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CHAPTER 3
NEUTRON INDUCED REACTIONS

L. General Principles

If a moving particle collides with another one, kineti i
exchanged between them in agreement with the la.'wskl:: ttlzznz::;%ol:
of energy and of momentum. If the potential energy of the system
remains unaltered, the kinetio energy being conserved during th
collision, the phenomenon is called elzstio scattering. 8 e

The seattering ia inelastio if one of the particles is left in an excited
atate after the collision. During an inelastic oollision with & bombardin
particle, an atomio nucleus can Present several phenomena: ¢

The nucleus is merely excited to a higher energy level, from which it
refurns to the ground state by emission of one or more photons
Example: during inelastic collision of Au with ca. 1 MaV neutrons.
260 keV y.radiation is emitted. '

The incid.ent partiols is captured and a “compound nucleus" is formed
whioh ia either stable or radicactive. The mass of this compounci
nt}ol.elm is, however, smaller than the sum of the masses of the
original nucleus and of the incident particle. Hence photons (prompt
gammas) are emitted with an energy, determined by this maI:s

difference, by the kinetio energy of the incident particle and the -

excitation levels of the compound nucleus. This
¢ \ phenomenon is
usually called radiative capture, represented by th
i.e. the (n, y) reaction. 7 e 8 7) symbol,
The incident particle is captured and enother elementary particle ia
emitted, e.g. s proton, e-particle, neutron, etc. i.s, (n, D) (n,
. (2, n"), (n, 20), .. . reactions, B
t very high energies, spallation, fragmentation and fissi
compound nucleus is possible, P " o faon of tho

It _muat ba borne in mind, that thers is a difference between non.
elastic and inelastic scatteri 8. Non-elastic scattering is by definition
the tot:a.l eross seotion minus the elastic scattering, i.e, the inelastio
scattering plus all other reactions, In many oases it is the same as the
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crosy section for inelastic scattering (e.g, bisrauth in the MeV region),
but should be carefully distinguished from the latter, because of the
experimental methods involved and the possibility that in some cases
they may be markedly different.

Within the scope of this book neither the fragmentation, spallation
ard fission reactions nor the elastic eollistons are of interest. The most
important are those where nucleons are cnly reorganized. Those
reactions aro of the general type 4 + a— B + b or abbreviated
A(a, b)B. The formalism of nuclear reactions is similar to chemical
reactions. One can state: the original nucleus A4 reacts with projectile a,
forming product nucleus B, whilst a particle andfor photon b is emitted,
liberating or absorbing an energy Q. Hence: 4(a,0)B + Q. If ¢ > O,
the reaction is exoergic; for @ < 0 the reaction is endoergio. As for
chemiocal reactions, one can speak of an “‘activation energy”. Indeed,
even for exoergio reactions a certain energy is often needed in the
form of kinetic energy of the projectile; this is the ease for particles
with a positive charge: p, d, t and «-particles and heavier positive
jons, because of the Coulomb barrier around the nuoleus:

Z o Zget

Ep= - i (3.1a)
where Z4, Z, = number of protons of 4, and a reapectively,
e = electron charge = 4.8 x 10~ es.u.;
Ry=Ro+ B,
If R, and R, are expressed in Fermi units (10-!* cm), then
By = 144 Z}f‘ (MeV) (3.1b)

The nuclear radius may be estimated from eq. (3.30).

For a neutron (Z; = 0}, where Ep == 0, no activation epergy is
needed. Hence, the capture of slow or thermal nevtrons is ususlly a
favorabie process, also because the average binding energy per neutron
amounts to ca. 8 MeV,

Note: The Coulomb barrier represents the repulsion between two
like.charged particles. It affects not only charged particles coming
into the nucleus, but also charged particles leaving the nucleus (see
section ITIB of this chapter).

The comparison with chemical reactions also holds for the “com-
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pound nucleus” (see further), which can be compared with the
“activated complex” in chemical kinetics.

An important difference between chemical and nuclear reactions is
due to the fact that the Q-values are not of the same order of magnitude

nl, in the MeV range for nuclear reactions and in the eV range for -

molecular reactions.

II. Properties of Nuclear Reactions—Laws of Conservation

There is no change in total charge: }'Z = constant.

There is conservation of total energy (£) and of total momentum (muv),
As already stated, chemical binding energy and corresponding forces
can be neglected in this connection, except in some reactions with
very slow neutrons. Conservation of energy does, however, inolude
the energy, corresponding to the change of masa during the reaction;
this is, indeed, the moat important fraction of the available kinetic
energy. If the total mass diminishes, the corresponding energy
(B = mc?) is thus released as kinetic energy of the emitted particles,
or as energy of the emitted photons, and of the residual nucleus B.
The mass difference in atomic mass units (a.m.u., 2C scale), multi-
plied with 931, gives this energy in MeV. Tables with isotopic masses
can be found in Ref, 1.

1. The Q-Value - Threshold Reactions

(A} DermiTION OF THE Q-VALUE

The Q-value is defined as

¢= O'( l.lnl pm)v-l:ncem") 3.2
. or
QMeV) = 931(Y. m¢ — 3 my) (3.3)
' ?

where m is in a.m.u.

