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Figure 3.16 The binding enerqgy per nucleon

hors: each noclean thus contnbutes ronghly the same amount 1w the binding
CHETEY. o

An exception LoMhe sbove argument is'a nucleon on the nuclear surlace, which
s surrounded by fewgr neighbors and thus less ughtly bound than thiese in the
central region, These mycleons do not coniribate 1o B guilesfs much a3 those in
the center, and thus & =", 4 overestimates by sivinge b1l weizht 1o the surface
nuecleans, We must therefardgubtract from 8 a termpeproportional (o the nuclear
surface aren. The surface areal the nucléus isfoportional o 8= ot o 457,
since B AYT Thas the surfacesgucleons gemiribute Lo the binding encrey o
term of the form — 03 .

Our binding energy formola must ;

include the Coolosmb repulsion of the
wlens less Lightly bound. Since each
artional to Z{Z— 1) and we may
charged sphere, to obran
en impdies a reduction in
By =12 T we can
o seneral Conlomb

pritons, which hkewrse tends to my
proton repels all of the athers, thef erm is pre
do an oexact culeulaton; gefwming a umlorm
— Yelsdue R OAZIZ —M/AY" where the negative™s
hinding energy. The gefistants evaluate 1oAk72- MeV owi
allow: this constani#to e adjustable by replacing it wal

comslant e, : <
We also ngee, from our study ol the distribution of stableNgnd radivactive
isotppes (Figure 11ysthat stable auelel have Z+= A /2 (The explataiion for this
clfect will come from our diseussion ol the shell madel w Chaplec=d) 10 our
hinding energy Tormoka is 1w be realistic in :1L'.~:uri41if1r‘ the stahle nucles (i are
.
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BASHS MUCLEAR STRUCTURE

Tabie 3.1 Some Mass Defects and Separation Energies

MNuclide A (MeV) 5, 1MV S iMeVy

logy ~ 4737 15.66 ERE
ey —(k 81 4.1 L1378
* g +1,u52 1681 1.6
o n ey 34847 15.64 %33
| My —45.138 £.36 85y
! | e — 28 644 16,19 1.(ju
: 208 iy 21,759 137 01
M py 17,624 1.4 815
i B 18,268 7.46 350

vitlence nucleons, TusT Tk = Tramic omznion energes, the sepapsdtn cneraics
show evidence for nuelear shell strudtugeThar s s momic shell siructure.
We therefore delayv discussion o ¢ sysTaagatics of separation cnergies unil we
dizuss nuclear models Thapter 5. Table 3. Tegives some representative values
of mass defects and-Teparation energies.

T AR with miany other noclear propertics that we will diseuss. we gain valuable
clues o nuclear structure from a wpvtemarie study of nuclear binding enerzy.
Sinee the binding enerpy incresses more or less lincarly with A, ;l_[_l\'-__:_.{._l..'ﬂv‘::_ril|
praciice o show the avernze binding energy per nocleon. &7/ 3 pction of

| A, e 30 Shows the—sarmubipg ol 474 with nue . Several

'l remarkable fewtures are immediately apparent._First of all, the curve 15 relatively

(2 comstant except lor the very light noelei. The average binding enerzy of most

fucter s, 1o within 10%, about 8 MeV per nucleon. Second. we note that the
curve reaches a peak near 4 = 60, where the nucla are most tghtly bound, Tlus
suggesls we can Cgmn (Lhat i, release) enerey 1o two wavs—below 4 = 66, by
assembling TiERtEr nucler o heavier nuelei. or above A = 6l by breaking
hicvier nueler o Tighter nucle, Tnoeither case we “climb the uurwg;gj;_hi.mli.ﬂg.
cncrhw" and liberate nuclear energy; the first method is Known as swclear fusion
and the second as preledr fiaion. These mpportiant subjects dre discussed in

. Chapters 13 and 14,

Attempting 1o anderstand this curve of pindmg enerey leads os (o the
semiempiricol mass formufa, 10 which we 1y A6 use o few general parameters o
charueierize the vurin\'w(n of B with 4.

The moest obvious om0 melude 1

i estimating /4 s the constant term.
| since to lowest arder B o ribution 1o the hinding energy Irom tus
| . “volume” term s thus ff = & ere g, 13 o vonstant to be determined, which
e shoubd be of arder 8 MeV. This Baear dependencesaf 8 on A san Taor somewhat

5 proportional o 404 — J er raughly o3 Since B vanes hoearly with A, s
suggests that each nugdeon attracts only 11s sest netghboes, nnd wor all ol the
ather nueldons. Frof clectran scattefing wie 18sped thnt the noelear densily s
roughly constanyAmad. thus each nueleon has abouT the same number of neigh-
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RADIOACTIVE DECAY

The radivactive desays of naturally occornng mmerals contumime araniam amd
thorum are in large part responsible for the birth of the study of nuclear physics
These decays have hallflives that are of the order of the age of the Earth,
suggesting that the materals are survivors of an early period in the creation of
matler by aggregation of nweleons: the shorter-lived nucler have long since
decaved away, and we observe today the remaining long-lived decavs, Were i1 not
lor the exsremely long haif-lives of P U and “21). we would 1wday find no
uranium in nature and would F"Tnh.‘ihh-' have no nuclear reaclors or noclesr
WEAPOns,

In addition to this nuturally occurring radioactivity, we also have the capability
tor produce radicactive nuclel in the liboratory through nuclear reactions, This
wity first done i 1934 by Irene Cune and Pierre Joliot. who used o particles from
the naturnl radieactive decay of polonum w bombard aluminum. thereby
producing the isotope P which they observed Lo deciy throush pasiiran
empssion with @ half-life of 2.5 min. In therr words:

Our latest experiments have shown a very striking faet: when an-aluminum foil
srradiated on a polenium preparation. the emission of positrons does not
cease immediately when the active preparation is rémoved. The Totl remains
radicactive and the emesion of radiation depays exponentinlly s [or an
ardinary radisilement,

For this work on artificially produced radioactvity the Tolion-Curie team wis
wwarded the 1935 MNobel Prize in Chemustry { Following a family tradition — [rene’s
parents, Prerreand Mare Cuarie, shared with Beequerel the 1903 MNaobel Prize in
Physics for ther work on the natwral radionctivity of the element radium, and
Mane Curie becam: the st persen twice honored, when she was awarded the
[E] Mabel Prde in Chemistry),

o this chapter we explore the physical laws poverning the production and
decav of radionctive patertils, which we tike (0 mean those substances whose
nucler spontaneously et radiations and therehy chapge the state of the nueleus
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6.f THE RADIDACTIVE DECAY LAW

Three years followmg the 1896 discovery of radivactivity it was noted that he
decay rate of a pure radioactive substance decrenses with time sccording o un
exponential Law, Tt took several more vears to realize that radioactivity represents
changes in the individual atoms and not o change in the sumple as 3 whole, It
ook another two vears to realize that the decay is stansticnl in nuture. that it is
impossible 0 predict when any given atom will disintegrate, and that this
hypothesis leads directly o the cxponential low. This lack of predictability of the
hehavior of single particles does not hother maost scientists today, but this early
instance of i, before the development of guuntum theory, was apparently
diffticuit 10 accepl. Much labor was required of these dedicated invesugators 1o
eslablish whut now may seem hke evident acts,

