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Abstract. The concept that the first excited 0+ states in N = 90 nuclei are not a β-vibration but a second
vacuum formed by the combination of the quadrupole pairing force and the low density of oblate orbitals
near the Fermi surface is supported by the blocking of this collective mode in 154Gd from coupling to the
[505]11/2− single-particle quasi-neutron orbital in 155Gd. The coupling of this orbital to the 2+ γ-vibration
in 154Gd is observed since this coupling is not Pauli-blocked.

In the previous letter [1] it has been proposed that the
low-lying first excited 0+

2 states in the N = 90 transitional
rare-earth nuclei are not one phonon β-vibrations but are
a second vacuum state |0+

2 〉 that mimics the ground-state
vacuum |0+

1 〉. The proposed cause of the second vacuum
is the different configuration-dependent pairing strengths
arising between deformed time-reversed neutron orbitals
with different signs of their single-particle quadrupole mo-
ments. Thus, at neutron number N = 90, the prolate
positive quadrupole moment [521]3/2−, [651]3/2+ Nils-
son orbitals and the oblate negative quadrupole moment
[505]11/2− orbital [2] are close to the Fermi surface. The
pairing strength Gpp between prolate orbitals and that be-
tween oblate orbitals Goo are taken to be equal, but the
strength Gop between oblate and prolate orbitals is con-
jectured to be much weaker. Thus, Gpp ≈ Goo � Gop.
This suggestion for the origin of |0+

2 〉 is the same as the
explanation [3–7] given for the existence of low-lying 0+

states in deformed actinide nuclei that did not have the
properties of a β-vibration or of a pairing vibration.

Evidence that the [505]11/2− oblate orbital is asso-
ciated with reduced pairing was first presented by J.D.
Garrett et al. [8,9]. But a direct test of the underlying
microscopic structure of |0+

2 〉 is required if we are to be
completely confident in our interpretation of these states.

a e-mail: jfss@tlabs.ac.za

Fig. 1. Schematic showing the rotational bandheads arising
from the coupling of the second vacuum |0+

2 〉 and the first γ-
vibration, at 681 keV and 996 keV, respectively, in 154Gd to the
Nilsson single-particle neutron orbits in 155Gd with K = Ω.
The data for the K ≤ 5/2 orbitals are taken from ref. [21]
and the data for the [505]11/2− orbital are from the present
experiment.

In many cases the single-particle orbitals dominating
the configuration of a nuclear state can be ascertained
from its population in direct reactions. However the |0+

2 〉
levels in N = 90 nuclei are very weakly populated in
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Fig. 2. Partial decay scheme for 155Gd showing the [505]11/2− band at 121 keV and the high-K levels that decay to it. The
levels above 1282 keV are conjectured to be formed by the [505]11/2− neutron coupled to the Kπ = 2+ γ-vibration of the 154Gd
core. Levels due to the coupling of the second vacuum |0+

2 〉 at 681 keV in 154Gd to the [505]11/2− quasi-neutron, to produce a
K = 11/2− band, are conspicuous by their absence.

single-particle transfer [10–13] and electron scattering [14]
experiments. They are also relatively weakly populated in
(p,t) two-neutron pick-up reactions [15,16] but strongly in
(t,p) two-neutron stripping reactions [17,18]. These latter
data indicate that a considerable part of the |0+

2 〉 configu-
ration consists of two quasi-neutrons in time-reversed or-
bits. However, these L = 0 two-neutron transfer data give
no information on which time-reversed orbits are involved.

In looking for an unambiguous test of the microscopic
structure of |0+

2 〉 we realise that the single-particle or-
bitals in odd nuclei, having an even-even N = 90 nucleus
as a core, will couple to any collective excitations of that
core. Thus classically the single-neutron orbitals in 155Gd
should couple to any β-, γ- and octupole vibrations of their
154Gd core. Should any of these collective modes have the
major part of their wave function composed of two quasi-
neutrons in a particular time-reversed orbit, then the cou-
pling of this particular quasi-neutron to that collective
mode will be blocked in the odd neutron nucleus.

The coupling of the ground-state [521]3/2− neutron
in the N = 91 nucleus 155Gd to the |0+

2 〉 core excitation
at 681 keV in 154Gd has been well established in transfer
reactions [19,20]. In fig. 1 we show the results of Schmidt
et al. [21] for 155Gd. They carried out an extensive in-
vestigation of the low-spin levels using the (n,γ), (d,p)
and (d,t) reactions. They identified the coupling of the
lowest Kπ = 3/2± orbitals, the ground state [521]3/2−
and [651]3/2+ at 105 keV, to the |0+

2 〉 core excitation
at 681 keV in 154Gd, to have their bandhead energies at

592 keV and 815 keV, respectively. These bands also cou-
ple to the γ-vibration of the 154Gd core, producing states
with K = |Kband − 2| at 1003 keV (Kπ = 1/2−) and
1332 keV (Kπ = 1/2+), respectively. Only the lower-K
band is seen when the bands couple to the γ-vibration
because the K = (Kband + 2) coupling has higher spin
and could not be reached by the low-angular-momentum
reactions used by Schmidt et al. [21].

