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> Punchline first: progress towards fusion energy breakeven and gain
> Review of the Lawson criterion following Lawson’s 1955 approach

> Extend Lawson’s analysis to steady-state MCF and pulsed ICF

> Advanced fusion fuels



PROGRESS TOWARDS FUSION
BREAKEVEN AND GAIN



Progress towards energy gain
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Progress towards energy gain and ignition

Adapted from S.E. Wurzel and S. C Hsu
Physics of Plasmas 29, 062103 (2022)
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Progress towards energy gain and ignition

Adapted from S.E. Wurzel and S. C Hsu
Physics of Plasmas 29, 062103 (2022)
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LAWSON’S 1955 PAPER



“Some criteria for a useful thermonuclear reactor” Lawson (1955)
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J. D. LAWSON

HARWELL, BERKS.
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INTRODUCTION

In this report the pov(rer balance in thermonuclear reactors is considerec
and criteria which must be :satisfied in a useful reactor are found,

Various idealized systems will now be analysed. Possible methods of
setting up such systems will not however be discussed.

J. D. Lawson, “Some criteria for a useful
thermonuclear reactor,” “Technical
Report No. GP/R 1807 (1955).



Fusion cross section ¢ and thermal reactivity (o)

@ ) ° o/A is a probability of
\A a “hit”
® o . ovn is the rate of “hits” on a stationary target
< ° ° @ of density n by incoming particle with velocity
v
[ J

n,n,{ov)Vis the rate of “hits” between
particles of density n; and n, with Maxwellian
velocity distribution in volume V.

A
e._0
ol 1y . - .
¥ (oV) is the cross section times the relative
\\.

velocity averaged over a Maxwellian velocity
distribution and is a function of temperature 7.




Fusion cross sections
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Fusion thermonuclear reactivities and fusion power
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D-T Fusion has the highest
reactivity at the lowest temperature

D+T - a (3.5 MeV)+n (14.1 MeV)

Deuterium ion
@ Neutror/
N ™)
p * (n)
GG
Tritium ion Helium ion O

Power produced by fusions in a
50/50 deuterium-tritium plasma
of volume V:

Pp = npn{ov)eV

€r is the total energy per
fusion (17.6 MeV)



Bremsstrahlung in a hydrogen plasma

Power emitted as bremsstrahlung
In a hydrogen plasma:

Cj is a constant.




Lawson’s first scenario: steady state

> Heating power from charged fusion products must ;ZD;nZTfSZ‘E ;uer‘:flry'ggg 2?]/p|g$$)
equal or exceed bremsstrahlung power T = T, = T, (thermal equilibrium) '

' Perfect confinement

. Charged fusion products self-heat

Bremsstrahlung power
Py = Cgn®T"?V

Fusion power of alphas

1
P.=f.Py =chn2<0V>€FV

/.. is the fraction of energy in

charged fusion products
(20% for D-T)
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Ideal ignition temperature

Charged fusion power
equals bremsstrahlung
power at T = 4.3 keV,

when
L, 271/2
fczn (ov)epV = Cyn-T"“V,

independent of density.

SC=PC/V’ SB=PB/V

\

4.3 10

T (keV)

100
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Lawson’s second scenario: pulsed

------------------------------------

- - ‘np = ny (50% deuterium, 50% tritium) :
> Plasma temperature instantaneously raised from =y, + n, (pure hydrogen plasma)
zero to temperature T at t = 0 T =T, =T, (thermal equilibrium) -

' Perfect confinement

» Absorbed external heating power P, . applied over ' Al fusion products exit the plasma
pulse duration 7  (no self heating)

Py

abs PF

16



quel —

Fusion energy

Heating energy absorbed by fuel

(Lawson used R)



Emergence of the Lawson parameter 77

TPr B TP
Py +3nTV Py +3nTV

quel —

~ P/(Bn’TV)  (ov)ep/12T
 P/(Bn2TV) + lnt  Cyl3TV2 +[1/nt

(.1 I8 @ function of temperature T and “Lawson parameter” nt.