If N radioactive nucle are present at tme ¢ and if no new nucler are
introdueed into the sample. then the number 4N decaving in a time o is
proporbonal w Noand so

LN st )

0 (6.1}

m which A a5 a constant called the disinteprarion or decay conseant, The right side
ol Equation 6.1 is the probabiliy per umit ume for the decay of an atom. Tha
this probabefity i constant, regardlesy of the ase of the atoms, & the basic

akswnpiion of the statistica! theory of fadieactive deeap. (Human lifetimes do not
follow this Taw!)
Integratimg Bguabion 6.1 leads to the expenenial faw of radioacive decay

Fm (6.2)

———— -
where N, the constant ol integrnton, gives the orginal number of nucler present
al ¢ = 0. The haftlife r, - pives the tme neoessary for hall of the nuelel o decay.
Putung N = N, /2 m Equalitn 6.2 gives
0.693
fiy =
V3R

It s also useful to consider the mean ffetime (sometimes called just the
lifetime) 7. which is delined as the average time that a nucleus is likely to survive
before it decays. The number thut survive to time 1 is just Ni¢), and the number
that decay between ¢ and ¢ + df 15 |dN Zd| de. The mean lifetime 15 then

fT_r (el i) dr
s II_ “:,43

| “ AN de| ot
i

(6:3)

where the denomimator gives the tatal number of decayvs, Evaluating the wtegrals
PIVES
i

T (6.3}

A

Mies the mean Wifetnne s simply the imverses ol the: deeny constant
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Equaton 6.2 allows us o predict the number of undecaved nuelei of a siven

t type remining alter o tme o Unfortumately, the Liw in that foom i of Tted
uselulness because N is o very difficelt quantity o measore. Instead of counting
the number of undecayed nucled in o sample. it is easier 1o count the nunber ol

decays (by observing the emitted radiations) that oceur between the times ¢, and

{0 we deduce a change AN in the number of nucler between ¢ and ¢+ A4 |hen

|AN| = Nt} — Nt + Ar) = Nye M1 — e 235 (6.0}

IF the interval Ay during which we count is much smaller than &' Jand thus, in
effect, Ar =2 ¢ o) we can ignore higher order terms in the expansion of the
second exponential, and

|[AN| = AN,e MaAr 6.7
! Going over to the differential Lt gives
| iy A m
7| = L

Defining the wermony o 1o be the rate ol which decays oeeur in the sample.

@y = AN =l M {o.4)

The initial actvity at ¢+ = 0 is = = AN,

Actually, we could Fave obtamed Tquabion 6.8 by dilferentiating Equation 6.2
direetly, but we choose this mere cireuitous path to emphasize an important b
often overlooked pomnt: Measuring the number of connrs AN o tome mrereal At

) gives the gotteity of the san v i Ao The sumBer ol decavs e the
b mnterval Trom ¢ to ot s
: \_w [ Ve (6.10)
'—-——'l—'————_'_-_-__
whieh equals &/ &¢ only l Ar == ¢ 0 (Consider an extreme case—if 1, = | &
I we abserve the sume number of counts in 1 minas we do i 1 hy) See Problem
i ai the end of this chapier for more on the refaton between & and AN,
Fhe acovity of a radicactive sample is exactly the number of decavs of the
:5 sample per vt tme, and docays,/slis o convenient unil of measure: Another unit
i for measumng activity is the ewrfe (Ch), which ongmally mdicated the activity of
! ong gram of radinm but s now defined simply as
L DO =3.7 % 10" decays /5
;-. Mast common radioactve sources of strengths typically used in krhoratories have
'I" activities in the eange of nuerocunes o milliceres. The ST amt for geuvity 15 the
o becguerel {HBy ), equal 10 one decay per sccond; however, the cutie is so firmly in
. place as a unit of achivity that the beequerel has not yel become the commonly
[y msed unit,
i Note that the activity wells us only the number of disintegratigns per seeomd: i
suys noething about the kind of rudiations cmitted or their eseveies. Howe wani o
! know about (he clecTs of FHTATOTT o 4 molopicad system, the activity is nel a
o wselul guantity since diflerent radiations may give different ellects In Section 6.8
d wiz discuss some alternanve units Tor measoing cadianon that ke o aeeaun
i thew relative hiologica] effects, _
r\[ —_— e

L' o
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L5 impaortant 1o keep in mind that the simple exponentid Taw of radicactive
decay applics only in o limited set of cireomstances o given mitial quantity of 4
substance decays (by emitting radiation) 1o u stable end procuct,. Under these
i CUMSTANCES, When Tadioactive nucleus, | decays with decay constant A, 1w
stable nucleus 2, the number of nucle present is

Ny, = Nyeht (6.0 1a)
S =t
Ny = Ny(1 — e7h) (6.115)

Note that the number of nucler of type 2 starts out at 0 and ipproaches N, as
t = o all of typet eventually end s tvpe 2) and also note tha V= =N
ithe total number of nuclel is constant), T nuclei of type 2 oare themselves
radioactive, or if nuelet of type T are being produced (as a resull of a nuelear
reaction, for instance) then Fgoations 611 do not apply. We consider these cases
i Sections 6.3 and 6.4,

Often it will happen that o given bzl oueleus can deeny in two oF more
different wavs, ending with two dilferent final nuelei. Let's call these two decay
mades @ and b, The rate of decay into mode w (d¥ /dr) . s determined by the
,WM{___M_HI__"\J and the rate of decay inTo mode b, (dN /), by A

(N i),
" N (6:12)
(N /i ),
o N
The sotal deeay rate (N /dr), s
dN aN | A | .
- T , & | =ML A =Ny e

where A = A, + Ay s the gorl decay consranr. The nuclel therelore decay
sccording to ¥ = Me ™™ and the activity |dN /dr| decavs with decay constan
Ay Whether we count the radition leading to final states a or b, we observe onfy the
foral decar congmne A we never ohserve an exponential decay of (e aclivity
with constants A, or Ay The refauve deciry constants A, and A, determine the

a
probability Tor The fdecay 1o proceed by mide o or b Thuos a fraction A, /4, of

the nuclei decay by mode u and a fraction A, /A, decay by mode T, 50 thal
— : & 2 e

N, o= N,e St
N!..l'_ "“‘LJf-.'I'lJIﬂfIIItII e }I"IJ (6. 14]

