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outline

a) X ray Spectroscopy of highly charged but multi-
electron Barium, and some side issues

b) Spectroscopy of Pm-like Tungsten, is this a multi-

electron system or not ?



a) X ray spectroscopy of highly charged but multi-electron 
Barium, basically N-, O- and F-like Ba

This study was done using the original Livermore EBIT

how was this study done  and what was the aim ?

Barium is just there !!! 

Sometimes Tungsten is there too !



Special features of the experiment

(1) X ray spectra were recorded using a von Hamos type 
crystal spectrometer with a resolution (λ/δλ) of around 
2500

(2) Elements to provide calibration lines were        

injected into the EBIT from a MEVVA.



Beam-Foil Spectroscopy



Spectra were recorded at 4 different crystal settings,

covering an x ray energy region of 4.45 to 5.8 keV (or  2.1378 
– 2.7863  Å). 

The energy regions, of course, overlapped allowing a full 
spectrum to be constructed.

Physical Review A44, 1836 (1991)



Core changing transitions ?

transition                                   wavelength, Å

2p – 3s

The upper transition looks like a two electron-one photon 
transition !

Such transitions had been seen earlier by Chandler et al. using 
beam-foil spectroscopy here in Berkeley.

(Phys. Rev. Lett. 61, 1186 (1988))



In total 4 elements were injected from the MEVVA ion 
source to calibrate this spectral region

The Zn lines were used in second order, otherwise they seem a 
little out of place here.



What were the results of this work ?

No of holes in                average energy difference

The 2p shell                   between expt. and theor.                     

(eV)

1                                                1

2                                                2     

3                                                3   



As a side issue, and a re-surfaced problem …

The spectroscopy of core-excited Na-like ions, this was 
recently brought back to life by John Tanis because of a 
famous 4D7/2 level (2p53s3p 4D7/2 ).

The level was studied here in Berkeley using the 
ion-atom collision set up at the ECR source at the 
88 inch cyclotron.

The 4D7/2 level is forbidden to decay via photo 
emission and forbidden to Coulomb Auger decay



The interesting thing about the work on this level is that 
it appears to show that hyperfine induced transitions 
decay faster than the calculations predict



Auger rates for the 2p53s2 2P 
levels of Na-like ions, 1< Z <  92, 
from M.H, Chen

The 2p53s2 2P levels can 
also x ray decay.



b) Tungsten spectroscopy

i) Tungsten may be interesting for fusion diagnostics

Other speakers have/will mention this

ii) Also fits in the category of unsolved mysteries

Phys. Rev. Lett. 45, 2099 (1980)



Pm is Z = 
61



From Curtis and Ellis 

Phys. Rev. Letts, 45 2099 
(1980)

Theodosiou and Raftopoulos

Phys. Rev. A28, 1186 (1983)



Theodousiou’s

p r e d i c t i o n s Experimental work



Another Experiment, also Beam-Foil

Z. Phys. D1, 381 (1986)



Results from the work by Trabert and Heckmann



Of course, if Pm-like ions show such interesting behavior, it is 
likely that systems close to Pm-like, such as Sm-like, may also 
show such properties, e.g. for highly ionized members we may 
expect Mg-like characteristics, i.e 5s2 1S0 – 5s5p 1,3 P1
transitions.. 

At least one search for this has been undertaken (Kaufman et al,
Physica Scripta 42, 75 (1990))

“Search for intercombination lines in few-electron spectra of 
rare-earth sequence ions of Os through Au”





Other experiments to verify this interesting collapse

wavelength

Unpublished beam-foil spectrum of 30 MeV Lead from 
RIKEN



Experiments other than beam-foil ?

There was one interesting attempt to find these lines using 
electron capture from He atoms to Pb22+ and Pb23+ ions.

These experiments were done using the ECR facility in 
Grenoble, unfortunately the results were negative.

The experimental set up was verified using an oxygen beam, 
but no lines from the lead beams were seen.

So, the situation surrounding these interesting lines 
remained unclear.



EBIT experiments

The idea was that, as most excitation in EBITs goes via 
electron impact, that EBIT spectra of such possibly complex 
systems could be simpler.

The experiment used W, as that is inherent in most EBITs, 
and required a rather low electron beam energy, which in 
turn means also a low beam current, but it turned out that 
the experiment was indeed possible.

Lower charge states have higher electron impact cross 
sections, so the lower current is compensated



Spectra of Tungsten taken 
at the Berlin EBIT as a 
function of the electron 
beam energy

Spectra recorded using a 
Schwob 2 meter grazing 
incidence instrument and 
a multi-channel detector



Spectra for the 
wavelength regions of 
both the 2P1/2 and 2P3/2
transitions 

And an excitation 
function, i.e. line 
intensity vrs electron 
beam energy

One other thing that 
is fairly well know 
and can be used, the 
fine structure 
separation.



The current situation





A little optimistic …

Basically these lines, if we could really find them, may not 
be of interest in fusion diagnostics.

Such relatively low charges states of high Z elements exist 
only in a very thin shell of the plasma, under normal 
operating conditions, and hence produce very weak 
spectral lines. 

Although these Pm-like lines are interesting from an atomic 
structure point of view, they may be of limited value in plasma 
diagnostics.



Summary:

We have discussed:

(a) some early EBIT experiments on the 
spectroscopy of multi-electron Barium, and 
seen a few similarities with work done using 
other methods

(b) Discussed the interesting atomic structure of 
61 electron tungsten 
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