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Outline

« We are developing diagnostic
strategies for a magnetized ICF : 7
plasma concept, MagLIF [1]

neutrons

X-rays

r~100 um, v ~ 10 cm/us,
p~1g/cm3, T~8keV,
Ba&x ~ 100 MG, At ~ 2 ns
Y > 100 kJ

- increase v, p, & Y = NIF [2]
decrease At & (B)

« While neutron yields are the bottom line in ICF, x-ray spectroscopy can be a
powerful complement to neutron diagnostics. We are leveraging a strong
history of spectroscopy on Z:

- extensive instrumental capabilities
- advanced theoretical atomic modeling (LLNL & SNL)
- new radiation transport & post-processing capabilities

- A tale of two plasmas:
- similar neutron signals
- profoundly different x-ray spectra
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Z has extensive
spectroscopic instrumentation
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o

We routinely field up to eight

100 & under development
spectrometers per shot, :
spanning the spectral range 0l (Vi
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Ti Heo, (III
Spatial, temporal, and spectral resolution are all important.
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Hybrid level structure [7]
ensures statistical
completeness in high-n
states, multiply excited
states, and d.r. channels...

We have developed reliable non-LTE
atomic models with spectroscopic accuracy
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Fine structure (FAC) levels are
combined with terms (UTA)

... While retaining
spectroscopic accuracy
in resonance lines,
important satellite
features, and emission
from metastable states.
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To keep things tractable, we only model in detail what can be measured in detail
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At the extreme conditions of interest to ICF,
multiple density effects must be included

- Stark and collisional effects lead to line broadening and shifting

- The substantial “sea” of free electrons weakens the binding of high-n electrons, leading to
continuum lowering and plasma polarization line shifts

- with increasing collisionality, multiply excited states can dominate the populations, resulting in
an explosion of statistical weight even as the number of bound orbitals decrease

1.0 e A A e — S
(N \ )
0.8 | AN g ey,
S
3061 |
E \ | — experiment [9]
5 04 - \ | — hybrid model
= '\/« doubly excited UTAs (n<5) ———-Ne-like fs + UTA
02 - 252 2p5 nl — 252 2p* 3d nl T~ 150 keV .
. FS 252 2p6_) ne ~ 10220m_3 —— Ne-like fs + UTA + SC
0.0 2s? 2p° 3d high-n doubly & triply excited SCs
800 900 1000 o ergy (ev) 1100 1200 1300
Fine structure lines, UTAs, and supplemental SCs [10] all contribute to good data fit
with only ~10° lines (vs. >107 for a fully fine structure model) ]
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A good atomic model is not enough:
self-consistent radiation transport is critical

Time-gated, radially resolved expt. spectrum

Imploding
plasma NN/ photons from shell edges

are unshifted (v = 0)

photons from shell
center are maximally

shifted (v = v) Model with full transport including Doppler effects

Gradients & absorption along
instrumental line of sight can lead
to complex emission signatures

[ 12 13 14
wavelenglh (A}

We are developing a tabular, iterative on-the-spot approach that fully integrates Doppler effects,
determining self-consistent emissivities using 3-D ray tracing in Cartesian geometry and
generating spatially resolved line profiles for ions and mixtures of arbitrary complexity [11].
Self-consistent transport is important both for diagnostics
based on simple plasma models and for post-processing simulations
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These x-ray spectroscopy capabilities
complement neutron data for ICF plasmas

1E-18 - Z
1+ —DD neutrons
Neutron yields alone are 1~ — DT neutrons (80)
indiscriminate: — 13keVphotons
6 keV photons
1E-19 - —— 3 keV photons
R = n{hp < 6p7Vien(T) > Vol [n/s] 2 ]
A given neutron yield can be sk
generated by a multiplicity of burn o4
plasmas whose density, volume, <V
temperature and duration 1E-20 +
satisfy Y = RAt
More extensive neutron diagnostics
can constrain pr and T,,,, but they do
not (easily) reveal gradients, mix, B... 1E-21
0 2 4 6 8

T (keV)

High-energy x-rays (> 10 keV) of dopants co-located
with the fusion fuel [12] are reasonable neutron proxies

12. Wilson, J Phys Conf Ser (IFSA) 112 022015 (2008) ~0.1% Kr degrades yield by ~30%
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Consider two fusion plasmas
with identical yields:

For both, the neutron diagnostics suggest pr ~ 0.5 g/cm? and T, ,, ~ 8 keV;
but the measured yield was a factor of 10 lower than expected.

