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Abstract. Isovector (T = 1) neutron-proton (np) pairing effects on the spec-
troscopic factor (SF) of one-proton stripping reactions are studied within the
generalized BCS approach. As the main shortcoming of this approach is the
non-conservation of the particle-number, a number-projection is necessary. In
the present contribution, we use the Sharp-BCS (SBCS) method. As a first step,
expressions of the SF are derived, either before or after the projection. As a sec-
ond step, calculations are performed using the schematic picket-fence model.

1 Introduction

Spectroscopic factors (SF) have been introduced as a means of comparison be-
tween experiment and the prediction of nuclear models [1]. On the other hand,
the pairing correlations are of great importance in nuclear structure. They must
be included in the determination of the SF, since the latter depends essentially
on the wave-function. The pairing correlations may exist between like-particles
and between neutron and proton (np). In the latter case, there exist two differ-
ent types, i.e. isovector (T = 1) and isoscalar (T = 0) pairing. In the present
contribution, we will consider only the T = 1 np pairing which is often studied
within the framework of the BCS theory [2]. However, it is well known that the
main shortcoming of this method is the non-conservation of the particle num-
ber [3]. One of the most used approaches to overcome the defect of the BCS
wave-function is the particle-number projection. In the present work, we use the
Sharp-BCS (SBCS) projection method [4, 5]. The particle-number projection
effect on the SF corresponding to one-pair of like-nucleon transfer reactions has
been recently studied, when including [6] or not [7] the isovector pairing corre-
lations. The goal of the present work is to study the same effect on the SF of
one-proton stripping reactions in N ' Z systems. With this aim, we will use
the single-particle energies of the schematic picket-fence model [8].
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2 Formalism

Let us consider a system ofN neutrons and Z protons in which the neutrons and
the protons are assumed to occupy the same levels. In the isovector pairing case,
it is described by the Hamiltonian

H =
∑
ν>0,t

ενt(a
+
νtaνt + a+ν̃taν̃t)

− 1

2

∑
tt′

Gtt′
∑
ν,µ>0

(
a+νta

+
ν̃t′aµ̃t′aµt + a+νta

+
ν̃t′aµ̃taµt′

)
. (1)

In this expression, t is the isospin component (t = n, p), a+νt and aνt respectively
represent the creation and annihilation operators of a particle in the |νt〉 state,
of energy ενt. The time-reversed of the state |νt〉 is denoted |ν̃t〉. The pairing-
strength Gtt′ (t, t′ = n, p) is assumed to be constant and such as Gpn = Gnp.

The corresponding ground-state is given by [5]

|ψ〉 =
∏
j>0

|ψj〉 , (2)

with the notations

|ψj〉 =
[
Bj1A

+
jpA

+
jn+BjpA

+
jp+BjnA

+
jn+Bj4(a+

j̃p
a+jn+a+

j̃n
a+jp)+Bj5

]
|0〉. (3)

A+
jt is the creation operator of a pair of particles, i.e., A+

jt = a+
j̃t
a+jt, t = n, p.

The coefficients Bji are not given here for lack of place.
Nevertheless, the state |ψ〉 does not conserve the particle number. It must

then be projected on the good proton and neutron numbers. Using the SBCS
method, the ground-state is given by [5]

|ψmm′〉 = Cmm′


m+1∑
k=0

m′+1∑
k′=0

ξkξk′z
−Pn

k z
−Pp

k′ |ψ (zk, zk′)〉+ CC

 , (4)

where |ψ (zk, zk′)〉 =
∏
j>0

|ψj (zk, zk′)〉 , with the notations

|ψj (zk, zk′)〉 =
[
zkzk′B

j
1A

+
jpA

+
jn + zkB

j
nA

+
jn + zk′B

j
pA

+
jp

+
√
zkzk′B

j
4

(
a+
j̃p
a+jn + a+

j̃n
a+jp

)
+Bj5

]
|0〉 (5)

and

ξk =

{
1
2 if k = 0 or k = m+ 1

1 if 0 < k < m+ 1
, zk = exp

(
ikπ

m+ 1

)
.
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Here, m,m′ are non-zero integers, Cmm′ is the normalization constant and
CC means the summation over the same terms where (zk, zk′) is replaced by
(zk, zk′), then by (zk, zk′) and finally by (zk, zk′).

