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Partial ionization of carbon governs key physics in white dwarfs
and ICF plasmas

A lonization physics affects the EOS, 10'°
opacity, and energy transport

A Laboratory experiments can access __ 10° AT ps— e
the regime of partial ionization %‘; S amn s
=
A Carbon in white dwarf envelopes andg 10° rms
ICF capsules exists in a partially %
lonized regime =
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Simulations of ignition capsules are sensitive to the diamond
EOS

A This sensitivity is believed to be mainly in the 100 Mbar region
A A significant region in the diamond shell experiences pressures near and above 1 Gbar

1 Late time implosion and ignition conditions might be sensitive to the EOS at such pressures
T Hydro instabilities are dependent on the mass remaining, which is sensitive to EOS

Ignition shots have used a-8hock implosion Converging HDC ablator reaches pressures exceeding a Gbar
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i i
Over 97% of the stars in the Milky Way will become white dwarf

stars at.the”end of thelr nuclear burning phases

The study of WDs bears on a wig
range of astrophysical questions

A Detailed composition of
exoplanetary systems

A Aging stellar populations

A WD mergers and Typa

‘supernovae

~ To-interpret
astrophysical data,
we rely on numerical
models of WDs
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Over 97% of the stars in the Milky Way will become white dwarf

stars at the end of their nuclear burning phases

We expect WIzonvection zone’
to be partially-ionized making
their physicdifficult to model

Precision measurements are needed to distinguish between models thg'f‘tréét partial ionization differently

age courtesy of SLAC
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The states generated in the convection zone of white dwarf stars
are directly accessible at the National Ignition Facility

Compression experiments help open the field of

laboratory astrophysics

WD lonization
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Hugoniot intersection with interior model of a
cooling WD with carborrich envelope
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Convergent drive geometries and large lasers are required to
reach Gbar conditions in white dwarf convection zone

AThe Gbar platform uses a NIF Gbar Shock Platform
hohlraum to drive a solid sphere
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Convergent drive geometries and large lasers are required to
reach Gbar conditions in white dwarf convection zone

AThe Gbar platform uses a NIF Gbar Shock Platform

hohlraum to drive a solid sphere N220120001
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1.47 mm
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Convergent drive geometries and large lasers are required to
reach Gbar conditions in white dwarf convection zone

AThe Gbar platform uses a NIF Gbar Shock Platform
hohlraum to drive a solid sphere

N140529002
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Convergent drive geometries and large lasers are required to
reach Gbar conditions in white dwarf convection zone

A NIF Gbar Shock Platform

N140529002
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Convergent drive geometries and large lasers are required to
reach Gbar conditions in white dwarf convection zone

A NIF Gbar Shock Platform

Time
N140529002 —_—

A A streak camera records th
position of the converging shock
front

GDP—> -
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Convergent drive geometries and large lasers are required to
reach Gbar conditions in white dwarf convection zone

A NIF Gbar Shock Platform

Time
N140529002 —_—

A A streak camera records th
position of the converging shock
front

| - GDP Z TNy
Streaked radiographs directly measurery 1% Gedoped GDP—> Dlamond

attenuation and shock velocity in conditions
with well-known total mass
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The maximum pressure achieved In previous experiments on
plastic was limited by preheat

A Simulations suggest radiation sheft&nt preheat may have impacted the CH data > 400 Mbar

A Compared to CH, the high density of HDC makes it more robust to preheat, allowing us to compress to higher
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A Changes to the drive and hohlraum design enabled us to reach higher pressures still

Shock expected to be off Hugoniot in CH Gbar

experiments at highest pressures observed
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The maximum pressure achieved In previous experiments on
plastic was limited by preheat

A Simulations suggest radiation sheft&nt preheat may have impacted the CH data > 400 Mbar

A Compared to CH, the high density of HDC makes it more robust to preheat, allowing us to compress to higher
LINSadadzNkFa gKATS NBYFAYAY3I a2y 1 dA2yA20¢€
A Changes to the drive and hohlraum design enabled us to reach higher pressures still

