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INTRODUCTION

It is known that the specificity of the features of the
ground and excited states of atomic nuclei is first of all
conditioned by their proton–neutron composition
and the complex nature of the interaction between
particles. Nucleon–nucleon pair correlations are
among the most interesting of these despite their
apparent triviality. Although we may at present con�
sider the proton–proton and neutron–neutron pair�
ing to be well�studied, the question of isoscalar pair�
ing/correlations remains open [1, 2]. Nuclei with

 (and, of course, with ), in which the
identical orbitals with  are filled by protons and
neutrons [3], are the most interesting objects of study
from both the experimental and theoretical points of
view. Such filling occurs in lighter nuclei (with )
[4], the ground ( ) states of which are formed in the
isoscalar mode.

However, an increase in atomic mass leads to an
enhancement of the role of the Coulomb and spin–
orbit interactions, leading in turn to the violation of
isotopic symmetry. As a result, the isovector 
component, which competes with the isoscalar 
mode, starts to dominate inside the nuclei [3]. Such
competition occurs mainly in transition nuclei with

 the main feature of which is the coexist�
ence of forms with oblate and prolate deformations at
low spins.

At present, the amount of spectroscopic informa�
tion [5–8] on the low� and high�spin states of such
nuclei is quite large. This opens the possibility of
studying them as they rotate, and the aim of this work
is therefore to study the quasiparticle spectrum and
kinematic moments of inertia of the  states of an iso�
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gr
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baric triplet (an odd–odd  nucleus and even–even

 and  nuclei) at moderate spins in the crank�
ing model, in combination with the Hartree–Fock–
Bogolyubov (HFB) method.

FRM + HFB FORMALISM

We start from the FRM Hamiltonian [9, 10], deter�
mined in the rotating coordinate system as follows:

(1)

where  is the full many�particle Hamiltonian in the

laboratory system,  is the operator of the number of
particles (protons,  and neutrons, ),  is
the chemical potential,  is the angular rotation fre�

quency, and  is the projection of the total angular
moment of nucleus on the ox axis.

The residual interactions in the deformed mean
field are taken as monopole pairing and np interac�

tions. The full Hamiltonian  can then be written as

(2)

where  is the single�particle energies in the distorted

mean field; ,  (  ) are the operators of the cre�
ation and annihilation of particles, respectively, in the

( ) state;  is the constant of pairing( );
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 is the operator of pairing, and the  and

 operators are coupled by a time reversal by the 
relation

Here,  are non�antisymmetrized two�

particle matrix elements of np interaction, and Greek
indices run over all of the ensemble of single�particle
states. We write the potential of np interactions as the
sum

(3)
consisting of the Wigner

(4)
and spin–spin

, (5)

parts, where  fm, and  and  (the depth of
the potential well) are constants [11].
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The invariance of the Hamiltonian  with respect

to the  symmetry (  is the oper�
ator of the rotation around the �axis at angle )
allows us to select the basis of the single�particle states
from the condition that these states be eigenvectors of

the  operator:

(6)

This basis with respect to the  symmetry satis�
fies the relations

(7)

Such a  basis such was first introduced by Good�
man in [12], and is therefore called the Goodman
basis. By assuming the invariance of np interaction
with respect to rotations and time reversal and using
relations (6) and (7), we can show that the two�particle
potential  in the Goodman basis can be written as
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where, according to (3),

Expressions for the two�particle matrix elements
are given in [11].

Below, using the Bogolyubov transformation, we

move from single�particle  operators to quasipar�
ticle  operators:

(8)

(9)

Having rewritten the Hamiltonian by using quasipar�
ticle operators and transformations (8) and (9), we
employ the variation principle to arrive at self�consis�

tent equations for determining the    and 
coefficients:
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Expressions for the elements of matrices entering
Eqs. (10) and (11) are given in [11].

