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Measuring the ionization state of mid-Z
traces for white dwarf astrophysics

W.M. Martin, R. Falcone, T. Doppner, S.H. Glenzer, L.B. Fle'tcher, A. Bergermann, D. Bishel,
on, J. Kline, S. Hansen, M. Mac J. Nilse®,.E.Kemp, X. Xia

White dwarfs

A Final state of most stars, with hundreds of thousands identified to date

A 25-6An XE| M ° zaXxX©°9JK °-KKA° - «Z Z3 -2 JNN3X°XT °KJ«X°J3E
A Inferring exoplanetary composition requires accurate models of ionization-dependent diffusion

At NIF, we can access the conditions where metals are depleted from white dwarf surfaces by imploding hydrogenic
wetted, metal-doped foam targets.


https://drive.google.com/drive/folders/12-y1bGFEUJgvN0v_cEUzJf08U2XhFinV?usp=sharing
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8 M’ X3‘}4§’X'T Z2X°JHK °-KBA° - «Z X
attuﬂauté‘d’f‘() the“a’cm‘e.tlan of planetary debrls

Artwork: SLAC
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8M° X3 AEXT z2X°JK °-KKAPO
attributed to the accretion of planetary debris
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Pollution of a DA white dwarf

Planetary debris
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Gansicke B. T., etal., Nature 576, 61 (2019).



l 8 M° X3 AXT z2X°JK °-KKA° - «Z

attributed to the accretion of planetary debris
kil

The inferred abundances reflect a

Pollution of a DA white dwarf balance between ongoing accretion
. and elemental diffusion through
Planetary debris \ -
H convective and radiative zones
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Bauer, E. B., &Bildsten, L.,ApJ 872, 96 (2019).



8 M° X3 AXT z2X°JK °-KKA° - «Z
attributed to the accretion of planetary debris

The inferred abundances reflect a
balance between ongoing accretion
and elemental diffusion through
convective and radiative zones

gravity chemical thermal

T
'Ti

p: background A H
Q. tracer A Fe

Mid -Z pollutants are
typically partially ionized

Experiments to
NEESIGEEN
effective & to
constrain models
are needed

Bauer, E. B., &Bildsten, L.,ApJ 872, 96 (2019).



8 M° X3 AXT z2X°JK °-KKA° - «Z
attrlbuted to the accretion of planetary debris

gravity The inferred abundanc_es reflectg
balance between ongoing accretion
and elemental diffusion through
convective and radiative zones
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Mid -Z pollutants are

Mass fractions accreted onto WDs typically partially ionized
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Siyi, X. and Bonsor, AElements: An International Magazine of Mineralogy, Geochemistry, and Petrd[2@g1).

Sinking equations are used toinfer overall accretion
rates and relative accretion rates of different elements,
both of which are proportional to diffusion velocity:

@ v @
W 0 [ Of
l.e. you correct the observed fractions by 70 , which

depends strongly onwg , further compounding the
sensitivity to ionization !
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8 M- X2 AEXT z2X°JK °-KBKA° - «Z
attributed to the accretion of planetary debris
e ‘.4“ :

The inferred abundances reflect a
balance between ongoing accretion
and elemental diffusion through
convective and radiative zones

With sufficiently accurate physical models, WD pollution offers by far the most precise method
for measuring the bulk composition of exoplanetary material

Experiments to
measure an
effective & to
constrain models
are needed

l.e. you correct the observed fractions by 70 , which
depends strongly onwg , further compounding the
sensitivity to ionization !
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Siyi, X. and Bonsor, AElements: An International Magazine of Mineralogy, Geochemistry, and Petrd[2@g1).




