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Total Gamow-Teller strength and effect of configuration mixing
and proton-neutron correlation in the even-even sd-shell nuclei
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We have calculated the total Gamow-Teller strength S~ in the even-even sd-shell nuclei making
use of the sum rule technique. The ground state wave function is obtained from the shell model
calculation in the full (sd)" space. It is shown that the proton-neutron correlation effect causes a
considerable amount of reduction of the total Gamow-Teller strength. It is also shown that the
reduction of the isospin component in S induced by the configuration mixing becomes more
significant with increasing isospin.

At present, much data on the Gamow-Teller (GT) ex-
citation strength has been accumulated by means of (p,n)
and (n,p) reactions in a wide range of the periodic table.
However, systematic experimental study of the GT exci-
tation in the even-even sd-shell nuclei seems to be still in
progress in the sd-shell nuclei. ' Hence, it becomes
significant to study systematically the GT excitation
from the theoretical point of view. Some theoretical
studies concerning the GT excitation in the sd-shell nu-
clei exist, e.g., by Wildenthal, Bloom et aI. , and
Knupfer and Metsch. Recently, the sum rule technique
was applied by Macfarlane' to investigate the infiuence
of ground state correlations upon the total GT strength
in the doubly closed shell nucleus, Pb, taking into ac-
count the ground state occupation number distribu-
tion. "' The assumption adopted was that in the
ground state the protons and neutrons each have angular
momentum zero. Macfarlane pointed out that the ap-
proximation is likely to be good for doubly closed shell

I

nuclei, dubious elsewhere. ' In this paper we have stud-
ied the total GT strength, making use of the sum rule
technique in the region of the doubly open shell nuclei,
i.e., even-even sd-shell nuclei, and have investigated the
effect of the configuration mixing and the proton-
neutron correlation on the total GT strength. Further-
more, the effect of the configuration mixing on the iso-
spin component of the total GT strength is investigated.

The total strength for the GT operator, t+o, can be
given by

S~ ——QB(GT}=(0
~
(tetr)+ (tetr )

~

0)

where
~

0 ) is the ground state of the target nucleus with
the isospin TD. The sum rule operator S+
=(t+o )+ (t+o ) is expressed as a sum of the term in-

cluding the occupation number probability and the addi-
tional proton-neutron correlation term,

( —1)'(2&+1)~(jljIjzj2'1&)(j2ll~llj2}(jlll~llj'i)[tt'"'(jzjl }],[u'"'(j~j2}].

where 8'J(~) is the occupation number probability of the
single-proton(neutron} orbital j and u'"'(j2j, ) is the
one-body unit tensor operator defined by

(jl llu'"'(j~ji ) Ilj t ) =~(Ajl )5(j~j2 } .

The product term &.8'- and the proton-neutron correla-
tion term in Eq. (1) are common in both the operators
0+ and 0, and we obtain the relation'

S —S+ =3 g[PJ.(n) —8 (p)]
J

where A~ is the number operator of the single-particle
orbital j, 8'—:(2j+1}it . It can be seen from Eq. (1)
that if the ground state is composed only from the states

~ J,=0+XJ„=O+),

only the first term with the occupation number probabil-
ity contributes to the total strength because the unit ten-
sor operators for protons and neutrons included in the
second term are not the scalar (k&0) in the ordinary
space. Therefore, the total strengths S+ are affected
through the second term by the states

~

J XJ„) with
J+0+ which are admixed into the ground state mainly
by the proton-neutron correlation. For this reason, we
call the second term in Eq. (1) the proton-neutron corre-
lation term. This term, which Macfarlane neglected in
his study of the total GT strength in the doubly closed
shell nuclei, ' becomes significant in the doubly open
shell nuclei. In this study it is investigated as to what
extent the configuration mixing within (sd)" shell model
space, which contains the proton-neutron correlation,
affects the total GT strength in the even-even sd-shell
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nuclei which include the nuclei with X=Z, Z+2, and
Z+4. Only the wave functions of the ground state

~

0)
are required to obtain the total GT strength, but the
complicated wave functions of the excited 1+ states are
not necessary in our treatment. The ground state wave
functions are obtained by the shell model calculation in
the full ( Od5 /2 1$ ]/2 Od3 /p )

" ' configuration space and
we adopt the effective interaction of Wildenthal.

