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Neutron Halo Nuclei 6He and 8He

Isotope Half-life Spin Isospin Core + Valence

He-6 807 ms 0+ 1 α + 2n

He-8 119 ms 0+ 2 α + 4n

I. Tanihata et al., Phys. Lett. (1992)
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Coupling parameters fit to NN scattering data

Problem: binding energy of most light nuclei too small
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Coupling parameters fit to energy levels of light nuclei 

Pieper & Wiringa. Ann. Rev. Nucl. Part. Sci. (2001)

Two-body potential: Argonne V18

Three-body potential: Illinois-2
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Green’s Function Monte Carlo Calculations

Pieper & Wiringa (2006)
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GFMC – Neutron and Proton Densities in Helium-4,6,8

Borromean RingsBorromean Nucleus
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Atomic Energy Levels of Helium

2 3S1

1 1S0

3.2 eV
389 nm

1.2 eV
1083 nm

2 3P0,1,2

19.8 eV,
e-collision in discharge

3 3P0,1,2
He discharge

metastable

He energy level diagram
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Atomic Isotope Shift

Isotope Shift δν =  δνMS + δνFS

Field shift:
due to nucleus size

δνFS
∝ Ζ × Δ[Ψ(0)]2 × δ<r2>δνMS ∝ '

'
AA

AA −

Mass shift:
due to nucleus recoil

For 23S1 – 33P2 transition @ 389 nm:

6He - 4He : δν6,4 = 43196.202(16) MHz + 1.008 (<r2>He4 - <r2>He6) MHz/fm2

8He - 4He : δν8,4 = 64702.519(1)  MHz + 1.008 (<r2>He4 - <r2>He8) MHz/fm2

G.W.F. Drake, Univ. of Windsor, Nucl. Phys. A737c, 25 (2004)

100 kHz error in IS ~ 1% error in radius

δν = δνMS +   CFS               δ<r2>
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Laser Cooling and Trapping

Magneto-Optical Trap (MOT)
• Cooling: Temperature~ 1 mK,

avoid Doppler shift / width
• Long observation time: 100 ms
• Spatial confinement: trap size < 1 mm

single atom sensitivity
• Selectivity: no isotobic / isobaric interference

Technical challenges:

Short lifetime, small samples (<106 atoms/s available)

Low metastable population efficiency (~ one in 100.000)

Precision requirement (100 kHz = Doppler shift @ 4 cm/s )
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Where to find 8He?

GANIL
Caen, France
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He-8 @ GANIL

75 MeV/u, 0.4 pμA 13C beam
on 12C target
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8He @ GANIL

 

2.15 3.15 

1.85 
0.75 

1.65 

5 m 

Salle D2
13C

6,8He+

@ 20 keV

6,8He
thermal

Laser System

MOT

ECR Ion 
Source

Mass
separator



12

Atom Trapping of 6He & 8He at GANIL

~1x108 6He+/s
~5x105 8He+/s
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Capture efficiency
1x10-7
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~5x107 He-6/s,
~1x105 He-8/s
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Switch & Scan
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Jan. 26th 2007
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… June 12th - 20th 2007
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6He + 8He Sample Spectra
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Experimental Uncertainties and Corrections

74 kHz15 kHzNuclear Mass

97 kHz35 kHzTOTAL

45 kHz30 kHzZeeman Shift

15 kHz0 kHzProbing Power Shift

24 kHz2 kHzReference Laser

12 kHz2 kHzLaser Alignment

32 kHz8 kHzPhoton Counting

8He6He

Statistical {

Systematic {

-2(1) kHz-14(3) kHzNuclear Polarization

+165(0) kHz+110(0) kHzRecoil Effect
Corrections

1 kHz

63 kHz

TITAN Penning Trap @ TRIUMF, V. L. Ryjkov et al., PRL 101, 012501 (2008)
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6He & 8He RMS Charge Radii

0.1 %0.1 %- He-4: 1.681(4) fm

0.0 %0.1 %- Mass Systematics

0.6 %0.3 %- Trap Systematics

0.6 %0.1 %- Statistical

0.9 %0.4 %Total Uncertainty

1.961(16)2.072(9)RMS RCH, fm

-1.026(63)-1.464(34)Field Shift, MHz

8He6He

P. Mueller et al., PRL 99, 252501 (2007)
+  V. L. Ryjkov et al., PRL 101, 012501 (2008): He-8 mass
+  I. Sick PRC 77, 041302(R) (2008): He-4 Charge Radius

Rp

rc

Rn

- δSO - MEC

<RP
2> = 0.766(12) fm2

<RN
2> = -0.120(5) fm2
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6He & 8He RMS Point Proton and Matter Radii

0.1 %0.1 %- He-4: 1.465(4) fm

0.0 %0.2 %- Mass Systematics

0.6 %0.3 %- Trap Systematics

0.6 %0.1 %- Statistical

0.9 %0.4 %Total Uncertainty

1.843(16)1.930(9)RMS Rpp, fm

-1.026(63)-1.464(34)Field Shift, MHz

8He6He

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
 Nuclear Radii, fm

4He
  rms point-proton        matter     
                                     Experiment
                                     Theory

8He

6He

No Spin-Orbit and MEC …
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RMS Charge Radii : 4He - 6He - 8He

1.681(4) fm           2.072(9) fm           1.961(16) fm
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Thank You!

