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Ignition on the NIF requires extremes in
density and temperature

"PdV" ~ Pv
P

DT hot spot
~ 3.5keV
~ 100 g/cc

Dense DT shell
~ 1000 g/cc

~ 100 pm

Pressure ~ 350 Gbar
Fuel pPR ~1.5g/cm?
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NIF has made good progress towards achieving the

conditions necessary for ignition

Status
"PdV" ~ Pv
4
« Peak neutron yields
15
DT hot spot 2
~ 3.o5ksé|3/o « ~3-10X from alpha
~ 100 glcc dominated regime
~ 3 keV
~ 50 g/cc

Dense DT shell
~ 1000 g/cc

~ 5-800 g/cc

~ 100 pm

Pressure ~ 350 Gbar |~ 150 Gbar
Fuel PR ~1.5g/cm?2 |~ 1.3 g/cm?
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The ignition point design has a graded doped CH
capsule in a Au/DU hohlraum

e Laser Beams
¢ \ (24 quads each end, 2 rings

on the hohilraum wall)
Cryo-

cooling
Ring

Hohlraum Fill Capsule

He at 0.7 mg/ -~ fill tube
cm? \

Hohlraum Walli: _
Au/ Au-lined U Si-doped
layers

(2-4% peak)
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The NIF ignition point design was set by codes
calibrated against experiments on Nova and Omega

Nova/ Omega

~ 20 kJ
¥ - 2.5 mm ~10 mm |
/}b! ~ 2ns, 2-step pulse ~ 20ns, 4-step pulse
Gas filled capsules Cryo layered capsules

Convergence ratio ~ 20 % iéonvergence ratio ~ 40

 Physics uncertainties remained at NIF scale
« The point design included an experimental campaign and
evolution in the point design was anticipated based on results
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The point design drove demanding technical

requirements

Doped plastic cryogenic
layered point design

NIF Laser

o
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The point design drove demanding technical

requirements

Doped plastic cryogenic
layered point design

NIF Laser

o
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Point design set requirements on implosion properties

to achieve the stagnated fuel conditions for ignition

o Adiabat Velocity V

High compression for
pR —trap alphas, and
confinement

PdV power to heat
hot spot

Efficient conversion of
iImplosion KE to hot
spot thermal energy

Radiative cooling

M  Mix Shape S
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Most of the experimental requirements set by the

point design have been ~ met individually

o Adiabat

o ~1.5

pR ~ 1.2-1.3 g/cm?

a ~1.5
~ 1.45 g/cm?

< 100ng
But variable

M Mix

CH mix in hot
spot < 100nqg

%

Vit

~370 km/s | Velocity V

V ~ 350-370 km/s

Trap > 3006V

But variable

RMS hot spot
shape < 10% Shape S

RMS hot spot shape < 10%

NIF-0000-00000.ppt
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The principal issues and go-forward strategy were summarized
In NNSA'’s report to Congress

* Nuclear yields are ~ 3-10X from alpha
dominated regime - hotspot densities,

U.S. DEPARTMENT OF

ENERGY

pressures are ~ 2-3X lower than National Nuclear Security
: : Administration’s Path
predICted/reqUIred Forward to Achieving

Ignition in the Inertial
Confinement Fusion
Program

', SCIENCE OF
FUSION IGNITION

» Performance deficit likely due to
combination of low mode X-ray drive Decembr 018
asymmetry/cold fuel shape, and higher
than simulated hydrodynamic instability

United States Department of Energy
Washington, DC 20585

San Ramon, CA
May 22-24, 2012

2 200 -200 n

Hot spot Implosion instability

ldentifying the reasons for the deficit in pressure/performance and developing
mitigation strategies is a key element of the go-forward experimental plan
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Evidence - low mode fuel asymmetry
Zirconium neutron activation detectors indicate
significant fuel pR asymmetry ~ 50-100%

90Zr(n,2n) = 897Zr

Low order fit to > 13MeV neutrons

Low signal
(high fuel pt

N120205-002 Flange-NAD results fit

Or .
o @O (low fuel pR)
W (Y] - By |
O -
IR e o AV
S N Lol
. B i
L 800 QIO 180 2'}0 36IO
0
* Average pR ~1g/cm?
e ~50% variations
Y/Y e 0.80 0.85 0.90 0.95 1.00 1.05 1.10

