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"'st llﬂretaln

néuttons.

The nﬁcleus is
three bulidlng“

held tmgether by ‘a huﬂlea

lest unlt lﬂtD whlch an. e1Ement can be dlvided ar

he propertles of . the original. Element.
ments ara mad “of” tHree primary Eubatﬂmlc hulldlng blacks. elegt#cns :
These three prlmary bullﬁlng blocks are so ar-—
vranged that the atem’ may be thought of .as cnn51st1ng of two main: pafts——‘L

Ve>ﬂucleus and the electran cloud.. A graphlc represeaatlan of sevarala'ﬁ

Atoms ‘of ‘all- e

the central ﬁartlcnpaf the atam and cnnta1ns twn af tha
o 1Dck5, the pﬁﬂtﬂns and neutEDns.'
““make up ‘practically’ all of the mass-of the atoh.:
= are DfEen referredtta col ECthEly as nucleans.'
various cambinatlcns of protons and neutrons:
' USSlDﬂ~1f these combinations are thcqght Df as;being”
force. sufflclently great to overcome the e
1bn that ex;sts between .the’ 2931t1ve1y :harged

Protons and- neutran5<f
Prntons and - neutrons
The nualeus- censists af
it is. easiér ro undetstand

|[Relative Mass|. ..
‘in Atomic |

Mass Unltsj

,007277
o 0005486 -
,l_008§§5é

1éctran Elﬂud 15 aqgal to thé I
“the. nugleus - SANE

B

th ﬂtaﬁlc number

e

.

xf} The eléctran Claud surIOunds the nuclear*partloﬂ Df tha atnmsand con-
~ﬁtaln% the’ electrcns, which are in mat;an

as..a whcle is ele:tfleal%y;ﬁautfal “the . numbet of- electrons in the
;mber af p031t1ve charges (protons), i

out the n

¢leus. - Slnce the:ff“
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- i _Atomic S, ucture L 3
V n i & 3 = ) - s ’ ‘ L]
a definite energy and a definite maximum number o it
customary to visualize electrons DE the atom as m nucle-
us in orbits much as the planets 1 1t the
‘gsun, Although -this mental imdge is ngtvenﬁgrgly §c ovides
a useful model for understanding the atom. These wel rbits
(aor shells) are often referred. to as energy .(or qyantt Since
a definite minimum amount of energy is required tron
. from a particular shell. Each shell is denoted: rder of
decreasing binding energy or, more commonly, by tion
frdm K to Q, as shown below. ’
6
- 3 A “5"' -
1 2. c N 0. P
. K L M )
2
The first shell is designated as K, the second as L, the third M, and
so on through the alphabet to Q, or the seventh shell, which is the
outermost shell found in any of the presently known elements.
11. LONS AND LONLZAT LON 3
All atums in thelr louweat suergy state have the sans numbe b oeley
trons as protons. Consequehtly, they carry no net eléctrical charge. '
When atoms comblne to form compounds, the resulting,molecule has the
same total number of electrons as it does protons, and the m@legu1a is
also electiically neutral. Since the electron is the lightest part of

the atom and since each electron is not bound as tightly to the nucieus

as the protons and neutrons are bound Lo each other, it 18 wore mobile
and can be removed from the atom or melecule Ly supplylug a relatively
small amount of energy. As soon as aun electiun is removed Lfrom 4 atowm

or molecule, the resultiung component has an ele. tric charge because

the

prutons are then in excess of the electrons After the remuval of an

electron, the residual atow is valled an ifua (Flgure [ 2).

luons may Le Llléléﬁd pusil ict tvely wi negatlvely aad may ealat ia .0
[dlz.
glectrons from neutral atoms and mole.ules, whoreas negati.e ions

e
liyuids, or in gases. P.siiive fous a.e piodu ed by rewovin

created when electrons attach themselves to neutral atoms or mole
cules, The magnitude of the electrical charge on an ion in terms

electron units, is equal to the number of electrou

m [

g

uf

remaved from or

added to a ﬁeutral atom or molecule. The magnitude of the charge may

be calculated by multiplying the number of electrons exchanged (gain-
ed or lost) by the charge on each electron in coulombs or electrostatic,

&

{



TH » ! Atamlc Structure i
=
= . { 4
. NEGATIVE 1DN o
- F\F @ |FREE ELEGTAON)
, r;d! ) ' T,
: —— _ IDNQIMG PATH CD
—
' ION PAIR 8 T=IONIZING
. . PARTICLE )
- POSITIVE 10N = . -
. ]
o
A -
= 3 =
- Figure I-2.--Ionization

“units., The electron charge is given in Table I-1.

The charge on an ion in terms of electron units is ca

of . the ion. [t is common practice to consider a free ,lggLEun as an
ion. Ions-are, therefore, defined as free electrons or atoms or group
of atoms carrying a net ElEEEf}CSl charge .

5. Auything that is capable
trons to) neutral atom

of removing electrons from (or adding elec 1S Or
molecules is kapable of causing ionization. lu radiation physics,
ionizing events usually result in the removal ot electrons. Consequently,
an lonizing event is spuken of as prudLLlng an ion pair whieh consists

of the freed electrod and the residual positive - ion. lonization is
of the most important results of the futeraction of r?ﬁidtiun in matter,

=
ITI. ATOMIC NOMENCLATURE T
.
Before proceeding further, it will{greatly simplify the discussion of
the atum to iutroduce a wousietent sel ot Jdefinitions and symbuls., A

general cxpression usctul for represcenting o partivalar isolope I

A
(3.8
Al Chemio ol Sombiol s (X))
E
lu the Betglal wapael 1 vt [ T [ L I O R
element and.is used ftour L vit ad o Lhvenis noe lu ref.rring Lo

specitic elepect | the vheawloal "Lymbo ] usaally o oo fsesr ot the inlcig

letter® (capitalized) in the namé of the element, or the 1niti1al lett..

cond Tette: For example, carbon is 1ep-

I, calc lu?%?y va, .xygen by 0, and hydroge.

/

followed by an appropriate s
Feggnisd by €, chlorine by ¢

EWhEll this ﬁyzEE!u W esos ';’uluk;LL_J Ll/':";:? 18Y8) the latiov vawes [ul scveral
metals were in common use. Tuis is reflected in such symbols as Fe
(from the Latio ferrum) for iron, Cu (cuprum) tor cupper, Au (aurum)
for gold, Ag (argentum) for SllVEf, 5a (stannum) for tin, and Sb
(St)blum) for antimony. g{) o>
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Atomic Structure . 5"

. B, Atomic Number (Z) ,

The atomic number (Z) is the number of protons or positive charges in

L ; .
the nucleus. : ;“ : A S . e
Since atoms are c c v neutral the number of electrons in
El@it[un cloud. 3 the same as the number of protons within the

) Each element has an atomic number which is characteristic of the
ment and,4s synopymous with the chemical symbol. There are currently
over 100 e¢lements, svmbols, and atomic numbers. Consequently an ele-
ment mav be de lLHlE ] in any one ol the three wavs--by name, number
ot letter 5ymbglﬂ ‘ -

C, Hass Number (A) ’
4 B

- - L 1. N . . : . LR - .

f The A in the general expression (GX) Ly the total number of plrLlthﬁ
(protons and neutrons) in the nucleus and is referred to as tﬁe'maas
aumber. The mass number is approximately equal to the ato mass of
the atom in atomic mass units.

¥
D. Neutrun Number (N) and lsoutupes
= A
J The number of meutcuns in the nucleus ias called the neutron number (N)
’ and is ¢qual to the mdss numfer winus the atomic number (A-4).
- ] * - .
When the atoms 'of an element have the sawe number of protons but a dif-
ferent number of 1eug£ﬁx , they ars.ﬁa;d tu be isoutopes of the element.
© Such atoms are, in general indistingdishable chemically. The ¢hemical
& properties vf the isotopes of an element are the same because the chem=
! ival prnpetflL depend on the nunber or uxbital) electrons surrounding
- the nucleus, which in turmw is- detefmined by the number of protons in
. ‘th nucleus . E
- , g

Fuor e:wsunFIL‘ Elhicvie arLv Llugv}ml\xfélly ewut L luyg lsotopes ol oxygen,
namely, “Z0, i’g(_)! and T2 0. Ihe isotope with 4 mads number ot 16

2. A o . . e .
T, TH, and P, This Jlement is .o significant that 1ts

Gewdrs mesl abundant ] Auother ermample Is hydrogea which has thio.

isu Lapus

:

three iaotlopes dte sowslimes called by Jdiscinet names., The is.tope
with a iwdas tunber of 1 1as called h!JLUEcH, the wile witlh A=2 Ia Jeu

Leriam, and the thaitd (a=3, i=s toifium.

LV Uit to oF Nuoh kA s Al BHbkhg,

i

A. Atomic Mass Unic (anpu)

-
"~
-

I Gl wn b le Elie suc by ool thin gt aul s

tie mags of the pdarticle. e pressed in gran.

s

O
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is al e
- .8tange, Since gram-at
& t

5 - L __Atomic Structure e .

x = = - . N \ - A

= — T = 1 - P — —

Particle ' WElghE in grams Ng@ﬁerr%n .

—_— _ . R ) ____one gram

neutron I '1.67482 10‘?% 5.9712 x 10°°
‘proton 1.67252 x 107%% | 5.0979 x 10°°
électron 9,10908 x 10 =% 1.0979 x 1037

Since the mmss
when EXPFESSEd
nents, the svyst
carbon 12 (*Z0)

e O
g

[y
i
2
g
=
I
‘a“
\m I
i
ry
=
o
-
it
W
=

omic mass. A gram-atogic mass of-a

i e
atomic mas £
d to as a mole or equivaTent mass of fhe sub-
5
i
i

substance

are, in magnitude, proportibnal to-
1 atoms, it follows that one mole of

the actual mas 1
ite number of atnms rhe number uf atom
Ll

w—-« L.n

gt

The mass of any atom in grams can thus be found by dividing the gram
atomic.mass of the isotope by Avogadro's number. For example, the mass
of an atom.of carbon 12 is its gram- atomic mass (12 gm) divided by

T

Avogadro's uumbe {N, ). ¥ .
r 1 ﬂL LE 5;\[ 7
itss ol . = == =5 - Rh= S S =
4 6,023 x 10 -
2 4 = 1.99 R 1072% gm R
& I
. o L.
S5luce colaegual b L atomile wans vttt (@) thie wdaa oL L awn

O
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would be *s of the wda.s oF a caitboil 12 ilow.
h 2 . .

l . l‘_) =i =S - =
i [= FETN T == 77 = =

¢ amu/*

| S YT L.y lwu ~ * R

1, Lhio ey,
To fas,_,lill,:_:‘ms_- I B O TP N Lo
smder| maaa, consider the esueryg  p.odu ed 1 gap dau (, LL A LU ib )
is couverted Into energy  The .oaversion cdn bg expressed Dy, ‘Einste .

famous equa[lun relating wass and energy

1)

=

= Ui



- - - - \étgg}c Structure - - A
S i ¢ , . .
where m 1s the mass in grams, and ¢ is the velocity of light in Lm/b
, Then the energ gy. equivalent (E) of.cne atomic mass ynit is given by
LY
. E = (1.66 » 1077% »am) (3 x 10'° cm/sec)” . 7
B = ,ﬂ‘
' "UE = 1,45 271070 um-cm® /sec”. h -
. ) . The unit, gm-cm®/sec”, is frequently encouptered in pnysics and is termed
- ‘ the erg, thus: ) '
. E =1.49 X 107 ergs. ‘
. .
B i
- C. The Electron Volt
;o Y

nt unit of energy is the electron valt. An electron volt

he amount of kinetic energy acquired by an electron when
ed in an electric field which is produced by a po

) ne volt. Since the work done by a difference of
: on a charge e, is Ve, and the charge on one elec
ombs il is possible to calculate as follows:
= \
-
. ) . AT '
l eV = 1.6 X EOJ " coulomb 4 1 volt
i s ;
L
1 eV = 1l.g ~ [u Joeules
J \ 7 :
Ut L ev = 1 oy~ 107 erga
k4
7 Slice the electron weltl ls a very swall gméunL vl ey, LU ls more T
cotmonly expressed io thousaads ol election volts (heV) wr millloms ot
celectron volts (Mev). : .
) I million eleceron volis (MeV) = | UUU LOU0 EhFCEFUH volts
'QF;: *
I kIto vl tron ults (hovy 1. Louow ot T O
Ll s prodee e L L, L L T e B B T T N N TS \‘;\
&
Lo i . Ly R EYT
[ t 0 Lo ws e, Lhe
Ioaan - 331 0
'

‘4 [ [ T O T T T g, oL
eV would tes. l Tu gain . c.ocepl of igoltude JF wie election
vole, vae milliovn electron volts (MeV) 1s enough to 1,ft only a milligd
welght one willl u“Lh of a centimeter.

,
1y
= i ¥
O
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es
* terms of the binding energy per nucleon in a partic cular afom, Fi

s constituent particles and i quantity called the nuclear bindi gaené

it

ergy. It- mlght be thought that the mass of an atom would be cqua

‘he i 1sses of the individual particles composing the atom. =
lo ~asurements of atomic masses show that the .mass of an

=
s than the sum of its constituent paftlclE " (as mea-
s ] state). This difference is & #alled the’ mass def
is the amount of mass that would be converted iptoe energy and released
( e r

to hold the nucleons together) if an dtom were assembled f[;?gg ee neu=
trons, protons, and electrons. Since this is also the amount of en
required to break up an atom into it® component particle it i
-fore called the binding energy of the particulat atom.
b€twaen binding energy and mass defect is given by Einstein's equation
-E =mc?. <L 4

The binding energy varies from atom to atom and is ujually expr =d
g re
3 shows a plot of the binding energy per nuc leon against the mass numbe!
(A) for the most stable atoms in nature. Important. features of Figu
Cl) a central region for which the average binding eferg
mistant (’-8 5 MeV/nucleon); (2) regivns at cither e
aturlng;a smaller binding energy per particle (which means a Iﬁéa
uc

,_
k=]

adtng energy for small ulei

ass numbers having nucleons in multiples
L] - -

]

Conzsdder Lht fuvinatl Lan .L:I. dvutvrium 45 & 2 ,l,uxt,:ltf. J,,\.Jlnpl\,' Ll LR meginling

of binding wuer g¢. Deulerium Is made up al otte protoen and onegeutron
in the nugleus, and one-orbital electron. the atomic _wass of devteriuw
is 2 Jlglug (afnu) Ihe mwn ol Lhwe masses of Ils ‘compoucnt EdLLiulg;;
HT)wn:ve‘E, : ' C ’ ) »
o ST prabon | Lot 200
wuel b nealion - 1.UyuBnen
wedss ol eleclion = 0
Postet] A ?
R T S R N R T T TPUS R O UP NI PRI O PO P DR Lo o
portent partlosen e tmeanl ULQU LA Lau o aloe. Lo Do iy lent
tooo s oMoy, the vl tlog s kg ool thie Jdewut. . Lum av.. ula 0o be wrdtt
S
’ L [UENVIVEN . Py Rre AT
siDELL
X
o

. - .
: ire L
c 4 e P
V. . j
., - ' . R . ?
. The atemic mass of & nuclide can'be understood in terms of the of

cleus for both small and large mass numbers); and (3¥ an unusually

\
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. ) ‘ ' RADTOACTIVITY ° >
B . . . ) ‘ : e
» I. INTRODUCTION : o : - .

