx + V167 Cps -

(30)

In the SUSYQM formalism, the ground-state wave
function for the lower component is given as

Gi(r) = exp (— o) dr) - (31)
Thus, we are dealing with the Riccati equation

0’ — ¢ =Verr — Efy., (32)
for which we take a superpotential of the form

¢(r) =Cp+Dpcoth(ar). (33)

Therefore, the exact parameters of our study are ob-
tained via

C§+Dg+2Cpr coth(ar)+ (Df,+ aDy) csch?(aur)

~ - - 34
= lescschz(ar) + Vapscoth(otr) — Eg;c. e
Solving (34) yields
V2ps
C =
PT2Dy’ &
—a+ \/m
D. = 36
) 5 , (36)
) Vi
: ps 2
Eg;c = _4D% —Dy;. 37
After constructing the partner Hamiltonians
do
— 2L
Vete+ (r) = @~ + ar
= Vapscoth(our) + (Dﬁ - O‘DP) (38a)
V2
-esch?(aur) + 43’% +D7,
d
Verr—(r) = 9% — (T(f
= Vaps coth(or) + (Df) + Och) (38b)
V2
-esch?(or) + 2ps —i—Df)7

2
4D;
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where ap = D, and ¢; is a function of ay, i.e., a; = (an) ( ‘722p% 2 ) (‘72213g 2>
R(a,) = - — S ,

f(aog) = ap — a. Consequently, a, = f(ag) = ap — no. 122 +a, i +a,
One can see that the shape-invariancy holds via a map- =l "

ping of the form Dy, — Dy — oc. Thus, from (5), we Eo} =0. (40)
have [29, 30] Therefore, from (6a), the eigenvalues can be found as
n
V2, Vi, EP" = YR
R(ay) = 2p§ +aj | - 2p; +ai |, " kg’] (ax)
4ap 4ay . 8 (41a)
Vs Vs
72 72 = 4pﬁ +ag | - 4;; +a, |,
a a
R(a) = 42p2s rad |- 42pzs +a), 0 n
“ “ (39) sps _ zps— s Vs
- s En=En +Ey=—{72T%]- (41b)
n
o= (vt - (o eat).
2 3 Thiscompletely determines the energy of the pseudospin

symmetry limit. With the aid of (29) and (35) - (37), we
obtain the energy eigenvalues as

—M? — MCps + (Ef%)?* — ERvCys + MVy cosh? (aurg) — VoEly-cosh? (aur) + VoCps cosh? (aurg) + MVy sinh® (auro)

S

— VoERbysinh? (0urg) + VoCps sinh? (0trg) +MVy — Vi Eby + Vi Cps + MV1 62 — Vi G2 Efx + V167 Cis

1
" {
. 2
—at|a2+4 [azAK(AK—l)—MVI 62+V] 62EPy.~ V| 62 Cps —MVyy sinh (aurg) +V Eng sinh2 (0tr)— Vo Cps sinhz(lxro):|
4 > —no

: {ZMVO sinh(arg) cosh(arg) — 2VoEby sinh(cerg) cosh(ar)

2
+ 2V Cps sinh(atrg) cosh(org) +2MVi 6 — 2V, GEby + 2V 6Cps 42)
—o+ \/ o?+4 {oﬂAK(Ar 1)—MV} 62 4V| 62 Efx—V) 62Cps —MVy sinh? (0rg ) +Vo Ense sinh? (arg) —VoCps sinhz(aro)} 2
+ 5 —na =0.
Thus, the lower component of the wave function is ang( r)= %
M — Eby + Cps
Vaps  Epy d K “44)
1 coth(ar 402 402 — — 34U GPs
Ghic(r) = Nax <2 — 72( )) (dr P (r)) (7))
Vs ERY where N, is the normalization constant.
(1 n coth(ar)) 12  40? (43)
2 2 4.3. Spin Symmetry Limit
Wf_f 2¢_7_7)
a2 402’ o? 402 . ... dA(r
% P, ot 4 ot 4 (coth(aur)), In the spin symmetry limit d—g) =0or A(r) =

C; = const. [17, 18]. As the previous section, we con-
and the other component can be simply found as sider [27, 36]
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B sinho(r—ro) \
2(r) =% < sinh(otr) )
+Vi (1—ocoth(ar))? .

(45)

Substitution of the latter in (9) gives

d2
{ ) + {Oﬂznrc(rhc ~ 1)+ V16 (M +ES\ —Cs)
+Vo(M+E;—Cs) sinhz(aro)] csch?(aur)
- [ZVO(M—i— E; . — Cs)sinh(arg) cosh(org)

+20Vi(M+E} — Cs)} coth(ar) }F;K(r) (46)

= { —M? 4+ MC+ (ES,)* — ES.Cs — Vo(M +ES,.
— Cy)cosh?(arg) — Vo(M + ES,. — Cy) sinh® (otrg)
-Vi (M-l—E;K —CS) — V10'2(M+E2K —CS)}FHSK(V) ,

where Kk =/¢ and k = —¢—1 for k <0 and ¥ > 0,
respectively, and N, = Kk +H + 1.

