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Abstract

We construct a smooth realistic barrier potential that can generate resonances
above the top of the barrier provided a parameter A controlling the flatness of
the barrier is larger than the critical value 2 = +/2. The energies and widths
of resonances are expressed analytically in terms of the characteristics of the
barrier, namely height, range and flatness. In order to obtain a more versatile
and asymmetric barrier, two symmetric barriers are merged together side by
side and the exact transmission coefficient across such a barrier is derived.

PACS numbers: 11.30.Pb, 11.55.—m

1. Introduction

The characterization of resonances and their role in the behaviour of the scattering amplitude is
an important topic in the theory of potential scattering. In the S-matrix theory, the bound states
and resonances associated with a particle moving under a potential, V (), are represented in
terms of poles of the S-matrix in the complex momentum (k-) plane [1]. The bound-state
poles are known to occur on the positive imaginary k-axis, giving a negative-energy state.
The resonance poles represent decaying states with positive energy E® and width I". One
expects that sharp resonances will occur when the potential function has a pocket capable of
trapping the particle to generate a long-lived state, and its decay is due to tunnelling away from
the pocket to infinity. It may be noted that in the classical situation particles trapped in such
potential pockets will generate bound orbits.

In the process of collision of two heavy nuclei, the occurrence of resonances is an important
phenomenon [2]. The general feature of the heavy-ion potential including the Coulomb
interaction and the centrifugal term (;%l(lr;z]), [ > 0) shows a potential pocket in the interior
region and a large Coulomb barrier on the surface region. Heavy-ion collision is characterized
by strong absorption in the interior and, hence, the resonance states that may be generated
by the pocket will have large widths. Therefore, one examines the possibility of occurrence
of resonances due to an orbiting-like phenomenon in the barrier region [3—7]. The barrier
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top is a point of unstable equilibrium. The question arises of whether a potential barrier
can generate quantal resonance states at energies above the top of it which can be termed as
above-barrier resonances (ABRs). The answer to this question is in the affirmative in the case
of a rectangular barrier, where discrete resonances are observed above the top of the barrier.
However, in the case of a realistic smooth barrier, the occurrence of ABRs is not clearly
visualized and formulated in terms of the characteristics of the barrier. In this context, we note
below some well known analytically solvable smooth barrier potentials, namely parabolic,
Eckart and Morse, and point out their inability to produce observable ABRs.

Friedman and Goebel in their paper [6] have obtained the following expression for the
barrier top resonance pole in the complex energy plane for different partial waves /:

E,;=Vo—i2n+1+3/2)w, n=0,1,2,... (1)
in the case of a spherically symmetric parabolic potential barrier

V(r) = Vo — tma?r?, r>0. 2)

Here, V) and w indicate the height and oscillator frequency of the barrier, respectively. We
note that equation (1) essentially manifests a kind of degeneracy. That is, at the same real
energy we have an accumulation of infinitely many levels of steadily increasing widths. The
question arises of whether this can manifest an observable sharp resonance. For example,
equation (1) indicates the situation when a large number of broader resonances (n = 1, 2,3, ...)
are superposed on the sharpest resonance, corresponding to n = 0, for a particular /. As a
consequence one has a situation in which no resonance character is observed at the top of the
barrier.
Let us consider another example of an exactly solvable smooth barrier. This is the general
Eckart potential barrier given by [8]
V= - B 3)
-5 (1-9)
where £ = —e?™*/4, A and B are constants and a represents the slope of the barrier potential.
This can generate an asymmetric barrier with long-range character on one side. If A = 0, a
symmetric potential is obtained with

Vix) = (B/4)sech2(7;—x> @)

which possesses a maximum of g at x = 0. As clearly shown in [8], this potential barrier
in either symmetric or asymmetric form cannot generate any resonance at energy above the
barrier.

The Morse barrier potential expressed as

V(x) = B[2e%¥/® — ¥/, (3)

where B and a indicate the height and slope of the barrier, respectively, is another idealization
of smooth potential barriers which is analytically solvable for transmission coefficient etc.
It can be clearly seen from the exact expression for transmission amplitude [9] that discrete
resonances can never be produced in the above-barrier region of energy.

