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M.E. Estevez16, W. Gelletly1, G. Ilie8, J. Jolie8, G.A. Jones1, M. Kmiecik5, F.G. Kondev17, R. Krücken18,
S. Lalkovski14, Z. Liu1, A. Maj5, S. Myalski5, S. Schwertel18, T. Shizuma1,19, P.M. Walker1, E. Werner-Malento2,
and O. Wieland10

1 Department of Physics, University of Surrey, Guildford, GU2 7XH, UK
2 GSI, Planckstrasse 1, D-64291, Darmstadt, Germany
3 Department of Physics, Lund University, S-22100, Lund, Sweden
4 WNSL, Yale University, 272 Whitney Avenue, New Haven, CT, 06520, USA
5 The Institute of Nuclear Physics, PL-31-342, Kraków, Poland
6 Department of Physics, University of the West of Scotland, Paisley, PA1 2BE, Scotland
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Abstract. Heavy neutron-rich nuclei have been populated through the relativistic fragmentation of a 208
82Pb

beam at E/A = 1 GeV on a 2.5 g/cm2 thick Be target. The synthesised nuclei were selected and identified
in-flight using the fragment separator at GSI. Approximately 300 ns after production, the selected nuclei
were implanted in an ∼ 8 mm thick perspex stopper, positioned at the centre of the RISING γ-ray detector
spectrometer array. A previously unreported isomer with a half-life T1/2 = 163(5) ns has been observed in
the N = 126 closed-shell nucleus 205

79Au. Through γ-ray singles and γ-γ coincidence analysis a level scheme
was established. The comparison with a shell model calculation tentatively identifies the spin-parity of the
excited states, including the isomer itself, which is found to be Iπ = (19/2+).

PACS. 29.30.Kv X- and γ-ray spectroscopy – 25.70.Mn Projectile and target fragmentation – 23.35.+g
Isomer decay

1 Introduction

Experimental information on the neutron-rich N ≈ 126
nuclei is scarce. It is particularly difficult to access these

a e-mail: Z.Podolyak@surrey.ac.uk

nuclei experimentally. They are inaccessible with sta-
ble beam/target fusion-evaporation reactions and are too
heavy to be populated in fission. Although deep inelas-
tic reactions have been used to access relatively high-spin
states in nuclei with a few neutrons more than the most
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neutron-rich stable isotopes [1], this technique is limited
by a general difficulty in channel selection. Projectile frag-
mentation at intermediate and relativistic energies has
proved to be an efficient and selective way of populat-
ing states in nuclei far from the valley of stability [2,3]
and is an ideal tool for the study of metastable states
in heavy neutron-rich nuclei [3]. The highest sensitivity
is achieved with decay (both internal isomeric decay and
beta decay) spectroscopy. In this technique the delayed
gamma rays are correlated with the individually identified
ion, thereby minimising the associated background radia-
tion. Information on the excited states populated in this
way can be obtained with only ∼ 1000 nuclei produced.
In its simplest form the technique is sensitive to isomeric
decays with lifetimes between 100 ns and 1ms. The lower
limit comes from the flight-time through the fragment sep-
arator, the upper limit is determined by the necessity of
correlating delayed gamma rays with the implanted ion.
However, shorter lifetimes could also be detected if the
decay branch by electron conversion was hindered for spe-
cific charge states of the ion [4]. In the case of beta-decay,
with the use of an active stopper, the delayed gammas
and beta can be correlated with the implantation of the
incoming ion over more than 10 s.

The first pioneering isomeric decay experiment follow-
ing the population of heavy nuclei in fragmentation re-
action was performed more than a decade ago [3], with
further experiments following [5]. More recently, a set of
experiments have been performed at GSI aimed at the
study of neutron-rich N ≈ 126 nuclei.

Studies of magic nuclei are of fundamental importance
in our understanding of the nuclear structure since they al-
low direct tests of the purity of shell model wave functions.
Information on the single-particle energies can be derived
from the experimental observables such as the energies of
the excited states and transition probabilities. The exper-
imental information on the structure of these nuclei can
be used as building blocks for calculating more complex
configurations. The more information that is available, the
more robust are the predictions that can be made on the
properties of more neutron-rich species. These are of par-
ticular importance as the r-process path nuclei, experi-
mentally unreachable in this mass region so far, are ap-
proached [6].

