The long-standing discrepancy of
Fe XVII spectral emission
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Outline

 Example of Fe XVII spectral diagnostics
* Very brief history of the discrepancies

» Electron-Beam lon Trap (EBIT)
measurements

 The new X-ray Free Electron Laser (XFEL)
experiment

* The resolution to the discrepancy
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Fig. 5. Comparison of measured and caleulated relative intensity
R as a function of Z along the neon-like isoelectronic sequence.
Measured values, labeled EBIT-1I, are compared with calculations
of Hibbert et al. [27] and Zhang and Sampson [55]. This figure 18
adopted from ref, 54,
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The EBIT measurement

The EBIT experiments trapped Fe'®* ions ,r 0... B
and excited them with an electron-beam. =g _ =+ T

lisg  Qgj By
The collisional rate coefficient 1s given by

g
Qisj= [ 61 (EWf(E)dE,
W1

Simple coronal model

I ] I I | I
1.5
3
[
15
a 2.5
| ) 2
Top dnft mbe — o mmm [f'-‘—-.__ I% 2
™, =
a"-'. o le 1 w
a(Tlalle =
Middle dnfe tbe—" s Rplille —
2 o (e B
allle B
00:0 @ _J 1
Bottom drift mbe mle - __—-/
5 A 0.5
‘ W 9
TR =" N Radal potensa | I MR N S TR Ml NS L S S
S04 &M T B0 M) [ W] 11D 1 260 1 300y 14461

Temperature (V)

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




Recent EBIT measurements (NIST)
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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

Refierence

Method or descoriplion

Effect or cross section, o in units of
1 em?

2002 [2]

2006 [1]

2006 [1]

W I_:'

2007 [4]

2008 [3]
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WHIH I_

D I'\

D I Ly
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2001 [12]

2012 [13]

Extensive st of resonanoes and
excitation channe s
Measure ment

FAC D'W with cascades and RE

R mairix  with additional
cascades

Dirac R matrix with improved

COMVETgenos
RDW with pseudostates

Recalculates RR cross section
onte 34 levels.

Recaloulates RE cross sections
at @b eV

MBPT with improved atomic
strucure

Calculates the polarization of

3C and 3D to be 20% higher
than previous calculations.

The polarization caloulation of

[%] is inoorrect; previous caku-
latioms are cornect.

States that [7]'s BER onto 35 is
35% lower than used in [1]. 34
mnd 3 are the same as quoted
by [T].

Includes FRE.

ot 125, o 133, ol = 341,
10 - - N
ir 2,493
1.
i i
o 549 x L6, o .88 = 093,
ol = 310 = 0, ol = 208 = 0.33

3C i essentially unchanged; 3D in-

creases by 1 7T% and 8%.

3C decreases by 5% 30 increases by
1% at 910 e% and remains unchanged at

Qi 2

3C decreases by 12 and 15%; 3D in-

creases by [0% at 910 and remains un-

changed at 964 .

AC decreases by 14 and 19%; 3D de-

creases by 5 and 17%.

The measured cross sections normalized

to RR onto 34 levels increase by 24%

and are brought into agreement with [4].

The measurad cross section decreases by
%, on average.

3C decreases by @ and 13%; 3D in-

creases by 14% at 910 ¢V and 2% at

Db 2

Effect not given

Mo e ffect

If normalized to 35, cross sections go
down by 35%.

Raises BB cross sections by 20% .

[
s
I
s

“RE cross sections decrease by 5, 6, and 7% for 35, 3p, and 34, respectively.

Taken from
Brown and
Beiersdorfer,
PRL 108
239302 (2012)




The big question!

e So what if the atomic physics theoretical calculations are
wrong?

- Perhaps the underlying atomic structure is wrong,
leading to inaccuracies in the Fe'®* 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

T The idea was as follows:

e 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.
SppencnaryFigre 1. Exprimenl tp s e s e L Corn L e The measured spec’[ral
free-electro er (a). Elec are acc ed by the last kilor f the SLAC 3 km linear accelerator (L15, . i
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From Bernitt et al. Nature Letts., 492 225 (2012)




Tirne since trgoges (us)

Over many sets of XFEL pulses they
gathered the data for an Fe XVII spectrum
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Figure 3 | Measured X-ray fluorescence spectra. a, A typical fluorescence

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




The results - very large differences
with theory
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Modeling

dN i i e Simple two level
~ — —Ny1pBi_2+ No(Ag 1 + pBayi) P

dt% system.