However, the states given by Eqs. (2) and (4) can only describe even-even
systems (i.e. such as N = 2Pn and Z = 2Pp). When the particle-number is
odd, the BCS wave-function is derived using the blocked-level technique. In the
following, it will be assumed that the blocked particle is a proton in the ν state
(i.e. N = 2Pn and Z = 2Pp + 1). The BCS ground-state is then given by [9]

|νP 〉 = a+νp
(
BνnA

+
νn +Bν5

) ∏
j>0,j 6=ν

|ψj〉 , (6)

|ψj〉 being defined by Eq. (3).
Let us note that the dependence of the Bji (i = 1, p, n, 4, 5) versus ν has

been omitted for the simplicity of notations. Furthermore, one just has to invert
the p and n indexes in Eq. (6) to deduce the state where the blocked particle is a
neutron. The corresponding projected state is given by [9]

|(νP )mm′〉 = CνPmm′

m+1∑
k=0

m′+1∑
k′=0

ξkξk′

×

{
z−Pn

k z
−Pp

k′ a+νp
(
BνnzkA

+
νn +Bν5

) ∏
j>0,j 6=ν

|ψj (zk, zk′)〉+ CC

}
, (7)

CνPmm′ being the normalization constant.
In the case of one-particle stripping reactions, the SF is deduced from the

relation√
SSTRt =

〈
ψf (A+ 1)

∣∣∣∣∣∑
l>0

(
a+lt + a+

l̃t

)∣∣∣∣∣ψi (A)

〉
, t = n, p. (8)

where
∣∣ψi (A)

〉
and

∣∣ψf (A± 1)
〉

respectively refer to the wave-functions of
the initial (i) and final (f ) states of the considered nucleus. A corresponds to the
total number of nucleons in the initial state.

Within the generalized BCS approach, the SF defined by Eq. (8) reads, in the
case of the transfer of one proton from an even-even nucleus to an odd one [10],√

S
STR(1)
p =

[
Bνin B

νf
n (ν) +Bνi5 B

νf
5 (ν)

] ∏
j>0,j 6=ν

Dif
j (ν) (9)

where we used the wave-functions defined by Eqs. (2) and (6).
In the reciprocal case, the SF is given by√

S
STR(2)
p =

[
Bνi1 B

νf
n (ν) +Bνip B

νf
5 (ν)

] ∏
j>0,j 6=ν

Dfi
j (ν) (10)
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with the notation

Dif
j (ν) = Bji1 B

jf
1 (ν)+Bjip B

jf
p (ν)+Bjin B

jf
n (ν)+2Bji4 B

jf
4 (ν)+Bji5 B

jf
5 (ν) .

After the projection, the SF are derived using the states (4) and (7). One then
has, in the case of the transfer of one proton from an even-even nucleus to an
odd one (respectively from an odd nucleus to an even-even one) [10],

√(
S
STR1(2)
p

)
mm′

= 4 (m+ 1) (m′ + 1)C
i(f)
mm′C

(νp)f(i)
mm′

m+1∑
k=0

m′+1∑
k′=0

ξkξk′

×

z−P f
n

k z
−P f

p

k′ F ifn5(p) (zk)
∏

j>0,j 6=ν

D
if(fi)
j (zk, zk′) + CC

 , (11)

with the notations

Dif
j (zk, zk′) = zkzk′B

ji
1 B

jf
1 (ν) + zk′B

ji
p B

jf
p (ν) + zkB

ji
n B

jf
n (ν)

+ 2
√
zkzk′B

ji
4 B

jf
4 (ν) +Bji5 B

jf
5 (ν)

F ifn5(zk) = z2kB
νi
n B

νf
n (ν) +Bνi5 B

νf
5 (ν)

F ifnp(zk, zk′) = z2kzk′B
νi
1 B

νf
n (ν) + zk′B

νi
p B

νf
5 (ν).

