Understanding the critical steps to ignition
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- Definitions: fusion Q, target gain G

- Burning plasmas, ignited plasmas, burn propagation
— The Lawson criterion for ICF

- Relation between the Lawson criterion and the ITFX
- o-heating and burning plasma vs ITFX



The thermonuclear or fusion Q and the alpha Q
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The Target Gain “G” is NOT a physics parameter
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Driving ICF targets is a very inefficient process
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Only a small fraction of the driver energy is converted into useful kinetic
energy of the implosion. Most of the driver energy is wasted in heating and
accelerating (outward) the blow-off plasma (typically CH or Be plasma)

Expanding ablated
(blow-off) plasma Examples:

(C1FI/05 Be)
NIF 1MJ Indirect Drive Point Design
Laser energy = 1MJ
Fuel kinetic energy = 10kJ
Total efficiency =1 %

Ablator NIF 1.5MJ Direct Drive Point Design
Laser energy = 1.5MJ
Fuel kinetic energy = 90klJ

DT vapor DT ice Total efficiency = 6%

1
V. = implosion velocity Useful kinetic energy§=|\/| cnepiatea Vi



The imploding shell has two functions: (a) heating of the central
low-density plasma (hot spot) to ignition temperatures,

(b) providing the “inertial” confinement
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" Compression and heating of the central hot spot

Useful kinetic energy . (equivalent to the MFE heating input energy

1 Vel /2 50% coupled to the plasma)

o unablated i ~50% Compression of the dense shell to provide the “inertial”
confinement (similar role to the magnetic field in MFE)

COMPRESSED CORE AT STAGNATION Stagnation density NIF-like. 1MJ

Dense shell Ignition takes place : and temperature ( 11400 ’ )

~ 500-1Q00 ¢ in the hot spot : 31200

31000

800

T, (keV)

1600

Density (gl/cc)

J400

3200

50

Provides the confinement
of the hot spot (and more)



The input energy to the hot spot is small (~several kJ).
The thermonuclear instability (ignition) can amplify the
input energy by a very large factor
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EXAMPLE: 1MJ YIELD (G=1)
AMPLIFICATION DUE TO IGNITION
Consider (for example):
(@) 1MJ fusion (a +n)yield = E_;
(b) Eusion-Q = Q=E,,/Ej,put-ext
Q =1MJ/5kJ=200
(c) Alpha-heating level Q,=E /E;,,t-ext
Q.= Q/5=40

se

Q, = 2 or Q=10 defines a “burning plasma” (typical definition used in MFE)

A Q~100 can be used as a measure of ignition in ICF




In addition to the inertial confinement, the dense shell
around the hot spot provides a reservoir of fuel that, if burned,
leads to ultra-large amplifications of the hot-spot input energy
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Burn wave propagates Shell burns till fuel expands
Ignition is triggered in dense fuel shell and cools down (disassembly)

Entire shell

Hot spot
5-10KeV

T~50-100keV, burns

Burn wave
Example: AMPLIFICATION DUE TO BURN PROPAGATION
* NIF 1MJ Indirect-Drive point desigh Consider a 10 MJ fusion yield (G=10)
* Total kinetic energy = 10kJ Q=10MJ/5kJ=2000

* 5kJ into the hot spot Q.= Q/5=400



The target Gain can be related to Q_ for a fixed
- energy (to the target) coupling efficiency
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Energy Target Gain:

Fusion Energy Output (a + n)

Driver Energy into the Target Chamber

Alpha Q = (Fusion Q)/5:

Alpha Particle Energy

Example: Q - . s
a 1
« NIF 1M ID point design % Driver Energy coupled as kinetic energy

« Fuel kinetic energy = 10k! (%2 into the hot spot, % into the shell)
* 5kJ into the hot spot

G~ 0.025 - Q,~ 1 = a-heating = input energy to HS (~1e16 neutrons)

G ~ 0.05 > Q,~ 2> Burning plasma (~2e16 neutrons)

G~ 0.5 - Q_~ 20-> Ignition (~2el17 neutrons)

G ~5-20 -> Q_~ 200-800 -> FULL Propagating burn (~2-8e18 neutrons)




The ignition parameter y from the energy balance
determines the plasma performance
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Fusion plasma energy balance
W.
W, +Wyy =W W[ 2o | w14 2 | owy
WO! QOC

Q — Wa / Wlosses — L
. 1_Wa /Wlosses 1- X

— WO!