Considering the masa balance, the reaction is called exoergio if
Yomy < ;m;. ie. @ > 0. As no activation energy is needed for
’

neutrons, the reaction will take place with thermal neutrons.

@
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Ezxample: 37Al(n, y) 22Al + Q
); my = 26.981535 + 1.0086654 = 27.990200 d.m.u.

Y, my = 27.981008 4 0 = 27.981908 a.m.u.
- Zmp = 0.008292 a.m.u,, @ = 931 x 0.008202 = +7.7 MeV

’ ’
(7.7 MeV is the excitation energy of the compound nucleus; this energy
is liberated a8 y-energy). The remaining 2*Al nucleus is radioactive.

(B) DerrxrrioN oF THREsHOLD Eneray aND Erreorive TERESHOLD
ENERQY

If Zm, > ;m;, the reaction is endoergw (Q < 0). Hence, the

mcldent neutrons must have suﬁicxent kinetic energy, so that the
reaction can teke place (fast neutrons).

For these reactions there ig a so-called threshold, i.e. the minimum
energy at which the reaction is possible (E7). Er is not only & function
of the calculated Q-value (<0), because part of the kinetic energy of
the incident particle is only used for the recoil of the compound nucleus
as such, without contributing to the increase of the total mass. Epis
somewhat higher than —¢, namely:

ma + My

Ep (MsV) = —Q (MoV) =4 (3.4)

where, for neutron irradiation, mg ~ 1.
EBzample 1: C(n, 2n)11C + @, or ¥C - 1C + n + ¢
; ny = 12.000000 a.m.u.

Em, = 11011433 + 1,0080654 = 12.020098 a.m.u.

2 mp — Zm,, == —0.020008 a.m.u., @ = —931 x 0.020098 =
—18.71 MeV
Ep = 1871 x 13.0086654/12.000000 = 20.3 MeV.

If & nuclens is bombarded with neatrons of energy Esp, this will
just be gufficient for the mass increase of that particular endoergic
reaction, the emitted particle having theoretically zero kinetic energy.
In the -case of (n, p) and (n, «) reactions this particle has, however, a
positive charge and must have, according to the classical theory,
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sufficient energy 1o overcome the barrier before a reaction can proceed.
In the quantum-mechanical treatment of tho same problem, there
exists a finite probability for reactions to nccur with particles having
less energy than in the Coulomb barrier treatment, by a mechanism
called ““tunnelling” {see chapter 8, section IAl), In practice, however,
this probability drops rapidly as the energy of the particle decreases
below the barrier restriction. The Coulomb barrier for a given reaction
can be caleulated by means of eq, {3.1b) and (3.30) and will be at an
energy higher than Ex. It ia obvious that Z4 and R, are the charge
and radius respectively of the product nucleus.

Ezample 2: ${Cr(n, p) 3V
Z mg — Em, = 52.9491794 — 52.9526252 = —0.0034458 a.m.u.
| ?

Q = —0.0034458 x 931 MeV = ~3.21 MeV
Er = 3.21 x £2.9401704/51.940514 = 3.27 MeV

144 x 23 x 1
1.5 x 62Y% 4+ 1.6 x 113

Ezample 3: §$Mn (n, «) 55V
E my — Em, = §5.9467194 — 55.947404 = 0.000685 a.m.u.
i ]

=~ 4.7 MeV

Q = —0.64 MeV and Ep ~ 0.65 MeV

144 % 23 x 2
1.5 x 5213 4 1.6 x 4v3

This is important for activation analysis. Although Egp for the
reaction **Mn(n, «) is lower than that for the reaction #:Cr{n, p), its
Coulomb barrier is considerably higher, Henca it is possible to deter-
mine chromium via ¥V without interference from manganese, when
using 7 MeV neutrons, for instance {variable.encrgy eyclotron, see
chapter 7, section IVB).

Obviously, the penetrability of the charged particle increases with
E — Erp (see Figure 3.1). In the case of reactor nentrons, which are
not monoenergetie, their energy distribution f(E) must be eonsidered
(fission spectrum); f(E) is the fast neutron flux density per unit energy
interval (see this chapter, section V, C3b). If the probability for the
nuclear reaction is represented by o(E) (“cross section”, see section

E,

b

= 8,3 MeV.

Wy VAL LAPSAT AT b S hrd i e ol e

V of this chapter), the reaction rate as a function of energy wﬂl) be
given by f(E)o(E). This product, the so-called “response function”, is
also plotted in Figure 3.1, The total reaction rate is J':a(E)f(E) dE,
i.e. area ABC. In fact it is this response integral which results directly
from the measurement of the induced activity. Note that o(¥) is pro-
portional to the penetrability P(E) (¢f. eq. (6.1)).

HE)

aiE)

E=arie= 0

& Eatt E
Fig. 3.1. Definition of effective threshold {2). (Permission of Hughes, D. J.,
Pile Neutron Research, 1953, Adison-Weaslsy, Reading, Mass.)

According to Hughes (ref. 2, p. 96) an effective threshold X,y can
be defined 80 thet area ABC is equal to area DFC, or area ABD equal
to area BFC, and that the observed reaction rate is in fact the same,
as if all the neutrons above I,y are equally effective in producing the
reaction, but none below this energy.