Case 1 Case 2
p ~ 100 g/cc (nominal) p ~ 10 g/cc (low!)
r ~50 um (nominal) r~ 100 um
Tion ~ 3.5 keV (low!) Tion ~ 8 keV (nominal)

X

o
0.1% Si & C 0.1% Si & Cvp

Fuel was incompletely thermalized; B ~ 2x10*T increased secondary
residual v ~ 30 cm/us broadened NTOF [13] DT neutron production

Even fusion plasmas that have similar yields, burn durations, and neutron
signatures can underperform for very different reasons.
How would we know?
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The emitted x-ray spectra
are dramatically different
1E+19 -
1 —case 1 (low temperature) e/Ae ~ 900
—— case 2 (low density)
>
Q0
0
g Cu K-shell |L
o absorption
()
1E+18 = oy & Kr L-shell
+ Si K-shell
emission &
absorption
Kr K-shell
emission
1 E+1 7 T T T T T T T T T
1000 3000 5000 7000 9000 11000 13000 15000 17000 19000

photon energy (eV)

There are profound differences in the widths of emission & absorption feat

emission line ratios, and the depth and position of absorption lines.

ures, \
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High-energy photon emission
constrains the temperature of the fuel core

1E+19 - He B
——case 1 (low temperature)
—— case 2 (low density)
Li
E sat.
v
£
(@)
=
m k
1E+18 7]

14700 14900 15100 15300 15500

| Kr K-shell T's 8 koK
12500 12700 12900 13100 13300 13500 13700 emission
1E+17 \ T T JI[ T | T T T T T T
1000 3000 5000 7000 9000 11000 13000 15000 17000 19000
photon energy (eV)
Absent strong absorption, continuum slope and line ratios are good thermometers. \
Opacity effects in the o features can inform pr.
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~Optically thin lines can reveal information
about implosion velocities and magnetic fields 14

1E+19 -
1 ——case 1 (low temperature)
—— case 2 (low density) |ﬂ
—B=0
% B _200MG 3pP3i2- 281/2 |
@ i
: i i
% ] Kr L-shell 3pi2- 2812 !
c o is broadened more
emission 4 by Zeeman splitting
1E+18 T
: | | ~
L Y S T T Kr K-shell 3% 13550 13;100 134‘150 13500 13550 1
: : : : emission
1E+17 | 2310 | 2320 23?0 2340 | 2350 2369 | | | |
1000 3000 5000 7000 9000 11000 13000 15000 17000 19000
photon energy (eV)

A naive reading of neutron data might overestimate case 1 T and case 2 pr.
Motional and Zeeman broadening could also lead to an overestimate of density \
from the x-ray emission.

Sandia
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Densities in core and shell can be assessed
by continuum lowering and plasma polarization 1°

1E+19 -

——case 1 (low temperature)

—— case 2 (low density) B, v & satellite lines are

: broadened & shifted;
- « Si K-shell i
> emission continuum edge
X Cu K-shell truncates high-n series
g€ absorption
o k
© Cu L-shell
emission
1E+18 +
Si

Cu KP absorption
features reveal

| | | shell prand T Kr K-shell

8000 8200 8400 \_/ ‘ : : ‘ ‘ pmlqm‘nn

5000 7000 9000 11000 13000 15000 17000 19000
photon energy (eV)

These effects are distinguishable from other broadening mechanisms. Ultrahigh
densities are the only way to produce absorption or emission below cold

(Both Stark and plasma polarization shifts must be modeled). T Sandia

15. Nguyen, Koenig, Benredjem, Caby, and Coulaud, PRA 33, 1279 (1986).
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Mixing of shell dopants into fuel
has profound effects on the emission
1E+19 -
i case 1 (low temperature) \
case 2 (low density)
——case 1 with 10% mix

> —— case 2 with 10% mix Cu K-shell
X emission
@
§ Cu K-shell (core)
S absorption
® (shell)
1B+18 7 oy & Kr L-shell

+ Si K-shell

emission & U»\,M

absorption

Kr K-shell
emission
1E+1 7 T T T T T T T T T
1000 3000 5000 7000 9000 11000 13000 15000 17000 19000

photon energy (eV)

If mix is confined neatly to fuel edges, temperature and density gradients can be
determined by analyzing Cu (Ge) emission features just as we did for Kr.

Localized dopants can provide additional spatial resolution.
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Mixing of Ge-doped CH has been observed on NIF

|I||ll[I||I|||||I|IlIIIIIIIIIII"

”152bnl-1:‘:2p nl 1 Hammel, Scott, Regan et al.
0 ‘_"' el | [Phys Plas 18, 056310 (2011)]
- 1P | have measured & analyzed Ge K-shell

% | ] emission & absorption from jets of
T { ablator material, determining (T, p) e
5. T 1 (T, pr)gne» @nd estimating the mass of
g v . | entrained ablator material.
£ / /T e

i ot "’J‘;“"“" | Future NIC experiments will include Si

1 (Cu, Zn) doped layers to reduce cold

R ==Hml - Ge opacity and add spatial resolution.

Photon Energy (keV)

| With Br/Kr dopant in the fuel, additiong
FIG. 12. X-ray spectra from absolutely calibrated x-ray spectrometer, . .
recorded on 1.3 MJ Rev 5 Symcap implosion (Fall 2010) showing Ge He- data on the fUS|On plasma and Its
at ~10.25 keV (resonance [IP—IS] and intercombination [3P~'S]), clear evi- ; ;
gradients could be obtained.

dence that Ge has entered the hot-spot. The cold Ge in the surrounding shell
results in 1s® nl-1s2p nl absorption on the low energy side of He-x, and
absorption above the Ge K-edge which strongly attenuates He-f and the

free-bound (f-h) continuum. Spectrum is integrated over the full spatial MeaSUfing SI K/Ge(CU) L mlg ht inform

extent of the emitting compressed core. She” Ve|OC|t|eS & p
Sandi
From Hammel, Scott, Regan et al., Phys Plas 18, 056310 (2011). '11 gioﬁ?l_
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Conclusions

