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Ignition on NIF requires compression to
extreme conditions

3 3
E ~ oR’T ~ (PR) T
Deuterium-Tritium (DT) fuel ignition ~ [ P’
stag
“Cold” fuel
- - *pR = Areal density

- ~0.1 mm
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If the fuel ignites well on the NIF....

Deuterium-Tritium (DT) fuel
Energy release

~ 20 MJ
~ 1 Kg of coal

~0.1 mm
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Conditions are currently ~ factor 2 from ignition

Best performance
Deuterium-Tritium (DT) fuel on single shot

~ 27kJ

~ 500 g/cc

~ 40 g/cc
~ 180 Gbar

~0.75 g/lcm 2

- -~ *pR = Areal density
~0.1 mm
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NIF concentrates all 192 laser beam v
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football stadium-sized:facility intoa mm3 \= §¥%

R
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T Matter
temperature

Radiation
L, temperature >3.5x 106 K

_—

“ Densities >103 g/cm3

Pressures >10™" atm
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10,000 laser
glass slabs
melted

NIF-0506-12187r3
23EIM/dsm
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Target
Chamber
June 1999
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Laser bay Target bay

- - 15
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In the Target
Chamber
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Laser entrance hole

Cryogenic Ignition target

. \
-

/

’ Heaters for mK

thermal control
DT fill line

-_—
Windows to

observe DT layer
prior to shot

Si cooling arms covered
in light shields
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* Special shrouds keep the target at — 290 degrees

e
L

2010/03/263 11702
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The laser delivers 1.8MJ of energy to target

1.8/MJ

lLaser
Energy
into

the
Hohlraum

Lawrence Livermore National Laboratory
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About 70% of the energy is converted to X-rays

Energy 1.3 MJ
Into X-rays

the
Hohlraum

Lawrence Livermore National Laboratory poccccopt - Eovarde,sos s, s B INIE



A little under 10% is absorbed by the capsule

llaser
Energy 1.3 MJ

Into X-rays

the
Hohlraum
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Less than 1% of the energy gets into the fuel

llaser.
Energy 1.3 MJ
Into X-rays
Horﬂ:“;um 12 kJ 0.012 MJ
Fuel energy
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And the really exciting thing...

lLaser.
Energy 1.3 MJ
It?'to X-rays
e
Hohlraum 12 kJ 0.012 MJ B
Fuel energy
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Self heating from alphas starting to become
significant

0.012 MJ

Fuel energy

Self heating results in ~2X yield enhancement
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Recent experiments are entering a different regime

T T

. O | ==
-8 [ Jojejqge wA g/ |
- o | =
- O ~H-Jojglqe wng/|
- —f— wesl OdH|
_ —]
o L—t— |
O ——C ]
& 4 [
[ —f— [T
T - T
—— ]
- [
I —} ]
-.w _ H __WH
|2 3
5 €2 — - i
E —+ |8
10 < Q —t— I
IEER —t |
e 0 2 —= [
HEE3 o [
& & 3 b =
o
L 2 9 — b
> > W <t o
il < : b
I N —t— 3 |
o —+ O [
= [
= —t []
. —- [
© ]
D []
() ll ﬁ
c ]
S o m
= —t— [
m —t— |
— [
[
) 0 o ) ) T o
(90 ] N (9] - L o

() pPISIA uoIsng

vOEOV L

(72]

Gceov €y

oclovi

o
Q.

61CIEl€Q

[AYARS S
6LLLEL
L260€1
(AR {115
¢c080¢€1
0LLOE!L
0€S0€ 1
L0SOE |
LEE0EL
0260¢t
8080¢!
¢080¢|
0cl0ct
9120¢!1
9¢90¢!1
(AALTAS
LIvocl
(A /74"
S0voct
LCE0CL
91L€0C!t
LLEOCL
61Lc0Cl
€Leoct
G0c0ct
LELOCIL
L TANITAS
SLcLLL
CLLLLL
€O0LLLL
V16011
806011
06011
9¢801L1
0290t 1
S1L90L1L
809011

n'd

L NIF

27

Pxxxxxx.ppt — Edwards, BOG S&T, 1/28/14

Lawrence Livermore National Laboratory



Recent experiments are entering a different regime
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Alpha energy contributed ~ 50% of the hot spot
energy at stagnation for DT shot N131119

0.8 kJ

Laser energy = 1.9 MJ 2 kJ
Capsule absorbed ~ 150 kJ

DT Kinetic Energy ~ 10 kJ ¥ 4.7 kJ
DT Internal Energy ~ 12 kJ

Radiative

Preliminary analysis

Total yield ~ 17kJ

Cold fuel

Lawrence Livermore National Laboratory



What about ignition?