DISCUSSION OF CALCULATION RESULTS

Within the above model, we solved self�consistent
Eqs. (10) and (11) with the step MeV
while limiting the basis by the states of shells with

 which are completely sufficient for the con�

sidered   and  nuclei. We have enough
spectroscopic information for these nuclei with regard
to the energies of states with even and odd spins of pos�

itive and negative parity [5–8]. For the  nucleus,
e.g., the energies of the yrast states have been identi�

fied up to  for , to  and to

 for .
Figures 1–3 show the low�lying quasiparticle levels

for the above nuclei in dependence on the  value.

We can see in Fig. 1 for  that a proton with the

 configuration is aligned at a rotation frequency

of  MeV; a neutron with the same configu�
ration, at a rotation frequency of MeV with
the formation of an isoscalar  pair. The calcula�
tions were performed for the parameter of static defor�
mation  [6], which in the calculations was
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varied to 0.4. This allowed us to interpret the  band
consisting of the  and  levels as the  band

crossing the aligned  band, starting  and having a
 isospin (the neutron and proton, which reside

initially in time�conjugated orbitals, occupy identical
orbitals after alignment). However, our results differ
somewhat from those in [6], where it was predicted on
the basis of the quadrupolar core + valence nucleons
model that this intersection occurs at a frequency of
0.2–0.3 MeV.

Figure 4 for this nucleus shows the values of the
kinematic moment of inertia for the yrast band as
compared to the experimental values: backbending
occurs at a rotation frequency of  MeV; in the
experiment, it was observed at  MeV. It
should be noted that backbending at the moment of
inertia occurs somewhat earlier than the alignment in

gr
+2

E +4
E = 1T

s
+6

E
= 0T

Ω > .� 0 2

cr 0 28Ω .� �

the  band. A good test, sensitive to changes in the
details of the nuclear spectrum, is the aligned angular
moment  =  considered in [13].
The lower part of the  band with the Harris inertial

parameter  MeV  was selected as a reference
(an unaligned inert band). It was shown that at

 MeV, the neutron–proton quasiparticle
configuration  aligns with
Imax  

Figure 2 shows the quasiparticle levels of the 
nucleus as calculated using the deformation parameter

 which we estimated on the basis of the

lifetime of the  state. In our calculations, the 
parameter was varied over a range of 0.342–0.360.
According to our model, the alignment of the qua�
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the  nucleus. The corresponding dashed lines denote
states with the opposite signature.
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siproton  configuration occurs in this nucleus

at  MeV. As a result, the kinematic moment
of inertia of the  band starting at  MeV
acquires the properties of a rigid rotor (Fig. 5). In this
case, the alignment is smooth with no backbending.
Within the above model, this can be explained as fol�
lows: At low rotation frequencies, the neutron and
proton pairs are in isovector states with  and

  and , respectively). At

 MeV, the Coriolis forces align the angular
moment of the proton, which transitions to the neu�

tron level  with the formation of an isoscalar n–p
pair. Such an isoscalar pair is stable with respect to
rotation, and the moment of inertia consequently
changes little with the frequency. The theoretical
behavior of the moment of inertia does not, however,
correspond to the experimental values at

MeV: according to the experiment, the
moment of inertia increases. It should be noted that
studying the nuclei of the given region becomes com�
plicated due to the coexistence of two forms of defor�
mation, which leads to the strong dependence of the
calculation results on our model. As was shown in
[7, 14], a mixing of states with different deformations
(quadrupole, octupole, and hexadecapole) is possible
at higher spins.

Similar behavior of the moment of inertia is char�

acteristic for the  nucleus (Fig. 6). In the low�lying

quasiproton state , alignment occurs that leads
to a smooth increase in the moment of inertia. Just as

in the case of  however, no alignment is observed
in the lowest quasineutron state (the quasineutron
curve is not given in the figure). This is apparently a
consequence of the proton’s transition to the neutron
level upon alignment and thus of the formation of the
isoscalar n–p pair. The deformation parameter

 was calculated on the basis of the lifetime
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values of the  level and was varied between 0.3–
0.4 in the calculations.