In view of the above observations, it is highly essential to search for a potential barrier
which can generate discrete ABRs and at the same time the barrier is smooth, short ranged,
ideal and analytically solvable for wider applicability in physical processes.

In this paper, we construct a barrier potential by modifying an attractive one-dimensional
potential expressed by Ginocchio in [10]. This barrier is found to be smooth, symmetric, flat
at the top, maximum at x = 0 and short ranged due to convergence on both sides (x — £00).
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Having obeyed a condition on the flatness of the barrier, this barrier can generate discrete
ABRs in which the sharpest resonance is found close to the barrier top. As the potential is
exactly solvable, the energy and width of the ABRs are expressed analytically in terms of the
characteristics of the barrier, namely height, range and flatness. The parameter A controlling
the flatness of the barrier is such that if A > \/5, ABR occurs. Interestingly, when A = 1, this
potential barrier reduces to the symmetric form of the Eckart potential given by equation (4),
which fails to generate any ABR.

Our study in this paper is restricted to one dimension. However, the condition and
conclusion on ABR stated above can be shown to be valid in the three-dimensional situation
also by considering the potential expressed by Ginocchio in [11].

Further, in order to generate an asymmetric nature in the barrier having unequal slopes or
ranges on either side of it, two symmetric potential barriers as considered above are merged
together side by side. The transmission coefficient across such a composite barrier is expressed
analytically. Such a technique of merging has been preformed in [12, 13] but the potentials
considered are infinite ranged inverted harmonic oscillators of the type given by (2), which
tend to —oo as x — oo and cannot produce ABR. Our present merged potential barrier,
which converges on both sides, incorporates both aspects: asymmetry and ABR. Hence, it is
more versatile and realistic. As the Coulomb barrier in nucleus—nucleus potential is found to
be generally asymmetric, smooth and practically short ranged in nature and resonance is an
important event occurring in the collision process, the exact expression for the transmission
coefficient across such an asymmetric barrier which can generate ABR as well may be more
suitable for the analysis of measured data of fusion in the collision of two nuclei at low energies.
However, earlier, we used, in such an analysis [14], the expression for transmission coefficient
across the merged parabolic barrier [12] with limited success.

In section 2, we develop the symmetric barrier and obtain the expressions for transmission
coefficient, resonance energy and width. In section 3, the merging of two symmetric barriers
is carried out and the expression for transmission coefficient is derived. Section 4 contains the
discussion and conclusion.

2. The symmetric potential barrier

We modify the one-dimensional attractive potential given by Ginocchio [10] and obtain and
analyse a symmetric barrier potential as follows.
In the Schrodinger equation

n* d?
[—%@"‘V(X)}/f(x):l?\/f(x), (6)
the potential V (x) is expressed in the form
V(x) = Vou(bx), @)

where V| represents the strength of the potential in units of energy and b is the scale parameter
in units of inverse distance given by

2m 12
_ <?v0> . ®)

Here, m denotes the mass of the particle moving under the potential V (x).
Using the dimensionless distance variable r = bx, we write the functional form v(r) of
the potential
2

v(r) = A+ (1 —yH) + [5(1 — 25yt — (7 = AHy* +21(1 — y). ©)
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Figure 1. Plot of potential as a function of distance. The height of the barrier Vp =
Vo[A2(v2 +v — %) + %] at the origin is equated to 10 fm~2. In all three cases, A = 5.5 but v

is different: (a) v =1.833and 2 =3, (b) v =3.9286and 2 = 1.4, (c)v=11and 2 = 0.5.

