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Abstract: A variable moment of inertia (VMI) inspired interacting boson model (IBM), which includes many-body

interactions and a perturbation possessing SO(5) (or SU(5)) symmetry, is used to investigate the rotational bands of

the A ~ 250 mass region. A novel modification is introduced, extending the Arima coefficient to the third order. This

study is dedicated to the quantitative analysis of evolving trends in intraband y-transition energy as well as the kin-

ematic and dynamic moments of inertia (Mols) within the rotational bands of 2**Pu and 2*8 Cm. The computed out-

comes exhibit an exceptional degree of agreement with experimental observations across various conditions. The

significance of including a higher-order Arima coefficient is further examined by contrasting it with the previously

proposed model. The calculated results demonstrate the significance of both the anti-pairing and pairing effects in

the evolution of the dynamic Mol. Additionally, these insights reveal the importance of a newly introduced paramet-
er in accurately depicting complex nuclear behaviors, such as back-bending, up-bending, and downturn in the Mol.
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I. INTRODUCTION

An intriguing puzzle within the field of nuclear struc-
ture physics pertains to the single-particle composition of
heavy and superheavy elements (SHE). This poses a sig-
nificant challenge for both theoretical frameworks and
experimental investigations. Experimental endeavors pre-
dominantly concentrate on determining the specific loca-
tion and scope of the "island of stability." The emergence
of SHE is attributed to shell effects, as the liquid-drop
model predicts the non-existence of such nuclei due to
substantial Coulomb repulsions. An essential question in
this pursuit involves the exploration of magic numbers
beyond Z =282 and N =126 in SHE, representing a cru-
cial aspect for both theoretical frameworks and experi-
mental inquiries. The identification of new magic num-
bers is intricately linked to the single-particle structure.
Theoretical predictions suggest that nuclei in close prox-
imity to N =184 and Z = 114 may indicate the presence
of an island of stability [1]. Currently, the availability of
detailed spectroscopy data for Z~ 100 opens up a new
realm for systematically studying the evolution of single-
particle states [2]. The exploration of super-heavy ele-
ments (SHE) is constrained by narrow cross-sections, res-
ulting in a scarcity of experimental data to corroborate
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theoretical predictions. The experimental approaches for
studying SHE can be broadly categorized into two types:
in-beam and decay spectroscopies [3]. The in-beam spec-
troscopic technique is pivotal in examining rotational
bands and the single-particle structure, even for faint
channels. Despite its complexity, in-beam conversion
electron spectroscopy is highly valuable, as it establishes
rotational bands and extracts crucial information about
the alignments of protons and neutrons, even with a few
dozen gamma rays. Decay spectroscopy is instrumental in
analyzing single-particle levels through alpha decay
chains. Alpha decay in odd-mass nuclei typically re-
moves pairs of protons and neutrons, leaving behind an
unpaired nucleon in the mother nucleus. The state popu-
lated in the daughter nucleus and the ground state of the
mother nucleus possess the same single-particle configur-
ation. The daughter nucleus's excited state decays to the
ground state, emitting secondary gamma rays and conver-
sion electrons, which aid in determining the excitation en-
ergy of single-particle states. At present, the most sub-
stantial spectroscopic information available is for the
heaviest nuclei, particularly the transfermium elements,
such as californium, fermium, and nobelium [4-7]. Al-
though these deformed nuclei, with Z=100 and
N =~ 150 - 160, are not strictly classified as SHE, they rep-
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resent a threshold of the SHE region. The increasing
sensitivity of experimental setups at facilities such as
ANL (Argonne), GSI (Darmstadt), JYFL (Jyvaskyla),
GANIL (Caen), and FLNR (Dubna) has made it feasible
to measure @—vy or a conversion-electron coincidences
[8—14].

One of the most essential quantities is moment of in-
ertia (Mol), which characterizes the nuclear rotational
bands. Mol has been widely studied and is the most fun-
damental observable for illustrating the structure of the
nuclei. To describe the high spin phenomena of the rota-
tional bands, two types of Mol are typically used: kin-
ematic (3V) and dynamic (3?) Mol.

