(IRTF- Iz R IFIT))

wwwapracen  Nuclear Physics Review
Started in 1984

gl SEERUA) \RIE AR URIPulRIL F X BRI R

IR BT

Effects of Rotation, Blocking and Octupole Deformation on Pairing Correlations in the U and Pu Isotopes
ZHANG Jun, HE Xiaotao

TELL[R1EE View online: https://doi.org/10.11804/NuclPhysRev.41.2023CNPC40

TS

R, WG, F el . BEIEBUN AN \ BRI AR X U Pu R 28 X5 OCHK 52 [T, JE T 38, 2024, 41(1):178-183. doi:
10.11804/NuclPhysRev.41.2023CNPC40

ZHANG Jun, HE Xiaotao. Effects of Rotation, Blocking and Octupole Deformation on Pairing Correlations in the U and Pu Isotopes|J].
Nuclear Physics Review, 2024, 41(1):178-183. doi: 10.11804/NuclPhysRev.41.2023CNPC40

FETT BRI HoAh S EE

Articles you may be interested in

235 237N 5 1 TS BB TS
Theoretical Investigation of the High—spin States in
JRF Y BEPE. 2022, 39(4): 413-420  https://doi.org/10.11804/NuclPhysRev.39.2022047

AE T4 L o PP AR )Xo IR Ak B 20 T A2 A8 F AR R M A R o
Effect of Different Pairing Correlations on the Description of Nuclear Deformations within Energy Density Functional Framework

JEF RIS, 2020, 37(1): 26-33  hitps://doi.org/10.11804/NuclPhysRev.37.2020006
B - AT RN Balml v 2 5 \ B IRTE AT 5

Beyond-mean—field Study of Octupole Shape Evolution in Neutron—deficient Ba Isotopes
JRFRZYBIEE. 2019, 36(2): 144-150  https://doi.org/10.11804/NuclPhysRev.36.02.144

] s R 0 R TR R R R H &
Fission Barriers of Actinide Isotopes in the Exactly Solvable Pairing Model
JRF Y BREE. 2023, 40(4): 502-510  https://doi.org/10.11804/NuclPhysRev.40.2023013

A~80K% X AE AU A T
Progress on the Spectroscopy in the A~80 Mass Region
JEF PRI, 2020, 37(1): 11-17  https://doi.org/10.11804/NuclPhysRev.37.2020001

BT Se SRS T npuk SIS sd il pere fs i 5%
Shell Model Study of Even—even sd and pf Shell Nuclei With the Pairing Plus Quadrupole—quadrupole Interaction

JRF Y BEIEE. 2020, 37(3): 509-515  https://doi.org/10.11804/NuclPhysRev.37.2019CNPC10

235, 237Np


http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.41.2023CNPC40
http://www.npr.ac.cn/
http://www.npr.ac.cn/
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.39.2022047
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.37.2020006
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.36.02.144
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.40.2023013
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.37.2020001
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.37.2020001
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.37.2019CNPC10
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.37.2019CNPC10
http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.37.2019CNPC10

W41 1 BT % BV R Vol. 41, No. 1
2024 £ 3 H Nuclear Physics Review Mar., 2024

Article ID: 1007-4627(2024)01-0178-06

Effects of Rotation, Blocking and Octupole Deformation on Pairing
Correlations in the U and Pu Isotopes
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Abstract: By including octupole correlations in the Nilsson potential, the ground-state rotational bands in the reflec-
tion-asymmetric (RA) nuclei are investigated by using the cranked shell model (CSM) with the monopole and quad-
rupole pairing correlations treated by a particle-number-conserving (PNC) method. The experimental kinematic mo-
ments of inertia (Mols) for alternating-parity bands in the even-even nuclei 242U and »%24Pu, as well as parity-
doublet bands in the odd-A nuclei ®"U and *’Pu are reproduced well by the PNC-CSM calculations. The higher
JO for the intrinsic s=—i bands in *"U and **Pu, compared with the s=+1 bands in the neighboring even-even
nuclei #6230 and *%2*Pu, can be attributed to the pairing gap reduction due to the Pauli blocking effect. The
gradual increase of J" versus rotational frequency can be explained by the pairing gap reduction due to the rotation.
The Mols of reflection-asymmetric nuclei are higher than those of reflection-symmetric (RS) nuclei at low rotational
frequency. Moreover, the inclusion of a larger octupole deformation &, in the RA nuclei results in more significant
pairing gap reduction compared with the RS nuclei.
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0 Introduction