In other words: the value E,, is chosen in such a way, that the o(X)
or probability curve is approximated by a step function o(E¥) = 0 Jor
E < B,y o(E) = o, for E > E,, and that the condition

[2 olE)(B) 4B = o [ () B (35)
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is fulfilled; o, 38 the reaciion cross section for a penetrability = 1,
i.e. the maximum value of the o(£) curve. In most cases o, can
approximately be replaced by the croas section for 14 MaV neutrons.

' In nearly all cases the f(i) distribution used in this method for deter-
nining By is taken equal to the Sssion neutron spectrum (see equation
3.37). The best method for determining the effective threshold energy
of a reaction is to derive it from the experimental excitation function,
(instead of the theoretical o(F) or P{E) function, see eq. {6.1)) using
the definition of K,y and ¢,y &8 given by Grundl and Usner (3) and
performing the caloulations with a computer. There is also a semi-
empirical approach, deacribed by Jung (4). In this book, reference will
always be mads to Figure 3.1, taken from Hughes (2),

Note that E,y has no exact physical meaning, since it depends on the
form of neutron spectrum, which can be slightly different for different
reactors andjor irradiation positions.

The difference K,y — E7 is obviously a function of the chu.rge of the
nucleus and of the emitted particle, as appears from Figure 3.11. The
estimatod effeotive thresholds in a fission spectrum for the above
examples 2 and 3 are thus B,y =~ Fp + 4 ~ 72 MeV and E,n > E
+8 = 8.6 MeV respectively. For the reaction #?Al{n, «)**Na, having an
Ep = 3.3 MeV, one finds £,; ~ 3.3 + 6.2 ~ 8.5 MeV,

Some reactions are called threshold reactions, although @ > 0. In )

this case Ep < 0 (equation 3.4), but Ej and K, > 0.

Ezamples:
E T(MBV) E .ﬂ(MBV)

84Ni(n, p)**Co —0.64 2.64.1
3Cl{n, p)**S -0.62 2.6
$4Zn(n, p)*Cu -0.21 4.6-4.8
$4Feln, a)"1Cr —0.87 9.1

Practically one can say that, efter collision of such a nucleus with a
thermal neutron, the reaction is possible; however, the “produced” p
or a-particle cannot emerge from the compound nucleus and no
reaction ocours. Actually a (n, p} or (n, «) reaction will take place with
fast neutrons only.

Obviously, for calculating the threshold encrgy in this ease, equation
(3 4) must be replaced by

Er(MeV) = —Q(MoV) (3.6)

- -
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This value takes into sccount the potential barrier emergy of
the particular nuclide and the energy distribution of the neutrons in

the reactor.

(C) OTEER CONSIDERATIONS IN CONNEOTION WITE TEE {-VALUE

Considering the mass and kinetic energy of the nuclei and particles
involved in the nuclear reaction, and starting from the law of conser-
vation of energy, it can be proved (see e.g. ref. 5) that

Q= E,(u-—) E.(l-fﬁ)-wmo 3.7)

mp g, g
on condition that A is initially at rest and that the energies are not too
high; 8 is the angle between the incident (directed) beam of & and the
emission direction of b, This classical expression thus relates strictly
the energy Ep and the emission angle 6, assuming a directed beam a.

Ezample: The excergic reaction T(d, n)*He with a beam of 100 keV
deuterons produces neutrons, whose energy varies from 14.64 MeV in
the direction of the beam (0 = 0°)to 13.40 MeV in the opposite
direction (# = 180°). Average value: 14.06 MeV,

T{d, n)*He: z:m; = 3.0160404 + 2.0141022 = 5.0301516 a.m.u.
Emp = 1,0086654 + 4.0026036 = 50112650 a.m.u.
»
Y my — ¥ mp = 00188826 a.m.u,, Q = +17.58 MeV
[ 3

without taking into account the contribution of the deuteron (kinetic
energy of 0.1 MeV). The released energy is distributed between the
reaction products, inversely proportional with their masses, nl.
4.0026036 a.m.u, (*He) and 1.0086664 a.m.u. ('n) (total mass 5.0112660
a.m.a).
Thus *He: 17.567 x 1.0086654/5.0112690 = 3.54 MeV

In: 17.57 x 4.0026036/6.0112690 = 14.04 MeV (E;).

The value of E, can alsc be calonlated from eq. 3.7, setting
# = 90°, cos § = 0. One finds 14.07 MeV,

The distribution of the neutron energy as & function of angle is given
in Table 3.1, taking into account the kinetic energy of the bombarding
neutrons. This is of interest for the study of the neutron generator.
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TABLE 3.1

Neutron energy from the T(d, n)*Hoe reaction as
function of angle (after Prud’homme () )

Neutron Energy {MoV)

# (degrees)
’ 100 keV deuterons 140 keV deuterons
0 14.64 . 14.74
45 14.46 14.54
90 14.08 14.08
135 13.68 13.61
180 13.49 13.42

1t is obvious that several Q-values can exist for the same target
nucleus and the same bombarding particie, if more than one reaction is

possible,

Ezample:
YAln, y)2*A1+ Q,; Q@ = 7.7 MV

AN, p)*"Mg + Qy; Q.= —183MeV; Ep =1.9MeV;
By = 4454 MeV

$7Al(n, «)*Na +‘Q,; Qy = ~3.14MeV; Ep = 3.3 MeV;
E.y = 1.3-8.8 MeV

Bombardment with 1 MeV neutrons will only produce the (n, y)
reaction (and particularly scattering, this phenomenom having an even
greater probability for light clements, see further). With increasing
neutron energy, the probability for (n, p) and even {n, «) reactions will
alao increase (¢f. Figure 3.1, Figure 3.16 and Figure 3.17).

