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Abstract: The ground-state bands in the N = 152 isotones >*No, *°Lr, and **°Rf are investigated using the cranked
shell model (CSM), with pairing correlations treated via the particle-number-conserving (PNC) method. The experi-

mentally kinematic moments of inertia are reproduced well by the PNC-CSM calculations, and the contributions to

JN from neutrons exhibit remarkable similarities. Compared to 2**No, the observed identity of J(! in 2**Rf is a res-

ult of the negligible contribution to J) from the two additional protons partially occupying the 7[514]7/2,
a[521]11/2, and n[624]9/2 orbitals. The increase in J) observed in the odd-4 nucleus **°Lr, compared to those of
the neighboring even-even isotones >**No and **°Rf, is attributed to the contribution of the proton jV([521]1/2) ow-

ing to the blocking of the nucleon on the proton 7[521]1/2 orbital. Compared to the case of the heavier isotones *’Lr
and #°Rf, the different behavior of the B(E2) value above fiw ~ 0.20 MeV in ***No is predicted to be due to the level

n[514]7/2 crossing n[521]1/2.
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I. INTRODUCTION

The possibility of a deformed shell gap at N =152
was suggested by the systematics of the alpha-particle en-
ergies around the A = 250 mass region [1]. This large gap
enhances the stability of isotopes at N =152 and results
in large values of the moment of inertia (MOI) compared
to those of the neighboring isotopes [2]. Over the past
decade, many in-beam spectroscopy studies have been
performed on the N =152 even-even (e.g., ***Cm, **°Cf,
#2Fm, ***No, and *Rf) and odd-4 (e.g., **Bk, *'Es, and
2Lr) isotones [3—5]. These observed rotational bands,
associated with MOIs and alignment properties, can re-
veal detailed information on the single-particle level
structure in light superheavy nuclei.

Ground-state bands (GSBs) with identical transition
energies (within 2 keV) in the 4 ~ 250 actinide nuclei
were reported in Ref. [6]. To the best of our knowledge,
the identical transition energies of the recently observed
GSBs in the heavier N = 152 isotones **No [7] and **Rf
[2] have not previously been reported. A comparison of
the experimental kinematic MOI J® of the GSBs in the
N =152 isotones ***No, *Lr, and **°Rf is shown in Fig.
1. The experimental data are taken from Refs. [2, 5, 7].
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The kinematic MOI J© values are nearly identical for the
GSBs in the even-even nuclei 2*No and »*°Rf, whereas
for their odd-4 neighbor nucleus **Lr, there is an remark-
able increase in JV for the GSB. Furthermore, the odd-
even difference in MOI gradually decreases with increas-
ing rotational frequency w. These issues require further
investigation.

In this study, the rotational properties and blocking
effects of the N = 152 isotones **No, **Lr, and °Rf are
investigated using the cranked shell model (CSM), with
the pairing correlations treated via the particle-number-
conserving (PNC) method. It is well known that the
MOIs of normally deformed bands are sensitive to nucle-
ar pairing correlations and Pauli blocking effects. In the
PNC-CSM method, the CSM Hamiltonian, including
monopole and quadrupole pairing correlations, is diagon-
alized directly in a truncated Fock space. Thus, the
particle number is conserved and the Pauli blocking ef-
fects are exactly considered.

II. THEORETICAL FRAMEWORK

For an axially symmetric nucleus in the rotating
frame, the CSM Hamiltonian with pairing is Hesy = Hyi—

Received 21 August 2024; Accepted 12 November 2024; Published online 13 November 2024
* He Xiao-Tao is supported by the National Key R&D Program of China (2023YFA1606503, 2024YFE0109804) and the National Natural Science Foundation of

China (12475121)
 E-mail: hext@nuaa.edu.cn

©2025 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

024102-1


http://orcid.org/0000-0002-4636-2934
http://orcid.org/0000-0003-1897-0892

Jun Zhang, Hai-Qian Zhang, Xiao-Tao He

Chin. Phys. C 49, 024102 (2025)

100 . T T T
v 254NO GSB

~ 90k 4 %°Rf -
% ° 255Lr .
= 8o} cecc®
= «*
_ x
A} X i
> 70F « gy x X b § -

60 M 1 M 1 M

0.0 0.1 0.2 0.3
ho (MeV)
Fig. 1. (color online) Experimental kinematic moments of

inertia JO for the GSBs in the N = 152 isotones >**No, **°Lr,
and °Rf. The experimental data are taken from Refs. [2, 5,
7.

wJ,+ Hp. Hxy = hyy 1s the Nilsson Hamiltonian, £(r) is
the eigenstate of the single-particle Hamiltonian #,,, and
£(7) is the corresponding time-reversed state. —wJ, is the
Coriolis interaction with cranking frequency w about the
x axis (perpendicular to the nuclear symmetry z axis). The
pairing Hp includes monopole Hp(0) =-Gy qua:;agaﬁar]
and quadrupole Hp(2)=—G2) 4, 612(5)612(77)6;0%615% pair-
ing correlations, where g,(&) = V16m/5(£|r?Yxl¢) is the
diagonal element of the stretched quadrupole operator,
and Gy and G, are the average monopole and quadrupole
pairing strengths, respectively.