4 W € Ignition parameter

losses

v=1 2> Q4 = « =2 Ignition
v=2/3 2 Q, =2 > Burning plasmas
v=1/2 2> Q, =1 > Alpha bootstrap heating




The Lawson criterion for thermonuclear ignition
requires that the alpha-particle heating exceeds
all the energy losses
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Wa > Wlosses
a-particle heating rate > energy loss rate
lon particle Hot plasma volume
density Plasma pris:sure/
\ 2 v
N 3 p hot
dVga I<OV> > 5
T
Vhot E
AN

Energy confinement

3 5EMeV fusion reactivity fime



A 0-Dimensional model of the thermonuclear instability
(ignition) includes the entire plasma column of a tokamak
~and only the hot spot of an ICF capsule.
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ICF

a r r

Fast radial transport for ITER te<t,> Cold dense shell does not
Temperature profile is “consistent or contribute to |gn|'F|on.
resilient” >0-D model is ok and includes Only hot spot ignites.

the entire plasma. Shell supplies fuel



Profiles effects need to be included in the
calculation of the Lawson criterion
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(p)re >
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n ~ const p ~ const
r2 % r2 2/5
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The Lawson parameter Pt required for ignition

depends on the ion temperature
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ICF implosions cannot achieve ~10keV
temperatures through compression alone

FSC

- High T requires high implosion velocity V;
- High V; requires thin shells
* Thin shells break up in flight due to

1000

T
hydrodynamic instabilities =
& 400
200
. )
Implodlng ] -500 -250 0 250 500
Z (um)
301 ]
_ NIF
—~ 25 ..
) Ignition
ICF needs to operate at ~ SkeV 8 45! :
requiring V~400km/s and P~25 atm s. & 10! |
' ITER
5[ l
|
0 5 10 15 20 25 30

T (keV)



The expansion losses represent the internal energy lost
by the hot spot and transferred to the surrounding dense
shell as kinetic energy

FSE) Cre

1/ Texp~ \/ Rhs/Rnhs  Expansion

Mg Ry, = 4P, R2s  Shell Newton’s law

M ~6 AR2 Ag = shell
s \S/SS\ thickness
Shell areal

density

1 » Phs Rhs
Fo

Shell mass

TC7914



The ignition condition depends on shell areal density,
implosion velocity, and hot-spot ion temperature
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Hot-spot pressure and temperature
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Rhs :
\
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The heat flux leaving the hot spot is deposited onto the shell surface
causing mass ablation from the shell into the hot spot. The hot spot
mass increases in time.
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[ qheat — _K(T)VT
P~pT~const

k(T)~=x,T >/2

Th

S

mass! The heat leaving the hot spot

ablatign
! cannot penetrate the shell

because the shell is cold and

Its thermal conductivity is low,

temperature

heat flux

shell

hot spot KsheII<< Khot spot

\ A

The heat is deposited on the
shell inner surface causing
mass ablation off the shell



u, = blow-off velocity
Into hot spot

____-6_______

Enthalpy

flux
[

1

1

1

1

1
Rhs

> \2/5
r
» Hot spot temperature profile 2> Ths — To(l_ Rz j
hs

- Use ideal gas EOS:  pu, =2p Tp U, /m; =2m, T, /m,

find

+ Ablation rate into hot spot: M, = Pr. Uy

[ ) 5/2
\mA =0.2 Mk T

Rhs




_ Hot spot volume ~ Rﬁs
Hot spot density / Use EOS p=mp/2T
|

-m, pV,
M hs — /O hths — I :

dM . pV , M
Hot spot s — 47R%m m. hs R |
mass > dt " Aj‘> I " Ris

evolution

R , | €  Energy
Hot spot > | t ~ _hs pVhs M sheIIVI Conservation
compression time VI (hot spot internal

energy comes from
shell kinetic energy)

