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Point Projection X-ray Radiography
125+ years ago

W. Roentgen 1895
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Compton Scattering

100 years ago

A. Compton 1923
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Elastic Inelastic

Series November, 1923 Vol 22,

THE

PHYSICAL REVIEW

THE SPECTRUM OF SCATTERED X-RAYS!

By ArtHUR H. ComMPTON

Free or bound e~ with I.P. < Compton shift scatter with downshift; tightly bound e- scatter unshifted

Free and bound e- will exhibit different velocity distributions
So we have potential measure of ionization state and velocity distributions
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Compton Scattering and Fermi Statistics
100 years ago

A. Com pton 1923 The Compton Scattering and the New Statistics.
By S. CHANDRASEEHAR, The Presidency College, Madras.

Elastic Inelastic

(Communicated by R. H. Fowler, F.R.8.—Received June 20, 1929.)

However, at the time, paraphrasing:

"Compton scattering by electron-gas
or bound electrons (in solid) will not be
influenced by range of temperatures
available in the laboratory”

a

10 eV I.P. and T, >> Static T,

Clear challenge and motivation to extend to plasma domain
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But that connection to the distant past was not the trigger

A. Com pton 1923 The Compton Scattering and the New Statistics.
Elastic Inelastic By S. CHANDRASEEHAR, The Presidency College, Madras.
| : D :
|+ '1 O — (Communicated by R. H. Fowler, F.R.S8.—Received June 20, 1929.)

However, at the time, paraphrasing:

"Compton scattering by electron-gas
or bound electrons (in solid) will not be
influenced by range of temperatures
available in the laboratory”

a

10 eV I.P. and T, >> Static T,
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Instead each capability (realized or not) spawned (- - - - - ) the next
Reality was closer in spirit to what E. Teller once said about NIF

We develop/envisage new capabilities precisely because we don’t know what those
capabilities will enable

1980s 1990s 2000s 2010s 2020s
Shell Metrology Ablation and
: ~ Refraction Shock fronts
Hard X-ray Backilit
- — - — — | Enhanced —
Sources Apertures ) Interfaces
< Radiography
Diffusivity?
HO& ICF Symmetry / HEDS Planar
Soft X-ray X-ray Compton Fuel p(R)
Laser T Thomsc_)n ~ = = Radiography —_ Visual RKE
Scattering? Scattering
\ Low Z Dense — K shell
Plasma occupancy?
Characterization
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1985 - Novette Soft X-ray laser at A = 200 A
Can we measure Thomson scatter off its own plasma?

= [=4 [=
lengths approach the soft x-ray regime. cm long by displacing the two beams axially.
The purpose of this Letter is to report the first
results from new experiments on thc nconlike col-
lisional excitation scheme. We describe the first con-
clusive demonstration of a macroscopic-sized gain i

T

GIS

medium which exhibits substantial amplification of at =
least four 2p°3p-2p%3s transitions in sclenium, with GIS b
the largest being observed for the /=2 to 1 lines at (\\ N
206.3 and 2096 A. The transition with the largest N —
predicted gaig),“"q the J=0 to 1 transition at approxi- / "“*‘\<4.g7 -
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1986 - Motivation: Transpose optical scattering
fresh in mind to shorter wavelength

4, NUMBER 15 PHYSICAL REVIEW LETTERS 15 APRIL 1985

Laser Scattering from Dense Cesium Plasmas

0. L. Landen® and R. J. Winfield®’
Imperial College, The Blackett Laboratory, London SW7 2BZ, United Kingdom
(Received 19 October 1984)

15 ] g
g 20
B n, = 3-5e16 /cc
5 osf- T.=0.4-0.9 eV
: Ng = 2-8
9900 |
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1986 - Back-of-the envelope assessment

lengths approach the soft x-ray regime.

The purpose of this Letter is to report the first
results from new experiments on thc nconlike col-
lisional excitation scheme. We describe the first con-
clusive demonstration of a macroscopic-sized gain
medium which exhibits substantial amplification of at
least four 2p°3p-2p°3s transitions in selenium, with
the largest being observed for the /=2 to 1 lines at
206.3 and 2096 A. The wransition with the largest
predicted gaig),“"q the J=0 to 1 transition at approxi-

L
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cm long by displacing the two beams axially.
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1985 - Novette Soft X-ray laser at A = 200 A
Can we measure Thomson scatter off its own plasma?

