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Outline

● Example of Fe XVII spectral diagnostics
● Very brief history of the discrepancies
● Electron-Beam Ion Trap (EBIT) 

measurements
● The new X-ray Free Electron Laser (XFEL) 
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Fe16+ spectral emission

Brown, Can. J. Phys. 86  
199 (2008)



  

The EBIT measurement

Simple coronal model

The EBIT experiments trapped Fe16+ ions 
and excited them with an electron-beam.

Loch et al. J. Phys. B, 39 : 85 (2006)



  

Recent EBIT measurements (NIST)

Gillaspy et al. ApJ 728 : 132 (2011)

In modeling these EBIT experiments one needs to include
- Non-Maxwellian electron distribution functions
- Cascades from higher energy levels.
- Resonance contributions to the excitation cross sections. 



  

The many explanations for the 
discrepancies

Taken from 
Brown and 

Beiersdorfer, 
PRL 108 

239302 (2012)



  

The big question!
● So what if the atomic physics theoretical calculations are 

wrong?

– Perhaps the underlying atomic structure is wrong, 
leading to inaccuracies in the Fe16+ wave 
functions.

– If this is the case, then we should be able to see it 
in the oscillator strength.

– If the oscillator strength is wrong, it would be an 
indication that the electron-impact excitation 
data could also be wrong.

● So an experiment was designed to measure the 
oscillator strength ratio for the 3C/3D transitions in  
Fe XVII.



  

The Linear Coherent Light Source 
(LCLS) + EBIT experiment

The idea was as follows:

● Use an XFEL to excite 
just one transition at a 
time.  So there can be no 
cascades.

● Remove the free 
electrons so there can be 
no collisional-
redistribution.

● The measured spectral 
line 3C/3D ratio should be 
the ratio of the 3C/3D 
oscillator strength.

From Bernitt et al. Nature Letts., 492 225 (2012)



  

Over many sets of XFEL pulses they 
gathered the data for an Fe XVII spectrum

From Bernitt et al. Nature Letts., 492 225 (2012)



  

The results – very large differences 
with theory!

From Bernitt et al. Nature Letts., 492 225 (2012)



  

Modeling
● Simple two level 

system.

● The intensity was modeled via

● The equilibrium population is

● The line ratio reduces to the 
ratio of the Einstein A-
coefficients
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Undergraduate Quantum Mechanics II 
Spring 2014: 

the homework assignment!



  

Timescales and radiation field 
densities

● The XFEL laser pulse conditions:

– durations of 200-500 fs, lifetimes of the levels are 3C ~45 fs, 3D ~ 
163 fs.  So it isn't safe to assume quasi-static equilibrium.

– We estimate a range of radiation field densities of ρ=2.6 – 6.6 x 10-6 
J/m3/Hz.

● There will be significant emission once the pulse has left the plasma, the 
emission in each spectral line should be

● We evaluation N
2
 using the time-dependent collisional-radiative equations.

Emission during the pulse interaction 
with the plasma volume

Emission from the volume 
after the pulse has left.



  

Results : excited populations
● It seems likely that the 

populations are close to the limit 
of the high radiation field density 
for the majority of the pulse 
interaction with the plasma.

● Remember, we estimate ρ=2.6 – 
6.6 x 10-6 J/m3/Hz

● Note that the at high rho, the line 
ratio reduces to a simple function 
of A-values and pulse duration.
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Results: the line ratio
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Results: Stochastic pulses

● In the experiment, 
the radiation field 
density is not 
homogeneous in 
time.

● It is a stochastic 
set of 1-2 fs 
spikes, with 1-2 fs 
gaps.

● So we generated 
our own set of 
stochastic field 
densities.



  

Comparison with experiment
Results 
using an 
f-ratio of 
3.9

Results 
using an 
f-ratio of 
3.5



  

The final values
● One last thing:  The experiment 

does necessarily have the same 
pulse duration that excited the 3C 
and the 3D.  The previous plot 
assumes that it does.

● So really we should perform a large 
number of simulations for a given 
rho, storing the average I

3C
, I

3D
, 

along with their standard deviations.

● We did this and get a final value 
for the experiment of 2.8 ± 0.12

● This compares with an 
experimental ratio of 2.61 ± 0.23.



  

Conclusions

● It appears that time-dependent effects are causing 
the LCLS measurements to become lower than the 
oscillator strength ratio.

● Once the experimental parameters are accounted 
for, an oscillator strength ratio of 3.5 produced good 
agreement with the measurements.

● Note that this is consistent with the largest atomic 
structure calculations, but does imply that a further 
look at the collision cross sections should be 
undertaken.


