CHAPTER 6

NUCLEAR DISINTEGRATION AND
RADIATION DETECTION

Radioactive nuclei, produced by neutron activation, disintegrate by
beta, gamma, or in some cases alpha, emission. These decay modes
may be associated with X-ray and electron emission In this chapter
a survey is given of the different modes of decay and the interaction
of radiation with matter The usual counting equipment used to
measure these radiations is also described.

I. Nurlear Disintegration

(A) TyrEs or NucLEAR DEOAY
1. Alpha Disirtegration

The alpha particles emitted by radioactive nuclei are physically
identical with helium nuclei. Alpha rays are monoenergetic and defined
in energy by the two nuclear levels between which they occur. When
an excited state of the daughter isotope is obtained by this type
of decay, the latter reaches the ground state by gamma emission.
Alpha decay mainly occurs in the natural radioactive series, and very
seldom when dealing with neutron activated nuclei. The latter happens
when a heavy nucleus yields an isotope in the natural series by neutron
bombardment, as is the case for the reaction (1)

30%Bi(n, y) 0B} ——> 110P0 ——

As most alpha rays have energies between 2 and 10 MeV, and the
potential barrier of the Coulomb field around the nucleus is much
higher, the emission of these particles can be explained only by
“tunneling’” through the barrier, as is described by Gamow (2).
When the potential E as a function of the distance r from the nucleus
is represented, as is done in Figure 6.1, wave mechanics permit
caleulation of the probability of finding a particle with energy E; at
a distance R, outside a nucleus of radius R,. This probability is given
by equation (8.1).
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Fig. 6.1. Potential energy E as a function of the distance r from the nucleus.
R, is the nuclear radius.
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where A is Planck’s constant, m ia the reduced mass of the alpha particle
and the recoil nucleus and U(r) is the Coulomb barrier as a function of
the distance r. From this it is obvious that the probability of emitting
an alpha particle increases when the Coulomb barrier decreases or
becomes more narrow.

For a decay from even-even nuclei to the ground state or the first
excited state of the daughter nucleus, the partial half-life for alpha
decay is inversely proportional to the tunneling probability, and to the
frequency with which the particle oscillates in the potential well:

1  2mRE:
(tyra)y <5 & =2 (6.2)

All other alpha transitions are normally strongly hindered, the
half.life becoming at least a factor of 102 larger as indicated by equa-
tion (6.2). It is due to this fact that 3251 exists in nature and has not
completely decayed to 321Th. Alpha transitions of the heavy nuclei
in the neighborhood of the magic numbers {e.g. 126) are less strongly
hindered, as the nuclear radius increases by about 109, when & nucleon
is added to a closed shell, Hence, for these nuclei, which can give rise
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by alpha transition to a closed shell daughter lsobope the P increascs,

as the integration limits are closer.

. Nuclei decaying by an alpha transitionyieldsdaughterisotopea having
an atomic number of two units less, whereas the mass decreases by

four units. Alpha decay branching ccours when a nucleus decays to

several levels of the daughter nucleus.

2. The Beta Disintegration

Under the beta disintegration one classifies the types of nuclear
decay whereby the active isotope emits a f~ or a S+ particle. Both
particles are physically equal to the electron, differing only through
a positive or negative charge. The capture of an orbital electron by
the nucleus is also described under this type of disintegration (3.4,5).

(a) The A- Disintegration, Nuclei emitting S~ particles are often
obtained by neutron activation. The stability of the nucleus is in fact
related to the proton-neutron ratio. A proton excess causes a Coulomb
repulsion, whereas a neutron excess decreases the nuclear forces.
Moat of the isotopes formed by neutron caption show a neutron excess,
which can be annihilated by the reaction

n®>pt+ B+

whereby & neutron is transformed into a proton, and a - particle
together with an antineutrino is emitted. The emitted beta rays are poly-
energetio, and show a continuous spectrum starting at energy about
zero up to the maximum energy Emax. The maximum energy is given
by the difference between the two energy lovels of the nuclei where the
B~ decay occurs. In this case, the antineutrino has zero energy, whereas
in all other cases the decay energy is distributed over the 8- particle
and the antineutrino,

The beta spectrum for *¢Cu is given in Figure 6.2 (6). From Figure
6.2 it appears that the intensity maximum in the spectrum occura a$
sbout Emax/3.

The ﬁ-decay ves rise to a daughter izotope, with an atomis number
of one unit less than the parent isotope, whereas the atomio mass
stays unchanged. When the daughter nucleus is still in an excited
state, it reaches the ground state by emission of one or more gamma
rays. These gamma rays are emitted almost immediately after the
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Fig. 6.2. Eloctron and positron spectrum of the iaotope *4Cu (6).

emission of the beta parhcle, the life times of the excited levels being
usually between 10-? and 10-2% second.

(b) The B+ Disintegration. When a nuclear reaction yields an isotope
with o proton excess, tho probability increases that & proton will be
transformed into a neutron according to the reaction

pt—>n" + Bt 4 »

whereby a positron and a neutrino are emitted. This decay mode ocours
mostly with those isotopes of an element, which have a smaller atomio
mass than the stable isotope. The energy spectrum of the emitted Bt
particles shows an analogous distribution to that found for the g-
spectra. However, due to the Coulomb repulsion of the nucleus, the
lower energies show less intensity and the average energy moves
toward the Fua, a8 can be seen in Figure 8.2 where the 8~ and the g+
spectra of the screened nucleus $Cu are given (8). The neutrino
receives also in this type of decay the energy difference between Fuas
and the energy of the emitted g+ particla,

The g+ deca.y gives rize to a daughter nucleus, having a decrease
of one unit in atomic number in comparizon to the parent isotope,
whereas the atomic mass stays unchanged. When the daughter isotope
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&'
is still in an excited state, the ground state is reached by emission of
one or several gamma rays, similar to the - decay.

(c) Electron Capture, As the nentron maas is larger than the proton
mass (m, = 1.008665; mp = 1.007273), the probability for the trans-
formation of a proton into a neutron, the way it ocours in g+ decay,
increases when the daughter isotope has a lower energy level than the
parent isotope, When this energy difference is small, the nucleus can
capture an orbital electron, whereby a proton is transformed into a
neutron according to the reaction:

pt+e~—>n®+»

The electron, which generally comes from the K-shell (X.capture)
neutralizes a positive charge in the nucleus, and the electron rest mass
compensates for the mass difference between the proton and the
formed neutron. The obtained daughter isotope has an atomic number
one unit less than the parent isotope, and can be deexcited by gamma
decay. The masa of the daughter nucleus is also in this case practically
unchanged.

By the electron capture (E.C.) process one always obtains the
characteristic X-ray of the daughter nucleus, due to orbital electron
rearrangement, The relation between the energy E of the X-ray in
keV and the corresponding wavelength Ain A is given by E = 12.395/A,

A radioactive isotope can decay to several excited states and to the
ground state of the daughter nucleus by means of several corresponding
B~ B* or E.C. processes. This phenomenon, called branching beta
decay, is described in more detail in Section I, B of this chapter.

3, The Gamma Disinltegration

Gamma rays are electromagnetio radiations, having frequencies
which are generally higher than thoss of X-rays. The nucleus however
emits the gamma radiation, whereas the orbital electrons produce
X-rays. The relation between the frequency » and the energy E of a
gamma ray is given by E = kv, where 4 i Planck’s constant.

Gamma rays are monoenergetio, and their energy is completely
defined by the energy levels between which they occur. The interaction
of gamma rays with matter is however very complicated (3,4,5), 20
that in general complex spectra are obtained as oan be seen from
section ITI, D of this chapter,
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(a) The Gamma Emission. As described above, gamma emission
frequently accompanies beta decay and carries away the energy of the
excited levels. The mass and charge of the gamma emitting nuclous are
unchanged. _

The deexcitation of & daughter nucleus can occur by one gamma ray
between the excited and the ground level, or by a cascade of gamma
rays Letween soveral lower excited levels, or by both. This last
phenomenon is also called gamma branching, analogous to the beta
branching. As the mean life-time of the excited atates is generally short
(10-9-10-1% g), one can remark that the preceding beta particle and
the gammas can be considered as one single cascade, An exception
must be made for the first and in some cases the second excited level,
which can have a longer life-time and yields an isomerio transition.

{b) Isomeric Transition-Nuclear Isomerism. When the gamma tran.
gition between the first and in some cases the second excited level and
the ground state of a nucleus are Lighly forbidden, measurable half-
lives of these transitions can be obtained. By neutron bombardment
not only the ground state but also the first excited state of the nucleus
can be formed. Both nuclei are then called mesomeric or isomerin nuclei,
whereas the gamma transition between these two states is known as
isomeric transition (I.T.). The mesomerio nucleus is indieated with the
letter m after the mass number of the isotope (e.g. *°Co, 1"y, = 5.26y
0Cs, Tye = 10 m and 168b, Ty, = 60d; 1128, Ty, = 1.3 m;
14mSh, T'yys = 21 m). When the isomerie state decays to a daughter
isotope without going over the ground state, the isomers are called
nongenetio. In many cases beta-gamma decay occurs from both the
isomerio and ground state of the radiosctive nucleus, Sometimes the
exvited state is even longer lived than the ground state as i3 the case
for 110Ag 7', = 253 d whereas 11%Ag, 7'y, = 244 s,

(c) Internal Conversion. When a gamma ray emerges from the
nucleus, interaction with the orbital electrons is possible. An orbital
glectron of the K, L or M shell is emitted with an energy equal to tha
gamma energy, minus the binding cnergy of the electron. Thess elec-
trons are known a3 conversion electrons, The orbital electrons are
subsequently rearranged, giving riso to an X-ray, which is character.
istio for the decaying nucleus. The degree of conversion is dependent
upon the atomio number of the nucleus and upon the energy and the
type of gamma transition (spin and parity). The percentage converted
gamma intensity is given by the conversion coefficients, which are
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generally tabulated in the decay schemes (7,8,9,10). Usually the
following notations are used:

a = ofy = total fraction of the converted gamma intensity;

agty = oxrufy = fraction of the gamma intensity converted in
K, L or M shell reapectively;

ax/L = exfer, = ratio of the number of conversions in the X shell to
the number of conversions in the L shell,

The X.rays, which accompany the conversion electrons, can also be
converted by the outer electrons. The energies of those conversion elec-
trons (Auger electrons) are only of the order of magnitude of the
orbital electron binding energy.