« X-ray spectroscopy is a powerful diagnostic:
- Emission signatures in x-ray spectra tell us about the temperatures,
densities, pr, velocities, fields and mix in the hot cores of ICF plasmas
- Absorption signatures tell us about temperature & density
gradients and pr of the pusher
- Spectroscopy can resolve ambiguities in neutron data and
provide strong diagnostic data to help constrain simulations

* The tools required to exploit x-ray emission from ICF plasmas include:

- instrumental capabilities to see a large range of photon energies
with adequate spatial, temporal, and spectral resolution

- advanced, spectroscopically accurate non-LTE atomic models
reliable at arbitrary densities

- post-processing capabilities that can account for motional Doppler shifts,
self-consistent photopumping (including fluorescence), and which can
generate simulated diagnostic data for comparison with experiment
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Diagnosed density, temperature, and velocity profiles

-

I S—— e (4815 1y (MIEC)
! = = = - temparature (ka)

2+ S a N e iM 0% 0N velocty (mming)

14

] —_—
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plasma radius (mm)
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With full transport and tabulated model, we can
reproduce the major features of multiply resolved data

L-shell, t = - 4ns

Wi gL

Mi Heo

Cu

2p-3s

Model (self-consistent + absonption)

10 S 11 | o 12 - 1 | - 1 - 1.4 1.5 1.6
N / wavelength {.ﬁ}\ ngth (A)
o ST _ . - Relative
Comhpact Zm'ss'(g‘ fr(;m glgdhly Line profile splitting intensity of Sandia
C arge 1ons exienae & asymmetnes ~4o/o NI m lNaal;(II:‘IJrg?EllrieS

emission from Ne-like
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Collisional-radiative models: atomic levels (states)
coupled by atomic processes (rates)

Example: He- and Li-like ions

' 1s 32
Notsa
131 = \ 152141
Is2p \ %ils%%
> Is2s
9 / 18212
o -
o 182 —— :
\ 1241
A
15231
1s22p
_v 1s22s

Collisional excitation
& de-excitation

Photoexcitation
& radiative decay

Photoionization

& radiative recombination
Collisional ionization

& 3-body recombination
Auger decay

& dielectronic capture

A variety of codes, (RATS, FAC, Cowan...)
databases, (NIST, ATOMDB...), and
approximations (screened hydrogenic, Lotz...)
provide energy level structure and rate data

— with varied accuracy.

19

Collisional and spontaneous rates form

a rate matrix that is inverted to
determine level populations.

With populations and radiative rates,
synthetic spectra can be constructed
and used for plasma diagnostics or
radiation-hydrodynamic simulations

Li-like
satellites

"\ Hew

v)
l/A/LJkM/Vk Te=15keV

N’“ f Te=3.5keV

Hea

(w)

Lyo

6500 6600

6700 6800
photon energy (eV)

6900

7000

Example: K-shell Fe emission spectra
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Low-density “coronal” models
generally use high-accuracy atomic data

Coronal atomic models are widely used for EBIT, tokamak, and astrophysical
sources, where low densities ensure that population is concentrated in ground states

Al ——LLNL EBIT (E_beam = 18 keV)
Si” Mg —— fine-structure model
Na

Ne

metastable

Example:
L-shell Au emission
from LLNL EBIT [1]

| ==

——LLNL EBIT (E_beam = 18 keV)
nlj model

2ps/2 - 3s172
MM T r L o
MJA,««_»—».«-.-..,M,._ .,_A_WVW“NAN\‘ \J W ‘.».M.-.A-\,m_-m..-M-.M_h.n-..-»—\_-M/\,‘»ﬂ!"l,MM\'\M“:!

9000 9500 10000

2ps3s2 - 3ds/2

enrgy (eV) 10500 11000 11500

Low-density emission spectra are well-modeled by fine-structure models with only
singly excited (coronal) states. Less accurate models generally do not capture the
effects of metastable levels or configuration interaction.

Sandia
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average ion charge

21

18

16 +

14 +

12 +

10 +

Dielectronic recombination is critical
for accurate collisional-radiative modeling

Recent non-LTE workshop results illustrate the importance of d.r.
— and the challenge of getting it right.

Average ion charge of Argon at n, = 10'2cm-3

models without Auger/d.r.

models with Auger/d.r.

ion population

50 150 250 350 450 550
Temperature (eV)

05 Charge state distributions at T .= 200 eV

6 8 10 12 14 16 18
ion charge

For coronal plasmas, global d.r. rates can be used (e.g. Mazotta [2], Bryans [3]),
but these do not guarantee accurate satellite emission and are not valid at high densities.

[2] Mazotta et al., Astron. Astrophys. Supp 133, 403 (1998)
[3] Bryans et al. Ap J Supp 167, 343 (2006)
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For complex ions, extensive
fine structure models become intractable

While the number of singly-excited,
“coronal” levels remains reasonable
with increasing ion complexity, the
number of levels required for an
extensive model grows
exponentially.

However, only “complete” models
with extensive multiply-excited
structure can accurately account
for dielectronic recombination
and satellite emission.