Preheat in HDC targets expected to incur < 1% error New highpressure drive developed for HDC targets
in Hugoniot measurement at > 400 Mbar
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Three measurements on diamond were completed, designed to
reach 1.5 Gbar and to confirm the symmetry of the implosion

N2201191 (0.251.35 Gbar) N2212272 (0.381.5 Gbar) N2212282 (0.12¢ 0.44 Gbar)
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A Reduced hohlraum scale A Hohlraum: AuA DU (+ 5% pressure) A Confirm implosion symmetry

A Estimate + 35% in pressure A Faster rise in drive power (+ 6% pressure} Square hohlraum windows
A Improved uniformity of backlighter A Framing camera
A Improved diagnostic timing
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Streaked radiography data is analyzed through optimization of a
parametrized forward model

We calculatethe shockpressurep from *, D

Mechanicalstate of the shockdeterminedby measuring

any two variables appearing in the RankineHugoniot
relations

m(O o6) mO
mOé N N
X X prc(n n)(Im  pIm)

r» Sshockvelocity

0, gasvelocity

Z, massdensity

X, specificinternal energy
mkpressure

0, unshockedmaterial

1, shockedmaterial

Lawrence Livermore -
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Streaked radiography data is analyzed through optimization of a
parametrized forward model

We calculatethe shockpressurep from *, D

Mechanicalstate of the shockdeterminedby measuring

any two variables appearing in the RankineHugoniot
relations —_

m(O o6) mO
MO6é 1/ N — 3 equations

X X pfc(n n)EIm  pim)

—

r» Sshockvelocity

0, gasvelocity

z, massdensity 5 variables
X, specificinternal energy

mkpressure

0, unshockedmaterial

1, shockedmaterial
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Streaked radiography data is analyzed through optimization of a
parametrized forward model

We calculatethe shockpressurep from *, D

Mechanicalstate of the shockdeterminedby measuring
any two variables appearing in the RankineHugoniot
relations

m(O o6) mO
mOo6 n N
X X pic(n n)PIm  pim)
r» Sshockvelocity
0, gasvelocity
Z, massdensity
X, specificinternal energy
mkpressure

0, unshockednaterial
1, shockedmaterial

Rearranginghese equations,we calculatepressurefrom
the measuredshockfront speedandthe massdensity.

- == 1z (77 1z )
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Streaked radiography data is analyzed through optimization of a
parametrized forward model

We calculatethe shockpressurep from *, D

Mechanicalstate of the shockdeterminedby measuring
any two variables appearing in the RankineHugoniot
relations

m(O o6) mO
mOé N N
X X prc(n n)(Im  pIm)

r» Sshockvelocity

0, gasvelocity

Z, massdensity

X, specificinternal energy
mkpressure

0, unshockedmaterial

1, shockedmaterial

Rearranginghese equations,we calculatepressurefrom

Optimization

We simulate radiographsby forward Abel transforming
parametrizeddensityprofilesto calculateintensity:.

ooy OA Q(D cl (m hon@ Qé

Simulated data

Experimental data

Object
R
/ Detector
> Z
X-ray K\ /1
Y
X

the measuredshockfront speedandthe massdensity:. material,m.
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Streaked radiography data is analyzed through optimization of a
parametrized forward model

We calculatethe shockpressurep from *, D Optimization
Mechanicalstate of the shockdeterminedby measuring  We simulate radiographsby forward Abel transforming Object
any two variables appearingin the RankineHugoniot parametrizeddensityprofilesto calculateintensity. R
relations
Detector
MmO &) MmO o 0Agpcl (Vo &N '9(9 z
ra . Xray - E .
mOo n n Obijectivefunction:
X X pIc(n  nf)EIm  pIm) 5 5 5 X
,O € l') o e, Al m € e, Al m €
r» shockvelocity (© . i [orng  Cornd|
0, gasvelocity
Z, massdensity
X, specificinternal energy _ _
Experimental data Simulated data Error measure

mkpressure
0, unshockednaterial
1, shockedmaterial

Rearranginghese equations,we calculatepressurefrom
the measuredshockfront speedandthe massdensity:. material,m
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2D radiographsrepresenta complementarydata set, which have
beenusedin previousstudiesto confirm drive symmetry