T

lengths approach the soft x-ray regime.

The purpose of this Letter is to report the first
results from new experiments on thc nconlike col-
lisional excitation scheme. We describe the first con-
clusive demonstration of a macroscopic-sized gain
medium which exhibits substantial amplification of at
least four 2p°3p-2p°3s transitions in selenium, with
the largest being observed for the /=2 to 1 lines at
206.3 and 2096 A. The wransition with the largest
predicted gaig),“"q the J=0 to 1 transition at approxi-

cm long by displacing the two beams axmlly
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Onward to 1990s — Robust, Sub 100 ps Gated and Streaked Detectors

Gated and streaked detectors (J. Kilkenny RSI 1995, B. Hammel, P Bell, D. Bradley)

Voltage wave

Travels alon L
g 200 ps Phosphor/fiber-optic
the pulse faceplate
serpentine, NN
turning on AR
images By, & i
as it pa ; 25 Q lines — < %0 ack I
passes by Pinhole ///”&_, P
array ==
~g e & Outline of
i = O coated region on
- Microchannel micro-channel plate |
Target plate 125Q gold -
Microstrip Time >»
i) @ @ @
~0ps 100 ps
<« Time
. & & » y/
Hot core 300 ps
forming —> Time—»
me e s Precursors to NIF X-ray cameras

M. Campbell, R. McCrory
And equally essential: State-of-the art Target and Laser facilities at LLNL, LLE and GA

‘ Lawrence Livermore National Laboratory Nn'-.":_;:i"i 11
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Also in 1990s, and equally essential: efficient > 5 keV X-ray sources

X-ray radiographic imaging of hydrodynamic phenomena in radiation-
driven materials—Shock propagation, material compression,

and shear flow*
B. A. Hammel,' J. D. Kitkenny, D. Munro, B. A. Remington, H. N. Kornblum, T. S. Perry,

D. W. Phillion, and R. J. Wallace
Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 5 November 1993; accepted 24 January 1994)

and-{wo-dimensional, time-resolved x-ray radiographic imaging at high photon energy
used to study shock propagation, material motion and compression, and the effects

(i
eaT flow in solid density samples which are driven by x-ray ablation with the Nova laser. By

Made possible by higher power, larger smoothed spots

Furthermore: Allowed backlighter beams to hit backside of foil since
elements > S (Ti) transparent to own He-a (Ly-a) that led to...

‘ Lawrence Livermore National Laboratory N“S_"% 12
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. vs traditional
Backlit Apertures ¢ @ || acional ¢ | @

1980s 1990s 2000s 2010s 2020s
Shell Metrology Ablation and
; ¥ Refraction Shock fronts
Hard X-ray _ _ | Backilit — — | Enhanced
Sources Apertures . Interfaces
< Radiography
Diffusivity?
HO& ICF Symmetry / HEDS Planar
Soft X-ray X-ray Compton Fuel p(R)
Laser ~ == === -=- Thomson === podiography |~ Visual RKE
Scattering? Scattering
\ Low Z Dense — Kshell
Plasma occupancy?
Characterization
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Backlit Pinhole Radiography — For Large Implosions/Objects
when laser power limited

D. Farley, T. Bullock, B. Blue, D. Bradley Efficient, 1-100-keV x-ray radiography with high spatial and
temporal resolution

Landen RSI 2001 BaCkIIt plnhOIe D. K. Bradley, O. L. Landen, A. B. Bullock, S. G. Glendinning, and R. E. Turner
Lawrence Livermore National Laboratory, P.O. Box 5508, Livermore, California 94551
I Received September 5, 2001
. Omega
Inflight A V/

Allowed imaging large NIF-like objects at 4.7 keV ' 3
Omega with less laser power but still using
more efficient gatable, long pulse backlighters
Issue tackled: While soft x-rays reabsorbed o
by foil, closure of pinholes by hard x-rays Preshot Area