The calculation of dynamic Mol is advantageous over
that of kinematic Mol, as it does not necessitate know-
ledge of the spins. Systematic studies of Mol have un-
covered some remarkable features in the A ~ 250 mass re-
gion. Specifically, an investigation into the Mol systemat-
ics of plutonium isotopes revealed distinct behaviors
between lighter isotopes (A ~ 238 —240) and heavier ones
(A =241). Lighter isotopes do not exhibit the upbending
in Mol that is observed in the heavier counterparts [15].
In the lightest isotopes, strong octupole correlations are
present, which are believed to be responsible for the ab-
sence of significant proton alignment, a feature observed
in heavier Pu isotopes [15]. For 2*°Pu, the lack of align-
ment has been interpreted in terms of phonon condensa-
tion [16]. In the case of Cm isotopes, the dynamic Mol
exhibits an extraordinary pattern: initially, there is a
smooth up-bend, followed by a downturn in the ground
band. This behavior was suggested to be a result of the
interplay between jjs;, neutrons and i3, protons [17,
18].

Here, we systematically studied the rotational bands
in **Pu and *®*Cm with perturbed SU,;(3) symmetry
and the perturbation holding SO (5) symmetry, which
has been very successful in reproducing the changing be-
haviour of dynamic Mol [19-25]. In Sec. II, a short de-
scription of the model is presented, and an extension to
the previous model is proposed by incorporating new
parameters in the previously defined Arima coefficient.
In Sec. III, the calculated results are presented for even-
even **#Pu and 2*Cm nuclei. Finally, a summary is giv-
en in Sec. V.

II. FORMALISM

The Hamiltonian of the variable moment of inertia
(VMI) inspired interacting boson model (IBM) is [19]

C PN
— _Ii-I, (1)
1+fL-L
where O® and Lare the quadrupole and angular mo-
mentum operator, respectively. The parameter f'is known

H=Ey+kQ? -0+

as the Arima coefficient, which was introduced in IBM-1.
The parameter f'is a spin dependent term that was intro-
duced in the denominator of the Hamiltonian to increase
the Mol. Phenomenological studies proposed that the spin
dependent term fL.L in the IBM Hamiltonian includes
the anti-pairing effect at high spins [26]. However, in the
superdeformed bands (SD) of the A ~ 150,190 mass re-
gion, a turnover in the dynamic Mol is observed. It was
emphasised that the extending Arima coefficient is im-
portant to describe the changing feature of the dynamic
Mol. Following the VMI model, the Arima coefficient f°
was extended as f = f; + f2[I(I+1)]. Hence, the energy
expression in the framework of the VMI model can be
written as [19]

E = Ey(Np,Nr)
Co
+
1+ fil(I+ 1)+ 121+ 1)?

I(T+1). ©)

Here, Ny and Ny represent the boson and fermion num-
bers, respectively. This expression is for a core with
SU(3) symmetry plus a pseudospin S. The 2 generates the
rotational band, which reproduces the global turnover of
the dynamic Mol relatively well. However, the calcu-
lated dynamic Mol changes very smoothly with rotation-
al frequency such that the weak Al =2 staggering is com-
pletely ignored. To describe the AI =4 bifurcation, the
SU(3) symmetry must be broken, and the interaction
SU,4(5) symmetry as a perturbation was taken into ac-
count [20]. Hence, the energy of the state can be written
as

E = Ey(Ng,Nr)
+A(ni(n+4)+n(ng +2)
2 1 2
+n5+n4(ny—2) - g(nl +1, +n3+ny)

+B[T1(T1 + 3) +T2(T2 + 1)]
+ Co Vi
1+ I+ 1)+ frI2(1+1)?

q+1). 3)

The perturbed SU(3) limit of the sdg IBM can de-
scribe the rotational bands. Moreover, the SU,4(5) limit
of the sdg IBM is relevant for deformed nuclei, as is the
SU,4(3) limit. The calculation of the hexadecupole de-
formation parameter B4, two-nucleon transfer cross sec-
tion, and energy spectra demonstrated that the SU,(5)
limit has almost the same properties in describing de-
formed rotational nuclear spectra as the SU,.,(3) limit
does. This implies that the SU(5) symmetry of the sdg
IBM incorporates a shape coexistence and shape phase
transformation that is directed by the hexadecupole de-
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formation and angular momentum. Due to the irreducible
representation (irrep) (A,u), the irrep [ni,ny,n;3,n4] of
SU,4(5) contributes nothing to the excitation energy of
the states in the band. Hence, only the contribution of the
perturbation to the energy of the SD bands has SO, (5)
symmetry. Now, Eq. (3) can be rewritten as

E = Ey(Ng,Nr)

+ B[1(11 +3) +12(15 + 1)]
+ Co
1+ I+ 1)+ 121+ 1)?