Tﬁéfe are certain structural criteria necessary for the nu

isotopes of the various Eleme s to exist in a stable
, thesa criteria are not mety the nucleus will be unst
the phenomenon of radi activity. Radioactivity refer
by which nuglei spou;é?eauhly decay or disintegrate
creté .energy steps or transitions until a stable stat
criteria which determine whether
are bflefly discussed 1n the foll

. . / —
- I1. NUCLEAR STABILIT -7 i ’

I i cle
orces of repulsion betw351 tke posi-g
range fnrzea batween
1

U‘ ]
\r-‘ 15
=
<
s
ot
=
c
I
=
M
[
¥}
e
i

1. ffice to say thﬁt
f these attractive and repulglve forcek are such «
inations or ratids. Df neutrcns and prntmn% arg )

i

l"l\ oo
m o)
U‘" D 3

i

E

e ' ‘ .:’ l Cow
forces ‘were discounted, optimal stability
a e¢fis when the numbers of protons and neu-
equal. Such-is the situation for the IlghLer
i .coulomb ftorces, iu rélation to the short- =range

are insignhificant.’ These coulomb forces, however, become in-
T -_;QEEaSlﬂély significant as the. ,atomic number increases abgve 20. With
1gn1flcant increases of these repulsive forces within nuclgl, intra

lear stability conditfons become alte.ed. Consequently, with in-
sing atomic number, a neutron excess is required -in order for.a o
to be stable. ’ o

[‘-:. ] :(‘
‘m m
U’A

2q
tle

LI"A

Thus, for elements which dre telatlvely low tu Chie pgtLudIc table
(a lﬁu atamiﬁ#ﬁuﬁbétﬁ ‘hucleay 5tablllty vecurs whén the numbet of
gﬂg neutrons amd protons is about equal, or, when 1he ratio of neufrons to
proton’s (n:p ratio) is approximately equal tu uniity. A, elements
increase in ¢ numbe, above 20, the n.p ratio iequired fo. stability
\ gradually increases until Z = 83 (bismuth), where the n:p ratio required
for atablllty exceeds 1.5:1. Filually, at the eud of (he periodic table,
¢ above ngl there are no Eamglétély stable nuclet. The stability
conditions based on n:p ratios are nét very critical, and "stabilicy
ranges’ of n:ip ravios exist for any given atomic aumber or any given
masgﬁﬁumbaf. For a given mass number, there may be several stable .
arfangeménta of proctons and neutrons. For a given atomic . number,
conditions may vary still more widely =0 that numerpus stable isolLopes
can occur for a phrticular element--as many as 10 ér 12 stable isotopes
for some elements. b '

L I
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e
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is si 1
teria leading to nuclear sta ty. Additional fuctura involving
‘quantum-mechanical principles and binding energy considerationa are
needed to further evplain stability, but this is beyond the scope of ]

-~
The n:p ratio ed 'xplaﬁatiﬁf of . tﬁe ingranuclear cri- ;3 :

ET

this document. ) . . , .
Q ™ 4 ‘n!‘,s [

In summary, nuclear st:

bil;ﬁy is governed by the'piftigulaf combination
and arrangement of :

a

eutrons/and protons in a given nucleus. If the
ntof neutrons and protons does not fall within

leus is unstable, which is tgﬁtamount to +

active. An unst:-ié nucleus attempts to

ng its configupdtion or ratio of neutrons and

s .

ous disintegration, or radlhaLtlve decay.

FJ
[Il. | RADIOACTIVITY (Vd[urdl and Aftlf dl) - L =

/ : ¥ T,
7 . _ -
Certain nuclides are found™to be unstable as EhﬁgiuCCUL in nature and are ]
A { 5 wcd £l :

therefore called "natura :
various nuclear reactions brought dbuut by man. The majority o

rMionficlides are produced in this manner and are saXd to be "artificial”
radionuclides. The processcs involved in the production of artificial - |

radfoactivity will be discussed in detail in a subsequent chapler on nuu-
t ' ' ’

R

ions. a

The fi¥rst reported EVidungr of natural radivactivity was by Henry )
Becqusrel en 1896, . Becquerel demonstrated that uranium ore would tog or

darken a phntnu[ﬂphlL ate which was sihielded Jith opaque paper in much -
Cthe same manner as x fgis_ He pustulated that the urauniwn emitted very
pe rt[d[l“g rays, similar tu 5 1dys. The phenomenon ultimately was call, |
ed EadLGaCLiviLy.m In time, LL wds determined that thuie were éa i
ments beyond the atomic oumber of lead (7 = 82) that showed similar radi- .
ating characteristics. Alter a louug and complicated chain of lpves i
T

’h;nicial: contributed, a “hett

Ctluons, tu which wmeny outstandiug
standing f nafural.radicaccivity lw

was galoed.g LThe undv11cd1ﬂ1U1g wag cul- .
K £

minated \4_1[;\, thie t:?a[}i‘l Lm;*lil;? wil ithe, tord wh L9U3 I ltﬂi_il ly showad

that there were Lhree kinds of 'y

lud;tlﬂg Lml,axnuﬁ tiagic 1V, alphg,r (éjl

beta, (3), and gamma, (v). :
LA Lypes o Ralloa, v e [T T R
L :\!Lsht LALI\ Lg;" R B T S A el o sy '
=H_ﬁ;‘£=z:_y.g; g
e raliation and can Lo dbsorbod o stoyp, ed hoa Tow v bl Lots bl sa
a thin plece of paped.  Alpha particles are coapo el ol leo protons cud
Lwo ueullons Henee, they ha e an o beattTe clidl g wppee lte L0 aud s
actly twilce that of the eloclrons ad @ was. nuaber of 4. s alphapa
ticle and the fre L Hﬂgiedﬁ sl o tdentival fu gtructure o with = Pl ux
; : IR ' , e N
ceptlons, only rela leslv h;;vy cadivactiv. nuclides Jdecay by lehAﬁgulw
ER RN N "
’ . b rtt a ) et e oad Lol Chias e Lol poeow b | P Y
The: glnate in e mncleas, In contiast with wndindry \lgwértnha\njhn
i } %‘j . EY

g
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. . e ;hﬂngadiaéCEiyity . - : 13
) exist in the ‘orbits arpund thé mucleus. [In ir,: they travgl several /T
" hundred times theiﬂ stance of. alpha pafE1LIES and fequlre a®™ew milli- .
V'wm meters %of .gluminum to gtop them. Beta disintegration’ occurg mogt: often
in nuclei which exhibit a high n:p ratioc. The iatranuclear effeat of
a beta emission is &hat of chanElnE a neutron into-a protoh thus decreas-
5 ’ = N : -]
. rays, are electromagnetic radiations which
e ight %hgy diftfer from in their
- from transiti®ns bgtwear eneygy lev-
ls), and gamda.rays originate from transitions
els, ) T
(photons) create wavelike disturbances in
T turbance created if a stone is dropped verti-
pool of water.- As the stone strikes the water,
ughs are formed which constitute a wave motion
. L1-1. | The distance between any two UQ;E%%lVE

roughs is known as the wavelength, which is rcpreﬁentﬁd by the
r lambda (\).

*
¢

Since all electromagnetic vays travel at thefgame speed, (3 % 10'¢ cm/sec
or 186,000 miles/sec) in a vacuum, the pumber of waves (crests) 3
certain point per, unit time, or the Efequéﬁgg with which the cr
the point, will decrefbe with increasing di®Pance between crest
length). The frequency is represented by the Greek letter nu (u), The
relation between the wavelength A, the ¥requency v 1o
‘the wave (¢) is given by Ll}g s.qug;lu.t(/r = /A

2

and the ve

. } * &

e | R

- .
L [T I il sl ‘ﬁﬁ
i
' L Iy [ [ t 1 i
&
N
.
T}—ll( el Do v ! Lh oodept e plobon i L cl . v
.
ko= l_’l\;
Iy k- . [T B
, L]
b = Flauck 5,0 uastl 1o I Lt R

i : « = fnequoney (herta) -
‘ a v, .
= o \ 4 : <
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13 o _ - Radiocactivity s ) -
Gamma rays gEcupy a Higher epergy tsﬁge on the ElECEFDmEEﬁEtlL prLt}Lm -
than do vigible 11 ght tay% their energies ranging from a téw keV to
é .

several” MaV Co S e e ey otk e

C E
T fr 1
in td £ill the vacant position and the excess enérgy is emltted as a
Eha:act eristic x-ray photon. The nucleus might conceivably capture an
L-shell eleetron, but K-electron capture is much more probable, Hence,
- this mode of ded: y-is frequently referred to as "K-capture." Orbital
electron capture is also e abbreviated as "EC." _A;,:{.ﬁ

K-captpre is always a:c;mpan1ud by the emission of an x ray with energy
equal to the differerdce between the K- and L- :hell electron energy
levls in the daughter prudu;ts Like positron eml;Slén K-capture can
be expected to ovcur in nuclides having a low h ip ratio, The intranu-

clear effect of elther of these wodes ot QELay is ED Lhéugﬁ a proton iun-

to a.neutren, -thus increasing the n:p ratio. ., . A

. 5
ernal conversion ts Lhe prucess by Ayhich 4 nucleus La gu_kﬁh$§§dmn
state reaches 4 - luwer stale by.tLra ﬂbfﬁELlﬂg its ereess energy to an

2%
orbital electron (usually .g b Ur’B electron). The ele.troun ls ejected from
the .tom in lieu of a gamwnad ray of energy he. The cuergy of the electron
is he minus Lb, where B 1s the blﬂdlﬂ g energy of the eje. ted electron.
: +
d. uc :lﬁggqu é%i;g ts a Lype of AAdivactilvit, asaedlated with el
i Lalu pal irs of nuclid (called isomers) that have (hie same maos Ntknber
and the sameé atomic nuaber but exist fu Jdiffeirent nuclear onergy state.

Generally, wae gf the "lavmas 18 melasl ble (the uucleus u’éln an cl\;[é;‘

stiate above the ground state) and achieves the ground stute or it. low-
St eacrgy sltdte by emitting Jdelayed (usually greater than 10 se.onds),

gaua radiation,  The wmetastable, or excited tate, tterefour

o
D)

n

tepresenls

“ofte Lottty torw of o particular nuclear spocies whille the 5;‘4nd state

v, rep  metta Lhe other Further itadivactive decay Ly bet. oi puwsitiun
emd 1 PLugE:d Ltrom the gtuund stdtle . -
AF & Fla. al particles HlL‘h d&&,llglblt‘ rest m-:‘i‘a::.- Liiwy aw-

st
napgy J ist.ibution amangﬁbetd-partiﬁlgs and pagsitrons in
ogesses. Oun each beta or positron disintegration, the

away sume fraction of the disince egrat-ion energy. Th

"~:

e
no-siguificance in nuclear medicine applications, because
. it‘seldom Intéracts with macter. . 0~ ,
o L0
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’1‘E+,mr K=gapture, ‘a transmuta-~u“
itl ;calféd the

atlvely charged p
anlﬁ’af chargei,

-1%*_' With positron emitt rs; the parent nucleus'gl,as §p ‘a p951t1ve charge re-:
O sultlng na daughter less positive-by. one ynit o charge; . theratomic num=-. -
ber decréases!by one ‘and t the mass. number remalﬂs unchan ; ; ! |

-
W

. .
transmutatlan thEﬂ leave ﬁhe

Nuclear decay reactlans resultlng-‘,a

* resultant nugleus ‘in an excited state. Nu3121 thus excited, may reach :
Ehe graund state by the 1nstantaneous -emission of ‘a: gamma phgton. 'The ‘

‘e

',Dn at leést par'_gf the dlSlntegratlgns. Ihere are numaraus :adlonuclld§s,
hqweverg whlch decay by partlculate EmlSSlDﬁ alone, !

e

be1ng the ﬁypeé and energles Df the em1551ans
j“bglng the fate of decay_ g ‘ ~

> , 'As prevlausly 1nd1¢ated Ra decays by alpha
'em1551cn whl iétaﬁcampanled by-a. gamma- phatonE_LTblgvrepresents ;he_}
Dnly mode of" décay open-to ?EERQ,‘ There are, however,.some radiocactive

S

&

28
Q
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"1ng wavelengths and ffequencles.“

'vThe Wlde range ‘in half?llfe values far naturally occurrlng radlaactlve

" ‘elements -is typlfled by glg?c, w;th a half- llfe of 3. % 10 ecands, S
and 2% B, with a half-1ife of over 2 X 10lE yeafs.» The cnncept of
Ahalf llfe w1ll be. elabaratéd an more- Eully lﬂ Chapter III '

Radlcact1v1ty

cay Schemes Exlsts. ~In such cases ‘a branchlﬂg ratio is ‘said ‘to’ exlst

"A case in pnlnt is, the decay of. ® Nl.A This. LSOtéEE ‘of nickel decays 50% - e
- of the time by K-Eapture and EDA of the ElmE by B -emission. “The branchs; ’
: Vlﬁg ratla is thenr ) .

'n;th only d@gspeclflc radlonuclldes dlSlntegrate in a glven manner. . 1n5aa'_:

' .far as the types Df emissions are concerned, “but’ the emissions from, ea:h
A;ﬁu:llde exhlblt a distinct energy plctufe., The’ energles associated t A
:“_radlatlans are described ln:terms Df."mega electron valts" (MEV) or "kllL
~alectron- vclts" (keV) .~ -Beta=e n "
;about€3 MEV, alphas up to about: 10 ME ; < t
mately 3'MeV.: The. kinetic energy of a partlcle is prcp@rtlﬁnal tgvthELT

h'

'gamma photons up to: app’

square of its. velaclty, or stated in reverse, the hlgher the . energy’the _
greater the veloclty of the part;cle, ‘whereas the v%lgtlty of photons- 15.3
constant in a given medium ‘and energy dlfferences aré manlfested by vafy= '

~The other aharacterlstlc aspect 355ﬂ21ated Wlth decay patterns is ‘the

rate of ‘decay. ' The dlSlﬁtEgtﬂtanS asanLatéd with radioactive nu:lldes

. oceur with- a: tegularlty characteristic for each paftlcular species.
."Such dlslntégfatloﬂs ‘are Epcntaneous and rand@m, a single radium. nucleus

for 1nsﬁanze,fmay ‘dig§integrate at once. or: walt for thousands of yearsx

.. ‘before emitting am. alpha partlcle. All “that can be predlcted with any
- degree of certalnty is: that half of all the radium-=226' nuclei present
‘w1ll dlSLntegraEe in 1622 years

;-_‘55

Ra;

ThlE s called the half llfe nf

“D. Radioaztlve Famllles o ﬂv:;“f N = i;Ai R ?1; .

