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51-1 THE ATOM AND THE
NUCLEUS

Vhen we gel energy from coal by burning it in a furnace,
woare tnkerimg with grems of carbon and oxyvgen, rear
vanging their oulér efecims in more stable combinations.
When we get enerpy Trom uranium by consuming i in a

nuelear reacter, we are tnkeng with its noclens, rearmang

ing it wncfeons w0 more stahle combnations.

Electroms are held i atoms ',r:.:.,- the Coulommb foree, wand

il tkes o few electron volts W remove ene of e outer elee
Irows, O the other hand, noclenns are held in nuclel by the
stromg noelear Torce, and 10 takes a fow mifNon electron
vidts e pull ong of fhem out. This factor is also rellected in
hom times more energy
cram of oraniuny than fronra kilogrsm of coal.

our ability o extract ahomr aom

o o kil

In bt thesarcmie and nuclear cases, (e appedrance of

energy 15 accompunied by @ decreuse in the rest encray of

the Tuels The cnly difference between comsuming usininm

ffa3

and burnmg coal s that, in the Tormer case, o much larger
i, by a factor of

several million) 1s converted 1o other lorms ol energy

fraction ol the available resr erergy (8

We must be clear abowt whether our concem s for the
guantity of energy or for the rate a1 which the eneray is de-
vered—Itlal is. the power o the noclear case, will the
Kilogram of uranium boen slowly in g poswer rencior or ex-
plosively in @ homh? In the alomic case. are we thinking
about exploding a stick of dynanute or digesting a jelly

deughnie? {Surprisingly, the enerpy release 15 greater in the

second case than in the first!)

Table 511 shows how much cnergy can be extracted
froem |k
reporting the energy dircetly, we measure it by showing

2 of matter by doing various things w i, Instead of

how Bong the extracted ehergy

Bl Boows 3, the tetal mutual annihifaltion of matter and an

Lmmdtter, is the ollimale 0 extracting encrgy rom matier,

could operate o 100-W Highi-

When you have bsed up all the available mass you can do
no mare, { However, no one bas vel hgured out an economi-
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TABLE 51-1  FEocergy from 1 ki of Matter

Fervm ot Masie Pioeyy Fieee”
REITEE A mewaterfall a4
Cinal Burmning Bh
i Fission 3 T
Hit denterium 2as Fusion s 10dn
Annihilation P 10Ty

Mlatter and anlumanser

These numners show o long e energy ponermed cotld Power &

T W Bshehuth,

ail way 1o procloce and store | kg of antimarer 1o use T
enerey production.

Keep i mind that the comparisons of Table 5121 are on
doper-umit-mass basts, Kilogram for kilogrn we gl several
million ames more energy from uranium han we do from
coal or from Talling warer. Qo the other hund, there is o bl
al coul in the Earth's crust and i ot of water backed up b
nind the Bonneville Dam on the Columbis River,

S51-2 NUCLEAR FISSION: THE
BASIC PROCESS

In 1952, the English physieist James Chadwick discovered
e moutron, A lew vears later Fovico Fermi and lis collabo-
raters in Romie discovered thal, it varous elements are
hombarded by these new projectiles, new radionctive ele-
ments are prodoced. Fermi had predicied that the neuiron,
hetng imcharged. would be o useful nuclesr projectile: un-
like the proton o the o particle, it experiences no repulsive
Coulomb foree when it approaches o nuclear surfuce, Fe-
e 1here 15 oo Cotlombs harrier for 0 the slowest neotron
can penctrale and oteract with even the most massive,
Bighly charged aucleus: Thernd aemans, which are neu-
lrons i equilibrivm with matter at room temperature, are
comvenient and elfective bombarding particles. At M0 K,
the average kinetic encrgy of <such reuimons s

Koo = TRT = JE.62 % 10 T eVIKIE00 K) = 0.04 &V,

I 1939, the CGerman chemists O Hahn and Frie
strassimann, following work initiated by Foomn and his col
Lborators,  hombarded  uranivm witk thermal  pewtrons
They Tound by cliciical analvsis that atter the hombard-
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ment a aumber of new radicactive elements were present,
among e one whose chemical properties were remark-
ahly similar Lo those of barium. Repeated tests finally con-
vinced these chemists that this “new™ element was not new
al dlly it really was barium. How could this middle-mass ol
ement (£ = 300 be produced by bombarding urantum (7 =
2 with neutrons!

The nddle was solved within & few weeks by phvsicists
Lise Meimer and her nephew Ote Frisch, They showed
that o urantwn nieleus, having absorbed o neutron, could
split. with the release of enersy. into twe rodghly equal
parts, one ol which might well be barium, They named this
process cfear fisgfon,®

he fisston of “2U7 by thermal neutrons. o process of
great practical imporiance. can be represented by

LI = = 4= £31-1)

Here X and ¥ ostand for Sessicar fresnnenis, middle-mass nu-
clei that are usnally highly radivactive, The factor b, which

hus the average value 247 lor fission evenls of this fype. s

the number of neotrons releasad in such events,

Flgore S1-1 shows wo visihle ircks mude By fissaon
ragments Xoand ¥ in a process such as s represented by
Ly, 51-1. Two dewails are immediaely apparent: (15 The
peetr lracks do ol bave the same tenztl This occurs he

aause the twe fragments do net hove the same mass: when

the vranivin nuclens splits. the twa preces tend 1o have dif-
ferent masses. Figure 51-2 shows the mass distribution: s
¥ou can see, there s a hizh probability that one fragrent
will have a mass number of aboul 95 and the other ahout
UL Yeu can alse see that the chanee of an even split is
re ol Fig,

ks are net gquite ¢xactly hack 1w

oy about | in 108, 121 The secand apparent e
3-1 s thar the two o

buck.: Can you explain this!

A heavy nuclens such as 77U has o neutron-to-proton
ralice ol ahout 1o, O the averige. we expect thir the (g
ments & oaud ¥ should Bave sbhout the sume neulron-to-pro-
ton ratio. A plance ot Fig, 50-4 shows that, for example, a
stable nucleus with mass number 95 has ahow 40 protons
and 35 acutrons, for @ neatren-to-proton ratie of about 1.4,
I the A = 95 Feagment formed o Dssion has o neutnin-

oo The Thscow
Firvale s Todlipy, Novemther [ad

My

Syl rssion,” Ty O Friseh gund John Wheeler,

11 Alse =ee Live Meitn
rrity of Calilorms Press,

e b Tl e Sime L

Fisure 51-1. When g Gust charesd particle patsses ol o cloud chambser it leaves o ek

of Hauid droplets: The twi back-o-back tracks represent fission [rasmenrs, prociuced b i (fssion

event that took place g thin verneal weasinm todl e carter ol the chamber.




51-3 THEORY OF NUCLEAR Fissiown
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Ficure S1-2. The disicbution m mass of the fssion |
menfs X and Fisee By, S1-1) from the fission of “ 1 by thermal

neutrons, Mote than the verical scale is Tegarthmig,

to-praton rano of LG, iU will be far from the line of stahie
nueleis This cxpliins why the fission Iragments are racdio-
active. Usially through successive beta chocavs fand some
Himes by nentron cmission), they ey 1o relieve their neutron
excess and move wward the region of stable pucled,

Lt us consider a specific examiple of o fission [EOCESS,
When =1 captures a neutvon, it forms for an instased iun (-
slable. hrghly exeited nucieus of 290 that can then fissiom,
perlaps s Tollows;

B i) et L WEE L e s 5y

The fission fragnients. "Xe and "$r decay until cach
reiches astable el product, as (ollows:

I'!-}‘.\'LI e 1|-{ T

1 5 o TR —— Mlp—a

L Avh

Ce (s1able)

B e 4 = islable)

i1
The decays are 3 events: (he half-lives Reing indicated w
each stage. As for all beia decavs, the mass numbers B
and 941 remain unchaneged us the deciys contine.

The disintegranon energy ¢ Tor fission is very much larger
than for chemical processes. We cun suppart this by g rough
catculation, From the binding enerey curve of Fig, 3006, we
see thal for hegvy nuclides 14 = 240, sy ) the binding energy

per nueleon is hout 76 Me¥, 1o the intermediane range {4 =

L2E), say ), il is about 8.5 MeV, The difference in total hinding
Noamd tw Tng-

menls (assumed equal) inte which it may ke split is then

cnergy helween' o single nuelens (4

A
Q= 2RI MeV)— — (7.6 MaVJd = 200 McV,

sample Problem 5121 shrvs 2 more carelil caleulation,
which agrees very well with s riozh estimale.