The conversion electrons have the same properties as beta rays,

except for the fact that they are monoenergetic. .

When using beta counting techniques, conversion electrons can be
measured, 43 can be seen from Figurs 6.3, where the conversion electron
spectrum of **To is represented together with the beta spectrum of
14¢Re and 4*Re (11).
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Fig. 6.3. Beta spectrum of 14¢+11Re with the conversion electron spectrum
of **»To, measured with a 4.4 cm diameter x 0.9 cm thicknesa plastio scintillation
detector (11}.
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From the several modes of nuclear decay it appears that one can

expect three main types of radiation: « rays, B rays and electromag-

netie radiation.

(B) THE DEOAY SOHEME

The decay mode of a radioactive isotope is represented in a term
scheme: the decay scheme, wherefrom a fictive example is given in
Figure 6.4. .

The energy levels of the different nuclei are drawn as horizontal lines,
The relative energies corresponding 4o the respective ground states are
indieated together with the nuclear spin and the parity of the level.
The parent and daughter nuclei are represented with increasing atomio
number from the left to the right. The atomic number, the mass
number, and in the casze of an active nucleus also the half.life are
indicated next to the symbol of the element. .

The 8- decay is represented in this scheme by an oblique line to
the right, whereas the 8+ decay is indioated by a broken line to the left
and electron capture is given by a straight oblique line also to the left.
This shows the implicit change in atomic number with these types of
decay. Analogously the clpha decay is indicated by an oblique line
going two atomic numbers to the left.

The E, of the g decay and the percentage abundance of a beta ray
in the branching is indicated, together with log fi which is a measure
of the transition probability (comparative half-life).

The gamma transitions are given by vertical lines, as no change in
atomic number occurs. The energy of the gamma ray is chbtained by
the energy difference of the two levels, between which the transition
oceurs.

Several types of beta-gamma and gamma-gamma cascades can be
seen In the decay scheme (3, — y, =~ ¥4 ¥1 — 743 - . ). These cascades
are of particular interest when dealing with coincidence and anti-
coincidence countings, as is described in Chapter 8, section IIT, E.
The cascade y, — y, and the simple y, transition are a typical example
of gamma branching. Percentage abundances of the different-gamma
rays are generally listed in a table, added to the decay scheme, These
abundances are either given in absolute or in relative values. In the
latter case the most abundant gamma iz usually taken as unity or
100%,.
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The dughter iotops is not neamarily a stable one, but can also
»e radiomtive, hwing its own decamcde.
Handboks of ecay schemes areadily available (7,8,9,10},

C) SereTion RLES YoR BRTA & GAMMA TRANSITION

When beta orgamma branchi ocours, the probability of the
lifferent, >ossible ransitions is rulesy their state of “‘forbiddenness”,
vhich cai be deried from the seleon rules. The allowed transitions
ro dividd into avored or unfawd, whereas the forbidden tran.
itions ae subdiided into a dejp of forbiddenness (first order,
econd oder . . .),/he transition prability decreasing with increasing
xder. Arincreaseof one unit in tlorder of forbiddenness generally
ncreaseathe halfife of the iransin by & factor of 100.

The tw factorsdominating the ection rules are the nuclear spin
nd the prity of he energy levelshe nuclear spin I is the vectorial
um of te orbita and the spin aular momentum of all nucleons
resent it the nuleus, Isotopes Wi even atomic numbers have in-
agral sph numbes, whereas odd.omic numbers give riss to half
itegral min numers, Analogously the fundamental particles, the
ifferent aergy leels of the nuclewave the property of a positive or

negatiwn parity,indicated respecely with a -+ or — aign next to
10 spin mmber. lositive parity owrs, when the spatial coordinates
f the wwe funcion, which expres the probability of finding a
ncleus i1 a givenenergy stats, inated by its coordinates, can be
wltipliecby —1 vithout change in n of the function. In the opposite
1se negaive pariy ocours. When a transition the lower level has
a opposie paritysign from the ver level, one indicates a *“yes"
mity choge. A prity change “nds noted when hoth levels show
te same ‘arity sip.

1. Slection Rules fors Beta Transition

The seletion ruds for the beta tnsition have been described by
2rmi (12 and als by Gamow andeller {13). The total probability .
Jor a beti transitin between two ergy levels ia given by the integral
btween ] = 0 anl E = Emax of 3 differential probability of an
ectron hving anenergy between' and X + dE.



170 %  NEUTRON ACTIVATION ANALYSIS
! v

i

As f ia rather & complicated function, empirical formulas have been
derived for the different types of beta decay:

log fo- = 4.0 log Emax + 0.80 4 C.08 Z — 0.005 Z log Emax (6.3)
log fgr = 4.0 log Emax + 0.80 — 0.007 Z - 0.009 Z (log %‘L‘) (6.4)

logfgc = 2log Enax + 3.51l0g Z — 5.6 - (6.5)

These formulas are valid for atomic numbers Z between 0 and 100,
and for Fmur between 0.1 and 10 MeV,

As the f function expresses the total probability of a transition
between two energy levels, it has to be proportional to the partial
half-life ¢ of the upper level:

¥ = A= Kf | (8.6)

where K is constant for & given type of transition and A is the partial
decay constant of the given level. One can remark that Sargent’s rule
(14)

A= kES, (6.7)

is & special case of equation (8.6).

From relation (6.6) it appears that fi is & constant for a given tran.
sition, and will determine which type of transition is dealt with, In
the decay schemes one genersally indicates log (ft), which has a value
3 to 8 for sllowed transitions and 8 to 10 for forbidden ones of the
firat order (15).

The combination of the change in spin and parity and the log fi
value constitute the criterion for the degree of sllowance or forbidden-
ness of a given transition. A schematic table of several types of tran-
sitiona as a function of these three parameters is given in Table 6.1,

2. Selection Rules for the Gamma Transition

Theory and experiment agree that the gamma transition life-time,
which is a measure of the probability of the decay, depends upon the
gamma energy, the change in nuclear epin and parity, the degree of
internal conversion and the atomic mass, The transition can be classified
8s electric or magnetio, which is represented respectively by E, or

6. NUCLEAR DISINTEGRATION AND RADIATION DETECTION

My, n indicating the polarity or the multipolar order (n = 1 is a
dipole; n = 2 is & quadrupole;...). In the decay schemes the kind
and the polarity of the gamma transition are often indicated next to
the gamma ray. The E, type is the most frequently occourring.

In view of the large number of variables it is easily understood that
thy caleulation of the gamma transition probabilities is tedious and
approximate. Practically, the caloulation as well as the experiments
lead to the following coneclusions:

The probability of gamma emission is directly proportional to the
energy difference between the two levels, and inversely proportional
to the multipolar order. ‘

The probability of internal conversion decreases with increasing energy
and increages with multipolar order and atomie number,

From this it appears that the partial half-life for a given gamma
transition is directly proportional to the gamma energy, and inversely
proportional to the change in nuclear spin, which is related to the
multipolar order. At low energies and high multipolar order, the
transition becomes highly forbidden and measurable half-lives exist,
which give rise to nuclear isomers, and isomerie transition.

TABLE 6.1
Classification of the beta transition selection rules according to
Konopinski (16)
Change in nuglear spin I
Parity Approximate
Transition change Gamow—Teller Fermi log fe
Allowed no 0,+1 0 8
{except O ~» 0) .
First. yeoe 0, +1, 2 {except 0 — 0) 6-10
forbidden {exoept 0 — 0, 1/2 -» 1/2 :
Q1)
Second- no +2 +30->0 +1,+2 10
forbidden {except 0 «» 2} (excapt 0 «» 1)
ath-forbidden +a,tr+1) t{n=1)%n
nodd yea .
n even no
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I1. Interaction of Radiation with Matter

The interaction of radiation with matter is dependent on the type
and energy of the radiation, and on the physical properties of the
interacting material. The transmitted activity 4 of a radioactive point
source with activity 49, after passing through ¢ em of material is
approximately given by the classical exponential law:

4 = A%exp (—p't) (0.8)

The linear attenuation coefficient x' (in em~-1) is a function of the
interacting material, and the type and energy of the radiation.

For practical purposes, the mass attenuation coefficient p = u'f8
(in em? mg-!) is used, where § is the density of the medium. This
includes that the sttenuation thickness 4 must be expressed in mg
om~2, whereby p becomes independent of ihe density and the physical
state of the medium, and equation (6.8) becomes

A = A°exp (—pd) (6.9)

The proocesses whereby the radiation energy is transferred to the
medium are, however, completely different for alpha particles, electrons,
positrons and electromagnetic radiation.

{A) INTERACTION OF ALPHA PARTIOLES

When pessing through matter, alpha particles loose their energy
mainly by excitation and ionization of atoms and molecules. The
electrons produced in the latter process, the so called delta rays, are
energetic enough to give rise to secondary ionization, the average
energy of an electron, produced by an ionizing alpha collision being of
the order of 100 eV. Due to their heavy mass and large electrical
charge, alpha particles have relatively short ranges. On the other hand,
as these particlesloose only a small fraction of their energy in a single
collision, they are not appreciably scattercd and their paths are
straight tracks. Furthermore, alpha particles are high energetic and
a very large number of collisions is required to bring them to rest
(about 10® for a particle of a few MeV), resulting in the fact that all
particles of a transition give the same range within narrow limita.
This abaorption process, which is similar for all charged particles,
heavier than the electron, explains why the a.lpha absorption does not
follow the general equation (6.9).
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The small fluctuations (generally 3-49;), which are obtained from the
main range are caused by the so-called straggling of the alpha particles
(17). This is due to the statistical fluctuations in the number of collisions,
and the energy loss per collision as well as to the varying state of
jonization of the alpha particle. Ranges of alpha particles are normally
determined by measuring the distance they travel in air, or by absorption
in a gas at different pressures, which ie more accurate.