DT yield vs ignition parameter ¢ Ignition requires higher velocity,

10000 convergence
Principal Challenges
1000 g
Capsule stability
Hydro instabilities increase
= 100; as implosion velocity and
= convergence increase
©
2
> 10; Hohlraum drive symmetry
Symmetric drive is harder
to achieve as laser power
1¢ increased
Hot electron preheat?
0.1

0 010203 0.4 0506070809 1 1.1 Recent analysis suggests
X, (Energy for ignition ~  2)
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The trick of ICF is to turn 100 million atmospheres of
pressure into 300 billion atmospheres of pressure

Eyray ~ 13 MJ The implosion's main
purpose is to

SRR e compress and act as

P 100 Mbar a "pressure amplifier"

ablator

Fuel and remaining ablator
accelerate inwards

KE;, ~ 14 kJ

Speed ~ 370 km/s

~ need 300+ Gbar

P

stagnation

—y
g E

ignition ~
“Ablator” . P, P,

(~195 microns thick)

"hot-spot”

DT ice (fuel) layer (~69 microns thick)

Lawrence Livermore National Laboratory XXX, ppt — Edwards, BOG S&T,1128/311 LIL'/MF\



X-ray picture of capsule taken down axis of
the hohlraum just before a shot

2mm diameter
capsule

.
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Plastic Ignition Capsule

195
b

A
A 4

~2 mm diameter
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Control is the challenge — near spherical
implosion by ~35X

4195
MM

DT shot N120716
Bang Time
(less than diameter
of human hair)

~2 mm diameter

Lawrence Livermore National Laboratory Pxxxxxx.ppt — Edwards, BOG S&T,1/28/3;3 UL_/I\LF\



The hohlraum must provide a symmetric
implosion at the required velocity

Laser entrance hole (LEH)

/- -\ Laser "Pulse-shape”
Helium gas N120321-001-999

EXP : MX_8_DT_C1_S07a
PHAK POWER (meas) = 3.3510402 TW
Plastic Ablgtor 300
\ E‘
2 200
_ -
% 5
S, 100
Q
Gold | &
hohlraum g & o~
wall R o 0 5 10 15 20
2 (%) Time (ns)
® o
(©
O\)5
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The capsule must be designed to withstand
hydrodynamic instabilities

N120321-001-999
EXP:MX_8 DT_C1_S07a

PHAK POWER (meoas) = 3.3510+02 TW
_ 300
g 200
a
=
o
100
0—I
0 5 10 15 20
0.000 Time (ns)

VGLayoutHoSm.mov
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The real world is 3D.....

Lawrence Livermore National Laboratory S AL | I



The real world is 3D.....
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The new “High-foot” is a pulse-shape modification
designed to reduce hydrodynamic instability

CH Radius ~ 1.1 mm High- Foot NIC
N / Thickness: 400 enThee
_ = 195 pm
: = DA = 300 []
Si-doped — /
(]
layers § 200 l l
o
Solid DT & 1001
fuel layer -1 N _/
ol’\ /" ‘
Q.75 10 15 20
Time (ns)
BN | NIClowfoo High-foot
Adiabat (a measure of entropy) ~1.5 Increased to: ~2.5
In-flight aspect ratio, (IFAR) ~20 Reducedto: ~10
Convergence ~45 Reducedto: ~30

GOAL: Performance that is understood and well matched to calculations

Lawrence Livermore National Laboratory
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Prediction — capsule surface at peak velocity

Low-foot High-foot
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Detailed experiments on ablation RT instability verified
our assertions about stability and modeling

Image plane

= = Backlighter
X-rays

Lawrence Livermore National Laboratory RO k2N 1D



Detailed experiments on ablation RT instability verified
our assertions about stability and modeling