I(I+1), @)

where I =1-1, (11,73) is the irrep of the SO(5) group. In
more realistic calculation, irrep (71,7,) is given as

(L)

if L=4k,4k+1 (k=0,1,...)
Tm)=94 /© )
--1,2
(5-12)

if L=4k+2,4k+3 (k=0,1,...)

Here, [L/2] denotes the integer part of L, and B, Cy, fi,
and f, are the free parameters. Building upon the founda-
tional concepts presented in previous studies [19-28],
which advocate for the necessity of higher-order terms in
Arima coefficients to incorporate effects that promote
either the pairing or anti-pairing favouring effect, this re-
search introduces an additional independent variable, f;,
to more accurately represent the rotational bands within
the nuclear mass region around A ~250. Consequently,
the formulation of the Arima coefficient f'is revised to en-
compass a more complex structure, expressed as f =
fi+ AU+ D1+ AU+ 1D]?. Utilizing this refined ap-
proach, key nuclear properties, such as the energy of E,
transition y-rays, kinematic, and dynamic Mol, are calcu-
lated.

1. RESULTS AND DISCUSSION

Here, we focus on two even-even nuclei, >**Pu and
248Cm, as subjects of our study. Both nuclei exhibit rota-
tional bands characterized by notable variations, includ-
ing back-bending, up-bending, and downturn, in the kin-
ematic/dynamic Mol at higher frequency regions [3, 29].
These distinct features render >**Pu and >**Cm ideal can-
didates for investigating the effectiveness of the VMI-in-
spired IBM within the higher A ~ 250 mass region.

The irrep is determined by Eq. (5). [llustratively, with
the branching rules of the irreps, we obtain (7;,7;) =
(16, 2), (16, 0), (14, 2), (14, 0),...for ***Pu band-1 with
level sequence I =34,32,30,28,... [2]. The E, transitions
are taken from Ref. [2]. After a non-linear least squares

fitting of the experimental intraband vy-transition, the re-
spective parameters and calculated intraband -y-trans-
itions are obtained. The best fitting parameters obtained
for 2*Pu and 2*8Cm are listed in Table 1. For every band,
three sets of parameters are deduced in this study. In the
current analysis, three separate parameter sets are de-
rived for each rotational band studied. Set A is formu-
lated based on the sole influence of the coefficient f;. Set
B is expanded to include the effects of two parameters, f;
and f>. In contrast, Set C is the most inclusive, encom-
passing the combined contributions of fi, f>, and f;. The
table also lists the root-mean-square (RMS) deviation ob-
tained in all the cases mentioned. The results clearly in-
dicate that, among the three parameter sets examined in
this study, Set C consistently yields the lowest RMS devi-
ation between the calculated and experimental E, values
across all the bands considered. This observation emphas-
izes the improved precision of Set C in accurately repres-
enting the details of the E, transitions within these bands.
Figure 1(a) presents a graphical representation of the in-
traband y-transition energies in 2**Pu for band-1, incor-
porating both experimental observations and theoretical
calculations. This particular rotational band is henceforth
designated as 2**Pu(1), and similar nomenclature will be
followed for subsequent bands. In the same figure, three
distinct theoretical curves are depicted, each correspond-
ing to a different calculation scenario. In the first scen-
ario, labeled as Case-I, the computation utilizes solely the
parameter f; while setting f, and f; to zero. Case-II ex-
tends this model by incorporating both f; and f, paramet-
ers in the calculation. Finally, Case-III advances the mod-
el further by employing an extrapolation of the Arima
coefficient and integrating the f; parameter, in conjunc-
tion with f; and f;. Figure 1(a) clearly indicates that, in
Cases I and II, where the parameter f; is set to zero, there
is a notable discrepancy between the calculated and ex-
perimental y-transition energies for 2*4Pu(1), particularly
in the region of higher spin ( > 20%). Conversely, the in-
troduction of a non-zero f; parameter significantly en-
hances the agreement with the experimental data, leading
to an excellent reproduction of the y-transitions. Further-
more, a careful examination of the parameters pertaining
to 2*Pu(1), as listed in Table 1, reveals that the RMS de-
viation reaches its minimum value with Set C. Addition-
ally, it is observed that incorporating the f, parameter in-
to the calculation results in an increase in RMS deviation,
which increases from 46.6x 107 to 49.5x 1073, This in-
dicates that the inclusion of the f, parameter, rather than
enhancing the accuracy of the model, actually leads to a
slight decrease in precision in reproducing the experi-
mental data. Figure 1(b) displays the kinematic Mol, 3O,
for 2*Pu(1). The data presented in this figure clearly
demonstrate that the inclusion of a non-zero parameter f;
significantly improves the model's ability to describe the
backbending phenomenon observed in >*Pu(1). In con-
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Table 1.