SAMPLE PROBLEM S1-1. Calcalae the dist

crgy O tor the fission svent of B 312 mking ineo aecount the

ETALIT 21y

(l-l.'k'ilf~ ul the Tssion |.'..I:4III:.'III.\. Mecded alonue masses e
R S LA TR R "Coo 139805434 4

n 1ANSG6H5 0 oty R R
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Sodutien [ we replace the fission fragmerits in By, 51-2 by thei
stable end products, wesee that the overal trenstormation s

T WM e g

The single neotron comes about beeause the (mitiating) neulron
an the Lefi side ot Bg. 51-2 cancels ome of Lwe neatrons on the
Fight side of that equation.

The massdilTerence Am = wr — for this reaction s
1

Ap = 2R50E3023 0 — (130005434 1 + SO0 16 u
+ LGEAe5 1)
=1.223508 u,

and the vorrespanding enerpy is

O = Adme’ = (0223505 19315 MeViu) = 2087 Mev,

m oo agrecment with our previous reush estimate of 200 e

About 809 of the dsintezration enetgy as in the Worm of the

kit energy of the lwo [ragiments, the remainder siing o lhe
renere anad the redioacrive decay produgs,

I the fission evenl takes place in g bulk solid mos of the dis-
IRl LN SNErgyY Appedss us an increass i the interns energy of
the setid, which shows o corresponding Tise iy lemperature, Fve
percent or 5o ol the dising
cimitl

b ragments, This ener

atien encrgy, however, is associaled
during the beta decay. of the pri
ried out ol the system

and does notcontribute w the increase in it intermal eneTay,

with newtrings thar :
ATy fissn

b} I

51-2 THEORY OF NUCLEAR
FISSION

Soum atter the discovery o fission, Niels Bohr and John
Wheeler developed a theory, based on the analogy hetweern
a nucleus and o charged liquid drop. that explained s main
Teatures,

Frgure 51-2 suggests hosw the Assion [riveess proceeds;
When i heavy nucleus such as * 1 absorbs a slow neatron,
4510 Fig, 31-3e. thut neutroen flls inlo the potcntial well as-
socied with the strong nuclear forees that acl in the nu
clear interior. Its potential energy is then ransformed into
nternal cxcitalion energy, as Fig. 51-30 suggests, As we
s in Sample Problem 51-2) the resulling exeiration cn-

argy of "L 1 considerable, aboul 6.3 MeV.,

Frgure 51-3¢ shows that the nucleus, behaving like an
encrgelically oscilluting, charged liguuiad drop. will sooner or
and will begin 1o sepurate nto
twe churged plobs ™ IE conditions are cigli, the elecras-

later develop o shorl “neck™

tic repulsion between these tao elobs will Torce them apart,
hreaking the neck, The two Trugments. eaxch stjll carrying
some residual excitation enerev, then fiy aparl. Frssion has
v,

s far this model gives a good qualitative picture of the
fssivn process. 1t remaing mhe sean, huvaever, whether it
vl answer a hard question: Why are some heavy nuclides
LU and TPy, say) readily fissionable by slow nedirons
but other, equally heavy, nuclides G40 and 2 Am, say ) e

ot ?
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Bobr and Wheeler were able to answer this question,
Fiaure 51-4 shows the polential energy curve for the fission
process that they derived from their model. The horizontal
anis displays the divwerton parameter ¥, which is u rogh
measure of the extent o which the oscillaling nocleus de-
parts from a spherical shape. Figure 51-34 sugeests how
this purameter 15 defined hefore lission oceors. When the
fragments ane far apart, this paraieler is simply the dis-
tance helween their centers,

The energy interval hetween the initial state und the final
state ol the fissioning nucleus —that is, the disintegration

cnergy —is displayved in Fig. 514, The central feature of

that figure, however, s that the poential coerov curve
passes through a maximuom ar a cerain valse of . There ts 5
perfesibicil Barrier of heteh £ that most e sormounted (or

¥
A
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o 200 1
g
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g
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Flaure S1-4, The polential enerzy at varions skiges o the -
ston process, shiwing the disintegration encrey ¢ and the barrer
height £,

TABLE 51-2 Test of the Fissionability of Four Nuclides
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Coulomly foroes Fiszmn ooours

stretch it out

The fragments
separate; promapt
newtrons ool off

Focess, gecerding i the liguid-deop fssen maodel.

tunneled) before Hssion can vecur. This reminds us ol alpha
decay (see Fig, 50-9), which also is @ process that s inhib-
ited by @ poential barrier. We seé then thar fission will ve-
cur iy 1] the absorbed neolren provides an excitation en
ergy B, greal enough to overcome the barier or fo have g
reasonable probability of tunneling through it

Table 31-2 shows atest of Assianability by thermal new-
teons applied 1o four heavy nuclides, chosen from dazens of
candudates that might have been considered, Lor cach nu-
chde both the barricr herght # and the excitution enerey £
arc given, fy, was caleulated from the theory of Bohr and
Wheeler. and £ was computed (s in Sample Prohlem
3120 from the knowrn miasses,

For =0 and “"'Pu we see that £, = £,. This means
an by absorhing o thermal neuon s predicted w

eat fis
oocur for these nuclides. This ts confirmed by noting, in the
lable, the laree measured cross seclions (that is, the reaction
probabilities) for the process,

For the other two nuclides (U and = Am), we have
Fo 2 By so that there s not enough enerey to surmount
the barrier or 1o tunnel through it effectively. The exciied
nucleus {Fig, 51560 prefers 1o gel rid of its cacitgion en-

ergy by emitting a ganmma my instead of by breaking into
taa large fragments, Table S1-2 shows, as we éxpect, tha
Ue crivss sectivné For thermal newlron fission in these cases
are exceedingly small. These nuclides can be made 1o fis-
sion, however, i they absorh 2 substantially encrsetic
trather than a thermal) nevtron. For =0, for example, the
absorbed nevtron must have an energy of an least 13 MoV

far the lission process 10 “zo™ with reasonahle probahiling

Fisariean e

i fe— By St
(Mel’) [Mel) R

6.3 F1.4

I 4 1L

.4 + |6

55 1.3

i oot This crosssection s measured in wnits of berns, wheee | barn = 1E 2 !




S1-4d MUCLEAR REACTORS: THE BASIC PRINCIFLES

SAMPLE PROBLEM S51-2. Comsider a ™1 nuelens in s

grovnd skate. How much enerey s pegquired 10 remove 4 neuteon

froum i, feas g s U mekeus behind? The necded

THU fsA0S

L i
el VR S W & L Y no 008665 u; R 2A6.045962 0,
Sodutionr The merease in mess of the swstent as the neutron s

pulled o s

X = LSRG |
[LAT00 .,

IS5 23 AR

This necans thar an CRCTEY eal i

£ dhert 5 = (ILONFO26 WA TLS MeVi 0,343 Moy
sl be expended. This, by defimirion, is the Binding 2nergy of the
neuteen i the =L noelens

When o 7L nue

the ameun) ot Sxeitat

s absorhs wothermal neutron, 5,345 Mev ic

ot eneray tha the dhermal peatron [rranges
T onucleus, In effecr, the U nucleus is Tormed in 51
exuired state 6,543 Mol o

cleas cimn ger vie ol this unergy either by cmitime

e e ground state, The excited nu

SARILEL ravs

Pechich leaves s U nuclens ins s srovnd skile)

ER ST R

B 3110 16 tuess oul that Bssion is alo SR LD T

fkely

Husn gaumme-ray emission,

51-4 NUCLEAR REACTOR
BASIC PRINCIPLES

y: THE

Energy releases per atomn in individual nuclear everts such
a5 alpha cmission are rourhly a million tmes larger thim
s of chemical events, To make large-scale se o m-
clear energy, we must arrnge forone nuelear event o rig-
out bulk mat-
ler fike a Hame theough a burmins log. The fact that mors

ger another untl the process spreads ithrouy

nmentrens ane generared 0 fission than are comsumed fsee
Ege S1-1) rises just this possibility: (he nentrons that are
produced cun canse lission i nedrby nioclel and in this way
d chain of fission events can Propagate asell, Such g
process s called a cfiedn reaciion Tcan either be rapmc anil
uncantralled as in a nuclear bamb or contrellad as in 2 ny
clear reuclon

Suppasz that we wish 1o desizn anuclear regctor hased.

s MAsE present reactors-are, on the fission of 251 ey sl

reutrens, The fuel o sueh e

clally “enriched” so thar U mukes up i few percent of

ctiors 15 ulmost alwavs wrifi-

the wramium nuclen rather than the (6745 it ocours in Bal
iral ure
hy

wm: the remuining 99.3% of natucal uranium is
which is not fissionable by thermal geutrons. AL
though on the average 247 neutrons are produced in 2510
fasion for every thermal neutron comsmed. thers are seri-
ois difficalties inomaking o clain reaction oot Here are
three of the difficalies. teether with their selutions:

L The newtron (eakage problem, A cerain percentame
ol the nettrons produced will siply leak out of the reacior

corg aod Be lest 1 the chain resction, 1§ oo many odooso, the

1157

reactor will not work: Leakage s a surface effect, ils mo
CTor Lorg
1

dimension isurluce greg = 307 lor o sphered, Mestron [res

niude proportional o the square of a Ly il

Tl
duction. however, is 4 volume effect, propormcaal 1o the
cube ol a typieal dimension (volume st lor a sphere),
The Traction of newtrons ost by leakage can be made as

small s we wish by making the reactor co

large enoyah

therehy decreasing its surface-to-volume ratio (= 3¢ loy i
spherg)

2. The newtron enerey problem. Fission priduces fin
neutrogs. with kinelic energies of about 2 MeV. bal fission
tx indueed most effectively by sy neutrons, The T ne-
trons can beshrsed down By imxing the oranium Tuel with
& substance that has these properties: (a) it i effective i
CHUSING neutrons 1o lose kinctic eneray by collisions and
L il does o absoch penlrons -.'NC-:.‘,'?::-;i.‘-w:]_y, ||'||;_'|'|,_'|'|_'.|' eIy -
it Sueh a substance is called

i mmederaton Most power reactors in this counte,

ing them from the fission ¢
Cure mod
erited by water, i which the hydrogen nucled [ protons) ure

the effective moderating clement.