The tansmutaticns assac;ated with natufal radlcactlve elements frequently

‘yield a daughter which also is radlaactlve. To date, thére have been;A

about ‘70 different nat%ral radionuclides’ 1dent1f;ed -each with its own

'~Aghatacterlstlﬁ pattern of radlcactlvlty Most of these ylald radloaﬁtlve
daughters and are now known to be 1ntlmately 1nterrelated in what are :

called radicactive series orﬁfamllles. It has been established that masc
af,ﬁhé'lsalaiad radlnactlve species belong to’'one of three’ Lndependent
gféups famllies. ‘Each family starts with a parent radloelement decay?‘

glng or transmutlﬂg into a daughter element also radioactive, and so

on. until stablllty is attained. One family starts. with- ‘uranium-238 and

- ds called ‘the urnaium serles.' Annthag_starts thorium=232 and- is called
the thorium serieés, and a Ehlrd starting with uranlum=235 15 called the

actinium series. In each_of these th ce serles, there is a, seesaw;ng

in Ehe transmutaclcn chain batween decreaSLHE the atomic ﬁumber by two _

2?

'nuslldes whlch may” decay w1th a- branchlng efféct whereby a zhalce of de—,‘
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-1 Eaurth series, namély the’ neptunlum series, name ,;f"

"fﬂuced and does not oéear in nature,:

.short .hHalf- llVES involved. . Thé langest 11ved radlaely

. of radioactivity.. -

Each Df

(Emissian aﬂd iqcr2351ng ik by.aﬂ“vwlgh 5 émisgiahlﬁ S
. Dtgpe of lead. - There is alsg o T

series ends in ¢ different stable

ived member._ Actually,-the neptunium. series has“been ‘art: g
' but- it isvassuméd  tha did oceur.
in ndture at one time and- has became ;extinct because. Dfit_e relaﬁlvely

1ent in the serifes . -

2.3‘7

1 is 23] Np with & half 1153 cf;? Z X 10 years, Assumlng ‘that . the - age of .the

:-Eafﬁh is 2.2 x 107 -years, .this wauld Andicate that- from the' tlme of - .1é;,-€
" formation, neptunium-237 - has - undefg@ne 1000 half-lives decay . The frac-- -
" tion of a radlmelement remai
- tically .small--of the- cfde@yaf 10” EEU.'-IQ is-obvious -therefore; .why it
'lwauld be difficult to- flnd traces of neptunlum and 1t5 des¢endants An-

ng after 1000 half-1lives :would be .fanta

~Careful measurementz have shcwn thatgalmast 311 materlals can ]
‘One - mlght ‘suspect that these ‘trace quantltles Df .
tivity. mlght be ‘due to Eantamf —;5on w1th somé of the heavy fadloelements

; belcﬂglng to‘‘one’ ‘of ‘the- radlaact;ve series- heretofare ﬂESErlbed ch—‘,}'“ N

ever, it is’ found that certain of the - llghtef eleme,ts are " them;elves

- weakly radlaactlve. ‘The table below lists- four examples df‘naturally
_occurring radlaeleménts and their radlatlans.,A, - : :

EE =0

;Naturélly:Dﬁcurt;ng.Radignﬁclides;:-i

" Nuclide: | ‘Half-Life {——+
19K - 11.26%10% | R
C8IRD 5.0 x10*y| ¢ e | ‘31;374‘ - "“
oHEsmo [1.05 10Ny 2,230 L ek ] s
1781y 0.43- .| .088
.306 vl

.,Cufrggtly, EthE is ﬁD EVldEnCE that any SETlEE relatlgnshlp Exlsts amnng o
..these- nuclldeé Théy, thafafare, are.. regarded as lﬁilvrdual,.naturally '

Gccufflng radlanuclldes hav1ng nc famlllal relat;gns Lps.

nwdff
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‘if;;w1ll pfoduce about 0. 56 mn o6f radon, .and "in this quantity: .of radon

" each 5g2z2551ve reflnement 1n the measurément of. tbe atom'

'fi;cnnstantlf..v-_; : S e

ﬂccurrlng in tha quantlty éf radon gas lﬂ eq lllbrlum w;th mne gram Df -

"radlum._ If permltted to agtaln thls equlllbrlhm,ione gram of.. Tadlu@

_ about- 37 . b;lllon atoms - dlslntegrata each secand Thus, Drlglnally the ?A
' ycurle unit appllEd Oﬁly to. radlum. : e :

-{?Tha International Radlum Standard CDmm;SSlon 1n 1930 extended the def1=€_
”nition to: i clude Ehat quantlty Gf any radicactive decsy pfnduc; af

as- one.. gram af radlum The Ccmmlsslon av01ded speclfylng the prElSE;
,4ount, 80~ for. Some years. the Exa:t value- of. the ‘curie, unit varied with
- wéight of .

radiium, which resulted in a mare exact and Stabie value fcruthe decay~=”-353§

“,Inml§505;,ﬁ'-iﬁtéfhstibhél Jéiﬁt Commlssiéﬁrdf S

" Constants - of Radioactivity. redefined.the, curie unit- byﬂacceptlng 37

billion dis;nﬁegratlons per Secand as amounting to a curie of radlgac—"
: _tivity regardless of its source:or charaateriﬁiics. "At present, . the o
curie (Ci) is defined simply as a.unit of activ;ty equal to 'a dlSlna’ s

‘tegration rate of 3.7 X 10'9: disinte rations per second. ‘This deflnl;f’”*'“‘
g g P

. tion of the curie is’ independént of the gquantity. of the . faleﬂUClldE
Smaller and often more convenient units are’ the. millicurie-—orie )
’jthausandth of a’curie’ (mC;), and -the mlcrccuries=ane millionth of a-
*jeurle (yCi) ‘The _plcocurie (3.7 :x° 10 dls/sec or 2.22 dls/min) is

often used in expres%ing very 1aw natural and env1ronmenta1 1evels cf F“'*:'

tadlaactivity
:_1Lizzi_ CURIES AND' GRAMS ’SPEciFIc ACTIVITY

U Althaugh the curie orlg&nally appl;ed tD Emanatians fram one - grgm Df .
- radium, and one gram of radium-is apprcx;m%&ely ‘ohe curie, it is im- - -
_portant to 'note that the present definition}of the ‘curie dDES not make\

i apparernt what weight of the material i$ required. Since a curie of ac-’

_of the material. requlred to produce Eh;s number - of dlSlntegrations per

Ctivity- merely implies 37 billion disintegrations per second, the w21ght

secopnd ‘will ‘be a function of the decay .rate  of the atoms of the mate=;
rial (i.e., the: dls;ntegratlon ccnstant) ‘and’. of the number- of atoms per
‘gram of materlal . As examples, a curie of pure 89¢o ‘would ‘weigh less
than 0.9 mlll;gram,»wheraas a curie of natural 238y yould weigh over
Atwa metrlc tans._ "Cufles per gram" is termed "spec;flc aEthltY;"




st T

S In nucleef médlﬂlﬂéqthé Eerm'
© .gram.of the. eempaund and not the redlenuellde alone.. Fnr exemple, Dne,
- gamputee the epecl ic, ect1v1fylef any. pute fedlenuellde -as-: fellewe '

'éf,,ABeeeeectiée;?,

R A L ,
eurles[grem . A
S 3 7 X 1@19 -

1

'n&hééegm Nﬂf% Avegedre'e ﬁumber (? 025 X 1@2? EEEEE)
L : VAJ RS - mele /
’Aﬁ;z atDmlc maee (gm/mole) E
A e_deeey;eeeetent (ee:'ljr

k&

he numberﬁef dlelntegratlene Geeurrlng per,,ﬂ”,

_eecéﬁdfiﬁ one :Elé DE eet1v1ty A Fer lg;l: .
' L. :V,:’V; . , 23 —6 ; e
: Spéﬁifie:ecEiVZZy = (E DZS lDlE)(lD )’urlee/gm
= e ;u=(3 7 x 107 )(131)
T do :

- 1. 24 X 10 eurlee/gm iﬁlf:l;_ J_-=;

'When lall' lS eemblned w1th other etnme to fcrm a eempeund ‘the’ molacus

lar.mass, of. the _compound is substituted for ‘the atomic mdss ta eempute

f-epeelfle eet1v;ty. Fer example, if- 1od1ne and - eedlum eemblne to ‘make -

- NaI, and eeeumlng that every 1ed1ne etem lﬂ the eempeund is lSlI, the
”:moleeulaf mass beeemes L e o . o o
L PR ne;‘\ )

A = 23 + 131 = l54 gmfmele :

ilekEHLSE? Avogedre 5 number weuld heve te have - unlte of- meleeulee/mvle.
" Since N, and A have- the. same - veluee as before, the’ speci

¢ activits of

the campeuﬁd is less. then thet of the radlenuellde by the factor Lj&ie _"J

| ”-1a§; f3+speeifiejgctivitye=_61?24fxflogitizi/lséy_.f:‘;_ S
=1.06 X 10 eufiee/gm ’ -

- cules are.

“'A: The Dis ntegretlon Canetent

va the "tag" is not peffect the spee1f1e eet1v1ty mey be Eurther re-’
“duced,; For: exempleg if only ‘one. helf the 1od1ne atoms in the Nal melea

1YY, the epec1fle ect1v1ty wou

be reduced: by 4. feeter ef
2, ory .7 S

: :epeeiﬁie.eeéivity’?:i,B X ID%'euf;ee/gm”_;‘; -

IV,  ,E RADIQACTIVE DECAY LAV

y3

The aCtLVLty of eny eample of fed;eectlve meteflel decreases or deeeye

at-a fixed rate which is chereeterletlc of that pertlculer fedlenuellde.

-No knewn phyelcel or. chemleel agents (eueh as temperature, pfeeeure,

#
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A?‘thé fraction o

',Equal ‘to the number (N}
" base of fhe natural. Systed

" -of numbers of atoms, .one can multlply-b@th s;des of the equatlcn’

dlssolutlan, or CDmbiﬂatlﬂﬂ) may be made ta 1nE1uence this rata.‘ The
,:rate may be. chafaccerlzed in at-'least- two ways, -one of whlch is_the -
disintegration constant: (X) » The dlSlntegratlon constant repfasentsaﬁ :
of ‘the tatéi number of atoms present whlch dEans Ao unlt' 
tlmg.i Th's the’ number aof dlSlntEgrathﬁS Bccurrlng per unit ‘time ln a -

:»Unlts -,,Qﬁ’i,gaéiéaéti,ié Decay ,gn;d A the DE‘:_}L Law ] 7 S 7:21 BN

givern® sample is:the. product of. the number of atoms” present: in’ the sam- -

.~ ple.(N) -and the fractlan of these dlslnteg atlng in aach‘unlt of tlme:j 
L':(l), or','F:V AN . § R .

m.’

5 L
- dt

S

fx,

. '.N't = NQE a ) °

‘Séat§d°in words, the number . 0f étGms*TN ) feﬁsiniﬁg after a timé:(tibis
Cat tlme(qg multlplléd by'e At,éwhare‘agis the .-
©of logarithms and: A .is the disintégration: -

'constant. ST Dl e oo
.~ B.. Th§~Hﬂlf’Lif?1f 'ph:_; 4-3f- T MR .r-’f':f

. The dlslntagfatian canstant lS nat so c@nvenlently used ‘as - is angther

' means of. repregentlng the rate of radicactive decay, viz., the half-
© . 1ife. (Ty) of thelradlanucllde. The half-life 15 mere@y the 1ength of
::tlme :aéu1red -for one half of -the. radloactlve ‘atoms ‘present 1n1t1ally

. “Therefgre,'cna may substltute thls eprESSLDn EDE (l) ‘in’ the baSLt da—
- cay law wh;ch ylelds L : . ,

If lt is- dESlrEd to- WIIEE the equation in Eerms of” aEElV1ty (A): lﬂs:

dLSlﬂtégfatlﬂﬂ constant (X) as fallaws,A;

ar . o
‘. ) AN['EANEE ._i?}g
. - . kN 79593[ - ) ) L . )
_lTheréEarez Atg Ae” 'T. A o S : . .

7

jThlS LS the wcrklng equat1an for computlng thE actlvlty Df a rad;anu—
clide remaining in a sample after it has undergnne dec¢ay fGE someé time

Y

&

lntErval

32

. to disintegrate. The half life can be shawn ‘to be related to the d15§1 B
"&”j“1ntegratlan cmnstant (X)) “in the fnllow1ng way: T e
i . N _ 3 . Al". :, ;
: A:leo@; A

3




AT%;;L; ; r:lays SR -~ 3

Flnd A the quantlty femalﬂlng afzer 120 days,:

3'qugmputa§lonal Method :xﬁf§,r;h j,;;”f;¥>;”;, }iiigzd;ﬂh,i;i;E,ﬁjiggg1fi1;;{
‘ S (069 120y . EAET T T RO

 ?11ng in a. quan lty Df nugli‘e whlch had been stcred for some. tlme 51nce f:“ﬂ -
AxltS standazd zatlan. i ~ ~ ¥ - :
LN ~,”A‘  e , .

72 Gfaphlc Method

i Ihere 15 a graphlcal méth@d Df accampllshlng this-same’ résult. It is . _ :
*fabased ‘on the fact ‘that. each half- life reduces.'the activity by one: half,k_;;xrf”wgff
and the eﬁfact 15,2'” lat;ve. i. e., two half lLVES%fEducE the "act ty. :
to ,é?ﬂi,é Of,{{ H threé . "/i?( ,5 K x‘i or i3 ', etc. .In, the general case, %

o N
= h @) -

twhére (n is - EhE number of half IEVES elapsed " On pages 24 and 25 thls : A §
“function is graphed The. ‘answer to the example. problém may be. read ' .
from the graph at the poipt: where ‘the IlﬂE intersects 8.44, the number

“of half-lives’ EEP undergces 120 days. “A‘ useful rule ofthumb.is that

~ffseven tralf- llves w111 reduc‘,,ny act1v1ty ta bélcw 1A Gf lES Drlglnal

value.i

R 7 ' XA :
V. SERIES. DECAYl =
K;Serles deaay canzarﬁs the mathematlcal felatanShlpS bétWEEn tw@ or

' - more’ fadlﬂﬂUElldES ex;stlng in a decay chains -An ample of a dgcay f L'f
. :haln 15 the two step deaay of the flSSan produzt;A  HE '

s "QQ'Sf, “"-"“f!“’i”“_Y £ 9“3: ‘ (s:sm’),
e - . B L
The studant wha has not studled ;ntegral calculus may w1sh to sklp the
femalndar of this chapter. . :3L3

Lo N
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ZfA.g'GenafalfRél?ﬁiénéhiﬁst;Jy;f}.Vl ;'ff';/

qulte lnvglved A two step ralatlan
deflVEd and is feasanably easy to. apply
.-are presently ba;ng explalted as souraes
nuclear ma,iclne,,ﬁg-‘ e :

7;~~Décay3pfﬁébafﬁarénﬁ égqliﬂe.ié'déséri%éd‘ﬁy EhéQéqﬁét;dﬁ{,gz{ e

: ’héré Ehe lel rePresents the ra,e;atpwhlch atOms Df the daughter are'

formed and the Ngkg term represénts zh21r ‘rate of dlSEppEaraﬂge_a] s s

Upan 1nteg:atlan

- where: 3,
BT
' Ngag'lnltlal numbei Gf daughter atams present T

Ng § number of daughter atoms at time t

L3 L=

A, = decay ganstangmaf parent' : o e Sy :
, S N .
Az = decay éanstént“af,daughﬁér'_ oo STl ::1: S
bservation.