Moo= T X AN (] =3t

The separate factors A, or A, never appear in any exponential term: we exnnot

Hturn ofT™ one decay mode t ohserve the cxponential decgy of theother,

srotheT Rpecial casc 1s that ol a :c:m‘||‘r][- with tw moare radiconucher with
geay schemes, Consideparmixture of *00 (1227 by and
el ly :-L'[T.'JJ'.H-.'.cJ ol eourse. The
agamsl e on semtlog paper in Fieun
: (bécause the corve bs linear) tha
LA half-life, By (1)

genctically unrelated
MOy (A4 kY such i
aetivity of a particular mixtre s
2o AL the nght end of the cues

amly one selwily s prese e limiting slope shimws
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states. For the moment neglecting, 17, we salie the Schriidinger equation for the
podential ¥ and obtain The stanic nuclear wave functions. We them use (hose wave
funcfions o calcalate the transinon proballity beoween (he “statonary stages”
under the influence of V7. This transition probability is just the decay constant A
which is given by Fermi's Golden Rule as discussed in Section 28

2z r
A= o 1Vl () (6.15)
where
‘ Vo= fervg, ao (6.16)

Given the mitial and final wave functions wyoand o we can evaluate the “misitis
element™ of F* und thus calculpie the trinstion probabifity (which cun then be
compared with its experimental valug),

The transition probability 1s alsa inflvenced by the densiey of finad states o 5.y
—within an enersy interval dEy, the number of linal stites accossible to the
aystem :s}rfn, = ol £ ) b, ) The transition probubility will be large if there s a
Lirge numBer ol nal siotes aceessible for 1he decay, There are two contribulions
lo the density of final states hecause the Al state-alter the decay includes two
companents— the final nuclear $ate an emitted radiation. Let's consider in
turn each of these two components., heginning with the nuclear sture

solving the Schridinger equation for the tme-independent potential ¥ sives us
the stationary states of the nucleus. w ey The ime-dependent wave function
Wolr 1) Tor the suate o iy

['Pu{r.:'r = dulr) e *Eurh l (6.17)

where £, is the energy of the state. The probability of finding the system in the
stute a is [ (r. ¢} |7, which is independ time for a stationary state. To he
consmistent With The” radioactive decay law, we would Lke the probability of
hinding our decaying system in the state i 10 decrease with lime like e e
—

[ () =[S (r = 0) e om (6.18)
L 0s

where 7, =1 /0 s the mean lifetime of the state whose decdy constant js A We
should therefore have written Equation 6.17 as

Folr 1) =gy (r) o B8 o170 f (6.19)
— _d-_.-.-'__-—

The price we pay for including the real exponential term in ¥, s the loss of the
ability to determine exactly the energy of the state —we no longer have a
statiomary state, (Recall the energy-lime uncertainty relationship, Equation 2.2, If
a_state lives forever. Ar—+ 25 amd W ehn delermiing its eneroy exactly, sinee
AF =1L 1f a State fives on Lhe average for 4 time r, we eannot dejermine i1s
cherdy except o withtn an wnceriunty of & F — fd7) We can make this
discussion monre rigorons B caleuditing the distribuiion of CRCTEY SEIeS (el Ly
the Fouer transform of ¢ 2%y The prahability to observe the svstem in the
tnergy anterval betwesn £ oand F 4 odF in the VALY n!‘_L_‘u. aven by (he




Figure 6.4 en the widihs of unsiable stales are small compared with thair
separation, agin (2), the states are distines and observable. In (&), the stales 3 and
b averlap and ar= strangly mixed: these states do not have distinglly observable
wiave lunctions.

we observe only the probubility 1o form e nuclear state £ then We st
consider all possible radiations of cnergy B, — £, Specifieully, the radintion can
he emitted e any directiop and in uny stale of polanzation {jl'_..JJJL_r_mb_Qn
consists. of g particle with spin,_the spin may have anv possible orenigiiog).
assuming of course that we do not abserve the direction of the radiaton or its
polarization. 10 s 1his process of counting the number of aceessible final states
that sives the density of staies, which we consider further when we disenss
specttic radiation vpes Chaplers §-110),

In sobving the diffcrential quation (6.1) 1o obiain the radioactive decay Liwe, we
assumed the decay probability A 1o be (1 ) small und (2) constant in time, which
happen i be the spme assumptions made in deriving Fermi's Golden Rule. If 17
18 independent of tme, then A calculated according to Eguation 615 wiil also he
independent of time, | Inder suahg condition, the effect of ¥ on the stalionary
stales a and b oof 1y =

AR

W = =
Wy Ya o E.ul”

and the system formerly in the state u has o probabilicy proportional o [ 17 [7 o
be found in the stitte b. We observe this as o “decav™ from a to b, ==
Toapply Fermi's Golden Rule. the probability for decay must also e simall, so
that the amplitude of &, in the above expression is small. It is this requirement
that pives us a decay process, I the decay probability were large, then there
would be enoush radiation present o jpduce  the reverse transilion =
through e process of resonant absorption. The syste ald then dsaill;
between the states a and b, in analosy with a classical svstem of 1wo coupled

oscillators, 2

The final connection between the effective decay probubility for an ensemble of
i large number of nuclei und the microscapic deeay probability computed fram
the Quantum mechanics of 4 single nueleus reguires |he assumption that each
nuckeus of the ensemhle cinils 1ty radiation independentlv ol all the others, We
Ausume dhot the decay ol a given nuclens [ independent of the decay of s
veighhorg, This dssumpiion then permits us (o0 have confidence that the decuy
constant we measure in the luboratory can be compared with the result of our
quanium mechamenl caleulation,
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of type 1, This sitation
Figure 6.7,

dnd sallusiented in

lir a
Uhs

Male) = Ny—— (6.35)

=

nueler decay ¢

2

that the typ
lw.

wroximately acdgriing o the

exponen i

Series of Decays

If we now assume thal there are several sicceeding gencrutions of radioactive
nuclei (that s, the pranddaughier nuclei (ype 3 are themselves radioncive, s ire
——— = ’

types 4.5, 6, ... ). we can then casily generalize Equalion 6.29 since sach Species is
populated by the preceding one:
dN = X Ny et — XN (6.36)

A general solution. for the case of ¥, nuelet of type 1 and none of the other tvpes
mitially present, is given by the Bateman equarions, in which the activity of the
nth member of the chain is given in terms of the decay constants of all preceding
members:

#

= N e N

AT
g=1

= Nolege ™" +ehe Mt 4 <o 40 M) {6.37)
where
#
[1x,

i = —— o —

TT(x, =X
Fom |
e 0 U 1
B T T T VO O TR W

where the prime on the lower product indicates we amit the term with @ — o,
It 35 also possible 10 have seculur equilibriom in this case, with AN

Agly= oo =0 N Caul Lbsio  Secuddr: fos ack idade,
do W oo wirclemnds Ca cence .r‘mrgw&y

6.5 TYPES OF DECAYS

(6.38)

The three primary decay types. 10 be discussed in greater dewil in Chaprers 8, 9,
and 10, are o, B and ydecavs. by w-and fedecay processes, di unstable muelens

eTILS an o OF 4 5 purticle as |% Tl 1%, 1o
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appreach the mast siable or_the resuliing mass Aumber). In y-decay
PROCESSEs, un exciled stite decavs oward the pround siie without changing The
nuclear specics,

o« Decay

In this process, nucleus emits an & panticle (which Rutherford and his
co-workers showed to be a nucleus of helium, SHe,). The *He nuclous is chosen
as the agent for this process hecagse jtis such a tightly hound svstem. ang thus
the kinetic crergy released in the decay is maximized, Such decays are favarad, 15
we shall discuss i Chapter 8. The decay process is

