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Generalized pairing in N = Z even-even 2 p-1 f shell nuclei
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Hartree-Fock-Bogoliubov calculations have been performed for self-conjugate even-even nuclei in the 2p-1f
shell using the central Yukawa interaction and Kuo-Brown reaction matrix elements for the Hamada-Johnston
potential. The possibility of generalized pairing correlations is studied by considering T =0, T = 1, and

T =0+ T =1 correlations and comparing the ground-state properties for axial and triaxial shapes. It is found
that for nuclei studied neither the correlations T =0 nor T =1 play any important role in the ground state. In
general T =0+ T =1 pairing yields results which are identical with those obtained with either T=0or T=1. In
the excited states, however, the T =0 correlations are found to be more important than the T = 1 correlations.

gies, quadrupole moments, pickup strengths. Hartree-Fock-Bogoliubov method

[NUCLEAR STRUCTURE “Ti, %Cr, %2Fe, *Ni, 8Zn; calculated binding ener- :,

with generalized pairing.

I. INTRODUCTION

Employing the generalized Bogoliubov-Valatin
transformation, the Hartree-Fock-Bogoliubov
(HFB) theory was first formulated for nuclei by
Baranger.! In this formalism the Hartree-Fock
(HF) field and the pairing field are treated on the
same footing and in a self-consistent manner. The
resulting HFB equations were first treated nu-
merically by Dietrich, Mang, and Pradal? and
Gunye and Das Gupta® for some rare-earth and
2s-1d shell nuclei. Later on some extensive and
sophisticated calculations*™ were reported for
1p, 2s-1d, and 2p-1f shell nuclei using both phe-
nomenological and realistic nucleon-nucleon inter-
actions. All of these calculations, however, con-
sider only T,=1 (i.e., neutron-neutron and proton-
proton) pairing correlations. A general conclusion
of these calculations is that this type of pairing
correlation is not important for the ground state
description of N=Z nuclei. However, T,=1 pair-
ing is found to be significant for N#Z nuclei.

In an effort to improve the situation for N=2
even-even nuclei, generalized 7T =1 pairing the-
ory”® and T =0 pairing theory were formulated.®
This eventually led to a generalized 7=0 and T=1
pairing theory,'® which was first applied by Good-
man and collaborators!! in a full HFB calculation
to 2s-1d shell N=Z nuclei. It was found that the
T =0 n-p pairing correlations play an important
part in the properties of these nuclei. Wolter
et al.*® performed similar calculations for two
N =Z nuclei in the 2p-1f shell, though the possibil-
ity of incorporating both 7=0 and 7'=1 pairing
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correlations simultaneously was not explored. In
the above work, pairing is permitted between nu-
cleons in time-reversed orbitals (a-a pairing).
Since neutrons and protons are not restricted by
the Pauli exclusion principle they may occupy
identical spatial orbitals, thereby creating a-a
pairing correlations. A completely generalized
pairing theory has been derived including a-o

(T =0) pairing as well as a@-a (T =0 plus T =1)
pairing.'®

The object of the present work is to study the
importance of the T'=0 (a-a) pairing in all the
N =7 even-even nuclei in the 2p-1f shell assum-
ing **Ca as an inert core. The calculations are
carried out for the renormalized Kuo-Brown ma-
trix elements for the Hamada-Johnston interaction
and the central Yukawa (CY) interaction described
earlier.® The single-particle energies for neutrons
and protons are —-6.5, 0.0, —4.5, and -2.5 MeV,
corresponding to the active orbits 1f,,,, 1f;,5, 2P,
and 2p,,,, respectively. The harmonic-oscillator
parameter (b) for the entire calculation is
2.0x107* cm.

A brief review of the HFB self-consistent for-
malism as applied in the present calculation is
given in Sec. II to make the paper self-contained,
angrit will also be employed for interpreting the
results. Section III is devoted to describing the
results of the calculation for axial and triaxial
shapes. The conclusions are presented in Sec. IV.