Parameters obtained using least-squares fitting method for rotational bands in 2**Pu and 2**Cm. B and Cy are in keV, and y

represents the RMS deviation between calculated and experimental E, transitions. Here, 1,2,.. in parentheses represent band 1, band

2..., respectively.

Nucleus(Band) Set B Co ¥l ¥ f xx1073
A 0.0213 7.290 3.732x107* 46.6
#Pu(1) { B ~0.0452 8.495 6.234x107* ~1.073x1077 495
c 0.0238 6.920 2.682x107 5.519x107 —2.608x1071° 29.8
A -0.1865 6.845 3.015x107™* 6.40
24py(2) { B: —0.2680 7.362 3.869x107* —-4.473x10°® 7.06
C: 0.0784 4.923 —3.804x107* 9.289x1077 —5.008x107"° 1.85
A —0.1490 7.019 2.343x10™* 7.07
24py(3) { B: 0.2047 4970 —2.098x10™ 2.899x107 2.49
C: -0.1358 5.952 5.952x107* -8.602x1077 6.767x1071° 0.91
A —0.1047 6.641 1.916x107 2.60
24py(4) { B: 0.001 5.968 —5.790x10°° 2227107 1.07
C: -0.1912 7310 5.267x10™* —6.626x107" 4.978x107"° 0.71
A 0.0400 6.675 2.682x107 40.8
28Cm(1) { B: —0.0119 7.449 4.747x107* —1.138x1077 11.4
C: 2.99x107° 7.159 3.341x10™* 8.416x107°* —9.807x107" 1.60
A 0.0254 5.326 1.275x107 439
Cm(2) { B: -0.260 7.142 3.616x10™* -9.266x10°® 0.71
C: -0.159 6.400 2.259%107* 2.569x10°* —4.601x107" 0.60
A -0.2180 7.244 3.762x107* 8.14
25Cm(3) { B: —0.2860 7.712 4.605%107 ~4.893x107 8.50
C: 0.0567 5.087 —4.502x107 1.239x107 ~7.309x1071° 5.70
A —0.2465 6.233 1.813x107 327
*Cm(4) B: ~0.1419 5.618 4.762x107 8.556x10°8 1.30
C: -0.0188 4.787 -2.800x107* 5.706x1077 —-2.903x1071° 0.34

trast, Cases I and II, which do not account for f;, fail to
accurately replicate the experimental curve in the higher
frequency region. The dynamic Mol, 3®, for the band
244py(2) is depicted in Fig. 2 (a), showcasing a distinct-
ive downturn at higher rotational frequencies. From this
figure, it is evident that Cases I and II, which exclude the
fsparameter, inadequately reproduce this downturn and
instead exhibit a monotonic increase in 3® with rotation-
al frequency. In stark contrast, Case III, with the inclu-
sion of f; # 0, effectively mirrors the observed behavior,
satisfactorily replicating the downturn in the dynamic
Mol. Additionally, the parameter dynamics for 2*Pu(2)
show similarities to those of 2**Pu(1), as detailed in Ta-
ble 1. Notably, the RMS deviation reaches its lowest
value with Set C. Furthermore, the introduction of the f,
parameter into the model results in an increase in the
RMS deviation compared to that of Set B, suggesting a
less optimal fit for the dynamic Mol of >*Pu(2) when f,
is included.

Figures 2(b) and 2(c) illustrate the dynamic Mol for
the bands 2**Pu(3) and 2**Pu(4), respectively. Contrary to
the previous band, these two do not exhibit a downturn in
their dynamic Mol. Instead, they exhibit an upbending
phenomenon at a rotational frequency of approximately
hw ~ 0.22 MeV. Initially, one might conjecture that incor-
porating the parameter f; alone could adequately repro-
duce this upbending in the dynamic Mol, particularly be-
cause fi, when positive, accounts for the anti-pairing ef-
fect. However, a closer examination of Fig. 2 reveals that,
in Cases | and II, where the calculation includes only f
or both f; and f; but excludes f;, the magnitude of the
dynamic Mol at the highest rotational frequencies is un-
derestimated. It is only in Case III, which integrates the
/5 parameter, that the dynamic Mol for these bands is re-
produced with satisfactory accuracy.