1%

4

= _'!x‘.\'—.‘. +2He,

where X and X represent the chemical svmbols of the mitial and final nuelei,
Notice that the number of protons and the number of NEULrons must separalely
be conserved in (he decay process. An example of an w-decay ProCess iy

Mo, W

w0 R, 4
in which the halfthife i 1600 years and the o particle appears with o kinetie
encrgy of about 4.8 Mey

B Decay

Here the nucleus can LOTICCE 8 prodan or o nentron excess by dircetly COnvering
4 proton inlo o DEULTON OF 4 neutron o o proton. Tlas Process can oceur in
three puossible ways. each of which must involve another chirged particie 10
Conserve clectric charae (the churped particle, originally called o g particle, was
fater shown 10 be identical with ordinary electrons).

n—+p+e B decay
p—=n+e¢t " decay
p+e —an electron caplure {¢)

The first process is known us negative ff decay or negatron decav and in volves the
creation and emission of an ordinary electron. The second Process is positive
decay or positran decay, in which a posi tvily charged electron is emitted. [n the
third process, an atamie electeon thal strays too elose 1o the nueleus is swallowed.
-allowing the conversion of a prolon (o a neutron.

In all three processes, vet another particle called a wesiring i also envined. hus
since the neutrine has wo electric charge. its inelusion 1 the decay provess does
not affect the identity of the other final particles.

Mote that dn positive and negative ff decay, o particie 18 created {out of the
decay eneray, derording o wr = E/e?). The slectron or pogitron did not exis
instde the puclens before the decyy. (Contras) the tase of a decay, i which (he
emitted nucleons wers inside the nuckens before he detay.)
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Ly Some representative f-décay processes ure
1 'Lhe
I:_l| 1 o Jr -i_lI .“:L‘-;-_,- s sl d

| Al ¥ Mg, fin=721%
e [ 3sMng, - 3 Cryy Hp=32d
ven i
s .
i In these processes. Z and N each change by one unit, bul the tomal mass number
3 Z + N remams constant,
2 ¥ Decay
liz. Ruadioactive y emission is analogous 10 the emission of atomic radiations such us
ely | optical or X-ray transitions. An excited state decays o a lower excited state or
possibly the ground state by the emission of a photon of v tadiation of erergy
cqual to the difference in cnergy between the auclear states (less a usually
neghuible correction for the “recoil” energy ol |he emittig nuclens). Canmymg
ermzsion s observed in all gucler that have excited bound states (4 > 3), and
ik usually 5 ad B decays since those decavs will olten led 10 exel itafes
The half-lives for y emission are usually Yquite short senerally less thin 10" 5,
bul vecasionally we find half-lives for + emission thal are sienifieant]y ]f,:u_y_q,'
[ gven_hours or davs. These transitons are known a8 jvomerie transitions and the
ng i lomg-lived excited states ard called isonieric sintes  of LEMMErs TOF SOMmelimes
mn metastghle states). There is no clear criterion for classilying a state as isomeric of
1 not; the distnction waos originally tiken to be whether or sot the halfdife was
as [ directly measurable, but todav we can mensure hall-lives well Below 109 5

Clearly a state with 7, ., = 10 %% is an isomer and one with fi» = 1077 s s not,
but in between the boundary is rather Tuzzy, We usoally indicate melastable
states with a superseript m. thus: g™ or Wiag

A process that often competes with y emission is indernal conversios. 1 which
the nucleus de-cicites by transferrmg its enerey directly to an aremic clectron,
which then appears in the laboratory as 2 free electrom. (This is very dillerent
from f decay in that no change of Z or N occurs, although the atein becomes

e iomzed 0 the 1055 I
YHACCE L RAE PROGCES » : P . .
£ HOmAed i Cauu-ﬂ‘?hm u,l_lm i t_mhg_ N wt 3

I -‘)) Spontaneous Fission

We usually think of fission as occurring under very unnutural and artificial

i conditions. such s in a nuclear reactor. There are, however, some nuclei tha
lssion spontaneously, s o form of radiogelive decav, This provess s similar 1o
! the nentron-imdured fission that oceiers i repetors, with the excepton thae pe

= previous newtron capture 1= needed o initiage the fission. In the process, a hgavy
L nucleus with an excess of nentrons splits roughly in hall tate two lishier puclyi:
e the fimal noclei are not deidly deterpuned, as they are in o or 1 decay, Bt are
uted over the entre range of mediwm-weipll nucle, Exiiniples
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of spontancously fissioning nuclei are 0 Fp, (11,2 = 2.6 h) and **Cf (4, 5 = 605
dave),

} Mucleon Emission

As we move [urther and further from the * vallex™ of stable nucle, the enerey
differences between neighboring isobars incresses {recall the mass parabolas of
constant A of Figure 3.18), Eventually the dillerence exceeds the nucleon hinding
energy (about 8 Me¥, on the averageland it becomes possible 1o have radioactive
decay by nucleon emission. This type of deciay oceurs mos) frequently m fission
products, which have o very large neutron excess, and it is responsible for the
“delayed” neutrons (that is, delaved by the hall-life of the decay) that are used 1o
control nuclear reactors. For example, 9] A decays with a half-life of 6.5 s (o
X, Most of the A decays populute low excited states in P but about 5§ of
the 1 decays populate states in PEXe a1 about 6.5 MeV! these states decay by
direct nentron emission to %, Similarly, .75 of the "Kr i+ deenvs (f, ., =
27 5) go 1o states in " Br at ahout 5 MeV: these stales decay by proton emission
10 slates i S,

’%Branching Ratios and Partial Half-lives

Figure 6.8 summarizes a varicty of different decay processes. and Figure 6.9
shows & small section of the chart of sible and rudioactive nucler (Figure 1.1
with several decay processes mdicited, Some nuele) may decay anly throwgh o
single process; but more sliten decay schemes jre very complicated, involving the
emission of a's. A%, anid 7’8 in competing modes. We speaily the rélative
intensities of the competing modes by their branching ratios. Thus “0Ry & iecavs
to the ground state of *2Rn with 4 branching ratio of 94% and 1o the first exciled
state with a branching ratio of 6%, Often different decay modes can compele:
“PAc decays by o emision (0.006%), £ emisston ($3%), and (17%) s
decays by 8 emission (2%} and by £ und ¢ (985 ) the metastable state " NB
decavs by £ émisdon (2.5%) or by an Eomeie fransition (97.5% ). The isomeric
trunsition itself mcludes a 27% branch by ¥ emission and a 73% branch by
internal conversion,