T —— -
Modeling diffusion at the base of the convection zone, where ’
matter IS subject to strong thermal and pressure ionization, IS

highly uncertain

Yy

lonization of an Fe tracer Here the plasma ispartially ionized, electron -
26 degenerate, and moderately to strongly coupled D
NIF conditions 25 conditions that challenge both first -principles methods

- 24 and molecular dynamics simulations.
\We will study conditions relevant for DA and DB

/ 22 WDs that are sufficiently cool for astrophysical
21 observations of metal pollution

23

20 WD CZ and NIF experimental conditions

10-1 100 101 102 10_1 100 101 102 T ::r:BﬂightcapsuIe
K (g/0m3) " (glcm3) Stagnating capsule

Hotspot (bangtime)
Hotspot (post-bangtime)

Theoretical models yield discrepant predictions,
i° particularly in asymmetric light/mid -Z mixtures "y 10!
| ¥ " cz (d/cc)

We will measure the charge state of an Fe tracer under the conditions where
experimental benchmarks are neededD states only accessible at NIF!

Heinonen, R. A., et al. ApJ (2020). N\



Experimental approach: Couple X-ray spectroscopy with
complementary measurements of temperature, density, and
pressure to directly constrain ionization models

From X-ray emission and fluorescence spectra we determine the charge state of an Fe trace

L Fe-doped, H-wetted foams fluorescence and emission Line shifts and ratios reflect the charge state of the tracer
e B i I ; 1 —
8 H KO Y | Hey Lydp - {SCRAM S 6430 e 20 g/cc +
i i 100 eV — 6425 7140 & 10
5 6 ¥ i 200 eV § 6420 % Het Ly
= 41 ¥ 1 110keV 7 6415 1200 g 8
£ i : Q 6410 ©
S 9] ¥ : i 1.5 keV a o _
5 2 A satelites | ) 1 x 6405 e °
0 A > L A § 6400 2080
y - o 0 6395 [ 4
6300 6400 6500 6600 6700 6800 6900 7000 7100 7200 239 & 246

Energy (eV)
a XJ A3 XaX«?©

Radiography constrains Neutron and X-ray hotspot emission Noncollective XRTS
2US gl vilidletes niig nTOF X-ray emission Penumbral imaging 10
1200 1.0. T T T v T s .
- £ 08!
S Contrast at 6.25 ns 5]
e . Fe-doped: 38 % § 0.6+
= - 189 =
E Undoped: 18% % 0.4l

shock L < oo

Zn He-{| BL
1200 00keaaz” . NEN 7 0.0 - —_- - 0=
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Time (ns) Time (ns) Time (s) X ¢ m) Energy (keV) Energy (keV)

Nilsen, J., et al., HEDP (2016). | Bachmann, B., et al., RSI (2014). | Glenzer, S.H. and Redmer, R, Rev. Mod. Phys (2009).



Target requirements: Foam spheres and capsules, doped with Fe
and wet with D ,, to incorporate mid Z-tracer in a hydrogen-
dominated background

Sphere, uniformly doped Sphere, locally doped Wetted foam capsule Dry capsule
1154 Hm O 1154 Hm _ﬂﬁh o o _—
JT0HM TR / IT0HM TN / 932Hn —  \ib i 032 Hn — G
30 mg/cc foam 30 mg/cc foam 0.2 g/cc foam
30 mg/cc foam 170 mg/cc D, fill 5 at% Fe dopant 5 at% Fe dopant
5 at% Fe dopant 170 mg/cc D fill
170 mg/ce D, fill - e 40Hm i 832 Hm 832 Hm
v 5 at% Fe dopant v 0.6 mg/cc D, vapor Void
2 cryo shots 2 cryo shots 2 cryo shots 1 warm shot
Spheres overfilled with liquid D, to ensure saturation of the foam Liquid layer imaged before the shot Dopant enhances image contrast
Filled via a 2ém SiO, tube and tented in a cryogenic, He-filled (0.3 mg/cc) Au hohlraum
Gyr0|d membrane Spherical lattice Stochastic foam ~ X-rays confirm critical layering Doping 2PP
< R7 N R % Foam capsules
QN Shot on OMEGA
LCLS spectra from metaldoped 2PP foams
E 10t — Co-doped foam
é 100 K Inelastic = Undoped foam
(' NG ‘ XRTS E— Undoped solid
Shot at OMEGA &= Firy o
_ _ 10 A .
Our design has been reviewed by th_e £ Loz W : al, POP (2029
NIF targets team (S. Bhandarkar; T. Briggs) 74 76 78 80 82 8.4