-250 mg/cm?

o —

ApR +1 g/cm? +500 mg/cm?
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Evidence — Mix

Implosion performance correlates with mix

In layered DT im

plosions

2D YOC (Hol Sim) vs. Mix mass
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Progress requires experiments for relevant physics
> 15 platforms developed and growing

Keyhole \

Shock timing Adiabat
TS ——

Surrogate experiments |
and targets are needed
to navigate to ignition

Capsule implosion velocity

Symcap/ignition

e

: = . - - =
P — e e

Hot spot shape mix and yield

13JE/r » 2013-046425s1

NIF-0000-00000s2.ppt

Re-emit

Y 4.

A AR -MM - —

Early time Re-emission drive symmetry

Author—NIC Review, December 2009



Progress requires state of the art diagnostics
~ 60 and growing

Number of target diagnostics
70
60
§ 50 Optical
%40
5 30 Heray
* LLNL * MIT 3
g 20
* LANL * CEA 3 ——
10
* LLE * Duke . .
* NSTec * SNL 2009 2010 2011 2012
*Uof M * GSI Year
* LBNL

* AWE
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Keyhole N\ Surrogate experiments
he N and targets are needed
to navigate to ignition

Shock timing Adiabat
P —

P

i
g i

-

Capsule implosion velocity

Symcap/ignition

Hot spot shape mix and yield

13JE/tr « 2013-046425s1

Re-emit
A i ‘
| |
1cm |
B s
L—-—»m—"—/-"*

Early time Re-emission drive symmetry



15t gen keyhole — shock timing at waist

shocks

\
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#—‘

time




15t gen keyhole — shock timing at waist 2"d gen keyhole — dual-axis (P2)

pole

shocks

\

equator

time




15t gen keyhole — shock timing at waist

shocks

\

equator

time

2"d gen keyhole — dual-axis (P2)

pole

3'd gen keyhole — tri-axis (P1,2,4,m4)

=
- Eguator ——
T

equa

Au shiel e pp—
Al mirror >




15t gen keyhole — shock timing at waist

shocks

\

‘#—-’

equator

time

2"d gen keyhole — dual-axis (P2)

3'd gen keyhole — tri-axis (P1,2,4,m4)

- Eguator ——

(miyy) noitizo9
=}

Al mirror

' N121105 - A

il Gap at GDP- |
DT interface %

Position (um)
(=)

N121105-B

g

Signatures of
2, 3 overtake§
ingas

Position (um)

o

o
Time (ns)

time



and targets

Keyhole \

Shock timing Adiabat
PR —

Surrogate experiments

to navigate to ignition

are needed

Symcap/ignition

Hot spot shape mix and yield

13JE/tr « 2013-046425s1

Re-emit

1 cm

Y.

Early time Re-emission drive symmetry




Streaked radiography providing greater insights on
Implosion dynamics

Long backlighter*

y o Extended implosion msmnt
N121008

’ maging Streaked imager
slits Peak velocity msmnt
Early 2012

Backlit

Gated imager
2009 -

4.6ns

FOV: 1ns x 0.3mm
4 R(t) points

CH (Si2%) capsules in DU hohlraums
Laser drive: 330 TW; 1.4 MJ




Implosions were slower than the standard hydra high

flux model — drive or ablator efficiency?

Measured trajectory requires predicted
hohlraum drive to be reduced to ~ 85% ?
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Progress in understanding the 1D implosion

Measured trajectory requires predicted

hohlraum drive to be reduced to ~ 85%
S5 T o P JN A T T T T T A T T I Y

Hydra HFM
X 0.87

®

o

o
|

data
Hydra HFM

COM radius(um)

% T T T T T T T O O T A T O A O B A O

18 19 Tihe (ng) 22
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Viewfactor shows X-ray drive on the
capsuleis lower than simulated by ~ 85%

(5.75 mm)

With the reduced drive the CH rocket
curve ~ agrees with data within errors
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o
o
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[=]
|

1 I I
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Recent analysis — in-flight thickness
becoming consistent with simulations
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Backlighting evolved to 2D imaging
-“2D ConA” is obtaining excellent data