JOURNAL OF APPLIED PHYSICS 100, 043301 (2006) 23 keV Back“ghter

X-ray induced pinhole closure in point-projection x-ray radiography
A. B. Bullock,? O. L. Landen,” B. E. Blue, J. Edwards, and D. K. Bradley

Lawrence Livermore National Laboratory, Livermore, California 94550

Power starved

‘ Lawrence Livermore National Laboratory N}‘S_’% 14
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Ironically, we then proceeded to use backlit slits (built to not close)
to radiograph closure of larger features

streak camera Streaked radiography of an irradiated foam sample on the National Ignition
Facility

A. B. R. Cooper,"® M. B. Schneider,' S. A. MacLaren,' A. S. Moore,? P. E. Young,'
W. W. Hsing," R. Seuqling,‘ M. E. Foord," J. D. Sain," M. J. May,' R. E. Marrs,’
! ! B. R. Maddox, K. Lu,” K. Dodson," V. Smalyuk," P. Graham,? J. M. Foster,? C. A. Back,®
\ I and J. F. Hund®
| | 'Lawrence Livermore National Laboratory, 7000 East Ave Livermore, California 94550, USA
\ | 2 Atomic Weapons Establishment, Aldermaston, Reading RG7 4PR, United Kingdom
3General Atomics, San Diego, California 92121, USA

Because NIF provided higher

5
=4 power for area backlighting that
% . does not suffer from signal
ig , swamped by self-emission from
hohl vl .
" E'f."'"\‘ aawcH hotter targets, backlit apertures
pubstsie : usage was discontinued...for a
0 TREANNNN | . (NS | | .
NI 600 800 1000 1200 1400 while
microdot e [EETH TS T RS T &8 BT &% 12 7
i emitter standoff
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LLNL-PRES-



Meanwhile, X-ray Thomson Scattering started up using same
multi-keV resonance line sources ....

1980s 1990s 2000s 2010s 2020s
Shell Metrology Ablation and
Hard X-ray _ _ | Backlit — — | Enhanced
Sources Apertures . Interfaces
< Radiography
Diffusivity?
HO& ICF Symmetry / HEDS Planar
Soft X-ray X-ray Compton Fuel p(R)
Laser ~ == === -=- Thomson === padiography |~ Visual RKE
Scattering? Scattering
\ Low Z Dense — K shell
Plasma occupancy?
Characterization
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... after realization in 1999 that XRTS doesn’t need an X-ray Laser

S. Glenzer, G. Gregori, B. Hammel, A. Pak

Plasma Parameter Space

Use multi-keV resonance lines a=0.3
103x shorter wavelength than UV lasers 102 1 Solid
= 108x higher densities accessible — Be
Strongly coupled and degenerate plasmas 1022
2(90°) ~ o7 < VTe/ne Debye limit T
As~ TF/ne ~ 1/Tl /6 Degenerate limit 80) 10778
c -
. 18
Use efficient Bragg “parafocussing” crystal - HOPG 1078
Pak RSI 2004
1016
Lack of high temporal coherence does not preclude Sl i RS
collective scattering — source size and bandwidth sets T (eV)
spectral blurring Gregori EPL 2006
NS4 v

‘ Lawrence Livermore National Laboratory
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X-ray “Thomson” Scattering — First unambiguous data 2002

week endin
VOLUME 90, NUMBER 17 PHYSICAL REVIEW LETTERS 2MAY200g3

Demonstration of Spectrally Resolved X-Ray Scattering in Dense Plasmas (a)
a
S. H. Glenzer, G. Gregori, R'W. Lee, F J. Rogers, S.W. Pollaine, and O. L. Landen

L-399, Lawrence Livermore National Laboratory, University of California, P.O. Box 808, Livermore, California 94551, USA
(Received 10 October 2002; published 2 May 2003)

Omega Volumetrically heated Be in
near backscatter geometry (b)

HOPG
Spectrometer
(c)

a)

Au shield (50 um)