The relationship between the range R; of an a-particle in air at
N.T.P., and its initiai velocity v, is given by Geiger's formula:

v} =akRs " (6.10)

where R, is expressed in em, v, in om s-! and a is an empirical constant
equal to 1.08 x 10%*'. Hence the energy of the particle as a function
of Ry is given by

. E* = 10,68 R? (6.11)

{B) INTERACTION OF ELECTRONS AND PosITRONS

The corpuscular character of eleotrons and positrons and their
electrical charge is responsible for their high jonizing and hence for
their small penetrating power or range in an absorbing material.
Electrons of 1 MeV energy are completely stopped in 1.5 mm of
aluminiuom. Beta rays lose their energy by radiation as well as by
inelastic scattering.

When beta rays interact with the field of a nucleus, they lose energy
by emission of X-rays, so called “Bremsstrahlung”. This radiation
shows & continuous spectrum, extending from zero to the maximum
energy of the interacting beta ray.

The conversion of kinetio energy into Bremsstrahlung is proportional
with the energy of the beta particle and with the square of the atomioe
number of the interacting nucleus. In most cases this phenomenon is
produced in the source material itself, so that with the beta rays
Bremsstrahlung X.rays are also emitted. Bremsstrahlung is produced
by beta rays having an energy of 100 keV and larger. At lower energies
elastio and inelastio scatter mainly oceur. By Inelastic collisions kinetio
energy of the electron is transferred, with or without primary ionization
of the medium, giving rise to secondary electrons or delta rays.

The tote!l mass absorption coefficient will he composed of the sum
of the probabilities of the different effects. As a beta spectrum is
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continuous the exact evaluation of the total absorption coeflicient is
generally experimentally determined. Gleason et al (18) give an
empirical relation between the masa absorption coefficient i and the
E_,x of the beta emission, expressed in MeV:

po= 0017 EgL (6.12)

The relation is claimed to be valid for 0.1 MeV < E,. < 2.5. MeV.
Combination of (6.9) with (6.12) permits in a simple way the evaluation
of the beta ray absorption.

When a positron interacts with matter, it loses its kinetic energy
very rapidly by one of the described processes, and eventually reacts
with a free electron in such a way that the rest mass of both particles
is converted into gamma radiation. This effect is called the annihila-
tion of the positron, and the gamma rays are called annihilation
radiation. According to the conservation of mess and momentum, each
annihilation yields two gamma rays of 0.511 MeV, which are emitted
at an angle of 180°. Due to the amall penetrating power of the positron,
annihilation also occurs in the source material. From this it is clear

that the annthilation gamma rays are always detected, when dealing -
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Fig. 6.8. 'The range of beta rays in aluminivm aa a function of bota energy.
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with & positron emitter, even when the daughter isotope emits no
gammas &t all,

It is obvious that by the absorption of energetic positrons or
electrons, X-rays or gamma rays are always produced, which are not
completely stopped in the absorbing material. The distance that
electrons as well as positrons travel in aluminium, the so called Tange,
is represented in Figure 6.3. As tho range is expressed in mg/oms3,
these data also apply approximately to other absorbing materials.

(C) INTERACTION OF ELECTROMAGNETIO RADIATION

Due to the wavo character, the electromagnetic radiation penetrates
more deeply in matter than electrons or positrons. Gamma and X.rays
have an ionizing power of about two orders of magnitude less than beta
rays of the same energy. The electromagnetic radiation reacts with
matter according to the following processes: photoclectrio effect,
Compton effect and pair production,

1. Photoelectric Effect

Low energy photons and X.rays lose their energy by one photo-
electrio interaction, whereby the total energy of the radiation is
transferred to the photdelectron. About 809, of the interactions oceur
with K-electrons and the other 20%, with L-electrons. Photoelectric
interaction with “free electrons” is impossible as the recoil of the atom
must exist for the conservation of energy and momentum. The electron
energy is equal to the absorbed photon energy minus the binding
energy of the electron. Almost immediately the orbital electrons are
rearranged and an X-ray is emitted, characteristic for the absorbing
material, with an energy equal to the binding energy of the photo-
electron, ‘

The probability of photoelectric interaction is approximately pro-
portional to Z* of the absorber and to E-3 of the interacting photon.
Thus, the photoelectrio effect mainly occurs with high Z absorbers
and lew photon ensrgies, ' '

2. Compton Effect
The Compton effect is the reaction whereby a photon collides with

a “free electron”, which is an electron from the outer orbital of the
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interacting atom. During this collision, part of the gamma energy is
transferred to the electron, whereas the gamma ray, which is now
less energetic, is deflected through an angle & with respect to the
incident direction. The energy of the gamma ray after collision, E,,is a
function of the acatter angle 8, and is given by

E B

1= T+ (Byjmee®) (I — cos 8)
where K, indicates the incident gamma energy and mgc? the rest
mass of the electron. The deflected gamma can undergo other Compton

processes andfor & photoelectrio interaction.
The energy of the Compton electron E, is then found by:

E. = Eo - E (6.14)

As E, can vary continuously between a minimum for & = 180° and a
manmum for & = 0°, the Compton electron energy spectrum extends
from zero energy up to & maximum energy given by

Zy
mec?
1+ oF,
In Compton interactions, absorption as well as scatter phenomena
ocour. At a gamma energy of about 1.6 MeV both phenomena have
equal probability. At higher energies absorption dominates, whereas
the inverse occurs at lower energies.
The probability of Compton interaction increases with increasing Z
of the absorber and with decreasing energy of the gamma radiation.

(6.13)

(6.15)

E‘m -

3. Pair Production

A gamma ray having an energy larger than 1.02 MeV can interact
with the Coulomb fleld of an absorber nucleus and give rise to an
" electron-positron pair. The total energy of the absorbed gamma ray,
,minus the rest mass of the particles (2 m,c® = 1.02 MeV) is divided
between the pair.

When the positron has lost its kinetic energy, it annihilates under
emission of two 0.511 MeV gamma rays. These gammas in turn can
give rise to photoelectric absorption or Compton interaction. The
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probability of pair production with gamma rays is, up to about §
MeV, directly proportional to Z* of the absorber atoms and is a function
of the gamma enexgy.

4. Attenuation Coefficients

The total linear attenuation cosflicient - (in cm~1) for electromagnetic
radiation i3 composed of three attenuation coefficients:

p=r+oa+4tx (6.18)

where = = attenuation coefficient for photoelectric interaction;
o = attenuation coefficient for total Compton interaction;
« = attenuation coefficient for pair produection.

Figure 6.8 represents the linear attenuation coefficients for Nal, Ge
and Pb as a function of gamma ray energy.

The total linear attenuation coefficient is a measure of the number of
primary photons which have interactions. It should not be confused
with the total absorption coefficient, which is always smaller and is a
measure of the energy absorbed by the medium.

A summary of the possible combinations, ocourring in the decay of
an active isotope, and the interaction of the emitted radiation with
matter, is given by Schulze (18) and represented in Table 6.2,

II. Radiation Detection
(A) TyrEs or DETECTORS
1. Gas Filled Deleclors

Under gas filled detectors one classifies those counters which make
use of ga3 amplification produced by secondary ionization. Depending
upon the construction and upon the eleotrio field, the secondary
jonization can be proportional or not to the primary one. In the first
case a proportional counter aud in the other case a Geiger-Miiller
counter is obtained.

(a). The Geiger-Milller Detector. The G-M detector is still widely
used as o beta counter, Usually, this detector consists of an earthed
metallic or graphite oylinder with an insulated central anode wire,
The counter is filled with & gas, which interacts with the penstrating
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can be made to match the emitted luminescence with the spectral
properties of the P.M. The decay time in this type of scintillator is
however much larger than in organw orystals as can be seen from
Table 6.4.

3. Semiconductor Deleclors

The semiconductor detectors contain a group of detectors in which
the charges, produced by ahsorption of the incident radiation in a
semiconductor material, aro collected (28,29). They can be com-
pared to a gas ionization chamber. When atoms are arranged close
together in a crystal lattice, the energy levels of the electrons in the
atom split up, due to the Pauli principls, and give rise to energy bands,
as is schematically shown ir Figure 8.11.

Fotential
enengy
— -
. Donor Energy
Fermi level(D') | gop
potential Acceptor(A”) €9
— 5w U m

" "free’oiom Firinsic Intvireic P-lype n-fype
semiconducir  semiconducior
ot TsOPK at Tst°K aT=*K  of T=1K

Fig. 6.11. Electron energy levels in & semiconductor,

At absolute zero temperature the electrons in insulators and semi.
conductors fill up completely one or more of the lowest energy levels,
the highest filled level being called the valence band. This band is
separated from the next higher one, the conduction band, by a gap of
forbidden energies Ey, so that no econduction can occur, At any higher
temperature there will be some thermal excitation of electrons from the
valence band into the conduction band, leaving empty places or “holes”,
carrying a positive charge. With electrons falling back to the valence
band a dynamio equilibrium is reached, which is a function of tempera-
ture. The occupation probability of a level at energy E is given by the
Fermi function:
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where k is Boltzmann's constant, 4" the absolute temperature and { the
Fermi po‘ential, i.e. the potential where the ocoupation probability of
an allowed state would be 0.5. In an intrinsio or pure semiconductor, the
Fermi level must be in the center of the forbidden energy gap. When
an eleotrio field is applied holes and electrons move to their respective
electrodes, resulting in conductivity. The absorption of radiation
energy creates such electron-hole pairs and the collection of these
charge carriers gives rise to an output signal, proportional to the
amount of energy absorbed. To obtain the equivalent of one electron
oharge to the outpu$ pulse 40 eV are needed in gas detection, 300 eV in
NaI(Tl) and up to 5 keV in organio scintillation detectors. In semi.
conductor detectors however only a few electronvolts are needed (3.8
oV in 8i and 2.9 oV in Ge) for impact ionization, including the small
energy losses due to the formation of Raman phonons in the crystal
lattice. The fact that only a few electronvolts are needed in order to
obtain the equivalent of one eleotron charge, implies that the statistical
distribution of the transformation of radiation energy into electrical
energy considerably improves, which explains the excellent resolutica
of the semiconductor deteotors.