22

number of levels

1.E+07

Fine Structure
"extended” .

1.E+06

Fine Structure

1.E+05 " "
coronal

Configurations

1.E+04 "extended"

1.E+03
1.E+02
1.E+01 i
1EB+00 ——7 7 7+

1 23 456 7 8 91011121314 151617 18
number of electrons

Superconfigurations
"complete”
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Heroic modeling efforts can give excellent
agreement with high-density experimental data

Red = MUTA

JIlIIlJ|lJI[JIl‘.Ll

C Ay o e

-90.8 WM'\M F'M AP AR

8 06 - ‘ . "[‘ q?

g~ \ ” — experiment

204 - -

E 02 | 2322 2p56_) doubly excited SCRAM

= 0'0 2s” 2p° 3d 2s2 2p° nl — 2s2 2p* 3d nl — Ne-like

800 900 1000 energy (V) 1100 1200 1300
LANL’s MUTA [4], a huge fine-structure model with more than 107 transitions
(some averaged) matches measured Fe L-shell transmission [5] very well,
— as does a smaller hybrid-structure model [6].
[4] Mazevet and Abdallah, J. Phys. B 39, 3419 (2006) Sandia
[5] Bailey et al. PRL 99, 265002 (2007) | National
23 [6] Hansen et al., HEDP 3, 109 (2007) .
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Extending configuration interaction (ClI)
from fine structure transitions to UTAs is key

Cl energy shift coronal fine structure
= L extended fine structure
< ‘—l extended UTA
il | 17t
L‘E>
[ : ( : : : : ; : : \ ‘ ; : : : (\ ; ‘ ‘ ﬂ /m
extended hybrid
2p1/2- 3da2 extended fine structure
20an- 3515 %030-3dse complete hybrid (+ extra SCs [9])
2pni-3dnl
2p1/2- 38112 28172~ 3P3p2
p N 2842~ 3P f -
2p nl-3snl 2p3j2- 3daz _ NI \,\/\\\\ “ 2s Zl=3p n;, -
700 750 800 850 energy (V) 900 950 1000
Each nlj — nlj transition in each ion has its own CI corrections
obtained from the overlapping sets of fine structure transitions and UTAs [1]
Sandia
[1] Brown, Hansen et al. PRE 77, 066406 (2008) | Natonal
Laboratories
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K-shell spectra are the traditional workhorses
of spectroscopic plasma diagnostics
o8 — — — — — — -
Hep
1 T Te=20eV : Increasing temperature at a fixed density
127 Te = 400 eV 0.06 + increases ionization, shifting characteristic emission ‘
Te = 2000 eV Heo: and absorption features to higher energies
@ 101 T Te = 4000 eV | cold KB
5 e = 6e23/cc loaf 004+ (3p-ls) ‘
> i
% 081 oK Lip Hey ‘
5 cold Kat 0.02 1
< o6t  (2p19) varm Kp Hed
3 warm Ko N J ’
S g4l 0.00 F—==f== P — AR EASS pR.—- — ; et |
= 7 f‘a‘% 9400 9600 9800 10000 10200 10400 10600 10800 11000 11200 11400 11600 11800 12000
I
sz e e ey
8400 8700 9000 9300 9600 9900 10200 10500 10800 11100 11400 11700 12000
photon energy (eV)
0.08 + Hep
Increasing density at a fixed temperature o= BeRloo
!\ . 9 . . Y . . P . ne = 6e23/cc (~solid)
. ) increases collisions and ion-ion coupling,
ChangeS N 0.06 T Lip leading to line broadening and continuum lowering —ne=6e24/cc
P Te = 2000 eV
temperature and .
density have 004 1 |
. ‘ [
signature effects on k
.. 002 + I\
K-shell emission | Ho
0.00 i : : = — | ; :
10200 10400 10600 10800 11000 11200 11400 11600 11800 12000
photon energy (eV)
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Reliable hybrid models offer new
' ' iti ith L-shell
diagnostic opportunities with L-shell spectra
121 —Te=10eV Ne-like
| qes N-like
_ Te=100ev / \ Increasing temperature at a fixed density
2 107 Te =500ev O-like ; increases ionization, shiftin
c IINETERETS Te = 1000 eV . C-like . s ’ 9 .
; P characteristic emission and absorption
g 087 ne=6e22/cc F-like features to higher energies
e
&
> 087 cold Lo warm
2 (3d-2p) Lo
2 o4+t cold LB Na-like
= ] (4d-2p) \
02+ X\\ ; ' :
0.0 dde N\ V) e T e ‘ ; ‘ ; ‘ ; BN W SN
. Ne-like
2T —ne=6e2l/cc
2p1/2 - 3d22
ne = 6e22/cc Ne-like Increasing density at a fixed temperature
10 T ne = e23/cc (~solid) 2pg2 - 3ds2 increases collisional destruction of
0g | Te=500eV metastable Ievels3 decre'asmg
! 2p-3s / 2p-3d line ratios
06 & Ne-like
. Ne-like 2s1/2 - 3pa2
04+ Zpaz= 3812\ jike
............ 2p1/2 - 331/2 ’
0.2 + M ‘
"""""" M ," ”W' ’JVL\’MTA\,\_,JMMW‘ 4 -
0.0 e A AW : e ‘ : ‘ ; ‘ i e e e e
1550 1650 1950 2050 2150 2250 2350

energy (eV)