4.4. Solution of the Spin Symmetry Limit

In this case,

d2Fs (r N
=SB V) = Epeaelr) )
with
Verr(r) = Vlscschz(ar) + Vascoth(ar), (48)

where

Vis = & Ne(Ne — 1) + MV1 6% + Vi 6°ES . — V162Cs
+ MVysinh?(otrg) 4 VoES, sinh? (eur)
— VoCy sinh?(ory) (49)
Vs = —2MVjy sinh(aurg) cosh(ourg) —2Vo ES . sinh(or)
-cosh(ory) 4 2V Cs sinh(oirg) cosh(ocrp)
—2MV,0 —2V|E, .0 +2V;0Cs,

and
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ES. = —M?+MCy+(ES,.)*—ES, .Cs—MVy cosh? (aurg)
— VoES . cosh?(arg) + VoCs cosh? (arg) — MVy
-sinh? (arg) — Vo ES . sinh? (arg) 4 VoC sinh? (aur )

—MV) —VIES +V1Cs — MV 6% — Vi 6°ES 4V 67Cs .

(50)

In the SUSYQM theory, the ground—state wave func-
tion for the lower component is given as

Fi o) = exp (— [ ot dr) |

Thus, we are dealing with the Riccati equation of the
form

(5D

0> — ¢ = Verr — Efy., (52)
which corresponds to the superpotential
o(r) = As+ Bscoth(ar). (53)

Thus, the exact parameters of our study are obtained
from

A2+ B2+ 2AB, coth(aur)+ (B2 + aBg)csch?(or)

_ 2 _ . (54)
= Visesch™(aur) + Vascoth(ar) — E -
In this case, the coefficients are explicitly given as
B =15 B (552)
‘725
A= b
s= 5B (55b)
—aE+/ a2 +4V,
B = 4=V s (55¢)
2
We construct the partner Hamiltonians as
de
Vest (r) = @° + ar
Vi oo
_p2 2 (56a)
=B+ 432 + Vascoth(ar)
+ (B2 — aB)csch?(or)
d
Ver(r) = 9* —
r
Vi oo
= B2+ -2 4 Vs coth(ar) (56b)

* 4B?
+ (B? + aB)csch? (aur)

where ay = Bs and q; is a function of ag, i.e. a; =
flao) = ap — o.. Therefore, a, = f(ap) = ap —na. It
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is not difficult to see that the shape invariance holds of = From the shape-invariance condition, we can determine

the form By — B — o. Like the previous symmetry, we  the energy spectra of the Ve (r) potential by using
find

Epe = Eng +Ej (58)
R(ay) = Vi (ag,r) —V_(ai,r) Ey . =0, (59)
Vi Vs 2 s
<4%—)—Qé+w, By = X R(@). (60)
V2 VZ .
R _ 2s 2\ [ Vas 2 By virtue of (60), we find
(aZ) (461% +a1) (4&% +a2 ’ (57) ‘72
E;K:—<4;%+aﬁ). 61)

V. By considering the same way of solving (46), the en-
R(an) = 2 225 +ai_, |- ( 42; +a3> . ergy equation for the T-H potential in the presence of
n “ a tensor interaction is obtained as follows:

— M* +MCy+ (ES,)? — ES .Cs — MV cosh? (arg) — VoES . cosh?(otrg) + VoCs cosh? (otrg) — MVy sinh? (aurg)
— VoES . sinh®(otrg) + VoCy smhz(aro) MV —V\ES .+ ViCs — MV 6% -V, G2ES,.

JrV]GZCS{ = 1

—azx, | o2+4 | 020 (N —1)+MV| 624V 62ES V| 02 Cs + MV sinh? (aurg ) +Vo ES i sinh (0ry) —VCs sinh? (otrgy) )
4( = 5 = 7n0t)

. { — 2MVp sinh(arg) cosh(arg) — 2V E} . sinh(ocrg) cosh(aerp)

(62)

2
+ 2V Cs sinh(arg) COSh(OCI’o) —2MV,0 — 2V1E;KG +2V106C;

7oci¢ o244 [aan(anlHMVl 024V 62ES «—V 62Cs+MVy sinh? (urg )+ Vo ES e sinh? (0trg) — Vo Cs sinh2(ar0)] 2
+ 5 —na =0

1

Therefore, the upper component is obtained as G =
nK(r) M+EZK-7Cg
4 (64)
i (5+ 5-v0) £,
n r
. 1 coth( r)
Fox(r) =Dnpx | 5 ———— . o
2 where D, 1s the normalization constant.
. (1 COth ) v 63) 5, Few Special Cases
(2 \/ Visr E"*z % _ 2) In this section, we will consider two special cases
% P, dot da o (coth(ar)), of the T-H potentials as follows. The relativistic sym-

metries of the Dirac equation with Tietz potential were
studied in [36]. If we set V| = 0, the T-H potential re-
and the other component can be simply found from duces to the Tietz potential and we recover the result
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Table 1. Energies in the pseudospin symmetry limit for oo = 0.01, M =1 fm~!, Vo=-1,Vi =-0.8,Cys =—-3,0=0.1, and