Implosion |\/lshell - psAsRﬁs
velocity ‘
217

M, V> /7
Hot spot 2> T ~ Shellzl ~ 1—/7 (pA)zLaég”]z VI6/7
temperature KoRh K,

Shell areal density




Relation between implosion velocity, hot temperature
and shell areal density leads to ignition parameter
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V _ T Simple model,
| ( A)1/3 thin shell, analytic
0.81
~ Better model,
VI (km / S) ~ 100 ( A)0,17 thick shell, numerical

Y ~ [(pA)T,?-1 og™ ]0'33 > const /Cy,




The analytic model agrees reasonably well with the
simulations; the latter can be accurately fit by a simple

power law pR x T2 > 20 for 3.5 < T < 7 keV

FSE€ lI:IIElE
2.0 | I |
Ignition
f“\r @
e 15 Best fit for 7
2 35<T<7keV
$ 1.0
)
55
c
S 05
0.0 ' : |
4 5 6 7
(T)Ro"* (keV)
Ignition condition
1-D ianiti 0.8 < o-oc> 1.6
-D ignition no-o keV 0-o
parameter . X1D = <pRg/cm >n ( — n) >1 | 3.5 <Tpey <7

TC8634a




In 3-D the fusion yield is reduced by the Rayleigh—Taylor
instability that cools down parts of the hot spot
FSE FLE

clean 3 3
V3D ~Rclean <V1D~R1D

3D 2 | o VEE"
. clean : -
Nheutron ~ i (OV)V3D" Thurn ~ Nneutron Vip

¢ The yield-over-clean YOC = 3-D fusion
yield; 1-D yield is approximately equal
to the ratio clean volume/1-D volume

Can be measured

/

4
3-D clean YOC without

N Vi
YOC = —heutron = oa-deposition

N J{Eutron V1'D YOCho-«

TC8551



The YOC is used to extend the measurable Lawson
criterion to three dimensions

Back to the 1-D Lawson criterion
(simple analytic model)

Co ~ /V (ov)dV

c3D. Ju, o ov)dV ~ ctb 3D cID . yocno-«

Power 0.8 in better

3-D measurable Lawson criterion analytic model

0.8 &~

1.7
(PR (TIP-%) " (YOC"**) > const

TCs552b



Results from a 2-D + pseudo 2-D simulation database
are in reasonable agreement with the ignition model
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1.0
0.8 :
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spread '

Normalized gain G/G1.p
o o
N B

0.0 ' s
0.0 0.5 1.0 1.5 2.0

g/cm? no—a

1.6
) T no—«
f_lt _ Rno—a 0.8 keV YOC 0.4
Xsm = (P Vi

3-D Measurable Lawson Criterion (fit from simulations)

TCBE40



The product Pt can be derived by using a
power-law approximation for the fusion reactivity
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7= <‘7"’>5an _ Pt Overall ignition
2473 [ P T]Esn parameter

1.6
no—«o TZO ’ in_ _ i
X= (pRQ/Cm )08£ ZV7 j YOCr?04a [pr]ign <O'V> T

Pr(atmes) = 8(oR T, .y )O'8YOCO'4

g/cm?




The product Pt for NIF and OMEGA
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Pr(atmes) ~ S(PRQ,szTkev )*°YOC®*

* NIF (current): <pR>=1g/cm?, <T>=3.5keV, YOC=0.05-0.1

Pr~7-10atmes

* NIF (check): use directly inferred values; P=80Gbar,
Tyurn #100ps 2P 1, ~8 atm s

« OMEGA (current): pR=0.24g/cm?, T=2keV, YOC=0.1

Pr~l5atmes




The Lawson plot shows the performance of fusion

devices with respect to thermonuclear ignition
FSC
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The Lawson criterion, the ITFX,
and the fusion and alpha Q



The one-dimensional no-burn neutron yield can be
determined from hot spot and shell scaling relations