Image plane

DB: hgr_g00000.root

Cycle: 0
Pseudocolor

Var: trad

Constant.

m o

- 0.05

Max: 1.000e-06
Min: 1.000e-07

Boundai
Var: Materials

ry
=
B
S o.00
[

- = Backlighter
X-rays

Pseudocolor-0.05

Var: den
w— 17

—1.377

. 0.09823

-0.10
— 0.007008

T

0.0005000

radiation

-0.10 -0.05 0.00 0.05 0.10
Z (cm)

ax: E
Min: 0.0003000

user: omar
Tue Aug 20 11:27:38 2013
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Predictive capability for implosions depends on
our ability to simulate growth of perturbations

Lo-Foot vs Hi-Foot Growth factor at 650 pm

1200 . .
= Simulaion
B — Low foot
o 1000 - — High foot
L‘IE Low foot data
§ U Higher
8 600 - convergence
e
Y 400 -
% High foot data
2 200
©
=
S 0 50 100 150 200 250

-200

Mode Number

Future developments:

* Native surfaces
« Mitigation schemes — e.g. adiabat shaping, drive spectrum control

Lawrence Livermore National Laboratory s e A AL N



A number of prepatory experiments need to be
performed before firing a yield producing DT shot

Shock-timing Hot-spot shape
("Keyholes") ("Symcaps")

N121130 N130108

Implosion shape Ablator trajectory and
("2DConA's") speed ("1DConA‘ ")

X-Ray drive symmetry

("Re-emit")

Space (um)

Azimuth

Time

.. DT shot!

A Diameter

Lawrence Livermore National Laboratory XXX, ppt — Edwards, BOG S&T,1/28/A;3 LIL'/MF\



Neutron imager measures location of
hot spot and cold fuel (N140304)

P0=339um I B P0=57.6 um
P2/P0=-31% § B P2/P0=-3%

Unscattered Downscattered Over-layed images
13-17 MeV 6-12 MeV y 2

&0
14
12
5 0
o ‘ i
06 .80 o
100

-20 0 20
Position (um)

Hot spot “Cold” fuel Registered
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Neutron spectrometers to measure
stagnated fuel

Multiple nuclear activation
arOun_d the chamber
detectors not shown

Spec E
(timing
‘w calibratio
| n needed)

ANG. + )

Lawrence Livermore National Laboratory S A L | A



= Neutron Yield (DT) [&][F][][x]
Neutron Yield (DT)

Nuclear data from typical shot
NTOF-20M-SPECE || Do e iy . yp
(BON) TC090-174 || ; RN ; o t t
NTOF-18M-SPEC || . - P ? (nO e asym me rleS
(AUTO) TC161-056 || § § | o :
NTOF-20M-SPECA || P -
(HAT) TC116-316 || P ; §
MRS TC077-324 1| e
WELL-NAD [UL] || _- IR
TC064-241 ; ; | ; ; .
: : : H : : [} Tlon
DIM-NAD (POS1) || i — e R -
-07 i i ol T . ! [ =
NADT;::‘;cz_:z] . .  |g[B tonTemp 1) [EEMX]
TC116-316 || P 3 lon Temp (DT)
NAD-18M [Cu-64] || ‘ ‘ ? ? [ 5 z 5 s
[_ I e S|  NTOF-18M-SPEC 5 z 5 5
TC090-174 ; ; | - ; I b - - e
' ' ' H = (BON) TC161-056 ! : ) !
DIM-NAD (POS1) || : —e : :
TC000-000 § § § ; NTOF-20M-SPECE i i
WELL-NAD [LOW] || ; ; : (BON) TC090-174 z o “ ”
TCO64-241 P B : : . |z “dsr’ ~ pR/2
NAD-18M [Cu-62] | | Nl | ——e——1 i =/ DSR (DT) EEMX]
TC090-174 , ‘ ‘ g 5 = DSR (OT)
WELL-NAD[UR] || - gl NTOF-20M-SPECA o
TC064-241 3 3 ; ; ; : (HAT) TC116-316 5 5 : f
: : : | ' : : : : MRS TC077-324 I—.—l
65 70 75 80 85 90 MRS TC077-324 o —e— |
! ! ; NTOF-20M-SPECE
Yn %1.0E15 5 5 ; (SAY) TC090-174 .: — o
] ' ' (=]
! i o
Yn: 8.1E15 +1.5E14 (£ 1.8%) chi*2/(n-1): 0.2 (1) = $'(:kev) o NITOF 227 — . u o
H ! (=]
s : =
T(keV): 64 02 (£32%) chi*2/(n-1): 3.1 NTOF-20M-SPECA i - . 5
(HAT) TC116-316 ! 1 3
: ! =
NTOF-18M-SPEC 3 | ® ,
(BON) TC161-056 i :
DSR: 3.8 +0.2 (£45%) chi*2/(n-1): 1.1
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Three nearly orthogonal nToF’s and MRS
-> high quality average fuel velocity