Lawson’s requirement for a “useful” system

Surplus power condition

(Pg + Pp)n > Py i

abs

Py
o N

Steady state condition

PBZPabs

Steady state gain

P F
quel — p

abs

n(quel T 1) > 1

Lawson assumed 1 = 1/3, requiring Qf,.; > 2.
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Or.e1 > 2 requires high threshold of T and nt

Figure 2. Variation of R with T for various values of nt fo
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Lawson’s conclusion

CONCLUSION

Even with the most optimistic possible assumptions it is evident that
the conditions for the operation of a useful thermonuclear reactor are very
severe,



EXTENDING LAWSON’S ANALYSIS



Extending Lawson’s analysis to include thermal conduction and
self heating

> Plasma temperature instantaneously raised from zero to " = "'r (50% deuterium, 50% tritium)
.n = np + ny(pure hydrogen plasma) |

temperature T'at t = 0 and maintained at T untilt =7 7 =17,= T, (thermal equilibrium)

. A fect fi t: 75 is finit :
» Thermal-conduction power loss: 3nTV/1 e e FE R I

» Absorbed external heating power P, and self heating P.
applied over pulse duration 7

P

n

P

n

abs abs abs

Pp+3nTV/itg Pp+3nTV/itg Pp+3nTV/tg




Lawson-type analysis

1/nt + 1/nzg

Characteristic times add like

TPr
Ofyel = 30TV + 2Py P
(ov)ep /12T
Otuer = Cp/3TV2 — £.{oVv)epl 12T +
3T
ATy =
(f. + Oil)(ov)ep/4 — CgTV?
TTL
Fell = T+ T

resistors in parallel

» If T << 7 Lawson parameter is nt and ICF-like
» If 7, << 7 Lawson parameter is nz; and MCF-like

> If T ~ 7 both must be considered



Q¢ VS T for various values of nt
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APPLICATION TO STEADY STATE
MAGNETIC CONFINEMENT FUSION (MCF)



Qsci

Fusion power

Qsci —

Heating power applied accross vacuum boundary



Limit of 7 — 00, 7.4 — 7y describes idealized steady-state MCF

= = - _ 1y = ny (50% deuterium, 50% tritium) !
quel =20 Habs 0.9 Qsc:1 nabsquel 18 'n = ny, + ny (pure hydrogen plasma) |

T = T; = T, (thermal equilibrium)
- Imperfect confinement: 7y is finite
' Arrow lines widths drawn to scale

ext

Pout

ou

28



Q..; and analysis of idealized steady-state MCF experiment

Pp

Qsci — P — ﬂabsquel < quel

ext

Power balance:
3nTV

TE

PC+PabS=PB+

3T
n =
EZ L+ 01 (ov)ep/d — CoT2

3T

NTr =
E7 (. + s Q) {ov)ep /4 — CyT112

SC1

1023 Tlabs =— 0.9
=== quel = &0
R — Qsci =0
- quel = 20
22 _
10 — Qsci =20
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Fusion “triple product”

372

Qtuel = OO
Qtuel =20
Qeel—==5
Qtuel = 1 |

10
T (keV)

100

30



APPLICATION TO PULSED INERTIAL
CONFINEMENT FUSION (ICF)



Limit of 7, — o0, 7.+ — 7,and Py = 0 describes idealized ICF

. . . np = ny (50% deuterium, 50% tritium)
» Energy accounting over confinement duration 7 of =, + n, (pure hydrogen plasma) |

the hot-spot T =T, =T, (thermal equilibrium) :
: Ty = 00 (no thermal conduction losses)
EPB = 0 (no bremsstrahlung losses)

¢ee X
\

| Vo >
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(¢, and analysis of idealized ICF hot-spot

TPr TPr
Q%hel__ =
Eabs Ehs/ Hhs

Energy balance of hot-spot (low self heating)

EhS + TPC = 3nTV
12T

o7 (f + ﬂthf;él)<0V>€F

Self heating exceeds all losses (ignition)

tP.=3nTV
12T
ICF
nr). .. =
(1Tig hs (ov)e,

. Ths = 0.65
10 =
\ ICF
\\\\\ — (nT ig,hs
\\\\\\ -1 quel =1
Y\ Qtuel = 0.5
1022 _ \\ \\\ fuel .
\\ \\\\\ quel = 0.2
\\ \\\\
\
R
102" 5
20 s\ A
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Values of 77, and 7, correspond to NIF shot N191007
A.B. Zylstra et al., Phys. Rev. Lett. 126, 025001 (2021)



Progress towards energy gain

Additional effects:
* impurities

- profile effects

* + more

S.E. Wurzel and S. C Hsu
Physics of Plasmas 29, 062103 (2022)
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ADVANCED FUELS



Advanced fuels summary

Advanced fuels require
significantly higher
temperatures and Lawson
parameters than D-T

—_— D4+ T - a+n

IS —— Catalyzed D-D
m——— 3He+D—>p—|—a
— p +''B = 3«

10 100



Advanced fuel challenge: p-“B

><(102701771—3 >2
p+''B — 3a (8.7 MeV) 106 - 3
Bremsstrahlung is huge challenge! — Pp, Te =T
Pg, Te =T;/2
Pp, Te =T;/3
C:D—\ — Pp, TeZTi/IO
la 10° <
=
A
Qﬂ-\
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Fusion System Developers

Acceleron Fusion
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