&

. A R S I o
?apsed~51nce 1n1tlal_,

can’ be cénvertad to

yhits of activity by multiplying

: . : .
Thls equation 'is the most general form and - can be used for any parenta
daughter relatlanshlp. However, the equation:may be Slmpllfléd if cer-

tain relationship$ between Ay and A exist.
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vity at some. original }::r:- L
‘zero. time Lo et
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(’ axis)

:(y ax

= ﬁaining ig

:1.1 = numbet :‘:E halE ].iV’EE‘e

E/T% 3'125f14 3 =8, 74.

99234 X 10, or

L e L1 = 1 _
= . — = 1} = —
— = — = e = =11 —
= L= HE K n s = B . a
- = i . 7 |-
A

., A ‘

g,’?i B ,1(3'

I .aa

i
»h

e



the half lLEE DE the parent ‘is much langer than o
‘the parent half ilfe may be’ .
me.'of observation. . Buildup’ of . L.
:ractlan occurs’ as shown in Fig-- T

e

5-*

.
T k _ ty b; lds‘up, A
‘as. the parent. Thls relatio pflS 111ustratéd

T w1th ife:
~im Flgure IiI 2 T e U
P ¥ 1‘ N . g ’ ’ - ’
- At eﬁulllbrlum. < ' “ e " o
A o :
- s . N & "
, ok : :
- » o . <3
.7 - 3 1 F
44d, ¢ Jf o . 4 . B
H L % Tge L
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, an the Decav Laww-“t'"
; mao»% - ~-.’r=;,TntaI Activity

- Build-up end°D
_nf Daugita_r (T}

o 13 ND Equlllbrlum. ;\1 > f ?‘_ o L

the - Radlaac ﬂve decay may'ba#
_édetermlqed‘if the' hglf 1ife of the material of -
laughter relatlanshlps are” rather cémpllcated
) f?ed_b i
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~'CHAPTER IV :

¥

I. INTRODUCTION

A nuclide may be changed into another nuclide (a phenomenon known as
transmutation) by bombarding it with chdrged particles, neutrons or pho-
th praduct ﬁutleus Df the re-

tons. ThiS,pngass is important, sinc

m‘

'cause Dthéf reactions. Many fadlunlclldés ,ed in nuclear machlna are

préduced by this mechanism.

IT. NUCLEAR REACTIDNS WITH CHARGED PARTICLES AND PH DIDNS

A. Components of the Reaction .
The initial, intermediate, and final steps of a typical nutlear reaction
involve five components, as shown below:
Target + Bombarding| __ |Compound| Product + Product
Nucleus ' Particle Nucleus Nucleus - |Particle

Examples of, a bombarding particle or projectile are an alpha or beta
particle, a gamma photon, a proton, or a deuteron. Sources of these may

2
be fission, fusion, radiocactive decay, or particle accelerators,

The target nucleus may be any nucleus ranging from that of the lightest

e
atom, hydrogen, to one of the heaviest, e.g., uranium.

The product nucleus is the nuclear species formed as a result of the
breakdown Gféthé compound nucleus.

The product particle may be any of the subatomic particlea.. More thau
one product particle may be released.

e Eampugnd nucleus, ;quaLnLng the Larget nuclews plus the boubacdlog
article, exists for only 10 secouds or less, During this lifetime,
e excess energy of the particle is distributed throughout the aucleus
nd the incident particle loses its tdentity. The method of breakdown

of the compound nucleus is depeudent only on the eacess energy contained,
aqd not on the method of fourmation. Disiutegration of (he compound nuc-
\ lhe lifetime of

pruoluns are not

leus differs from radicactive decay 1n Ltwo ways: (1)
thé& compound nucleus is always extrumely short; and (<)

converted into neutruns and neutrons are nol converted lntu protons dur-
in

1g the process of change.
B. Compound Nucleus Formation

The extent of nuclear Interaction depends on the natule ol the projueo:

tile, its energy, and the material being LombLarded.

1)
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30 - Nuelear Reactions

Positively chatged particles must overcome a potential ene
due to electrostatic forces of repulsion before

nucleus. This repulsive force is proportional

the target and projectile, and the greater the

energy necessary to overcome the barrier. For

occur most easily between projectile particles

number.

grdlng a nucleus hauL
s Since these projec
smpound nucleus, they mu

the target nucle

icles and photons of
cases. At high ener
“ions,
P
i

Thre } ppl react

changes of less than a few MeV: (1) conservati

(2) conservation of atomic number, and (j) conse

These laws 5lmpllfy the writing of reactions an
i o

For the mass number to be conserved, the total
i tem before re

cluded i ction must e

the atumic number to be cousetved, Che numb

[«
st em muﬁt femdln constant., Thus, no protons
Ul Ldil 4ny neul

total

Lons (45 in beta -Jc,:;;!)/), Hu: number o

apentlles that Ll Lestaal
that on the odher 5in

factor b

Congelvallao wl elier g,

the equation muat equal

Meams may be converted luto encigy, the

ignated a5

nergy of a nucleon (proton or neutron)
- rom

they can
to the charge on both

reason, reactilons
and targets of low atomic

with electrons and are
ng few orbital electrons,
tiles can offer little or
st have kinetic energy
before
us. For this reason,
energies less than 5 MeV
gies, these projectiles

ions involving energy
on of mass number,

rvation of energy.

nd the prediction ot

number of nueleons 1in-

qual the total number

er vl protons 1o the
can be changed into neu-
rons be changed into

f neutions also remains

S L

S E SRR

LI!!-!\‘,E‘)
ce in a nuolea, rea,ti.o.

cing conserved 1n des

| SRR Pl
1
b.—u:,frg:gy Luer g,
[V Lo Lo s i S B 1 e N B ' Pl L [ A T Y
I acvweml. waoss unli vl Mev

The Lolluwing Lo an caample

servation of total cnergy:

L4
7Nt

14.003074 + 4.002603—

ul the ﬂp[;zg!luu of (Lo prlocipdle Lo

% = A 17
SHe - EL*QEJ - tgu

133 + 1.007825

1E
t 1H

ge, the greater the Q
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Am = Nésspnﬂuas! Magsrfaﬂaﬂs. .

Am = 18.006958 - 18.005697 = +0,001261

o e MeV s A ' ’

AE =931 =="(0.001261)amu = 1,17 MeV

amu

Since there is a gain in mass, 1:17 MeV of excess energy must be supplied
to'produce this reaction, If atomic weights of the target and product
nuclei are used, such calculations will be accurate only if atomic
weights are also used for the bombarding and product particles. 1In this
way, the total mass of the electrons on each side of the equation bal-
ances out. ‘ o . 7
IIT. EXPRESSING NUCLEAR REACTIONS ‘

Several shorthand methods can be used to indicate nuclear reactions,

The reaction,

Ide + iﬂ - ‘-[fgli"lé] - fgl‘lé t éu
can also be written
- ““Na (p,u)aéﬂs.
Since only three ot the four products and reactants of-a reactiovn are
ecessary to balance the equation, this reaction ¢ould also be designated

b)) ;

Depeuding un the energy of the bLuwmbarding pdarticle and 1ts probability

[

of interaction with a target nucleus, nuclear reactions can be classified
in a number of ways. These reactions are gencral and cannol be assumed
tw owcur with any paciticular target nucleus.
A Froten - Luduced

) T N B S 1V S T T N O T TR TTT B S o RPN
ber A typleal exanple 15

féﬁl ! pil 1400 :

P I ¥ T e (O L S [

Lllél; [ N TS CEufis can wa .y
partlcles w.y be emltted if tiz protun ewerzy 1. several oo..dred eV

B Dol Lasda ol

The Musl commeen Jeuloawn Loduaeed seact tond are (he (1 l") and 4d g} aean

Ciwus:

&
s s w2
ggla t fﬂ - "éé! i éu
g0
L=
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32 . Nuclear ga;g’@zxg. . L

\ of i Q i
is an element of fairly Law aEDmLC numberé The reactic

led to the discovery is r
is now a common kaboratory source GE hEUthﬂ&, the alpha particle
supplied by a radionuclideé such as polonium or plutomium. Multif
ticle, émlssians, such as (E!Zn), (®,3n), and (&,np), will occur w

pha particles of very high energy are used as projectiles.

el
o T o=
m M ]

D. Electrod-Induced (beta particle)

An example of a reaction of this type is:

It is interesting to note that the electron simply provides energy for
the reaction while passing through or very near the target nucleus A
number of nmuclear transmutations (uvr excitations) are possible with high-
energy El;ét%uﬁa. ’

E, ‘Photvn-Induced
L}

The following are two examples of (v,n) reactlons, often called "photo-
disintegration':

;ﬂ t y "ili t 511

*and : .

El e

Qﬁﬁ t R - ‘;L\;- t 5;;
hE FLlLal swaot b wan, ool . voanpenboo Llie .38 P T
oldhaber and Chad.ick in w34 Many sddicional t.aons.utation b, |0
tuns are pussible at higher encigles (greéater than 20 MeV) |
F et e Logda Ll
Bor . oL Livg o l i .

The neutrtoen bias a mdss nunbetr o0 con e TR ' .
of 0, and an at.mie mass of [ 0008d. au. Be ause I, hus no  lectrlca
chatge the neutron .an penetrate relatively easily incto a nucleus.

J

']'j
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er
Fagt neutrons st
e

table (radioactive) and dlalntégraté by beta emis-

sion with a half-life of approximately 13 minutes. "The resultant decay

product is a proton
» .

Lt

Neutron radiations are classified on the basis of their kinetfic energies.
The most probable velocity of free neutrons in various substances at
Drdlnary room temperature is appfaxlmately EZDD meters per second,

¢

_ =
E=5%5 mv -
where m = neutron mass in grams
' \
v = neutron velocity in cm/sec -
& x :
Substituting

E =% (1.66 » 107° gm) (2.2 « 10° cw/sec)®

= 4.0 A~ 10" ergs
= (0,025 eV
b .
NeutLrons uggh this average kineti. suevrgy at 207 are called thermal
neutrons., Epithermal, or slow neutrons range in energy from 0.025 eV
to 100 eV. ediate neutrons range in energy from 100 eV to 10° ev
nergies from 10° eV to 20 MeV. Relativistic

se
neutrons have energies in excess of 20 MeV.

Classificatlion of neutrons accordiug Lo kluetle energy ls lmpultant
from twu standpuints: {(a) the interdaction of neutrons with the nuclet
of atoms dlffera with the 1autfan Energy, and Cb) the methods ot prD—

Lglng\suly diftteule, due v the laok obf tool

betectlon of ngutioeus Lo rti
zation along their ‘paihs, negligiblc response (o0 eatesnalty ‘applied elec
tric, wmagnetic or gravitacional fields; and the tact that they inteiract
wnly with atomic nuclei, which are sx;;;diuély amall
£ Neulro react Lenas -
Badbartlve caplube wicl gatllld 2Lilasal. s e e st Wl 4 e oL
tion for .low (thermal, neutrons. This (n,y, rea.tion oitten vesalts i
pruduct nuclei which are radicactive. For example:

o 1

27 Lwu f ob 27\; t i

lhia pewceas vf converting a stable nucleus tu i€s tadleacllve counter -

part by neution bombardment 1s called "neution activation." Many radio

nuclides used in nuclear medicine are produced by this process.
A second type of general reaction is that giving rise to a charged

14
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particle. Typical examples include (n,p), (n,d), and (n,x) reactions,
iie., reactions in which a profon, a deuteron, or an alpha particle is
eje cte ed from the target nuﬁlfus .
A third type of neutron-induced nuclear reaction is fission Fission
occurs following the absorption of a neutron by several of the very
heavy elements When “2°U auclei undergo fission by meutrons, an average
of 2 to 3 neutrons are expelled from each nucleus along with associated
gamma radiation. Each nucleus splits into,two smaller nuclei which are
called primary fissidn prgduct r fi nd th
usually undergo fadlDaLth& dec si
nuclei, As an example, if one uc
yield yttrium- 95,,1Dd1ne§139§ : IET Ol ssion energy.
are some 30 different ways that fissien may take plage with the pro-
duction of about 60 primary fission fragments. These fragments and the
atoms which tesult, from their decay are referred to ag fission praddcts,
and they number between 400 and 600, according to the type and number
of nucleons their nuclei possess.
Many fiss sion products have found apfllgaLLun in nedicine, iondustry, and
research. A well known example is I which is used extensively in
medicine as both a diagnostic and therapeutic agent.
é

The fission process is the source of energy Lor nuclear redctlons and

" some types of nuclear weapons. Also, neutrons generated from the fis-
sioning of the fuel in a reactor are used to activate stable materiagls
to a radivactive form as previously discussed. Many radioisotopes used
in medicine are produced in this manner.

Neutrun scattering may be llsted as a Lourth (ype ol pgunuvial seduellon
Scattering of neutrons by elastic or tnelastic collision is (he princl
pal mechanism of moderation or slowing down of fast neutrons to thermal
énergies. Scattering of neutruns Ls not of, general interest in ouclear
medicine and will not be discussed here in detail.