In the PNC method for the pairing correlations, the
CSM Hamiltonian Hcgy 1s diagonalized in a sufficiently
large cranked many-particle configuration (CMPC) space
without particle-quasiparticle transformation; thus, the
Pauli blocking effects on pairing are treated consistently
and exactly. The eigenstate of Hcgy can be expressed as
lyy =>";Cili), where C; is real, and i) = |ujp - ) 1S @
CMPC defined as the n-particle occupation on the
cranked Nilsson orbitals. The particle occupation probab-
ility of the cranked Nilsson orbital ¢ in the state |y) is
n, = > ;|Cil* P, where P, =1 if i is occupied in [i) , oth-
erwise, P;, =0 . The kinematic MOI of the eigenstate |y)
is JV =@l /o=, W+ Y. i W), where
JPG) = [uljden,l/w is the direct contribution, and
JOWv) = 2[uljulv) 3o (MM C,C ] Jw s the  interfer-
ence term. The details of PNC calculations are given in
Refs. [8, 9].

III. RESULTS AND DISCUSSIONS

The Nilsson parameters x and u are taken from Ref.
[10]. The values of proton «s, us and neutron kg, ue are
modified slightly to fit the single-particle level sequence
when the high-order deformation & is considered
[11-13]. The deformations are used as input parameters

in the PNC-CSM calculations. For the neighboring iso-
tones »*No, *°Lr, and *°Rf, the deformation parameter
& =0.260 is chosen to be close to the experimental value
[14], and &, =0.020 and & = 0.045 are chosen, referring
to the deformations predicted by the finite range droplet
model [15].

In principle, the effective pairing strengths G, and G,
can be determined by the experimental odd-even differ-
ences in nuclear binding energies. They are also connec-
ted with the dimensions of the truncated CMPC space. In
these calculations for »**No, **°Lr, and **°Rf, the CMPC
space is entirely constructed in the proton N =5, 6 and
neutron N =6, 7 major shells, and the dimensions of the
CMPC space are approximately 1000. For the even-even
nuclei ?*No and *Rf, the corresponding effective pair-
ing strengths are G, = 0.25 MeV and G, =0.02 MeV for
both protons and neutrons. For the odd-even nucleus
»Lr, the pairing strengths are slightly smaller for pro-
tons, that is, Gy, =0.15 MeV and G,, =0.02 MeV, and
those for neutrons are the same with even-even nuclei.
The stability of the PNC-CSM calculations against the
change in the dimensions of the CMPC space has been
investigated in Refs. [9, 16].

The cranked Nilsson levels near the Fermi surface of
»¥No for protons and neutrons are shown in Fig. 2. The
signature @ =+1/2 and a=-1/2 levels are denoted by
solid and dotted lines, respectively. The Z =100 gap for
protons and N = 152 gap for neutrons are consistent with
the experiment and the results predicted by the Woods-
Saxon potential [17]. Based on such a sequence of single-
particle levels, the experimental ground state with the
configuration 7[521]1/2 and the first excited state with
the configuration 7[514]7/2 in **Lr (Z = 103) can be re-
produced well.

Figure 3 shows the experimental and calculated kin-
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Fig. 2.  Cranked Nilsson levels near the Fermi surface of

»¥No for protons and neutrons. The signature o =+1/2 and
a=-1/2 levels are denoted by solid and dotted lines, respect-
ively.
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ematic MOIs of the GSBs in »*No, *Lr, and >Rf,
which are denoted by solid squares and lines, respect-
ively. The experimental kinematic MOI can be extracted
using JV(I) =21+ DA*/E,(I+1 —1-1). For **Lr, the
signature @ = —1/2 band has not been observed, and only
the experimental and calculated MOIs of the signature
@ = +1/2 band in >°Lr are shown.