Energy (keV)



Laser requirements: Use demonstrated pulse shapes to

drive the hohlraum and backlighter

Gbar

Hohlraum Backlighter
176 beams 16 beams
44 quads 4 quads

0.8 MJ 7.7 kJ/beam
340 TW

4 ns

XRTS Implosion
(and 2DConA)

Hohlraum Backlighter
184 beams 8 beams
46 quads 2 quads
361 kJ 5.7 kJ/beam
75 TW
9ns

1 AN

P b M\

Gbar: Kritcher, A. L., et al., Nature (2020). Swift, D., et al., RSI (2018XRTS:Ddppner, T., et al., Nature (2023).CBI

Total power (TW)

Total power (TW)

willowm@slac.stanford.edu| HEDS Division
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Diagnostic requirements: Add the NIF X-ray Spectrometer to
the Gbar and XRTS implosion platforms to look through the laser
entrance hole D no new diagnostic development required

Gbar A NXS for Fe fluorescence and emission
Top down view

MACS for non-collective XRTS

90-315: DISC <---- (®

Streaked radiography DISC for time-resolved radiography

14
0-0: NXS + DISC
Streaked spectroscopy

A
A
A nTOFs for hotspot T,
A SPIDER for hotspot T,
A

DIXI for hotspot density

XRTS Implosion

Top down view

Capsule

Hohlraum NXS MACS Hotspot diagnostics

113J —_—ll - - ————— DISC photocathode nTOFS R DLXI ,
crystals e
%k‘ r,& n(sno) B ';f’
m F-,ﬁ(—f-n-—- ; WER
TCC ' T B .
* X 0" ;,/: ._‘:”,';:- - :mns) = g
0-0: NXS + DISC 90-78: MACS + HGXD e Bl = ;
Streaked spectroscopy Non-collective XRTS
ol Ar> . L
=i~ Willowm@slac.stanford.edu| HEDS Division 14

NXS:Ma, T., etal., RSI (2016). Hill, KW., et al., RSI (20161ACS: Ddppner, T., et al., Nature (2023).nTOFs: Moore, A.S., et al., RSl (2023)SPIDER:Khan, S.F., et al., SPIE (2012RIXI: Ayers, M.J., SPIE (2013).



Shot plan: We propose a two-day, four-shot campaign
building on established NIF platforms

Streaked spectroscopy X-ray self emission

Gbar
. . Neutron
Side view o
emission w_
4x4
Streaked radiography <--7 «— laser
i beams
Penumbral
imaging 4~

XRTS Implosion

Top down view

Capsule

s 2x4
laser

beams

Hohlraum

I/ s Au shield
' LEH shield
v
Streaked spectroscopy XRTS spectrometer

L,%\-G willowm@slac.stanford.edu| HEDS Division

(%))

Platform Gbar
Positioner TARPOS
Target Foamsphere
Dopant Fe
Fil &U

5 XJ "~ A 3Skdck radiography

Day 1 (FY28) Day 2 (FY28)

Gbar
TARPOS
Foam sphere
Fe, layer

& U

Shock layer XFS

Platform XRTSImplosion
Positioner cryo-TARPOS
Target Foam capsule
Dopant Undoped
Fill &U

5 XJ° AZ3Negr-stag. XRTS

XRTSImplosion
cryo-TARPOS

Foam capsule

Fe

& U

Near-stag. XRTS + XFS

These challenging experiments will leverage

cutting -edge target fabrication methods
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Shot plan: We propose a two-day, four-shot campaign
building on established NIF platforms

nTOF NXS SPIDER
Gbar A
Side view /4
e 4x4
DISC <---------==- A laser
i beams
DIXI «~

XRTS Implosion

Top down view

Capsule

N 2x4
laser

beams

Hohlraum

e Au shield
> |EH shield

NXS MACS

SL,%\-G willowm@slac.stanford.edu| HEDS Division

Platform Gbar Gbar
Positioner TARPOS TARPOS
Target Foamsphere Foam sphere
Dopant Fe Fe, layer
Fil &U & U