The methodology utilized for >**Pu has been simil-
arly applied to the >*Cm nucleus. Within 2**Cm, bands 1,
2, and 3 exhibit a downturn in their dynamic Mol, while
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Fig. 1.
experimental and calculated intraband gamma-transition ener-

(color online) (a) Comparative analysis between the

gies (E,(I)) plotted against spin. (b) Relationship between the
kinematic moment of inertia (3V) and rotational frequency
(hw) for the isotope 2*4Pu(1).

band 4 is distinguished by an upbending, as illustrated in
Figs. 3(a)—(d). These figures indicate that Case III, which
incorporates the f; parameter, accurately reflects the ex-
perimental values for the dynamic Mol in 2¥Cm bands 1,
2, and 4. For 2Cm(3), Case III can reproduce the over-
all trend of the dynamic Mol, albeit with less precision.
Notably, in 2*Cm(2), the downturn in the dynamic Mol
is not as pronounced as in bands 1 and 3. In this scenario,

300 T T

both Case II and Case III provide satisfactory representa-
tions of the dynamic Mol. However, Case III achieves a
closer match to the experimental data. This pattern is also
evident in 2Cm(4). Here, the experimental data are bet-
ter represented by Case III as opposed to Cases II and 1.
This consistency in accurately modeling the dynamic Mol
across various bands of 2**Pu and 2 Cm underscores the
importance and effectiveness of including the f; paramet-
er, especially for capturing detailed phenomena such as
backbending, downturn, and up-bending in the dynamic
Mol.

As outlined in Ref. [26], the incorporation of the f
parameter in the Hamiltonian is pivotal for modeling
pairing and anti-pairing effects in nuclear systems. Spe-
cifically, a positive f; (f; > 0) induces an anti-pairing ef-
fect, whereas a negative f; (f; <0) facilitates a pairing
effect. Extending this concept, it has been recognized that
the anti-pairing effect is intensified when both f; and f,
are positive (f; >0, f > 0); conversely, the pairing effect
is strengthened when both parameters are negative
(f1<0,£2,<0). When f; and f, assume opposite signs
(either f; <0,£,>0 or f;>0,f,<0), both anti-pairing
and pairing effects become influential in determining the
evolution of the dynamic Mol with rotational frequency.
In scenarios where f; >0 and f, <0, there is a shift from
an anti-pairing-dominated regime (where angular mo-
mentum is the driving factor) to one favoring pairing
(characterized by a restraining influence) as the angular
momentum increases. Conversely, when f; <0 and
S>>0, the system transitions from a pairing-dominated
regime (restraining) to one favoring anti-pairing (angular
momentum driving) with increasing angular momentum.
This intricate interplay and the resulting shifts between
pairing and anti-pairing effects, dictated by the values of
/1 and f,, have been extensively discussed in literature
[19-25]. The pairing effects play a vital role before the
turnover appears in the dynamic Mol. To further explore
the contribution of the parameters f; and f, and the im-
portance of the inclusion of parameter f; in reproducing
the dynamic Mol of the A ~ 250 mass region, we plot the

260 T T

240
1 2204
200
1 1804

24py(2) /

160 -
4 1404
120 4
4 100
80 4

T

160 T T

244Pu ( 4)

*Pu(3) 1 150

50 T T T T T T
0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24

ho

60 T
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Fig. 2.
tational bands in 244Pu.

0.14 0.16 0.18 0.20

80

0.18 0.20 0.22

ho

0.22  0.24 0.14 0.16 0.24

ho

(color online) Comparison of experimental and calculated dynamic moment of inertia (3®) vs. rotational frequency hw for ro-

104101-5



Anshul Dadwal, Xiao-Tao He

Chin. Phys. C 48, 104101 (2024)

220 170
200 ~ 160 4 4
180 4 150 4
160' 140_ -
140 - 130 ]
120 - 120 1
100 -
1104 .
80
— 100 4 .
'> 60 4 (b)
N T T T T T 90 T T T T T T
s 0.00 005 010 015 020 025 030 012 0.4 016 018 020 022 024 0.26
ho ho
X 400 S — 160 T——————————————
o 2480 (3 248 .
350 m (3) 150 4 Cm(4) i -
log) ;