15 beams:
7kd;1<t<2ns

30 heater beams:
;0<t<1ns

c) Rh emission

Heated
Be

Cold
Be

Ti disk
(g=104)

First Data 2002
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X-ray “Thomson” Scattering — Applications ongoing over two decades,

motivating advances in theory

S. Glenzer, G. Gregori, A. Kritcher, T. Doeppner, T. Ma,
L. Fletcher, H-J Lee, D. Kraus...

Supersonic radiation transport

Gregori PRL 2008
Structure factors in dense plasma S;

Ma PRL 2013 Baczewski PRL 2016
Plasmons for Strongly Coupled Plasma collisionality
and detailed balance for T,

Glenzer PRL 2007 Doeppner HEDP 2009 Neumayer PRL 2010
Adiabat (T/Tp)

Kritcher PRL 2011
lonization balance (inelastic/elastic)

(a)

(b)

(c)

Fletcher PoP 2013, PRL 2014 Kraus PRE 2016 Doeppner Nature 2023

Bethkenhagen PRR 2020

Mid-term Review: Glenzer and Redmer Rev. Mod. Phys. 2009

Heated
Be

Cold
Be

Ti disk
(g=10-4)

First Data 2002

‘ Lawrence Livermore National Laboratory
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Implosion adiabat = f(Te/TF)

A. Kritcher, T. Doeppner, T. Ma,

Scattered spectra fit for n,, T, T

Inferred adiabat vs time

S. Glenzer
PHYSICAL REV
Compton Elastic Heoq PRL 107, 015002 (2011)
r,=40-45um . Feature Scatter Be
Zn Foil N1t 3}x102‘/cc ' 3.1+.1ns I {' High adiabat
X -14{13)ev - implosion
\/ — T.=39(+7)eV = CH
Au half-cone ,'ff‘ CH/Be = +
- she" ne=1.1{t.2)x102‘lﬁd 5 + {
T,=14(23)eV 3.9%.1ns ®
0 Bragg Crystal TF=39(15):V 'c-‘:

Parylene Spectrometer =
na=1.9(:|:.5]x10“/od < +
Tensen e : e
T,=56(+10)e implosion
T ié’}"iﬁ"?é""' 1
n =0.2(+£.15)x10%%/cc e

e i, 2 4 6 8
T,=28(t4)eV
Te12(47)e JAx.1ns t (ns)
i i -
200 8400 8600 8800 9000 9200  _ P ?/5meTe 1+ 8.2(Te/Te)? + T,
Energy (eV) P / 5 Me Tr
NISE 2

LLNL-PRES-
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From ratio of inelastic to elastic, we found that K Shell ionization at
compressed densities more than expected at given Te

T. Doeppner, L. Fletcher, D. Gericke, D. Kraus, D. Chapman, M. Bethkenhagen, S. Glenzer
_CCharge State vs T, Be Charge State vs p and T,

T XRTS data 4r — DFFMDZ
I et =] . O NIFexperiments - Stewart & Pyatt®
. h -—- OPAL®

St L
I J_ |

| Kraus PRE 2016

Y
1 -

N —
=
-’ -

Motivating
- improved
- theory

-

"""" Thomas-Fermi 3 gfom?

= === Thomas-Fermi 5 g/cm?

Thomas-Fermi 6.74 g/cm?

— — Thomas-Fermi 9 g/cm?

"""" Stewart-Pyatt 3 g/em®

= === Stewart-Pyatt 5 g/cm® % i

Stewart-Pyat 6.74 g/cm? 25 [ % 508V R
. % ~

35 ¢t — — StewartPyat9gem® - .
® <T= <Z > Thomas-Fermi

=7 glos S I »a-:-;.;_:.:_:_:_:lg‘qupner Nature 2023 . Bethkenhagen PRR 2020
- & <T>, <Z> Experiment Tee— T e

60 80 100 120 140 160 0 20 40 60
T. (eV) p (9/cc)
e
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Gated monochromatic implosion radiography* so far confirms
_lower K shell occupancy per lower opacity