X Lhe nestron capture prolilen: Neutrons miy he cap-
tured by nuelel oy ways that do not resull in fssion, The
mast comimon possibility i capture follnwed by the e
A1 QLG amid my, Lo particular, as the last 1 MeV o pey
trons peneratad 10 the lssion processes e slowed down i

the maderator 16 therma

I equitibrinm (.04 ey, they must
L eV ) i which they

Loy montlassion captore by “¥17

pass throweh an cnergy interval |1

are parbicularly susceptibie

Tormiunimize such reseaiee e, a5t is called, the
uranium fuel and the moderstor (water, sav) are nol joti-
nwtely mixed but are “clumped TN I close conrc
with eactiwther but vccupying diflferent regioits of the rege-
tor volume, The hope is that & fast lission néutron, pro-

ditced in s vranium “clump” (which maght he o loel pd),
will with bigh probabilite find ftseli in the moderitor s It
passes through the “dineerows” resonunee CICTEY  range.
Once 1t has reached hermal energies, it will very likely
wander buck into s clump of fuel and produce o Hssion
evonl. The

tisk for reactor designers is 1o produce the mos)

ngement of Tuel and moderatior,

eHectve geoamelricil ar

Figure 51-5 shows the neutron balance in a vpical

ponwer feactor operating wilh a stedy ouipul. Let us e
the behiviar af o sample of L0 thermal neusons in the re.
ctor core. They prodoce 1330 nentrons by fission in the
T Tued and 40 more by Tast fission in the <1, muking o
lotil oF 3700 new newtrons, all of them st Exactly this
same number of neutrons is then Iost o the chain by leak

age from the core and by nonfission capture. leaving 1000

thermal neutrons’ 1o continue the chain, What has been
gained in this cyele, of course, is that each of the 370 new

trons procuced by fission s deposited abour 200 MeV af
ehersy i U reactor core, heating e up.

Animportunt reactor patameter is the wmltiplication

dactor B the ratio ol the number of newtrons present al he

hegminning of a parlicular generation to the numbes [IrCseng

At the heginning of the next zeneration. Eor the situation
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[termal Thermal newtron miium that absorbs neutrons readily, can then be withdrawn

SRR resee leakage as necded to compensate Tor the tendency of reactors o oo
1050 ' ; E
therma 1000 suberitical us (neutron-shsorbing) lission products build up
neLtrons therma in he core during contnoed Gperation.,

noutrons

1170 M you pulied cut oo of the contral rods, how fast

Resanance X . ol F
capliras thermal | hermal would the reactor power lavel inercise? This FesprESe N
S neutron:s fizsions N o e ;
e R = is controlled by the Tascinating circumstance that & sinall
: K " S ] e - - - * H
Moderator ! S fractien of the neutrons generared by Ossion is not cmite

LSl L Kt

& 1300 il promplly from the newly formed fission Iragments but is
fast | fast emitted from these lrugments laler. as they decty by 4

neutrans neutrons

erssion. OF the 370 “new™ newtrons analyred in Fig, 51-5,

Fast neulron 1370 tor example, abowt 16 gre delayed, being emited from [risg-
legkage fast wents fellowing beta decavs whose half-lives ranoe [1om
. AeLtrans ants [oling FLEN 6 L SRS (SRR IS =1ves i 12C

0.2 10 55 5. These defayed meutrons are fow in number but

= they serve the useful purpose of slowing down the reactor

Fesponse thme ool Bman reaction Qines.

Faslt
hzsions Figure 516 shows the broad owlines of an eleciic

[

type in comman use in the United States, L such a reactor.,

22 ‘ Nant based on i pressarized-waler reacior R
Flaure 51-5. A generation ol 1000 thermal newtrons s il plant based on 4 pressarized-water reacior (PWR), a

o] throgel varions STAEEs i dl reactor A g steady nperiin e

leveel, the loss of neutons due 1o captures (in the fuel, moder: witter 15 used both as the moderator and as the heat ransler

andl structural elements and leskaze throash the saace s o mediwm. In the PRI deogm, waler al high emperatune

Balanced by the production of neutrans 1 e fasion [Arowtsse s, and pressures (possibly 600 Koand 150 arm cireulires
through the reactor vessel and wangsfers heal from the reae-
tor core 1o the steam penerator, which provides high-pres-

Fie. 31-3. the multiplication Tactor is exactly |, bor b= |, sure: stean Lo operale the wrhine that drives the senerator.

the operauon of the reacior is said 1o be exuctly cridioul, T complete the secondary fopp. Tow-pressure steam rom

which is what we wish it 1o be for steady power production., the turhine is condensed w warter and forced buck into the

Reaclors are designed so that they are mnlerently supercrin- sleam generatos by o pomp. To give some idea ol seale, g

cad 0k = 13 the mulliplicauon factor is then adjusted 1o Lypical reactor vessel Tor o TO0G-MW (elecine plant may

critical operation (4 = 1) by inserting condrd sods into he e 1 high and welgl: 430 tons, Water Hows through (he
reactor core, Lhese rods, continme a material such as cad- primary loap at a rate of aboul 300000 wal fmin,

Steam (high prossures) l—__ FIGURE S1-6. Asunphified oy
;’f. = ':"-. I 5 G CE o nueclear povacey |1I:.||| based an

I “"j Eleas

j \_..\ I l oowar i pressorizcd water reacror
( ‘ [ Turbine I | Generator
e ——, B - =

i J/,I Steam (low prossure)

Yiatar |

(ot} 2 o i
r'r.: =4 Staam I{f: — T =—— (Caolant in
b — |generator W,
S ] | )
iy " |
_l‘x:'.__\ l'\,ﬂ_—a condanser
— =3 . ]
.p”m'.: l‘x i C_ —W Coolant aul
= [ i
.'|___ E s
Water
(aaod) P
Reactor b 2
fressure
vesssl (high prassure)

{low grezsura)

Frimary Ioop Secondary loop
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g
= 0
=
o
o
£ 10° \
2 o |
= .9
= -

T
=

10 107 10% 17 105 3% o7
Tirrie v

FIGURE S51-7. Thermial power released (A

R (] S e LR |

e rilioactve

trom of a iy pieal leese nuclen [1-.|1'.'a_'|'
Plant s o Sumetion of e afler the fuel is removed. The core
reprosents the effeet of many ..--_-m:m-lnlu wiith o range of '| It
lives. Note thar ol

An umpvoiduble feaure of reactor OpErEIen &b e s-
mukition of radioactive wastes, including both fissivon pro-
s and heavy “wansorane” nuclides such as Pluteninm
atd wmencinng Coe measure ol (heir rudi HICEIvity s the
rate at which they relesse cheroy in thenmal form, Figure
31-7 shows the variation with tmé of the thermal ER
cenerited by such wastes from one veur's aperation of o
tepleal large nuclear plant. Note that batl: seales are -
vithimie, The

el frin the reactor 1s about 3

wtal activity of the waste [} vears after its re-

e

SAMPLE PROBLEM 51-2, A

L is posiered by g

clectriv genorarting &4

Tl -
vl poseer in the reactor core s 34900 MW and 1 H0 RW o eler

friciey is penerawed. The fuel consisls of 6000 ku ;-_l' LIS, in

ur ouclear P D T I

1 pressarieed -ag

W Torm et TH fons o 1

piu oside, distributed among 37000
s o308 T b
ey AL what rale & do fission evenls oceur in the
redctor core? fo0 AL whal rate 5 the ™0 fuel dica

Fuel rods, The arenitam i enie W hat a5 the

plint effi

caring? Ax-

sunme vonditioms 3 stan U L b AL TR rate of Tuel comsisipion

volomg wandd the Tuel supply Lt ? (o

Tl i miass be
I list i the raactor core?