A Previous ICF implosion Previously published NIF Gbar dahere measured from streaked radiographs

analysis ove rlapped Preliminarystreaked HDC analysis 2D HDC Gbar Data
many 2D radiographs to e TCLEOS o1 ]
improve the overall SNR © | - sesawe 7834
M 40> 1 ® Gregor -
.. ) ) ~ © ©  Knudson
A Discovered imprint from 2 Gbar data
polymer tent suspending & . | I
the capsule and resulting o
Sym m etry degrad atio N Gregor, PRB 95, 144114 (2017)
10° = Knudson, Science 322, 1822 (2008)
] Swift, arXiv:2203.08891 (2022) 749ns 851ns 949ns 9.96ns
A Potential to prOduce EOS 2.0 Colmpreslsion 45

measurements with
reduced uncertainty
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We reconstruct the set of 2D radiographs of diamond capsules to assess
Implosion symmetry and measure the shock Hugoniot

A We correct the nominal
maghnification, using the measured Initial target 2D HDC Gbar Data
separation between pinhole images

A For each frame, we mask spatial  gpp—,

fiducials, defects, etc. before 1% Ge ———pf  DlAMONG
I doped : '

Overlappmg GDP 0.98 mm

A We effectively integrate the image
over 200 ps

A Future work can improve the final . 851ns 9.49ns 9.96ns
Ir.na.ge qua“ty by assummg Self Backlighter Detector
similar scaling of the frames over |
short periods ( — N N .

\: > < > < > | < >|
7.5mm 7.8 mm 90 mm 540 mm Not to scale
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We reconstruct the set of 2D radiographs of diamond capsules to assess
Implosion symmetry and measure the shock Hugoniot

A We correct the nominal
maghnification, using the measured Overlapping frames 2D HDC Gbar Data
separation between pinhole images

A For each frame, we mask spatial
fiducials, defects, etc. before

overlapping

A We effectively integrate the image
over 200 ps

A Future work can improve the final 7.49ns 851ns 9.49ns 9.96ns
Ir.na.ge qua“ty by assummg Se” Backlighter Pinhole array Detector
similar scaling of the frames over | |
short periods ( ________________ e .

\: > < > < :I < :I
7.5mm 7.8 mm 90 mm 540 mm Not to scale
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We resolve the evolution of an indirectly driven diamond sample, tracking
the shock front and marker layer as the target implodes

7.49 ns2 frames overlapped

Strip 1 composite image Azimuthally averaged lineout
7000 — 7000 i ‘
shock front - 2 _ i |
| marker layer” _-=====x_ \ \ 6000 % 6000 ! |
3 S =2 5000 O 5000 i |
X — I |
4000 ¥ 4000 i |
=~ ! | /\/\
3000 ~—~ 3000 ' ‘
Fy : |
2000 ‘» 2000 ! |
c l |
1000 & 1000] ! |
E | [
0 0 ' ‘

0 20 40 60 80 100 120 140
Radius (pixel)

Preliminary analysis
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We resolve the evolution of an indirectly driven diamond sample, tracking
the shock front and marker layer as the target implodes

8.51 ns6 frames overlapped

Strip 2 composite image Azimuthally averaged lineout
7000 — 7000 :
1 shock front B 2 _
marker 1Y/ 6000 £ 6000
1 5000 O 50001
4000 ¥ 4000
o
3000 = 3000
2
2000 ‘@ 2000
-
1000 L 10001
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0 0

0 20 40 60 80 100 120 140
Radius (pixel)

Preliminary analysis
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We resolve the evolution of an indirectly driven diamond sample, tracking
the shock front and marker layer as the target implodes

9.49 ns8 frames overlapped

Strip 3 composite image Azimuthally averaged lineout

7000 . 7000 .

shock front . 2 _ i |
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Preliminary analysis
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We resolve the evolution of an indirectly driven diamond sample, tracking
the shock front and marker layer as the target implodes

9.96 ns6 frames overlapped

Strip 4 composite image Azimuthally averaged lineout
| 7000 . 7000 . ;
shock front 1) | i 5
| marker |Sc AR 6000 5 6000 : :
el
: 5000 O 5000] i i /’“\
— 1
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0 0
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Preliminary analysis
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We evaluate symmetry of the implosion by tracking features
subdivided angular sectors and assessing consistency