Here, A and v are two dimensionless parameters. The parameter v measures the height of the
barrier. The parameter A accounts for the shape of the barrier. The function y(r) is related to
the radial variable r by

1
r=yltanh~"y — (1 =22 anh™ (1 = 3%)2y]. 10)

While the range of r is —oo < r < oo, therange of yis —1 < y < 1. The parameter X can take
any positive value 0 < A < oco. It may be pointed out here that expression (9) representing a
barrier is not just the total negative of the expression for the attractive case considered in [10].
The height of the barrier potential (7) is maximum at the origin x = 0 and is of value

Ve = Vo[R2(? +v = §) + 5], (11)

and it converges symmetrically on both sides as x — Zoo. For a fixed value of Vg, the
variation of v will indicate the change in the range of the barrier instead of height. This is
exhibited in figure 1 for a typical barrier of height V3 = 10 fm~2. Here, we have considered
h = 2m = 1 and expressed energy in fm~2 units and distance in fm units for convenience.
For A = 1, the potential (7) with (9) reduces to the well known symmetric form of the Eckart
potential barrier given by (4) with maximum height at x = Oequalto Vy = B/4 = Vyu(v+1)
and slope parameter a = 7 /b, where b is given by (8). For A > 1, the top of the barrier
becomes flatter.
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2.1. Transmission coefficient

The Schrodinger equation (6) can be written in dimensionless form
d2
——+v(r) |V(r) = E'V(r), (12)
dr?

where E’ = E/V,. Using expression (9) for v(r), the above equation can be reduced to
Gegenbauer’s equation as done in [10]. Finally we obtain the following analytical expression
for the wavefunction:

_ 2 2\ _21/4 2= o= ik _ ik ik 1—-2
W(r) =NGA + (1 =2z (1 —27) -A2F<V+1_A2’_”_kz’ a2 )
(13)
where
r-v- %
G- v (14)
N1 — 25 (= + &)
1 A2—1 17 1
VZ[Z_U(U+1)+ a ki| 5 (15)
E
k= E V2= | = 16
B 1= (16)

Here N indicates the normalization constant and the last term (function F') in expression (13)
is the hypergeometric function with variable
Ay

SR TENCE I an

Clearly the range of variation of z is same as y. Using the nature of the above
wavefunction (13) at r = Zoo and the appropriate boundary condition on either side of
the barrier, it is straightforward to arrive at the following expression for the transmission
amplitude T (E) across the barrier:

Fro+1-5r-v-

ik
,\_2)6211«1
ik ik
Ir'd—3I'5)

T(E)

, (18)

where

1
ry = ﬁlog)\—ro,

(}\'2 _ 1)]/2

=T tan~' (A2 — )72

The square modulus of expression (18) gives us the transmission coefficient 7, as
cosh(Zk) — 1

cosh(zf—zk) + cos(2na))’

T.(E) = 19)

where w = [1 —v(v+ 1)+ Ai—}'kz]l/z, and k is given by (16).

It is clearly seen that for A = 1 expression (19) reduces to the well known expression for
transmission coefficient corresponding to a symmetric Eckart barrier similar to the form of
expression (4).
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2.2. Energy and width of ABR

The resonances generated by the potential barrier can be readily obtained from the position
of the maxima of the transmission coefficient 7, in its variation with energy. Hence, in the
corresponding amplitude expression (18), the condition

_ ik

-V — — = —n, n=0,1,2,...
A2

leads to the following expressions for resonance energy E, and its width I, in terms of the
barrier parameters v, A and Vj:

E, = Vo[0F =2 (n+ D+ 220 +v — D], (20)
Ty =4V + DI =D+ D>+ 220> +v — D' 1)

It is clear from (20) that if A> = 2 all the resonances (n = 0, 1, 2, 3, .. .) are situated at the top
of the barrier having the same energy E, = Vg = 2V0[v2 +v— i] as given by equation (11),
but when A2 > 2 we find discrete ABRs starting from the lowest one n = 0 with E, close to
the top. The corresponding width obtained from expression (21) increases for higher ABRs
while n = 0 corresponds to the sharpest resonance. It may be pointed out here that the discrete
energies obtained from (20) for A> < 2 are all situated below the corresponding maximum
height of the barrier and they do not correspond to genuine resonances. Some more discussions
on the nature and manifestation of ABRs are given in section 4 below.