G. Hall, C. Weber, V. Smalyuk, S. Davidovits, T. Ebert
“Fast BF” (N221015), Frame 4

C Charge State vs T,

9 keV gated radiograph (d)
XRTS data
5 I L T ] - g_
r J_ 1 _g)
it f_u 14
| Kraus PRE 2016 .., O
4.5 et a
~"',' cEon omas-Fermi 3 g/cm? (@]
ZC s —— I:omas—:rmi 2g:m3 0
4 T Thomee e S74 g’ 0 100 200 300 400
........ Stewart—Pyatls gmma r (um)
— ii“gﬂmg’cma 3 (d) “HDC” (3-shock W-inner N221030), Frame 4
wart-Pyatt 6.74 g/cm’
351 T e e — ot
p =7 glec P T 5 — sim
60 80 100 120 140 160 _ g
*Hall PoP submitted o
T, (eV)
. 0 100 200 300 400
Future:

r (um)

Space resolve XRTS with FEL x-ray beams  Motivating further radiography experiments

LLNL-PRES-
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Meanwhile, we eventually applied point projection radiography
to > 50 keV Low Z “Compton” Radiography...

1980s 1990s 2000s 2010s 2020s
Shell Metrology Ablation and
Hard X-ray _ _ | Backlit — — | Enhanced
Sources Apertures . Interfaces
< Radiography
Diffusivity?
HO& ICF Symmetry / HEDS Planar
Soft X-ray X-ray Compton Fuel p(R)
Laser ~ == === -=- Thomson = == podiography |~ Visual RKE
Scattering? Scattering
\ Low Z Dense — K shell
Plasma occupancy?
Characterization
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... but only because of Aha moment looking at 2006 Simulations

S. Hatchett, R. Tommasini, N. Izumi, G. Hall, J. Holder. W. Hsing

TRANSPARENCY [fraction] S| mu |

=l

Core
Self-
emission

: g e prey o - .
-0.005 0.000 0.005 ).005 0.000 0.005 0.005

SELF-EMISSION, time integrated, [MJ/cm?/sr in 10% bandpass]

Realization after started XRTS: What is scattered is lost to transmission, so should cast shadow
Appeared we had done the harder experiment first (A. Comptons) vs (W. Roentgens)!

¥ .
LLNLPRES. ‘ Lawrence Livermore National Laboratory N‘ 3& 24
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And the community now had the backlighter source

and hard x-ray detectors needed

S. Hatchett, R. Tommasini, N. Izumi, G. Hall, J. Holder, W. Hsing

TRANSPARENCY [fraction]
g |y 1T

Slmulatlons

0.005-

Radiograph i ’ im
30 ke -90 ke .
0005 11 v (1 TEL

-0.005 303:kev 0005 02 2,005 900kzev 0,005 03

0.005
Core 0,015
Self- 0.000 | .
emission N
‘0'00:.005 o000 0.0;5 o ).005‘ h 0.0‘0‘0‘ h 0.005 © 05 ©

SELF-EMISSION, time integrated, [MJ/cm?/sr in 10% bandpass]

160 OPTICS LETTERS / Vol. 24, No. 3 / February 1, 1999

Petawatt laser pulses

M. D. Perry, D. Pennington, B. C. Stuart, G. Tietbohl, J. A. Britten, C. Brown, S. Herman, B. Golick, M. Kartz,
J. Miller, H. T. Powell, M. Vergino, and V. Yanovsky

Lawrence Livermore National Laboratory, P.O. Box 808, L-477, Livermore, California 94550

M. Perry

Go to high enough x-ray energy to overcome capsule emission — 1o short pulse laser backlighter
Overcome hohlraum self-emission — Gated dual MCP (AXIS project), with Image Plate as back-up

‘ Lawrence Livermore Mational Laboratory
LLNL-PRES-
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Use high Z Bremsstrahlung as Compton cross-section = flat

R. Tommasini, H-S Park, A. Mackinnon,... Titan 1o laser

Optical depth stagnated implosion

L . -’