II. SELF-CONSISTENT HFB FORMALISM

The Hamiltonian of a nucleus in the second
quantized form may be written as
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where a,,',‘ (ary) denotes a creation (annihilation)
operator for a nucleon in the shell-model state
| 7,8, G,y With p as the z component of isotopic
spin, and the rest of the symbols have their usual
meaning.

The pairing correlations are introduced through
the transformation®

CZLT = Z (Uocr,kpa:u + Vor g ul% ) » (2)

>0, #

where the transformation coefficients U, ,, and
Vur g u are, in general, complex. Since the above
transformation does not conserve particle number
it is necessary to impose the constraints

Fy=3" (aha)=2, ®)
k,1>0

Fy= Y (afau)=N, (4)
k,p1<0

and the Hamiltonian (1) is modified to the form

H'=H -\N,-\N, , (5)

where A, and A, are the Lagrange multipliers.
Upon assuming time-reversal invariance and

requiring that (T)=0 for N=Z nuclei, Eq. (2) in

the isospin space may be explicitly written as

ct U, 0 =V =V,,\ [a}
ct 0 Uy, =V¥, =V,al||al
El - V1,1 V1.2 U1.1 0 ap ’ (6)
Cz VJ)..(.Z V2 2 0 U2 22 E" RN

Haviyg
where the unitarity condition for the transformiaw:
tion has been assumed. In the absence of Coulomb
interaction between the protons, U, ,=U, , and
Vin==V, . For pure |T,|=1 pairing, V, ,=0,
and for pure 7' =0 pairing, V, =V, ,=0.

The coefficients of the above transformation are
determined by solving the HFB equations:

(20, W

12 GENERALIZED PAIRING IN N=Z EVEN-EVEN 2p-1f SHELL. .. - 1341

where

chu,luzeku,lu+rku,tu (8a)
and

Topn= 9 (kumv| Val lwnv)ppy, (8p)

mnv

are diagonal in isospin space, and

Bpp, Ty == Bpep T

= Z (Rl T=1|Va|mA T=1)xpuiu » (9)

mn
. _AT=L AT=0
Aku,l-u‘Aku,T—u*"Aku.l—u , (10)

Als
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L= (Rl T=1|VilmA T=1)ReXmy i »
mn

(11)

ATT_y =D (BT T=0| Valm# T=0)ImXyiep -

mn

(12)

The single-particle density matrix p and the pair-
ing tensor x are defined as

Prp,ip =<al1;1aku>= Z Var,luvﬁr,ku ’ (13)
oaT
Xep,1v =<a1Tvaku>= Z UotT,IUV)&T,k[J . (14)

ot

The energy of the ground state ®, (the quasiparti-
cle vacuum) is

E s = Eqir +E§:‘i1; ’ (15)
where ‘

EN =Tr[(e+3T)p], (15a)

ER =3 Tr[ax"] . (15b)

III. DISCUSSION OF SELF-CONSISTENT RESULTS

The results of self-consistent HF and HFB cal-
culations of the axial and triaxial shapes of N=Z
nuclei in the 2p-1f shell are presented in Tables I
throughIIl. Thecalculations, as mentioned before,
have been performed for two different interactions,
namely CY and HJ. The HF and HFB solutions for
axial (both prolate and oblate) shapes are reported
for each nucleus while only those triaxial solutions
are reported which were found to be lower in ener-
gy than the axial solutions for a particular nucleus.
In each of the above cases, however, the HFB so-
lutions are reported by including T=1 and 7=0 as
well as T =1 plus T =0 pairing correlations. Re-
quiring axial symmetry restricts the summation



GOODMAN

L.

AND A.