Gated images of imploding
capsule on 2-strip camera

' 1.2cm ! not to scale 10 cm i HGXD N121004-005
D et [ B e e e e e P e R > 4——//———» 35 I gmsamm 7 1000
900
i i -: . 30 L 800 S
| x .—‘" g 25 L700 &
1 f= ®
1 1 —_ | o
: r ] 10 keV . g 20 0 g
| | g -500 g
(<5}
XrayS ._> E 15 400 %
hohlraum _ e 2 10 200 %
H h I h i 200 %
lasers pinhole | &
0 0
array 5 10 15 20 25 30 35

mm in detector plane

N121004




The capsule starts at 2mm diameter

1.1 mm

215
um

~2 mm
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We are in the process of obtaining 2D images of the

complete implosion history — 2DConA

N121004

Bang time — 600pS 215
um

~2 mm
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We are in the process of obtaining 2D images of the

complete implosion history — 2DConA

N121004

Bang time — 300pS 215
um

- Early hot spot
formation

~2 mm
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Despite cold fuel asymmetry the hot spot
looks quite round
DT shot N120716

Bang time 215
Hm

2 mm
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Experiments are working on the P4 (diamond) shape

Nominal length hohlraum

X-ray drive symmetry must be controlled to the ~1% level

15EIM/bc » 2013-046604s1



Radiography is opening our eyes to implosion hydro

2013-046640 2013-046641 2013-046642
Bang time - 640ps
R o, “."‘.i e+ i % S R

——— -

| T3

4
soum ‘
-

Perturbation seeded
by the tent?

15EIM/bc = 2013-046605s1



Next generation of backlighting experiments will study

ablation front instability growth

Time sequence of

gated X-ray
iImages of
N e R perturbation
Pre-imposed ~ 9rowth
ripples on
capsule

Keyhole design
for single pass
radiography



Keyhole N\ Surrogate experiments
b o and targets are needed
to navigate to ignition

Shock timing Adiabat
P —

P

i
g i

-

Capsule implosion velocity

Symcap/ignition

Hot spot shape mix and yield

13JE/tr « 2013-046425s1

Re-emit
A i ‘
| |
1cm |
B s
L—-—»m—"—/-"*

Early time Re-emission drive symmetry



Neutron mean-free-path ~ 4 cm?/g dSrig1omev = Y1012 Mev/ Y1315 Mev  Yn' Y13.15 Mev
pR is~ linearly proportional to DSR 10'°

Neutrons measure temperature and fuel pR

High denS|ty
10'4-
> 103
=
S
Q
.>__1012-
1011..
v
v "
n ‘l’ 1010
n 0 2 4 6 8 10 12 14 16 18

Neutron energy [MeV]
PR (9/cm?) =21xdSr 4 15 vev
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L i L * . f "}Ilm

Response
Matrix Fit

4 Magnetic Recoil =~ -
Spectrometer \ - i,

A ol

I l- Massachusetts
Institute of
Technology

——

2012-042192s2
Thon . : -



T

ion

and pR also measured by multiple

Neutron Time of Flight (NToF) detectors

NIF-0000-00000.ppt

Location of NToFs on the NIF Target Chamber

nToF-3.9 DSF (64-275)

w 3
nToF-4.5 DT-Lo (64-309) By ' ,
; nToF-4.5 BT (64-253)
i
-
N
s:'
-

~ nToF-20 Equatorial (90-174)
' (nTOF20-SpecE)

K - -
- = W\
(nTOF20-SpecA, nTOF20-IgnLo, nTOF20-IgnHi) : '
nToF-20 Alcove (116-316)

South pole nToF

Good design has produced unprecedented data quality

Edwards—APS DPP Oct. 30th , 2012
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- .
We continue to Improve nuclear measurements- lower

background detectors open many exciting possibilities

High density DT shell D, DT single DT -
unscattered scatter unscatiere
10'°

14
> 10'4]
= 10"
; k""" L~
< 10'2
&
10" B (T
1010
0 2 4 6 8 10 12 14 16 18
. Neutron energy [MeV]
D, data for low pR
1.5 — N
> -c% 0-5 i —Xylene
%1'0 © : —Bibenzel
0.5 Q 025
o i -
0.0 > i
600 800 1000 1200 > 0

600 800 1000 1200

Time (ns) .
Time (ns)
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Static iIsobaric model can be used to estimate hot
spot properties

Derive

Y ~iVol X ty,, X <ov~T45>ix{ n?