Ka,, Ka, KB, Kﬁg KB,, KB, K‘,’m 'S‘
g \\ s Pinhole image U\ i <
100 ~ ‘ - |
Compton I ; Ag
scattering :
10 dominated | 4 ; ] | -
: | Il © | = Added benefit:
: y Ta
0.1 —— , | Au Bremsstrahlung
1 10 100 400 ' R : b g ~
hv (keV) : * e n CE. .= 001, 4x
o = 1b as for neutrons = «yr = 0.12 cm?/g | | 9reaterthan K
So for limb areal density 2 g/cm?, 25% 35

>

ot . zlo 30‘ 56 7sl 1l00 ElkeV)
peak contrast — still challenging Tommasini RSI 2008

LLNLPRES ‘ Lawrence Livermore National Laboratory N;‘S_.-% 26



Demonstrate on warm capsules on Omega/EP, 4 years later

(mainly Compton as low Z)

R. Tommasini, C. Stoeckl
Omega/EP

60-100 keV 10 ps
radiographs of CH implosions

."a atm. DD fill

Tommasini PoP 2011

1.00 ——— -
- 3atm. DD fill
0.98" \
- [
S -
2 096
E 5
g k
5 0.94; \
= - 8 atm. DD fill
092
0.90- ............................. |
0 20 40 60 8 100 120 140

r (um)

High SNR even though peak contrast < 10%
because backlighter source close to implosion (10
mm), so 40000 detected photons/resolution element

‘ Lawrence Livermore National Laboratory
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NIF/ARC data on layered implosions, 12 years later

R. Tommasini, N. Izumi, G. Hall, J. Holder. H. Chen, PHYSICAL REVIEW LETTERS 125, 155003 (2020)
D. Kalantar, W. Hsing

Time-Resolved Fuel Density Profiles of the Stagnation Phase of

ARC NIF Indirect-Drive Inertial Confinement Implosions
30ps 1kJ 1-1.5MJ : 1.00 1.00 10
lo pulses 3o ) . oas
) - High  petector 200 ' o
[ } pass 200 085 0.60 o
r filter ol .
- @) |I>4o keV | . - 07
10-25 pm ‘ | . .
AU wires \ ] FIG.2. Compton radiographs of crvegenic THD lavered
— Image Plate implosion, recorded at BT-50ps, BT-10ps and BT+160ps.
+ MCP (AXIS)

Windfalls that led to eventual success (even after extensive collimation, shielding and baffling):

ICF program switched to low gas-fill = low hot e- Bremsstrahlung hohlraums
Time-integrating Image Plate proved sufficient to get early data
Wires placed in V and U-flags allowed for unexpected wire drift

‘ Lawrence Livermore National Laboratory
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Reconstructing Multi-frame Compton Radiography -
Implosion Residual Kinetic Energy directly visualized

R. Tommasini, L. Berzak Hopkins

Reconstructions Insights gained:
BT - 10ps BT + 160 ps
max=200 max=300 g ™ Stagnating fuel may not bounce as predicted on many
1 shots (radial KE left) ;
Data 200 pm Radial KE = %M <AA—at°> 4% of peak KE
i o | Rotational KE here is 1.5%, even smaller at modes n > 1
max=300 max=260

AM
Rotational KE = —M Z <M> / n+1)(2n+2)
Sensitive measure of RKE
. 0 Now, as coast times decrease, need gated detector (AXIS)

Ongoing: Higher compression systems, higher Z implosions

‘ Lawrence Livermore National Laboratory '_Né‘._ﬁa;% 29
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In same period, backlit apertures were resurrected for
“Refraction Enhanced Radiography” because...

1980s 1990s 2000s 2010s 2020s
Shell Metrology Ablation and
Hard X-ray _ _ | Backlit — = | Enhanced
Sources Apertures . Interfaces
\ Radiography
Diffusivity?
HO& ICF Symmetry / HEDS Planar
Soft X-ray X-ray Compton Fuel p(R)
Laser ~ == === -=- Thomson === podiography |~ Visual RKE
Scattering? Scattering
\ Low Z Dense — K shell
Plasma occupancy?
Characterization

‘ Lawrence Livermore National Laboratory N}‘,S_’P‘i 30
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... of cross-pollination of ICF target physicists exposed to
capsule metrology using "phase contrast” radiography