3. Transmission across a merged composite barrier

We construct here a composite potential barrier by placing side by side two symmetric potentials
of the form (9) presented in the previous section. This potential can be expressed as

V(x) = Vorvi ()8 (=r) + Vorua (r)6(r), (22)
where the two step functions have the property 6(r < 0) = 0 and 6(r > 0) = 1. Further,
1—2A2
vi(r) = A+ D= y7) + L5 = ADyt = (7= ADy? +21(0 — ), (23)
2 N ’\3 2y 4 2y.2 2
v (r) = A3+ DA —y7) + T[S(l =)y = (T=2)y” +2](1 = y7). (24

Hence, intheregionr > 0, wehave V (r) = Vipv,(r) andintheregionr < 0, V(r) = Vyv1(r)
and r is the dimensionless distance variable expressed as r = b;x with b; = (i—"; Vo) '/2,
i = 1,2. The parameters vy, v, A1, A, are dimensionless. Thus, expression (22) represents
a composite barrier potential with six parameters vy, vp, A1, Ay, Vo1 and V. By equating
the heights of the two side barriers in this expression we obtain a single barrier specified by
different sets of parameters on either side. This composite barrier can become symmetric,
asymmetric, flatter or less flat on either side depending on the values of the above parameters.
As in the symmetric case, we obtain the exact solutions for the repulsive potentials in the
regionsr < Oandr > 0 on either side of the barrier. By using appropriate boundary conditions
on these solutions we arrive at the following expression for the transmission coefficient:
1Ak |L1[*| Lo

T.(E) = ——— - - , 25)
w2 ho ki [T(=2)PIT (1 — 52) 2| Lok + Lids? (
1 2

v ik Vo ik I\ (T ik 1 v ik
Li=T(Z2-Z+1r(-Z2 -+ )r(2-S+- (-2 -2 ). @6
2 22 2 w2 2) \2 T2 2
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v ik v ik 1\ (v ik 1 vy ik
L=T|--—=S+1)I'-—-—=S+=-|T|=-—=S+z)'(-—=—-—=). @D
2 2 2 3 2 2 223 2 2 2A3

1 M1, 1
|:Z—v1(v1+1)+ lki‘ k%} -3 (28)

vy

v ! (n+ 1)+ A - 1k2 el (29)
V) = | = —v(v - =,
2 2 2(V2 )é B )

k= /% and ko = /.
On further simplification, we have

167‘[4)\.1)\2]’11}12
OSIL1 12 + A3 La|2) (s? + h3) (s + h3) + 8w4hiAa(s152 + hiha)’

I.(E) = (30)

where 51 = sin(zvy), 5o = sin(zwv,), hy = sinh(”T]?) and hy = sinh(”T’?).
1 2
Clearly, when Ay = Ay = A, vy = v, = v and Vo = Vp = Vy we get back the
transmission coefficient (19) for the symmetric case.

4. Discussion and conclusion

As pointed out in the introduction, an Eckart barrier, symmetric or asymmetric, does not
generate any ABR. This result of no resonance in the symmetric case is quite clearly seen in
our present formulation (20) when A = 1 corresponding to the symmetric Eckart potential.
Now, in order to confirm the result of the asymmetric situation, we consider expression (25) of
T, corresponding to the merged barrier potential given by (22). Using v; # v, and L = 1, we
can compute (25) and find that no resonances can be generated in this asymmetric but smooth
barrier as in the symmetric Eckart barrier potential.

Choosing different values for v;, v», A; and A, we can generate a variety of potential
barriers with different flatness and range on either side of the barrier. All these barriers will
be generating ABR provided they satisfy the condition A7 > 2,i = 1, 2.