T. S. SANDHU,

1342

M. L. RUSTGI,

80°202 80°202  80°303 80°20% .
Sz eI~ LL°ZT— 9L°3T— T Ir- ITIT—-  TIT°11- IT'1i—- (00°0-) (00°0=)  (00°0-) 06°2) ‘
1T 18- 808 (- § 8 (2 1T 18— L8°STg~ 18°GTg— L8°ST1g— 18°812~
. . . 28°103 18°'102  £T'18T €970 (90°%=) (90°%-)  (€2°%—) 61°1)
84Tt SLTI= E§7IL 29° 15— 29°TS—  08°'8h— 6L° 1S~ Se'pIg— Se'yIZ— 16°S1%— eg'gre= °
9L°8%e~ SL'8¥e— P6°8¥E~ 6L°€T (00°0-) (00°0=)  (00°0-) (05°0)
e e T u
9&1L ge7TI—  8S7IL 1€°L8 18°L8 1€°L8 8€°9¢ GL°e1g— GL°e1g— SL'ETZ— 6L’ e1e— ¢ Zay
R e L6°66% S6°66%  L0°00S 16°66¥ (00°0=) 00°0)  (00°0-) (0L°9)
oozt 6671T= 0072t L6°¥5— L6°FG—  L6'PG— L6°%S— 00°69T~ 06°69T— 06°69T— 06'69T—  °
98" F6T— 88°P6T— 8E'F6T— PG P6T— (00°0~) (00°0=)  (00°0=) (21°¢) .
R e oaeTr— IN
gt 8= ST 2L°28 2L°28 2.8 2L'2s $S°L9T— $S°L9T—  $G°LIT— $8°L9T— ¢ %
98" ¥¥ 98" 7% 98" ¥ 9G¥
- 1121~ 11°%1— $2°GT $2°ST ¥2°ST 95°GT (00°0-) (00°0=)  (00°0-) (16°¢) ,
$8°TH $8°T¥ $8° 1% $8°TH 0T 13T~ 0T 12T~ O0T°T3I— 01°12T—
N o e $.°95¢ ZL'988  98°L98 99°9G% (6L°%—) (6L%=) (38'%-) 9%'1
ot'et otel= Terel L0°0%— L0°0%=  TZ2°0%=— 18°8%~ £8° LTI~ 28" LTT— mm.ﬁmr 6€°9TT— °
. . . 12°L31 €e°L3T  82°L3T 11°L31 (00°0-) (00°0=)  (00°0=) (28°1)
- - — . 93,
vEIl g6’01= E¢7IL 26°3S 26°2S 26°2¢S 16°2S 22'02T— 22°02T— 28'03T~ 22°02T~ ¢ e
=)
$2°8€8 $2'888  $z'8es $2°88¢
0g° TT— 16 11— 16°T1— £8°¢ £8°¢g €8¢ €8¢ (00°0-) (00°0=)  (00°0=) (gee) 7
$6°68 $6°68 ¥6°68 $6°68 £8"LL— ee'LL— 88 LL— 88 LL~
. it e $L°86T GL'86T  B9'FEI 1£°82¢ (89°%~) (59'%=) (e8'%=) (s&°0)
Ev'01 AL 0S°6g— 08°62—  PHge— 0%'82— 98°2L— 98°2L—  65°2L— 67°69— °
. . 2€°228 2€°228  28°%eS 2e°228 (00°0-) (00°0=)  (00°0=) (29°2) 1
- - 39°0T— 0
8ot Lot vorot gL'8e 5L'8e cuse cu'8e 202 1070~ L0l 202~ ¢ o
o o . 878 2S°8IT  8%°C8 2881l (#5°2-) (00°0-)  ($S°2=) 08°1)
8¢'6 8L°6 86 1L°31— 86 FI—  TL°BI— 86 HI~ 94788~ 16°68—  9L°g8— 25788~ °
. . . gT'SHy 2USHy  TI'GHY 60°S¥ (00°0=) (00°0=)  (00°0-) (92°8)
- §9°6—  T1g'0T— 1L
99°6 6 ¢ g1'62 3 4 A4 19 HH ¥ ge— Pp'oe—  Phoe— P ge— ¢ "
0= snid 1= 0=1[ I=I 0= sSnidI=7 0=] I=1 AH I=g snid 0= 0= 1= ) odeys snojonN
(APIN) ¥ 9" (&) gy
"o Aty