In this contribution new experimental information ob-
tained on the closed N = 126 neutron shell nucleus
205Au is presented. The same experiment provided a vast
amount of information on a large number of nuclei with
N ≤ 126 [7–10], most notably the yrast structure of the
four-proton hole nucleus 204

78Pt was observed up to spin-
parity 10+ [10].

2 Experimental details

Heavy neutron-rich nuclear species were synthesised
through the relativistic fragmentation of a 208Pb beam
at E/A = 1GeV on a 2.526 g/cm2 thick Be target. The
beam was accelerated using the GSI UNILAC and SIS-18
accelerators; the primary beam intensity was of 9 × 108

particles per spill, with the period between the start of
each spill being 25 seconds and the spills lasting for 8 sec-
onds. After exiting the target, the “cocktail” of secondary
beam fragments was selected and identified using the GSI
FRagment Separator (FRS) [11]. The FRS was operated
in achromatic mode with a wedge-shaped degrader in the
intermediate focal plane. The identified ions were stopped
in an ∼ 8mm thick perspex passive stopper, positioned
at the final focal plane of the FRS. The stopper was sur-
rounded by the RISING array in the “Stopped Beam” con-
figuration [12,13]. The details of the experimental setup
employed in the present experiment as well as the identi-
fication procedure are described in refs. [10,14].

In total nine different magnetic rigidity settings of the
FRS were used during the experiment [7,9]; three of these,
optimised for the maximum transmission of 192W, 199Os
and 203Ir, transmitted 205Au nuclei. The total number of
205Au nuclei implanted in the stopper was ∼ 340 × 103,
with ∼ 240×103 of these (∼ 70%) produced in the setting
centred on 199Os.

The identification spectra for the data collected in the
199Os setting are given in fig. 1. The charge state of the
ions can be obtained from the energy loss at the final fo-
cal plane vs. change in magnetic rigidity, ΔBρ (∝ q2), at
the intermediate focal plane matrix (fig. 1 (top)). To a
large extent the ions labelled with Δq = 0 (those that do
not change charge state when passing through the wedge
placed in the middle focal point of the FRS) are fully
stripped during the whole flight-path from target to stop-
per. The nuclei labelled with Δq = −1 are those which
pick up an electron in the middle of the FRS, therefore
the majority of them are fully stripped in the first part
of the separator and H-like in the second half of it. The
nuclei labelled with Δq = +1 are those which lose an elec-
tron in the middle of the FRS, therefore they are most
likely to be H-like in the first part of the separator. The
final identification is given by the matrix of position in
the final focal plane vs. A/q (fig. 1 (bottom)). The mass-
over-charge ratio (A/q) is determined from the measured
time of flight in the second part of the FRS and from the
tracking of the ions [9,10,15].

3 Results and discussion

The γ-ray data associated with 205Au from all three of the
FRS settings mentioned above has been combined. The
singles γ-ray spectrum is presented in fig. 2 and details of
the transition energies and intensities are given in table 1.
Seven transitions are observed, with energies of 243, 737,
928, 946, 962, 980 and 1172 keV. Individual measurements
of the decay curves associated with each of the observed
transitions have been performed. In all cases the measured
half-lives are observed to be identical, within experimen-
tal uncertainties. This indicates that all of the transitions
are emitted following the decay of a single isomer. The
final measured half-life of that isomer is determined by
combining the statistics from all of the transitions, with
the exception of the 243 keV transition (which is excluded
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Fig. 1. Identification of the fragmentation products in the FRS
setting optimised for 199Os transmission. Top: energy loss at
the final focal plane vs. change in magnetic rigidity at the in-
termediate focal plane. This distinguishes between nuclei with
different charge states, see text. Bottom: position at the final
focal plane vs. A/q in the second stage of the FRS for H-like
(Δq = −1) nuclei.

due to its low intensity on a relatively high background).
The half-life is found to be T1/2 = 163(5) ns.