As shown in Figs. 3(a) and 3(b), the observed near
identity of J for the GSBs in **'No and *°Rfis repro-
duced satisfactorily by the PNC-CSM calculations. In
Fig. 3(c), the experimental J of the odd-4 nucleus **°Lr
is larger than those of the neighboring even-even nuclei
2¥No and Rf by approximately 15 #* to 5 *MeV, with
the observed frequency fw increasing from approxim-
ately 7w =0.10 to 0.20 MeV, which is also reproduced
well by the PNC-CSM calculation. In addition, the calcu-
lation shows that J@ for the GSB in **Lr is larger than
those in neighboring nuclei by approximately 40 #* MeV
at iw =0 MeV. As shown in Figs. 3(a)—3(c), the contri-
butions to JV from neutrons (J{") are nearly the same for
the GSBs in these three isotones. The observed identity of
J in the neighboring even-even nuclei »*No and **°Rf,
as well as the large difference in JO in the odd-4 nucle-
us **Lr, primarily stem from contributions to J@ from
protons (J{").

Figure 4 shows the occupation probability n, of each
proton orbital 4 (including both @ = +1/2) near the Fermi
surface for the GSBs in »**No, *Lr, and *°Rf. As shown
in Fig. 4(a), both the proton 7[514]7/2 and #[521]1/2 or-
bitals are nearly half occupied (1, ~ 1) for ***No. This can
be understood as the 7[514]7/2 and #[521]1/2 orbitals be-
ing close to each other [see Fig. 2], and relatively strong
pairing correlations are expected between these two orbit-
als. Compared to the case of ***No, two additional pro-
tons in *Rf partially occupy the proton n[514]7/2,
n[521]1/2, and n[624]9/2 orbitals. Owing to the proton
Z =100 subshell, the orbitals under this subshell are al-
most completely occupied (n, ~ 2).

Unlike the case of »*No and **Rf, as shown in Fig.
4(c), the n[521]1/2 orbital is half occupied (n, ~ 1) over
the entire frequency. Except for the 7[521]1/2 orbital, the
other cranked Nilsson orbitals are either fully occupied
(n, ~ 2) or empty (n, ~ 0). This is understandable from
Fig. 2, which shows that the Fermi surface of **’Lr
(Z=103) is just located at the proton n[521]1/2 orbital at
hw =0 MeV. The cranked Nilsson orbitals 7[514]7/2 and
n[521]1/2 (@ = +1/2) are close to each other over the en-
tire rotational frequency; thus, the n[514]7/2 orbital is
nearly fully occupied and the x[521]1/2 orbital is half oc-
cupied.

The PNC-CSM calculations can provide detailed in-
formation on the contributions to the MOIs J@ from each
cranked orbital, including the direct contribution j(u)
and interference term jV(uv). The calculated jV(u) and
jY(uv) from the proton major N =5 and N = 6 shells for

———— ———— ————
100 | W| + zseRf| - @ - 100
S e0f + + {60
= SO g . SO
< Ne-r USSR Lo--"
> a0 o L {40
O i
20 @ e @720
00 01 02 03 01 02 03 01 02 03
ho (MeV)

Fig. 3. Experimental and calculated kinematic moments of
inertia /@ for the GSBs in the N =152 isotones **No, **Lr,
and #°Rf. The experimental data are denoted by squares,
which are taken from Refs. [2, 5, 7]. The PNC-CSM calcula-
tions are denoted by lines. J" and J},” represent the separate
contributions to /() from neutrons and protons, respectively.

F— I ! I G 355 1 L T T
NET G o1,
§ | n[521]1/2 | “‘514‘7/2 |
g 5141712 {521]1/2
S - n[514]7/2 1
S P N, n{521]1/2
ereeennnnn J{O241902 1 n[62410/2 e T 2[62419/2 1
0 T . - PR IR S— g qereensen.. 0

0.0 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
o (MeV)

Fig. 4.

orbital 4 (including both @ = +1/2) near the Fermi surface for

the GSBs in the N =152 isotones **No, **°Lr, and »*°Rf. The

Nilsson orbitals far above (n, ~0) and far below the Fermi

Occupation probabilities n, of each cranked proton

surface (n, ~2) are not shown.