The typical features for octupole correlations in the
ground-state reflection-asymmetric (RA) nuclei are the oc-
currence of alternating-parity bands in the even-even nuc-
lei and parity-doublet bands in the odd- A nucleil'l. These
correlations in nuclei arise from the octupole-octupole in-
teraction between single-particle states with differences in
angular momentum A4/=4j=3. In the light actinide mass
region, the proton Fermi surface lies between f,, and i,
orbitals, while the neutron Fermi surface lies between g,
and j, orbitals in nuclei with proton number Z~88 and
neutron number N~134. Since the proximity of these
levels, strong octupole coupling lead to intrinsic reflection
asymmetric shapes in the ground-state nuclei.

In the actinide mass region, most odd-A and even-
even nuclei behave striking features of octupole correla-
tions in the experiment[z_é]. The rotational behaviors of the
yrast and negative-parity bands in %7280 and those in
238.239.290py  exhibit significant differences, which is due to
variations in octupole correlation strength[7_“]. In terms of
theoretical investigations, many approaches have been de-

Received date: 29 Jul. 2023; Revised date: 29 Feb. 2024

DOI: 10.11804/NuclPhysRev.41.2023CNPC40

veloped to describe the octupole correlations in the reflec-
tion-asymmetric nuclei. These include reflection-asymmet-
ric mean-field approach[lz], cluster modell!3] vibrational
approach[m], reflection asymmetric shell modell"], and
cranked shell modell!6].

In the present work, the cranked shell model (CSM)
with the pairing correlations treated by a particle-number-
conserving (PNC) method is developed to investigate the
alternating-parity bands in even-even nuclei ****U and
238.240py | as well as the parity-doublet bands in odd- A nuc-
lei U and ?*°Pu. In the PNC method, the CSM Hamilto-
nian is diagonalized directly in the truncated Fock space.
Thus, the particle number is conserved exactly and the
Pauli blocking effect is taken into account spontaneously.
The effects of rotation, Pauli blocking, and octupole de-
formation on the pairing correlations in U and Pu isotopes
have been investigated in detail by the PNC-CSM method.

1 Theoretical framework

In the framework of the cranked shell model, the
Hamiltonian of an axially deformed nucleus ist17-201
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Hegy = Hyy — wJ  + Hp(0) + Hy(2), (1)

where Hy, = > hy,(e,, &, €,) is the Nilsson Hamiltonian,
in which the quadrupole (&, ), octupole (&,) and hexadeca-
pole (&,) deformation parameters are included!'® 211, -wJ,
is the Coriolis interaction with the rotational frequency w
about the x axis (perpendicular to the symmetry z axis
here).

When w =0, the single-particle Hamiltonian 5, has
nonzero matrix elements of Y,, between different shell N.
Since p =(-1)", the parity is no longer a good quantum
number, but Q) (the single-particle angular momentum pro-
jection on the symmetry axis) is still a good quantum num-
ber. However, when w # 0, the symmetry with respect to
the reflection through plane yoz, S, operator, still holds.
The single-particle orbitals can be labeled with the simplex
quantum number s (the eigenvalues of S, operator, s = =+i ).