1V. Models of Nuclei - Compound Nucleus — Excited States in
Nuclear Reactions

{A)} MopELs or NucLEr

It is interesting to consider here the behavior of the nucleus during
the nuclear resction. Like an atom, that includes o system of electrons,
the nucleus (particularly a light nucleus) can be concidered as a system

gt e
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of nucleons and deseribed by & “‘shell model” with quantum numbers.
The behavior of the nucleons in the nucleus is, however, so complex
and their interaction so strong that it becomes difficult to study details
of the nuclear structurs and statistical methods, treating the nucleua as
a whole, are a better approximation of the problem. The “uniform
model” (Wigner), the “liquid drop model” (Bohr, Wheeler, Frenkel)
and the “collective model’”’ (Bohr, Mattelson) start from that point of
view.

The “liquid drop modei"” has found much application in the explana-
tion of nuclear reactions and is of interest within the scope of this book.
In this model, the nuclevs is compared to an incompressible liquid drop.
The nucleons are moving in the nucleus with a certain kinetio energy,
comparable to the thermal movement of molecules in a liquid drop.
Increasing temperature causes evaporation of those molecules; similarly,
the nucleons are said to evaporate if the nucleus is sufficiently excited.

(B) NucrLeaR Rraorrons-ComroUND NUOLEUS

If scme particle interacts with the electron cloud of an atom, it
collides with only one particular electron. In the case of the shell model,
the same picture should be expected for reactions in the nucleus.
However, owing to the “dense” structure of the nucleus, the processes
are different. The mutual interaction of the nucleons is so strong, that
the impact energy of the incident particle is very rapidly distributed
over the whole nucleus. The nualeus remains in an excited state,
during a certain finite time (about 10-14-10-1% ), which is long com-
pared to the time required to traverss the nucleus: if Ky = 100 eV,
vy = 107 ems~! and ¢ = 102 ¢m[107 ems~! = 10-1* a. Hence one
can state that the nucleus has captured the neutron and that there
exists a “compound nucleus” (Bohr, 1835) comparable to the “acti-
vated complex” in chemical kinetics; ex. Al 4 n - 18A]*,

The compound nucleus is highly excited (symbol *) due to the high
binding energy of the nsutron, plus possibly its kinetic energy. De-
excitation is possible in seversl ways, e.g. by emission of a particle
(p, «, m, 2n, d...) or of electromagnetio radiation (y). Each of these
processes has a certain probability, independent of the way of forma-
tion of the compound nucleus (due to the rapid distribution of the
incident energy over all the nucleons) but only dependent on ita excita-
tion level.
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2n
ZBM
26
Al

Generally: 4 + a > C*, C* > B, + b, + @,,0rC* = By + b, + Q,
eto.

The probability for one of these reactions after noutron capture is
given by the corresponding “cross section”: o(n, p), o(n, a), o(n, ¥),
o(n, 2n). Their values at 5 MeV neutron energy are:

o(n, p) = 0.03 barn

a(n, a) = 0.001 barn

o(n, ) = 5.10~% barn

a(n,n} + o(n, n’) = 0.8 barn

e(n, 2n) = .,,

o(n, x) is the probability of capture of a neutron multiplied by
the relative probability of emission of = (see further).

The notion. “cross section” and the corresponding unit (barn) are

given in section V A, The influence of the neutron energy on o is
treated in this chapter, section V C.

(C) ExcrrED STATES

Considering the excitation levels of the compound nucleus, one can
distinguish bound states, whose energies are smaller than the binding

[ ——

A -
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energy of the weakest bound nucleon, and from which deexcitation

occurs by gamma emission and virtual states, from which de-

excitation by emission of gamma rays or nucleons is possible. With

increasing excitation euergy the level density incresses (see Figure 3.2).

Experimental evidence for these excitation levels is found during

the capture of nucleons. The compound nucleus ¢ formed has an

excitation energy corresponding to the mass difference 4 +a — C

{=binding energy of nucleon a, e.g. 7.7 MeV for a neutron in #84l),
plus the kiretic energy of the captured nucleon.

4
&iﬁ-——gl—_:- INCIDENT
9,7 MeV_ == VIRTUAL "=t -2MeV > NEUTRON
e LEVELS ENERGY
8.7 MaV {MaV
7.7 MeV OMaV o
EXCITATION
ENERGY
' * [T"=—"BOUND
——LEVELS NEUTRON
r BINDING
ENERGY
{ GROUND STATE
0 . /

Fig. 3.2. Energy levels of compound nueleus, formed by neutron capture
in *"Al with & binding energy of 7.7 MeV (2), (Permission of Hughes, D. J., Pils
Neutron Research, 1853, Adigon-Wealey, Reading, Mass.)