Sadwrian (o) The efficiency ¢ s the rnie between e prwer ot 1
pUL LI he form of clectie on eres o the power mpat Cin the Torm
ol thernal gm

Ty,

electrie nuipn | EO0 M pe sm
c ; = ; G2 g A2%

thermial inpul S0 MW

A o all power plants. whiether based on fossil Toed or nueles:

fuel: the .."ﬂil.il.'l'l.'_\ is o

rilled By b sevend law ol thermuodys
P AW o 23000 8W

dascharaed as thersa emergy e the coviromment.

mmrds, In s mlant, 3400 MW

perwer sl ke
Ll IE 0 = 3400 MW is the thermol power an the core and ()

1159

(=200 MeVY) 5 the av

then, m steady-state of

cnergy released per fssion avenl

i ok o 10 Ty
o 200 MV Tissiond L6 % 1001 ey

Ot = 10P Fisgioms/s,

el ¥ disappears by fission st he rame o wulited o (B 0 g

almeh cnmsEimed |_'l_'.- :III'I:"||i\x'-‘5|'|.| I LHETOEY .';;.!_||'-|1_-C al o rote  shoaon
lrge. The total U consumption rate s then

1o L35 = 1"

o= faurth s
L2500 ] 0

. W recast this as a
IT5S S Taie a1s .‘"nll-.x-. [

o i { V255 kedmaol i
= {1.33 = 1 - e = :
i U7 atenms

(el From the dw
R

givem, we vun caleulite that, >l-.1|'1-||[1. abonn
0 kgt e 26000 ke of 2907 4
what simpliste answer would be

were prosent. Thos g siine-

= ARl

vlice; the fuel
thesir U canlent is entirely consumed.
(] From F

[n ey o regtlaced (efien in baichest belore

sledn's = Jowe? relation, we can wrige

A il 34 T4
i { RO = B0

L3 T I (T AFerd

Plemass loss rate 15 gt

el Lhe mass of one penny cvery deay! This

mitss |oss vl {reduction inreal crelgy ) s guite - differem (Ui

CAlan the fuel consuimg (o ol <710 ealeutan

2 1-5 A NATURAL REACTOR

{_‘.'JI. ]—Jx:;'l.'l'lf‘-"" 2, 1942, when the reactor assen hled by Fu-

vEernin amd his associates first wend ertlical, they had
'L'vklj right 1o capect that they had put ino operdtion the
first fission reactor that had ever existed on this planet,
Ahour 3 years later it was discovered that, il they did
tact think that. they were WL,

Soane two billion WO e, 1A Uraium dleposil now
being nuned in Gabon, Wasg Af Tici, @ matueal lssion reac toar
Wit inko eperation and rn for perhaps several hondred
thawsand years belore shuttin

Ihe story of

sl off

this discovery is faseinating al the level of
the best detective theiller, More important. I provides s

firsti-cluss example of the nature of the scientific evide i

||LLI.-.'. .J LH] |.‘-'<I.. |'\. ||J'I wha 17 |'|_.._|.'\'\I RS Al 1IrsL [© L!II_'" un |IIIJ"|rI:5-r".I.-
ple cluim, [t set a high standard for all who speculate aboul
Patst events, We consider here only two paints,

A slery, bee N Mg Flssian Reacior” by Licn

oo, Tule [UT(, JERH ]
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L. Was there enongh fued? The (uel Tor a veamium-based
fission recclor must be the eastly fssionable somwpe L
which constitutes cnby 007

o matural uranivm. This iso
topic ratio has been measurcd nol only Lor terrestioial sam-
ples but also In Moon rocks ond 10 meteorites, in which the
sarne vatue s always found, The initial clue o the discoy-
ery 10 Gabon was that the uraniom from this deposil was

deficient in “211 some san

es having anabundaoee as
lowe s O Tnvestigation: led 1o the specufation that this
delict i U conld be aoconnted for i, atsome tme o the
pasl, this isotope was partially consumed by e operation
ol it matural lession reacton

The serious prablem remains that, with an isolopic

abundance of only 1.72%, a reactor cun be asscmbled fos

Fermi and his weam learmed) ooy with the greatest of difh-
cultyv. There seems no chance at all that it could hive hap-

pened naturally,

Horwever, things were dilferent in the distant past. Both
R amd MU are radicactive, with hali-hves of 0,704 =

0%y and 447 = 107 v respectively. Thus the halflike of

the readily fissionahle 70 is uboot 6.4 tmes shorler than
I decays Laster, there must have
heen mare of i relaive w2010 oo the past, Two hillion
yvears azo, in fact, this abundance was not O72%, a5 8L s

Ea,

v, but 3085 This abundunee happens e be just abour the

that of “™1], Beoause

abundance 1o which natural araniun s artificially enriched
o serve as fugh in modem power regclors.

With this amount of readily fissionable el evalable
the distant past, the presence of a natural resctor [providing
certain other conditions are mat) is much less surprising.
Thi Tuel was there. Twe Rillion years agzo, incidemalby, the
highest order of lile forms that had evalved were the blue-
areed algas.

2. What ix the evidence? The mere depletion of “#1 in
an ore deposit s not enoweh ovidence on which 1o base o
claim for the existence of a natu

canvineing procd s negded.

| Assion reactor, More

il
i

‘ercent
o
by

{rzh wass number, A ]

FIGURE Si1-8&. 'The distmifonoen by mass nomber ol the ssofopes of neodsmmem as they o

apend fuel of apower reacter, and (63 the uranium mine i Gabon, West Alricd, Mote that (b anal (o are virtualy wdentic
el drome el

142 143 144 145 146 148 150 143 143 144

Mass number, A s
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I there were o reactor, there muost also be lission prod

5120 O the 30 or 50 elements whose slable
isotopes are produced in this way, some must still remain,

Study of their satopic rtios eould provide the convinging
| £

nets: see Fi

evidence we need
OF the several elements investigated, the case of
neodyvimium s spectacularly  convinging,  Figure 51-8q

shows  the 1soropic abundances of the seven  stable
neodvmism isotopes as they are noomally found i natuee.
Fraure 31 -#h shows These abundances as they appear among
e wltrmate stable preducts of the fission of 770

dilfferences are not surprising, considering their ol

[he clear
v dif-
ferent engns The dsotopes shown i Fig, 31-8g were
formed in supermova explosions thar ocomred hefore the

farmiation of our solar system. The isatopes of Fig. 51-80

were cooked opin g regctor by otally different processes
M. the dominant isotope in the

the fission products,

MNote particularly that
nabural element s totally absent From

The big gquestion is: What do the neodyvimum ssotopes
found i the wranium ore body i Gaben look Like? We
must expect that, 10 a natural reactor operated there; iso-
topes fromm Fort sources (that 15 natural isotopes as well as
lission-produced isolopes) mighl be present, Figure 3-8
chies the resulis after this and sther corrections have been
made to the raw-data. Comparson of Fios 5186 and 51-8c
cerainly sugaests that there was indeed @ natural f55mon re-

aetor il work!

T

SAMPLE PrRoOBLEM S1-4. The isiopic ratio of =71 o
TR i mnorural uramuon depesitg oday s D00720 What o

2ab =y

Phe hadl-lives of the twis asol

o [0 gy respectively

Sefeitere Consider fwa samples that, o ot oo the past, con-

tatned N0 and N0 alones of FUL and MU respectively, The

mnmhErs of aioms rEmaining ac the present e are

Nelil Naile and AN Mo

145 146 148 150 142 143 144 145 146 148 150
Mass number, A

1§10 e 1sstural b

sl
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respoctively mowhich Aoand A, are the coresponding disintegea
o constants. Dividing gives

LNy N

L4
N ML)

Expressed i lermy o Moo, this Becomes

he disimegration:constants

SO-E, o

In 2 e

1

Substittting i theexpression for the isoropic ratio B

R et
(10072 jetbe |5y s it

= ({3107 e DLATE or A TH%
Wieeaee thar, two Billion yveurs agos the satiooof =710 o "1 in

naturul Lrsiiun deposits was much higher than i s 1

the: barth was formed 1425 billion Ve s s ratio s

51-6 THERMONUCLEAR FUSION:
THE BASIC PROCESS

Wo pointed out i connection with the hinding eneroy curve
of Fige 50-6 tha ene

combined o forme noclen of somewhal largrer mass nwmber,

vwan be released T lehl muclel are

a provess called dwclear fusion, However, 1his process is
hindered by the mutal Chulomb repulsion thal tends 1o
prevent two such (positively) charped particles from coni-
ing within range of each other's attractive miclear forees
ained vt
whibits nucleir fission (see Fig, S1-40 and also of the har-

rier that infibirs dlpha decay (see Fie, Stk

lusing”™ This reminds us of the potential bar

In the case of alpha decay, two clarecd particles — the
o particle und the residual nucleus—are initially frvide
their mutual potential barrier, For alpha decay 1o occur, the
e pariicle most leak throush this barries B the harer-tan-
neling process and appear on the amicide In noclesr Tusion
e sHbation is reversed, e the mwo prarticles musl pens-
trakes thesr mutual barcier rom the serside 17 o noclear inter-
ACToH 15 10 pecurn