The statistics obtained allows γ-γ coincidence analysis
to be performed. A γ-γ coincidence matrix was built with
the conditions that both photons are detected in the time
window Δt = 25 → 700 ns following the implantation, and
that they are observed within 100 ns from each other. In
fig. 3 the relevant gated coincidence spectra are presented.

The energies of the identified γ-ray energies suggest the
existence of three parallel decay branches. The 737+1172,

Fig. 2. Singles γ-ray spectrum observed in the time range
Δt = 25 → 700 ns following the implantation of nuclei identi-
fied as 205Au. Inset: background-subtracted decay curve from
the combined statistics of all identified transitions, with the
exception of the 243 keV transition; the fit to the data was
performed by the least-square method to a single exponential
decay.

Table 1. Measured 205Au transition energies and γ-ray inten-
sities. The uncertainty on γ-ray energies is 0.3 keV, except for
the 243 keV transition which has an uncertainty of 0.5 keV.

Eγ (keV) Iγ (arb. units)

243.4 4(2)

736.9 39(2)

928.3 23(2)

946.1 94(4)

962.5 100(5)

962.5 11(4)

980.2 24(2)

1171.5 32(2)

Fig. 3. γ-γ coincidence spectra associated with 205Au. The
γ-rays were detected in the time range Δt = 25 → 700 ns fol-
lowing the implantation of the nucleus, with the time difference
between the γ-rays being ≤ 100 ns.
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Fig. 4. Left: yrast and near-yrast predicted excited states in
205Au for excitation energies of up to ∼ 3 MeV, for details of
the shell model calculation, see text. Right: the experimental
level scheme obtained in the current work. The energy and the
half-life of the first-excited state are from [21]. The spin and
parity assignments were obtained from comparison with the
shell model calculations.

928 + 980 and the 946 + 962 keV pairs all add up to
1908 keV to within 0.2 keV from one another (see table 1).
Also, it is likely that the 243 keV γ-ray connects two of
these parallel decay routes, since 980 − 737 = 243. The
coincidence analysis supports these conclusions. In addi-
tion, it turned out that the 962 keV line is a doublet. It is
in coincidence not only with its expected partner 946 keV
transition, but also with the 980 keV line. The level scheme
constructed is shown in fig. 4. The existence of an unob-
served highly converted 34 keV transition had to be in-
ferred from the data.

Shell model calculations for 205Au have been per-
formed in the s1/2, d3/2, h11/2, d5/2, g7/2

208Pb proton-
hole space with the OXBASH code [16] using single-
particle energies obtained from the experimental level
scheme of 207Tl [17] and two-body matrix elements
(TBME) from ref. [18]. These are based on the Kuo-Brown
interaction including core polarisation [19,20], with slight
modifications introduced to obtain an improved descrip-
tion of the experimental data available at the time. This
parametrisation proved to describe the excited states of
206Hg [1] and 204Pt [10] quite well. The resulting yrast
and near-yrast states in 205Au are presented in fig. 4 for
excitation energies up to ∼ 3MeV.

205Au is a three proton-hole nucleus, with an expected
ground-state configuration of πd−1

3/2 (with the s1/2 being
empty) and spin-parity Iπ = 3/2+. The yrast 11/2− state,
predicted at 921 keV by the shell model calculations, has
πh11/2 character and it should be long lived since it can
decay only through high multipolarity transitions, like in
207Tl [17]. This isomeric state in 205Au was identified in

Table 2. Measured transition strengths in 205Au compared
with those of corresponding transitions in 206Hg [1] and
204Pt [10].

B(EL) (W.u.) 205Au 206Hg 204Pt

B(E3: 19/2+ → 11/2−) 0.3(1)

B(E3: 10+ → 7−) 0.25(3) 0.19(3)

B(E2: 19/2+ → 15/2+) 1.2(2)

B(E2: 10+ → 8−) 0.94(15) 0.80(8)

a recent RISING experiment. The K and L conversion
electron lines associated to the 11/2− → 3/2+ M4 transi-
tion were observed. It was found that the 11/2− state has
an energy of 907(5) keV and a half-life of 6(2) s [21]. This
half-life is much too long to be observed in the present
experiment.