2 — NipBi_o — Nao(Asy1 + pBo_yq)

dt
The intensity was modeled via 0B, A, PB,.
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The equilibrium population is atowe _ V1pBii
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The line ratio reduces to the —
ratio of the Einstein A- i —. NPl ) B 5
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Undergraduate Quantum Mechanics li
Spring 2014:
the homework assignment!

HOMEWORK 7
PHYS-6100/5100

Consider the Fe XVII 3C/3D line ratio from the Nature article (Bernitt
et al. Nature Letters 492 225 (2012)).

1. What is the radiative lifetime of the upper energy levels of the 3C and
3D transitions, considering only spontaneous emission? What would
the radiation field density have to be for stimulated emission to alter

these lifetimes?

2. Make a plot of the population of the ‘upper level population of the
3C transition divided by the ground population’ as a function of the
radiation density. Describe the different physical regimes. [Assume
the populations are described by the coronal model and transitions
only happen between the ground and the upper level, 1.e. don't worry
about radiative branching]

3. Explore whether the addition of stimulated emission in the population
modeling for this laser-excited plasma can alter the line ratio from the
oscillator strength ratio that the article assumes.




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 p=2.6 — 6.6 x 10°
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, using the time-dependent collisional-radiative equations.

N, photons tpulse

i¥a_4 AT ; AT

“_"—r = _L\g(f)flg ]df + —\‘2(? I,‘E)

Emission during the pulse interaction Emission from the volume

with the plasma volume after the pulse has left.




Results : excited populatlons

It seems likely that the

. - . - . ; populations are close to the limit

L L

i

Fractional popul ation

e

- \3 of the high radiation field density
for the majority of the pulse
interaction with the plasma.

! * Remember, we estimate p=2.6 —
6.6 x 10°° J/m3/Hz

| * Note that the at high rho, the line
ratio reduces to a simple function
of A-values and pulse duration.

/ ! | ! | . | ! IEE}I - f[}pmr N ”lRIdt‘l' Ni(t ( Puisc)

500 L0ao 1500 2000 2D - Is EY0
Time [fﬂ [F\—H fpu g \ ( )4 1dt‘|' \ ( pul@e)
rhaghp 3C high p
].':-".'I'lll'."rl"-'l. I'J'-;-'llll'].lf"'rl in ||rl..I .-n.l-'fl-\:.; stafe @5 a _|I.'|-rl..|ll-'..|1 "'.II. fime. L _ll;-_. .'l".|-1'- — 2 4?—}11(?}&{3[ —I_ 7\
ilts for the S0 trangifion [solid line] ond the $C fronsifion [doshed line). Reading from \ g "lzzltpu lse i \rhagh h
wesi fo fhe highest set of lines the resulis are for: p=ix 1007, w1079, 665w 1079, 3(_
. g . "1 1tpuisc 1
1075, and §x 00 Jimd Hz —
) 3D
ApStpuse +1




Fraction of emission after XFEL pulse

Results : excited populatlons
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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 p=2.6 —
6.6 x 10° J/m3/Hz
* Note that the at high rho, the line
ratio reduces to a simple function
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Results: the line ratio

3C/3D ratio
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Results: Stochastic pulses

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

e |tis a stochastic
set of 1-2 fs
spikes, with 1-2 fs
gaps.

e SO0 we generated
our own set of
stochastic field
densities.

[=r]
=

= o

Power (GW)

e @ = N
=

120 130 140

)
=
(%]
[=]
.
=
[5)

=
[=F]
=
-3
=
[wa]
=
(]
=
—_
=
=
—
—_
[}
—
(=g
=

—
[Sa]

[a—
=

p (10 b J/in 13;"[-12}

w

LAY NN

|
20 30 40 50 60 70 B8O 90 100 110 120 130 140 150
Time (fs)

=
T

Fig. 4.— Figure a) shows a typical experimentally measured XFEL profile for an 800 eV
pulse. Figure b) shows one of our simulated stochastic pulses as a function of time for an
average p of 4.6 x 107 J/m®/Hz The dashed line shows a homogeneous p of 4.6 x 1075

J/m® /Hz. The stochastic pattern continues for the duration of the pulse.




Comparison with experiment
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1
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Results
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Results
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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, |,

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.
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Conclusions

|t 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.




