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Lawson (1957) has considered an ideelized controlled thermonuclear reactor
and has shown that for a net power gein it is necessary that (nt)m,'} 1016 for
a deuterium ges, and (nﬁ)w > 10'% gor a deuterium-tritium gas., In Lawson's
model the gas is heated to a uniform temperature which is maintained constant
for a time t; also the density n of the ions is uniform and remains approximately
oonstant for e small percentage burn-up., Lewson's criteria are necessary but
not sufficient for it is essumed that the only energy loss is bremsstrahlung
emission, All other energy losses, such as impurity and cyclotron radiation
and various diffusion processes, are negleoted. The energy losses oﬁtsido the
gas, as for example the Joule dissipation in the conductors which produce the
confining electromagnetic field, are also neglected, Attempts to take into
account such losses (Jensen et al 1958, Imoto 1959) inevitably lead to oriteria
which are less general and which depend upon the detailed nature of the reactor,
We shall show nowever that whatever the losses are in a reector, Lawson's oriteria
are sufficient provided the time % is interpreted in a slightly different way.

We first consider a highly idealized reactor in which the oniy Snergy
expended is that necessary to heat the gas at constant volume, At time ¢t =0
en atom (in this case a hydrogen isotope) is raised to an energy of 3kT (which is
shared by the ion and the electron), where T is the temperature, and et time t it
strikes the wall and its energy drops back to zero, Let
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Rpp = 7.0 107
be the reaction power per ion (assuming thet tritium formed in the D-D reaction ia
recycled, and that thers are equal etomic concentrations in the D-T reaction).

If all reaction products escape the energy delivered to the walls as heat iz

3kT + Prt per ion in time t, If " is the effiociency of converting this heat

into useful energy, there is a net energy gain when

'r\(ll +1) > 1 (2)
where R = Prt/sk'r. Or,
R=nt & {6v> >Nt w2 (3)
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for an efficiency of approximately 1/3.
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In (3) nt has its minimum value at
d log 46
Tfoﬁ'é'- =1 (%)
and using the log 46v) =~ log T ocurves (Thompson 1957, Jensen ot al 1958) we
find thet their slope is unity st Ty = 140 keV, £&v) ;- = 7.0 10717, ana
Tpp = 25 kev, L6vy pp = 5F 10‘16. - Hence, using (3), it follows

o > 240'5, (at)y, 3 6.0 (52,0)

for a net energy gain. In these criteria t is either the life-time of an
individual ion in a continuocusly running reactor, or is the duration of the
discharge in a pulsed resctor which has mo diffusion losses, At the temperatures
TDD = 140 keV, TD‘I' = 25 keV the bremsstrahlung power loss is small compared with
Pr and (5a8,b) are also essentially the correct values for Lawson's model., In
fact, the oriteria (5a,b) are generally true for any reactor in which the energy
loss per ion in the ion life~time is small compared with 3kT,

Ve consider now a more realistic reactor which has a variety of energy losses

Let
Q= totel energy per ion supplied to reactor in time %
kT
S = ene: r lon lost from pas to walls in timé ¢

Thus, Q is the totel energy supplied to the resotor, of whioh R is the loss which
can be converted to useful energy. There is now a net power gain when
LR+8)> o | (6)
where R has the seme meaiing as ba.fore. Por q = %,
R 7 3-8,
and einpe Q% 8, a sufficient 6ondition ie

R.-.Ezf)sq (7
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- - (A necessary condition iz R)» 2Q), The sufficient conditions for a net emergy
~".gain are therefore

.
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(at)y > 310'%, (W) >910°Q (@)

" The total energy supplied to the r eactor is approximately a linear funmction
" of time, and can be expressed in the form

A % '
Q o&+1 (9)

where kT« is the initial energy expended in raising an ion to an eiorg of
3k?, and T is the time taken to supply the reactor with an energy of 3kXT per ion,
In the idealistic model considered previously, A =4 and T =00 ., There is
little loss of generality if & is set equal to umity, and by combining (8a,b)
and (9), it follows

vt 3 102, ( Jl-) 9 10 10a,b
(:\?91» > A “vﬂ-& D‘.l'> i

When ¢ &7 , we recover (5a,b) which are essentially Lawson's original criteries,
However, whem ¢ »»7 , the sufficient conditions for a net energy gain ere

(5% Jog > 3 10",  (av dop ? 9103 . (112,b)

where ¥ is now the time taken by the reactor to consume an energy of 3kT per ionm,
or en energy of 3NkT, where N 1s the total number of ions.

The conditions (10s,b) are for a reactor of arbitrary energy losses and are
therefore quite general. It 1s interesting to notice that they are the same as
the Lawson criteria with the exception that the time t is replaced with a
‘reduced time' of Tt/(T +t). In a realistic model of a magnetically confined
gas it seems not unlikely that the total emergy consumed per ion will be large
compared with M, and the appropriate conditions are therefore (11a,b), This
means, for example, that in a gas of n = 1016 m”, ?DD) 0.3 sec, and

g - >g1073 sec, or the emergy expended in a DD reactor must not exceed
3 x 140 keV/0,3 o 4 MeV per ion per sec, and in a D-T reactor must not exceed

3 x 25 keV/9 10'5 ¥ 10 HeV per ion per sec, Whether or not these conditions
are possible must depend on a detailed assessment of the losses peculiar to

each ‘lwlpe of reactor, -3




Imoto, M., 1959, J. Nuclear Energy, Part C, 4, 19.

Jensen, T.H., Kofoid-Hensen, 0., Sillesen, A.H,, Wandel, C.F,, 1958,
Scme Criteria for a Self-Sustaining Steady State Thermonuclear
Reaction, Ris® Report No. 2.

Lawson, J.D., 1957, Proo, Phys. Soc., B70, 6.

nm. '.B', 1957’ PNO. W‘. 8“.' 370’ 10

¢