This total amount can exactly coincide with an existing energy level
of the compound nucleus. In that case thereaction will ocour with a high
yield {resonance) (Figure 3.4). From the resonance energy. the nuclear
energy levels can be caloulated.
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Ezample: During the neutron irradiation of 19°Rh, a 1%4Rh compound
nucleus is formed, with a resonance at E, = 1.260 eV, The binding
energy of a neutron in Rh* is 0.8 MeV (see Ref. 7), hence one can state
that 6.8 MeV + 1.260 eV is a virtual state of the *{Rh compound
nucleus (¢f. Figure 3.2). Deexcitation from this level by y-emission
ocours very rapidly after the neutron capture (~4.10-'%s), forming
14%Rh(Ty/, = 4.3 m) and 94Rh (T, = 44 8), which are radionctive
(respectively L.T., 8- and 8-, ).

These nuclear energy levels are not infinitely sharp, but have a finite
width, in agreement with the uncertainty principle of Heisenberg:

A
Tre o~ = =085 x 10-156V s (3.6)

where: r = average life of the nucleus in a given energy lavel;
I’ = level width,

ie. if + = 10-1% s, the level width ia 0.65 eV. Or, if T = 0.156 eV,
88 is the case for 1%Rh, the average lifo of the nucleus in that energy
level (6.8 MeV + 1.260 eV) is about 4.10-15 &,

If in a given state, r is very short (C'fA large), decay from that state
is very probable: I'/A is a measure for the disintegration probability per
second from a given energy state.

Alevel with ' =« 104 eV = 10keV (r = 6.5 x 10-1*s) is considered
as a typioal “wide level”. This case ooours frequently with light nuolei
(¢f. Figure 3.4). If I' == 0.1 6V = 100 mV (r = 6.5 x 10-1¢ 8) the level
is considered as “typically sharp™.

As already stated, deexcitation from a certain energy level is possible
in several ways: emission of a particle (p, «, n. ..} or a photon. The
probabilities for each of these processes can be expressed ss “partial
level widths”, T, I, [, T, ...

P=D 4+ T+ T+ T, +... (3.7)
The relative probability for emission of %, n, p.. . is then given by
D/T, TT, T,/T. .. {3.8)

The overall probability ofn, z) for the reaction (n, x) is given by
. o(n, 2} = ¢ x T {(3.9)

where o, = probability for the formation of a compound nucleus
I'2/T ia defined in equation (3.8).

3. NEUTRON INDUCED REACTIOKS e
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The physical meaning of ¢ will be discussed under section V A of

this chapter.

Remark: If the nucleus is very highly excited (>15 MeV) several
nucleons can be emitted at the same time. As 1 eV corresponds to
about 11,000°C, such a nucleus is gaid to bave n very high nuclear
temperature and the corresponding emission phenonemon is called
“‘evaporation”.

V. Cross Sections in Neuiron Induced Reaciions
(A) DerrsrTION

If a target with ¥ nuelei per cm?, each of them having an effective
area

o = =RY (in om?) (3.10)

is placed in a neutron beam (flux ¢ neutrons em=2s~1}, the number of
collisions will be given by

collisions per cm? per 8 = poN (em~%g-1) (3.11)
p

The assumption is made that “overlapping” of the nuclear areas is
negligible, i.e, the target must be a very thin foil.

The number of collisions can also be considered as proportional to
the flux and to the number of target nuclei per cm?, the proportionality
eonstant being the oross section of the nucleus,

This simple consideration leads to the definition of the collision cross
section

collisions {cm—3-1)

T (oY) = plcm~3-1) N{em—2)

(3.12)

The cross section i3 expressed in units of area (cm?), or better in
barns, abbreviation b(lb = 10-** em?*). Indeed, the radius of a nucleus
is given approximately by eq. (3.30), so that, for 4 = 125, R ~ 7.5 %
10-12 ¢m; hence o = #R? & 1.5 x 10~24 em*. Hence o appears to be
of the order of a few barns and this is why the unit is 8o chosen. Parts
of the barn are: mb = 10-3 and ub = 10-%.

If the neutrone are multidirectional — as is the case in a reactor -~ the
neutron flux is more convenicntly defined as the product of the neutron
density {imea the neutron velocity. Within the scope of this book,
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the “conventional” neutron flux - i

. ® (neutrons 231} wi i i
b ey o .—1).( cem~*s~1} will be identified

In the above discussion, the actual i

' R Phenomena during and jou.
la.rly' n.itar the oollision have not been considered, There arep;r:::l
poa'sll.)ﬂltlea: Deutron scattering, elastic (n, n) or inelastic (n n);
emission of photons or particles: (% ¥}, (n, p), (n, a), ... If the p;rtiai
level w:dth for puch & process is given by I, Py T, Ty..., the relative
probability for the emission of z (F=v9,np x..)is I'z/T, where
P;P}:ﬂr‘:ﬂ+r',+l",(seeIVBandC). '
ne ioular possibility of the nuclear reaction is then

by the corresponding reaction cross section o(n, x): repreentad

ofn, x) = ogl/I (3.9

* a8 already stated above, Here, o¢ is th ili i
of & comaoun apore c @ probebility for the fomatxon

(B) PracTIOAL CONSIDERATIONS

The various conventions and definitions
of thermal, resona
fast fluxes and eross sections are discussed by Stoughton and ]EIII:Iep::i:
ési:,.We?mott (8,10), Zijp (11,12) and Hegdahl (14). Normally one
tinguishes the following cross sections (Hughes 2 and 13).