9.96 ns6 frames overlapped

Sectoring the 2D image  gg9 Azimuthally averaged lineouts Minimum attenuation by sector

A ‘ 65;
—~ 60004 variation in
28 l _
% is small
O 5000
E t
2 e T f t
T 4000
=
n
3
£ 3000

0 0 20 40 60 80 100 120 140 160 1 2 3 4 5 6 7 8

Radius (pixel) Sector (#)
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We also calculate the Legendre decomposition of the image,
often used to assess symmetry Iin fusion experiments

Contour »P) and Legendre fit Normalized Legendre Coefficients
oy
14 contour i = 1.0] II
0.8]
12 I Large g relative to a.
1.0 j :3 0.6 suggests the implosion was
1800 0J P II :
5 . symmetric
0.8 \ :3 04 I
0.6 0.2] II
0.4 0.0] —
270 o 1 2 3 4 5 6
a2 RS What you hope for
ay Dipole shift (centroid offset) Should be near zero (centered)
a Prolate/oblate deformation Key symmetry diagnostic should be small
ay Squareness or quadrupole distortion Should be negligible
a.and up  Higherorder "wrinkles", noise, or imprint Should be negligible
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Our measured shock trajectory shows excellent agreement with
predictions from radiatiorhydrodynamic simulations

AThe observed (61-67 km/s) oL (g/cn) Log0 (Mbar)
suggests we probedat 100 Mbar

40

: : . E 300
AWe can confirm (or challenge) this £ 20

hypothesis by extracting compression _
measurements via forward modeling

||hr i
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B
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Our measured shock trajectory shows excellent agreement with
predictions from radiatiorhydrodynamic simulations

AThe observed (61-67 km/s)
suggests we probedat 100 Mbar

AWe can confirm (or challenge) this

[
O
g 09) 7.49
g . 49 ns
2 0.8 8.51 ns
© 0.7 9.49 ns
= 0.6 9.96 ns
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3
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However, azimuthally averaged lineouts clearly indicate radiallsirying backlighting of the target, which must b
addressed before density profiles can be extracted via forward modelling
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We need to separate the contribution of the density profile from that of
the backlighter to the observed radial intensity variation

2DConA VISRAD Model

Uneven illumination viewed
Hohlraum through hohlraum window
by framing camera

Backlighte
15 um Ge
onC
substrate
curved tQ

R

-

Total laser power deposited
(TW/cnr)

0.0 I m 2029.3

An improved forward model will assert hydrodynamic consisteng

of the solution

Parallax provides important leverage to
break this degeneracy

h 4

We rescale to account for uneven backlighting
before combining images and fitting
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Next, we will fit the full radiography dataset with a hydrocode
based forward model

A We parameterize the EOS and opacity models in the fonwardel of the radiograph

A This method constrains experimental unknowns while enforcing compressible Euler equatiol

Hydrocode timeevolves density profiles Synthetic Xray transmission
1
12 < 500 Velocitydriven 300 '
_ Converging shock marker layer
8 | E =
2 | o 7 £
2 | | =8 Shockcompressed 3 2
- | IXB HDC sample o>
] L :
>
Ons¢1llns 300
0 - - - - - 0 0 L
0 500 2 4 6 8 10 -300 300
Radius (um) Time (ns) X (um)
Lawrence Livermore

National Laboratory Hydrocode by D. Swift; simulation by W. Martig\J\Y &% 33
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Shock Hugoniot data collected at the NIF can distinguish
between different equation of state models for carbon

10° 4 HDC preliminary . 4 pressure states exceeding a Gbar have been
1 — LEOS 9061 \' i measured via streaked-tdy radiography
---+ SESAME 7834 l
* Gregor A 2D data validate implosion symmetry and can

T 4L O Knudson /L provide high SNR discrete measurements of the

& 1~ bAl Hugoniot at 100 Mbar

O Gbar data

g N2212282 I A Next stage of the analysis will fit all radiographs

B | oosToOl Gbar o ° with hydrodynamic forward model

o 3 o 3 )

o A Experiments demonstrate the need to further
iInvestigate Kand Lshell ionization in highly
compressed WDM