The interiction helween 1w deuterons s of particitlu
tnportnce m tusion, Sample Problem 51-5 gives a reugh
calculution of the potential barrier belween two deuierans,
which works out o be sboat 200 keV, The corresponding
+ 2} 0%

barrier for two intercting "He nucler tchargs

v higher,

Line wuay o arrange for light nuche 1w penetate thei
mutual Coulomb barrier i w vse one ligh particle as o tar

11861

get and teonccelerate the other by means of a evelotron ar a
similir device, To generate power in o wselul way [rom (he
Tusion [rodecss, however, we mest hive the teracton of

mialler an bulk, just as v the combustion of coual, The Cy

clotron technigque holds no promise in this direction. The
best hope for obiainiag fusion i bulk mater inoa controlled
Fashion is to raise the emperature of the materal so that the
particles

to their thermal motions alone, This process 1s cilled e

eve sullicient encrgy to pencirate the barrier due

menttedeer fusdon,

The aversge thermal Kinetic enerey K of a purticle i
ejuilibriurm at 4 temperatune T is given, as we have seen in

sechion 22-4, by

e

.g'\' |";|-_'il

where & (= 862 2 107 eV is the Boltemann constant,
AL moom lemperalure (F = 300 K, Koo = 04 eV which
s, 0f course, far oo smadl for gur purpose.

BEven at the center of the Sun, where 7o 105 % 107 K,
the mwan theemal Kinete encrey caleulated from Eg.51-3s
onby L9 ke, This still secims hopelessly small in view of
the magnitude of the Coulomb barrfer of 200 &V calen-

lated a0 Sample Problam 31-30 Yol we know taat thermong

clear fusion notonly ovcursin the salac inlerior bul i iis

central and dominant 1@
Phe pusele 15 solved with the realization ta (1) e en
erey caleulited from Euy. 512 05 a mean kinetic eneroy:

particles with enerces mich grealer than this mean valie

constitute the high-enerey “tails™ of the Mo

ran speeid
distiibution curves. (see Fi 22461 Also, (21 the barrier

hei

burriers, Barrier tunneling can occur o a sienificant extent

BALs hat w e quated represent anly the peats of the

At energies well helow these peaks: as we saw in Section

SU-%in e case ol alpha decay

Figure 319 sununurizes (b sitgation by o quamtita-
fve example. The curve marked o &) i this Hzure i
4 Mawwell disribution: of kinelic encrsies (see Section

225 drawn 10 corresponil 1o the Sun's central temperatire

Flaure 51-9. The curee nnarked nfA ) aives Lhe distebuaion in

cherey ob protoss m the core of the Sun, ¢

ITUEpencling e o e

i od 15 0 100 KL The vertical lne dndicates the mican Kinelic
v per particiesn et iemparaiure. The curve marked &

gives the probalfiny of barrier penctr

B o ol colli-

o The o curves aeedeseen o ditfersnt abiorae viercal sealey
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5 1F K, Although the same curve Bolds no matie
whit particle is under consideration, we Tocus our attention
on protns, bearing in mind thal hydrogen forms aboul 33%
of the mass of the Sun’s central core.

For = 1.5 = 107 K, By, 51-3 vields K, 1O kevw
aned this value is indicared by wovertical hine in Fig, 51-8
Naote that there are many particles whose energies excecd
this mean value,

The curve marked pUK ) in Fi
harrier penetration for two colliding protens. At K = 6 ke,

for example, we have p= 24 =0 107 This is the prababil-
ity that two colliding protons, cuch with & = 6 ke, will
syececd 10 penetrating their mutoal Coulomb baerier and
coming within range of cech other’s strong nuclear forces,
Put another way, on the averise, one ol every 42,000 such
cncounters will succesd.

It tems our that the most probable cnerzy Lo
prolin —proden fusion events 1o oceur ut the Sun’s central
temperature s ahout 6 keVo IE the energy s much higher,

the barrier is. more castly penetratod (hat is, pis

bul there are oo Tew peotons o the Maxwellian

stmallers 0 the ey is much bower, there are pleny ot

pritons b the harrier is now woa Tormidabls

SAMPLE PROBLEM 51-5. The deuteron (" H) has o churie
cand s rados wascheen megsored o be 200 T Daoosuch pa

||-;:I:'-. ar liced al -.:.'.'.'Il other with he sane mitial kinelic energy &

W ot st K be i the particles are brough werest by

Comlomb repualsion when the two deulerons ane just “touching

bear il

Solption Boviose the tao deuterons are momentari by at rest when
they o™ ach other, their kmetic energy has all boen ims-
farmed inte electostanie potential cocray associated with the
Cyddomb repulsion between them, [ we tiear them as e

charges separated by g distanoe 200 we Duve

. | i i | I
R o
e i Ve, 2R

whiich vields

i) =1 17 EeY.

[his quantity provides o reasomsble measaee of e height of e

Crolomby Barrier betwoen twadeuterons

S5 1-7 THERMONUCLEAR FUSION
IN STARS

Flere we consider in more detail the thermonuelesr Fusien
processes that ke place o owr Sun and 10 other stars. o
the Suns deep interior, where s muss 15 concentraled and
where most of the energy [‘?"'l-.‘il'l..'li':ﬂl lakis place, he feen-

traly femperature b5 15 X

koand the central density is

5141 Lhe probability of

en the order of HE kgfm®, abour 13 fimes the density of
Tead, The central temperature is so ligh thar in spite of the
high central pressure (2 3 10 aum), the Sun remains
pgseos hroushaoul,

he presenl composition of the Sun's core is aboot 335
hydrogen by mass, abour 6559 helom, and aboet 5% other
clements, Al these wemiperatures the hght elements e es-

sentiadly rotally fomized, so thal our piciure is one ol oo as-

senthly of protns, electrons, and o particles in random mo-
L,

The Sun rudiates at the rate of 3.9 % 10™ W and has
been ._lrruL sotor as long as the solar syatem hos existed,
whieh s about 425 = 10"y It bas been known smee the
1930 that thermonoelear I'ux:un processes inthe Sun’s inle-
rior aecounl for s prodigions energy cutpul. Before analyve-
ing this Turther, however, len wh dispose ol twe other possi-
bilities that had heen put forsard carlier, Consider first
chamical reactions such os simple boming. 11 the Sun,
whose mass 15 200 = 10 Ky, were made ol coal and oxygen
i just the rght propodicns Tor bunmng. it would Tast only
about 107 v which of course 15 far oo shor (see BExercise
211 The Sum asowe shall see, docs not bun coal bul hydeo-
gen. and moa nuclear furnace, nolan stemnic or chemical one,

Another possibility 1s thaw as the core of the Sun cools
wink under the

ACLion of 10 own ST 2raw il lorees, ]l‘\- Lranist I-.||||'|"

aned the prossure there drops, the Sun will s

o el eneray | just ns we

argvitational potentiul en

dorwhen we dropoa stene vntn the Earth®s surfuce, the w

pecature of the Sun's core will Ti
continue, Talculation shows, however, that the Sun could

radiate from this cause for only about 10% y, too short by o

¢oso that radiation may

gl o 25 (sec Problem 7

The Sun’s energy is generated by he heomonuclear
“hurping T ithat s, “Tusing™ ) of hvdrogen o form heliom,
Fizure 31-10 shows the provon—proron ovele by which thas
i5 accomphshed, Neie that each reaction shown 1s a fusion
reaction, inthae one of the products (7H. “Heo or "Haep hasa
higher mass nwmber tan any of the reacting particles thal

form il The reaction eneiey & For cacl reaclion shasn 1
Fig: 31-10 s positive. This chiracterizes an exotherimie re-
actioh, willh the net release uf energy,

Fhe cvele as inthiated by the collision ol two protons
("H O+ CH e form oo denteron (CHD, wath e siroltaneoos
creation of o positron e ) wid o neatrime (v), The posttron
very quickly encounters a free electron (e ) in the Sun and
hoth partcles annililare, their resr cnecgics appearing s

tw gamma-ray photons (v In Figo 31-10 we follow the

ences O Bwoosuch evenls, as .||'|i.|
row o the figure, Such events
anlv ance inoghout 107 proten—proten collisions 15 @