Semiconductor material contains some impurities, which can be of
the donor or the acceptor type, resulting in intermediate lovels in the
forbidden energy region, as can be seen in Figure 6.11. A donor im-
purity hes the tendenoy to give electrons to the conduction band,
whereas an acceptor takes electrons out of the valence band, resulting
in hole creation. A donor or n-type will thus have an excess of electrons,
whereas an scceptor or p-type will show an excess of positive holea.
Donor and acceptor atoms form together with other impurities and
lattice imperfections “trapping centers”” where charge carriers can be
trapped for times longer than the dielectric relaxation time or can give
rise to recombination with carriers of the opposite sign. Trapping and
recombination both affect the proportionality between absorbed energy
and output pulse amplitude. Dearnaley and Northrop (28) summarize
the properties required to obtain a good counter as follows:

Low carrier density to minimize noise. The carrier density being a
function of the counter volume, the energy gap and the temperature,
a gap of 1.4 eV for a 1 cm? detector at room temperature is required.

&)=

(8.25)



192 @ NEUTRON AQTIVATION ANALYSIS 6. NUCLEAR DISINTEGRA1TON AND EADIATION DETEQTION ‘5393
Absence of “trapping center’” to minimize loss of signal. _
High carrier mobilities and long carrier life-times to obtain short E

pulse rise-times and efficient charge colleotion. #& | 111111l
Low energy per produced ion pair, to optimize the resolution. 23E % === ﬁ 23
High atomic number for high stopping power of the radiation. é 4 e

It is obvioua that some of these properties are in conflict with each
other, and one will have to compromise in order to obtain the optimum a
working conditions. According to the same authors, a survey of the 3
properties of some semiconductor materials is given in Table 6.5. g é - TLTIILL

Thus far, only homogeneous or bulk detectors were considered. The § & XTTTRR
major difficulty in obtaining such a counter is to have material with g L ® -
sufficiently low carrier density, Therefore n or p type semiconductor - | @
material can be compensated with acceptor or donor atoms in order to 8
simulate an intrinsic material (30). This, of course, introduces trapping g B T
centers into the material, resulting in a propartionality loss. HM .

Different solutions were applied to obviate these difficulties, namely 2 |48 | 888228 g
diffused junction, surface barrier and p.in. detectors, as shown in s g b _g ERT
Figure 6.12. The diffused junction detector consists of p and n type 22 | & * 8

© 9 2 |
. > P o
A=type or n-lype " _.._%_ n-type(Li*) | g ' g v _':n
D-u;ype -1 W compensoled ] H:%% §§§§§§§
compensaied __Yr p-lype loyer § - P I TR
or not - [intrinsic)_ _ é 2 ¢ -E B
p- |Ype p- 'Ype §‘ E =~
P4
8
5 5 3 8 y
B2E | 35%8e55
. B o OGS
tn “Ip = depletion m=melal coated 4 <
layer thickness surfoce
respectively Iy = thickness of
on n and p side epletion |uy§r b WL
3 EEEE
bulk deteclor diffused junction surface barrier p.i.n. "’ g E"—" g g
detector detector Li=drilted § 854 3 54
detector ’E § g g § E g |
Fig. 6.12. Different types of semiconduetor detectors. E g é § E 2
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material, obtaining in this way a rectifying junction. The detector is
used in the reverse direction, this means with the n side biased positive,
helping in this way the built in field to remove free charges from the
junction interface and from the regions on either side of it. This effect
creates a 80 called “depletion layer” which constitutes the active
volume of the counter. In this layer the free cartier conecentrations are
below their thermal equilibrium numbers, thus reducing the residual
current. It should be noted that the depletion layer thickness ¢, on the
n and the p sides, is & function of the resistivity p of the counter and
the applied bias voltage V:

K \Y2
t= (ﬂ pV) om (6.26)

where « is the dielsctric constant of the material and p = pu,, the
mobility of the electrons in n-type material, or pup, the hole mobility,
when dealing with a p-type material. It is obvious that the detector has
to operate with a stable bias voltage. ‘

In surface barrier detectors, the so called Schottky barrier ia obtained
by coating the surface of semiconductor material with a thin metal
layer (31,32). This process, performed at ambient temperature, yields
detectors with a better resolution than the diffused junction detector,
where the diffusion is carried out at higher temperatures (800-1000°C
for Si). The surface barrier detectors, although in other properties
analogous to the diffused junction detectors, have the advantage that
the depletion layer is on the surface, avoiding energy loss of the incident
radiation through the bulk of the material.

Another type of detector which has proved to be extremely useful

- in gamma ray spectroscopy is the pin. junction. In this type a

compensated layer is produced between the n and the p aide of the
detector, giving rise to an “intrinsic” layer of considerable thickness.
Widely used are p-type Si or Ge, in which Li has been diffused and
drifted by means of an external field at a temperature where the diffu-
sion is otill low (33,34). In this way an “intrinsic” layer is obtained
between the p-type material and the n-type diffused region. In this
layer the concentration of negative acceptor ions is compensated by the
positive lithium donor jons. It should be noted that all germanium
counters require cooling with liquid nitrogen. Although silicon counters
can be operated at room temperature, better resolutions are obtained at
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1. _Lr'
dry ice temperature. A summary of some applications and properties
of the semiconductor detectors is given in Table 6.6.
As the output pulses of the detector are of the order of millivolts,
preamplification becomes necessary. Figure 6.13 shows two types of

i“’[

il

Volloge sensifive preamplifier

Blos fansion o
' _|.

Detector

. T g ey

Bios fension o

I R, |
: 3 ' ] \___'|
I d ‘—0
:Cd :Fl 3 : Rl. le Output o
F 1 . main omplifier
P -4

Charge sensitive preomplifier

Cyq Ryond R, Copacilonce po-aliel and series resistance of
the detector
R, Lood resisior

Ry Cathode resisior
Rpand C; Feedbock resisior and copacitor
A Preamplifier

|
L

Fig. 6.13. Principls of a voltage and a charge sensitive preamplifier for use
with semiconductor detectors.



198

TABLE 6.8
Some properties and applicationa of semiconductor detectors (28)

Typical resclution

Sensitive thickness

Semiconductor

NEUTRON ACTIVATION ANALYSIS

Applications

(Xsv FWHM)

or volume

material

Type of junction

monitoring, health physica
(low resolution applications)

20 keV for 5 MeV alphas

upto I mm

Diffused junction Si

high resistivity
long life time

high resolution charged particle

{beta and alpha spectrometry)

silicon: 3.8 keV for 13'Cs  silicon: X.ray and beta spec-

conv. el. (624.15 keV)

300 oV for *1Am

]
3 3
2“ -
S &
2
]

- 2
o —
:

8

&

By
-4
Ps
S
@28

Surface barricrs

up to 50 em?

Ge or Bi

Lithium driftad

trometry

high sensitivity
long lifetime

p.i-n. junction

(high resolution)
germantum:?
13°Ca conv. el. {624.15 keV) gamma ray spectromotry

2.0 koV for *7Ca gamma

15 keV for 6 MoV alphas
(6016 keV)

guinma (60.67 keV)
germanium: 3.5 keV for

i
6. NUCLEAR DISINTZGRATION AND RADIATION DETEOTION-~ 107

preamplification: voltage sensitive and charge sensitive, the first
having a resistive feedback, and the second a capacitive one {35).
The voltage sensitive preamplifier having the advantage of high
signal/nolse ratio, presents however a serious problem of stability. As
the output pulse height V, is given by
Q R,
=R Ny
where ( is the collected charge, the pulse height remains dependent on
the detector capacitance Uy, which is a function of the applied hias
potential, Furthermore the capacitance of the first tube being in
parallel with Ca, the temperature of the filament of this tube must be
very stable since this affects the space charge around the eathode.
For these reasons, frequent use iz made of a charge sensitive or
integrating amplifier, where the output pulse height is given by

Vo=2 (8.28)

Cr
and is only a function of the feedback capacitance. The use of field
effect transistors (FET), which can be mounted in the detector houaing
and cooled, increases the signal/noise ratio and hence further optimizes
the resolution. -

The main amplifier, besides providing additional gain, should also
control the pulse shape, in order to obtain optimum working conditions.
This amplificr has to have the qualities of high stability, extreme
linearity and low nofse. Sometimes a post amplifier is used, acting as a
window amplifier, which enables selection of part of the spectrum.
The output of the amplifier can be fed Into any single or multichannel
analyzer or counting device.

4. Shielding of Detectors

Apart from the shielding that must be provided due to the physical
properties of the detectors, e.g. screening from light for scintillation
detectors, vacuum packing for hygroscopic NaI{Tl) detectors, light

_shielding, cooling and vacuum packing for some semiconductor

detectors, a physical chield should be made to ahsorb cosmio and
other background radiation, As these phenomena constitute the major
part of the background, detectors are generally placed in a lead shield
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with a thickness of approx. 10 cm. Care should be taken to use lead,
free of radioactive fall out products or natural radioactive isotopes.
Some typical radicisotopes present in the background of a gamma
detector are listed in Table 6.7.