3 | Gregor, F"RB 95, 144114 (201}7) i
10 e s osser oo, A We are pursuing a project to study the sensitivity

| | | | | " of ICF targets to the EOS in the Gbar regime
2.0 Compression 4.5
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Shock Hugoniot data collected at the NIF can distinguish
between different equation of state models for carbon

1of 4 DO || preliminary A Pressure states exceeding a Gbar have been
1 — LEOS 2017 \ measured via streakedray radiography
---- LEOS 2010 ) _ _ _

. | ® Knudson . A 2D data validate implosion symmetry and can
< 10 - Trunin \ provide high SNR discrete measurements of the
& ©  Podurets Hugoniot at 100 Mbar
O Gbar data
o 10" - A Next stage of the analysis will fit all radiographs
7 with hydrodynamic forward model
)

o A Experiments demonstrate the need to further
10° 4 investigate Kand Lshell ionization in highly
compressed WDM
Knudson, PRL 108, 09102 (2012) )
, Trunin, Usp. P, Nack 100, 143534 | A We are pursuing a project to study the sensitivity
10 1~ | | | of ICF targets to the EOS in the Gbar regime
2.5 Compression 4.5
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2D radiographsrepresenta complementarydata set, which have
beenusedin previousstudiesto confirm drive symmetry

Frames were overlapped by

A Previous ICF implosion projecting into the plane of the target

analysis overlapped
many 2D radiographs to
Improve the overall SNR

/

X G2 3IASYSNIaGsS | O2Y
capsule with improved SNR

e e tuore JE. Field etal. Rev. Sci. Instrum. 85, 116503 Q\JAY S 35
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2D radiographsrepresenta complementarydata set, which have
beenusedin previousstudiesto confirm drive symmetry

APrevious ICF implosion 2D radiographs revealed a key source of asymmetry in ICF
analysis overlapped -

many 2D radiographs to
Improve the overall SNR

A Discovered imprint from
polymer tent suspending
the capsule and resulting
symmetry degradation

M Lawrence Livermore . . o
Nafional Lag,z,,ato,y J.E. Field et al. Rev. Sci. Instrum. 85, 11E503 IV S 29
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The EOS of partially ionized carbon is a critical piece in models c
WD, WD mergers, and their pulsations

A Driven at the bottom of the superficial convective layer
A Convection caused primarily by physics of partial ionization (EOS, opacities)

A EQOS tables previously untested in this regime
Diamond Hugoniot
- l[”]ﬁ . . T . z 'I : z . 3
g 10 diamen dcC 3
A B,=3.515g/em’ :
Driving of / : ;; 1000 P
pulsations z 2
= a. 190 ~ K shell
-~ ionization
10
EETRTER I 2 3 b 5
i@ P/ P
D.Saumon ANAY S 40
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Backup plan for probing oxygen ionization features at
higher pressure: liquid C{Oshot date 10/26/26)

Simulated C@Hugoniots, given different initial densities CO2 phase diagram
1x10% T T T T T
"FPEOS_mixture_Hugoniot_rho0O=1.6.txt" u 4:10
1 "FPEOS_mixlurc_Huionim_rhoﬂ:l A4uxt"u4:10 l 40 =
1x107 L :E;Eg:_m?lum_:usoniol_r:ﬁi: .(2).lxl: u 3:3 -
"FPEOS:mixlurc:Huzoniol:rho()=0:8jlx(" u 4;10 l 20 oy Sup.er-
critical
1x10°E 2
- = 100- co,() fluid
100000 | S 80 - CO,(s) Critical point
: § 30.98°C
£ lowok 1:)‘ 60 - 216 K 72.79 atm
= 1.18 g/cc
100d & 40 Triple point
-56.57°C 5.11 atm
100 |- 4 \ E 20 - Cog(g)
10 . L k : : 0 T T T 1 1 1 T
i ¥ C ‘ i ¥ & -80  -60  -40  -20 0 20 40

rho / rho0

Temperature (C)
A Cryo team has demonstrated temperature control at T~220 K without a shroud (will liquify ©O®@2aarn)