"ASIN Ul uoAl3 oae $91810U0 Y] [V OSTMUWIN]0O UoALS aae (7R iy ‘0py) =WTpy (1) odeys [eIxera) xoy pue (0 ‘0p) =#Tp (d*0) sodeys Jeixe 104 ‘A[oanoodsex ‘dilyg

pue Hz mojeq seseyjusaed ur uaard sae Lo

pue H del gH oYl ‘UOIJOBISIUI UOISUYOL-BPBWEH oy} X0} sadeys (7) [BIXeLI) pue ‘(0) 93B[qo ‘(d) 9re1oad xof ()
Tenuajod [eotwoyd pue ‘(*7p) sywewow ojodpnw ‘(UMy) ser8roue Surared ‘(9) des gu (#dHy ‘Hy) ewrurw £S10us gAH pue IH oY) Jo uosiredwo) I ATAVL

1red



1343

GENERALIZED PAIRING IN N

Z EVEN-EVEN 2p-1f SHELL...

. . . 882 882 8¢°% ST°% (00°0-) (00°0=)  (00°0-) (0L°€) -
se°tt 98°11— S6°TL 2L°9% 2L°92 1L°52 04°S2 £0°602— - €0°602— £0°603— g0'6oz— ¢ Zoo
. . . 16°S¥%¥ ST'9%F  S0°9%¥ 83°9%¥ (00°0-) 00°0=)  (00°0-) (se°¢)
- - - 0
00°TT 8601~ S¥IL 2L 07— gL 0y~ IL0V— QL 0%— 08" 19T~ 09°T9T— 0S°T9T— 08°19T—
I o e 00°0— 00°0—  00°0- €0°0— (00°0-) (00°0=)  (00°0-) (27°9) .
ot e8’s= 601 %000 500'0  $00°0 10°0 Ge'gT-  GEE9T—  SE'E9T- cegor— ¢ Mo
e . ) $9°95% 88°9%F  GL°98S 89°9¢S L'z (28°2-)  (00°0-) (61°2)
8€7T1 LTI 89T 18°28- ZrIe—  89LE- 65°LE— 86°ETT— 86°STT— 6L'ETI- eLgti—  C
o e apente FI6I— 22°6%1— 22 6VI~ 06°8HT— (00°0-) (00°0-)  (00°0-) (16°2)
88°01 99°TT= 86701 G163 ¢L'ez  SL'S% 6162 90°9TT— 90°9TT— 90°9TT— 90'oti—- ¢ Odzg
€8 TT— €0°TT— €0°'TI— 00°608 00°60€  00°608 00°60€ (00°0-) (00°0-)  (00°0=) (01°8)
607 60°% 60'% 607 £0"FL— €0'bL—  €0°PL— $O"BL— 7
2%°8¢ 2588 2h'8e zh°8¢e
e e e 00°1— 00°L L9°0T~ 00°26T (zee-) (92'2=)  (89°¢-) (85°0)
gg’01 gerot= 6101 68T~ 91— T19°8T~ 19°¢T— 18° 1L~ 18" 12— 3.%%.. 0€°69— °
A e ot T 9L°PLE 98°%L%  98°%Le SL'VLE (00°0-) (00°0-)  (00°0" (L¥°2) 1
ge ot oT’01= 9T'01 ‘5e'pe ce'pe ce'¥ve $8°'7¢ c9'gL— go'eL—  g9'gl 69°gL— ¢ Ogv
. . . 2859 $2°2IT  2S°S9 $2°211 (88°2~) (00°0-)  (88°2-) (29°T)
20°6— 88°'8—  L0°6— . . . .
£L70T— 2 PI—  €L°0T- A 20°ce~ 06°26—  30°€8— 06°28~ °
20°0= 6= 26— 15837 09'82y  ¥S'82 05°827 (00°0-) (00°0=) (00 0-) (66°€) 4 w,
¥5°92 €S°%8  $9°¥% £6°%7 96°78— 96°¥6—  96°FE— 9675~ Y
o=z smd 1= 0=g 1= o= snid 1= 0= 1= AH 0=z snid 1= 0= =1 ) adeys smajonN
(A Y 4aH (G dHg
(S-FLEr) Ceom