L-shell diaghostics have attractive features including unambiguous
temperature dependence and resolution-independent density sensitivity
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Self-consistent radiation transport is
important for optically thick plasmas

re%—shilfted line frgm ”bea(;‘ blue-shifted line from
Imploding Cu plasma shell by cool outer co-moving unattenuated
plasma\region /

2.5
photons from shell
edge are unshifted 501 Cu —

2p-3d /ﬂ"?f* |
15 , ,iig"' \’\\\
%1.0— ,//, 1)//”‘\\\

photons from shell s ,‘,'\\ /I/l/ S\
center are maximally g 0.5 - / ‘

- RN
shifted and absorbed —— \Q\t
only by_co-moving ions 00 =

plasma conditions:

}
! 1
' 1
. nion = ion density ! -0.5 -
. Te = electron temperature !
' ' 1.0 ‘ ‘ | |
I - - - I
+ Peak emissivity at shell center | 1086 1087 1088 1089 1090 1001

energy (eV)

Opacity effects can lead to complex signatures in radially resolved
spectral lines (c.f. Jones, Maron, et al.)
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Accurate non-LTE models benchmark the fast in-line
models used in radiation-hydrodynamics simulations

101315—|||| T T T=C LT TT] T T T T T =3

Most in-line radiation transport in multi- ; S [ = 429
dimensional models has limited i — DCA__ (<Z>=43.0)] ]
spectral resolution (“groups”) 10" E E
SO spectroscopic accuracy is not : ;
required. However, completeness is
necessary for reliable <Z>, power
losses, and opacities.

emissivity (J/cm3/sec/eV)

Spectroscopic-quality hybrid models
with ~ 3 - 60 min runtimes can be used

to benchmark the faster models (e.g. CE et E
DCA [9]) used in radiation- F o T.mdkey E
hydrodynamic codes. 108 ke nl A

7 5 456
10° 10
energy (eV)

4

Computational constraints in multi-D rad-hydro limit
atomic model runtimes to <~ 1 second!

Sandi
[9] Scott and Hansen, HEDP 6, 39 (2010) A Natona
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Intensity (arbitrary units)

o ¢
SN
Ll u
Reliable hybrid models offer new
L] Ll Ll Ll u
diagnostic opportunities with L-shell spectra
12+ —Te=20eV
| Ne-like O-like
1.0 Iz - gggoe\e/v F-like Increasing temperature at a fixed density
R Te ~ 4000 &V ‘ N-like increases ionization, shifting
] - ; ; ; characteristic emission and absorption
08 T ne = Ge23/cc Na-like i ; : i features to higher energies
cold Lo, B i i i o N
087 (3c-2p) cold LB
(4d-2p)
04 1 warm
02 +
0.0 IR A —
104 Ne-like
’ — ne = 6e22/cc Ne-like 2012 - 3dzs2
ne = 6e23/cc (~solid) 2p32 - 3dsi2 | Increasing density at a fixed temperature
0T e 6e2d/cc ! increases collisional destruction of
0 | Te=2000eV . metastable Ievels3 decre'asmg
: Ne-like 2p-3s / 2p-3d line ratios
7 2pg2 - 38172
06 1 \
04 + ‘
02+ ' ) "1 “ﬂ b %
0.0 :7 . I A“ Nt M’ 4 ,N\W\_’M B SR A ”"‘"\—3?‘”;:"-4\_ I
3800 4000 4200 4400 4600 4800 5000 5200 5400 5600 5800

energy (eV)

L-shell diaghostics have attractive features including unambiguous
temperature dependence and resolution-independent density sensitivity
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Temporally and spatially resolved spectra
contain a wealth of information about the emitting plasma

Imploding Cu/Ni plasma shell

brightest i d .
rightest on Inner edge Lshell t 2975 L-shell Cu/Ni data, t ~ - 4 ns

photons from shell edges
are unshifted (v = 0)

=
o |
=]
=
—
=

photons from shell
center are maximally

T T T . For optically thick lines,

plasma conditions: | .
central Te ~ 3 keV : red-sh|fted_ photons are absorbed
1 by co-moving plasma while blue-

SCRAM (thin

~ 21 -3
pgzt Iri]r?e-c1ecr)1tef:1~1 00 shifted photons are transmitted,
P T leading to line asymmetries 'H 'll II.1 I‘ [

transport are both essential for modeling optically A

thick emission from complex plasmas. >
wavelength

Reliable atomic models and self-consistent radiative
(SCRAM thin + abs; no transport
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Reliable atomic models require
complete level structure and accurate atomic data

Example: He- and Li-like ions,

Nos4l
Is2p
> 1525
(@)
-
o
C P i
o 1s2

1s 3]l ==

=\
W

/

lil

1s 32

[Em—
72}

~

N

~

1s2131

1s 22
AN

15241
1s231

<
<&

1s%2p
1s%2s

/

Collisional excitation
& de-excitation

Photoexcitation
& radiative decay
aVaVAVAV o

... synthetic spectra

Photoionization

& radiative recombination
Collisional ionization

& 3-body recombination
Auger decay

& dielectronic capture

A variety of codes, (RATS, FAC, Cowan...) databases, (NIST, ATOMDB...),
and approximations (screened hydrogenic, Lotz...) provide energy level structure
and rate data — with various degrees of detail and accuracy.