5. Keactlunz 1 Livlugloal asystewms
Fast neutrons loase seHElBY iy sawfl Liloate, wallhil, L, acps atedd o il g
with hydrogen aucledl.  The hydrogen nuclei are themselves s.attered in

the process aud becom. rec.il protoans whicln ceyse fonizatton,

Slog aeaté . ase \,APL«;L...l Lo Dt bl asuae and | T ' i

prin, ipal wecpdani_ms:

i
ot ! 14 lﬂ ! \ - Ll
S
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The gammiie dinld Lasbaenr sllesglen ma be abooabed Lo thie Clasti: and «anoe
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V. SUMMARY .
. A
HHE Ly

Whenever charged particles, nedtrons and photons, are able to penetrate

‘the nucleus, transmutations may be caused which often result in artifi-

cial radicactivity:. The bombarding projectile can be a neutron, proton,
deuteron, alpha particle, electron, or gamma photon. Such bombarding
particles may ogiginate from other transmutations, radioactive decay,
fission, fusion, or particle accelerators. As a result of the ihter-
action of the projectile and target, a compound nucleus is formed, exists
for an instant, and then separates into a product particle and product
nucleus., Three laws govern these reactions: (1) conservation of mass
number: (2) conservation of atomic number; and (3) conservation of total
energy. '

SUGGESTIONS FOR FURTHER READING

1. Lapp, R. E., and Andrews, H. L., Nuclear Radiation Physics, Prentice-

Hall, Inc. (1964), chap. L1. ¢

i
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CHAPTER V

7 INTERACTION OF RADIATION WITH MATTER

I. INTRODUCTION :

All radiation possesses energy elther inherently, as in the case of
electromagnetic radiation, or kinetic energy of motion as Iin the case
of the particulate radiations. Absorption of radiation is the process

~-of transferring this energy to the atoms of the medium through which the

radiation 1s passing. To say that radiation interacts.with matter is to
say that it is either scattered or absorbed. The mechanisms of absorbing
radiation are of fundamerital interest in nuclear medicine because
absorption.is the principle upon which detection is based. The transfer
of energy from the emitted particle or photon to atoms of the absorbing
material may occur by several mechanisms, but of the radiations

commonly encountered, the following two are the most improtant:

1. Ionization - any process that results in the removal of an electron

(negative charge) from an atom or molecule thereby.leaving the atom

or molecule with a net positive charge. .
£

: /

2. Excitation - the addition of energy to an atomic or molecular system,

thereby exciting it from its ground state to a higher energy state. -De-

pending on the type of interaction, either the atomic nucleus or one of

its orbital electrons may absorb the excitation energy.

!Dfdiﬁarily, the atoms in a material are electrically neutral, i.e., they

protons in the nucleus. Thus, the net electrical charge is zero. Radi-
ations have the ability either to remove one or more of the electruns
from their orbits or to raise the orbital electrons to a higher energy
level. . In ionization, an atom carrying ‘an excess of positive. charge

and a free electron are left behind. 1In electronic excitation, the
excited atom may lose its excess energy vacancy created in the excitation
process. When this occurs, the excess energy is liberated as a photon

have exactly as many negative electrons in orbit as there are positive

raddations of relatively high energies. A discussion of the types ot
radiations and their intsractions might couveniently bhe divided into

four main categories.

1 EEQ_L Euaiiéﬁil i‘éigééd Eii:iig- Aip‘l;g l,-;:;l,lg‘_léb, pristbaaes | Jdast
tarons, and tritons exhibit similar mechuuisms f interaction with wattes.

Alpha particles will be discussed as a prototype of thils group.

L. BeLa paiticlea: Both pusitrows and eleclivus fall fute thls category.

They have equal masses and equal but opposite charges, and theretore lose

their kinetic energy by similar mechanisms. The electrion is discussed
as the prototype of this category.
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3. Electromagnetic radiation: This group includes both x and gamma

radiation; however, “since these two radiations differ only in their
origin and not in Ehe mechanisms of interaction, only gamma radiation

‘will be discussed., ' - : . i
4. Neutrons: The interactions of meutrons were discussed in chapter IV,
and will not be included in this chapt

is made up of two protons (positively Lﬁarged} and two
bound together by nuclear forces. 1If Suc

ectron (negatively charged), "it gxperience

strang eleitrastatl attraction, whereas if it approaches an atomic nuc-

ve e

oW
[a
o
a9
—
Pt
o

leus (positively char;ed)iLt will experience a repulsi
particles have a mass about 8,000 times that of the electron. Thg¥ are-
ejected from the nuclei of radioactive atoms with velocities of th
of 1/20 the speed of light. All of these properties -- its large mas

its charge, and its high velocity--make the alpha particle an efficient
projectile when it encounters atoms of an absorbing material. 1In o
words, it would have a high pgobability of interacting or collidi
orbital electrons and atomic nuclei, .

M
1
!
(=M
m
Lo

]

\ - . L C
‘Whern speaking of '"collisions" between subatomic particles, it is under-:

stood that the particles need approach each other only sufficiently close
fof their force fields to interact. Such an interaction may then be r
ferred .to as a collision. Some gpllisions result in ionization and/or
excitation. Since a finite amount of energy is required to ilonize or ex-
cite an atom, the kinetic energy of the alpha particle is gradually dis-
sipated by such interactions until it captures 'two electrons aud settles

down to-a quiet existence as a helium atom.

L

“Due to the high probabilicty of interacllon belween an alpha particle aund

orbital electrons of the absurbing medium, a lagge number of fun pairs
formed per unit of path length of the alpha particle. Aud since a
ction uf the kinetic energy of the alpha particle is lust in forming
h ion pair, alpha particles lose their euergy over a relatively shor:
tance. For these reasons, tfe range of alpha particlies is much less
an the range of other types of toniziug radiation. A sliugle ghect of
paper is sufficieut to absorb all alpha particles emntited from most
radionuclides. The alpha parcicle is, in summary a hightly lfoalsing,
weakly penetracting type of radiation.

III. BETA ABSORPTION

The rest mass of a beta particle la Lhic samu az lat Lo AT S O
tron and, hence s mdeh lass than Lhe mass ol the nu ler o the at s
.making up the Absorbin@gmedium. Since beta particles and orbital clec-
tron$ have like Eharges they experiencé an electrostatic repulsion when

E(

- N s ! = 1 = 1 9 -
in the vicinity of one auother. But a beta particle has a charge oppo-

/

O

site to that on the atomic nucleus, therefuie an electrustati® atiraction
will be experienced as the beta approaches the uucleus,

’1;5

§ o
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i

These facts are important in uiderstandlﬁg the 1ntera§tién'between the
beta radiation and the atoms in an absorbing medium, . For example, con-
sidering only the mass relationship between the beta .particles and t
orbital electrons, one might expect that the interaction between two
electrons is SQmewbaL similar to the collisions between billiard balls,
Actually, a beta particle may lose all of its energy in 1g ] 51
lision with another electron. In such an interaction,

tron can itself become. an anLSlﬂg part LLIE,

Normally, a heta particle loses its energy in a large number of ioniza-
tion and .xcitation events in a manner analogous to the alpha par[lil
Due to the smaller size and charge of the elec is a
lower probability of beta radiation interacti ness of
material Consequently, the fange of a beta paftlcle lS‘CG1hldEf§ ly
greater than that of an alpha particle of eomparable energy.
Sinceé the electron mass is small compared with the mass of a nucleus,
large deflectidns can occur in single collisions, particularly when elgc-
trons of low energies are scattered by high atomic number elements (high
positive charge on the nucleus). As a result, a beta particle may have
i

nuc s
an iﬂteraitian with an atom which results in the production of x rays.
icle may penetrate through the electron cloud sur-
fuuﬂdlﬂg the nu;leus @f an atom and experience the strong electrostatic
ulLL,g in a change in velucity and the amLaﬁLQu
an x ray. buch x rays are referred to as "bremsstrahlung radiation,
becomes an increasingly ilmportant mechanism of energy loss as the .
1itial energy of the beta particle increases and the atomic number of
gbémrbing med{um inecreases. As previously pointed out, most alpha
ticles from a given radionuclide are emitted with about the same en-
y. When betas are emitted, the total kinetic energy involved in the
f the radivactive atom is diyided between the beta particle and
ring. The neutrine has zero ;hﬂlgt and uﬁéiigibl; mass. It carrvies
fraccton of the total kinetic energy available in every beta dis-
tion, [heretore, the beta patticles from a glven radivouclide are

m
- n
oo
[up

o}

a
emitted with a spectrum ..f energies varylng fruin practically zero ap (o
sowme Mdalmun enelfpy whivh 1o chavracteristile of e rtadionuclide

lv GAMMA  INLEKACLIONS

Be. wiow gaming Ladlat b s [ T T P L T B S T [ T

interaciivas are Jdiscas. ed Le e fn e dfldll

Y ST agnml::; L P e T T S TN [ e b TR caeld ) oesena

L
they 1nteract electiicaliy ~ich C.as (o rod.c f fonieat ..o ev v though

Lht:y' ’pﬁl‘};ﬁﬁt::‘a .n,) el electrleal ¢Il§ll.5{_'— thete are twelve krowwr Pegss8en
by wiich F;amua vays lolerecl with matt.. Huoweve., , the (hree auwst i
portant interaction. ate Lthe phot.oelecte!, effect, the vamptun etfoctl

and pai: production,

1 Phoutielewtole Efle.

x !
fhe plhiwtvelectlele cffuel ot wutbo o0 " PO S T (Y P S G
interact with high atomi. number abso.bers the gannas 1.y, .r photun,



+ imparts all of its energy to an orbital elect

ton vanishes. Thus, the process may be considered as a complete energy

_ loss procéss. In order for.momentum. to be conserved, another body must
be DfESéﬂE? so gamma photons can not interact with free electrons via
thé photoelec ctric effect. Most photoelectric interactions are with K

—~ shell or tightly bound ‘electrons. .

The gamma photon energy is imparted to the orbital electron in the form
of kinetic energy of motion, and this greatly increased energy overcomes

’ the attractive force of the nucleus for the electron.and causgs the elec-
tron tp Be EJEQEEd from ‘its orbit with considerable velocity. (sSee Fig-
ure V-1%)"

The kinetic Energy *of: the ejected Electran (:alled a pt hotoelectron) 1is
: expressed as .
“ = ., E . i
- KE = LYE W
where KE = kinetic Enﬁféy of the phgtﬁel un

E =-energy of the incident gdumna photon

W = binding energy of the-electron to the nuclegs of the atoum

in nuclear medicinef W is small in
number absorbers. -
* . B f‘

When the photuvelectron is ejected an ion pair results. The photoelec-
tron may have sufficient energy tu lonize other atoms thus producing
secondary ion pairs until all of its energy is ekpended. After the phuto-
lectron is ejected, the vacancy in the electron shell is filled with an-
t The excess energy 1s emitted in the
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form of one or more characteristic x rays or an ejected outer -orbital

electrun, kuuwin as an Auger electron
2. Lodnpl.an BLLaot

the Coliptotr effceot 1. the detiltnant luler s Chea vleon Lacoanolldale Bl g,
gammas interact fn lo.. atomic numbet abserbep waterial.  The Compton ef
fect results in th. transtfer of only part of the energy of the incuining
gamma ray to the absofbing medium, 1he etfecl may be counstder.d as an
inelaatic . Iancuherent scattering ot the rtays b, at.wie electiouns Apgal.
the gamma ray interaccs with an orbital electron, but in the case ..f
Compton lateractions, ouly a part of the energy is transterved tou the

electron, and another gamia r1ay of lower energy than the primary ..ne 1»
emitted (Sew Figure V-2 )

=

e th‘h velautly elecllun, aa, sefureed o0 s o Lot o v Ll pi -

ducus secendary lonizatiou in tie sdume wmaunét as does th. photoele tion,

and the weakened gamma ray
til it luses wmore engrgy ia snulhﬁl tumptun 1nLe:att1>u or disappears
complectely via the thCugL:.Ltlg effect. A gamma thLuu may undergo
several scattering events before it is fiunally absorbed.
i) ’
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-'Compton acattcring invclvca tha"o r'orbital clcccrona of an accmfancffTQ

'Tf;doaa not’ prodcca charactariatic X raya axccpt in vcry apccial,caaaaf'

.fThcoratically, ‘the Compton alcctron may racaivc any amount of Wcrgy up

o to a maximum valua which ia callad thc Compton adga

'H_wharc ET is’ tha ancrgy of thc primary photon a'f%Ti

Sopel : 'Cmntm1cdc E ach;%_éﬁ
P 87 % T maerE,

-J

,fie

‘ R ' ' ’ e
The’ ramaining cncrgy is. carried away ‘by: the acacccrad gamma photon Thc=;

variable energies of the Compton clactrona giva riaa to tha "Ccmpton

-,gconcinuu"" in acintillation ccunting 7@

'*ﬁﬁff*PaiEVProductioa'"

Cor

-#Pair production prcdominatca whcc highacncrgy gamma photona lntEfacE

with. high atomic number abaorbar materials. "Pair production is impos—:

gible- unlcaa ‘the .gamma ray poaaca ¥4t ‘least 1.02 MeV- of energy (twiccv:

" the mass .energy of an‘electron)-" Practically apcaking, ic doca not be- .

. comc important until 2 MaV in moat abacrbarai

-E_In Pair Produciion, a gamma phoEon aimply diaappcafa An thé vicinity of -

-irpoaitive (callcd a.

a nucleus, " .In its placc, a palr of électrons appéars--one. negativa,;cna
ositron). Ihe principal funccion of  the nucleus is

+. to allow conagrvation of momentum when' the -photon transfers its entire .

energy co ‘the- recoil particlca ‘The aagativa and positive electrons. are.’

.produced in order to congerve charga Masses of these electrons

_;:;hava been created’ -from the anargy of  the- photon acccrding to the- famil-’
. iar Einstein cquation E & _where E is -energy-in-ergs, m-is: ‘mass -in -

grama,'and ¢ 1s the: vclocity of’ light in cm/acci- Any photon -energy in.

excess of, the.'1.02 MeV required to create two. electron- masses- is aimply

shared batwaan the two electrons as ‘kinetic -energy of motion, and thcy‘

:,ara ajeccad from the: atom w1th high valociciaa _; - LA

n most inatanccaf cha alcctron and poaitron dre cjactcd from ‘the nuc=:j -
s predominantly in the dircctlon of the incidant photon, capcclally
the photon anargy, and hancc lta mcmactum, are vcry 1argc '

H'U

S

afThc nagativc clectron bahavaa in’ tha ordinary way, producing aaccndary

ion pairs until it’loses all of its cnargy of motion, -The poaitiva élec-"

" tron also producés: aecondary ioniaation so long as it is in motion;: but

‘. when it has lost its kinetic enargy, it encounters a a free negative alcc-'

tron somewhere in the material., ' The twc are attractad by their oppoaltc
charges, and, upon contact,- annihilate aach other, convcrting the mass-

'of each into pureenergy. In order that. cncrgy ‘and ‘momentum again be ..
. tonserved, the annihilation energy appeara as two gamma photons of 0.51.
"'MeV -each, emitted at- apprcxlmataly 180° with respect to each other but _
: randcmly with raapcct to tha incidant phofon dlrcction (SeciFigurc Vag_)

, S co , T
_Tha avcragc_lifctima cf,poaicrona in liquica and aolida is 107 fo 107*°

[SEE R
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-Electriz,absarptlan Camptcn sgatter;qg follawed by photaélegtrlc ab-!; FIEN

: ngpzian, or escéﬁe fram the: material

i X whléh is due fo- each made of 1nteract1nn for energiés Eetwee, : -
©. 10 keV\and“100 MeV; . using lead.as-.the absorbing material. At low EﬂEr—:;{:
] gies,.thé ?hatcelectrlc 1nteractlons pfedomlnaEE* at. lnggrmedlate ener="

'ﬂflgles ‘Comptan.scattering 38 the most 1likely interaction; and at hlgh en—;-ﬁ?