1. Thermgal neutron cross sections

Thermal neutrons are neutrons having the most probable veloeit:
» s 4 . y
:; g{) ;l;ecgliaxwelhan distribution at 20°C, nl, 2200 m/s, or an energy
(@) Rel.ci.;ion croas sections. Refer to all cases in which the neutron
18 not reemitted, i.e. to (n, ¥), (n, P) (n, «) and (n, f) reactions. Practic-
ally 'a.}l the reaction cross sections for Z < 88 are for (n, y)'s, unl
explicitly stated. As will be shown later, the reaction rate '1: a i’;hen::;
flux can be caloulated from the knowledge of the croas section (o)
at the particular velocity v,, on condition that o{v) cc1fv. Other a.utho:s
fieﬁne tliae reaction cross section as the sum of the oross sections of all
mt';hractlzns, excepting elastio scattering, :
e absorption cross sections, cane are those i i
cross sections that are measured by observing thtl: a::;cc:::; ;‘;01:1?11
which the neutron is absorbed, The principal methods used for thelii
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determination are deseribed by Hughes (2): the pile oscillator, the
difference op — 5,, some extrapolation methods. For sactivation
analysis purposes, the absorption cross section is of great importance
to caleulate neutron shielding effects (see chapter 10).

The activation cross sections oc.et, for thermal neutrons mainly
o(n, ¥), sometimes ofn, p), o(n, «), o(n, f), are most commonly deter-
mined from the radioactivity of the product nucleus, This determina-
tion implies the production of a radioactive isotope. Naturally, oact
refers to one particular isotope, hence it is an isotopie cross section;
for monoisotopic elements it is the atomic cross section a8 well, For
sotivation analysis, the value of oues allows the caleulation of the

induced activity by a given nuclear reaction.
(b) Scattering cross sections. Are usually constant with energy in the

_ thermal region. They are particularly important for light nuclei andfor

at higher neutron energies.
Physically one distinguishes ssveral kinds of scattering, with corre-

sponding cross sections: coherent scattering cross section (o,,), free

atom cross section (o), average scattering cross section (3,), differ-

ential scattering cross section dofdf2 for scattering at a given solid

angle (p, 8). .

‘Within the scope of this book, only &, ia of interest,

(o) Total cross seotion op. Is determined by transmission measure-
ments and is considered to be accurate, as the intensity of the neutron
beam is messured without and with the sample respectively (Figure
3.3). The presence of the sample in the beam causes the disappearance
of a certain neutron fraction either by scattering or by absorption. In
many cases radioactive nuclides are formed by absorption.

. Sculiering
et —
Neutron Sample Detector
Source Reaction
(absorption,
activotion)

Fig. 3.3, Apparatus used for measuring total neutron eross section.

Obviously, the total neutron cross section includes the scattering as
well as the reaction cross section:

OT =3 Oypy + 6‘. (3-13)
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as is apparent in the following examples:

Element
ogd) Tana(d) a,(b)
Co 1009 %Co ¢
£ w0

B 100y, uso 0 240 2

100% 19t 165 133 23
Sb  51.25% 1mSh; 42.75% wgp 10 57 43
Ca  69.1% %Cu; 30.0% 4Cu 11 LT

If.the reaction leads to only one radioactive isotope, then g, =
% in the case of a monoisotopio element, “

Ezample:
El
ament Cabg {B) Fact (b)
Mn 1009, sédn 13.2
2204 134+ 03

So  100% w0 240+ 1.0 19 114(20:)
12 + 8(854)
20s + 85d
(200 > 85 d);
2+2

In the casa of polyisotopio elements, the same reasoning holds,

Ezample: the absorption and activati, i
. on eross sectiona of th
isotopes of copper, %3Cu and **Cu, were determined sepa.ra:elr;:-tmal

Element Oabe (B) Tact (B)

Cu "y (69.19%) 43 + 0.3
“Cu (30.9%) 211 4 0.17
determined alter
soparation of
isotopes

3.9 1 0.8(12.8 1)
L3 £ 0.4 (5,14 m)

If the values of o,,, are not determined f
or each of t} iso.
topes, one can state o, = Fue (average) "> natural iso

where § = isotopio abundancs, = %nahy + ogyby ...,

sy -
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Ezample:

Elemont oube (B) Gt (D)

260 4 100 (L4m)] 960
430 + 20 700 % 200 (74 d) J{l.4m 74 d)
{for element) 130 4+ 30 (19 h)
Tyt = (0.385 x 080) + (0.615 x 130)
= 450