The pairing includes the monopole and quadrupole
pairing correlations,

H,(0) = -G, Z a}agaﬁav, ()
&n
Hy(2) = =G, ) 0, ©g.(Dajala;a,, (3)
&n

where ¢ is the eigenstates of the Nilsson Hamiltonian A,
and £ is the time-reversed states, g,(£) = V16m/5(£[r?Y,l€)
is the diagonal element of the stretched quadrupole operat-
or, and G, and G, are the effective strengths of monopole
and quadrupole pairing interactions, respectively.

By diagonalizing the cranked shell model Hamiltoni-
an in a sufficiently large cranked many-particle configura-
tion (CMPC), a sufficiently accurate low-lying excited in-
trinsic wave function of the reflection-asymmetric nuclei
are obtained as

=) Cli, )

where [i) =|u,u, --p,) is a CMPC for an n-particle sys-
tem, and u,u, ---p, are the occupied cranked Nilsson orbit-
als. Each configuration [i) is characterized by the simplex s,

si = sl-'| s/-'z o sﬂu’ (5)
where s, is the simplex of the particle occupying in orbital

w. The kinematic moment of inertia (Mol) of eigenstate |¢/)
can be written as

Wl )

w

JO = (6)

Experimentally, the rotational band with simplex
quantum number s is characterized by spin states / of al-
ternating parity[zz]

p=se™, (7

Therefore for reflection-asymmetric systems with even
number of nucleons we have

s=+1, I"=0%,17,2%37,---, ®)
s=-1, I"=07,1%,27,3",---, 9
while for systems with odd number of nucleons we have
s=+i, I"=1/2*,3/27,5/2*,7/27,---, (10)
s=—i, I"=1/27,3/2",5/27,7/2%,---. (11)

The moments of inertia for alternating parity bands
can be expressed as

w 2

o =
where |y) is the parity-independent wave function with the
rotational frequency w obtained by the PNC-CSM method.
The AJM(w) is the parity splitting of the moments of iner-
tia in the experimental alternating-parity bands, which can
be obtained by

AJV(w) = JP(w) - JP(w) (13)

in which J"(w) and J"(w) are the experimental Mols of
the negative and positive parity rotational bands corres-
ponding to the rotational frequency w.

2 Results and Discussions

2.1 Parameters

In this work, the Nilsson parameters (k, u) are taken
from Ref. [23]. The deformations &,, &,, and ¢, are input
parameters in the PNC-CSM method. The values of ¢, and
g, are chosen close to the calculated deformations of the
ground states in the actinide region[24]. The &, values used
in this work are chosen by fitting the experimental Mols
and alignments of the ground-state bands in the U and Pu
isotopes. The deformation parameters (&,, &;, &,) used in
our PNC-CSM calculations are (0.200, 0.110, —0.055),
(0.220, 0.130, —0.040), (0.228, 0.025, —0.065), and (0.230,
0.010, —0.045) for even-even nuclei 2¢U, 23U, *Pu, and
0Py, respectively. The deformation parameters of odd-4
nuclei U and *°Pu are taken as the average of the neigh-
boring even-even nuclei.

The effective pairing strengths G, and G,,in prin-
ciple, can be determined by the odd-even differences in
nuclear binding energies. The values are connected with the
dimensions of the truncated cranked many-particle config-
uration space. For even-even nuclei 26¢2%U and #%*0Puy,
the effective monopole and quadrupole pairing strengths
are G, =0.25 MeV, G,, =0.03 MeV and G, =0.25 MeV,
G, =0.015MeV for protons and neutrons, respectively.
For odd-4 nuclei #*’U and **Pu, the neutron pairing
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strengths are little smaller than those in even-even nuclei.
For all nuclei studied in this work, the CMPC space is con-
structed in the proton N =5, 6 and neutron N =6, 7 shells.
The dimensions of the CMPC space are about 1 000 for
both protons and neutrons.