ro=0.2.
7 nxk<0 (,7) EP(fm~1) EP(fm™1) n—1,k>0 (£+2,j+1) Eb(fm™!) EP(fm™1)
(H=0) (H=0.5) (H=0) (H=0.5)
1 1,—-1 1S, —2.323832627  —2.311939149 0,2 0d 3 —2.323832627  —2.338610527
2 1,-2 1P, 2355180421  —2.338610527 0,3 0fs —2.355189421  —2.372718826
3 1,-3 1d§ —2.390581334  —2.372718826 0,4 og§ —2.390581334  —2.408347992
4 1,—4 If; —2425729246  —2.408347992 0,5 Ohg —2.425729246  —2.44253477
1 2,—1 25, —2403911016  —2.396525934 1,2 1ds —2.403911016  —2.413436227
2 2,-2 2Py —2.424525886  —2.413436227 1,3 1fs —2.424525886  —2.436651812
3 2,-3 24y 2449370879  —2.436651812 1,4 lgs —2.449370879  —2.462332558
4 2,—4 2 fg —2.475270629  —2.462332558 1,5 1h§ —2.475270629  —2.487989087
1 3,-1 381  —2.461587101  —2.456499112 2,2 2d; —2.461587101  —2.468263772
2 3,-2 3P§ —2.476184142  —2.468263772 2,3 2 fg —2.476184142  —2.485006403
3 3,-3 3ds  —2.49442071 —2.485006403 2,4 2g7 —2.49442071 —2.504163106
4 3,—4 3f§ —2.514018629  —2.504163106 2,5 2h§ —2.514018629  —2.523818158

Table 2. Energies in the spin symmetry limit for & = 0.01, M =1fm~!,Vy=1,V; =0.8,C; = —3,6 = 0.1, and ry = 0.2.

231 -

l n k<0 (4,j) Ej(fm™1) ES, (fm™1) n—1,k>0 ((+2,j+1) E(fm™!) ES, (fm~1)
(H=0) (H=0.5) (H=0) (H=0.5)
1 0,-2 OP% 2.00023829 1.998236113 0,1 OP% 2.00023829 2.003021964
2 0,-3 Od% 2.006568204 2.003021964 0,2 Od% 2.006568204 2.010853282
3 0,—4 Of% 2.015849098 2.010853282 0,3 Of% 2.015849098 2.021523673
4 0,-5 Og% 2.027841679 2.021523673 0,4 Og% 2.027841679 2.034765004
1 1,-2 IP% 2.065615749 2.063887412 1,1 IP% 2.065615749 2.068019667
2 1,-3 ld% 2.071083749 2.068019667 1,2 ld% 2.071083749 2.074788636
3 1,—4 1f% 2.079111358 2.074788636 1,3 If% 2.079111358 2.084025711
4 1,-5 lg% 2.089502665 2.084025711 1,4 lg% 2.089502665 2.095510804
1 2,-2 2P3  2.122599868 2.121094528 2,1 2P 2.122599868 2.124694325
2 2,-3 2(1'; 2.12736514 2.124694325 2,2 2d§ 2.12736514 2.130596274
3 2,—4 Zf% 2.134368662 2.130596274 2,3 Zf% 2.134368662 2.13866051
4 2,-5 Zg% 2.14344762 2.13866051 2,4 2g7 2.14344762 2.148703739
oooLDoos o ooor oo 0m3 o ame o 0ms 0w 0.001 0011 0.021 0081 0.081
—=—n=1k=1 ' T : o
215 L k=3 243 -_:_-:_::_: I"'/"
—.—n1k=2 "
. . "=1‘k__1 237 | —H=-n=1k=3 i
E ——n 7:k 4 231 4 o ol
= - = n-2k=5

s
Enx

247

255 -

-2.63 -

sosdess N=2 k=3
——n=2,k=2

—o—n 2k 1

w(1/fm)

3
n

2.19

213

207

2m

—=—n=2k=4

s =2 k=3

——n=2,k=2

Fig. 2. Energy vs. o for pseudospin symmetry limit for H =
05, M=1fm ', Vy=—1,V; =—08, Cps = =3, 0 = 0.1,
and ro =0.2.

Fig.3. Energy vs. a for spin symmetry limit for # = 0.5,
M=1fm " Vy=1,V,=08,C; =-3,0=0.1,and ry =
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Fig. 10. Lower and upper radial wave functions in view of the
pseudospin symmetry for o = 0.01, M = 1 fm~!, Vy = —1,
Vi =-0.8,Cps=—3,0=0.1,and rg = 0.2.

of [36]. Similarly, if we set Vy = 0, the T-H potential re-
duces to the hyperbolical potential reported in [27]. We
depict in Figures 2 -9 the energy vs. «, Vy, Vi, and H
for pseudospin and spin symmetry limits, respectively.
Also, we have shown in Figures 10 and 11 the wave
function for spin and pseudospin symmetry limits with
and without a tensor interaction, respectively. Finally,
we have portrayed the energy values for various val-
ues of H for pseudospin and spin symmetry limits in
Tables 1 -2.
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