The calculated results for the total strength S+ are
displayed in Table I. As the lowest approximation, we
consider the lowest configuration limit (LC). The
ground state is assumed to be in the lowest configuration
state

~

LC) with the seniority 0, e.g., for Si,

I
LC) =

I n(ds/zl J~=OXv(ds/21 (s, /21 (ds/21 Jn=0) ~

and we get the total strength as an expectation value of
S+ in this state,

S'*' = 2 I
(j'll~ IIJ &

I
'n)"(!&I 1 —n,"(,"&]

J~J

where n" is the occupation number probability in the

~

LC) state. Only the first term in Eq. (1) contributes to
the S+ because the ground state

~
LC) consists of only

the states
~ J& ——0+XJ„=O+), as is described in the

previous paragraph. The values for the LC limit are
shown in the third and sixth columns in Table I where
the contribution of the spin-flip transition, d5/2~d3/2,
for S is given in parentheses. The non-spin-flip transi-
tions (ds/2~ds/2, s, /2~s, /2, and d3/2~d3/z j also exist
in S+ and this is the different point from the total M1
strength where the non-spin-flip transitions are forbidden
in the LC limit. '

In the next step, we consider the occupation number
(ON) approximation in which the fi', is replaced by the
expectation value (8' ) in the fully diagonalized ground

state
~
0), and the proton-neutron correlation term is

neglected although there exist the states
~

J XJ„) with

J&0 in the ground state
~

0). The total strength in the
ON approximation is accordingly given by

= g ~(j'~~o~~j) ~'(n, („'))[1—(n, ,(",))] .

The ON approximation corresponds to Macfarlane's ap-
proximation of the GT sum rule in Ref. 10. By the ON
approximation, the effect of the configuration mixing is
partly taken into account through the change of the dis-
tribution of the occupation probability of the single par-
ticle orbitals. S+ is shown in the fourth and seventh
columns in Table I and again the contributions of the
dq/q~d3/2 transition are in the parentheses. As is seen
in Table I, LC and ON gives not so different total
strengths from each other except for Si, Mg, and Si,
in which the s, /2~s&/2 transition contributes to the LC
limit to a considerable extent. Consequently, the ON
approximation does not reduce the LC value although
the occupation number distribution is considerably
changed by the configuration mixing, which can be seen
from the reduction of the d5/&~d3/2 contribution in the
S going from LC to ON, e.g.,

S (ds/2~d3/2)=0. 64S" (ds/z~d3/z)

on the average in the N =Z nuclei. On the other hand,
the strengths of the transitions other than ds/2~d3/2
are enhanced, filling up the reduction of the strength of
the d5/z~d3/2 transition and therefore S+ have nearly
the same values with Sz .

The full results, S~":—(0
~
S~

~
0), which is the ex-

pectation value of the full expression of S+ in the fully
diagonalized ground state

~

0), are shown in the fifth
and eighth columns in Table I. The contribution of the

TABLE I. Total Gamow-Teller strength S~ for the lowest configuration limit (LC), occupation
number approximation (ON), and full calculation result (Full). The contributions of the transition
d5/2~d3/2 are also shown in the parentheses for S

Tp Nuclei

Ne
Mg

28Si

32S

Ar

18O

e
Mg

"Si
34S

"Ar
2PO

Ne
28Mg
32Si

36S

5.07 (3.20)
8.27 (6.40)
9.60 (9.60)
9.60 (9.60)
5.40 (4.80)

6.00 (3.20)
10.13 (6.40)
12.40 (9.60)
15.60 (9.60)
10.80 {9.60)
6.00 {4.80)

12.00 {6.40)
15.20 {9.60)
18.40 (9.60)
16.80 (9.60)
12.00 (9.60)

4.99 (1.80)
8.22 (4.11)
9.71 (6.15)
8.89 (6.16)
5.25 (3.43)