In order to illustrate some interesting features of ABR, we consider, in the symmetric
situation, the maximum height of the barrier given by (11) fixed at V3 = 10 fm~2 and change
the values of A and v to generate different barriers. Taking A = 5.5 and using different values
of v we see that if the ratio % < 1.4 there is always a single barrier. On the other hand, if
% > 1.4, the single barrier starts to become a double barrier with a pocket in the middle.
This is also true for other values of A. In figure 1, we show such potential barriers with three
different sets of parameters: (a) Vy = 10 fm ™2, A =5.5,2 =3,(b) Vg = 10 fm 2, A = 5.5,
% =14,and(c) Vg = 10 fm2, 1 = 5.5, % = 0.5. Itis seen that a larger value of v generates
a long-ranged potential as shown in figure 1(c). Fixing the height of the barrier at the origin at
10 fm~2 and taking the value of A = 5.5, we compute the results of resonance energy E, and
width I, by using equations (20) and (21), respectively, as functions of the range parameter v.
These are plotted in figure 2 for the first three states, n = 0, 1 and 2. It is clearly seen that when
v is large the resonances (upper panel) are found close to the top of the barrier (Vz = 10 fm~?)
and they are sharper (small I';,) (lower panel) than those for smaller v.

Besides generation of a large number of resonances with smaller widths, the manifestation
of resonances in physically observable quantities, namely cross section and, hence,
transmission coefficient, is an important aspect. In this respect, the spacing between adjacent
levels AE, = E,.; — E, obtained from expression (20) for the resonance energy should be
compared with the width I';, given by equation (21) of the nth level. If AE, > T, then one can
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Figure 2. Upper panel: plot of resonance energy E, as a function of range parameter v. Lower
panel: plot of width I', as a function of v. These results correspond to a barrier with A = 5.5 and
a fixed height Vg = 10 fm~? at the origin.

only expect clear manifestation of the nth resonance without being blurred by the neighbouring
resonances. In our case, we have from (20)

AE, = Epy — E, =2Vo(02 =2)(n + 1). (31)

We search for the values of the barrier parameters A and v which give the result AE" > 1and
exhibit their manifestation in the results of transmission coefficient 7, given by equatron (19).
In figure 3, we plot first the ratio £« as a function of the range parameter v for a fixed value

for flatness A = 5.5 and height VB = 10 fm~2. We see that the condition £ r > 1 1is satisfied
by smaller values of v. Looking at figure 3, we consider two values of v with reference to the
n = 0O state, (i) v = 3 such that AE" > 1 and (ii) v = 5 such that AE" < 1, and plot the values

of T. (19) as a function of E in ﬁgure 4, where . = 5.5 and Vg = 10 fm~2. The solid curve,

representing results with v = 3 satisfying = AE" > 1, shows resonance peaks distinctly. On the

other hand, the dotted curve, correspondlng to v=>5 satlsfyrng AE. 1, does not manifest
the resonances clearly.

However, we have seen earlier that a larger value of v makes the barrier long ranged and
generates resonances situated close to the top of the barrier, and also these resonances are
narrower. That is, sharper resonances are crowded near the top of the barrier for larger v with
A2 > 2. However, as discussed above, in order to have a distinct manifestation, smaller values
of v generating short-ranged barriers are preferable. Further, the number of distinct ABRs
increases with the increase of the value of the parameter A, generating a flatter barrier top.
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AE,/T,
T

Figure 3. Plot of the ratio of energy level difference AE, given by (31) (see text) and width
I, given by (21) as a function of range parameter v. This corresponds to fixed barrier of height
Vg =10fm~2and A = 5.5.
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Figure 4. Plot of transmission coefficient 7, given by equation (19) (see the text) as a function of
incident energy for the symmetric barrier of height Vs = 10 fm~2 and flatness parameter A = 5.5.
The solid curve is for v = 3 and the dotted curve for v = 5.

Thus, we have now a versatile exactly solvable potential which gives us a barrier that can
be symmetric and asymmetric along with variable range and flatness at the top. This barrier
can generate discrete ABRs with the condition that the flatness of the barrier represented by
the parameter A > /2. The analytical expressions for the transmission coefficient, resonance
energy and width given in this paper can be of immense use in different branches of physics. In
particular, one can use these results for better understanding of the orbiting-like phenomenon
in the collision of two heavy nuclei. Further, some new features of fusion and molecular
resonances in this collision process can be addressed. A preliminary calculation in this regard
gives us encouraging results and this will be reported elsewhere soon.
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