A Simulations of xay phase contrast of CO2 capsule fills confirm that we expect to be able to detect bubbles

ALY LINPINBaay K2g (G2 LINBOSYUG /hu FNRY a2f ARATEAY A Blyli NBALDSEKOE A ySa O6KSI

Lawrence Livermore

National Laboratory N “ngﬁ';‘g“ 41

LLNL-PRES-XXXXXX National Nuclear Security Administration



CKSNBEQa y2 akK2NIF3IS 2F / 9h{ Y2ZRS
called in simulations of ICF implosions and WD stars

Carbon Hugoniot Py = 3.515g/cm?

106 E lllllllll ' lllllllll ' llllllll I lllllllll I lllllllll 5
- FPEOS
5 |- =
10 3 Tartarus R
PAMD
104 & LEOS 9061 -
=
<
g =
< 1000 | -
A - SES7835 ]
3
- . STELUM
100 £ | pcopE E
10 3 3
g Ll Levvseri Lovviiien Lo inines lovev i
1 2 3 4 5 6
P/ Py
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We measure the Hugoniot of C, O, andd0Omixtures

10°
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We are pursuing a project to study the sensitivity of ICF targets
to the EOS In the Gbar regime

den [g/cm?] p [Mbar]

1200 ' 20.0 1200 1000
_/ HDC ablator (multilayered, W-doped)
. . 17.5
1000 DT ice 1000
. 800
DT vapor A\ L 15.0
800 800
12.5
600
9 600 L 10.0 @ 600
o o
z 2
- 400
7.5
400 400
Pressures exceeding a Gbar
o achieved in HDC near
- e bangtime, though these <N
S states are far off the
Hugoniot
0 ' ’ 0.0 0 0
0 2 4 6 8
Time [ns] Time [ns]
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Correcting for the radial variation in the backlighter intensity is
critical to forward model the frame data

7.49 ns2 frames overlapped

Strip 1 composite image Azimuthally averaged lineout
_ 7000 . 7000 :
shock front . v
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Correcting for the radial variation in the backlighter intensity is
critical to forward model the frame data

8.51 ns6 frames overlapped

Strip 2 composite image Azimuthally averaged lineout
7000 — 7000
{ shock front 2

6000 S 6000
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Correcting for the radial variation in the backlighter intensity is
critical to forward model the frame data

9.49 ns8 frames overlapped

Strip 3 composite image Azimuthally averaged lineout
7000 . 7000 ,
shock front 2 !
“ 6000 S 6000 ! i
| I
5000 3 50001 E
T 1 [
4000 & 40001 ! /\/v
=~ I I
(@ ] |
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Correcting for the radial variation in the backlighter intensity is
critical to forward model the frame data

9.96 ns6 frames overlapped

Strip 4 composite image Azimuthally averaged lineout
7000 . 7000 ,
1 shock front 2 ! 1
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5000 3 5000 i
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o l %
3000 =~ 3000 |
= | |
N 2000 % 20007 Raw image i
R ed, xR, | 1, . |
e 1000 = 1000 BL—correcteFI Image
0 0 . 1 I

0 20 40 60 80 100 120 140
Radius (pixel)

Lawrence Livermore -
National Laboratory N ",Sff}f,“ 48

LLNL-PRES-XXXXXX National Nuclear Security Administration



Preheat contributes a small error to the Hugoniot measurement,
less than a percent at the highest pressures probed

T vsr at various times Tore VSTgp Tore VS Ry
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By overlapping the frames in likstrips we improve the signal to
noise ratio of the 2D data

A For each frame, we mask out
spatial fiducials, areas blocked
by the pinhole array, image
defects, etc. before
overlapping

A Overlapping effectively
Integrates image over 200 p

A Future work can improve
overlapped image quality by
assuming seilsimilar scaling
the frames over short perioc
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Streaked radiograph directly measuresray attenuation and the
shock velocity, D

Object parametersp) Detector
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Next, we will extract measurements of compression by
optimizing a forwardmodel fit to the transmission.

A The full forward model will also factor in the finite resolution of the measurements
from geometric pinhole and velocity blurring
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