‘] 91qel 99s ‘©]qe} SIY} JO UOIJeUE[dXd UE JOJ “UOIJOBISIUI BMEBIME [BIJUSD

9y} 10y synsox g4H PuB JH JU9)SISU00-FIdS ‘Il HTIAVL



1344 T. S. SANDHU, M. L. RUSTGI, AND A. L. GOODMAN 12

TABLE III. Comparison of { T2) for _the states where
pairing correlations are important. (T2)=0 for the
T=0 mode.

(T?)

Nucleus Shape Interaction T=1plus T=0 T=1
4y oblate HJ 1.552 1.552
cY 1.831 1.833

4Bcp oblate HJ 0.0008
cYy 1.857 2.819

%Fe  oblate HJ 0.0001

cY 0.0015

807zn oblate HJ 0.0001

in (2) over states |%) with the same value of m,.
For triaxial solution, the summation in (2) is car-
ried out over the states | k) with odd values of
m, — 3 to preserve time-reversal symmetry.

The intrinsic shapes for triaxial nuclei are char-
acterized by the multipole moment Q,;, Q,, @,
and Q,,, where

Qru= <ZA: Tf'YLM(Qi)> . (16)

i=1

For axial nuclei, @,,=@,, =Q,,=0. The pickup
strengths are defined by

Si = Z V(xmz(chm)z ’ (17)

where CJ.’s are the components of the orthogonal
matrix which diagonalizes the density matrix p de-
fined in (13), and V,,2’s are the corresponding ele-
ments of the diagonal p, representing the occupa-
tion probability of the deformed orbits.

For both the interactions the lowest axial solu-
tion for **Ti, *Cr and **Fe is prolate HF. How-
ever, for *®Cr and **Fe with the HJ interaction and
for “Cr and with the CY interaction the triaxial
HF solutions are even lower in energy than the
prolate HF solutions. In all the attempts to obtain
triaxial solution for **Ti the final solution con-
verged to an axial shape. The lowest-energy axial
and triaxial HFB solutions for the above-mentioned
nuclei are identical with the corresponding HF so-
lutions, indicating the absence of pairing in the
ground state. In the higher oblate solutions listed
in Tables I and II, however, the presence of pair-
ing correlations is obvious. For both the interac-
tions, the oblate HFB solution for *4Ti with T=1
pairing is slightly lower than the one with 7=0
pairing. Including both T=1 and 7=0 pairing si-
multaneously results in a solution identical with
the one obtained by including only T =1 pairing.
For *Cr and ®*Fe, on the other hand, the oblate

HFB solution with 7 =0 pairing is slightly lower
than the one with T'=1 pairing. A mixed T=1
plus T =0 oblate solution degenerate with the

T =0 mode is obtained for **Cr and *2Fe with the
CY interaction.

In Ref. 12, employing the Yale interaction, the
HFB ground-state solution for *®Cr is prolate with
T =0 pairing. The Yale interaction!? produces a
HF spectrum which is compressed with respect to
the HF spectrum for the HJ interaction. In par-
ticular, the Yale interaction creates a HF gap of
0.58 MeV, which is quite small, thereby favoring
large pairing. The HJ interaction yields a HF gap
of 2.67 MeV, which is prohibitively large, thereby
preventing pairing.

For ®Ni the CY interaction favors a spherical
shape, whereas the HJ interaction favors an oblate
shape. In both cases, however, the pairing is ab-
sent for all the T=1, T=0, and T=1 plus 7=0
modes. Unlike *Ti, **Cr, and **Fe, there is no
pairing even in the higher-energy solutions. As
in the case of **Ti, the triaxial solution does not
exist for this nucleus.