TABLE 6.7
Radioisotopes ocourring in the background of & gamma, detector (38)
Mean energies ko V
Isotope Produoction (intensity) Other energies {(keV})

“E . Natural 1460.7 (100)

14Ru Fission 511.8(90); 622.3(30); 615;874;1128;1061;1133;

(*“Rbk) 1050.5(5) 1182; 1195; 1407; 1562; 1767;
1767; 1928; 1089; 2113; 2192;
2230; 2317; 2368; 2390; 2406

10y . Fisslon 661.6 (100} — :

{1#'mBa)

1440y Fission 133.4; 696.4; 2185.8 1488

(24¢Pr)

t0T] $30Thseries  583.1; 860.5; 2614.3  278; 51); 763

t11Ph 1Th peries  238.8 300

mgj #30Th sories 7273 785; 1078; 1621

LALYV] ' Thseries  011.0; 008.8; 1583,3  208; 271; 327; 338; 410; 463;
562; 773; 705; 838; 1247;
1460; 1497; 1623

t1Ph 4R serics  48.8

114Ph "MRaserics  242.0;205.4;352.0  258; 274; 481; 834

1u4B| 1MRasories  600.3; 708,1; 1120.0  865; T03; 720; 785; 806; 840;

934; 9645; 11885 1207; 1238;
1379; 1388; 1398; 1408; 1510;
1585; 16615 1731; 1765; 1848;
2110; 2204; 2203; 2447

1 Ra $14Ra sories 186.2 :

Leed shielding with material of recent production will still yield a
substantial background due mainly to *°Pb and active daughters.
Disintegration rates of 31°Pb, 319Bj and $1°Po of 100 dpm per gram
Jead are not unusual (37). Considerable improvement can be achieved
with an inner layer of 1 em thickness of 100 year old lead.

The background of a G.-M. counter is reduced from 80 to 20 cpm by
placing the counter in a § om thick lead shield, Whereas the shields of
beta detectors are normally of restricted dimensions, as scatter is
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not a major problem, the shields of gamma ray detectors are however
made as large as possible, Cubic shields of 1 m? are not unusual, since
scatter of gamma rays on the walls can be important. Moreover the
inside is lined with cadmium and copper foil, of about 1 mm thickness,
in order to convert the generated 86 keV X-ray of lead to the 12 keV
X.ray of copper.

When dealing with the counting of sources of low activity, a further
decreasa in background may be needed. A G.-M. or proportional counter
can be surrounded by a second counter, a 8o called “guard tube”, the
signals of the detector being in anticoincidence with the one in the
guard tube. A cosmio ray pasting through both detectors will not be
detected, reducing the background to as low as 1 opm,

In scintillation counting a purification and selection of the detector
materials can reduce the background. NaI(Tl) detectors can be ob.
tained, containing very low ‘°K concentrations giving a background
reduction of a factor 2 over a normal commereial detector,

(B) ArrHA CoUNTING

As the problem of alpha detection does not occur frequently in
activation analysis, the various possible techniques will be only
indicated. .

As an alpha particle has a short range, even in air, one always iries
to introduce the sample into & gas counter, or to have a vacuum
between the detector and the sample.

Therefore an jonization chamber, filled with argon or methane at
atmospheric pressure or a windowless or flow proportional counter are
suitable. The latter even enables a discrimination between particles of
different energies,

A thin slice of a zine sulphide sﬂver activated crystal or a deposit of
this crystal powder on a lucite dise, coupled to a photomultiplier tube
provides & simple scintillation counter for alpha particles, and also
eneblea energy discrimination.

By mixing the source material with a liquid or gel scintillator, another
detection and discrimination method for alpha rays becomes possible.

The most outstanding detector for spectrometry of alpha particles
is the semiconductor detector. A spectrum of the 31°Po alpha ray
recorded by means of & silicium barrier detector is given in Figure
6.14 (1).
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Fig. 8.21. Abeorption curve for E,.., determination of & beta spectrum,
according to Feather's method,

(D) ProroN CoUNTING

As gamma rays are not easily absorbed, these sources can be counted
either in solid form or in solution, which is normally performed using
standard counting vials for reproducibility of the geometry. When
dealing with X.rays or soft gamma rays, care has to be taken to
correct for possible self-absorption and external absorption of the
emitted radiation.

The detection of gamma rays is mostly performed by means of a
NaI(T1) scintillator or with a Ge (Li) p.in. junction. As the output
of these detectors is proportional to the amount of energy absorbed,

integral counting as well as speotrometry is possible. The NaI(Tl)
and the Ge (Li) detectors are made in different shapes, acoording to
the purposes for which they will be used. NaI{Tl) is usually madse in
cylindrical form without or with a coaxial well, the latter allowing
the sample to be surrounded by the detector. Dimensions of 7.6 cm x
7.6 om are commonly encountered, although quite large eizes are
available. As sodium iodide is hygroscopie, the crystal is packed in an
sluminium can, provided with a MgO or Al,0, reflactor to optimize
light collection. The crystal is coupled to the P.M, either directly
{integral line) or through a thin leucite window. The optical couplirg
is ensured in the latter case by means of silicon grease.

The Ge(Li) detectors ¢an be made planar, coaxial and U-drifted (34)
as can be seen from Figure 6.22,

Li ditfused layar

Li-diftused laysr n* contact
"
'/’ -
/// I.' -
‘-f v"
/el p-type
-"‘
Li-diffused layer S
! o
n+ contact L

a) tb) {e)

Fig. 6.22. Some typical ahapes of Ge(Li) detectora: (a) planar, (b) coaxial,
(0) U-drifted (34).

All Ge (Li) detectors have to be cooled with liquid nitrogen and kept
under vacuum in order to obtain optimum working conditions. A
diagram of a typical detector set up is given in Figure 6.23.

According to the size and the absorbing properties of the detector,
and to the energy of the measured gamma ray, total or partial absorp-
tion can occur. :
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Fig. 6.23. Schemse of a typical Ge(Li) detector mounting.

Total absorption: (a) at low gamma energy:

photoelectric effect with absorption of the
detector X-ray

(b) at medium gamma energy:
successive Compton interaction, ending in a
photoeleotric absorption

(¢} at gamma encrgy >1.02 MeV:
pair production with total absorption of the
positron annihilation quanta, according to (a)
or (b).

Partial absorption: (d) photoelectrio effect, with escape of the detector
X.ray
(e) Compton interaction with escape of the second.
ary gamma
{f) pair production with escape of one or both
positron annihilation quanta.

Although gamma rays are monoenergetio, it appears that complex
spectra are obtained, as is illustrated in Figure 8.24, where the gamma
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Fig. 6.24. (Gamma spectrum of *Na, *'Cs and !"Tm, measured with a
NalI(T1) {1) and with a Ge{Li) (2) detector. .
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Fig. 6.4, Continued.

spectra of #Na (E,, = 2.78 MeV; Z,, = 1.38 MeV), 137Cs (E, = 0.662
MeV) and Tm (E, = 0.084 MeV) have been represented for a
NaI(Tl) and & Ge(Li) detector.

All processes giving rise to total absorption (a), (b), {¢) contribute
to the ferraation of the peak at the highest energy side of the spectrum:
the so called photopeak. The Compton interaction with escape of the
secondary gamma ray (e) produces the broad Compton spectrum,
extending from the Compton edge (equation 8.15) towards energy zero.
The escape of the detector X.ray by photoelectric effect {d) accounts
for the formation of an escape peak. With NaI(Tl) this peak can be
observed at 28 keV (iodine X.ray) below the photopeak when the
latter does not exceed ca. 150 keV. At higher energies the eacape peak
disappears under the photopeak due to the poor detector resolution,
and to the reduction in intenaity of the escape peal, since the escape
probability decreases as the radiation penetrates more deeply into the
detector. In Ge(Li} detectors the escape peak should appear at about
10 keV (Ge X-ray) below the photopeak, and should be observed up
to energies of approximately 1 MeV, However, the penetrability being
higher than in NaI(T1), and the X-ray energy much smaller, the escape
probability is practically negligible, so that escape peaks can hardly
be obsarved.

6. NUOLEAR DISINTRGRATION AND EADIATION DETEOTION

When dealing with gamma rays with energies higher than 1.02 MeV,
single and double escape of the positron annihilation quanta {f} pro-
duce peaks at energies respectively 0.511 and 1.02 MeV below the
gamma ray energy. In this case an annihilation peak also occurs at
0.511 MaV due to positron escape and subsequent annihilation in the
surrounding materials (external annihilation),

When positron emitters are measured, the typical annihilation
gamma ray of 0.511 MeV appears in the speotrum, and in good geo-
metry also the 1.02 MeV sumpeak. Indeed, the possibility always exists
that two or more gamma rays coincide in the detector, giving rise to
a sumpeak. The relative intensity of the sumpeak to the single peak
will be a funotion of the source detector geometry.

Beta emitters give rise to a Bremsstrahlung spectrum, stariing at
the E, . of the beta ray and increasing in intensity towards lower
energies. The gamma rays of the sourte can also give rise to Compton
soattering with the surrounding materials, whereby the gamma rays
are reflected over about 180° before they reach the dstector, This
givea rise to a broad backecatter peak, with a maximum at about 250
keV, as can be caleulated from equation (6.18). To reduce this effect
large lead shields are recommended, removing in this way all materials
as far from the detector as possible, For the same reason, sample
holders etc. are made from low Z plastic materials.

When X.rays or gamma rays below 100 keV are to be measured,
& Si(Li} detector, a proportional gas counter, or even & Nal(Tl) wafer
are preferred over the conventional gamma ray detectors, The wafer
detector cousists of an extremely thin NaI(TIl} erystal, giving rise to
low efficiency for gamma rays over 100 keV as can be seen from Figure
6.25 where the detection efficiencies for a wafer of 7.5 cm diameter by
0.10 cm thickness, covered with a 37 mgfem? beryllium window are
given (66).

From Figure 6.25 it appears that X.rays and low energetic gamma
rays can be measured with a wafer detector, with greatly reduced
interference of the Compton spectrum of higher gamma energies.