Generally, only fine structure data includes the configuration interaction effects
and detailed transition structure required for spectroscopic accuracy...
but fully fine structure models are computationally intractable for complex ions.

Sandia
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¥ A hybrid-structure approach [1] combines

the strengths of fine-structure and UTA/SC models

~200 fine structure ~14,000 (800) rel (non-rel) ~100 superconfigurations [4-5]
“coronal’ levels (FAC [2]) configurations (FAC [2]) (screened hydrogemc/LIMBO)
A 2s 2p%3° = = (12(2)7(3)7(m)"(n)"
2522p53523p°32 == =
2s 2p83s23pf3d = 2s 2p®3s23pf3d = ——
2s22p%3s23p%3d = _ _ __________ | 2522p®3s23p%3d = = (1)2(2)8(3)8(m)*(n)"
: Extend : 3ds4/2 = =
- | configuration | : = =
o | interaction effects| ~ 3s23p*4l2 = =
< | from fine structure! S —_—
I — — 2(2\8(1\7 1
o | transitions to UTAsi dal = = (D*2°@3)"(n)

L el 35%Bptad 4 = =1 |
3s 3pdl = | PPINg | 3323'022: = = | Split SCsinto nlj |
3s73pral - = | | 3s°3p = — | states for spectra; |

| = | 3 = = | useLIMBO[B] | —]!

| = | : = = | transitions shifted [ 7!

= 3s23p*3d? = = ! - |

3s3pfad = | =F == | asopad = = | accordnglo FAC |

3s23p53d = | == | 3%ped = = | dataand SC —

36238 — L___ W ¥ | 3g23pS - — | spectators ____:

Coronal fine structure for singly Supplemental configurations for ~ Supplemental superconfigurations
excited states - configuration doubly excited states provide ensure statistical completeness

interaction and metastables. continuity at moderate densities. and converged d.r. channels
[1] Hansen, Bauche, Bauche-Arnoult, and Gu, HEDP 3, 109 (2007) [4] Scott and Hansen, HEDP 6, 39, (2010) '11 Smgtf!dial
[2] Gu, Astrophys. J. 590 1131 (2003) [5] Hansen, Bauche, and Bauche-Arnoult HEDP 7, 27 (2010) Laborories

[3] Hansen, Can. J. Phys. 89 (2011) [6] Liberman, Albritton, Wilson, & Alley, Phys. Rev. A 50, 171 (1994)
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Including line absorption while neglecting
transport photopumping is worse than treating an
optically thick NLTE plasma as optically thin.

plasma condit_i(;r;é' """ . For optically thick lines,

central Te ~ 3 keV
peak ne ~ 102" cm3

peak line-center T ~100 ) . :
__________ leading to line asymmetries

Accurate 0-D atomic models are not sufficient

are unshifted (v, = 0)

photons from shell
center are maximally

. red-shifted photons are absorbed
i by co-moving plasma while blue-
' shifted photons are transmitted,

>

wavelength

__ SCRAM

to model optically thick lines in complex plasmas

(SCRAM thin + abs; no transport

thin)

il

MLAICUEL RS LCIl <+ 24975 L-shell Cu/Ni data, t ~ - 4 ns

=
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Approximate self-consistency is
relatively straightforward for uniform, static plasmas

Self-consistent methods with analytical frequency-integrated escape factors Pes¢ [1,2]
can be used for arbitrary geometries. They converge quickly but neglect line overlap.

Hea . 10
d T
. . . — 2.5 keV, /cc Cu pl ithd =
The effects of photoexcitation ina ~ <x>=2dfor o ke¥, Tmalec Cu plasma with d =1 mm
regular solid depend on the mean ~ "Minite slab os | —" N
I— : ——slab
chord <x>, while photoabsorption woomg || T "1 —owe
. . <X> = 4
depends on the line of sight [3] for cube
Self-consistent level populations: | |
multiply Arad & Rrad py Pesc(k<x>) g 1 overlap Wil satelfies tou
<X> = d | — pencil
. — pancake
Emission profiles: for “pencil h ,
| = j/x(1 - 7); T = kxLOS _LOS
<x>=nh ]
Photoabsorbtion along x-0S for “pancake -
can be larger or smaller than .
photoexcitation across <x> 1 tinlike
Neglect of satellites
can lead to ~ 30% error T | \
<x> = 2/3d 8250 8300 8350 8400

energy(eV)
for sphere

[1] J.P. Apruzese JQSRT 23, 479 (1980) Sandia
[2] J.P. Apruzese JOSRT 25, 419 (1981) | National
[3] G.J. Phillips et al., HEDP 4, 18 (2008) Laboratories




Even with uniform plasma conditions,
level populations vary in space

Axial (top) and radial (bottom) emissivities:

. . . . . 0.0
Consider uniform cylindrical plasmas with 1 § Averyetal, (1969) ;
two-level atoms; the geometry is defined by | — Apruzese & Giliari (2010) ™= 100
axial and radial optical depths and the source = 997
function is determined by non-local transport. 2 ]
“Pinhole” images of the emission intensity from two cylindrical plasmas: ST l
Tol’a |a=5
] )
-1.5 +
thm_llm_lt_
20 VTt e b e ———
20 -15 10 05 00 05 10 15 20
logio(to™™)
0.0
7,2l = 50 To2 = 50 1« Averyetal. (1969) T ¢
T2dal = 5 7o'l =100 | — Apruzese & Giuliani (2010) 794 _ 100
-0.5 +
s
Monte Carlo [2], multi-frequency, and non- T
local escape factor methods [1] all predict 2 0 :
significant global photopumping from the thin j =5
limit of log,,(S/B) = -2, with the highest 15
intensities at plasma center. ]
| thin limit.
2.0 T T e e e e e ——
20 15 10 05 00 05 10 15 20 andia
[1] Apruzese & Giuliani, JQSRT 111, 134 (2010) logo(to*™) {:gglrgta[lmes
[2] Avery et al., JQSRT 9, 519 (1969)



On-the-spot approximation [1] can
approximately account for bulk photoexcitation

A
,

1) Tabulate emissivities and opacities from self- ~
consistent escape factor models on grids of T, ‘
ni,n,» and plasma size (t°f)
V\\\ P //
2) Determine frequency-averaged escape ~L //
factors Pe = / j(v)edv/ [ j(v)dv along various /;/: ........ >
lines of sight (8 — 14 rays) and find angle 1 A
average <t°f> = -In(<P¢>,) for each plasma x />/(/ B
element S )/ /
-7 Y
¥ '
3) Set j(v) of each plasma element to the \
tabulated j(v) of the self-consistent model _ N
with 18 = <7effs (+ symmetry speedup) Key approximations:
- all absorbed photons are returned
4) Transport emissivity to detector to originating cell (partially local transport)
along instrumental line of sight - self-consistency is enforced only by table

(no iteration on plasma grid)
- opacity is dependent only on T, & n,,
- escape factor method has its own
inaccuracies
Sandia
ﬂ'l National

Laboratories

[1] Thornhill et al., Phys. Plas. 8, 3480 (2001)



log1o(S/B)

log1o(S/B)

0.0

05+
1.0

15+

0.0

-0.5

-1.0

On-the-spot method does not
accurately capture non-local transport effects

+ The on-the-spot method is explicitly
photon conserving and accounts for the
bulk effects of photopumping on the total
line intensity.

+ It also captures the trend of increasing
intensities with optical depth.

+ Tabular and analytic (S/B = (1+P¢/e) )

1 § Averyetal. (1969) /f/fi
1 — Apruzese & Giuliani (2010) .4 779 = 100
tabular on-the-spot
: 4 ri I Toradial =5
20 +————tr———t———Ftrr—rrtrrr——t
-2.0 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
|0,Q10(Tna)<ial)

on-the-spot methods agree.

1 = Averyetal. (1969)
1 = Apruzese & Giuliani (2010)

1 tabular on-the-spot .
] /
i I i

15 +

/-‘{
radial
To =

100

- However, because the edge cells will
never have <P®>, smaller than ~ 0.5, the
method under-predicts edge intensities
and over-predicts intensities at line center
(photons emitted from the center are
absorbed at the center, rather than
transported to the plasma edge)

__ Minimum <t is enforced by cell size
(linear grids require ~10¢ cells)

dial
logio(to™™)

y/ radial
| !_(’VV// < To
'2.0\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\www}www
2.0 15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Weighting the escape probabilities and iterating
significantly improves the on-the-spot method

0.0
Instead of weighting angles | 1 Aoy oltar (1969 20t0) L
equally, weight according to the 05 Miswork
total intensity incident on the cell 5 1
along each ray: S L.l

w ~ X S, j(v)eTwdvy

] :
45+

Then normalize the total final

mOTS (1% iteration)

intensity to that of the initial 20i . mOTS(s" feraton
on-the-spot iteration to conserve 20 45 10 05 00 05 10 15 20
photons. . l0g10(xo™®)

: & Avery etal. (1969)
Convergence to ~1% percent is | T Apruzese & Giuiani (2010) : % =100

. . . 054 this work
reached in ~5 iterations. 1

10+
. . 1 (]
This iterative approach captures | * e
more of the non-local transport 15l
behavior and better matches the ’ P OTS (1 Heration)

more sophisticated models. 20? - moTS (" eration

20 -15 -10 -05 0.0 0.5 1.0 15 2.0

I radial Sanlila
og1o(to ) rh National
Laboratories

log1o(S/B)




The modified OTS transport model handles
complex geometries, spectra, and Doppler shifts

Eulerian grid & tabular approach has
conceptual and computational advantages:

1) Tabulated spectra are calculated once _ velocity
for each element for cubes with 1, ~0.3 to differences for
~300 (for hv = 200 — 20 keV on 3x10% Doppler shifts / Instrument
frequency points!) then mixed & R a” E LOS

interpolated for custom materials A

2) 1D and 2D plasma geometries can be  ~_ P4 Doppler shifts
spherically or cylindrically symmetrized N \
for significant computational savings, but A
full 3D is possible