5 XJ "~ A 3Skdck radiography Shock layer XFS

Day 1 (FY28) Day 2 (FY28)

Platform XRTSImplosion
Positioner cryo-TARPOS cryo-TARPOS
Target Foamcapsule Foam capsule
Dopant Undoped Fe
Fil &U & U

XRTSImplosion

5 XJ° AZ3Negr-stag. XRTS Near-stag. XRTS + XFS

These challenging experiments will leverage

cutting -edge target fabrication methods
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Measuring the charge state of an Fe tracer will improve
lonization models D advancing our understanding of WD
Interiors and enabling exoplanet composition inference
from astrophysical data

Action items Multi -E -pghoton lithography
A Adapt XRTS implosion platform for cryogenic experiments £l '045 - E2: 760 nm Metal-doping
_ _ (& ()
A Execute offline tests wetting foam Gbar spheres "" ‘“
A Demonstrate localized doping via multi-E 2-photon lithography 'é*:?_?{»;_‘
A Perform rad-hydro simulations resolving evolution of foam ;,Y’Z{r}{ ~
microstructure 5\:{)}{
Fe-doping 2PP foams Crosslinking Deprotecting Metal ions

€- Photoremovable protecting group

¥’ Photopolymerizable monomer

200 um
— @ Metal binding site

SL,%\-S willowm@slac.stanford.edu| HEDS Division

X. Xia, M. Yasa



Measuring the charge state of an Fe tracer will improve
lonization models D advancing our understanding of WD
Interiors and enabling exoplanet composition inference

from astrophysical data

aAbo

Al ~ EXJ®W CX | JA&X

TITAN

Cuvette

Wetted foam

C. Schoenwaelder

SL,%\-G willowm@slac.stanford.edu| HEDS Division
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Thank you for your time!







Strategy for localized doping utilizes multi-wavelength two
photon lithography

ABlD 3aA006«2d « ° JO9 «z °-KE2 X3 phAnlte polgmePmechahicadl structdife {(dielectfic) « | X T « X©° C- 8 |

ABU 3 UKA«2d ~°J°o JKKE NKXJAEX NI3ZM-EEK N -8 Ja «X °3-0XNOXT °|]-°.- 3
A The unprotected functional groups can then bind or react with targeted dopants (metal complexes)
A Locally convert/create/activate metal domains spatially INSIDE 3D lattice

Multi -wavelength two photon lithography
Developed at LLNL (Xia, Yasa)

" Femtosecond lasers iy o " Jd
M | 2-axis galvo M: 760 nm, A2: 1045 nm ol T45 nm a2: 760 nm - [ ] [ o ] [ ’ ]
1 scanner P a Y ) i 1 ! i
| (3 (e postprinting Metal su s s

- -~
— Objecti
,T, -1 Scan lens | Obtﬁ:ve :ee:swe g I’OWt h / CVD
y (g - -
/\ Objective
Tube lens ___lens :24 € Photoremovable
5 " e ,({)2.—‘ protecting group
8 " Yf ,
25 3 " ) I— pe }f Photopolymerizable
£ 28 Objective & : 4 monomer
"8 } lens 5\:?(1 )2\7
[\
Dual-wavelength L.\ e—— Resin - "' Metal binding site
femtosecond laser 3-axis stage A Printin - - . -
9 Crosslinking Deprotecting Metal ions
substrate

(A}

S  Willowm@slac.stanford.edu| HEDS Division



Additional ionization models predict the charge state of Fe
In a hydrogenic background

lonization of an Fe tracer

207 100 eV 26

251

24

231

Paquette
SCRAMNLTE
SCRAMLTE
21} DFT-AA-LTE
TF-LTE

20/ SCHIS
SCH-EK

10-1 100 101 102 101 100 10t 102
" (g/lcm?) " (g/cm?3)

22]

f—_;L,%\-s willowm@slac.stanford.edu | HEDS Division



Our capsule implosions and hotspot measurements will
constrain ionization models in two different regimes to be
confident that it is suitable for a range of WD conditions

0.6 ¢ WD convection zone -base conditions vs predicted experimental conditions

1077 DA WD, no overshoot (Heinonen)
| — DB WD, no overshoot (Heinonen)
| @ In flight capsule

{1 ® Stagnating capsule

Hotspot (neutron bangtime)
Hotspot (post-bangtime)

T (K)

WD cools

106 //.\ CZ boundary sinks

1071 100 101 102 103
P (g/cc)

SL,%\-G willowm@slac.stanford.edu | HEDS Division 23

Heinonen, R. A., et al. ApJ (2020). | Koester, D.,Géansicke B. T., &Farihi, J., A&A 566, A34 (2014).