2.2 Moments of inertia

Figure 1 shows the experimental and calculated kin-
ematic moments of inertia J for the alternating-parity
bands (s=+1) in even-even nuclei 2**U and ***Pu,
and parity-doublet bands (s==i) in odd-A nuclei *'U
and *°Pu. The experimental data for the negative (positive)
parity bands are denoted by green solid (open) circles. The
PNC-CSM calculations in the reflection-asymmetric nuclei
are denoted by black solid lines. After considering the par-
ity spitting of Egs. (12) and (13), the J of negative and
positive parity bands are denoted by dash-dotted and dot-
ted lines, respectively. The PNC-CSM calculations in the
reflection-symmetric (RS) nuclei (without &, deformation)
are shown by red dashed lines. It can be seen that the exper-
imental moments of inertia versus the rotational frequency
hw are reproduced very well by the PNC-CSM calcula-
tions. As shown in Figs. 1(b), 1(c), 1(f), and 1(g), there are
simplex splittings between s = +i and s = —i partner bands
(solid black lines) at fiw <0.10 MeV in both odd-A nuclei
#1U and *°Pu.

From Fig. 1, we can see that the moments of inertia
J® gradually increase with rotational frequency in all nuc-
lei. For intrinsic rotational band in >*U, the calculated dif-
ference in Mols 6J/J with increasing w is

6J _J(*U, hw = 0.30 MeV) - J(**U, hw = 0)
J J(9U, how = 0)
~87.3%.

(14)

It can be seen that the J© of intrinsic rotational band in
B8U increase about 87% at the frequency 7w = 0.30 MeV
compared with that at the bandhead. For other nuclei, the
results are very similar, and will not be shown here.

At the bandhead, the calculated odd-even differences
in Mols 6J/J between the intrinsic s = —i rotational bands
in odd-A nuclei U and ?*Pu and those in the neighbor-

ing even-even nuclei U and **Pu are:

6J _J(*'U,RA)-J(*°U,RA)

~ 61.0%,
J J(3%U, RA) ’

6J _ J(*Pu,RA)-J(**Pu,RA)

~ 49.6%.
J J(*Pu, RA) ’

(15)

Therefore, the higher J in the odd-4 nuclei compared
with those in the neighboring even-even nuclei mainly at-
tribute to the blocking of unpaired neutron.

Furthermore, as shown in Fig. 1, the calculated Mols
of the intrinsic rotational bands in the reflection-asymmet-
ric nuclei are obviously higher than those in reflection-sym-
metric nuclei. At the bandhead, the calculated differences in
Mols 6J/J between the RA and RS rotational bands for the

U isotopes are:
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Fig. 1

The experimental and calculated kinematic moments of inertia J@ for the alternating-parity bands in even-even nuclei

236,238y and 23%240py, and parity-doublet bands in odd- 4 nuclei 27U and 2*°Pu. The experimental data for the negative (posit-
ive) parity bands are denoted by solid (open) circles. The PNC-CSM calculations in the reflection-asymmetric nuclei are de-
noted by black solid lines. After considering the parity spitting of Eqgs. (12) and (13), the negative and positive parity bands are
denoted by dash-dotted and dotted lines, respectively. The PNC-CSM calculations in the reflection-symmetric nuclei (without
&, deformation) are shown by red dashed lines. The &, deformation parameters for 23U, 27U, and **%U are 0.110, 0.071, and
0.130, and those for 2*¥Pu, 2**Pu, and 2*°Pu are 0.025, 0.010, and 0.010. (color online)
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6J _ J(*U,RA)-J(*U, RS)
J J(®U, RS)

= 18.7%, s = +1,

6J _ J*U,RA)-J(*7U,RS)
J J(*'U, RS)

~24.7%, s = +I,

6J _JU,RA)-J(*'U,RS)
J J(*U, RS)

~37.8%, s = —i,

6J _ J(®U,RA)-J(**U,RS)
J J(>3U, RS)

~19.7%, s=+1, (16)

and the calculated results for the Pu isotopes are:

6J _ J(**Pu,RA)—J(**Pu, RS)