6He Collaboration
P. Mueller, L.-B. Wang, K. Bailey, J.P. Greene, D. Henderson, R.J. Holt, R. Janssens, C.L. Jiang, Z.-T. Lu,

T. O’Conner, R.C. Pardo, K.E. Rehm, J.P. Schiffer, X.D. Tang - Physics Division, Argonne National Laboratory, USA
G. W. F. Drake - University of Windsor, Windsor, Canada

8He Collaboration
P. Mueller, K. Bailey, R. J. Holt, R. V. F. Janssens, Z.-T. Lu, T. P. O'Connor, I. Sulai - Physics Division, Argonne National 

Laboratory, USA; M.-G. Saint Laurent, J.-Ch. Thomas, A.C.C. Villari et al.- GANIL, Caen, France G. W. F. Drake - University 
of Windsor, Windsor, Canada  L.-B. Wang – Los Alamos National Laboratory, USA
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GFMC – What happens to the α-core?

AV18 + IL2  GFMC proton-proton distributions
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Charge Radii of Light Isotopes by Laser Spectroscopy

Isotope Shift:           

IS+absolute ν:

In prep.:

Be+: Mainz / ISOLDE

Li: GSI / TRIUMF

He: Argonne / GANIL

H: MPQ Munich
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GFMC – Binding Energy vs. Charge Radius
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Å

Helium Atom

e-

Ionization Energy of Helium Atom

Level 2 3S1

Calculation 1 152 842 741 ± 6  MHz

Experiment 1 152 842 743        MHz
Gordon Drake, Phys. Scripta (1999)

fm
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E&M Probe of Nuclear Charge Distribution

22
exp( ) ( ) ( )Mott

d d F q
d d

σ σ
= ⋅

Ω Ω

2 2 2
arg

1( ) 1
6 ch eF q q r= − < > + ⋅ ⋅ ⋅

e beam

q
pi

pf

θ
4He

( )2 2r r r dvρ< >= ⋅∫mean-square radius

2r< >root-mean-square radius

4He rms charge radius = 1.681(4) fm [I. Sick PRC 77, 041302(R) (2008)]
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Conclusions & Outlook

Precision laser spectroscopy and atomic physics
test precision nuclear structure calculations of light, neutron rich isotopes
at the ~1% level

The charge radii will improve with …
– new He-6/8 mass measurement in Penning trap @ TRIUMF in Dec. ‘07
– Improved value for He-4 (I. Sick, priv. comm.)

Measurement at the 0.1% level (~ 10 kHz) for He are feasible …
if warranted
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6He & 8He Charge Radii

0.4 %0.3 %- He-4: 1.676(8) fm

1.0 %0.2 %- Mass Systematics

0.6 %0.3 %- Trap Systematics

0.6 %0.1 %- Statistical

1.3 %0.5 %Total Uncertainty

1.929(26)2.068(11)RMS RCH, fm

-0.916(95)-1.464(34)Field Shift, MHz

8He6He

P. Mueller et al., PRL 99, 252501 (2007)

L.-B. Wang et al., PRL 93, 142501 (2004): 2.054(14) fm for He-6
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6He & 8He
Charge
Radii
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Outline

Neutron Halo Isotopes 6,8He

Charge Radii and Isotope Shift

Atom Trapping of 6,8He @ Argonne and GANIL

8He Larger or Smaller than 6He?
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Hadronic Probe: Scattering of 6He & 8He Beams
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Tanihata et al, Phys Lett (1985)
LBNL

Alkhazov et al, Nucl Phys (2002)
GSI

Elastic and inelastic collision: He on C, B Elastic collision: He on proton, 700 MeV/u

Matter distribution, matter radii

θ18O
9Be

6He
1H

6HeGSI heavy-ion synchrotron
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E&M Probe of Nuclear Charge Distribution
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4He rms charge radius = 1.676(8) fm [I. Sick Phys Lett B (1982)]

Proton rms charge radius = 0.895(18) fm   [I. Sick Phys Lett B (2003)]
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June 14th …. 

…?

300 km

Trip to Brittany
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Field (Volume) Shift
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Gordon W.F. Drake (Can. J. Phys 84, 83 2006)

Non-relativistic wave functions from
variational calculations

Perturbation theory for relativistic corrections, QED,
finite nuclear mass and nuclear charge radius

QED terms “cancel” in isotope shift

Atomic Theory of Helium

Experimental confirmation
Total transition frequency F.S. Pavone et al., PRL 73, 42 (1994)
4He Fine structure splitting P. Mueller et al., PRL 94, 133001 (2005)
3He-4He Isotope shift + HFS I. Sulai et al., in preparation

3He 4He
33PJ

23S1
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Atomic Isotope Shift

Isotope Shift δν =  δνMS + δνFS

Field shift:
due to charge distribution

δνFS
∝ Ζ × Δ[Ψ(0)]2 × δ<r2>δνMS ∝ '

'
AA

AA −

Mass shift:
due to nuclear recoil



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /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 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


