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Outline

> 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 fuels

>
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PROGRESS TOWARDS FUSION
BREAKEVEN AND GAIN
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Progress towards energy gain

[Animation]

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

Adapted from S.E. Wurzel and S. C Hsu
Physics of Plasmas 29, 062103 (2022)
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Physics understanding and progress towards energy gain
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LAWSON’S 1955 PAPER
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“Some criteria for a useful thermonuclear reactor” Lawson (1955)

2exrea GooEs, INTRODUCTION
AERE. GP/R 1807 T Seetied by duthoir ot | AERE. GP/R 1807 "

. DATE AND. B PR L X3 | o/ \ » . ° ° -
e T J In this report the power balance in thermonuclear reactors is considerec
~ : ! d n. £ < T . . . .

5 Lot -2l and coriteria which must be :satisfied in a useful reactor are found,
3 b
{3. ’
4
CULHAM LIBRADY °
ATOMIC ENERGY REF=(ENCE Oi-
RESEARCH ESTABLISHMENT -
[cuthan tsorarorv]
Ly Y
21 NOV 1961
a_|—
SOE: SRITERLS, Foil i USKRUL Various idealized systems will now be analysed. FPossible methods of
THERMONUCLEAR REACTOR ' . ) . .
setting up such systems will not however be discussed.
by
J. D. LAWSON
HARWELL, BERKS. J. D. Lawson, “Some criteria for a useful
1955 thermonuclear reactor,” “Technical
Report No. GP/R 1807 (1955).
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Fusion cross section ¢ and thermal reactivity (o)

@ ) e C/Ais aprobability of
\A a “hit”
® o ovn is the rate of “hits” on a stationary target
14 . . . . . .
< ° ° L of density n by incoming particle with velocity
1%
L 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
oY . - .
¥ (oV) is the cross section times the relative
\\.

velocity averaged over a Maxwellian velocity
distribution and is a function of temperature 7.
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Fusion cross sections
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Fusion thermonuclear reactivities and fusion power
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T lIll

10

100 1000

D-T Fusion has the highest
reactivity at the lowest temperature

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

o . >

O NCS
P
Tritium ion Helium ion (X
Power produced by fusions in a
50/50 deuterium-tritium plasma
of volume V:

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




Bremsstrahlung in a hydrogen plasma

Power emitted as bremsstrahlung
In a hydrogen plasma:

PB — CBn2T1/2V

Cj is a constant.
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Lawson’s first scenario: steady state

: - 'np = ny (50% deuterium, 50% tritium) -
> Heating power from charged fusion products must =y, + n, (pure hydrogen plasma)
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 oflalphas
P.=f.Py =chn2<0V>€FV

/.. is the fraction of energy in

charged fusion products
(20% for D-T)

14




Ideal ignition temperature

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

when

\_

1
fegnX(ov)egV = CynT'2V,

S.,Sp (Wm™3)

independent of density.

SC=PC/V’ SB=PB/V
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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 Py

abs PF abs PF

| i >
=0 =7 t
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Fusion energy

Otel = Heating energy absorbed by fuel

(Lawson used R)
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Emergence of the Lawson parameter 77

TPr B TP
Py +3nTV Py +3nTV

quel —

B P./(3n*TV) - (ov)ep/ 12T
 P/(Bn2TV) + lnt  Cyl3TV2 +[1/nt

(.1 I8 @ function of temperature T and “Lawson parameter” nt.
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Lawson’s requirement for a “useful” system

P

abs

Py
' K

ﬂ(quel + 1) > |

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

102

1079 1 =
nT=0oom S
1078 - nt =1 x 10%! m—3s
1010 — nr=1x10%" m3s
— nr=1x102 m3s
Figure 2. Variation of R with T for various values of nt fo:
10—12 ——HH —

N 1 1
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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,
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EXTENDING LAWSON’S ANALYSIS
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Extending Lawson’s analysis to include thermal conduction and
self heating

X ] : ‘np = ny (50% deuterium, 50% tritium) :
Plasma temperature instantaneously raised from zero to 1 = 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

Pabs Pabs Pabs
Pp+3nTV/itg Pp+3nTV/itg Pp+3nTV/tg
| I >
=20 =7 A
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Lawson-type analysis

TPr
= P..+P. =P,+3nTV/t
quel 3nTV + TPabs abs c B E

(ov)ep /12T
Cy/3TV2 — f{ov)ep /12T +|1/nt + 1/nty

quel —

3T
Mleft = _1 1/2
(]CC + quel)<6v>€F/4 — CBT

T T .
T oo = L Characteristic times add like

eft T+ 7 resistors in parallel

» If T << 7 Lawson parameter is nt and ICF-like
» If 7, << 7 Lawson parameter is nz; and MCF-like
QrpPOG-@ » If 7, ~ 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)
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Qsci

Fusion power

Qsci

Heating power applied accross vacuum boundary
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Limit of 7 — 00, 7.4 — 7y describes idealized steady-state MCF

_ _ _ _ ‘N = np (50% deuterium, 50% tritium) -
quel =20 Mabs = 0.9 QSCi — nabsquel = 18 :nD= nDT+ ny (pure hydrogen plasma) !
‘T =T, = T, (thermal equilibrium)
- Imperfect confinement: 7y is finite
' Arrow lines widths drawn to scale

P ext
P out
Cl |)ni
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Q..; and analysis of idealized steady-state MCF experiment

Pp
P

ext

Qsci —

— nabsquel < quel

Power balance:
3nTV

TE

PC+PabS=PB+

3T
n =
EZ L+ 01 (ov)ep/d — CoT2

3T

NTr =
E7 (f 4 0 0=D{(ov)ep /4 — CoTI2

>
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Fusion “triple product”

1024 -
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APPLICATION TO PULSED INERTIAL
CONFINEMENT FUSION (ICF)
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Limit of 7, — o0, 7.+ — 7,and Py = 0 describes idealized ICF

» Energy accounting over confinement duration 7 of gZD;”ZTJFIST/‘ZSU‘?:‘?];'Z[25‘2?]/E’,Igg:;‘g) 5
the hot-spot ‘T =T; =T, (thermal equilibrium)

: Ty = 00 (no thermal conduction losses) .

EPB = 0 (no bremsstrahlung losses) !
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(¢, and analysis of idealized ICF hot-spot

0 TPr TPp
fuel — — 102
Eabs Ehs/ﬂhs
Energy balance of hot-spot (low self heating) 1022 -
Ey + 7P, =3nTV —
T
. 12T \E/ 1021 -
(fe + msQfe)(oV)er S
Self heating exceeds all losses (ignition) 10% 5
tP. =3nTV
cp 12T 1017
(nT)ig,hs =
(ov)e,
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Values of 7, 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
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Advanced fuels summary

Advanced fuels require 0
. . . ap)
significantly higher |
temperatures and Lawson s
parameters than D-T &
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Advanced fuel challenge: p-“B

Ne 2
X (1520m5=7)
p+''B — 3a (8.7 MeV) s J— £
Bremsstrahlung is huge challenge! }— P, Te =T,
i B A==1{T /2
| — PB, Te =Ti/3
? 1 PBpl k| T@'/IO
I 5
o 10
=
A
Q.:\
A, 10% -
103 .

. 1 10 100
QaplaN(C T; (keV)
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“Some criteria for a useful thermonuclear
reactor,” J. D. Lawson, Technical
Report No. GP/R 1807 (1955).
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sam.wurzel@hg.doe.gov
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“Progress toward fusion energy breakeven
and gain as measured against the Lawson
criterion,” S.E. Wurzel and S. C Hsu,
Physics of Plasmas 29, 062103 (2022)
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