CONCLUSIONS

1. In an odd–odd  nucleus, the initial align�
ment of the yrast band occurs due to the alignment of
the angular moments of the odd neutron and odd pro�
ton, which occupy time�reversed orbitals (with 

). This leads to the intersection of the  band
with  and the aligned  band with T = 0, such an
intersection is thus diabatic.

2. In accordance with our model, a smooth align�
ment of the proton quasiparticle pair that has the

smallest projection  of the moment is

observed in even–even  and  nuclei. This
could indicate that when there is negligible competi�
tion between the  and  modes in the ground
state, the isoscalar  mode starts to dominate as a
result of the above alignment, and this leads to a weak�
ening of the correlations in the neutron’s Cooper pair.
The further monotonous increase observed in the
experiment in the moments of inertia of the last two

nuclei (at  MeV for  and at

MeV for ) can be explained by the align�
ment of the neutron’s single�particle angular moment.
In this work, however, we did not consider such single�
particle alignment.

REFERENCES

1. Satula, W. and Wyss, R., Acta Phys. Polonica B, 2001,
vol. 32, p. 2441.

2. Frauendorf, S., Rev. Mod. Phys., 2001, vol. 73, p. 463.
3. Goodman, A.L., Adv. Nucl. Phys., 1979, vol. 11, p. 263.
4. Goodman, A.L., Phys. Rev. C, 1999, vol. 60, p. 014311.
5. http://www.nndc.bnl.gov/nudat2/

+2

yrastE

Rb74

= ,1T
= 0zT gr

= 1T s

( )⎡ ⎤
⎣ ⎦

914422
,Kr74 Se74

= 1T = 0T
= 0T

Ω > .� 0 5 Kr74

Ω > .� 0 6 Se74

J(1), �2 ⋅ MeV−1

20

0.2 0.6 0.80.4
�Ω, MeV

16

12

8

6

0.3 0.5 0.7

18+

8+

2+

18

14

10

0.9

Fig. 5. The same as in Fig. 4, but for the  nucleus.Kr74

J(1), �2 ⋅ MeV−1

20

0.6 0.80.4
�Ω, MeV

16

12

8

4
0.3 0.5 0.7

20+

10+

2+

18

14

10

0.9

6

1.0

Fig. 6. The same as in Fig. 4, but for the  nucleus.Se74



874

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS  Vol. 74  No. 6  2010

NIKITIN et al.

6. Rudolph, D., Gross, C.J., Sheikh, J.A., et al., Phys.
Rev. Lett., 1996, vol. 76, p. 376.

7. Bender, M., Bonche, P., and Heenon, P.H., Phys. Rev.
C, 2006, vol. 74, p. 024312.

8. Rudolf, D., Baktash, C., Gross, C.J., et al., Phys. Rev.
C, 1997, vol. 56, p. 98.

9. Inglis, D.R., Phys. Rev., 1955, vol. 97, p. 701.

10. Ring, P. and Chuck, P., The Nuclear Many–Body Prob�
lem, New York: Springer, 1980.

11. Sitdikov, A.S., Nikitin, A.S., and Khamzin, A.A., Yad.
Fiz., 2008, vol. 71, p. 262 [Phys. At. Nucl. (Engl.
Transl.), 2008, vol. 71, p. 244].

12. Goodman, A.L., Nucl. Phys. A, 1974, vol. 230, p. 466.
13. Sitdikov, A.S., Nikitin, A.S., Khamzin, A.A., and Luk�

manov, A.A., Proc. 2nd Int. Conf. Current Problems in
Nuclear Physics and Atomic Energy, June 9–15 2008,
part 1, p. 425.

14. Hinohara, N., Nakatsukasa, T., Matsuo, M., and Mat�
suyanagi, K., Phys. Rev. C, 2009, vol. 80, p. 014305.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


