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© Hänsch, T.

• First demonstration of resonant laser spectroscopy (l. s.) of a bound transition
in the soft x-ray regime.

• Extending l. s. to a new class of targets — ground state transitions in Highly
Charged Ions (HCI) — where most transitions lay in the (soft) x-ray regime.

1. Bi82+ I. Klaft et al. 5.1 eV (160 ppm)

1

2. S15+ H. Sträter et al. 2.9 eV (200 ppm)
3. F7+ E. Myers et al. 0.12 eV (1 ppm)

2 3

S.W. Epp et al., Phys. Rev. Lett. 98, 183001 (2007).
H 1S-2S

α. Motivation 
- Laser spectroscopy -



HCIs constitute a dominant fraction of 

the visible matter in the universe !

Active Galactic Nuclei

Sun

Comets

α. Motivation
- Astrophysics -



α. Motivation
- Atomic structure theory -

En∝ Z 2

Relativistic corrections (Dirac)
∝ Ζ 4

H-like 
atom

Electron correlations
∝ Ζ −1

QED corrections
∝ Ζ 4

Corrections are boosted in HCIs compared to neutral systems.
scaling laws

Electron correlations are suppressed.

HCIs are an ideal testing ground for theory.



α. Motivation
- Atomic structure theory -
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Li: 0.002% of 1.85 eV
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β. Experimental setup

240 m

240 m

Accelerator hall

Undulator
tunnel

Experimental 
hall

FLASH
(Free electron LASer in Hamburg)

H = 2.4 m
L = 2.5 m
M = 1.5 t

FLASH-EBIT 
(electron beam ion trap)



β. Experimental setup
- FEL principle -

Electron beam Radiation

Radiation field interacts with electron bunch and structures it



Dipole Wiggler         Undulator Undulator

Coherent superposition enhances intensity by a factor 
proportional to the number of charges in the bunch Ne

Brilliance increases by many orders of magnitude

β. Experimental setup
- FEL principle -



β. Experimental setup
- FLASH-EBIT -



β. Experimental setup
- FLASH-EBIT -

First skillful task:

Overlap of ion
cloud and
photon beam Mirror



β. Experimental setup
- FLASH-EBIT -
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Resonant
fluorescence

Laser
excitation
@ 48.6 eV

(1s 2p) 2 P2 2
 1/2

(1s 2p) 2 P2 2
 3/2Fe23+

τ ≈ 0.6 ns

• 5 Hz repetition rate
=>150 single pulses/s

• Average  power†:
up to 10 mW (laser pointer 4 mW)
†at time of experiment

Use monochromator
E0/F.W.H.M ≈ 2,000

(>20,000 possible)

FLASH: Ava. spectral distribution FLASH: Repetition structure

γ.Experiment & Results
- Laser spectroscopy -
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Systematic shift due preliminary calibration of monochromator unit !

• 33 minutes acquisition time

• different colour
=> diff. amount of counts

Fe23+ 22S1/2-22P1/2

• FIT (Gaussian):
370 true counts in 5σ with
baseline subtraction

ϰ2/dof = 1.23

E0/FWHM = 1350 (750 ppm)

E0 = (48.6127±0.0011) eV

Integral counts on MCP(E, t)

±0.015 eV

ppm 236127.48
0011.0 ==δ
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γ.Experiment & Results
- Results 2007 (1st run) -

We have to separate a 0.2 cts/s true
fluorescence signal from a 50 000 cts/s

background !

=>Use FLASH time structure !
no FLASH-light => no fluorescence

=> don’t count all the time
=> use gate

S.W. Epp et al., Phys. Rev. Lett. 98, 183001 (2007).



γ. Experiment & Results
- Calibration parenthesis -

How much is e.g. 48.0001 eV?
• equivalent to 11606.375 THz

• defined by the second:
“The second is the duration of 9 192 631 770 periods of the radiation 

corresponding to the transition between the two hyperfine levels of the ground state of the 
cesium 133 atom.“
• no frequency chain goes into the deep VUV, soft x-ray range

• frequency comb recently extended to 60 nm (20.7 eV)
A. Ozawa et. al. PRL 100 (2008)

• calibration is a challenging task !