Ir 11z (38.5%) }
19375(81.5%)

If by neutron capture stable isotopes are formed, it is obvious that
Fpot < Oate

Ezample:

Isotopes 9% abundance Tabe Cpct

Cd—element — 2450 £ 100 L

wcd 1.22 10 £ 0.5b{6.7h)

1004 0.87

100q 12.39 0.2 £ 0.1 b (40 m)

med 12.15

1304 24,07 304 15mb (14 y)

mcq 12.26 20,000 £ 300

tCd 28.88 0.14 + 0.03 b (43 d)
L1+ 03b(234d)

116cd 7.58 1.5+ 03b (29 h)

The neutron absorption is aimost completely due to 133Cd (indeed,
20,000 b x 0.1226 = 2,450 b), forming nonactive 14Cd by (n, y)
reaction. Hence 5,, < 0,y for this element,

(d) Macroscopic cross section I, All the cross sections defined above
are called microscopio cross sections, as they refer to a partioular
nucleus. For some purposes, & macroscopic cross section (Z,.; X,) is

used, defined by

T = ol = a%‘r:‘ (3.14)

thus taking directly the density 5(g cm-2) and the atomio weight 4
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of the sample into account; N4 = Avogadro’s number and N =
number of atoms per em? Note that tho dimension of I is em-?,
whereas ¢ is in om®. '

The macroscopic absorption or scattering cross section can also be
caloulated if several types of nuclei are present: & = sum of oyiV;.

2, Resomance paramelers

-

The literature gives also tables with resonance parameters and
neutron cross section curves (e.g. ref. 13). Indeed, o is energy
dependent and resonances can occur &t certain energies. The data
normally include: the resonance energy E,(E, I}), the total level
width T and the partial level widths T, ', I,, [, I'; in keV, eV or
mV {=10-3 eV).

Remark: the tabulated values do not always correspond with the drawn
croas section curves, as some corrections are made, such as Doppler
broadening (because the assumption that the nucleus is in rest is not
plways justified), self absorption, eto.

" For heavy nuclei the resonance is mostly due to a (n, y) reaction,
for light nucléi, however, to scattering and sometimes to a (n, «) or

& (n, p) reaction, as can be seen from some typical examples, given in
Table 3.2,

TABLE 3.2
Examples of resonance parameters

Isotope Resonance energy Level widths

1 0433 4 00046V T, mw 30+ 8mV, Tuwm 0124 0.02mV
bt 13 45.0 £ 0.4 oV I'y=210 £ 60mV, 'y = 174 £ 10mV

SLi 284 + 4keV I =80 % 10keV, I'y = 60 + 15keV
Iygm 30+ 10keV(Fm T’y + Iy Ty & 0)

The characteristio resonance parameters of some important nuclidea
are given in Table 10.3.

In the neighborhood of B, the energy dependence of o{n, ¥) and &,
is described by the Breit-Wigner formula, which is comparable to the
optical dispersion formuls. In section V, C2 of this chapter an interest-
ing quantity I, called resonance integral cross section, will be defined.

‘Doppler broadening ghould finally yield 23,000 b.

PR
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3. Neutron cross-section curves, oK)

‘Thoss curves represent the cross section a8 a i:unction of neutron
energy. In most cases the total cross section is given (o), although
sometimes ofn, ¥), o(n, p), (2, &), o(0, 2n), o(n, n') = o, Tus. (nox_x-
elastic) = or — o, ofn, f)... are explicitly plotted,. partwu]arlq in
recent editions (e.g. ref. 13, 2nd ed.). Normally t‘i'oomm cross sections
are given, i.e. for the patural element (ex.: “Ccﬂé if, hlc::vever, ::e mass
number of & epecifio isotope is indicated (ex.: $Xe, 137Pm), the cross

ion is obviously the isotopio one.
set:;;:l r:ona.nce peya.ks, as seen in the figures, do not correspend to the
aotual ideal form of that resonance, a8 the aecuracy of the measure-
ments depends on the resolution of the apperatus in the energy {riegon
concerned. (This resolution is gohematically represented in the figures
by an equivalent triangle, A, 8 ...):

+ for the 8.7 eV resonance in 53U, the figure (13) shows c,SE,) =
fﬂxgoml{).kWith a perfect resolution, this should be 8000 b. Correction for
The cross section curve of rhedium, showing a typical resonance, 18
represented in Figure 3.4. The corresponding resonance para.metalrs ar;
E, = 1257 + 0.002 eV, I', = 186 & 4 mV, I‘.'- 0.78 & 0.0wctxfx
or{Ey) = 5000 £ 200 b, Jact = 656 b (resonance integral, soe ion
V, C2). For thermal neutrons (2200 ms-1):

op==1b4b

%, =55+ 10b
12 + 2b (4.5 m *&Rh)] (45m 44 8)
oute = 149 £ 4 b out = [140 + 30 b (448 194Rb) | 162 b

(C) CALOULATION OF REACTION RATES FOR REACTOR AND ACCELERATOR
TRRADIATIONS ‘

1. Thermal and epithermal neulrons in the reaclor

() Genexal considerations, ‘Thermal neutrons have & most pr?:fble
energy of 0.026 eV (velocity v, = 2200 m Js) whefeas neutrons wi a.le:
energy of 0.1 — 1 eV are sometimos ca.llec_i epithermal ne't'ltronI:;v”
this region or is mostly proportional to E~Y* or to /v ( 1jv- igg’
see Figure 3.4, Widely different o-values are found for different iso-
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topes and no general rule can be given. The values for o, oue and &,
for thermal neutrons are given in Appendix 1, Table 1.

