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I. NUCLEAR FUSION AND THE ENERGY RESOURCES OF THE EARTH
Progect Sherwood is the offic1al name for the American _project which
has as its objective the controlled release of energy from nuclear fusion.
Major research efforts in this field are being carried out at Princeton,
Los Alamos, and Livermore. Smaller scale efforts sare underway.at Oak Ridge
and at New Yo,rk.U'niversity° The essential features of the problemslinvolved
will be described in the 1ectures to follow. In its utmost 51mplicity,
however, it might be described as the problem of containing and controlling
a gas at temperatures comparable to those of the sun for 8 time long enough
to achieve sizeable nuclear reactions. The,three maaor~research centers )
named above are working on specific schemes for a device,P Oak Ridge and
NYU are concerned more with fundamental research and development°
Before considering the possible schemes for a Sherwood device, it is
probably most sensible to look at the role which fusion (or thermonuclear)
energy would pley in the over-all resources of this earth.; The discussion."
which follows is based upon data published by Palmer Putnam 1.
Putnam defines a convenient energy unit called the Q. The Q has a
value eQual to lO18 Btu. 1In terms of this unit, one can summarize the
energy that has already been used on this earth to the present'day and can
0

also characterize the availability of the remaining energy in the usual

forms. Some interesting‘numbers are listed in Table 1l.1l.

1. P. Putnam, Energy in the Future, Van Nostrand, Princeton, N. J.
(1953).

e o

SECRET

57\37



Table 1.i
Burnup to 1850 ,. - 6-9Q
1850-1950 : . b
Total to 2000 . . .25

Total to 2050 - - 0.0)

!

Present ¥éte is 10Q per éenfury S

Available Coal . : g 3

oil ' - 6
Cosee
Nuclear o | o 575

The first two numbers represeﬁt:bufﬁups of‘alllénéfgy nesqurd;s:whiéh

have occurred in the relevant periods. The‘next‘fﬁoii£é@éiaféfthe ES#imatgd
totals to the years 2000 and 2050. These figures'afe‘based*qn én-éxtraﬁoia:'
tion of both the population growth of the planet and'of‘fhebfise in‘energy
requirements per capita. | “

The second part of the table summarizes the m;jor energw'resoufces'
reméining on this planet. These estimates consider'pnly thosé available -
reserves of coal ahd oil which can- be écqnomically-mafketed -- that is to
say, marketed at a béSic price that is not over twice the present average
cost. The total reserve in nuclear fuel includes uranium:and thorium and
assumes completewﬁreediﬁg; This last number is perhaps the most uncertain
of Putnam's estimates and, in fact, there is a great deal of.evidéhce'that

=

it is an appreciable underestimate. Thus it is clear that there‘is'hO‘
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immediate and pressing urgency for the development of a fusion réactor,
while there is good reason for a 1argevscalé effort in the fission fiéid.'
.It is .also clear, however, that there is cerﬁainly something iesslthaﬁ.an
unlimited supply of energy in uranium and thorium, even és;umiﬁg‘compiete
breeding. If the power fequirements of the‘earfh shéuldArng_appfeciab1y3
-above their presépt levels, it 1s conceivable that”ail bthér'énergy
sources - that is other than fusion aﬁd'éolar energy - will bé‘éxhausted
in a few hundred y"ela.rs° _ |

What then'is the energy reserve which is availsble iﬁ light-element
fusion processes? To evaluate this, consider the reactioﬁsilisted in
Table 1.2 which, as will be seen later, comprisé thg most féasible reactions
for a fusion reactor. The most promising is the D-D reactioh'which jiélds a
neutron or proton with about 50% prdbability; Next most promising is the
D-T reaction which yields a neutron. The energy of the reéction products -
are listed in parentheses in the table.