In order to achieve gamma spectrometric measurements, pulse
height discrimination becomes necessary, which can be done either
with a single channel or a multichannel pulse height analyzer. A single
channel annlyze: consista in prineiple of a double discrimination circuit,
the outputs of which are fed into an anticoincidence unit, as can be seen
from Figure 6.26. In this way only pulses having an amplitude between



218

L)

RELATIVE DETECTION EFFICIENCY

Illilll 1 1 llillil P

Qo5 o1 Qso 100
E{MeV)

Fig. 6.25. Caloulated photopeak defection efficiency ratio for a NaI(T})
wafer of 7.5 em diameter x 0.1 om thickness, provided with & 37 mg cm-?
beryllium window to a 7.5 x 7.6 em NaI{T1) detector {55).

¥ and ¥V + AV are allowed to pass through the analyzer. ¥ is called
the threshold or bias tension, whereas AV is called the window width,

To obtain the whole spectrum, the pulse height scale has to be
scanned step by step, using a digital counter, or continuocusly, using a
ratemeter and a recorder. A window of about 1%, of the full threshold
value should be used in order to obtain good spectrum resolution,
whereas part of the speotrum (e.g. a photopeak) can be selected by
means of an appropriate bias and window setting.
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Fig. 6.26. Scheme of & singls channel analyzer and related equipment.

An advantage of the single channel analyzer is that the dead time
of the cirouitry is low (order of the ps) and constant.

In the multichannel analyzer use is made of an analogue to digital
converter (A.D.C.) and & ferrite memory block in order to allow the
simultanecus messurement and storage of pulse amplitudes, A blook-
diagram of such an apparatus, with auxiliary output equipment is
shown in Figure 6.27. With NaI(T1) detectors, 400 channel memories
are typical, whereas Ge(Li) detectors require at least 2000 channels
for efficient use of the high resolution.
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Fig. 6.27. Schoms of a multichannel analyzer and related equipment.
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The use of an A.D.C. implies however an appreciable dead time of
the apparatus, depending on the A.D.C. oscillator frequency and the
read-in time of the analyzed pulse in the memorcy block. In this way
the dead time per count 7 for the §* channel is given by: -

=k 4k (6.36)

where k, is a constant, due to memory-oycle storage time and k,
another constant, depending on the oscillator frequency. However, an
electronio correction circuit (live timer) stops the timer during the pulse
height ansalysis. The live timer thus indicates true counting duration.

The limitations of automatic dead time correction are disoussed in
Chapter 10.

The use of transistors and integrated cirenits reducea the dimensions
of this rather complex equipment to quite small sizes. It is obvious

“that high stability and low noise are the first requirements for all

spectrometric apparatuses, which implies that only high quality
components can be used. In addition, the use of a thermostatized
counting room is recommended, as detectors and electronics are sensi-
tive to temperature changes. In order to minimize shifts of gain or base
line origin, several apectrometer stabilizers have been described, which
operate through a feedback cirouit to the detector high voltage or to
the amplifier gain. A measured photopeak (57,68,50) can be used as
a reference peak, or an electronic reference pulse can be generated by
means of a pulse generator (80) or a flashlight on the P.M. {61). Covell
(62) proposed a procedure for quality control of long-term atabilized
instrumentation. A standard spectrum is periodically measured and
compared with a reference spectrum, on a channel-by.channel basis
by means of & computer.

Possibility of negative or positive storage in the multichannel
analyzer enables background correction and spectra subtraction, as is
often done in the spectrum stripping method (Chapter 0, section III, A).

Half lives of isotopes can be followed by using each chanuel as a
separate counter in the multiscaler operation mode. A clock controls
counting time and channel advance, whereas energy discrimination
remains possible by means of an external or internal single channel
analyrer,

The resolation of & gamma spectromster varies with the gamma ray
energy, and is normally given for the 0.662 MeV peak of 137Ca. With
a NaI(T1) detector, the resolution R is expressed in percent, using the

6. NUOLEAR DISINTEGRATION AND RADIATION DETECTION {

ratio of the full width at half maximum (FWHM) of the photopeak,
to the peak energy F, as can be seen from Figure 6.24:

(FWHM)100
E

Resolutions between 7 and 10%, are normally encountered depending
on the quality of the crystal and the P.M. The contribution of both
crystal and P.M. to the resolution of the detector is energy dependent.
The resolution of the P.M, (Rp) in percent is given by Hickok and
Draper (63) as follows:

B m ky o+ Ryl (6.38)

whereas Kelley ef al. (64) found that the crystal resolution (R,) could
be represented by:

B(%) = (8:37)

RE = L E-12 {6.39)

whers k,, &, and &, are constants depending on the apparatus and E is
the gamma energy. *
Combining equations (6.38) and {6.39) yields for the total detector
resolution (R):
R* = RY + R} = ky + kyB-Y3 4 kB2 (6.40)

Experiments performed by De Soete and Hoste (65} confirmed this
relationship, and demonstrated that in the region between 100 keV
and 2 MeV, the parabols in E-¥/? of equation (6.40) practically coin-
cides with a straight line, so that one can write:

(BNoa-aptey = & + K'E- (8.41)

where & and %’ are apparatus constants, Equation (6.41) provides an
easy way to obtain the detector resolution as a function of energy,
which can be important for computer analysis of complex gamma
spectra. As the resolution of a NaI(T1} detector is of the order of 10%,
the line broadening due to noise in the electronic circuits can be
neglected. The spectrometer resolution is thus given by the detector
resolution.

When dealing with Ge(Li) detectors, the resolution is normally
expressed as the FWHM in keV of the 0.662 MeV 237Cs peak. Typical
resolutions for this type of detectors are between 8 and 2 koV, resulting
in an improverent of a factor 10 to 20 in comparison with NaI{Tl)
detectors.

I
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Here again, the detector resolution (Rp) is energy dependent, and
can be expressed as follows:

R} = 2.355 FEe (6.42)

where Rp and the gamma energy, E, are expressed in keV and ¢ in
the energy needed to create an electron~hole pair and is approximately
equal to 3.10-* keV for Ge. The Fano factor F (variance-to-yield
factor) is 0,129 with the Ge(Li) detector at liquid-nitrogen temperature
{66,67,67a). It is obvious that with this type of detector the electronio
line broadening plays an important role. The resolution of the spectro-
meter (R) ia therefore composed of the electronic line broadening {Rg)
and of the detector resolution {Rp):

RYe R + B} (6.43)

The main factor inducing electronic line broadening iz the noise
produced by the detector surface leakage ourrent and by the amplifying
equipment. The electronio noise of the spectrometer is readily deter-
mined by nreasuring the distribution of & pulss amplitude, produced
by a stable pulser.

From equation (6.42) one can calculate that the detector resclution
of a 100 keV photopeak should be about 0.4 keV, so that in this
energy region the electronic broadering will dominate. Preamplifier
design is making rapid progress to produce equipment with extremely
small electronio line-broadening.

Using a Ge(Li) detector, one can observe that the 0.511 MeV positron
annihilation photopeak usually has s broader resolution than a gamma
ray of the same energy. Thia could be explained by Doppler broadening,
dus to the fact that annihilation ocours when the positron electron
peir has a kinetio energy different from zero.

In comparison with the sodium iodide crystals, the main disadvant-
age of the Ge(Li) detectors is their lower photopeak efficicncy. Actually,
howsver, sizes up to 100 em® sensitive vclume are possible, increasing
the photopeak efficiency, as can be seen from Figure 6.28.

The photopeak efficiency is a function of the intrinsic detector
efficiency, which depends on the gamma energy and the source-
detactor geometry, and on the peak/total ratio. This is the ratio of the
activity measured under the photopeak to the total activity of the
spectrum. Intrinsio efficienciea and peak to total ratios for a 7.5 om x

R
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7.5 em NaI(TI) detector and a point source are given in Figures 0.20
and 8.30 and can be cbtained from the literature (68,69,70).

For Qe(Li) detectors the calculation of these data becomes very
difficult, as the efficienoy varies practically for each detector.

The energy of the unknown gemma ray can be dotermined from the
pulse height of the photopeak maximum. The calibration of the
spoctrometer is performed by means of lsotopes emitting gamma rays
of known energies. Sets of calibration sources are commercially avail-
able or can be prepared by irradiation of the stable isotopes. As &

LT e T Ao A A s Ao Mot S S o o e A e
osf- -
[] 08 -
ar- -1
o8l Source~delecior distance 10 cm i
2
‘é .
£os- ~
S |
-
Fy
n-n‘»- =
= . L
0" gource-deteciar
distance 3 ¢m 4
o -
4
ur -
il ol s a a1
Dl.n.l...-|....|....l.. L
[+ ] 2

3
E (MeV]

Fig. 6.30. Experimental peak-to-total ratios for a 7.5 em x 7.5 em cylindrical
NaI(Tl) detoctor, as a function of gamma energy, and source~detector distanco (68).
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Ge(Li) detector shows a very good resolution, gammsa ray energies
can be determined within a few tenths of a keV. This implies an
acourate knowledge of the energies of the calibration sources, a list of
which s given in Table 6.11.

Catalogues of gamma ray spectra measured with NaI(Tl)and Ge (Li)
detectors are also very helpful for the identification of gamma spectra
(68,60,71,72,73,74). With Ge(Li) detectors, the problem occura of
the nonlinearity of practically all A.D.C. circuits, resulting in non-
linear calibration curves, To minimize ervors of this kind it is recom-
mended to calibrate the apparatus in the region whers the unknown
peak oceurs, instead of using an overall calibration curve.