300

250 4

200 4

150 4

100 +

50

140 1

130 1

120 1

110 4

100 -

90 (d) A

ho
Fig. 3.
tational bands in 243Cm.

variation in parameters with spin. For 2**Pu(1), Fig. 4(a)
shows the variations in |filI(I+1)], AT +1))?, and
|5+ 1] with spin. The analysis clearly shows that
|f1] is significantly larger than |f;|, which in turn is con-
siderably larger than |f;|, indicated by the relationships
Ifil>|f2l > |fs| (see Table 1). This disparity in mag-
nitudes reveals that the contributions of f, and f; be-
come notably significant only at higher spin levels.

In Fig. 4, the parameters are differentiated by the style
and color of the lines. The solid lines represent the calcu-
lated parameters when the f; factor is included, whereas
the dashed lines indicate the variations in these paramet-
ers under the condition that f; = 0. In terms of color, the
black and red lines, both solid and dashed, correspond to
the contributions from the parameters f; and f,, respect-
ively. The solid blue line exclusively represents the con-
tribution from f;. To show a direct comparison of these
parameters on a unified scale, their absolute values are
plotted while deliberately omitting the signs. This ap-
proach allows for a clear visual comparison of the mag-
nitude of each parameter's contribution. However, it is
important to note that the actual values of parameters fi,
/>, and f; can be positive or negative, depending on the
specific dynamics of the Mol being analyzed, as detailed
in Table 1. In the analysis of ?**Pu(1), the roles of para-
meters fi, f>, and f; in determining nuclear dynamics, es-
pecially in terms of anti-pairing and pairing effects, are

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

0.10 012 014 016 018 020 022
ho

(color online) Comparison of experimental and calculated dynamic moment of inertia (3®) vs. rotational frequency #w for ro-

evident from the data presented in Fig. 4(a). The f; term,
associated with the anti-pairing effect, shows a negligible
contribution across the entire range of spins, suggesting
its minimal influence on the nuclear behavior in >*Pu(1).
Conversely, the f, parameter, another anti-pairing favor-
ing term, demonstrates a negligible contribution up to ap-
proximately 10% and becomes significantly more influen-
tial at higher spin values. This indicates a growing im-
pact of the anti-pairing effect as the spin increases. Mean-
while, the f; term, which favors pairing, only becomes
significant after the spin exceeds 207%. This implies that
the pairing favoring effect is particularly crucial at higher
spin states. At the maximum spin value of 347, the mag-
nitude of the pairing favoring term reaches approximat-
ley half that of the anti-pairing favoring terms combined,
underscoring the substantial role of pairing effects at ex-
treme spin values. Furthermore, a comparison between
scenarios with and without the inclusion of f; reveals dis-
tinct dynamics. When f; is set to zero, the dominance of
the f; parameter over f, suggests a prevailing anti-pair-
ing effect. The positive and negative values of f; and f,
respectively, are detailed in Table 1. However, including
the f;parameter significantly alters this balance, emphas-
izing the increased importance of the pairing favoring
term in accurately reproducing the experimental data for
244Pu(l). The contribution of each parameter thus
emerges as not only dependent on its magnitude but also
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I + 1] associated with the rotational bands of 2*Pu, depicted on the black, red, and blue Y-axes, respectively.

intricately linked to the spin range.

For 2*Pu(2), an analysis based on the presented fig-
ures, particularly Fig. 4(b), reveals insightful dynamics
about the interplay of anti-pairing and pairing effects.
When the fiparameter is set to zero, the system is pre-
dominantly influenced by the anti-pairing favoring effect,
with the pairing favoring effect being almost negligible
throughout the spin range. This dominance of the anti-
pairing effect is reflected in the calculated dynamic Mol,
which shows a monotonous increase with rotational fre-
quency. However, when f; is not equal to zero, there is a
noticeable shift in dynamics. Both f; and f; parameters
contribute toward enhancing the pairing effect. This im-
plies that, for an accurate global reproduction of the ex-
perimental data, the contributions from pairing favoring
terms must be significantly higher. This finding under-
scores the importance of considering the f; parameter in
the model to capture the nuanced behavior of 2**Pu(2).
The behavior observed in ?**Pu(3) and ***Pu(4) demon-
strates similar parameter systematics, as indicated in Ta-
ble 1. In the scenarios where f; = 0, the parameters f; and
/> exhibit negative (pairing favoring) and positive (anti-
pairing favoring) values, respectively. In contrast, when
f» 1s included (i.e., f3 #0), both f; and f; are positive,
while f, remains negative. This configuration suggests a
balanced contribution from both anti-pairing and pairing
effects in the evolution of the dynamic Mol with rotation-
al frequency, indicating a competition between these two
effects. Particularly for 2**Pu(3), the inclusion of the f;
parameter seems to strengthen the anti-pairing effect
compared to the results obtained when f; = 0.