Al X A«NX3°] «°E J« XE-°KJ«X02Z’
possible convective overshoot models is dwarfed by the
uncertainty introduced by in ionization models

Simulating the ratios of pollutants at the surface of a WD accreting an earth -like exoplanet, assuming two different
ionization models (Paquette vs Thomas Fermi) and assumptions of convective overshoot

3] Source (exoplanet) mass fractions| | Paquette
0.4 4
é 0.3 1
2 02]
0.1+
0.0 - T T T - T -
& o 2 © & ® @ o S © @ ®
051 Thomas Fermi, | 1 Thomas Fermi,
0al No convective overshoot | | Plus convective overshoot
g 0.3 1
£ 02
0.1 A
0.0 - T T T - T T T
<@ o & © o w @ o] 2 ® I ®

f—_;L,%\-s willowm@slac.stanford.edu | HEDS Division 24



We will run 3D hydrodynamic simulations with xRAGEto
inform our choice of foam microstructure

Density of a 35 mg/cc foam for homogeneous (left) and lattice -resolved (right) simulations
depicting shock interactions with varying lattice geometries

S0-Gegroe %N re £5 Segree e

- - -
'
| - -
| "..\' -

15 degree lattce

(32/3) Ausuaq

SLAC willowm@slac.stanford.edu | HEDS Division

Lester, R. S., et al. "Influences of Shock Imprinting on Mix in a 3Bprinted Porous Media," HEDP (2025).
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Foam targets have been fielded on the Gbar platform in previous
experiments, where streaked backlighter imaging data did an
excellent job correcting radiography data

Radiography data (90-124) Backlighter data (90-315) Corrected radiography data

D_Gbar_Gbar FOAM_S02

Time (ns)

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

Position (mm) Position (mm) Position (mm)

f—_;L,%\-s willowm@slac.stanford.edu | HEDS Division



We propose a slow, ramp-like drive, previously fielded to
Implode a plastic-coated target (N230128 -001-999)

A slow, layered implosion with a low -opacity Be shell and near zero remaining mass for CBI radiography of 150 g/cc hydrogen

3.64 mm
21.9 um
A Be - no Ar GDP

976.4
50.0 um Be

hydrogen (HT) ice
83 ym

E hydrogen gas
- O (25/75 HT)
N
—
— 0.3 mg/cc He
v
6.72 mm

A

v

HR drive: 361kJ, 75 TW, DI = 1.0A
Implosion velocity; ~ 200 km/s

SL,%\-G willowm@slac.stanford.edu | HEDS Division

Luetgert et al., Phys. Plasmas 29, 083301 (2022)

Tr (eV)

-
w
[=]

100

w
(=]

(=]

Radiation Drive
I B A

Radial

Density Profile after

capsule-only
simulation 3 sof
- T Hot
o % Spot
Hohlraum - () HT
simulation - 100} ( )
- 2
- @
Peak Tr: 185 eVf k)
— o 50f
[7)]
<
=
0

Ablator
High material
compression (Be)
Hydrogen

(HT)

20

40 60 80 100

Radius (mm)

27



Implosions fielding wetted-foam capsules have been
successfully executed at the NIF

CH foam-lined Au near-vacuum
HDC capsule hohlraum
HDC Ablator

Ry 80T quid |

DT vapor + CH foam
\ 10.13] |
© - mm ’

DT liquid = 0.22 g/cm? .
CH foam = 0.035 g/cm? Toyo =20-26 °K
DT vapor = 0.6 — 4.0 mg/cm?

55_,%—3 willowm@slac.stanford.edu | HEDS Division