3 Numerical Results. Discussion

The previously described formalism has been applied using the schematic picket-
fence model. In the latter, the levels are such εν = ν, ν = 1, 2, ...,Ω, where Ω
is the total number of levels. The values of the pairing gap parameters ∆tt′

(t, t′ = n, p) are chosen arbitrarily. The Gtt′ (t, t′ = n, p) values are then cho-
sen such as to reproduce these values. We considered a one-proton stripping
reaction in the case Zi = N i = 16 (Zi and N i being the proton and neutron
numbers in the initial state), taken as an example for even-even systems, and
Zi = 15, N i = 16, taken as an example for odd systems. We have studied
separately the np pairing and projection effects.

The np pairing effect, before and after the projection, is evaluated using the
relative discrepancies

δSnp =
SBCS − SBCS−np

SBCS
and δSnp−proj =

SSBCS − SSBCS−np
SSBCS

.

They have been calculated as a function of the np pairing gap parameter in
the initial state ∆i

np, for fixed values of the other gap parameters. The used
values are ∆i

pp = 1.6, ∆i
nn = 1.0, ∆f

pp = 1.4, ∆f
nn = 1.3, ∆f

np = 0.2 (MeV)
and Ω = 18. The corresponding results are displayed in Figure 1. The behavior
of δS is obviously different when the initial state is even-even and when it is
odd.
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One may conclude from this figure that the np pairing effect on the SF is
important for this kind of reaction since |δSnp| may reach up to 65%, whereas
|δSnp−proj | may reach up to 30%. On the other hand, the np pairing effect in
absolute value is clearly more important on average after the projection than
before it .

T = 1 pairing and number-projection effects on the spectroscopic factor

absolute value is clearly more important on average after the projection than
before it .

The projection effect, in the pairing between like-particles, as well as in the
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Figure 1. Variations of the relative discrepancies of the SF (see the text for notations), in
the case of the systems Zi = N i = 16 (left-hand part) and Zi = 15, N i = 16 (right-
hand part), as a function of ∆i

np. Dashed (respectively solid) lines show values obtained
before (respectively after) the projection.
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Figure 2. Variations of the relative discrepancies of the SF (see the text for notations), in
the case of the systems Zi = N i = 16 (left-hand part) and Zi = 15, N i = 16 (right-
hand part), as a function ∆i

np. Solid lines correspond to the like-particle pairing, dashed
lines correspond the np pairing.
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The projection effect, in the pairing between like-particles, as well as in the
np pairing, is evaluated using the relative discrepancies

δSproj =
SBCS − SSBCS

SBCS
and δSproj−np =

SBCS−np − SSBCS−np
SBCS−np

.

They have been calculated as a function of ∆i
np with the same parameters

as in the previous section. The corresponding results are displayed in Figure 2.
When only the pairing between like-particles is considered, the projection effect
is obviously constant as a function of ∆i

np. Either when the initial state is even-
even or odd, the projection effect is clearly more important in the np pairing case
than in the pairing between like-particle case. However, it is far from negligible
in the latter case since δSproj is of the order of 20% and 15%, in absolute value,
respectively.

From Figures 1 and 2, one may conclude that both the np pairing and pro-
jection effects on the SF are important and must be taken into account. These
effects strongly depend on the pairing gap parameter values (and thus the pairing
constant values) which must then be carefully chosen.

4 Conclusion

Expressions of the SF corresponding to one-proton stripping reactions have been
established by taking into account the isovector np pairing correlations and a
particle-number projection in the framework of the Sharp-BCS method. The
formalism has been applied using the single-particle energies of the schematic
picket-fence model. It was shown that the np pairing and particle-number pro-
jection effects on the SF are important and they strongly depend on the pairing
gap parameter values. Furthermore, these effects are very different when the
parent nucleus is even-even and when it is odd.
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