Quantitative data of the gamma ray intensity can be obtained from
the area or the height of the photopeak. Indeed, aa the line broadening

TABLE 6.11
Calibration sources for gamma ray speotrometry (36)

Inotope Energy (keV) Jsotope Energy (keV)
1AM " 59,588 + 0.017 ¥Nb . 785.83 + 0,07
my 80.166 + 0.009 3Mn 834.84 + 0.07
1Qd 9743 + 0.02 wy £98.01 + 0.07
1agd 103.18 + 0.02 "wBi 1063.82 + 0.28
"MLu 112.07 1°Co 1173.13 % 0.04
11Cs 14544 £ 005 *Co 1332.39 % 0.08
10y 165.84 + 0.03 %Na 1288.40 + 0.04

MCo(D.E.) 16769 + 0.32
MLy 208.36 WT)(ThO”YD.E.) 15023 =+ 013
;1 '270.12 £ 005 1Na (D.E.) 17318 =+ 0.16
my 364.47 + 0.005 Y 1838.1 4 0.07
“Co ‘ 2035.2 4+ 0.50

$(Co(D.E.) 2232.2 4+ 0.7
1MAD 411.776 £ 0.01 MUNa (R.E.) 224286 <+ 0.14
) "Co 25089 <+ 030
Annihilation 511.008 £ 0.02 AT] (ThC™) 26143 £ 0.09
terp; 560,65 + 0.10 N 2753.6 = 0.12
181Cy 661.56 =+ 0.07 $1Co 32024 1 0.88
ey 32542 + 0.65

"Co 3278.6 + 0.4

$Cy ‘ 34525 + 078

8.E. = aingla escape D.E. = double escape.
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is a statistical phenomenon, the photopeak can be desoribed as a
Gaussian error curve, with an area 8, given by

9 = LOG(EWHM)A (6.44)

where A is the peak height. The poak height can be measured after
recording or drawing the spectrum, or hy taking the number of counts
in one or mors channels in the peak top. However, when peaks ars
superimposed on the Compton continuum of higher energy gammas,
or when poor counting statistics are obtained, which is often the case
in trace analysis, the determination of the peak height becomes very
diffioult. An estimation of the Compton background haa to be per-
formed, which is in most cases troublesome and inaccurate.

Using equation (6.44) Connally and Leboeuf (75) caleulated peak
arcas by measuring A and reading the FWHM from a calibration curve.
It s evident that here again the problem of the Compton background
remains unsolved. The simplest way to correct for Compton inter.
ference is to draw a straight or a curved line across the bottom of the
peak, as represented in Figure 6.31(a) and planimetry of the thus
obtained area, This method is only approximate and can give rise to
quite large errors, when the peak is superimposed on a Compton edge.
A method, similar to the one deacribed by Connally ef al. is proposed by
MeIsaao {76) and is shown in Figure 6.31(b). Graphically the point is
determined where the photopeak width equals the FWHM and the
area above thia point is found by planimetry. When the height of the
'peak above FWHM is meesured, the true photopeak height is the
‘double of this value, and the poak area can be caleulated by means of
equation (6.44).

When dealing with a multichannel analyzer where the spectrum is
present in a digital form, the method which is mostly used to determine
the peak area is due to Covel (77), as represented in Figure 6.31(c).
The channel with the highest activity 4, is determined and called n,.
Symmetrically on both eides of n, one takes an equal number of
channels, in such & way that the sctivity .4; and 4,y in channel n; and
%, is somewhere between A, and the activity in the minima at both
gides of the peak. The activity A4 of the area above the line #; — np,
which is proportional to tho total peak area, can be calculated as

follows:
A= SA,. R + 4n) (6.45)

]
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Fig. 6.31. Determination of the photopeak area in a complex gamma speotrum,

This technique is very rapid and gives excellent results with bota
NaI(Tl) and Ge(Li) detestors.

A widely used technique to correct for the interastion of higher
energy gammas on lower energy photopeaks is the spectrum stripping
method as represented in Figure 6.31(d). From the complex spectrum
a pure spéctrum of the highest gamma energy (1) is subtracted either
graphically, by means of the multichannel memory or even by a com-
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puter. In this way, the lower energy photopeak is obtained free of
interferences.

Care should be taken that standard spectra and samples are measured
exactly in the same geometrical conditions and have about the same
count rate. Furthermore gain shifts can introduce serious errors,
The technique can be repeated subsequently for the highest peak in the
new spectrum in order to determine lower photopeaks. One should
bear in mind that each subtraction implies increased statistical errory,
limiting in this way the number of possible subtractions.

Another method which can be used is the gamma spectrometry in
broad channels, as is shown in Figure 6.31(e). When two isotopes,
having reapective spectra (1) and (2), are present in a sample, a complex
spectrum (3) is obtained. From the measurement of the activity in
channels I and II of the pure isotopes and of the mixtures, the con.
tribution of spectrum (1) in channel I (4,y);) and of spectrum (2} in
channel IT (4 4;) can be computed as follows:

A= Agy + Ay

Ap = Ao + 4y (6.46)
where A;and A are the activities of the complex spectrum in channel
I and IT respectively, Ay is the contribution of spectrum (2) in

channel I and 4 ry is the contribution of spectrum (1) in channel IT.
The ratios k) and ky,

Awn Aan
a)r (91

(6.47)

can bo determined by means of the pure spectra (1) and (2). Sub.
stitution of (6.47) in {6.46) yields

Ay = Ay + EmAian
Ap = kA + 4igu (6.48)

which is a set of two equations with two uaknowns, and thus can be
easily solved. In principle this method is not limited to two components,
but can be extended to n components, and the obtained set of n equa.
tions with # unknowns can be solved by matrix inversion. Here again
the aid of a computer becomes desirable, Sample and standards should
be measured with the same precautmns as described in the spectium
stripping method. :
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A source of errors one can never avoid, is the formation of random
sumpeaks, which are absent in the standard spectra. This effect
becomes important at high count rates and in high geometries (e.g. a
well detector).

The qualitative and quantitative interpretation of complex gamma
spectra, which is generally quite time consuming, can be simplified by
compuler techniques (78,79,80,81). It is indeed possible to feed thu
A.D.C. data directly to an on-lins computer or to transfer the multi-
channel memory dats to computer compatible magnetic or punched
tape. A suitable program allows the smoothing of the spectra, to
minimize the inflaence of the statistical counting fluctuations, First
and eecond derivatives of the spectrum detect the location of the
photopeaks, The net photopeak area can subsequently be found by
numerical integration after spectrum decomposition or simply by
Covells method. Gain shifts between sample and standard can even
be corrected for, whereas composite photopeaks can be analyzed into
their components. The quantitative analysis of the sampla by com-
parison with the standards can be performed by means of a least
squares method (82), which also allows the caleulation of the statistical
error.

‘When measuring large samples one has to take into account that
attenuation of the gamma rays in the sample and scatter can cause
significant enors, as is described in Chapters 7 and 10.

(E) RPECIAL Coma TECHNIQUES

In order to avoid or to minimize chemical separations, special
counting techniques are sometimes used, which are intended to be
selective for & given isotope. In gamma ray spectrometry photopeaks
of lower energiea are often superimposad on the Compton spectrum of
higher energies. Although Ga(Li) detectors allow rather easy un.
sorambling of complex spectra, half-life determination coupled with.
energy sclection, coincidence techniques and Compton compensation
methods are used. Half-life measurementa can be performed with any
counting equipment and will therefore not be disoussed sepamtely in
this chapter, Some examples of this method are given in Chapter 9,
aection II, A2,
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1. Coincidence Techniques

As the nuclear disintegration is characteristic for a given isotope,
specific measurements can be performed by meana of coincidence
techniques, whereby correlated phenomensa must be simultaneously
detected in order to bo counted. As well beta~zamma as gamma—gamma
cascades of the disintegration, which ocour within very short time
intervala, are suitable for these purposea. Also both annihilation gamma
rays can be measured in coincidence. ‘

A schematic drawing of a two channel “slow” coincidence system
and a two channel “fast-slow” coinciderce system is given in Figures
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6.32 and 6.33. In thia set up two delectors are used, & beta detector and
a gamma detector for the beta~gamma coincidence measurements and
two gamma detectors for the gamma~-gamma coincidenoce.

The pulses coming from the components of the cascade can be
salected in energy by means of a pulae height analyzer, and are fod
into the coincidence circuit, one providing the gate pulse and the other
one the signal pulse, In order to be counted, two pulses muat arrive
within the resolving time + of the coincident unit. Typical valuea of »
are of the order of the us for “slow’’ coincidence and down to the ns
for “fast” coincidence. Adequate delay lines compensate for the time
difference obtained in the two channels. Most multichannel analyzers
have built in “slow” coincidence possibilities, giving the advantage

| HICH YOLTAGE ]

DEfECTOR | wg |DETECTOR

LINEAR GATE SIGNAL LINEAR
AMPLIFIER FAST AMPLIFIER
COINCIDENCE
b CIRCUIT
SINGLE CELAY
CHANNEL. LINE
ANALYSER SLOW
COINCIDENCE
CIRCUIT
% DEL AY
LINE
GATE SIGNAL
DELAYED COMNCIDENGE INPUT
MULTICHANNEL
ANALYSER

Fig. 6.33. Principle diugram of a “fast—slow™ coincidence spectrometer,
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that the coincidence spectrum can be visualized. In “fast” coincidence
frequent use is made of amplifiers, providing bipolar pulses, to time the
coincidence unit at the cross-over point of the pulse. Unfortunately
in most amplifiers the cross-over peint is a function of the pulse ampli-
tude, causing unwanted jitter, and hence broadening of the resolving
time. In an alternative mode of operation the logic output aignals are
time-referenced to a signal derived from the leading edge of the input
signal. In that case the time shift of the output pulse depends mainly
on the rise time of the input pulse,

A modification of a coincidence spectrometer, using & dual channel
and a multichannel analyzer ia described by Johnson (83). In this
technique, not only the signal pulses, but also the gate pulses are
stored in the coincidence spectrum, This gives rise to better statiatics,
since the activity due to both components of the cascade can be summed
from the spectrum stored in the multichannel memory.

The true coincidence count rate R, for a source with a disintegration
rate D is given by:

Ry = Dzyz, {6.49)

where 2, and z, represent the respective counting efficiencies of the
channels.
At any count rate, a random coincidence count rate R, ocours,
which is given by:
R, = 2vR,R, (6.50)

where R, and R, represent the count rates in the respective channels.
Taking into account:

Rl = Dzl and R’ Lo .Dz' (6;51)
one obtains:
R, = 2rD%,2, (6.52)

From equations {6.49) and (8.52) it appears that at high count rates
R, becomes important, since it varies with D2, whereas the true
coincidence rate is linear with D. As R, is on the other hand a funotion
of = and R, is independent of 7, the “fast-slow” coincidence technique
makes a preselection of the coincident pulses at the output of the
linear amplifiers, where resolving times can be achieved of about two
orders of magnitude smaller than in “slow” coincidence.