Frequently, we specily the hranching ratie by giving the partial decay constant
or partial half-life. For example, we consider the devay of A {ris=29h).
The total decay constant is

ihaa

=004 K =56 %10y 1

A

t
The partial decay constunts are
Ap= 0838, =553 10 05 ¢

DATA=Tal 3¢ 10 ~Dg f

.,
I

A0 =g 10
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Figure 6.8 A variely ol diflerent decay processes.

and the partial half-lives are

0.693 _
forran:= W =1.3 % 1078 =323h
0.693 ) _
ipaie ™= =i ='0.1 %X:10% 5 = 1700
f
643 .
- Wb a = X = 17 ® 1)"s =55y

The partial hadf-life is merely o convemienl way to reprosent hrmnching ratios: o
olance at the abave fgores shows that w emissian is fur less prohable than f
Crmission for SUAe, Howerer, phe aenmy woudd e ehyerved to dicay ondy widh e
toted half-life. Even if we were (0 observe the decay of A¢ by ils a emissivn, the
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A

=

N
P The infial nucleus 2%, can reach different lmal nuclel thgefigh 5
variety of possibla decay processes.

setvity would decay with —accordimg 1o a haif-Tife of 1 (Imagme if this
were nob o so, and twe observers WTe— LHBe—thT decity of A¢ ane by
observing the 8% and the other by observing the a's, Since (he radicacnve decay
lww gives the number of undecayed nueler, (he A observer would conclude that
hall of the original 25 c nucler remamed after 33 b, while (he o observer would
lidve Lo wanl 55 years similarly to ohserve hall of the nuelel undecayed! In realivy,
hall' of the nucle; decay everv 29 I, no mutter whil method we use to alserve
those decays.)

6.6 NATURAL RADIOACTIVITY (e

The Earth and the other planets of our Solar system formed about 4.5 x 107 y
Ag0 out of material rich in ron. carbon, vayvgen, silicon, and other medium and
heavy elements. These clements i tum were ereated lrom the hydrogen qnd
helium that resulted from the Bizg Bang some 15 = 107 ¥ ago. During the
19 210" v from the Biz Bung undl the condensation af the solir system, the
hydrogen and helium were “eaoked™ into hesvier elements in stellar interiors,
nowvis, and supernevas we are made of the recyeled debris of |fese long dead
stars. Most of the elements thus formed were radioactive, hut hive since decaved
to suible nuelel. A few of the radioactive elements have half-lives thar are lony
compared with the doe of the Earth, and so we can sl observe their radioactiv-
ity This radicactiviiy forms the major pertion of our aater| radionctive environ-
ment, and is also probiably responsibde Tor the inner heating of the werrestrial
plancts,
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Tabkle 6.1 Some Characienistics of the Disintegration Saries

?1 lhe Heavy Elemeants 'TM oA &‘. 'Iﬂ { LL.-!..M

Final

Nuogleus Flef-Life.
Mame of Serivs Type! {5table) Mucheus (%}
Thorium dir “Ph =2Th B0 (T
MNeptumum el bl Trip 2448 o
Urnniun dn b2 = Py Sl v 447 % 107

* Actinium dn 3 Al St T 16

fHoas an e

Although there are long-lived natoral radioactive elements of other vareties,
| mest of those ehserved teday orgmate with the very heavy clements, which lave
| 10 stable isotopes at all. These noclides decay by woand £ ennssion, decreasing £

wned A uniil a highter. swble nucleus is Gnally reached. Alpha decay changes A hy
four units and J# decay does not change A at all, and so therefore we have fou
independent decay chains with mass numbers da, 4n o+ 1 40+ 2 and 4o+ 3,
where o is an integer. The decay processes will tend 1o concentrate: the nucler m
the longest-lived member of the cham. amd 1 the ifeume of that nuclide s m
rough a least of the order of the age of the Earth, we will observe that setviey teday, The
lour senes are listed in Table 6.1, Notee that the longest-lived member of (heé
[ neptunium seres has far oo short o hall-life 1w have survived since the formiation

i il this ol the Earth: this series is not ohserved in natureal material.
ope by Consider, for éxample, the thorium series illustrated 0 Figure 6,10, Let us
e decay | assume that we had created, ina wlmr‘l penod of time, a vanety of p]ulrmium {Pu)
lude that lﬁt)h}pm The: isolopes **Pu and **Pu decay rapidly o 72-v U and other
T wouhd species of much shorter half-lives, Thus in a time long mmpar;d with 72 v (say,
It reabity, 10% ¥, all lraces of thiése isotopes im‘.t vanished, leaving only the stable end
ihserve product *Ph. The isotopes Py and “*Pu decay much more slowly, the former

comparatively quickly and the latter very slowly to UL which in tum decays to
the longest-lived member of the series, ¥ Th. In a time greater than 81 x 10° v
but less than 14 % 10% y, the original *" Pu and ** Pu (and the intermediate 24103
will all have decayed to = Th, the decay of which we sull observe today,

Wy These radioactive isotopes are present in material all around us, especially in
i and rocks and minerals that condensed with the Earth 4.5 2 10" v ago. (In fact, their
gen dnd decays provide o reliable techmgue for determining the time since the con-
ring the | densation of the rocks and thus the agé of the Barth; see Section 6.7 und Chapter
item, the i 19 Tor discussions of these Lechniques,) Tn general the radivactive elements are -
INLeTIOTs; | tghtly bound o the minerals and are nol hazardows o oor health, bot all of the
g dead . natural radivactive senes mvelve the emssion of 1 gaseous radionctive element,
decayed radon. This element, if formed deep within recks, normally has Hitle chance 1o
are long mpgrale oy the surfnee and into the air before it deeays. However, when rocks sire
diaetiv- ractured, the radon gas can cseape {in fact the presence of radon gis has in
mviron- recent years heen observisd as a precursor of earthguakes), There s also the
srresiril possibility of escape of radon from the surface of mmerals, and parhicolbarly those

thal are used in the construction of hyildings. Inhalanon of this radeacove gas

Lomgest-Lived Membn WMM
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Figure 6.10 The thorium series af naturally occurring radioactive decays. Same
halt-lives are indicated | My (105 y) and Gy (10? ¥). The shaded members are the
Iongest-lived radioactive nuclide in the serigs (Th, after which {he SEMNEs s named)
and the stable and [prroduct,

Table 6.2 Some Malural Radicactive
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could possibly be responsible for muny lung cancers, and there is 2 current
suspicion that smoking may accelerate this process by causing the accumulation
of these radioactive prodogts in the fungs. 11 s perhaps ironic that the recent
trends toward well insulated and nzhtly sealed buldings 10 conserve cnersy may
be responsihle for an increased concentrition of radon gas. and a3 of this wnting
there 15 active research on the proldem, mcluding measurement of radon zas
accamutation in buldingzs.

The heavy element series are not the only sources of naturally occurring
radioactive isotopes of half-lives long enough 1o be present in terrestrial malter.
Table 6.2 gives a partial list of others. some of which can also be used for
radipagtive dating.