The state of highest spin seen in [21] is the 11/2− band-
head at 121 keV assigned to the [505]11/2− orbital. This
state is seen in both the (d,p) and (d,t) reactions but not
in the (n,γ) data. Reference [21] has no candidate for an
11/2− bandhead near 802 keV that might be associated
with the [505]11/2− quasi-neutron coupling to the 681 keV
collective excitation of the 154Gd core.

We have used the AFRODITE spectrometer [22]
of iThemba LABS to measure γγ coincidences in the
154Sm(α, 3n)155Gd reaction at a beam energy of 35MeV.
The target was 4mg cm−2 of 154Sm, sufficiently thick to
stop the recoils. In total we obtained about 5 · 108 γγ co-
incidences. The data were analysed using Radware [23].
DCO ratios were measured together with γ-ray polariza-
tions at 90◦ to the beam direction. The decay scheme
divides itself into two [24]: one set of levels decaying to
K = 1/2, 3/2 and 5/2 bands; the other set of levels de-
caying to the [505]11/2− band. This is because it would
take at least a ΔK = 3 transition to cross the gap between
the K ≥ 11/2 states and the K ≤ 5/2 states. In fig. 2 we
show the levels that decay to the [505]11/2− band.
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Fig. 3. Coincidence γ-ray spectra showing (a) the decays out
of the lowest two levels of the conjectured Kπ = 15/2− band
and (b) the in-band γ-rays above the two main decays from the
Kπ = 15/2− band. The peaks marked with stars are contami-
nant lines mostly from break-through from peaks overlapping
the gates that are in coincidence with the strongest γ-rays from
the low-K levels in 155Gd.

In our experiment we see no evidence whatsoever for γ
decay to members of the [505]11/2− band, that could be
associated with a Kπ = 11/2− band formed by coupling
the |0+

2 〉 configuration to [505]11/2−. The lowest-energy
state we observe decaying to the [505]11/2− is 1161 keV
above the [505]11/2− bandhead at an excitation energy of
1282 keV. This level is the lowest level attached to lev-
els above it that are joined by strong M1 transitions.
DCO data indicate that the 1282 keV level has spin-parity
15/2−. Levels above the 1282 keV level with I ≥ 17/2−
have also been observed by Hayakawa et al. [25]. In fig. 3
we show the spectrum of γ-rays in coincidence with the
178 keV M1 transition, feeding the new 15/2− state from
the 17/2− level above it, and the spectra in coincidence
with the 219, 996 and 1161 keV γ-rays.

The γ-vibrational band of the 154Gd core has only very
weak ΔI = 1 intra-band transitions, which is a general
feature of γ-bands [26] due to their essentially collective
character. The strong M1 intra-band transitions seen in
the levels above the Kπ = 15/2− 1282 keV state arise from
the [505]11/2− particle itself. Similarly, we would expect

any Kπ = 11/2− band from coupling the [505]11/2− or-
bital to the |0+

2 〉 configuration to also contain similarly
strong intra-band M1 transitions. We therefore conclude
that, if it existed, it would be very hard to miss a band
formed by the [505]11/2− to |0+

2 〉 coupling.
If blocking of the coupling of |0+

2 〉 to [505]11/2− occurs
in 155Gd, it follows that this blocking should occur in all
odd neutron nuclei outside N = 88 and 90 even-even cores
which possess low-lying 0+

2 states that we identify as sec-
ond vacua |0+

2 〉. The systematics of the excitation energies
of [505]11/2− bandheads have been presented in refs. [2,
27]. The odd neutron nuclei with [505]11/2− bandhead ex-
citation energies below 300 keV are 151,3Sm, 153,5Gd and
155,7Dy.

The nucleus 151Sm has been studied extensively by
both γ-ray spectroscopy [28,29] and transfer reactions [30–
33]. Again, as for 155Gd and all the other N = 89 and 91
odd neutron nuclei, the decay scheme for 151Sm is split
in two [29] with levels feeding either states with K ≤ 5/2
or feeding the [505]11/2− band. In 151Sm three bands are
found to feed the [505]11/2− band, all with spins I ≥ 17/2.
The most sensitive experiment [29] found no candidate for
an 11/2− band corresponding to [505]11/2− coupled to
the core |0+

2 〉 in 150Sm at 740 keV or in 152Sm at 685 keV.
A similar situation is found in 153Sm [34], 153Gd [35],
155Dy [36] and 157Dy [37,38]. We therefore deduce that
the major component of all the |0+

2 〉 states in N = 88
and 90 Sm, Gd and Dy nuclei is two time-reversed quasi-
neutrons in the [505]11/2− Nilsson orbit.
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Wood. One of us (JFS-S) would like to thank the Joyce Frances
Adlard Cultural Fund for financial support and the hospitality
of ATOMKI, under the South Africa-Hungary exchange agree-
ment (NKTH;ZA-7/2006 and NRF;GUN61851), where some
of this work was carried out. JT acknowledges support from
OTKA grant number K72566.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which
permits any noncommercial use, distribution, and reproduction
in any medium, provided the original author(s) and source are
credited.