From equation (6.49) it is obvious that the detection efficiency of a
coincidence system is lower than that of a classical gamma speotro-

meter. The improvement in the signal to background ratio however
largely compensates for this inconvenience. A background of 0.3 cpm
for & resolving time of 0.2 us can easily be obtained. As an example, a
speotrmn of a 1 g irradiated bismuth sample, containing 0.226 ppm
copper is shown in Figure 6.34 with and without coincidence measure.
ment. The 0.511 MeV annihilation peak of $4Cu cannot be detected in
the *1Bi Bremsstrahlung spectrum when no coincidence techniquo is
applied.

When garmama cascades are available, the sum coincidence technique
developed by Hoogenboom (85) ean be applied (86). The apparatus is
schematically given in Figure 6.35, together with a sum-spectrum of
1248h,. :

The sum of the signals of two NaI(T1) detectors is made after linear
amplification. The sump'ea.k produced by total absorption of both
cascade gamma rays is selected from the sum spectrum by means of
a pulse height analyzer, and used as & gate pulse for the signal of one of
the detectors. With this technique, which gives rise to a very low
background (0.3 eph), net photopeaks are obtained. Although normally
only two cascade gamma rays are reasured, theoretically the method
can be extended to more than two components of a cascade. A
separate detector is however needed for each gamma ray that is
intended to be measured, which causes & practical limitation.

An improvement in resolution is also obtained, as the resolution of
the photopesks in the sum spectrum, RB,, and R,,, are given by:

R, x R,
R} + R} + R?
where R,, R, and R, are respectively the resolutions of the two
cascade photopeaks and the sum peak in the normal spectrum.

The detection efficiencies of the cascade gammas in the sum spectrum
zyy and 24, are given by

In 2\¥2 R,
2y T Zgy = 2( . ) zlz,m (6.54)

where z, and z, represent the efficiencies in the normal spectrum.
It has to be noticed however that, this method is more subject to random
coincidences caused by interferences than the gamma-gamma coin-
cidence method. A study of the applicability of coincidence techniques
in activation analysis has been published by Schulze (87). .

Ru = R“ = (6.53)
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2, Compton Conipensated Methods

Compton compensation methods can be divided into two groups:
the anticoincidence techniques and the Compton subtraction tech.
niques.

In the anticoincidence techniques (88,89,00,81), use is made of a
central detector surrounded by a second annular detector, the signals of
both being put in anticoincidence. The escaping secondary gamma of a
Compton interaction in the main detector is measured in the annular
detector, and hence the circuit preventa the storage of this interaction.
By this method a gamma spectrum in the main detector is obtained
showing a reduction in Compton background of about 70%. The
annular detector can be a large Nal(Tl) crystal, an organio plastio
sointillator, or even a tank with liquid scintillator, A schematic repre.
sentation of the apparatus is shown in Figure 8.36.

A promising anti-Compton device has been described recently by
Palms o al, (02,08,04) consisting of a concentrio duods Ge{Li) sum
spectrometer. As can be seen from Figure 6.37, whers a schems of the
apparatus is shown, the detector is made from a single p-type Ge
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second latector siving rise to Cunpion ickground only.For this
purpcseanthracne can be use as precosed by Peirso: (08,99)
althougl an orgnic plastic scinillator ylds better resuls (100).
Both deectors we matched for iqual coit rates in the Jompton
region br adapting the source-detetor geontry and the puls heights
are eqiitized by neans of the gaii of the spective linear anplifiers.
To corrct for te unequal absoption ofhe gamma raysin both
detector, a lead 1id has to be pleed in fiat of the plaatio latector,
in orderto obtai correct compemation. e detectors are sperated
simultapously, te NaI(Tl) in tie posith storage mode and the
compenation desctor in the negtive md, by means of » multi-
channal inalyzer:quipped with amixing mel. As can be sen from
Figure €39 a spetrum with net motopeakis obtained, A shematio
drawingof the aparatus is also mown in 1e same figure, Vith this
gpectromter, adquate compensaton is obined for gammaenergies
between(,15 anc 2.7 MeV. It ha to be rticed however tlat com-
pensatio becoms diffioult whendealing ith mixtures ofisotopes

" showinglarge difirences in countrates.

(F) Assrure ContiNg TECHNIQIES

In anre cases € nectron activaion anakis, the knowledp of the
disintegrtion rat of a source can e requid, This can happn when
determirng neuton fluxes as descibed in’hapter 3, sectim VI, B.

Deperling on he decay schem: and onhe physical stah of the
isotope, ne can pply the followhg technues:

A calibrted G.M.counter or a calirated gama spectromete;
A 4 gasfilled conter;

A liquidicintillaton counter;

Abhsolutegamma pectrometry;

Gamma~amma ¢ beta~gamma cdncideno

In thefirst cas, a sample is masured ithe same geoméry as a
calibraid source.When use is male of a Q. counter any purce of
known dsintegrafon rate can be ued as a andard, provide: sample
and stanard are orrected for self .bsorptioand external aborption,
as i8 descibed in ection III, C, 1 ¢ this chster. It is howeve recom-
mended 2 have aitandard with anEw.x of o beta spectrum,which is
in the viinity ofthe Emax of thesample, '
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Fig. 6.39. Principle diagram and geometrical arrangement of a Compton
subtraction spectrometer (s} and complex gamma speotrum of s mixture of
radionuclides,

- As the intrinsio efficiency of & gamma detector is a function of the
* energy, 8 gamma spectrometer has to be calibrated with a standard
<. emitting the same gamma energy as the sample. When no such standard

* is available, one can use two calibrated standards having respective
energies closely above and below the enmergy of the samples. Sub-
sequently an interpolation can be performed, which can be either linear
or ¢an make use of the efficiency curves for the gamma deteotor (see

drne
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Fig. 6.30. Continued.




i ek WEUTHON AQTIVATION ANALVYEIS

3P measuremrent in the presence of *58 at two sufliciently high amplifier
goin settings is given in Figure 6.40. From Figure 8.40 it also appears
that discrimination between beta emitters of different energies is
possible.

When dealing with a pure gamma emitter, the sample can be cali-
brated using absolute gamma speotrometry. In this technique, de.
scribed by Heath (69), the absolute efficiency z of the detector is used
to calculate the disintegration rate D of the sample by means of the
activity measured under a photopeak A, as follows:

~ zPgd

P i the ratio of the activity under the photopeak to the total activity
in the spectrum, described as the peak-to-total ratio. ¢ is the branching
factor for the measured gamma ray, which in the percent occurrence of
the transition in the decay scheme. A represents a correction factor for
absorption in the sample and in the can of the detector. Due to the large
penetrating power of gamma rays, 4 will in most cases equal 1. The
values for z and P as 2 Zunction of the gamma ray energy and the

(6.63)

* source detector distance are given in the literaturs (see section ITI, D of

Adlivity {¢c.pm.)

4
40000

35000

300001

%P formed by I 2S(np 122P recction

2 (35000 dpm)

20000 ¢
15000 f Gain 7,500
AT , , Gain 6250
0 20 4G 60 80 120 % Bios settng

Fig. 6.40. Absoluts measurement of the P activity (Epey = 1.7 MaV) in
the presence of 3 (En.. = 0.167 MaV}, by liquid scintillation counting. The
isotopes are produced by irradiation of (NH,),80, in & nuclear reactor,

=

U NUOLEAS LiSins BNl Al BARAYION BELEEWS § .

this chapter) whereas g can be obtained from the decay sohem.. \see
seotion I, B of this chapter). _

When beta—gamma or gamma~gamma cascades ocour in the decay
scheme of an isotope, the absolute disintegration rate D can be found
by measuring both components of the cascade by means of a coincidence
technique, described in section ITT, E, 1 of the same chapter. Indeed,
combining equations (6.49) and (6.51) one obtains:

R\Ry
¢

From equation (6.64) it appears that D can be caloulated from the
count rates in both detectors R, and R, and from the coincidence
count rate R, Although this technique requires a rather complicated
equipment, it is very easy to perform, and yields excellent results.

A study of the decay scheme of the isotope to be measured is neces-
sary, for instance to take into sccount the branching and conversion
factors of the measured transition.

(6.64)
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CHAPTER 17
PREPARATION OF SAMPLES AND STANDARDS

The preparation of samples and standards is of great practical
importance. If possible, the analyst himself should carry out all pro-
cessing of material under controlled conditions, or at least be aware
of the detailed history of the sample, so that he can take any necessary
steps to remove surface contamination before or after activation is
carried out,

Commensurate with availability, sensitivity requiremeats, dimen-
sions of the container, matrix activity and macroscopic oross sestion,
sample weights are usually maximized.

If the impurity content of the sample is approximately known, the
sample size can be estimated for a given irradiation condition (flux,
irradiation time, . ..).

In most cases the problem of the standard is not so difficult as in
other physical methods of analysis, such as emission spectrography,
X-ray fluoreacence, ete., since matrix or third-element effects are less
important. However, neutron shielding is possible (see Chapter 10),
and should be eliminated or at least kept equal for standards and
samples. Absorption of emitted radiation in the sample must also be
taken into account. :

The irradiation time for a given flux ia mostly chosen considering
the saturation factor for the radionuclide of interest, [1 — exp (—Af)].

For 14 MeV neutron activation, the irradiation time ias kept as short
a8 possible to prevent untimely exhaustion of the tritium target.

I. Preperation of Samples
{A) SAMPLING OF SoLib SAMPLRES

Massive solids can be wrapped in aluminium feil and packed in
standard aluminium cans for irradiation.
Solid samples may be too large for direot irradiation so that it may

be necessary to reduce the sample size by grinding, cutting, drilling, ete.
before packing. Hard steel tools, used for this purpose or for cleaning
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