W

T Vg ~ 75 kmls
dt ~ 500 ps

Data

[T ITT T
H|||||||||||||||||Ia

[

68 372 376

QT

Spec SP time [ns]
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Preliminary analysis from new nToFs show
sizable fuel velocities at “stagnation”

Gas-filled expt DT layered experiments

L2 -

5160 - Offset Ice layer

‘?120 _EPerturbed Drive %

(&) E

(o] =

> - % <

T 40 = % 3 }

g e }

- 0+ttt
N ™ = N N N AN AN "~ AN N AN MO AN MOONOANOMAON
O O O O O O O O O O OO O 0O OO O O O O
QLIRS
M U ML O FT 0O O NANMOOGDOLU T «™
© OO NN ™MMOM 0O ~“N """ (NNO ™™
D WWLW O O 0 ML ULNMNOWOWO TMANSANMM
O O 0O 0O 0O OO0 O0OOLOLOLOOLOOLOO F«“ 00 o0 ©
M MO MO O OO OO OO OO T I
=T - ™ ™ ™ ™ ™ ™ ™ ™ ™™ ™™ '™ ¥ ™ ¥™ ™ ™ ¥
Z2 2222222222222 Z2222Z2Z2

Some velocities are large enough to be significant

Currently subject of ongoing scrutiny
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=. Flange NADS Yield Distribution

[BIF1[v10x]

Flange NADS Yield Distribution

FLANCE-NAD "
TCOO7-000 o
FLANGE-NAD
TC007-180
FLANCE-NAD
TCO018-213
FLANCE-NAD
TC036-356
FLANGE-NAD
TC064-039
FLANCE-NAD @
TC064-111
FLANCE-NAD
TC064-200
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TCO64-241
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TC064-292
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TC077-354
FLANGCE-NAD
TC090-045
FLANCE-NAD
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FLANGE-NAD
TC0S0-174
FLANCE-NAD
TCO090-213
FLANCE-NAD
TC102-245
FLANGCE-NAD
TC1l16-200
FLANCE-NAD
TC116-316
FLANGE-NAD
TC143-176

FLANCE-NAD

TC161-236 || O

0.90 0,95 1.00

Fract Yn

FractYn: 1.0 0.0 (20.8%) chi*2/(n-1):6.7

i

04-003-999

N140

©

Nuclear activation data from
N140304 (fuel pR variations)

N140304-003 Flange-NAD normalized to IndDr results fit

O

30

0

o\
\
60 -\
0|

9
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-
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W%
[l
~—

120

090 092 094 096 098 100 102 104

YIY

ave

Coefficients:
adx2y2=-0.0093771
adxy=0.015919
adxz=0.011046
adyz=-0.015786
adz2=-0.075751
apx=-0.046342
apy=-0.017084
apz=0.072905
as=3.51

Fit values:
Well-NAD: 1.0441
MRS: 1.002
nToF BT: 1.01
SpecA: 0.95991
SpecE: 1.0289
NI: 0.99523
DT HI: 1.0014
SPBT: 0.90674
SpecSP: 0.91328

1.06 1.08 1.10

plot generated 10-Mar-2014 14:44:58
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Many high-foot implosions had a toroidal shape

Polar X-ray Image

-50 0 50 100
X (qm)