In the nuclear structure of 2#Cm, specifically in
bands 1 and 2, the systematic examination of the para-
meters listed in Table 1 reveals notable trends. In scenari-
os where f; is not considered (f3 = 0), f; exhibits a posit-
ive value, while f, is negative, indicating an interplay of
effects. However, the introduction of non-zero f; (f; #0)
results in both f; and f, maintaining their positive values
but with f; assuming a negative value. This adjustment,
as discernible from Figs. 5(a) and (b), leads to a marked
reduction in the anti-pairing favoring term, highlighting
the critical role of f; in the model. The impact of these
parameters becomes even more pronounced in *#Cm(3).
In the absence of f;, the anti-pairing effect predominates,
leading to a continuous increase in the dynamic Mol, as
observed in Fig. 5(c). However, the integration of a non-
zero f5 shifts the balance, bringing a significant contribu-
tion from the pairing favoring term. This results in a com-
plex interplay between the pairing and anti-pairing ef-
fects, which is pivotal in the evolution of the dynamic
Mol. For 2Cm(4), with f; set to zero, both f; and f,
parameters are positive, suggesting an amplified anti-
pairing effect. The incorporation of the f; term, however,
not only aligns the calculated data more closely with ex-
perimental data but also introduces a notable pairing fa-
voring term.

IV. SUMMARY

A systematic investigation of the dynamic moment of
inertia (Mol) in rotational bands of even-even nuclei
24Py and 2*8Cm was conducted using a refined approach
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of the variable moment of inertia model, inspired by the
interacting boson model. This approach incorporated a
perturbed SU,,(3) symmetry integrated with an interac-
tion upholding SO,,(5) (SU,(5)) symmetry. A signific-
ant advancement was made by extending the Arima coef-
ficients to include three parameters: fi, f», and f3. This
extension allowed the intraband y-transition energies to
be depicted by a five-parameter formula, consisting of
two terms. The first term, B[r (1) +3)+7:(1,+1)], re-
tained the SO, (5) symmetry, while the second term,
Co/l1+ AIA+ D)+ AU+ D2+ I+ 131 + 1), exhib-
ited SO(3) symmetry, incorporating many-body interac-
tions.

In these nuclei, the rotational bands demonstrated
various changes in Mol, including back-bending, up-
bending, and downturn. A closer analysis of the dynamic
Mol revealed that the inclusion of only the f; parameter
yielded results significantly lower than experimental data.
The introduction of the f, parameter enhanced the results
beyond those achieved with the exclusive use of the f
model. Nevertheless, it could not accurately replicate the
experimental variations observed in Mol. This limitation
was addressed by introducing the f; parameter, which ef-

fectively replicated the experimental trends. The inclu-
sion of f; and f, alone in the model accounted for pair-
ing and anti-pairing effects. However, with the addition
of f;, these effects were considerably amplified, with the
pairing effects becoming more pronounced in rotational
bands where the dynamic Mol experienced a downturn at
higher rotational frequencies. Conversely, anti-pairing ef-
fects were intensified in bands exhibiting up-bending in
the dynamic Mol. Given that the parameters satisfied the
relationship |fi| > |f>| > |f3], it became evident that the
impact of |f3| was particularly significant at higher spin
values. In conclusion, the introduction of the f; paramet-
er led to the identification of three distinct phenomena in
the rotational bands of **Pu and ?*Cm. In the bands
244Pu(1,2) and >*Cm(3), an enhancement in the pairing
effect was observed. For the bands **Pu(3,4), domin-
ance of the anti-pairing effect became evident. Mean-
while, in the bands ***Cm(1,2,4), there was a noticeable
decrease in the anti-pairing effect. This comprehensive
analysis underscores the significance of the f; parameter
in capturing the complex interplay of correlations within
the nucleus, crucial for understanding the rotational beha-
vior in heavy nuclei.