The isomeric state observed in the present experiment
most probably decays into the 11/2− yrast state. The
comparison between the experimental and theoretical level
schemes suggests that the isomer has a spin-parity 19/2+.
Its main decay is via a low energy, 34 keV, E2 transi-
tion into the yrast 15/2+ level. The experimentally de-
duced transition strength (using the intensities of table 1)
is B(E2) = 1.2(2)W.u. We note that our calculations pre-
dict the yrast 19/2+ and 15/2+ states very close in energy,
but with the inverse ordering. These states then decay via
∼ 1MeV transitions into the triplet of predicted states at
around 1800 keV excitation energy, with spin-parities of
11/2−, 13/2− and 15/2−. In addition to the low-energy
branch, the isomer also has a weaker decay branch, pop-
ulating the yrast 13/2− state directly via the 962 keV
E3 transition, with an experimental transition strength
of B(E3) = 0.3(1)W.u.

The measured transitions strengths can be compared
with those of the corresponding transitions in the neigh-
bouring N = 126 nuclei 206Hg and 204Pt (see table 2).
The predominant configurations of the 19/2+ and 15/2+

states in 205Au are π(h2
11/2)10+s1/2 and π(h2

11/2)8+s1/2, re-
spectively. The E2 transition strength has similar value to
those of the analoguos B(E2 : π(h2

11/2)10+ → π(h2
11/2)8+)

strengths in both 206Hg and 204Pt. The E3 transition
in 205Au connects the states with main configurations
π(h2

11/2)10+s1/2 and π(h11/2d3/2s1/2). The corresponding
B(E3) transition strengths in both 206Hg and 204Pt are
close, although in this case a strict similarity cannot be
expected as in 205Au the situation is complicated by the
coupling of the s1/2 and d3/2 protons to 1+ and 2+. The
measured transition strengths support our interpretation.

4 Conclusions and outlook

Projectile fragmentation when combined with decay spec-
troscopy is a powerful tool in the study of the structure
of exotic nuclei. Several such experiments with the aim of
the study of the structure of neutron-rich N ∼ 126 nuclei
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have been performed during the last decade. Here, new ex-
perimental information on the closed neutron shell nucleus
205Au was presented. Gamma-ray transitions following the
decay of an isomeric state with half-life T1/2 = 163(5) ns
have been observed and a level scheme was obtained. The
spin-parity assignment was performed by comparing the
experimental level scheme with shell model calculations.

During recent years a lot of progress has been made
in obtaining information on the structure of the heavy
neutron-rich nuclei. Recently, measurements using the
same technique as presented here, but employing an active
Si stopper [22], were performed and information on the β-
decay of several nuclei has been obtained [23–25]. Further-
more, nuclei with N > 126 and Z < 82 were populated
in the fragmentation of a 238U beam [26]. The first re-
sults from these experiments have just started to emerge.
By combining all the experimental information to be ob-
tained from these studies, a much better understanding of
this mass region will be achieved.
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15. M. Pfützner et al., Phys. Rev. C 65, 064604 (2002).
16. B.A. Brown, A. Etchegoyen, W.D.M. Rae, The computer

code OXBASH, MSU-NSCL report no. 524.
17. D. Eccleshall, M.J.L. Yates, Phys. Lett. 19, 301 (1965);

M.J. Martin, Nucl. Data Sheets 70, 315 (1993).
18. L. Rydström et al., Nucl. Phys. A 512, 217 (1990).
19. T.T.S. Kuo, G.H. Herling, Naval Research Laboratory Re-

port 2259 (Washington, DC, 1971).
20. G.H. Herling, T.T.S. Kuo, Nucl. Phys. A 181, 113 (1972).
21. Zs. Podolyák et al., Phys. Lett. B 672, 116 (2009).
22. R. Kumar et al., Nucl. Instrum. Methods A 598, 754

(2009).
23. N. Alkhomashi et al., Acta Phys. Pol. B 40, 875 (2009).
24. P.H. Regan et al., Int. J. Mod. Phys. E Suppl. 17, 8 (2008).
25. A.I. Morales et al., Acta Phys. Pol. B 40, 867 (2009).
26. N. Al-Dahan et al., Acta Phys. Pol. B 40, 871 (2009).



<<
  /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 0.1000
  /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 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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