6.00 (2.53)
10.23 (4.85}
12.40 (6.84)
13.09 (7.76}
10.56 (7.53)
6.00 (4.51)

12.00 (5.57)
15.27 (7.81)
16.60 (8.33)
15.56 (8.67}
12.00 (9.03)

F011

0.55 (1.81)
2.33 (4.14)
3.89 (6.32)
4.00 (6.44)
2.10 (3.44)

6.00 (2.53)
6.54 (4.86)
7.78 (7.00)
8.52 (7.97)
7.59 (7.77)
6.00 (4.51)

12.00 (5.57)
12.51 (7.89}
12.63 (8.38)
12.75 (8.73)
12.00 (9.03)

0.0
4.13
6.40
9.60
4.80
0.0

0.0
3.20
6.40
4.80
0.0

S+
ON

0.0
4.23
6.40
7.09
4.56
0.0

0.0
3.27
4.60
3.56
0.0

Full

0.0
0.54
1.78
2.52
1.59
0.0

0.0
0.51
0.63
0.75
0.0
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ds&2 ~13&2 transition is again listed in the parentheses.
We can see a large amount of reduction compared with

the ON approximation. The reduction factors are given

by S ""/S =0.33, 0.66, and 0.80 for the nuclei with

N =Z, Z+2, and Z+4, respectively, and S+"/S+
=0.28 and 0.17 for those with X =Z+2 and Z+4 on

the average. In these averages, the equivalent particle
systems in the model space (sd)", i.e., ' ' 0, Ar, and

S, are not included, where the ground state is evidently

I J~ =0+ XJ„=O+) and consequently SP is equivalent
to S+". It is noted that the total strength of S+ is more
reduced than that of S because S is larger than S+
generally in the nuclei with N & Z and the amount of the
reduction is common to the both strengths S+ and S
due to the symmetry S —S+ —3(N —Z). In the full

case, the contribution of the transition j~j, i.e., the
term with

I
(j'lla Ilj) I, is included not only in the first

term in Eq. (1) but also in the second term with

j& ——j&
——j and j', =j~=j'. It can be seen in Table I that

the contribution of the d5&2~d3/2 transition to S "" is

almost equal to or slightly larger than those to S
Therefore, the diagonal contribution, i.e., I

(j'llo llj) I

can be well approximated by S . On the other hand,
the interference terms of the different single particle
transitions j&~j

&
and jz~jz, i.e., the terms with

v2ll~llj2) vill~llA') (A&J2orj I&J2)

contribute to the total GT strength in a destructive way
through the admixture of the proton-neutron correlated
states,

I
J xJ„),with J&0 into the ground state, e.g. ,

l

S (T =0)=S —
—,'Sp+ —,'S+,

S (T =1)=—,'Sp ——,'S+,
S (T=2)=—,'S+ .

(4)

(6)

Here So is the total strength of the M1-type operator,
Tpo, and it is expressed similarly to Eq. (1),

I
J =2+XJ„=2+) which is considered to be most

strongly admixed to the ground state by the
quadrupole-type correlation between protons and neu-

trons.
So far, the effect of the configuration mixing, particu-

larly the proton-neutron correlation effect on the total
GT strength S+, has been investigated by comparing the
LC, ON, and full calculations. Here the isospin com-
ponents of the total strength S are estimated and the
effect of the configuration mixing, including proton-
neutron correlation on these components, is investigated.
The total GT strength S is composed of the isospin
components S (T) with T=Tp 1 Tp and Tp+1:

S =S (Tp 1)+S—(Tp)+S (Tp+1) .

These isospin components are defined by

X I (f;Tilt allo)
f

( T= Tp 1, Tp, —Tp + 1 ),
and they are expressed as linear combinations of S+ and

So, ' ' ' e.g., for N =Z+2 nuclei,

X I (j'Il~llj) I
'~,«)ll —~;«) l

~ I IJ J ~=P+

( —1)"(2k+1)(J2II~IIJ2)(Zill~llji)~(jij u212 lk)lu'"(J2Ji)l. .tu'"'(J u2)L
j] jz j] jz, k~o, ~=p, ~

(J2ll~llj2)V'ill~llA)lu'"V2j2)l l. u V]Jt)l.