Table 1.2

b + D",f.;He5(0°8 Mev) + n(2.5)-
= p(1.0) + p(3.0)

D+T ———>Hel‘(5.5) +'n(1l+.1) '
n + Hed —>7(0.2) + p(0.6)

D + Hed —>He*(3.6) + p(1k.7)

n + 11% — Bet(2.0) + 7(2.6)
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The energy release in the burning of deuterium may be estimated by
following a depterium atom through all the bufnings which will”océur, eveﬁ
iq a reactor which is initially of pure deuterium. It is clear from the
reactions which have Jjust been listed that 395 will be prbduced'as a by-
product half of the time and tritium as a byproduct half the fimé;”‘These
charged particles will not escape from the system, but mgyvbenexpectéd to
burn once again in a D-T or a D-He> reaction. Table l;3‘lists'fhe-sequenée
of these events. |

" Table 1.3

D +D—>T7(1.0) + p(3.0)
D + D —>He7(0.8) + n(2.45)
D+T %\Heh(ls) + n(14.1)

D + Hed — sHe™(3.6) + p(14.7)

6D— > 2He (7.1) + 2p(17.7) + 2n(16.55) + (1.8)

?he over-all effect is thelburning of six deuterons. The'products are
two protons, two neutrons, and t&o alpha pgrticles. The quantities in .'
parentheses indicate the energies“with which these are produced, and it
must be remembered that‘the'enérgy deposited'in the chargéd~partic1es is put
back into the gas since charged particles will not be expected‘ggﬁésbape,_
Adding up the energy in charged particles and dividing by six shoﬁs that o
the energy depositgd in the gas per deuteron is h;h Mevev Similafly,‘dividing

- ~the energy which escapes in the form of neutrons by éix,yields an additional
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energy contributien per deuteron of 2.76 Mev. Tﬁe total energy output
'per deuteron burned is'approximately 7.2 Mev.

It is instructive to use this figure to calculate the availsble energy
on the surface of the earth in the form of see water. Deuterium occﬁrs‘
in sea rater in a ratio of about 1 part in 5000. The amount of energy in
e gallon of sea water is easily found to be of the order of magnitude of
10h kw-hr. Speeking very roughly, 1 gal of water has the energy equivalent
of 300 gal of gasoline° The coet of separating the amoﬁﬁt~of:deuterium
found in a gallon of water from sea water. is approx1mately 10 cents,.
Hence, the separation cost is completely negligibled An'estimate for the
amount of surface water on the earth is about 1021 gal, Therefore, the
total energy available from sea water is readily calculated to be about
5x 1010 Q. Hence, if one could burn deuterium cheaply in a controlled
thermonuclear reactor (or CTR), the energy problems of the earth would be .

solved‘for an essentially infinite time. | | o

Over and above the energy resoﬁrce argument for Sherwood, there exist
at least two other reasons for working on this project. The'first is the
possibility that a Sherﬁood device may actﬁally enpply eleetrie power at a
cheaper rate than conventional methods. The reason for this is the pos-
sibility of direct cenversion of the energy output of-rhe system into
electrical energy. As will be seen later in these lectures, the working
fluid of a Sherwood device is a completely ionized plasma at a temperature
of 100,000,000 deg. It may not be too difficult to find some means of

separating the charges in the plasma (at least up to a potential difference
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equal to kT, whichiis loh.ev) and actually dbtaining a DC.potentiél which
can be used directly. Alternative schemes involve use of inductive aétion
in expanding plasmas.

The second reason is the compefition é,ngie° It is known that the USSR
and the UK are working on such devices. If these devices ére_sﬁCcéssful,
they could prove an important'e;oﬁomic, political,’or~psthological_achieve-
ment. Hence; it is in the national interest not to fali‘behiﬁd inthis
field of research. ) i B | |

It is to be noted that the list ofspds;ible reactiOQS'oflthe-lighth
isotopes included tritium; If one attempts toidesign a reactor whiéh ope:atés
maihly on the burning of deuteriuﬁ and tritiﬁm in a D—T reaction, ¢§refgl
‘ heed must be paid té the problem of the replacémenf4of‘theAtritiumoi Siﬁce"
tritium does not occur naturally, it can only be obtaiped'in‘iafge>quahtities
from nuclear reactors operating on the fission principiéo' The céqplingvof
a thermonuclear economy to a ﬁranium economy 1s an undesirable prgspect
énd.hence,uit is extreﬁely desiraﬁle'that the tritium be récovere@Ain some
fashion and be put back into the proposed CTR. A possiﬁlé wvay to‘accomplish
this is to make use of the néutrons which result frbm tﬁe D-T reaction by—
absorbing them in a lithium blanket. The n- reaction in Li6 yields a triton
which can then be recovered by some chemical means aﬁd fed ﬁack into the
system. Hence, the problem is one of neutron economy and perhaps of neutron
multiplication. | |

The calculation below is indicative of tﬁe magnitude of the pfoblem,:
'If C is defined to be the fraction of ngutrons which are recovered in the

oeld

device, Eq. (lol) then gives the situation at steady state for no'net‘triton

gain or loss.