UR

‘ FS@ LLE

* The Yield-Over-Clean requires the 1D Yield without burn (no-a)

o (ov)
Y (1D) j dt L n? y/t}
Y(AD)™ ~ (PR N 01T JT” + 1= = My (e RV, T2

« Need to find (phs RV, )



Use hot spot mass scaling to find (,OthhsV|)
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3 2 2\/ 2
M . ,0 R3 . pRhS —_ M ShVI —_ (IOA)Sh RShVI
hs hs " *hs
Ths Ths Ths
Hot spot areal density depends on shell areal density
V 2
PrsRes ~ (PA) g = -
hs
Use previously derived scaling of hot spot temp and velocity
0.8
V —_ Ths
I ( A)0.17
,O sh

Find: o, RV, ~ (pA) T



The 1D compression yield depends on shell areal
~density, hot spot temperature and fuel mass
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Scaling from simple model s .
4+ *
no—«a 0.5+ 4.1 3 p
YD) ~ (pA) To "My, =l .
Fit of simulations 't 1
47 & .
keV -
Y(lD)no_a _ ( A)0_56 Thse Msh (mg) 0 I > 1
16 P sh(g/cm?) 4.7 O 12 AP %}
1200
1000
Stagnating shell mass is about %2 of fuel mass = Return
:‘_5' 00 - shock
1 5 400
M, ~—M |
sh ? DT 200

Mass coordinate (mg)



The Lawson ignition parameter for ICF can be written
In terms of neutron yield, areal density and fuel mass
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1.6 0.4
no—o . T go_a Yn no—a 4.7
x = (PR, 08(2V7 j (Y J// Y (D)™ ~ (pA)*(T,. )" M,
' 1D/ no—«a
0.4 0.4
Y NoO—« Y N0O—«
. 0.7 n -0.17 _ 0.7 n
X~ PR N Z1D PR M
sh ’\ sh

\
Close to unity
(neglect)



The LLNL ITFX is a approximately a power
of the Lawson ignition parameter
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Pr
Pz(T)

Lawson criterion = y =
ign

N M9 Best fit of simulations

stagnation

0.45
_ _ pos [ 0.2Y7 107"
Alternate forms of y:  x = pR,"x

LLNL ITFX for fixed fuel mass (Spears et al): |ITFX ~ dsf ?Y 2™
2 \
ITFX = y si-oR

Current NIF: ITFX =0.09= A from-ITFX 03’ Adirect ~ 0.2

Current OMEGA: ITFX =9¢10* &« y ~0.03

JET (1999): |y ~=0.13




A four fold increase in fusion yield is required
In the NIC experiments to access the alpha
bootstrap heating regime
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Q 5y _Q, X
7=a45 %71, Q, +1 1- 4

Current NIC experiments: ¥ *0.2=>0Q~=1.3=0Q_ =0.25

* NIF hot spot; ~80Gbar, ~35um-radius = (3/2)PV~2.4kJ
* NIF neutron yield ~ 1e15 ~2.8kJ

NIC > 2.4kJ in hot spot = 2.8kJ fusion yield 2Q~1.2-> Q,~0.25

Alpha heating Q=5=Q =1= y =05
Burning plasma Q=10=Q, 2= y=0.7




An ITFX above ~0.3 is required for alpha bootstrap
heating and above ~0.5 for accessing the burning

~ state
| FS@, LLE
| —
50 Ignited plasmas /
Q, 1of Burning plasmas

Alpha heating

NIC
o o

0.2 0.4 0.6 0.8 1.0
ITFX




Conclusions

The ITEX Is approximately a power law of the
Lawson’s ignition parameter and is a good

~ measure of the implosion performance .
"FSE€ LLE

« The Lawson ignition parameter y =Pz/(P7),,
Is derived for ICF capsules

* The ITFX is approximately equal to y? (+30%)
* a-heating requires ITFX~0.3 2%~0.5 2Q,~1
« Burning plasmas require ITFX~0.5 2%~0.72>Q,~2

« Current NIC experiments: ITFX~0.09->%~0.2-0.32Q,~0.25
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