There are also ather natural sources of radioacnvity of relatively short half-lives,
which are not remnints of the production of elements before the Earth formed.
Bt instead are being formed continuously todav. These elements inelude *H and
e which are formed in the upper atmosphere whea cosmie rays (high-cnergy
protons) strike atoms of the atmosphere and cause nuclear reactions. The 1sotope
B has had important applications in radioactive dating.

6.7 RADIOACTIVE DATING ( ia"é‘!ﬁﬂule Ponn &L%)

Aldthongh we cannot predict with certainty when an individual nugleus will decay,
we can be verv certain how long it will take for half of a large number of nucled
tor diecay. Thisse two stalenionts may seem inconsisient; their conpection has to do
with thee stutisteal inferences that we can make by studying random processes, 17
we hive o room contaming a single gos molecele, we cannat predict with
certainty whether it will be fownd m the left hall of the room or the night half. I
however we have a foom conlaining a lirge number N of molecules (¥ ~ 107,
then we expect 10 find on the average N /2 molecules in each hall. Hurthermore,
the Auctuations of the number in each hall aboul the value N /2 are of the order
of yN: thus the deviation of the Fraciion in each hall from the value 0.5
i about v AN =10 7 The fraction in each hall i thus 0300000000000 +
(O00000B00000T. This extreme (and unreasonable) precision comes about be-
cause NV is Jarge und thus the fractional erroc N7% 15 small.

A similar situation occurs Tor radioactive decay. (The laws of counting Stilis-
tics are discussed indetuil in Chapter 7. ITwe had at =0 a collection of a lurge
number N, of radioactive nuclei, then after a time equal to one hall-life, we
should find that the remaining (raction is 4 + Ny ' Thus despite the ipparcntly
random mature of the decay process. the decay of radivactive nuclel gives us §
very accurate and entirely reliable elock for recording the passage of time, Thal
15, if we know the decay constant A the exponential decrease in activity of o
sample can be used to measare time,

The difficulty in using this provess oecurs when we try to apply 1 1o decays
that seeur over gealogical Gmes (— 107 ) becavse in s ease we do nol measure
the petivity as o lyoction of tme Instend, we nse the rebitive number of parent
anad davghter nuele observed at time ¢ (maw) compared wilh the relitve numiber
at e, (when the *clock™ staried ticking, usually when the pasterial such as o
reck ar mineral condensed, trapping the parent nocke in their present sités). In
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principle this process is rather simple. Given the deeay of paren isotope P oo
daughter isotope 1), we merely count (by chemical meuns, for instance] the
present numbers of Pand D atoms. Nu())and N,(1;):

J"‘rr:l{"l} + -""If-lﬁ} — Nq-'[ l'ﬂ] [6.39}
Naleg) = Na(eg) e Mo-nl [6.401)
- L Naly)
"—.“=|"1 ~ Iy = x'ﬂ prrl']
| ( Nleg)
At=—In|1 + = 4l
A [ Vel11) J Rty

Given the decay constanl (which we can measure in the faboratory) and the
present ratio of davghter 1o parent nucler, the age of the sample is direetly found,
with a precision determined by our knowledge of A and by the counting statistics
for My and N,

Equatens 6.39 and 640 contain assumpuons that musl be carefully tested
before we can apply Equaton 6.41 10 determing the age of a sample. Equation
6.39 assumes that Nt} = O—no daughter woms are present at fp—and ulsa
that the total number of atoms remuins constant—no parent or daughter atoms
escape from the mineral or solid in which they were onginally contained. As we
diseuss below, we can modify the derivation ol Ar te pecount for the daughter
atoms present at fg (even though when we analyze the sample 1oday at time 4.
we cannot tell which davghier atoms were originally present and which resulted
from decays during Ar). Equation 6.40 assumes that the vanaton in Ny comies
only from the decay—no new parent atoms are introduced (by a previous decay
or by nuclear reactions induced by cosmic rays, lor example).

Let's relax the assumption of Equabion 6.39 and permit daugzhier nuclei to be
present at ¢ = ¢ These daughter nuclei can be formed from the decay of parent
nuclel al times before ¢ or from the process that [ormed the original parent
nucled (a supernova explosion: for example); the means of [ormation of Uhese
original daughter nucler s of no imporcmee for oui ealeulation, We therefare
take

Nolt) + Mpltg) = Ny le) + Maley) (6.42)

Because we have itroduced another unknown, Ny(r,), we can no longer solve
directly for the age Ar. 11 however, there is also present in the sample a diffarent
isotope of the daughter, 1%, which is neither radioactive nor formed from the
decay of a long-lived pasent, we can again find the age of the sample, The
population of this stable isatope 15 represented by Ny and if IV s stable then
Nudrh = Ngda, ) in which ease

Nplrd b M) Npli) + Nylty)
N dt) Ml ty )

{6.43)

which can be written as

Nuln) Voliy) [ehn ti— ]+ Milra)

Npdnd Nyl Npdtg)

[h.a24)
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Figure 6.11 The Rb-Sr daling method, akowing for the presence of some rutial
“er The linear behavior is cansistent with Equation 644 From G, W, Wethenll,
Ann, Rew. Nugl!, Sci. 25, 283 (1975).

The fatios Nalt, )/ Notey) and Ml 1/ Nt can be measured in the labora-
tory, but that still leaves twe unknowns in Equation 6.44: the age A ane! the
initial isetopic ralio N )/ N0, Minerals that crystallize from a common
origin should show ItiLFIlIiL.J] ages and identical isotopic ratios Nyl )/ Wil ty ki

even though the orginal Nuif,) may be very dilferent (From dilfermg chermieal
compositions, for example), [T these hypotheses are correet, we expect 10 observe
today minerals with various ratios Nt/ N () and Nu(6 )/ Npdt,) corre-
sponding 1o common values of At and Nplf,)/Wprg). We i test these
assumptions by plotting ¢ = N(1,)/Np(4) against & = Nt/ Npd) for a
varety of minerals: Fguation 644 15 of lhu form o = mev -+ b astraight line with
stope. m =¢M W — 1 and intercept b N,-.{.ru‘:fN.,(r.,: Figure 6.11 i5 an
example of such a procedure for the decay Rb —""8r (1, ,, = 4.8 ¥ 10y in
which the comparison is done wath stuble ™Sr. Hven l]:t!ltj_‘__h the present rmtio of
' Rb 1o "8 waries by mere than an onder of magaitude. the data imdicate o

common age of the Earth, A = 4.5 % 107 y. The goad Tinear fit s especiilly
mmperiant, [or i ustiles our assinplions ol mo loss of parent or dovghier nuc bt
Otlver similar methods Tor duung menerals from the FEarth, Moan, and

meteorites give 3 common age of 45 % 107 v These methods mclude the decay
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of YK 1 MAr. the decav of U and U 10 P PBb and ™Ph. and the
spontuncous fission of L and ™ Pu, which are analvzed either by chemical
separation of the fission products or by microscopic observation of the tracks left
in the minerals by the fission fragments.