the GSBs in ***No, **’Lr, and **°Rf are shown in Fig. 5.
The sum of the contributions from the proton orbitals be-
low the Z = 100 subshell (blue dashed lines) is almost the
same for all the isotones. Compared to ***No, the contri-
butions to JV from two additional protons, partially oc-
cupying the proton orbitals n[514]7/2, =[521]1/2, and
n[62419/2, are almost negligible for GSBs in **°Rf. These
lead to the near identity of the total J®V for the neighbor-
ing even-even GSBs in »*No and **°Rf. In contrast, the
blocking of the nucleon on the proton orbital #[521]1/2
leads to a significant increase in proton j’([521]1/2) for
the GSB in the low frequency region of the odd-4 nucle-
us *’Lr [see Fig. 5(c)]. However, owing to the Coriolis
antipairing effect, the blocking effects become weakened
with increasing frequency. As shown in Figs. 5(a)—5(c),
the differences in j’([521]1/2) of the GSBs of the odd-4
nucleus and neighboring even-even nuclei decrease with
increasing rotational frequency #Aw . Therefore, as shown
in Fig. 3, JV of the GSB in the odd-4 nucleus **Lr ex-
hibits significant deviations from those in the neighbor-
ing even-even nuclei.

The electronic quadrupole transition probabilities
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Fig. 5.
each cranked proton orbital, including the direct contribution
7P ) (solid lines) and interference term j((uv) (dotted lines),
for the GSBs in the N =152 isotones **No, **°Lr, and **Rf.
The sum of the contributions from orbitals under the Z =100
subshell is denoted by blue dashed lines. jV(u) and jV(uv) are
denoted simply by x and u®v, respectively.

(color online) Calculated contributions to JS) from

B(E2) are important quantities for testing the nuclear
wavefunctions and deducing the quadrupole collectivit-
ies. In the semiclassical approximation, the transition
probabilities B(E2) can be obtained as B(E2)=
3|05y /8, where |y) is the eigenstate of the CSM
Hamiltonian, and Q5, corresponds to the laboratory quad-
rupole moment of protons, Q5 = r*Ys = V5/16x(32> - r?).
Note that the valence single-particle space is constructed
in the major shells from N =0 to N =6 for protons, and
there is no effective charge involved in the calculation of
the B(E2) values. Because the same deformation para-
meters are used to calculate the B(E2) values for all
N = 152 isotones, the different behaviors of B(E2) values
along an isotonic chain are purely a microscopic effect of
the nuclear many-body wavefunctions.

Figure 6 demonstrates the calculated B(E2) values as
a function of rotational frequency %iw for the GSBs of
*No, »Lr, and P°Rf. Because more valence nucleons
participate in the collective behavior, the B(E2) value of
5Ly (PRY) is larger than that of **No by approximately
0.30 €2b* (0.27 €*b?) at low frequency. The B(E2) values
remain almost constant at hw < 0.20 MeV, which indic-
ates that these isotones have stable rotor characteristics
with large collectivities in the low frequency region. At
high rotational frequency, the behaviors of the B(E2) val-
ues for the GSBs of Lr, 2°Rf, and »**No are different.
The B(E2) values in 2°Lr and ®°Rf decrease at fiw > 0.20
MeV, whereas that in **No increases in this frequency
region. This difference is easy to understand because the
level n[514]7/2 crosses n[521]1/2 [see Fig. 2(a)], which
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Fig. 6. Calculated B(E2) values as a function of rotation fre-
quency hw for the GSBs of 2*No, ***Lr, and *°Rf.

leads to a structural change in the many-body wave func-
tions.

IV. SUMMARY

In summary, the GSBs in the N = 152 isotones ***No,
25Lr, and *°Rf are investigated using the CSM, with the
pairing correlations treated via a PNC method. The Pauli
blocking effects are considered exactly in the PNC meth-
od. The experimentally kinematic MOIs J® are repro-
duced well by the PNC-CSM calculations, and the contri-
butions to J from neutrons are nearly the same for these
isotones.

The variation in JU versus frequency exhibits a re-
markable identity for the neighboring even-even isotones
»No and **°Rf. This is because the two additional pro-
tons in *Rf are partially occupied by the proton
n[51417/2, n[521]11/2, and =[624]9/2 orbitals, but the
contributions to J® are negligible compared to >*No.

Compared to the case of the neighboring nuclei **No
and *°Rf, there is a nearly 50% increase in J for the
odd-4 nucleus *Lr. Detailed theoretical investigations
show that the increase in JV is mainly caused by the con-
tribution of proton j([521]1/2) owing to the blocking of
the nucleon on the proton 7[521]1/2 orbital in **Lr.

The electronic quadrupole transition probabilities
B(E2) among ***No, **Lr, and *°Rf are investigated us-
ing the semiclassical approximation, with the microscop-
ic wave function obtained via the PNC-CSM method.
Compared to the B(E2) values of *’Lr and *°Rf, the dif-
ferent behavior of the B(E2) value of **No at Aiw > 0.20
MeV is predicted to be due to the level 7[514]7/2 cross-
ing x[521]1/2.
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