TS

e in the top

e extremely o In laet,

devteron Tormed: in the vasl magority of cises the colliding
prodens simply scatter from each other, 0is the slowness of
this process that regalates the rate of cnergy production and
keeps the Sun lrom exploding, Inospile of (his slowness,
there ure w0 very many protons 10 the hoge volume of the
Sun’s cere Wl diewterom isoproduced eere an thas way @
the rate of about 105 k!
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| Ha+ "H—="H 1 a* 4,
{0 = 0.42 Mev)

ot IHr=2H e mr gy
10 =042 MaV)

EhE Yty at
| 1 =1.02 Mev) (e
= o= L — =
¥ Y

| H+ "H -+ %He ¥y
(0= 549 Mey

L R | S a4 ¥
(02 =549 May)
— =
Y Y
= i _
He+ *He —*Ho+ 'Ha it |
[ =12.86 MeV)

FIBURE 51-10. The procos Protir cvele that prinsarily e

counls for encrey preduction in the Sug,

tnce a deuteron has heen produced, B quickly (within g
lew secands) collides with another proton and lormes g *He
tucicus, @5 Lhe sceond row of Fig. 51- 1} shows, Twa such
He nuclei ey then eventueally Cwitlin aboor 10° ¥l oeol-
lide, Termimg an o particle ("Hed and 1wo prodons, as the
third row ol the figure <hiws, Pleere are other varagons of
the proton - proon axcle, volving other light elements,
but we concentrute on the principal sequence as represenied
in Fig 5t-10,

Taking an overall view of the PRMED = prolon cyole, weses
that it wmnounts 1o 1he combination of four protons and twa
clectrons w fomn an o praclacle, two newtrines, and six RN
ravs;

AH = 2o — e 4+ 20 Gy [31-4)

Monws, ina foemal wary. let us add two clecimins 1o cach e
ol Fg, 51-4, vielding

= Ha+ 284 ey (5145)

The quantities in parentheses then PEpresent afevns (nol haee

aucleiy of hydrogen and of heligm,

The energy release in the reaction ol Eegi 31-3 is; using
the alomic masses ol hvdrogen and helium,
O =(m —maet = [ e H
= [ TAN7E25 )
26 5N av,

M He Je?
LRU2A03 u|iu2 1.5 MoV

-f(i:uln':l:l-[':w' PRcekans are magsless, and gy flave o
ther zera or neghigibly small mass: thus neither particle en-
ters anto the caleulation af he 2 vadue For the fusion pedes
twon, ) This sume value of O follows (a3 it nst by adding
up the O values for the separale steps of the proton — procon
evelein Fig, 51-H),

ol quile all this wiergy s available as intemal Cnersy
inside the Sun, Ahout 0.5 MeV s assoctated with (e rwo
neulrinos that ace produced in each exvcle, Neutrinos are s
penctrating that in essentially all cases they escape from the

Sun. carrving this energy with them, Some are ilercepted

by the Farth, bringimg us oyr only direct information ahout
the Sun's interor,
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.‘i|:h|l':u."L:'r1;¢ the newtrning eOTEY ledves 262 MeW per
cycle available within the Sun. As we o show in Sample
Prahlcm S1-6, (s corresponds 0 n heit of combustion™

tor the nucloar burning of hvdroven intg heliom ol G603 =

10™ )kg of hydrogen eansumed. By comparison, the hea

ol comhustion of coal i« about 333 |10F ke ST

million tmes lower, reflecting roughly the general ratio of
energics o nuclear and chemica Processcs,

Wo may ask o Loz the Sun can continue 10 sline
its present rate betore all the hyidrogen m s core Ty b
converted g heliom, Hydrogen burning has been 20y

o for about 4.5 % 1p¢ Yeand calelations show that theye

is enougl wvalahie hydrogen lefl for abou 5 L % ore
AL that thime major changes will begin 1o lappen. The Sun.
core, which hy then will he largely helinm, will begin
collapse and to heat up while (he outer envetope will ex-
pand greatly, perhaps so far as 1o cncampass the Earths r-
Pt The Sun will become w hat wstrenomers call a veed g,

I the core tenmperturs heats up to about 107 K, ene
! I

can be produced by burming helium o make carbon. He
i does a0 bur

adily, the only possible reaction being

Me 4P He + 5He = 5C 4y (g = 173 Mev),

Such a three-budy collision of three e partivlel must ocear
within 10 "™ < if the reaction is 1o go. Mevertheloss, il flye
densily and lemperature of the helipm wine dre liigh
annugh, carbon will be manufac e b the bumning of he-
liuniin this way.

As o star evolves an hecomes sl hotler ather efe-

ments can be formed by other Tusion reschons, Hiwewer,
clements bevoil A = 56 cannol be manufactured by fur

ther fusion processes. The elemens with A = 36 ("
o, NI lie near the peithe ul the hinding CIErEY Clrve of
Fig, 50-6. and fusion between muchides hevand this poing
mvolves the consumption, and not thie production, »l e
ereys The production of the clements in [usion processes s

discussed in Chapler 52,

SAMPLE PROBLEM 5 -5, Alw

vitisumed o the core ol (e Run. mssumine i abd the rading

Tl e s hvilesen being

eray i generarsd by the Proton—proton cyche of Fig 5.

Sdsantarnal engres

Selution We huve secn thar 267 Moy e E
inothe Sun Foe ety e protons cotisuined, oopote of S0

Mo prolon, W e CRPECSS This s

B MeMiron i 16 s 1005 e

e L A o

1z kdproton

wlich tells ws thar the Sun rEdines away 6.3 = 0 foE vy

hilogram of protons consumed. The Pydrogen consumption e i

then the vitput power (= 3.9 50 % W dividdind by his quanily,

[ul]
i W O W
P = — = d = [V Fars,
i g T Jikar t

Tor keep this number iy Perspective. Keep ino mind that the Sur's
masis s 20) o ki,




1164

51-8 CONTROLLED
THERMONUCLEAR FUSION

Thermonuclear reactions have been going on i the un

verse sinee s creation i the preswined cos<mic “hig hang

ol some 15 billloa vears azo. Such reactions have taken
place on Earh, however, only since October 1952, when
the first fusion {or hyvdrogen) bomb was exploded, The high
termperatures pegded woinitiate the thermonoclear reaction
i this case were provided 4 Nssion bomb used as o
trimer,

A sustained  and controllable
SOUICe — it fusion reaclor—is proving much mece dilficad

Lo achieve

thermaomuoelear powe

Fhe seal. however. 15 vigzarously porsued be-

cidse many lock o the Tusicn reactor as the uliimate power

sobree of the future;at least as (aras the penerytion ol cleg-
ity is concermed.

The proton—proton interaction displayed in Fig, 51-10
15 vol suituble for vse s lerrestrial fusion reactor hecanse
the process deseribed in the fisl row is hopelessty slow,
Fhe renetion probahility is in Gt soosmall that it cannot be
meisured inthe laborawry. The reaction succeeds under the
conditions that prevail o stellar interiors only hecause of
the enormous number ol protoans available in the bighi-den
sily slellar cores

Fhe mest sttracive teactions far lerrestrial use Appear
tor be the deurcron deuteron (d-d1 and the dewteroy - witon

(=11 reactions

d-c U1l = "H—"He | op (= + 337 MeV,
(5]-f3
d-d: TH+ ‘H—%1 +'H PO = LS Moy,

[51-7)

(L + 1759 Mol
{51-8)

Here privan indic

“HL the nuelens of hvdrogen with
A 3oMNale that cach of these reactions is indeed o lusion
restion wnd has g positeaee 0 value, Dewtlerium, whose 1so-
topic abundance in normal hydrogen is O403% 1 available
it unlimited SURITIEELTES @5 0 compozent af seawaler, Tritum
Lt HI 15 rachoacteve amd 15 not not [15__-:||_l. Levimeed 10 pial-

N OO .lhl. HAT,
There are

ronuelear
Lo A Rigde prerticele iy

CHCI
i The number ol inleracting

particles fdewterons, say) per unil volwme must be srea

enough e oensure a sufliciently high deteren - deuteron
eollision rate. At the high temperaures required, e deu-
terum gas would he completely jooieed inoa neotral
i consisting of dewterons and electrons:

20 A hivh plase temperatare T The plasima must he
bot. Ciherwise the colliding deutercns will nol be erergetic
enudgh o penetrate the mutn] Cowlamb harrier shan tends
i keep thenn uge
e reported by piving the corresponding value of &7 (ot

art. [ Tusion research, emperatures are of -
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SR A plasma remperature o

5.0 % 107 K, has been achieved n the luboratory, This is
much higher than the Sun's central temperature (1.3 ke or
LA = 100 K

3 A done canfi

of 43 keV, corresponding 1o

evirentl (e oA major problem is con-
laining the hot plasma long enowgh te ensure that ity den-
sty amd temperature remain sufficienty hich. I s clear that
o aetuul salid container can withstand the high tempera-
tures necessarily involved, so speciul lechnigues, o be de-
seribed larer, must be employed. By use of one: such tech-
wigque, confinement tmes  sreater than | s have heen
achiowved,

For the successliul operation of o thermenuclear reactor.

e be shown thal o, 7 and 7 must be large enough so

nrl = S0 o 107 ke sim?, (314
a conditton sometimes called Lavson s crierion. Bquation
lsma emperature, that we
lave o choice between confining many |

Sl tells us, Tor u kigh enough o
partictes Tora rela-
tively short timg or confining fewer particles for i some-
what longer linme.