For dating more recent sumples of organic matter, the '"*C dating method is
used. The CO, that is absorbed by orgame matter consists almost entirely of
stable C (95.89%), with a small mixtere of stable *C (1.11%). Radiouctive 4C
is being continuously formed in the upper atmosphere as a result of COSIIIETHY
bombardment of atmosphenc nitrogen, and thus all living matter is slightly
radicactive owing 1o its “C content Because the production rate of O hy
cosmic rays has been relatively constant for thousands of vears. living arganic
matenal reaches equilibrium of its carhon with atmaspheric carhon, with ahout |
atom of *C for every 10" atoms of "*C. The half-life of "€ i 5730 v, und thus
cach gram of carbon shows an activity of abeut 15 decavs per minute, When an
organism dies, it goes out of equilibrium with atmospheric carbon; it stops
acquiring new C and its previous content of "€ decreases according to the
radioactive decay law. We can therefore delermine the age of samples by
measuring the specific acnvity (activity per gram) of ther eathon content. This
method applies as long as we have enough " C intensity to determine the activity:
from maiter that has decayed for 10 or more hall-lives, the decay 1s so weak that
the € method cannot be used. Recent techniques using accelerators 4s mass
spectrometers have the potential to exceed this limit by counting C atoms
directly; these lechniques are discussed in Chaprer 20,

The myor assumpuon of this method s the relativelv constant production of
"¢ by cosmic rays over the last 50,000 v or 50, W can test this assumption by
comparng the ages determimed by radiocarbon dating with ages known. or
determined by independent means (historical records or Lree-ring counting, for
cxample). These comparisons show very good agreement and suppoerl the as-
sumption of a relatively uniform flux of cosmic rays.

In Bater millennia, the radiccarbon method may no longer be applicable.
During the last 100 years, the burmng of fossil fuels has upset the atmospherie
balance by diluting the atmosphere with siable sarbon (the hvdrocarbons of Tossil
fugls are old enough for all of their "¢ to have decayed awav). During the 19505
and 1960s, atmospheric testing of nuclear weapens has placed additional "*C in
the atmesphere, perhaps doubling the concentration over the equilibrium value
lram cosmic-ray production alone.

6.8 UNITS FOR MEASURING RADIATION &<—

- - - r - - - » o "

The activity of o cadioactive sample (in curies or m decays per secomnd) docs not
depend on the type of rudiation or on its energy. Thus the activity may be u
uselul means o compare two dilfirent sources of the same decaving isotope {10
mCi of “Co is stronger than 1 mCi of ®Co), but how can we compare different
decays? For instance, how does o 10-mCi souree of " Co compare in st renaih
. o 14 - - 3 ®
with 10 mCi of *C, or how does o 10-pCi y emitter compare in strength with a

St i 1 et | 1y e i o e . EEr
H-mCr oo umtllu. And Just what exagily do we mean by the mmngth_u_l___.g
souree of radiaton?
e ———

qou ovauls o E/fﬁ»‘o bﬁ"e’;&m??
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One common property of nuclear madmtons s therr ablity wowmzy (knock
clectrons fromy atoms with which they inweract, (For this reason. nuclear radia-
ton s often called fonizing rediorion.) We begin by considering the passage of
X-rav and veray photons through uir. The photons mieract many times with
atoms in the air through @ variery of processes { Complen scatenng, phoweleciric
effect, zlectron-positron puir production), each of which creates o free clectron.
often of reasonably high enersy. These secondary electrons can themseives
produce tomzation {and additional glectrons). The total electric charge { on the
ions produced 1 a given mass mre of air is called the sxposwre X, and we may Like
y-Tay sourees s being of the sume strengih of thev result in the same cxposure,
even though the energics of the v rays and the activities of the sources may be

quste dillerent. Specifically, the exposure is

(6.45]

and is measured in the ST units of ceulomb per kilogram. More frequently we
encounter the roesrgen unit {Ri, which is defincd us the exposure resuliing in an
jonization charge of | electrostatic unit (the ¢us unit of elechic charge, in tedms
of which the electronic charge ¢ is 480 x 10 " electrostatic unit) in 1 cm’ of wr
at 02C and 760 mm pressure (corresponding to a mass of (LKN1293 g). Thus

1R S gt [ U G
e = YRR 1 3
. 00012958 /Ke

Assigning one unit of eleourie charge 10 each won. an exposure of 1T R omeans that
(2.58 % 10-4 C/kp)/1,60 x 1075 € = 1.61 x 10" ions are formed per kg of
air, or 2.08 X 10" ions per ent'. 1t takes on the average about 34 &V to form an
ion in air, and thus un esposure of 1 R results inoan energy absorpuon by the mr
of 7.08 % 10W ¢V /em’ or 0,113 erg/em?, or 88 erg/s.

The ionization produced by a y ray depends on its energy, With about 34 eV
needed o produce cach ion in ajr, o I-MeV y ray can be expecled 1o produce, on
the average. about J0,000 ions, A radioactive source of a given aetvity will
Senerally produce many difierent y rays with different intensities and energics.
The exposure resulting from this source will depend on the number of deciys and
also on the intensities and energies of each of the y rays;, and the exposwre rate
{exposure per unil tme) will depend on the activity of the source. It will also
depend on how far we are from the source: if we imagme that we are [0 medsure
the ionization produced in 1 cm’ of air. that wnization will obviously depend on
whether we hold that volume of wr very close to the radioaetive source or very
far away, We can therelore write

(6.46)

where A X /A 1% the exposure rate, 2# is thesactvity. d 15 the distance from the
source, and [ is o constant, the specifie y=ray constand. which depends on the
details of y-ray eémission of cach rodionuelule (the fracuon of v ravs wath cach
patrticular energy and the jonizing ahility of phatans of that particular energy). It
is custonvary to ke ¢ = 1 m as @ standard distance for measuring the relation-
5 CUADAEY f0 LISt @ = LINISA SinuRic s
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Table 5.2 Spectiic +Ray Constants lor Yarious Radwisatopes”

t-Ray Energy ( MV

Nuclide Tz and Abundinee (%) I
Bala by (511 (1813,1.275 {100 13t =
M Ma IS02h 1369 (100, 2754 { LO0) 184 &
M Ee M6 d OLTAZ (L), U092 (39, 1099 (56), 12972 (44} (160
et 270k 014 (99, 00122 (853, 0,136 (1) (L0359
o 32Ty LIT3(100, 1333 [100) 1.28
| 06d 008 (2), 0284 (61,1364 (820, 0.*2
0637 {7}, 0,723 {2)
Hics 0Ly 0032 (8, 0L662 (85) 1,32
M Ldd o 0412 (95, 06761 0
R and daughiters .44
nits for I are B - m - U Nore the rofationship between T and ohe enerpy ond falensaay of the
¥ oravs
ship between exposure rate and activity, and thus ' has units of (R A mt ).
Some representative values of T are given in Tahie 6.3,