~17.7%, s = +1,

7 JCPu.RS)

6] JC¥Pu,RA)- J(*Pu, RS)

o ~ 14.3%, 5 = +i,

7 JC¥Pu. RS) ¢ 8=*
239 239

61 _JCPu.RA-JCUPURS) o

J J(*®Pu, RS)

6J _ J(*Pu,RA)-J(*°Pu, RS)
J - J(**Py, RS)

~20.0%, s=+1. (17)

We can see that the differences in Mols 6J/J in the U iso-
topes are almost larger than those in the Pu isotopes. In this
work, the &, deformation parameters for **U, *'U, and
28U are 0.110, 0.071, and 0.130, while those for >**Pu,
2%Pu, and >*°Pu are 0.025, 0.010, and 0.010. Thus, it can

be seen clearly that &, deformation gives a very significant
contribution to the variation of J@ .

In order to have a more clear understanding of the
variation of J, we study the effects of rotation, blocking
and octupole deformation on the pairing correlations in the
U and Pu isotopes in detail.

2.3 Pairing correlations

The nuclear pairing gap is defined asl?]

1 1/2
A= Go[—5<w|Hp|w>] : (18)
0

Figure 2 shows the calculated proton and neutron pairing
gaps / versus the rotational frequency Aw for the alternat-
ing-parity bands in even-even nuclei »*?*U and 2%?Pu,
and the parity-doublet bands in odd-4 nuclei *'U and
29Pu. The effective pairing strengths are the same for the
reflection-asymmetric and reflection-symmetric nuclei in
the PNC-CSM calculations. As shown in Fig. 2, the pairing
gaps A in the reflection-asymmetric nuclei are almost
smaller than those in the reflection-symmetric nuclei for
both protons and neutrons. The pairing gaps decrease with
increasing rotation frequency fiw,and significantly de-
crease for the neutrons in the odd-4 nuclei %’U and **Pu.

The calculated pairing gap reductions with increasing
rotational frequency in the reflection-asymmetric nuclei
87 are:

236U

A (RA)

Z37U

— O
4 (Rs)

A (RS) 23817

4\_
239
14t Pu
127
-u;-unx:::xnn:nuu-}{..s,)‘ ZAOPu

Lo “Pu L L A(RA) L o L L

0 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3

hw/MeV

Fig. 2 The calculated proton and neutron pairing gaps j versus the rotational frequency 7w for the alternating-parity bands in even-
even nuclei 223U and 23%240pyu, and parity-doublet bands in odd-A nuclei 27U and ?°Pu. The PNC-CSM calculations in
the reflection-asymmetric nuclei are denoted by black lines, and those in the reflection-symmetric nuclei (without &, deforma-
tion) are denoted by red lines. The solid and dotted lines are for protons and neutrons, respectively. The &, deformation para-
meters for 230U, 237U, and 23U are 0.110, 0.071, and 0.130, and those for 2%Pu, 2¥Pu, and 2*°Pu are 0.025, 0.010, and

0.010. (color online)
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64, 4,3°U,hw =0.30MeV) -4, (*U,w = 0)

o . =13.8%,
4, 4,U,w =0)
64, A,*°U,hw = 0.30MeV) - 4,(*°U,w = 0)
= - =12.5%.
a, A,(3U,w = 0)
(19)

The results are very similar for other nuclei, which are not
shown here. For both protons and neutrons, it can be seen
that the pairing gaps decrease by about 10% atthe fre-
quency hw =0.30 MeV compared with those at the band-
head. These result in the gradual increase of J" versus ro-
tational frequency in all nuclei.

Comparing Figs. 2(a), 2(d) and Figs. 2(b), 2(e), it is
seen that the pairing gaps of neutrons decrease in the odd- A
nuclei U and **Pu. At the bandhead, the calculated
neutron pairing gap reductions for these nuclei are:

64, 4,"U,RA)-4,(*°U,RA)

A A (36U,RA)

n

=41.0%,

n

A A (33Pu,RA)

n

54 A (*Pu,RA) -4 (¥*¥Pu,RA
o A CPURA) 24, CPURA) 90 (20)

We can see that the pairing gaps decrease about 40% in the
odd-A nuclei compared with the neighboring even-even
nuclei, which lead to higher J® for the s=—i bands in
these odd- A nuclei [see Figs. 1(a), 1(c), 1(e) and 1(g)].