DT/THD Equator X-ray Image
100 100
@
- u'.Q
P90-78 30 50
S 0 X 0
. e
-50 -50
-100 | -100
-100 -50 0 50 1( -100
X (um)
10 < = 10 -
G 08 S 08 =
@ 06 @ 063
= 04 = 04 3
& o2 uE_] 02 3
0.0 : : —— : 0.0 3
16.5 %6 16.7 16.8 69 - 16.4
Time (rs)

High-foot DT N130812

66 168 7.0 172
Time (rs)

Lawrence Livermore National Laboratory
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We can estimate the DT fuel energy balance
from measured quantities

DT reaction-rate

Ton —{OV) g
Fusion power density hs
P
E ion = 1041070 (0v)V, T 5 hy
pr,, — fa — Ea
%Phs‘/hs

Reconstructed hot-spot

shape to obtain volume _
Mass conservation and DSR measurement

(Check consistency with neutron images)
m
_ fuel 2
Vel = Ths = > U = s
E(pr)fuel
Isobaric assumption

3 _
sPiaVia Q= p

Fermi

fuel

30 59 10

N130927 . 57

Lawrence Livermore National Laboratory XXX, ppt — Edwards, BOG S&T,1128/51421 LIL'/MF\



Energy budget for N130927
Giyel = YiotalEpr > 1.2

Yiotal = 14.4 kJ
EDT a Ehs + Eﬁzel + %e_TﬁlelEBrems - %Ea
=10-12 kJ

Pprs = 34 —49 g/lcm
E.=35-48kJ

P,. = 129 - 150 Gbar
E,=18-25kJ

P = 385 —402 g/cm® Eg,,..=2.3-4.5kJ
E;,=69-7.8kJ Tre = 0.32 — 0.66

a=29-33

Lawrence Livermore National Laboratory
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Energy budget for N130927

g i

Gfuel = Ytota|/ EDT >1.2 uel _
Yy = 14.4 kJ :;
EDT B Ehs b Eﬁlel t %e_TﬁlelEBrems - %Ea % ;J{
=10 -12 kJ g \/
5 o1 E
g TL-H' 1= a
AESEasEat | gl |
Pprs = 34 —49 g/lcm ﬂ
S EeE =i ﬁmﬁﬁﬁﬁﬂﬁ

E =18-25kJ/4  ~ |'SSSCReDReoRDRRISS

P = 385 —402 g/cm® Eg,,..=2.3-4.5kJ
E;,=69-7.8kJ Tre = 0.32 — 0.66
a=29-33
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Experiments are entering a new regime
“a-heating” becoming significant

17
107 = e
o R TTe-ll ' I Yield multiplication
[0 CHHF| ~~_ \\\\\ \‘~~§\2OX p
[J HDC Tee --1 (from alpha-
! meas “~---_10x | heating) contours
S el T
1016_ \\ 14089420 - < _
< vl R TR .
e v v ' 1119 \5~\\\ 3x
L] S 7\\\\ = - 9]
q_, \\\ ob3L219 | -_— ]
> o \\\\5%0812 ..‘\ - 2X |
g \\\13\1212 . ~ < ‘\ngi
= < . N v d
q=; T~ 130710 \‘\\\\
15 - Tt~ 1
Z 10+ Cooogosor o o s T T s~ L LS
I ’—@—' , 12013",55)903 110914 T
L] i s 120417 120321
5 120716 :20\31; Tt~ 12XA
'—DW 110608 Te-
I Rl 120808120320405 120720
1202131206, e
14 120422
10 - . o . SREEES . e
- Lower pr Higher pr
2 3 4 5 6 7 prpy =203 f+ DSR
DSR (%)
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Key issues have been identified and self-heating is
becoming significant

Capsule instability and "mix" was a major Energy Breakdown

factor limiting performance Radiative

We must now get the implosion speeds up
and try to compress the DT more while
maintaining control of shape and mix

We will likely encounter other phenomena
that will have to be overcome eg recent
work on impacts of hot electrons

This will be challenging, but of course
there are many ideas!

= Adiabat shaping

= Drive spectrum control

= Hohrlaum dopants

= Shaped hohlraums

= Diamond/beryllium ablators Time >

Feedback of
alpha-particle
self-neating

Lawrence Livermore National Laboratory XXX, ppt — Edwards, BOG S&T,1l28/51g
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