There is appreciable lowering of energy for
89Zn for the oblate shape with the HJ interaction
when pairing is included. Both the T=1 and T =0
pairing correlations are found to be equally strong
with the T =0 solution slightly lower than the T'=1
solution. The T =1 plus 7 =0 mode solution is
identical with the 7=0 mode solution. The lowest-
energy solution for this nucleus with the HJ inter-
action is, however, triaxial HF. The results for
the oblate solution with the CY interaction are not
reported, as no convergence was obtained. The
triaxial solution with the CY interaction was found
to be higher than the axial prolate solution and is
not reported. For both the interactions, the higher
prolate solutions do not show any pairing.

As mentioned earlier, the inclusion of 7 =0 plus
T =1 pairing results, in general, in a solution
identical to the one obtained by including either
T=1or T=0 pairing. To further check this con-
clusion, one can make a comparison of the value
of (Tz) in various cases. Assuming (’_f):O, one
obtains

vofl

H H T :
<T2>:2 E (pzxp,ap_pap.apz)
a

-2 Z (ImX op ,Bn)(Imx op .Bn) .
aB

The second term on the right is identical to the
first for T=0 pairing, making (’_fz)= 0. The values
of (’_1"2) are listed in Table III for the different
cases where pairing correlations are important.
From this table it is clear that for **Ti, the T=0
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TABLE IV. Comparison of pickup strengths (neutron plus proton) calculated from intrinsic
wave functions corresponding to solutions with minimum energies for the central Yukawa (CY)

and Hamada-Johnston (HJ) interactions.

Type of Pickup strengths

Nucleus  Interaction solution i=%+ =% j=3 j=%

tepy CY HF (prolate) 0.21 0.80 0.29 2.69

HJ HF (prolate) 0.20 0.82 0.25 2.73

180y cY HF (triaxial) 0.42 1.41  0.59 5.57

HJ HF (triaxial) 0.37 1.45 0.62 5.56

52 (0)'¢ HF (prolate) 0.00 0.41 0.08 11.50
Fe

HJ HF (triaxial) 0.76 2,71 1.21 7.31

56nTs CY HF (spherical) 0.00 0.00 0.00 16.00
Ni

HJ HF (oblate) 1.48 4.86 1.19 8.47

" cY HF (prolate) 0.96  3.03  0.33 15.72
Zn

HJ HF (triaxial) 2.27 5.22 2.21 10.29

plus T =1 oblate solution is a pure T =1 solution
for both the interactions. For all other cases,
with the single exception of *Cr which has a
mixed mode solution for the CY interaction,

T =0 plus T =1 solutions are essentially pure

T =0 solutions.

Comparing the results of the CY and HJ interac-
tions, one notices that although qualitatively the
results are similar in the beginning of the 2p-1f
shell, there are quantiative differences. For *Ni
even the shape of the lowest energy solution for
the CY interaction is different from that for the
HJ interaction. These differences are more ob-
vious in Table IV, where the pickup strengths
are compared. The numbers are surprisingly
close for **Ti and “Cr but are very different for
2Fe, *Ni, and *°Zn.

IV. CONCLUSIONS AND SUMMARY

The motivation behind this work was to study the
importance of T =0 pairing correlations in N=2
nuclei in the 2p-1f shell as these correlations
play an important role in N=Z nuclei in the 2s-1d
shell. The study has been carried out by including
T=0, T=1, and T =1 plus T =0 pairing correla-
tions. It is found that neither the T'=0 nor the 7'=1
correlations are important for the ground state.

In the excited states, however, the T=0 correla-
tions are found to be more important than the 7T'=1
correlations. For ground-state bands the inclusion
of T=1 and T=0 pairing correlations simulta-
neously yields results which are identical with
those obtained with either T=1 or 7 =0, with the
exception of *®Cr (oblate) for the CY interaction.
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