, iprnductian is the,most important.," Ih% ardlﬁate gf the curves.
. in. Flgura V=4, "mass: ‘attenuation coefficient, Mg ‘defined in Qhapcerfxv

- under. Shielding. Suffice- here ‘to sdy that’ the higher the mass attenua-"..
~. tionm’ aceff'cient the greater is the probablllty that the radlaticn w111

_ 7."! 151‘-:-'._-.:{ " j’r |’||r‘r] I_‘ff:luzn 1. : . v B . "’"s.a .

Iy ‘mnuml\l’

=
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v SUMMARY -
- .A'Alpha bat:a, am:l gam:ma radiaticn intarat:t; p:imarily by :Lt:miziﬁg and ex-

‘citing the atoms and molecules of absorbing: media, Alpha particles are.

‘highly ionizing and weakly pénetrating, beta particles are inter— }
mediate in both specific ionization and penetrating power; gamma rays

are very nighly peneﬁrating with subsequent 1aw specific ionizatian.

f-Gamma rays intera:t with matter by th:ee majaf prccasses, photaeléctfic
'effect (camplete energy transfer), Comr tgn effect (parﬁlal energy. trans-

~ fer), and pair praductlon (ccmplete energy transfet with pradu:ticn nf
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ethods Df deta
,ationy that is, .t
Radlatlo 'measu em nt _ 1
nlzatlan ise permitted*to ‘tak plaze
ion - 15_de§ez§ed and 1ndlcated

.- ion
g mnlecules.

i

Eefﬂre dESEflblng the types Qf datectcrs llsted At Wlll be usaful to: .
keeg 1ﬁ mlnd the ‘functions or purposes Ehe detectlan 1nstfument must ful-

flll ; Ef prlme 1mportanﬂe in nuElear’

in Yvivo zauntlng appllcatlons.

lDﬂlEatlon, scintillatlun and se

"detector types. Find -most appllca n in fadlatlan pr@tectian wark—-’
V»éithef persénalnmbnitar;ng or area survay. ' : % :

[

I GAS IDNIZATIGN INSTRUHENTS o ', R TV A "-___a_ .

Althaugh sclntlllatlon detegtofs are more wldely used 1ﬂ nuclear medlaj__ :
Slne work - gds: 1onlzatlon instruments are dls:ussed first. for,p ;poses_f'*’
“of 111usbrat1ng fﬁg’prln iple DL’Operatan of a radiation detector. ,
Analogles can then be drawn ta other types of detectcrs. : zll_; S

“ A .Régicns,cf Instrumént ReSpéﬂsa o
If a varlable source af dlféct voltaga is. 1mptessed acréss an Enclosedg
volume of gas, the rate of the electtlgal charge produced in the gas by a
_constant source'of. radlatlon may . be measurad -on an external meter,. As . .
the voltage is lnafeased above Zero,. flve regions of Lnstrument tESpDnSE
w111 be abservad ‘as- shown in Figure- VI 1. I . : . B

__Laboratory Counting Systems--1, Integral Counters B 61
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NO. IDNS COLLECTED |LOG SCALE) ..
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AFPL}ED vmrm:s L

f:in the first raglom,tha ‘ions pfodulﬁf id i n=w111 be undat =
. ivery. 1ow voltage gtadlents and. w;lltenﬂ Eo fggambLneyw1th ach other.
“rather. than migrate tQsthe electrodes and be ‘collected. ' This trecombi- : 7
'jnatlan Gf ion pairs dacreases as the applied. valtage ig increased anﬂ e T
4Elnally becomes negliglble, i.e., at some.voltage- the ‘field. strangth e el el
-will be sufflclent to collect"” Essent;ally all- of thé ion pairs that are - S
 formed. The.first region'is known as the region. of recombindtion’ and © 7y

is, with -one or-two rare Exceptlens, not useful fof the Dperatlon of -
;radlaclgn dEEEEEIOD lnstruments.- ,

o o _ : .
2. Iog'i,zatii:m z:hainbEf reg’ion
. The: SEEth .region commences at Ehe voltage at. WhlEh all Df the ions e

~-formed are collected. . These ions are the primary ‘ions resul ing*from
.~ the aétion, of the radlat;an. The negat;va portion of the ion pair -
(electron) ‘is accelerated" toward the ‘anode or positive eleztrade of the.
* " chamber; while.the positive-ion (res dua of the atom) is-drawn more
' ‘slowly toward the cathode or negative electrode.  For some large incre~
ment: of voltage above: the region.of" recomblnatlgn, there is'a satura- .
tion.flow of ions which is equal to the number of. ions produced by the = - = .. . %
“radiation entering the chamber.: ThlS ‘'second réglun of ‘operation is * - e
‘called~the ionization chamber - reglon ‘and ‘provides the first of the °
three Dpefatlng reglons for gas 10n;zaﬁ1on lnstrumentsi;

'3! Pfaport:.iénélg!fégiaﬁ] B SR
If the voltage is ‘increased still further, above the ionization chamber . -~ @&

o
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:Egion, the oollaotion Df 1ons iﬁtreases abovE the number collecteﬂ in': ’~;j
ion; aﬂomaly (COliEEEing more. ions: ‘than oo

&

Whan the voltage gradieﬂt ‘is - sufficiently high the elactrons,t’hieve N
Ta high Eﬁough velo:it§ to cauSe setogaary ionization in the filling. gas.‘j;’;
o Thisrseo néaty ionigétio ts i atic the primary’ ion”
A7 current ‘2 ach primary’ ion - pair” ‘causes
Coal magnlfied Pulsa ‘of chrtant. ‘The numbér of SEEDﬂdaEy ions produced
. for each primary ion.:pair’ formed. by ‘the. radlation is called the_ggi .
: ampllfigation factor. As the voltage'i ralsed’ Ehe gas amplification
~tor.d Feased.  Cas amplificstioﬂ factors.as High as 105 ‘or 106
- ate sometimes emplcyed in this region. The size of ‘the- pulsa producedﬁ;
is,pfoportional ‘to.the voltage appiied actosszthérgas and’ to ithe. ‘number
‘of primary ion pairs,formed. Thus an’ alpha patticle. ‘with its high- spe- .
.- v eific fonization will producea miuch larger.pulse of current’ than will
' <beta radiation with its éorrespondlﬂgly lower spec1f1o 1onization.§ This
‘:makes possible the discrimination among radiation. types that differ in =5 L
‘the ‘produced primary- 1onization. - This praportionality of. current. - S
... - pulse size to iﬁpressed voltage an&.to ionization density results in
o= - “the mnaming of- the" second region. of instrument operation;, thefre’ion“of3"
S . -proportionality. The-upper portion-of this region where the alpha and
. '‘beta curves begin to approach each .other (see’ Figure VI-1
o to’ Jas’ “the ¢ region ‘of limited. proportiopality and it. is not of ganeral
use in radiatioﬂ instruméntatioﬁ.' : o RS

1. '5- B : ) KA

'1téi: GELEErfMuéller region -

_ With a further increase iﬂ oper: ting Voltage above the region :
f’tionality, a further. ingraase_i -gas_ampli. ication occurs.  This is: dueh;lif.j
- to the- addltional accelerati ﬁAprovided the elect”ons, and results in a’ BT
veritable avalanche of electrons: around the anode-of the chamber.- In:. o
- this operating region, the counting. ‘rate- prduCEd by the, avalanche ig
ralatively independent ‘of applied voltage over a limited range, and. also -

~is independent of -the spezific ionizationgof the 1n1t1ating particla or -
phoEon. ‘This third .operating-region is called the G61gersﬁualler region.
-Instruments operating in the- Geiger—Mueller (G=M) region provide a gas
amplification factor of as high as- 1010,  The G-M region is extremely
‘sensitive to any radiation,that produces even. one ion pair, aﬁd conse- L
quently, individual ioﬁising events-can be detected : c

. The po51tive ions produced in tha G—H tube migrate to the caﬁhode
where their electren deficiency is satisfied: by the excess negative
charge agistiﬂg at the cathode. When the’ vacant orbits of. the gas
~ atoms ‘are filled, elactromagnetic radiation is‘emitted.. Ihis radiation,
. which may take the form of either ultraviolet or x radia ion, tends: to
continue-. the discharge action, and' so sustains the period durlng ‘which
. the gas is- essentially a condu:ting medium. In order,to squelch this”
discharge action, a. secoﬁd agent is added to the primaty gas The '
molécules (such as amyl acetate or ethyl alcohol) which upoﬁ absorbing
_radiation, diESOClSEE into particles not small enough to continue the' "
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. volts, dependlng upon’ the size  of the ‘chamber ° and the filllng gas.

_VZPerDrtlﬂﬂal 1nstruments prDvlde ‘a hlgh SEnSltlvlty:due to thelt

" “ization takes plagé over . only a’ partiﬁn of the chamber volume : Due'tc g=f"“  12

:.cr a mlxtufe af the two, althaugh air 'is sometimes used. Dperatlng volt= .~
- ages will range frcm 500 tc 5 DOO vclts, dependlng upgn ghamber d251gn h

ived WidéSprEad
"'molecules

DperacianalﬁChara:ter;stics'~ L

.li"_ .J &f

0 prduEEd. SEnSlthlty is- deflned” A
, ‘is praportl nal to’ the. résponse of-dn’ instrument to- L
_the. EypE and ene gy of: the radiatian %elng measured. Dlscrlmination .

- amo g Ehe several types of’ rad;atlon is usually not poss;ble with 1aniza—f;
E chambéts exgept by. use of- -external absorbers.5 Operating- voltaga '
ar 1Gnlzatian ahamber instruments . w;ll ugually ‘be. between: 60 and 300

(usually air. at atmospherlc pressufe) ST T ‘,--

amplificatien and a- ccrrespcndlngly 1gh range-since: the seccﬁda'
:the pfcpcrtlanallﬁy factor which exists in- Ehls region, the . 1nstrumentA'
is inhe ently capable of d;s;r;mlnating among - tha different. types. of il
radiation,  Proportional counters are usually fillled with srgon,;methane,=3f""”

and fllllﬂg 'gas. -

‘The G-M reglan pf0V1dES an’ extremely hlgh sen51t1VLty and a corresPDnd-“‘Ai

i . ingly. low range due to the discharge dead time;. i.e., thé time durlng

which the gas is EOﬂductlng and’ hence is insensitive to any further

w--loﬂizlng events. Because of the nature of the discharge in G-M. dete:é-ﬁl'

V‘Eribed abcve, whlah make 1t useful fof one purpose or ancther

" ors it'is’ lmpassible to discrim;nate ele¢trcn;ca11y among the several :
. types of radiation. GeigEf-Mueller chambers are usually filled with U
. ~argon or helium and a’ quenching vapor. at lower than atmas i .

.sure-and nperata in: the ranga of 1, DDD to 3 DDD volt

ization. chamber reglon, pE§v1d1ng a direct indication of the number of .
‘ions produced by a given radiation, is emlnently suitable for indicating
‘cumulative exposure or radiation expasure rate in’ R@entgen units.. The -
-low’ sensitivity and?® Eorrespondlng high.range of ionization chambers '

make them useful for measuring levels of act1v1ty much higher than can . .

be measured with the other types gf detectmrs. Proportional. instruments’

v o ’ ’ ' t}

- "
.

G



1ﬁtensltles of radlatlmn}; Both “the’ prgpﬂrticnag,;f

v Aand tbe:GsM 1nstrumaﬁts éte counters} that- 15,athey prQVIdE a pulse of:
f..current ED: evgry part;zle or, photon that interacts’ within. ‘the chambers
mbers - may be déslgned ‘as. ELEher pulse gQunters Gf current

; iii A*SCINTILLAIIDN DETECTQRS

':TIn récentf eafs one of the mast fapldly evelaplng flelds in-

L struments has been that involving tife use of- Sﬂintlllatlan o
o a ﬂAIE,Dugh salntlllatlon detectors ‘have been in use since the .- -
T >ear1y 190@ sgthe upsurge in their appllcatlan ‘ocourred- Lnnthe early,
) _;950 8 £011a lng the lmprcved desigf of~ phﬂtomulﬁiplléf tuEes and-“in
scintillation medla.= At present stintlllaﬁlon y

Exten51v31y than any chEf type ln n clear medi-

¥ | ELEGTRQ“S, PHOTOMULTIPLIER TUE o
o e Figufé'Viéz}éfSciﬁéillatiéﬁ:Dé@gctag  S R
: Energy ffﬂm the radiatlan 1is. transfefred to the phosphaf via the var;aus
. types of 1ntera&t1ans which were dlscussed prevlausly Some fraction of
“the transferred energy is re- emitted by ‘the. phosphor as. vis;ble light, the .
.~ intensity of which is ‘proportional to the amount of energy . which was '
f}transferted from the photun ‘or partlcle to - the. phasphcf The llght is
‘transmitted- Ehrough the phosphor -to the. Ilght -sensitive cathode of a
"photomultiplier tube causing electrons to’ be- e;ected from the cathode.
+ .- The’ EJECEEd electrons "are focused onto the first of nine-or ten sgﬁond-
g;ary electron-emitting electrodes called dynodes which are malntalned at
a positive potential with respect to the cathode. A gradlent of approxi-
‘mately 100 volts is maintained between each’ dynode . The dynodes are. '
shaped so that the’ electfans egented from one are fGCuSEd onto the ﬁext

o




, The electrans ejected from the last dynode are‘c

“+ ‘and brought ‘out of thé tube, as a=pulse of -current
aﬁf number of electrons : ejected . from a g;ven dynbde ‘to
frmm Ehé precedlngfﬁne a1l £

£ * r,?depeﬁd X
_enet ‘the bémbafdlng -eléctron. Ihe tctai mult;pllaa ian fa”térxfar
- tan dyngde phﬂtﬁmultiplléf_tubé then, ‘ig-the: se:andafy EmlSSLEn ratlc
vralsad t@ the lDth _power. E S - : Cat T s

: Sinééwihe?@utput;Eurrgnéfff'ﬁ}ﬁhga botcmultlpller'zube is- prap@ftlonal

. to’the light. ineident ‘on .the photo é:hodé ch-is"din 'turn- pr pgrtlcnal
'-féﬁEhe‘enefgy transferred from. the’ radlatlon za'the phosphor, 5c1nt11—-'
lation detectors- are well suited - tc energy spectrum analy%ls.; The- use )
of sgintlllation detéctars in speztroscopy systems is. dfscussed‘in chap-; .