Tt 1ech ||IL|LI~.‘-i have heen used o attermy o meel Law-

sons eriterion and so achiove controlled fosion. Masnene

et uses magnebe helds o confine the: plasma
while its lemperuture is ncreased: Lo fieered confinement,
ane e other hamd, a small sanount of Tuel 15 compresse
and heated seomapidly that Tusion cecurs betore e Tuel can
crmtd and cool. These tecly ].,If"ll_'\ are discussed in the lol-

lowing bara sections,

Magnetic Confinement

Because a plasina consists of charged particles, jts motion

can b canrolled  with nmgeelic fields, Por cxample,
charged particles. spiral ghowt the dircetion of a uniform
ntgnetic fehl By suitably varying the !

thy it is
o desian & “magnetic m

o oslre

pumsible ron’ (see Figo 32-14)
from which particles can be reflected. Another design
mutkes vse of loredal geometry, i which (he particles spi-
rab around the axis of a toroid inside a “doughnol-shaped®
vacuum chamber. The 1vpe ol fusion reactor based on this

principle. which was first developed in Russia, is called 1

ferkeitietd which comes Trom the Russan seronvm for

“torsidal magnetc chamber™ Several laree machines of t
type have heen buil und 1ested,

Bia tokamsk, there are teo Components (o the magnetic
feld, as illustrated in Fig, 31-1 1 The romdad field 8, is the
one we usially assoctite with a toroidal winding of wires:
Fig. 51-11 shows one simall section of an external coil that
cantributes to the wroidal tield. Because the wroidal lield
decroases with mereasing radius, it is necessary ooadd g
second field component 1o conline the particles, This
podoidal componen Mol the feld adds w the loroidal
componenl e pive the wotal Held a helical structure, as itlos-
trated in Fig, S1-11. The poloidal ficld is produced by &

current & the plasma itselll which is induced by a sel of
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Wasuum
T chamber

s

'
Flazima '
T e ]

=Fieid linog

FIGURE 51-11. The towoichal chamber thar forme the Bisis ol

the tokamak. Mo the Plasia, the bl mgnatic figld B orha
conlines il and the indiced cureent T that bears i

windings not illustrated in the Nigure. This current also
serves 1o heal the plasma, Additional means of heating,
stch as by firing neutral heams ol particles ino the plasm,
are also necessary o uchieve the desired plasma L -
fure,

Figure 51-12 shows (he wroidal vacuum chamber of the
Tokamak Fusion Tes Reaclor at the Princcion Plasima
Plivsics Laboratory, The interiar rading of the vacunm
chamber is abou 2 m. and the major radivs of the tomoid iy
2.5 m. This faeility vperited ontil 1998 15 develop and e
tany af the concepis Recessary o achieve o workahle i1
sion reactor, It was able to produce 10 MW O fusion [oer
Tor aboul | second, A larger experiments) Lacity, called the
International Thermonuclear Experimental Rewetor [TTER}
tcurrenlly under development as 4 Joint effart by (he
FEuropean Union, lapan. and Russia, This tacilivy. which is
Planned o be in operatian by sboul the yeur 202, §s being
designed in s initial operation to produce 500 MW of i,
sioan power for limes of severtl minutes,

In desizning WAZNEOC confinement deyfops such s the
lokamuk, the goul is 10 increase . % and T, A sulficiently
high values of these Patrameters, Lawson™s criterion is sat.
isfied and fusion reactions m the plasimg will prodice

enongh enerey o equal (he SRy Lhal must be shpplied 1o

FIGURE S1-12, Wirkeps inside 1he toroidy| chamber ur phe
Fehumak Fusion Test oot Al Princeton Lniversicy

ERMONUCLELR Fusion
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1028 Iprsizion

Braakeyven o7

o]
[
L=

101 ™

T (kehsim®)

1078 =

10719

1950 1970 1580 1350
Tims

FIGURE 51-13, The apprivied) o breakeven apd TN in

controlled fusion Tedctors, o gs o Pl ol AT agains e,

beat the plasma. This condition is called “hroakeven " Al
sull higher values of (hese purameiers, the device will
achieve “ignition,” where sel-sustaining fusion reactions
will vecur. Figure 51-13 illustranes the sleady progress to
ward these goals that has been mide. Despite the neay

achicvement of the Preakeven condition, many lormidable
enginecring problems remain to he solved, and the prodyc-
on of eleciric power from fusion s likely 10 be T

decades away,

SAMPLE PROBLEM 5 -7 The Toksmiak Fisian Tus) R

ACtor al Brinceton has achieyved #ouelinement e of S0 s,

b IF the R H :U.‘II["I."I':I![III_'. measired i ]
(Y 4

aeh, whal mas e bo sty of particles in the [*lesrmia i

Lty as kT 1y

Lawsen's eritepion tor ignition is qy be sulislicd? () How does

this mngher compare with the particle density of the gtoms of i

e Al standard conditions? (o) Under these same cundifions
F elensiny mperatore, what confinzmen I js EUBSSIEY [
uchicve the broakeven L0

Sefrdion () Usine Livwsin's criterion (Ed. 51-t, we must have
J4 !

S0 0 kel - iim?

== i =5

N

50 = 10 ke gy : R .
Ty e e 8 0.3 [y o
(I = 10 T s ki)

Lo The nomber hensity of stoms jman fclial s at standing con

ditions Fiven by 5 MV whprs My i thye Avoaadig

sonstantand Vo (=224 % |ig 2 mimel) i the ok visluine of
an kel s

4% a0 standard conditioms, whicl Bl

AL 02 2 [P )
¥ 2240w

EE N 2T 5 10
mfm|

The partiche densioy of (e plasma we foand i Frt (el i simaller

than that ol an ideal sas b factar of abo 4 oy
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fe) Pigure SL13 shows that for breakeven we muost D
ar o= T keV o shmd, or about ooob Lawson’s criterion
for ignition. With the same densily and temperature os pare (ad,
we musk therefere have ahout | of the comfinenient fime, or
alraut =i mes

Inertial Confinement

Acsecend technique Tor conbinimg plasma so that thermenu-
clear fusion can take place 15 called ineriial confinement, In
terms of Lawson's eriterion (B, 51-97. it invelves working
with extremely high particle densities » lor cxtremely short
confinement times 7. These limes are armanzed o be so
short that the Tusion episode is over betore the particles of
the plasmu have time o move appreciably from the posi-
tions they oceopy at the vnsel of fusion. The interacing
parlicles are conlined by their vwn inaria

Lovver finsienn, which relies on e inertial-confinement
principle, is being investigated in laboratones throughout
the world, Av the Lavwrence Livermore Mattonal Laborato v
lor example, i the NOVA laser fusion projeet (see Fig. 51-
14 deaterium —ritum Tuel pellets, each smaller than a griin
of sand (see Fig S51-13) are 1w be “zapped”™ by 10 synchi-
nized, Migh-powered laser pulses, symmetrically arranged
aroutid the petlet, Thie laser pulses are desisned 1o deliver in
tetatl sorne 35 kI ol energy W each foel pellel in fess than a
nanosecand, This is o delivered power of 4 = 107 W during
the pulse, which is rowghly 100 times the ol instadled glee-
tric power-generting capueily of the warld!

The laser pulse enerey serves 1o heat the fuel pellet, joniz-
mg o a plasma and—in 1s heped —raising its tempersture
te around 10F K. As the surface lavers of the peller evaporate
at these high thermal speeds. the reaction foree of the escaping
particles compresses the core al the pellet, mereasing its den-
sity by a fuctor of perhaps 10% 11 all these things happened,
then conditions would be right for thermonoelear fusion o e

FicurE 51-14, The target chamber ol the NOVA inertial con-
hnoment fusion faeiliey ot the Lawrence Livermore National Ll
vralary. The phito shows several of the 10 Jaser beam tabes.