The contribution of the first term corresponds to the ON
approximation, So, as in the case of S+ . Of the
remainder, the third term represents the proton-neutron
correlation term. This term does not contribute
significantly to So. On the other hand, although the
second term does not correspond to the proton-neutron
correlation, it is significantly influenced by the
configuration mixing and has a large negative value.
The calculated results for the isospin components with
T=O, 1, and 2 for the N =Z+2 nuclei with To ——1, are
shown in Fig. 1. It can be seen that the full results of
S (T =0) component are not so difFerent from those of
the ON approximation, while the full values for
S (T= 1) are largely reduced from the values of the
ON approximation. Moreover, S (T =2) is seen to be
more reduced than S (T =1) components, although the
magnitude of S (T =2) is so small. The reduction fac-

tors, S (T)""/S (T), are 0.88, 0.50, and 0.28 for
T=O, 1, and 2 components, respectively, on the average
over Ne, Mg, Si, and S.

This isospin dependence of the reduction has been re-
cently pointed out by Madey et a/. ' in the study of the
GT strength distribution deduced from the reaction

Mg(p, n) Al. From the shell model calculation of the
GT strength distribution, they pointed out that the
reduction of the GT strength brought about by the effect
other than the configuration mixing within the (sd)"
model space is more reliably investigated by examining
the T =To —1 strength, because of the smallness of the
configuration mixing effect in the T =To —1 strength.
In our study with the sum rule technique, we can quali-
tatively understand this isospin dependence of the
configuration mixing effect, defining h„by S""=S„
+b, (v= —,0, +), where b,, denotes the efFect of the
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FIG. 1. Mass number dependence of the isospin components
S ( T) ( T =0, 1,2) for N =Z +2 nuclei. The ON (open circles)
and the full values (solid circles) are connected by broken and
solid lines, respectively.

configuration mixing which cannot be expressed by
means of the change of the occupation probability. The
amount of the configuration mixing effect for S (T=0),
S (T =1), and S (T =2) is expressed as

2 ~0+ 3 6+ 2 60 2 5+ and —,
' 5+, respectively. In

the expression 5 ——,
' 50+ —,

' b + for the component

S (T =0), three terms almost cancel out each other.
On the other hand, for S (T =1), the cancellation be-
tween —,'A0 and ——,'6+ is not so remarkable, and there
does not exist any cancellation for S (T=2). These
cancellations are typically illustrated as, e.g., for Ne,
—0.74+0.94—0.25 = —0.05, —1.02+0.40 = —0.62,
and —0.87, normalized by S ( T) for T=0, 1, and 2

components, respectively. For this reason, the effect of
the configuration mixing increases as the isospin in-
creases. In other words, the reduction factor due to the
configuration mixing decreases with decreasing isospin.
This tendency of the isospin dependence also holds in
the N =Z +4 nuclei with T0 ——2, i.e.,
S (T)""IS (T) =0.89, 0.53, and 0.17 for T= 1, 2,
and 3, respectively, on the average over Ne, Mg, and

Si, and the reason for this tendency is the same as for
the N =Z+2 nuclei. Hence, from the above discussion,
the isospin-dependent property of the reduction factor of
the component S (T} is found to be caused by the
configuration mixing which cannot be expressed by
means of the change of the occupation probability.

In conclusion, we have calculated the total GT
strength in the even-even sd-shell nuclei with N =Z,
Z+2, and Z+4. It has been shown that the ON ap-
proximation for S+ does not reduce the LC limit values
although the effect of the configuration mixing is partly
taken into account in the ON approximation through
the change of the occupation probabilities of the single
particle orbitals. On the other hand, in the full calcula-
tion, the proton-neutron correlation has been found to
cause the admixture of the

~

J &&J„) component with
J+0 into the ground state, resulting in the significant
reduction of the total GT strength. It has also been
found that the amount of the reduction by the
configuration mixing becomes more significant with in-
creasing isospin.
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