[’ npe 1 nD2 1
npnp(sv)p_p - = (c¥)p-p <"2’> o (s¥)p-D (E) + apap(sv)p.p | € . (1.1)

The terms on the left-hand side represent firet the loss of tritium by D-T
reactions, and secondly the gain of tritons from the D-D reactions which are
going on. The te¥m_1n the brackets on the right-han;¢side represents the
rate of neutron productlon in. the’ dev:.ce° Equatlon (1.1) may be solved for

C as a function of the ratio of the concentratlon of tritium to that of

deuterlum and also as a functlon of the cross sections for the D-T and D-D

process.
C‘l‘) (¥)p_p 1
nn ov -k
¢ = 2 D-D (1.2)
np  (vlpap 1 o
-t §

It will be seen shortly that the D-T cross section is.about. 100 times_the i
D-D cross section in the region of interest. ‘ |

It may be seen from Table 1.4 that the perceptage of neutrons which
must be recovered is extremely high, even for e reacfor whieh has ‘a 50% ""
mixture of tritium and deuterium, and only becomes a rather eeeily achieved'

number when one goes to reactors which are almost pure deuterium. -

Table 1.4
C % T % D
"0 0.25 99.75
0.60 1.0 99.0
0.78 2.0 ' 98.0
0.995 50 50
‘ SECRET.
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Hence, in any D-T device dt will be a very serious problem to eonserve
neutrons so as to be able to recycle the tritium. This is an important
factor in the economice of the machine and in the design of the blankets,
coils, and shieiding° Uhdoubtedly, use wili be made of beryllium in the
blanket to take adrantage of the'multiplicatioﬁ'resultiné from the (n,2n)
reaction. In fact, at least one proposed working thermonuclear dev1ce has
the feature that it may actually succeed in being a tritium producer -—
that is, more tritium will be produced than is burned up in the device.:
This is an additional factor which is faVorable‘to the over-all*ecooomy of.
the device.- |

One final calculation should'be done before the,sﬁudy of .the
characteristic parameters of a sensible thermonuclear device begins° This'
calculation is to find what the critical dimensions of a highly simple
thermonuclear reactor -- namely a crltical mass of deuteriume-- would be.
It is implied that enough deuterium has been assembled so that the radiation
lost from the surface is less than or equal to that being produced by the
thermonuclear reactions going on inside the deuterium mess, even at room
tem.pere,ture° As a result, this system will begin to heat up. As it heats
up, the cross section for the reactions increases strongly and one would
expect the device to lLift itself by its own boot straps to a reasonsble
operating temperatureov A calculation of such;e system by Heitler many
years ago has been reported in the Sheroood litereture.2 Since the |
originai referenEe has not been located as yet, it may be instructive to

{

2. J. L. Tuck, Glaggified Conference gg Thermo-Nuclear Reactors Held
"at Denver on June 28, 1952, WASH-115 (1952).
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describe the following calculation which is highly simplified'gnd, further;
more, quite inconsisteht° Nevertheless,. the order of magnitudeiﬁhich‘re-
sults may not be completely meaningless. -

Equatioﬁ (1.3) below describes the steady state balance between black
dey'radiation and energy pfoduction in an opaque isothermal éphere of

deuterium with a radius r and at a temperature T.
e = -3— w? 2 (ofr)D_DE (1.3)

The quantity E corresponds to an energy release of about 1k Mev resulting
from the burning of two deuterons. The solution of this,equation'for the
radius is given in Eq.. (l.}%).
6o | T .
r = : o o ()
na(dv)D_D(lh Mev ) S :

Next, from the behavior of the D-D crossASection wifh temperatufe (See"‘

Chap. II), it is readily recognized that Th/(dﬁ) has & minimum value in the- o

ho

~ neighborhood of T = 108 deg (1 ev = 1.16 x 107K, hence‘roughly:lOBOK

= 10 kev). With this assumed temperature and an assumed maximum reasonable
density of 1022 particles per cubic centimeter, the follpwiﬁg result is

obtained:

r 2 (65 x 1079)10%) - 108 - 107 (1.5)
(10**) (10719} (2 x 107%) o |

0
\J
>

N
- Q



- SECR

-10- -

The final size of the device would be of the pfder.of,the‘radiﬁs of the

-Obviously, such a system is impractical.
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