B. Types of Phasphors ?EA,':Z’-Xi :¥'i:; fztt'if_;é_fi=_’ e ;; '7f_:;;fji:,

1 .In_origanic ﬂrystals’ ST N S , e

'InéfgadiL,crysta,s areyln mos§,w1despread use as gamma ray dEtEEtDrS
. -and .comprise he majority.of ‘the scintillation detectors .used in.
nuclear. mgdicine labaratcf;es: Inorganic crystal :scintilldtors- are
crystals o% inorganic ‘salts,. primarlly the'alkali halides, Eﬂntalnlng
small amount -of lmpurltles ‘called EEEIVEEOIE whlch cause, the crystal
.to SQlﬂElllaté at room temperatures. .The . ones ‘most- Eommonly used ds
" gamma ‘detectors. dre sodium ;Ddlde with small. -amounts of thallium. as the,.
"acﬁlvatar [NaI(Tlﬂ .and, on a_ llm;ted b3515,'2251um ;adlde, also ‘thallium .
. activated [CSI(T1)}™". These’ materlals, particularly NaI{Tl) exhibit -

-such desirable characteristics as ‘high dans;ty,_hlgh light ocutput, tranSE__”"ml;,;
T parency, and: suitable ‘index of refra:tlon.f Thé cfystal is garefully .
'grown in a ‘controlled environment  with minute traces #f- the. activatér
LnthduEEd dutlng the gr@w1ng process. . The crystals are encased in _
llghtatlght cans usually of aluminum or beryllium so the phctcmultlpller L

:

tube views only the llghE produced by radlatlén interacting within - the

. erystal. .In the case of NaI(T1l), which ‘is. hygrascoplc, :the’ 2351ng alse.
seals out leSturE from the crystal. . A reflectcr around the erystal p
serves ‘to max;mlge the light callect;on by the cathode of the phmtomultl-u,
pller tube. (Se& Figure Vi- 2 ) o . e o LT

'lfzi ~Drganlc crysﬁais

§  Drganle crystals as. sclntillatlgn déte:tors hava been used prlmarlly for
.counting beta’ pafEiElES where ‘the high atomic number of the inorganic -
crysﬁals causes. excessive saaﬁtering of the partlcle w1,'1n the ﬂetestot.~
‘Of the many organic. crystals- which have’ been studied ‘to. dal, the most .
useful are anthracene and transstllbené.; Drganlﬁ crystal detectors have . -
found’ llttlé appllcatlan in nuclear medicine where much work is done . - ;
wlth law energy beta emitters; carbon 14 and trifium. Liquid scintil- '

, 1at10n detectors ‘are better EultEd to such appllcatlans than.are .or-

o ganlc crystal sclntlllators : :
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'7:1; tectors are’ 1erge1y elimlneter
"3ee;ntilletien deteetere 1ne1ud P terphenyl 2 ,5

- - AL . N 2 : s
.'$Liquld;:-iﬁtillatais now - eenetltgfe a ve2§.1mporteﬂt eleee ef redr

- research applicatiéns. ~'The use of

;Chepeer VIII : j'; f‘

'f‘A;: Dther typee ef pheephefe

' gé;' Diffueed p=n Juﬂetlen e S ’{

ﬁﬁi;itive ehergee),:the neturel action of the. com
".!elign the electrgp

- The need-to count’ the‘lew energy- beta’ peftlclee ffem eerbonalé end tri
iﬁlum 1ed te the’ develepment of_efgenle liquid’ Selntliletlon deteetore
at the'sample eegépe dissolved (er meehe
ontein;ng ‘the. organic phosphor.. Hence T
d - er- typeehef tedletion de-_;

wqg

. diphenyloxeeole
~benzoxazolyl)- - Thlopheﬁe {(BBOT) i -Solve
: generel*uee are a:ometie ‘hydz ,erhene er erometle etheﬁe, eltheugh
: ethef eOmpounde efe ueed whefe sdlublllty is a- feetor

'orlee, and eepee;elly in bioc
quid ec1nt111etlen deteetore in eys
- tems whlch utilize e01ne1denee c1reu1tty and - low -temperatures to echleve
“low beekgreunde for. eeuntlng low- etgy bete paftlclg

- detectors. in nuclear’ mEdlClnE labo

w

;.iDEher eeintillet;on medie thet heve Beee ueed ‘as redietion deteetere
‘7inelude plastic' phosphors for bete'

ntlng and .inorganic powders which

are. used’ primarily as alpha detectors.’
sulfide powder activated with silver whieﬁ*ie coated direetly on the L

j!gleee envelepe of a photemuleiplier eube or on a_.transparent material

" such-as lucite. Theee typee ef detee ore
nuelear medie;ne L

are net in widespread uee iﬂ

'iv;; SEMICGNDUCTDRS T

ﬂ

£

. The’ 5tete 'of the are of eemieondueter radieE1on dezeetere ‘has. edveneed

»_repidly in recent years. . ‘The most widely used types ef semiconductor

~devices are diffused p-n junetion, ‘surface Eerrier, ‘and lithium drifted -
deteetore Semiconductor -detectors have so:far found most applleetieﬂ v
~in the field of pertlele epeetreecopy, elthough liehlum drlfted deteet—e

- ore are’ now belng ueed as’' gamma deteetore Sl B DR o

Cy
=
W

The ﬁiffeeeé p%n jueetie deteet0f ebtaine 1§£ name from its menufeetu:

ing process. ~A sglice. of ‘p-type. eilleon or. gefmanium efyetel with a
+'layer of n=stype impurity (usually phoephofue) depeeited on the surface,
.18 heated to, form-a p-n junction just below. the@surfeeei +The . pheepherue‘
" may - alse be painted onto: the silicon. and made to diffuse into it by .ap-

plying heatr. . Since ‘the n-type me;eriel has an EECESS of. eleetrene and
the p-type hee an excess of "holes" (holes mayibe ‘thought of.as unit pos-:

s on. ene ‘side of the’ junetie, and the holes on the:
erenee ef petentiel 1ebulltipfaefose the Junetion

" othar... Thus &ﬁdl,

s is dleeueeed 1n :

n exeﬁple of .the latter:is eine=;

%eed meteriele tends .to -

&

i‘_:‘

%iEE;QJ'
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Principles of Radiation Detection

'

By applying an external voltage to ‘the .crystal of such polarity as to
oppose the natural movement of electrons and holes (reverse bias) the
potential barrier across the junctidn is increased and a "depletion.
region' 1is produced. (See Flgure VI-3.)

Contact for. o o o
electrical leadoff Charged particles n-type region produced
o ) enter from, this side by diffusion in phosphorus
A . N
4
Degletion .
region

, “Metal electrode
Electrical lead

Figure VI-3.--5chematic Representation

of a Diffused p-n Junction Déetector

(

This depletion region is the sensitive volume of the detector and is
analogous to the gas volume in a gas fonization detector. Charge par-
ticles upon entering the-depletion reglon produce electron-hole pairs
analogous to ion pairs produced in gas lonization chambers. Since an
electriv tleld exists in this reglon, the charge produced by the i{oni:
lng particle is collected thus producing a pulse of curreat. The sjize

of the pulse {s proportional to the energy expended by the particle.

--B.  Surface Barrier Detectors: !

The prionclple of perative of the asurfa... balglh{ and Lithiam Qo Ifed
detectors is the same as for the p~in juuction {u chat a depleidon regio
In which the.e exists an ele_tric field, is produced. . Tht method of
producing the depletion reglon as well aswdts dimension and location
within the crystal vary from oue type of dete.tur to anothe. .

The zuitface batiler det oot Jdepends vpwn Lthe Loifane slautes 0 (L.

siliven or getwaniuw for fua vperatiou., At tie sutface of a pl.ce .
purs <r stul an eleciric fleid exists su. b (hat both holes and electr. . |
are excluded frum a thin region uear (he surfac. . For n-type crystals
the field Is such as Lo repel the Free elections fion thls region. If

a metal {s Jolued to the crystal (he fiee electi s are stil]l repelled
but a councentration f holes is pvroduced Jlrectly uunder the surface.
Then Lf a reverse blas is applied, a depletion reglon {. produced. (be.
Flgure VI-4 )
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contact for '
electrical leadoff . charged pﬂ;ﬂt—‘lesd
- enter from this side
Thin gold aleﬂ’radg
2 . S— P . — 77 =
i
n-typa silicon -
Electrica
’ Figure VI-4,--Schematic Representation
of a Surface Barrier Detector
Surface barrier detectors give better resolutions for particle speu-
troscopy than p-n junctions, but wider depletion regions are possible
with the latter. (The wider the depletion region, the higher the energy
of particles which can be analyzed since the particle must expend all
its energy in the depletion region,)
C., Lithium Dritted Detectors
lhe lithlum drifited detector las produced by diffusing lithluw int.e lo
resistivity p-type s1licon or germanlum., When heated ynder reverse bi as,
the lithium ions, which seive as an u-type donor, drift into the silicon
or germanium in such a way that g wide layer of thc p-type material is
compe :éLﬁd Ly the lithium so thai the effective resistivity is compara-
ble with that of the intrinsic material. (See Filgure vI-5.) Wider de-
plﬁtlun reglons can be obtained by the lthlum drift process than by an,
other kuownl metliod. Cottzequently Lithlan drified detectors show Lhe
. S ) H
most prumlse for gdaawd spectruscopy work., Silicon detectors gan be
erated at roum temperatutres, but exhibit 1uw efficiency for gamma Fays.
* wetwanlun Je(eo tors have higher gauma efifcicucies, but must be opsratedt
af liguld ultrogen temperatures Fur these reasons, coapled with the
small sensitive volames obtainacl. tu Jddate semfconductour detectuis ha
nol rocelved widespread applicatiog 1o nuclear medlicine, Much woik La
belig done, Lovever, to Jdevelop semiconductor letectors (LAL aie pr ..

tical for in vivo gawma measdresents sidce the ioherent resoluti.n for

L. o8Copy wark s mu. b aupetlor Lo that obtafnable with sodiuw 1,41,

V. ProociolAL it Lol L o b,

A beivl ol 4 pflt;lué_; A}.ehl ol I\, LAIL.QLL e i b b e 1 anlg
Avllve mdieptal was the fin .t m;LnGd gsed to Jdeiect naclear ratiation
ihe ase af puotograghle Eilus for fg_ldtlun'msd;ulgmgnt is al present

cvutloed mestly to monltoring exposed personnel and couductlag
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[ 3

Uncompensated
. p type v

Lithium diffused layer -

Gold contget
surfgce barrier

Incident - -
particle —————f@—————

Lithium
compensatad
layer
~Guard ring
Figure VI-5.=~-Schematic Representation
of a Lithium Drifted Detector
\
area surveys. Flluws are alsu used in research work in maklug tadicauts

graphs of cosmic rays or substance containing radioactive materials.
The mode of interactivn of radiation with the silver halide in an emul-
sion is that of ionization. After an emulsion has' been exposed to radi-
ere is no visible sign of any change, but upon development, the
latent image is couverted into a black deposit of wetallic silver. The

extent of film darkening may be related to the type, energy, and quantity
of radiativa to which the tilm was exposed.

Vi, IHERMOL UM LNEDGENGE

S Iheiwoluminescence ls the phebumenan by whlolh et laln o etala wewe obdo
Lo sture energy transwmitted to them Ly ,adiatiun and (hen emit thils =n-
ergy in the form of visible light upon heating. Alm.st auy lnsulating
transparent matevial exhibits this property. Crystals commonly used ai¢
lithium flourfde and calcium rlouride. The centers of energy siorage
or "seasitivity centers' are probably fwperfections in the crystalline
structure; either structural defects or forelgn impuricies in the crys
tal. Electrons freed by the lonizing radiation are trapped 4t the sens!
tivity centers until teleased by heat supplied Lo the crystal. When the
trapped electrons ate released, light is emitted of an intensiity pro:
portiuvnal to the ner,y transfecred to the crystal frowm the radiatiovn

b

O

ERIC

Aruitoxt provided by Eic:



Principles of

Thermoluminescent d951metfy shows

areas of personnel mDnlthlﬂg and ] Izs advantages
include wide operational range (5 )" rads), simplicity,
ease and speed in reading, its reusability, and the response can be made
relatively independent of energy from 40 keV to 1.25 MeV. :

VIT. CHEMICAL DECOMPOSITION INDICATOR

ecomposition indicators, ions produc

f
I
[aaL
ey
—
)
i

e €n

oy
oy
o
5

d
o form new compounds or change t
d

lecompos n Indicator is a chloroform-water mixture
to radiation, produces hydrochloric acid in Aropor-
't of radiation absorbed. This formation of acid de-

n
and, ‘by the use of a suitable indicator, it is possible
o , ’ :

An inherent drawback of chemical decompusition midicators is 1
\| sensirivity. It requires exposures of the order of 25 ruentgens befor
detectable chemical changes are induced, Consequer ly, these d ‘
@Sl sulted for measuring the dose from large s

u:_
r.r ;:1\

L

[
Lat

=3

or stor civil defense munLLLu ing purpuses,
VLE[;RADIQPHUTULUMLNESCENCE AND OPTICAL ABSURPLLON

Radiophotuluminescence 1s the phetnomenon by which certaln materials uun-
dergo thanges in their photoluminescent propeities subsequenl to irrad-
lativn. Irradiated material will flooiesce when aotivated by light ot

the prupec wavelength (ultrvaviolet oi near ultravioletr), whercas unirrad-

1ated matsAlanglll not fluoresce under the same conditions.

b

Silver-attivated phuaphéts gld35 has proved useful as a radiation Je-

teot ing med lum f,:';‘i:llblLlﬂE the tadlophotoluminescenne property.  lhe Q.
Laing radiation liberates elev tions within the glass which are Liapped
v the Ag  lons of Lhe glass, lhe rtesaltilag metalli. silver conters

SErve aa Lhe uriglu of the pheiolusinescence Atter tadiation exposas.
b the glasna 10 s subjecfed o ultiavioled Light ang the tesulting tlu
fLoBlenee Atected BY micaus of a plvtowsltiplier (abe. Ihe int.ns

L
Loy wb ot light eaftted s pro,orol mal to the dose which 1 he sldass e
cel el Borsunu Ldestmeters of thils tyvpe huve Leen develo, 8 Jhich . ove.

the tan.,. Tiwn Lo o ouy Lal,

v wa bt lan 123as . L. l [ , Vo B O D Lot
Coal b asie ot he slias L0 0 1r aviatl o thits 15 loac by wakin opt
toal trairaal cal 0 i dsul e nail s calug ll.:i..L othe Lroper waveleuglh Lot
the 1ose raage of laterest.  This proaciple o uscful tvem 107 o 107
recud s ‘
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58 o Principles of Radiation Detection -
I[X. CALORIMETRY .