At the bandhead, the calculated pairing gap reductions
for 26U with reflection-asymmetric deformation and re-
flection-symmetric deformation are:

64, 4,(*°U,RA)-4 (*U,RS)

L= _ =6.6%,
A, 4,(3U,RS)
84 A (¥*U,RA)-4 (¥*°U,RS
4, _ 4,(7URA) ~4,( )=2.9%, 1)
A, A (>%U,RS)
and the calculated results for >**Pu are:
o4, 4,(**Pu,RA) -4 (**Pu,RS)
o _ . =0.6%,
a4, A (33Pu,RS)
64 A (**Pu,RA) -4 (**Pu,RS
4, _4CPORAZACPURS) g (22
A A (*Pu,RS)

We can see that the pairing gaps decrease in the reflection-
asymmetric nuclei compared with the reflection-symmetric
nuclei. Furthermore, the pairing gap reduction becomes
even more significant with increasing the octupole deform-
ation [see Figs. 2(a) and 2(c)]. Therefore, the octupole cor-
relations give a certain effect on the increase of J in the
reflection-asymmetric nuclei. The results are very similar
for other nuclei, which are not shown here.

3 Summary

236,237, 238U and

The reflection-asymmetric nuclei
238.239.240py gre investigated by the cranked shell model with
pairing correlations treated by the particle-number-con-
serving method. The experimental moments of inertia of
the alternating-parity bands in the even-even nuclei *%2¥U
and #*?Pu and the parity-doublet bands in the odd-A
nuclei ®’U and *’Pu are reproduced well by the PNC-
CSM calculations. The pairing gaps in these nuclei are sig-
nificantly influenced by rotation, Pauli blocking, and octu-
pole deformation. The gradual increases of J versus rota-
tional frequency in these nuclei are mainly due to the pair-
ing gap reductions with increasing w. The higher J@ for
the intrinsic s = —i bands in the odd-A nuclei compared
with the neighboring even-even nuclei can be attributed to
the pairing gap reductions due to Pauli blocking effects.
The J® of the intrinsic rotational bands in the RA nuclei
are higher than those in the RS nuclei. Furthermore, a lar-
ger octupole deformation &, in the RA nuclei results in
more significant pairing gap reduction compared with the
RS nuclei.
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2. F MR KFM R R SE RSB, M al 210016)

HZE: 38 % Nilsson % F 5| A\ R KBk, X TiH#EFER (CSM) T A Xt 48 F 1 A Wk F 3 5F 12 7 % (PNC), #f
RYREAAKEFHOELSHESH, PNC-CSMI T E L EEI T B4 R X 1BF 4 B038U fu 238290py 1 2 & FH
W, UWRF-ABRPUAPPuFR N EFTNENRELRE. F-AZPUMPPulls=—i N EH A THENTE
BARARE (B AL 2028 P8 2M0Pu s=+ 1 ) L E I, REFVFIHE THEAEERN FHF FHRREO XBEE R,
URPuRfLEF, R EMERAMEZE R M E S T X ABKEE AR ENE o KB ATE RN, ERAE
X, REAHHEFZNEGRERATS THANNRSANHRETERESNRE. FEERAIHEFZMAL,
BAW/ \BHEERREATAHRETFEERRAN AR RE WAL,

KR \MKEK; BETER, RTHRTFETE REFHE; FANEF,; X

Yks B R 2023-07-29; & HHA: 2024-02-29
ESWH: HEXAAREEES T ITIH (U2032138, 11775112)
T BIE1EH: %hel%, E-mail: hext@nuaa.edu.cn
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