• photo-ionization resonances of noble gases

• desirable: highly accurate theoretical data of light 
hydrogen- and helium-like ions. (B, C, N, O, F)
=> wavelength standard in the soft x-ray



γ.Experiment & Results
- Results 2008 (2nd run) -
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Data: Fescan106Mono_B
Equation: y0+A*exp(-4*ln(2)*((x-xc)/FWHM)^2) 
Weighting:
y Statistical
  
Chi^2/DoF = 0.98338
R^2 =  0.96343
  
y0 3.22 ±0.74

xc 48.57164 ±0.00039 (8 ppm)
FWHM 0.0246 ±0.0009
A 81.57 ±4,46
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Li- like Fe23+ 2s-2p 1/2

        48.52-48.61 eV  by 1 meV (256 x binned)
        3600 s run

Fe23+ 22S1/2-22P1/2
uncalibrated raw data



γ. Experiment & Results
- Neon Calibration -
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xc 48.78402±0.0007
w 0.016±0.002

xc 48.8641±0.0008
w 0.012±0.002

xc 48.9280±0.0005
w 0.016±0.001

Wilhelmi et al.,
Journal of Electron Spectroscopy
and Related Phenomena 101–103 (1999) 155–159

20 meV offset of the Mono. energy scale with an estimated accuracy of ±0.4 meV



γ.Experiment & Results
- Results 2008 (2nd run) -
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Weighting: y Statistical
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γ.Experiment & Results
- Results 2008 (2nd run) -
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γ. Experiment & Results
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   Nuclear size
   Recoil
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δ. Summary
• demonstration of resonant laser spectroscopy of HCI in an EBIT 
with soft x-rays at photon energies as high as 65 eV using FELs

- advantage: selective, resonant excitation @ huge cross sections
• nearly routinely 8 ppm statistical precision in 1 h of D.A.Q.

-> unprecedented accuracy is expectable

• working on calibration to convert precision in absolute accuracy
- photo-absorption in noble gases
- comparison with transitions in He- & H-like ions (Cu26+)

48.5997(9) eV (Reader, J. et al. (´94)) 

48.6127(11)(150) eV
Literature

Fe23+

2008

2007



δ. Outlook

• FLASH

• laser spectroscopy @ 
synchrotron light sources

• LCLS 
(Lin. Collider Light Source)
@ SLAC Stanford

• European X-FEL 
in Hamburg
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δ. Outlook
- @ FLASH -

FLASH

• FLASH still misses 2-3 orders 
of flux compared to design 
values -> more STATISTICS

• one order of mag. more res-
olution power possible 2k->20k
Monochromator with up to 
150k exist

• Seeding of FLASH will en-
hance #photons/eV B.W.

• systematic studies of Li- or
Be-like HCIs over a wide Z-
range, including isotopes
=> a consistent body of data

to resolve nuclear and QED
effects



δ. Outlook
- @ synchrotron light sources -

FLASH

• FLASH still misses 2-3 orders 
of flux compared to design 
values -> more STATISTICS

Problem: Time structure !

Synchrotrons are approx. c.w.



δ. Outlook
- @ synchrotron light sources -

LCLS photon beam

EBIT

Ion deflector

Velocity filter

Position-sensitive 
ion detector (TOF)

Ion optics

Fluorescence and 
spectral diagnostics

Electron gun

Electron 
collector

Trap 
electrodes

HCI beam

Ion-photon 
interaction 
volume

Beam imaging 
& diagnostics

LCLS photon beam
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Ion deflector

Velocity filter

Position-sensitive 
ion detector (TOF)

Ion optics

Fluorescence and 
spectral diagnostics

Electron gun

Electron 
collector

Trap 
electrodes

HCI beam

Ion-photon 
interaction 
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Beam imaging 
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What we do:

Photoionization
meassurements

Last week:

N3+-> N4+ 

resonances

@ BESSY, Berlin
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δ. Outlook
- @ synchrotron light sources -

EBIT<-> PHOBIS



δ. Outlook
- @ LCLS from 2009 -

• first experiments: 800-2000 eV photon energy

• Photo-ionization of HCI (energies & cross sections)
e.g. Fe-Fe23+ => l.s. of “the sun” in the EBIT

• He-like Systems
• at the edge of performance: H-like 1s-2s

• lifetime measurements
- elaborated scheme with utilizing fs time structure

(difficult)
- simpler scheme for the few ns range

(immediately doable) 



δ. Outlook
- @ LCLS from 2009 -
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Data: scan003TDC001_B
Model: Gauss mit FWHM 
Equation: y0+A*exp(-4*ln(2)*(x-xc)^2/FWHM^2) 
Weighting:
y Statistical
  
Chi^2/DoF = 0.61085
R^2 =  0.49201
  
y0 1.13402 ±0.05141
xc 131.18122±0.03212
FWHM 1.31065 ±0.0701
A 61.04761 ±4.55602
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lifetime measurements 

targeting the few ns range

advantage: high photon fluxes

only few measurements, not better than 10% acc.



δ. Outlook
- @ X-FEL from 2015 -

• Possibilities increase even more for transitions
mentioned and not mentioned in this talk

• H-like 1s-nP etc. full accessible for lot of HCIs
Targeting 1s Lamb-shift by laser spectroscopy

• Wavelength standard by HCIs?



δ. Outlook
- @ LCLS from 2009 -



<<
  /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