References

(1]
(2]

M. A. Stoyer, Nature 442, 876 (2006)
National Nuclear Data Center.
gov/chart/.

https://www.nndc.bnl.

R.-D. Herzberg and D. M. Cox , Radiochimica Acta 99, 441
(2011)

M. Leino and F. HeB3berger, Annual Review of Nuclear and
Particle Science 54, 175 (2004)

R.-D. Herzberg, Journal of Physics G: Nuclear and Particle

104101-8


https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://doi.org/10.1038/442876a
https://www.nndc.bnl.gov/chart/
https://www.nndc.bnl.gov/chart/
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1524/ract.2011.1858
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1146/annurev.nucl.53.041002.110332
https://doi.org/10.1088/0954-3899/30/4/R01

Description of moment of inertia and the interplay between anti-pairing and...

Chin. Phys. C 48, 104101 (2024)

Physics 30, R123 (2004)

P. T. Greenlees, Nucl. Phys. A 787, 507 (2007)

R.-D. Herzberg and P. T. Greenlees, Progress in Particle
and Nuclear Physics 61, 674 (2008)

P. Reiter et al., Phys. Rev. Lett. 82, 509 (1999)

P. Reiter et al., Phys. Rev. Lett. 84, 3542 (2000)

P. Reiter et al., Phys. Rev. Lett. 95, 032501 (2005)

R. D. Humphreys ef al., Phys. Rev. C 69, 064324 (2004)

P. A. Butler et al., Phys. Rev. Lett. 89, 202501 (2002)

R.-D. Herzberg et al., Phys. Rev. C 65, 014303 (2001)

J. E. Bastin et al., Phys. Rev. C 73, 024308 (2006)

I. Wiedenhover ef al., Phys. Rev. Lett. 83, 2143 (1999)

X. Wang et al., Phys. Rev. Lett. 102, 122501 (2009)

R. B. Piercey et al., Phys. Rev. Lett. 46, 415 (1981)

R. B. Piercey et al., Journal of Physics G: Nuclear and
Particle Physics 19, 849 (1993)

Y. Liu, J. Song, H. Sun et al., Journal of Physics G: Nuclear

(20]
(21]
[22]
(23]

[24]
[25]

[26]
[27]
(28]

[29]

104101-9

and Particle Physics 24, 117 (1998)

Y.-X. Liu, J.-g. Song, H.-z. Sun et al., Phys. Rev. C 56,
1370 (1997)

Y.-X. Liu, Phys. Rev. C 58, 237 (1998)

Y.-X. Liu, Phys. Rev. C 58, 900 (1998)

Y.-X. Liu, D. Sun, and E.-G. Zhao, Phys. Rev. C 59, 2511
(1999)

Y.-X. Liu and D.-f. Gao, Phys. Rev. C 63, 044317 (2001)
Y.-X. Liu, J.-j. Wang, and Q.-z. Han, Phys. Rev. C 64,
064320 (2001)

N. Yoshida, H. Sagawa, T. Otsuka et al., Phys. Lett. B 256,
129 (1991)

D.-L. Zhang and B.-G. Ding, Chin. Phys. Lett. 27, 062101
(2010)

D.-L. Zhang., J.-B. Li, and H.-P. Cao, Communications in
Theoretical Physics 53, 121 (2010)

W. Spreng et al., Phys. Rev. Lett. 51, 1522 (1983)


https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1088/0954-3899/30/4/R01
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.nuclphysa.2006.12.078
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.82.509
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.84.3542
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevLett.95.032501
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevC.69.064324
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevLett.89.202501
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.65.014303
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevC.73.024308
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.83.2143
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.102.122501
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1103/PhysRevLett.46.415
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/19/6/006
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1088/0954-3899/24/1/015
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.56.1370
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.237
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.58.900
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.59.2511
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.63.044317
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1103/PhysRevC.64.064320
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1016/0370-2693(91)90662-A
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0256-307X/27/6/062101
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1088/0253-6102/53/1/26
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522
https://doi.org/10.1103/PhysRevLett.51.1522

	I INTRODUCTION
	II FORMALISM
	III RESULTS AND DISCUSSION
	IV SUMMARY
	REFERENCES