3) Rays for angle-averaged escape 7 AN _

factors are taken from cube center to / \ weighted escape
cube corners; velocity vectors can be g \ factors with shifts
mapped once to these rays and to \  calculatedin 8 -14
instrumental line of sight directions

4) Fast convergence (~10 min for 10° cells, fully 3D)

The transport model was developed with GORGON, a 3D Eulerian Cartesian code, inmind.——
Handshakes with this and other codes are under development. r‘h yandia

Laboratories




log10(S/B)

log1o(S/B)

no Doppler (top) & with Doppler (bottom)

Including Doppler effects reduces
photopumping and changes line profiles

Radial source functions:

0.0

-1.0 T

45+

1 = Averyetal (1969)
1 = Apruzese & Giuliani (2010)

-05

— this work

14 rays, 5 iterations, T = 50

dial
1:Ora ial _ 5

8 rays, 3 iterations, 10> =17

2.0
20 15 10 -05

0.0 0.5 1.0 1.5 2.0

logy o(Toradlal)

0.0

20 +—+——rt—rrrtrrtr

1 = Averyetal. (1969)
1 — Apruzese & Giuliani (2010)

05 | — this work

14 rays, 5 iterations, T = 50

dial
Tora ial _ 5

with imploding velocity
Doppler shift ~ FWHM

)

8 rays, 3 iterations, 1™ =17

20 -15 -10 -05

0.0 0.5 1.0 15 2.0
log1o(to™®)

fcoaxial =17

fcoradial =5

400

200

—200

—400

Plasma radius

400

200

—200

—400

-100 0 10D

-100 O 100

Plasma radius

Radially resolved spectra

Plasma radius

.
2994

L I L L L
299.6 999.3 1000 ‘1002 0004 13006

Photon energy

L
959.4

99.3

Photon energy

995 “000

No Doppler in transport
THIN with Doppler in line

symmetric line ¢

No Doppler in transport
With Doppler in line & abs.

asymmetric line

“hollow” core
& asymmetric line

il
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Additional comparisons that more stringently
test the transport model are underway

In collaboration with NRL, we have defined an

1E-02

8-level model of H- and He-like Al and 1 solid - NAL
performed calculations for a cylindrical plasma | dashed -- SNL
(Te= 05 keV, nion= 1020/CC, h= 20mm, = 1mm) | transport ,
see J. P. Apruzese talk this afternoon c ] error ~ 30% ¢ 22" et

= Hea, o[ coupling/self-
NRL computes full multi-angle, multi-frequency & '5% - coneistency
transport for each line and performs fully self- 3
consistent coupling of transported photons and g

1 o

level populatlons. % tabulation/ interpolation error ~ 20%

g . (on top of escape factor method errors)
Comparisons with the modified tabular gIR04 T Heallin e oo e commm—
on-the-spot approach reveal consequences of =
various approximations: spatial gridding, Yot
spectral tabulation, transport method, and T _ _
Coupling Consistency. Tmin liMited by uniform grid

1E-05

Despite these limitations, the approximate 0.001 0.01 01 1

x=1 - plasma radius (mm)
Lya: 7o ~ 100x

Sandi
—N R L rl1 {gagg]r:s?;ries

model produces reasonable results for bulk
photopumping and emergent lineshapes.




Transmission

Transmission

Extensive level structure is critical
for high-density absorption spectra

1.0 ﬁ Wl 'Wm '”Y"‘W \\\"m A [T (A{‘ ‘
038 - ‘ Mw F ﬁ | J .
Al ,
| : \ 1] ‘ 1 |

06 |/ | | |
04 1 | — experiment [2]

) — fine structure (coronal)
0.2+ T~150keV — Ne-like

ne ~ 1022cm-3

T
1.0 o
0.8 -
0.6 -
04 - — experiment [2]

' — UTA without SCs
0.2 | 252 2p6— doubly excited — Ne-like

252 2p5 3d 2s? 2p° nl — 2s? 2p* 3d nl
00 T T T T T T T T T 1 T T T T T T T 1T 1 T T T T T T T 1T T T T T T T T T T 1 T T T T T T T 1T T T
800 900 1000 ay (V) 1100 1200 _ 1300
UTA model with extensive structure reproduces overall absorption
but misses detailed features el

[2] Bailey et al. PRL 99, 265002 (2007).
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Despite these weaknesses, the approximate
method gives reasonable line shapes and intensities

Photopumping and opacity effects
significantly alter relative intensities:

— Hea

g 1E+12-

e}

> . . .

% —— thin populations, no absorption

3 ——8ray, 5 iteration [TOTS

..é‘ i v‘;zgga |7¥’I§ 172:111%5 1726._%:5 1723.301,’ 1730.3 1i5 1732.3 2.'5 1734.3 3.5

g energy displacement (Doppler widths)

e

£ 5ET NRL and SNL Lya line

g profiles show strong

(%] . .
Lyor line-center absorption
EK: Hep and are in reasonable

\JK& agreement
OE+OO J} T T i T T T i T T T i A T T
1550 1650 1750 1850 1950

energy (eV)

Sandia
m National

Laboratories