CHAPTER 51 / ENERGY FROM THE NUCLEUS

FIGURE 51-15. The tiny spheres. shown resting oo dinme,
aredeuterinm —tritinm feel pellets Toruse in inertial confinement
|_':"L|.:|L'I'U|Il!|||h.

car an the core of the highly compressed pellet of plasia, the
Tusion reaction heing the d-t reaction given in Fy. S1-4

[ an operating thermenuclear reactor of the laser fusion
tepe. L s visualized thal fuel pellets would be exploded. like
miniatere rydrogen bombs, ut the rate of perhaps 10— 100
per second. The encrgelic emerging pamicles ol the fusion
reaction (“He and n) might be absorbed in o “Blanket” con-
sisting of a moving stream of molien lithium, heating it up.
Internal energy would then be extracted from the Tithium
stream at another location and used o penerate sleam, just
as in g fission reactor or a Tossil-fugl power plant. Lithiom
would be a suituble choice for o heat-transler medivm be-
cause the energetic neutron would, with high probahility, de-
liver up its energy o the “blankel™ by the reaction

i+ n—"He + 1L

The two charged particles would readily be brought 1o rest
i the lithimm, The witivm produced in the resction can he
extracted for use as fuel i the rescror,

A new inertial confinement fusion experimental facilicy
15 under eonsteuction at the Livermore luboratory. The Np-
tional lenition Facility. expected to be completed in 2002,
will bring 192 lsser beams ontoa deuterianm - ritinm targel,
delivering an energy of 1.8 MI. Like magnatic confinement,
inerial confinement Tusion remains a subject of actve re-
search and development.




MULTIPLE CHOICE

SAMPLE PROBLEM 51-8. Suppose that g fuel pelletin g
Bser Tusion device iy ni

crntaining

e ol legquid dew
cquial numlbers
I.jl..f':!-.'il‘:.' i (=200 £y

m I I|."I| 111 "I'kl'll-.
of denterim and titiom 2

[ By the action of the iser Pulses Lad How many particles pe
et waluime feither dewterons ar 1Rtona does e peelber contain in
e compressed state? (61 AL a plisima lemperarne corresponding
lo &4 = 30 ke, for how long mnst this particle density e muin

tined 1 sils sy Lawsen’s riterion !

Sodation (o We canowin
neller,

o tor the densiy o 6f the cunipres s

] s i) o
d el = s — +
1 9

meowhieh g ods e number of particles T WL volume fettler

deuteroms o idtonst in the compressed peller, my s the mass of

devtlerium atom, and m is the s ol a trmim. atem, These
AT masses ave relared 1o e Avoeades constan Noand e

carresponding melar imasses | M gand A by

= Myin, and om M,

L ULTIPLE (CHOE E

S1-1 The Atmn and the Nacleus
S1-2 Nuoclear Fission: The Rasic Process
L f\.l.\.l.l 7 the fission vesction 270 + ) — 0y Te
¢ What chenncal element does X represent?

:A:- Sr ‘B oA {2 Nl
C0 The answer cannos be determined withont iwers indore-
ke,

G What i the value al 3

(A0 (B2 () 247 IR RS

sually radivacinee?

A

linacipee =9E;

2, Whe we the fission fragmenls o

A Thiey come originally {3

CBY They hove @ L
IC1 They havea larg
C They dee moving at high speed
N |

el s Wit

CMEUInCH CRoess

Binching ens TRy e nuclenn

prarticular fission ocess ol @ uranium atoim gt rest I
st proclused. A oood eg-
ratie of Kinetic anerziss K00 is

(15 (A} 1 R 2 T

sy numibers A oand A
Limnyie of
(A0 A

(o SRR e B

S1-3 Theory of Nuchear Fission

S1-4 Nuclear Reactors: The Basie Principles

4. oo nuelear
LAt b

FBY 1o keep the reactor from soing cririgal,

to, the fanctiom of the mode
Donesrons,

Lo 15

(0 1ol dovarn The newtrons,

(I3 1o absorh Bedl from e core,
51-5 A Natural Reactor

51-6 Thermonuelear Fasion: The IBasic Process

5. Exteemely lish-spess b e Ml ensgertant m thermon

Clear 1.'.|\i|'lr'| I.!,."..'".IIIH-S'

ot the peller s Inersnsed by o Favmor af
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Combining these cquations anid solving lorw lead o

D2 = 10 il

CRIE A Y

"leedined

HeE Friom Laverson's Shitefion (Ey 31-40, we have

MY ke afm

A w0 L N s z
— - 14 Il:

LE = 1Y m I“IIL"..-

The pellet mus remain compressed for a Teast (his fona il
breakeven aperation is e oecur,

A comparison with Sample Problem 51-7 showes tha. wiliki

takamalk DRI, laser ny ol

losion seehs o opersta in (he
vers high particle densiies wd correspendingly very short con-

finemient times

EAY thay have miore diffivoley preneloatimg the Conlomly o
riet.

PR thes muove loe st e collide wath anathior Peaom

(C7 there 15 oa

Chibivestic neregse ur the preton’s clecirs

'.'I'.ill'_f_'.'.
CI thers aoe rebavely very fow ol Then
21-F Thermonuelear Fusion in Stars
B n 3l
Fivelr

el is

sveras, the iniverse soabour 23% heliom and 755

a5 helinm, Thes exeess

() needed Ton the Dision Peateems thit prociece the San's
CRErgy

CEY only o randem Auenanion in e helaum concentration
il the umiverse.

CCF o prociuet of the fsson renctions in the Sun

FENE o catalyst Tt cohanees the production of

Srerey by
P,

51-8 Uontrolled Thermonuclear Fusion

7 i

Is the main difficules associated with the Ths o prroegss
s somree ol clectrigal powie?
LA The searcity ol Tog
iy The
LI B
LD} The dangerof an explosiog
H. o Curbon
v'-rl:j.' alo e gty 1o pse them instead af layelrivzen
alusion reactort
At The cne
(1) The Conlomb barrier 25 mnch hig
(T Borh (A sl | B

onlomly barrie

nclivactdty of the prodacrs

and oxvgen are gles abondoanl amel ¢ clemeney

] fur

ol e e nucheon ismuch s

VB Netther i nori B
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Compaced with the d-d resctions, the vnergy releasc an the -1

sacrlaroe boecause

racioactive and therefore packs o

It is o moch hurder wogel o nuelenn gut of a-nuelens than

by el an eiectron ann b, why fr

Can ye say. from exmining Table 3121, thiat une souice af

energy, of of power, is Better than another? 1 sol, whal other

constderations coler?

Forwhicl of the procedses in Lal

I =0y .|:!|!-:'-'.

O thee twn Bssion tragment tracks shos
ragment s the lcoer G momentum, (|

)

I aezer an forthe fisston of =L by thermal

A o
peuirons, - L = -

[he reachion Ly mel o the lentay of Xoand ¥

Fo'the fission Irasment curve of | CERRATIY Syl

rieal about ity centrl minimum? Explain your answ

Ien the cham dheeavs of the primars fission | s faee 15

T -2hwhy doone @ decavs decar?
The halC-1Ee ol =31 s
it b e

warskl mist be any ataric hombe today,

|0 ¥ rscuss the gs=ertion B

WLL L2

By factor ol 18 ar s, there

TLoas nen fissioalide by thermal neuloons, What miinimom

et o eneray: docvou dunk would be necessary kranduce s

SECHE TN L s g,

alpha cinissiong i 7=

o alf=1ide For the decas of 2510 R

o by spuntaneous fission, scling 1T wonkel be 3

Las P, 300 and

[0 v, Besth are Biwricr-tunmeling provesses
05 el Wl this coermens dif 0 areer-ton

neling probablite!

Clompare lssion with al;

i e i s many ways as possthle

Here can o thenmal nentron ol aever]l million

Ul of excitation vnecey oo nocleus that absorbs i, us in |

F-Ju?

P freaitrom has essentially no encray o st with!

The Binding en curve ol Tag 3066 el us- thil any no

A= 50 can release energy by |

USRS maessive th

8

[EEESET] [rovessc Lhily very massive nuclides seem o do s,
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wever Whycanngt lead, Lo example, el
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LB ) the reaction product “He is ver 1

I

e al-t redcTion

() more mucleons: participate in o

(10 the Coulomb barmer 15 loawer,

Compare am

achain renction oeeur meeach? Whit i (he ererey-redensing
mechunism ma
Mot all neairons procluced i resctor are destined 1o imiae
afssiom event, Whal h:

h e

HER IR} ;li.l.'l.\l_' thiet 4hin nor?
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peutr leakage s asurface eifect and ceatron proclucicom ksa
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¢ffett,
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sueh d
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wer elemients,
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s ey
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(e the Diead - on collision ol 1w eodenteromy

Fhe Sun's encryy is assumed 1o be genezated by nuelenr rege

fraits much s the proton proton evele, What alterna

oF generuting salarenerey wers proposed in the kst ane why

wie thev

eled?
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