Materials other than air exposed to tonizing radiation will ditler in their rawe of
energy absorption. 1t is therelore necessary 10 have o siandard for detining the
encrey absorplion by lonization m different materials, This quantity s called the

i absorhed dose D of the matenal and measures the energy deposited by jonizing
rafintion per unit mass of material. The commonly used unit of absorbed dose is
the rad (radiation absorbed dose) cqual 1o an encroy absorption af 100 eros per
gram of material, (Thus T R = 0.8 rad in arr) The 51 unit Tor ahsorbed dose is
the gray (Gy). equal 10 the absorption of 1 joule per kilogram of matenal, and so

] 1 Gy = 100 1ud,

To define standards for radintion protection of human heings, i1 is necessary 1
have some measure of the hiological effects of different kinds of radiations. That
s, some raduitons may deposit their enerpy over a very long path, so that
relatively Little enerpy 15 Ueposited over any small interval (sav. of 1he seceof a

g N * »

! typical human celly; A and ¥ rivs are examples of such radiations. Other tvpes ol
radiations, o particles for instance, lose enerey_more rapidly and duposit_sssen-
tally all of their encrey over a very shorl path leneth. The prabability of cell

damage from 1 rad of @ radintion is thus far ereater than thal Trom | rad of %

radiation. To quantly these differences. we define the relafite Ielogical effvetive-

ness (RBE), us the ratio of the dose of a certain eidiation to The dose of i
that prodicces the same biological effect. Values of the RBE range from | 1o ahout
20 for o radiation. Since the RBE is & relatively difficult quardity W measurc, il is

customury o work: msiead with the guafiny fucter (QF), which is calenlied [or o

length (o's) Tue
tive vulues of QI

I rangiang u

given Lype tand cnergy) of radintion according (o Me eneray deposited per wnin
path length. Badiations that deposit relatively litle enermy per unil lensth (8%
and ') have QF near 1 while radisions tha deposit more ‘vneray per unit
teaboul 200 Table 6.4 shows some representa-
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Table 6.4 CQuality Factors for Absorbad Fl.m:i;?m%wr

Radiaton oF \\
Xoruvs, B,y |
Low-cnerzy ponid — ke 25

Ernergetic pon{ ~ MeV) 11

20
—
Table 8.5 Quantilies and Units for Measuring Radiation
Cuantity Measure of Traditional Lnit Sl Unat
Activity (=) Dhecay rate curie {Ci} hecguerel (Bgh
Exposure { ) lprzation in air rocntgen (R coulomb per
kilomram (£ kg

Ahsorbed dose ( f3) Lneray absorption rad oray (G}
Diosie equivalent (IE) Biological

ellcetvensss e shever (5]

— T e

The eifect of a certain radiation on . biological system then depends on the
absorbed dose D oand on the quality factor QF of the radiation. The dase
equivalent DE s obtained by multiplying these quantities together:

[ DE=0-QF | (6.:47)

The dose equivalent is measured 0 wpits of ey (roenigen equivilent mun) when
the dose £ is m rads. When the $1 unit of gray is used for 12, then the dose
equivalent is in sieperr (Sv) Previousiy we noted thar LGy = 100 rad. and so0 it
[allows thail 1T 5 = 100 rem.

W therefore see that “strenath™ of radiation has many different ways of being
defined, depending on whether we wish to merely count the rateat which the
devavs ocour (activity) or 1o measuré the elfect on living svstems (dose eguiv:
alent), Tahle 6.5 summarizes these various measures and the traditenal and Sl
units in which they are expressed.

Stundards or radiation exposure of the general public and of radubon
workers are specified in rems over 4 cenain peniod of time (usually per ealendur
quarter and per year). From patural backpround sources (cosmic rays and
naturally oceurring radioactive isotopes, such as the uramium und thorium Series
and Ky we receive ahout 01 -0.2 rem per vear. The International Commission
on Radiation Protection (ICRP) hus recommended limiting annual whole-body
absorbed dose to L5 rem per year for the general public and 3 em per year for
those who work with madistion. By way of contrast, the dose absorbed by a
particularly sensitive arca of the body, the bone marmow, is abou (05 rem for a
typical .chest X ray and_0.002 tem for dental X rays. Unfortunately, the
physiological ellects of radianon exposure ane ditficull to calenlate and 10
mvensure; and so the guidehine must i 1o keep the exposure s low as possible.
( For this reason, many physicians no longer recommend chest X rays as a part of
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the regular annual physical examination, and denrists olten place o lead apron
over the sensitive areas of g patient’s body while tking X-ray pictures ol the
mouth.} Although the evidence is not conclusive, there is reason to hehevie that
the risk of radiaon-induced cancers »and genetic damage remains a1 even very
low doses while other cifects, such as calaracts and loss of Fernfity, iy show a
detinite Threshold of exposure below which there 15 no risk at all. Much of cur
knowledge™ 0 This aren comes from studies of the survivors of the nuclenr
weapons exploded over Hiroshima and Nagasaki in World War T1 from which
we know that there 15 virtual certainty of death followine o short-tenn dose of
LOO reém, but the evidence regardine the 1 Aaticnship hetween dose |
i tess clear, The effects of long-term, low-level doges are stll under getive dehuage
with serious consequences [or standards of radiation protecuon and Tor ghe
health of the general public,
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The quantum mechanics of decay processes i treated inomore detiil in M, Gl
Bowler, Nuclear Plhvsies (Oxford: Pergamon, 1973 see cipecntlly Sections 3.1
and 3.2

A more complete treatment of radicactive decay series can be found in R D,
Evans, The Aronue Nuclens (New York: MoeCiruw-Hill. 1955), Chaprer 15,

Radionetive dating of the solar svstem has heen reviewsd by L. T. Aldrich and
G. W. Wetherll, Ann, Rev. Nuel Sei. 8. 757 (1958), and more recently by
G Wo Wethenll, Amr Ree. Nuel, Si. 25, 283 (1975),

For more mformation an radioactivity in the atmosphere and in the oceans, see
D: Lal and H. E. Suess. dnn, Rer. Ml Set. I8, 407 {19685,

Additional imformution on radiation expasule can pe found in many relerenees
on health physics. See. for example, E. Pochin. Noelear Radiation: Rishs el
Senefite (Oxlord: Clarendon, TE3).

L0 Wi = 0, Ther
AL a) How many tadioactive
w7 (1 How many nucler of each
57 (¢ How many decay between

adioactive sources ench have actrvilies
half-livesae, respectively, 1.0 s, 1.0 b, and 1
fuclel are preg
sonree decay betw
f=MWand =1 h?
2. MNaturally oceurring samariuf
"Sm. which decays by o g
decays per second. Fro
"ISm and give its ungeflainiy.

heludes 1515 of the radioactive Iscapie
~One gram of natural Sm ogives 89 4 5 o
Meulate the hall-life of the 150LGpe

3. Among the adiogplive products emutted in (he™~L986 Chernobyl reictor
secident were P (1 4 = 840 d) and Cs (4, += 3Py There are aboul
five times asfany "7 doms a8 U doms produced e Tssion. (1) Which