Measure neutrons y-rays X-rays

Density, p ~ nA

Mass, Mys~ pV
Cold > Pressure, P ~nT
shell Energy, E~PV

 More sophisticated 3D model fits to the observables,
allows for spatial profiles but gives similar answers

B13.00002: Cerjan

NIF-1011-23499.ppt Edwards - NNSA Ignition Review, Oct. 28, 2011 37



Pressure scales with velocity? as expected

Pressure vs. Velocity
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Pressure scales with velocity® as expected — but

are low compared to post shot simulation*

Pressure vs. Velocity

T T

500 @ Coast Point |
400 | design
o . a0213 .v._/.ef/./.// i
300 1D Hydra NN
: 0205, 0126. -
C A?A;/,A/
< 200 A P
n //// ////
S e | J_l 0213 //L/oém
P . 0808 0908 b
o - ; | Loy 1
= ; = A _q215 — 0904
@ 100 //,_:10/131 f 1112 = 4 e
S B §:/// L%M 0826 ///// |
o - e LHOC&' | E]E — B | .
i ﬁ oeog/i/ds(is/ |
50 | 4%40&8 aall !
L i | ! PreseVel -
38 | ! ! | !
60 280 300 320 340 360 380

Velocity (km/s)

* Post shot simulations adjusted to match shock timing and implosion velocity
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No coast implosions improved pressure but
remain below post shot simulation*

Pressure vs. Velocity

5001 Coastl | | IA | Point |
200 B No Coast A design
1D Hydra A AA *
| : J’. =
o 200_ T R R [ U
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3 100} o R
o - Wo--" 2
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* Post shot simulations adjusted to match shock timing and implosion velocity
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Energy in the hot spot is typically 30% of simulated

‘- . Hot spot energy
DT fuel energy partition at stagnation 7 s
(N120205) =6l
- L4
 KE ~5
Lol g __Rad loss “54, |
' M Cold fuel 2 50% .
o o _
12 - ™ Hot spot 2 3| e
° o 0405
w1 2n £ 2 /,/’063@21 | 1
10 /2 My : =
= Wt T 25%
2 :
- 8 7] 0 4//" ; ; ; . .
> 0 1 2 3 4 5 6 7
o Sim hot spot energy (kJ)
() 6
c
L
4 -
Yield
2 1 /Hot spot energy
“
0- <«— alphas
1D sim 3D sim Exp




Hurricane et al ﬁ%{ -
New DT implosion - higher adiabat implosion RS HIE

lower convergence

_ _ Simulated implosions
o~ 2.3 implosion CR~27-36

) 0_30__].||1..|i\.||.I|||.1..| TN 100

0~2.3, 380 km/s 14.9 ns
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©
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I1I|IIII|IIII|IIII|J|IIr

|T source (kev)
o
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50

o
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BRI B R U O 0 T 1 T LR T

a~ 1.5 implosion

- ~1.5, 320 km/s 22.2 ns
LR SR I T IR TN IR W R IO TR R R TN I ALY 100 5

0 5 10 15 20 CR~36-47
Time (ns) o

 Reduced RM/RT predicted

\, SCIENCE OF
FUSION IGNITION

o Different hohlraum physics

» Different ablator path (EOS, NLTE
physics)

San Ramon, CA
May 22-24, 2012
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 The NIF laser and targets have met the highly demanding specifications
for accuracy and control required by the ignition point design (Rev5)

We have made good progress towards achieving ignition
conditions on the NIF

 The hohlraum X-ray drive exceeded the ignition goal of 300eV
accelerating implosions up to ~ 350 km/s, close to the goal of 370 km/s

 The highest observed yields and areal densities to date in DT layered
implosions are ~2.5kJ (~ 10%® neutrons) and ~1.3 g/cm? (85% of the goal)
respectively

* Nuclear yields are ~ 3-10X from alpha dominated regime - hotspot
densities, pressures are ~ 2-3X lower than predicted/required

 Performance deficit likely due to combination of low mode X-ray drive
asymmetry/cold fuel shape, and higher than simulated hydrodynamic
instability

Identifying the reasons for the deficit in pressure/performance and developing
mitigation strategies is a key element of the go-forward experimental plan
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