References

1. J.F. Sharpey-Schafer et al., Eur. Phys. J. A 47, 5 (2011)
(this issue).

2. J. Borggreen, G. Sletten, Nucl. Phys. A 143, 255 (1970).
3. R.E. Griffin, A.D. Jackson, A.B. Volkov, Phys. Lett. B 36,

281 (1971).
4. W.I. van Rij, S.H. Kahana, Phys. Rev. Lett. 28, 50 (1972).
5. S.K. Abdulvagabova, S.P. Ivanova, N.I. Pyatov, Phys.

Lett. B 38, 251 (1972).
6. D.R. Bès, R.A. Broglia, B. Nilsson, Phys. Lett. B 40, 338

(1972).
7. I. Ragnarsson, R.A. Broglia, Nucl. Phys. A 263, 315

(1976).



Page 4 of 4 The European Physical Journal A

8. J.D. Garrett et al., Phys. Lett. B 118, 297 (1982).
9. R.J. Peterson, J.D. Garrett, Nucl. Phys A. 414, 59 (1984).

10. D.E. Nelson et al., Can. J. Phys. 51, 2000 (1973).
11. O.P. Jolly, PhD Thesis, McMaster University (1976).
12. C.R. Hirning, D.G. Burke, Can. J. Phys. 55, 1137 (1977).
13. D.G. Burke, J.C. Waddington, O.P. Jolly, Nucl. Phys. A

668, 716 (2001).
14. R.K.J. Sandor, Shape Transitions in the Nd-isotopes, PhD

Thesis, Vrije University, Amsterdam (1991); Nucl. Phys.
A 551, 349 (1993).

15. Th.W. Elze, J.S. Boyno, J.R. Huizenga, Nucl. Phys. A 187,
473 (1972).

16. D.G. Fleming et al., Phys. Rev. C 8, 806 (1973).
17. J.H. Bjerregaard et al., Nucl. Phys. 86, 145 (1966).
18. M.A.M. Shahabuddin et al., Nucl. Phys. A 340, 109

(1980).
19. M. Jaskola, P.O. Tjøm, B. Elbeck, Nucl. Phys. A 133, 65

(1969).
20. G. Løvhøiden, D.G. Burke, J.C. Waddington, Can. J.

Phys. 51, 1368 (1973).
21. H.H. Schmidt et al., J. Phys. G 12, 411 (1986).
22. J.F. Sharpey-Schafer, Nucl. Phys. News. Int. 14, 5 (2004).

23. D.C. Radford, Nucl. Instrum. Methods Phys. Res. A 306,
297 (1995).

24. J.F. Sharpey-Schafer et al., Proceedings of FINUSTAR2
Conference, Crete, Sept. 2007, edited by S.V. Harissopu-
los, R. Julin, AIP Conf. Proc. 1012, 19 (2008).

25. T. Hayakawa et al., Nucl. Phys. A 657, 3 (1999).
26. K. Schreckenbach, W. Gelletly, Phys. Lett. B 94, 298

(1980).
27. W.D. Kulp et al., Phys. Rev. C 71, 041303(R) (2005).
28. G. Vandenput et al., Phys. Rev. C 33, 1141 (1986).
29. M.K. Khan et al., Nucl. Phys. A 567, 495 (1994).
30. J. Rekstad et al., Nucl. Phys. A 348, 93 (1980).
31. G. Løvhøiden et al., Nucl. Phys. A 369, 461 (1981).
32. S. Galès, G.M. Crawley, D. Weber, B. Zwieglinski, Nucl.

Phys. A 398, 19 (1983).
33. H.E. Martz et al., Nucl. Phys. A 439, 299 (1985).
34. T. Hayakawa et al., Eur. Phys. J. A 9, 153 (2000).
35. T.B. Brown et al., Phys. Rev. C 66, 064320 (2002).
36. R. Vlastou et al., Nucl. Phys. A 580, 133 (1994).
37. T. Hayakawa et al., Eur. Phys. J. A 15, 299 (2002).
38. A. Pipidis et al., Phys. Rev. C 72, 064307 (2005).



<<
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /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 150
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