B. Kozioziemski, J. Koch, E. Dewald, N. Izumi, L. Suter, L. Masse, Y. Ping, D. Montgomery, J. Workman
8 keV Point Projection

JOURNAL OF APPLIED PHYSICS 105, 113112 (2009)

Refraction-enhanced x-ray radiography for inertial confinement fusion

and laser-produced plasma applications

Be/DT Capsule
Jeffrey A. Koch,a) Otto L. Landen, Bernard J. Kozioziemski, Nobuhiko 1zumi,

Radlographs 2004 Eduard L. Dewald, Jay D. Salmonson, and Bruce A. Hammel
Lawrence Livermore National Laboratory, P.O. Box 808, L-481, Livermore, California 94551, USA

DT inner Be/DT
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Demonstrated on Omega for profile relaxation between differentially
heated materials, 2 years later

Y. Ping, J. Koch, S. Jiang, S. Hamel...

(a)

5 um slit
10 beams, |
5kd |

- Ag L-shell emitter

R=1.0mm = = -

200 ps gated XRFC

Y. Ping, J. Instrum. (2011)

© CH

S. Jiang, Commun. Phys.(2023)

Insights gained:

See shocks as well for
pressure calibration

V5.2 keV
Omega
(c) Rarefraction '
t=0ns @ Be
105
Ky L

104

Interface | \\//cm/eV

Shock

Interface

50

0 T(eV)

Distinguish between
WDM thermal
conductivity models

IA\Bc:()MI)
|—B¢ Purgatorio (11}

- -Spitzer + ee

—LMD (13)

- LMD + ee
DFT-AA [14]
DFT-AA + ce
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Inflight Cryogenic Implosions at NIF, 10 years later

E. Dewald, D. Ho, Y. Ping, L. Masse...

Contents lists available at ScienceDirect

High Energy Density Physics

journal homepage: www.elsevier.com/locate/hedp

Direct observation of density gradients in ICF capsule implosions via
streaked Refraction Enhanced Radiography (RER)

E.L. Dewald", O.L. Landen, D. Ho, L. Berzak Hopkins, Y. Ping, L. Masse, D. Thorn, J. Kroll,
A. Nikroo

4 laser quads

DISC
(100 kJ) on (x-ray streak
5 um W slit

camera)

Ni foil

HDC windows
5mm p=20mm

Au hohlraum

LDRD: 5 pum, 20 ps resolution

Proved too hard to look for N+1 shock effects on ablator/ice Atwood #

7.8 keV Streaked Radiography
t (ns)
7

6.6
6.2

50 ym W wire

5.8
5.4

5
4.6
4,2
3.8

Inflight
capsule T

\

400 500 600 700 800 900
R (um)

Instead, info on shock phase ablation front (refraction signature much less sensitive to opacity uncertainty)

‘ Lawrence Livermore National Laboratory

LLNL-PRES-

NS4 s



Easier - Inflight Shocks and Interface, 15 years later

PHYSICAL REVIEW LETTERS 129, 215003 (2022)

C. Weber, A. Do, E. Dewald, T. Doeppner, V. Smalyuk...

Pivot to measuring:
Early Shocks/rarefactions/interface motion tracking

Provides input to RM/RT instability evaluation at interface
Weber PRE 2023

PHYSICAL REVIEW E 108, L023202 (2023)

Reduced mixing in inertial confinement fusion with early-time interface acceleration

C.R. Weber, D. S. Clark, D. T. Casey, G. N. Hall, O. Jones, O. Landen®, A. Pak, and V. A. Smalyuk
Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94551-0808, USA

M (Received 30 June 2023; accepted 24 July 2023; published 16 August 2023)

In inertial confinement fusion (ICF) implosions, the interface between the cryogenic DT fuel and the ablator

Review: D. Montgomery RSI 2023

Direct Measurement of Ice-Ablator Interface Motion for Instability Mitigation in
Indirect Drive ICF Implosions

Alexandre Do ,* Christopher R. Weber, Eduard L. Dewald®, Daniel T. Casey, Daniel S. Clark,

Shahab F. Khan, Otto L. Landen®, Andrew G. MacPhee, and Vladimir A. Smalyuk
Lawrence Livermore National Laboratory, Livermore, California 94551, USA

5 9 keV, 90x Mag.