Calorimetry takes advangfge of the heating effect of radiation, A calori-
meter is a device used tb measure quantities of heat. Calorimeters pro-
vide a means of measuring directly. the energy absorbed in-a medium as a
result of exposure to radiation, -Calorimetry can also be used to deter-
mine the activity of a large quantity of radioactive material.

The main advantage of the calorimetric method for measuring absorbed en-
ergy or activity is its inherent accuracy. For dosimetry purposes a di-
rect reading of energy absorption #%n be obtained. However, the rate of’
heat input is so small that only very high intensities of radiation can
be measured. For this reason calorimetry is not used for routine moni-
toring purposes Applications include the measurement of the activity
of curie amounts of alpha emitters and the measurement of the-energy of
glﬁpaftiilgs produced by particle accelerators.
% [
X, SUMMARY
&
Of the many different media used as radiation detectors, the sodium io-

dide crystal is at present the most widely used in nuclear medicine since
i . L. ; . .
most of the work involves the detection of gamma radiation. Personnel
monitoring devices employing photographic films and thermoluminescent
i3

media are used to monitor per%mniel exposure, Gas lonizati

a1 instfu=

ments and liquid and solid scintillators are preferred for alpha and beta
counting. Other principles of detection such as radiophotoluminescence
and calorimetry way be employed where very high levels of radiacion are

p553¢nt
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CHAPTER VII

LABORATORY COUNTINGySYSTEMS
I. Integral Counters -

I. INTRODUCTION

None of the radiation detection devices discussed in the previous chapcer,
will, in themselves, enable one to make accurate reliable measurements
in the laboratory. That is, they must be incorporated into a total
counting system which consists of various and sundry electronic components,
The number and types of electronic accessories vary with the type of
counting system and the job it is to perform. The systems discussed in
this chapter are those that register all ionizing events that result in
an electrical pulse greater in magnitude than a certain threshold value.
These systems are referred to as integral counters. Differential or
window counting and spectroscopy, which are accomplished by means of
pulse height analysis, are discussed in Chapter VIIL.

-
II. GAMMA SCINTILLATION COUNTERS
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Figure VII-1 shows a block diagram of a typical integral gamma counting
Phorons interacting in the NaI(Tl) crystal cause light flashes

system.
The pulses are amplified and

which are converted to electrical pulses,
counted by means of the associated electronic components.
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Figure VII=2.--Schematic Diagram of a Scintillation Det éicér
1 The crystal
The sensing unit of the speclrometer is Lhe crystdal. 1L 1s especially
chosen for its ability to produce scintillations when photons interact
within its structure. The must commons choice of crystals for gamma-ray

L !
detection is the sodium fodide, thallium activated, [NaI(T1)] crystal,
e cryvstal is carefully "grown'" with minute traces of a specific im-

purity known as an activator” introduced during the growing process.

The activatur causes the crystal to scintillate at rovom temperature

when energv is supplied to it from an eéxternal source. Crystals are en-
ed in light tight cans usually of aluminum or beryllium. The encase-

ment is sary so that the only light viewed by the photomultiplier

is that pr@duced by radiation interacting within the crystal.

The reflector surrounding the crystal serves C@wmaximize the light get=

ting to the photocathode per unit of cuergy absorbed in the crystal.

The crystal 15 usually sSurrvunded by lead shielding Lo reduce backgrouud

radiation.

[n the vase of Nal(ll) vrystals It Is lmportaunt that the crystal be pet
metfcally scalced Lo kecp DUt mulstute The sodtum ifodid. is hygrouscoplc
and colle.ls woelatuie If expused tou the atmusphere. If water droplets
forw on the .vystal tney will gradually dissolve it.
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‘elrctron and the two particles annihilate,

The crystal atoms receive energy from a speeding charged particle pass-
ing nearby. The energy transfer slows the passing paftlLlé slightly.
The atom abaupbs the enérgy by increasing the e one or

1c

easi
more of its more loosely bound electrons.
not exist very long in this excited sta
excess energy by emitting a llEht photon
energy state. The light output of one f
millions of such events odcurring within

[

Of the three primary photon interactions discussed below--viz., photo-
electric, Compton, and pair production--only photoelectric and . -Compton
Interactions are of notable importance in nticlear medicine work, since
pair production occurs only at photon energies greater than 1.02 MeV,
The photoelectric process is one in which the total photon energy is
transferred dlfectly to an orbital electrpn. -Although the photoelec-
tron may cause secondary ionization, the freed electrons will be slowed
down and will give up their energy through excitatien processes Lo pro-
d%ze light. These events happen so quickly that they appear ds a single
flash of light representative of the entire energy of the photon,

The Compton.scattering _process results Ln vnly a portion 6f the photon
energy being imparted to the orbital electron. The scatcrered photon
wlch rgdu;ed Enhrgy may escape from the Lzyztal or it mdy Interact else-

lf buth the initial and Lhe scd LLEIEd photuua in-
al, the processes occur so quickly that again it

e
gy transfer.
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62 iiabgfaﬁégzrgég nting Systems --1, Integral Counters
across a series of voltage potentials. (See Chapter VI.) The result
is an electrical pulse at the output of the photomultiplier tube whose
size (height) is proportional to the energy absorbed in the crystal.

An E%Eafial unit, the high valtage p@wer suppl , 13 used to furnish a
tube. The power supply

can be elthef a battery pa;k or an ELELEFDHLL instrumeat which will
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deliver a preselected voltage between 500 and 2,00(
supply must be very stable since small variations in the applled voltage
i an ‘ors i

L
u

rs in the accumulated data

¢

Although there exists at the output of the photomultiplier tube an elec-
5 a 1

trical pulse, it is still weak and could be easily lost if transmitted
over anv 5ignificant length of cable. In order to maintain a reliable
i at angd cluse to the photomulcti-

flow of information a preamplifier is insta
L sl

and streagthen the

C. [lngdr Amplitier

[he function ot the llnedr ampLigigr 1s Lo amplifty the pulses
preamplifier.in a4 linear fashion, 1.e
the same factor no matter what its or

£
.. each pulse must be amplif )
iginal height, A good linear amp-
lifier will accomplish this over a wide range of pulse magunirudes wit
out distorting 'the shape of the pulse. The amplification factor is

inplifier. In some integral counting syslems an

called the gain of the
external gain control is provided, but wauny have a rixed gain wHich must

 be adjusted laternally.

D. Fulse Helaht Sptj‘(jtf\,un

In order to understand the operation of the next component of the system,
the disciiminator, it Is neceasaty L. hoow vhal 1s weant b “pulao height

t
Spos Do,

Each electiitoal proloo thal wwlata al Chie oot et ovten blae oy awel b
is proporiional In herght (pulse net bl coters o vhe Lagnituge of the
al.ttal in volts, U, the cucigy dkpuangd P the Nol ooystal by the int..

avting phatoa. thus a lioear relativa=bilp oslatas b Leeca polas hieaght
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clectrle olfe.t are t,,\m;pl;'Lq_!} absooibed and 71

eld a P\llbg ijp!g.‘;ifgn;ldll\lt
Lo helght ot the 662 keV of encrgy abaoibed lhe ¢ pulse. are repre-
sented In Figure VII 3 an having a rélative poalae hoight o1 approximatcel,
5 units. All,wl these pulses ar. apprusimately Lhe adume helght but not
cado Ly s bt‘l_riiueﬁ‘.‘;' atatistical pPlaeenaes wittiia the aysiem resall 1noa
Jl tribotlen ub pul.ae hgléhLa for a glven duount ol cietgy sbhsorbed Do
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Plagoce vLL=3 Lo heV L weslow 1) Ly
Lhe L, et Llhoe Lo sller pngéS to. Flgure Vil o (oodact prik oo b kgl

1-3, are oot ailf rw {0 size, bui e hibic & rand n helgut istiloution,
[hese pulses dre produced by Compron inte.actions fthin the crystal,
lhey .au be .0y uwlze, L[ruw almost sceio wuward, [liely value replesent.
the ~uelgy ngﬁgLsJ L an _lectro.n by “ pthgﬂ HHLghiﬁgﬁsgaLLzlzd al
any angle up tu 1BO". This euergy, called the "Compton edge " is (ep
tes.uted Ly an arbltraey pulse helgit of 3 undl.s in Filgure VIL-3
LLothie wamber oL palacs L a gtr=u al.oc ar plotved 8galust pulac Lot
fo. a éiféﬁiéuuntlug ti.e he dist. foutton shown In Flgure vII-4 ,esults
[he hurieuntal axls could be labeled fu encrgy unlts since ft is known {.

thi- example that a relative pulse heignt of 5 represents 62 kev., This
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Figure vVil-4.--Fulse Héighi Speclium

type of. preseutatlou ls valled a “pulse helght spsuwiium’ o 'gawa en-
ergy spectrum.” The dip in the spectrum between 3 and 4 uniis 1s called
the '"Compton valley" and is caused by the gap which exlists between the
maximum Comptgon emergy and the actual photon energy. Actually there
ilﬁgs between 3 and 5 were 1t not for the statistical phe
sly wentioned. The part of the specirum that represents

would be no j

nomgna prev
tutal photon energy absorptiou (approximacely 5 units) is <alled the
"photopeak.” Four a glven eunergy photon the rglative p.sition of the
photopeak daluug the horizontal asxis:can be controlled o two ways: by
varying the voliage applied Lo the phot aultiplier tute and Ly adjuatii,
the gain of the lincar amplifier.

E. Discilwludt.,

. &5
lhe discrimlodator 1. a8 iocdee Lhay wlewe, v wld) Lao b A R
smaller than a cectaln size. In L.cegral c.ounctln, syate 1 3tagle

]
discriminator 1s used, aud a1l pulses larger than a predeterained 1.y
are transmitted by the dis.riminator Lo a readout device. For most
counting applications 1t is best to set the discriminator in the CompLoa
valley, l.e., unly phutupeak pulses are cuuuted. There are Lwo redSons
on

for this: ficst, scattered photons may represeatr unwanted t1nfo.ma
falebfagn thiis 15 0t alwdaya true au wiill be seen In Chaptor XI11) @nd,
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Laboratory C@untmésj ems--.I.

‘secondly, the Compton valley is the point on the spectrum where. the in-
tegral counting rate is changing least rapidly,
due to slight shifts in the spectrum.
proper discrimination level for the hypothetical '°
arrangement results in the rejection of all pulses w1th a
units; consequently, only those pulses arising
rded along with the

thus minimizing errors
Figure VII-5 illustrates the

"Cs spectrum. This
relative pulse
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7 Figure V!11=5.-=Pulse Helght
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adJUusSted Lo Lt Liv wso b 2, ot s [ETTT R TR B S mela (hie 11,,
crimination level b, wca.s of the hign volt.ge and/or .mplisier gai
ceattals which whaog the pwsiticn wf Jhie speciiuw telative Lo the

[{aed Jl._u,llulln:i[,lul\ lewvel,
L e T |

R
1. 2 alu. LaDeun . f - . a4 Lo L
Dot dsed S1fhoan 4 Ua Lo neohiaos oo wwads.owr B oL Lo Lawr el
{‘)d'ﬁ‘it'u,i by chie disceololnater wauses 2 Zoaat . be e L.ded L, the neale
Gua [ e d may o be degisgued wit, etther Linar, o Jdecade systows, Thie LI
nar ./ syatem gmplmy a ".vale of twe aud hos o number of,seleutive
Scilxué factors=--ustally 8, 16, 32, b 28, 256, and 51lz=-with ne.n
interpolatton Lights,
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~interpolation lights, The decade system use
‘are electronically connected in such a fashion that for
te

The total count is obtained by multiplying the-regi r reading by the
appropriate scaling factor and adding the sum count indicated by the

s four al%s of two" that
r every ten input -
pulses, one output pulse is registered. Counts registered by the decade
system can be read directly.

The register used with scaling circuits consists of either a relay-

operated mechanical feglstef or a recording device which indicates the

number of pulses received from the last scaling stage. {

Most scalers employ a timer which will automatichlly stop the scaler
om counting at the end of a preset time. Many have the added cap-

ility of automatically stopping the count when a preset number of

counts have been recorded. Whether one uses a preset time or a preset
u ds upon factors peculiar to the application ufﬂi?Lare;L.
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ITI. INTE?RAL 5Y5TEMSXFQR ALPHA AND BETA COUNTING

The block diagram of a typical alpha or beta Egu@?gf wuuld &uuh the same
ne for a gamma scintillation counter (5§E1Figufe VII-1) except
detector assembly. Also, the associated electronics perform the’
nctions with one notable exception: the discriminateor is used
ly to eliminate thermal noise pulses and tu discriminate against
ions which have different specific ionization properties.

A. End-#Window Gelger-Mueller Counter

This ilnstrument, primarily Jdeslgned Fur the countlug of beta tadiatioun, 1s
also sensitive tu gamma rays, although 1ts gamma efficiency 1s very low

compared to sodium ilodide crystals, The iustrument is capable of de-

tecting alpha particles 1t thelr energy is not toutally absurbed by the

ailr space between the sample and the detecngr and/or by the detectour

window itself.

1 Detce o lOT CcOBaliuw o lon

Gelger-Mueller doetcoetor as ool Lo labiaacory woant lag
ually a cvlindrical glass tute wirn o plastic b.se on one
end. (aece Plguré vII-6.) A plastic vim-un the other ead .f the tube
hdlds a thin mica window or 1 Eo 3 mE/Lm ti.lckness 1u place The tube
is Filled with helium or argou and a quenching gas, sucl as alcohol vapo,
or a halugen gas. The c.ntral ele_trode (cathode) consist. of a tuin
wire about .0l inches in diameter. The outer electirode (cathude O0ALat .

The end- wan‘é
3

sysLels 15 193

[maliS

)
wf a ldaver of coppet .1 silver placiug on the glass wall of the tu

2. Detlewloon parat Lo odud st e ldtug

CUFvVe this curve

Fach end-window G-M tube lisxs Ils ;
is established Ly placing a .ource UHPDSitE the tu
counter voltage 1, then iﬁcxgdﬁﬁd in 25.to 50 volt steps, with Euuntfng
rates being established for each uulLégg setting, a characteristic curve

ﬁE oo~ ' ?Tj

¢ window, if the

L}
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GLASS T vLmBé CATHODE = i :
#iThH SILVER OR COPFER - A o WIHE AMODE
BLATIHNG IHSIDE | ) ’
~mFlgure V16, VE= er
* b

may be plotted. The usual curve has a placsau gection (see Figure VII-7)
wherein the Cguntingﬁﬁété shows Dnlygaxsmall chidnge with vnltage varia-
tions. The tube operatihg voltage -is usually selected about % the pla-
tedu lengtﬁ from the threshold to the breakdown voltage

Ty i

L

The G=M tube Is normally pla®@® iou a brass-lited lead s in
order to cut down the background count, A typical lead
) *
several hundred pounds. as
. Tl B
10 ) g = " ——
!
et | bl jH TIM By &TE&U =1
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