4.5

— 3'd shock
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— 2nd shock
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0.8
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Today: Micron Resolution for Diffusivity (Omega and
NIF Discovery Science)

C. Allen, M. Oliver, T. Doeppner, L. Divol, T. White, Y. Ping, applied OptiCS 2023
M. Scholmerich...

Toward an integrated platform for characterizing

; ; ; ; ; laser-driven, isochorically heated plasmas with
Probe gradlenx'sf after heating high Z wire in low Z 1 im spatisl resciution
(#100 cm) . C. H. ALLen,"* ® M. Ouiver? L. Divor,? O. L. LANDEN, Y. PING,® M. SCHOLMERICH,®
450 pm T 450 pm 1 um SI It R. WaLLAcg,® R. EARLEY,' W. THEOBALD," T. G. WHITE," AND T. DOPPNER?
A o T = 5.2 keV Data Lineout
8xa50 < _» Apad W -— 8xaso0l . ,4 PR 1.2] .
o o -, . — vl : Bwid / Refraction \
& 0)1.'9:‘\‘ A 1!
3 £ Yl
E ~ 2
\é"’\& b : £os Diffraction
& s s Ta Slit Plate 1x30 pm _} ) o
£ V He-a 5.2 keV S » T‘!:l
H go.e
V Backlighter Foil
04
sxLo:zsu.l O“Ver RSI 2022 02! ~—Refraction - Only |
cams ~——Refraction + Diffraction
Ongoing and Future: —periments Reot
Imploding shock tracking (Gbar) S0 50 0 50 100

Distance in Target Plane / ym

Shock structure at XFEL
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Thoughts in hindsight and future

What next: hard to predict, influenced by each one’s unique experiences and prior knowledge base

(and progress in facilities and instrumentation).
Enough free energy and time to test ideas out not just on paper, but on early shots.

Be prepared for significant technique optimization and keep an open mind to course corrections
and even switching goals

Get feedback from and listen to others.

Look to stimulate creativity:
What would combining two techniques enhance or enable?

e.g. hard x-ray point projection radiography mated with the Moire interferometry
already demonstrated with x-ray area backlighters (Matsuoka RSI 1999) for RT growth

What advantages or new insights could an optical technique bring if transferred to another
regime, e.g. x-ray or particle probe? To a new facility (FELs already in doing this)?

‘ Lawrence Livermore National Laboratory Nn'-.‘:_;rl'
LLLLLLLL S- Saieearslenionn Sl dilminiol

)

36



e.g. Transpose Soft X-ray Grid Image Refractometry™* to 10 keV+ regime
to infer scale-lengths from refraction angle rather than fringe strength

L
<_> - - -
Average chord PR Distorted grid image
length through 10 pmen s~ on 25 ps SLOS
Iv| ablator = 2V(RL) BL PH =, TTITTIITTITEY
Rtl.- e sesstrarellyl
P | WA S Lite:
R+L/2 e - 4 ot L
Path length 7Oy e 3
{ differential = I I V. 33303003l 008
p 3 @5 e
v 0 Zdn\/(RL) p=1c q:GOCm La st 8 S
0 = 2AnV(RL)/L %' NE; 6 = 2AnV(RIL)

Mass conservation M ~ AnR2L

Hence 6 = M/R15L15
*R. Benattar and J. Godart, Optics Comm (1984)
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Thanks to all (and for their patience and persistence)
that | was privileged to learn from and work with!

1980s 1990s 2000s 2010s 2020s
Shell Metrology Ablation and
Hard X-ray _ _ | Backlit — — | Enhanced
Sources Apertures . Interfaces
< Radiography
Diffusivity?
HO& ICF Symmetry / HEDS Planar
Soft X-ray X-ray Compton Fuel p(R)
Laser ~ == === -=- Thomson === podiography |~ Visual RKE
Scattering? Scattering
\ Low Z Dense — K shell
Plasma occupancy?
Characterization
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