Thermal and epithermal neutrons mainly give (n, y) reactions - or
scattering for light nuclei — unless explicitly stated. As (n, y) reactions
often yield stable isotopes, it is obvious that neutron absorption not
always induces radicactivity, l.e. owt < cue, example H(n, y)?H
(stable), osve = 0.332 b, ouet = 0, '

A table with activation cross sections is given in the Appendix 1
Table 2. - '

(b) Calculation of thermal aciivation (1/p-absorber). As already
stated above (¢f. Figure 3.1), the reaction rate can be caleulated, if the
naut_;ron energy (or velocity) distribution and the activation cross
.sectmn curve are known, i.e. dR = o(F) x ¢{E)dE or o(v}n{v)v dv
integrated over all the neutron energies {or velocities). .

The reaction rate per target nucleus in a sample, where neutron

_ attenuation is negligible, can obviously be represented by

R= j;‘ a(v)vo(v) dv (3.15)

where n(v) dv is the density of the neutrons having & velocity between
v and v + dv and ofv) the activation cross section for a neutron
velocity v.

As mostly ¢ o 1]y, one can write for a pure 1/v-absorber

Hence of{v) = og,fv (3.16)

R = vy0, f: n(v) dv = nyyo, (3.17)
where # = I : n{v) dv is called the thermal neutron density.

Consequently, equation (3.15), which is dificult to handle, can be
replaced by the simple relationship R = nv,0,, or R = @,a, where
@ i the “conventional thermal flux”,

Thus, the reaction rate in a thermal neutron flux of known density n
can 'be calculated from the knowledge of the cross section ¢, at a
particular velocity v,, on condition that e(p) = 1/v. The velocity v, is
ta.ken a8 2.2 x 10* om =1, the most probable velocity of a Maxwellian
distribution at 20°C (corresponding energy 0.025 oV). If the o(v)-curve
shows important resonance peaks, equation (3.17) must be replaced
by equation (3.27).

3. NEUTRON INDUCED REACTIONS

The cross sections in Table 2 (Appendix 1) are given for this velocity
v, €xcept in some cases where they refer to an average reactor neutron
spectrum (values with asterisk). The activation cross sections are for
(n, y) reactions, except when explicitly stated (n, p) or {n, «). For
heavy nuclides (Z > 88) the oross section for fission is also included.

For practical use in activation analysis {induced activity caloulstions,
ses equations (5.36), (5.44), (6.52), (6.563), (5.59), or the more practical
equation (10.1)), the per cent abundance of the target isotope in the
natural eleraent and the half life of the product nucleus are also given
in this Table.

(c) Thermal absorption. In most cases it is permissible to use the
2200 m/s cross section (see foregoing paragraph). The case of neutron
diffusion is one of the few instances where other values must be used.
Indeed, unlike the case of a reaction rate, which doea not depend on
neutrcn temperature, the diffusion length or mean free path lofa
neutron is determined by the absorption cross section and is obviously
a function of the neutron temperature. It can be shown that the cross
seclion to be used iz quite specific the average cross section off) (U =
average velocity of the neutrons in a Maxwell distribution):

1= 1fY Niolth {3.18)
where N; = number of nuclides ¢ per cm?;
o(D); = averago absorption cross section for ith nuclide, defined
by ‘
™
.[o n{vjve{v)do
Io n(v)y dv

v, corresponds to the cadmium cut-off energy, e.g. 0.565 eV (see VI, A);
n{v) is the neutron density distribution per unit velacity interval. If
the analytical expression for n(v) is unknown, an approximate value
for o{T); can be obtained by assuming n{v) to be a Maxwellian distribu-
tion function, and setting ¢, = oo, . :

(3.19)

oft)y =

w{293.6\/1
oft); = a,,-‘-é-(-&-,:) (3.20)
where o, = 2200 mfs absorption cross section for ith nuclide (see
Table 1, Appendix 1)

T\ = Maxwellian temperature. .
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A simple way to find equation (3.20) is as follows.
R = 19,00 = nBo(D) or on(3) = Rnd = ‘i°a_°

In Chapter 4 (equation {4.17)) it will be shown that the average
velocity of the Maxwell distribution # is larger than the most probable

velocity vq by a factor
: 2 (Twm\¥*,
e\ T,

it
Jvr (—) where T’y = 203.6°K.

hence

of7) = "oﬂof"aT( )

This value of#) can be used to compute thermal neutron shielding
effects, as outlined in Chapter 10, section II, B, 4b (2).

A cumulative bibliography of the literature on (microsoopic) neutron
cross sections and allied dats, called CINDA (Computer Index of
Neutron Data) is available, It is intended primarily to indicate where
in the journal and report literature information can be found; it is not
a listing of the data themselves (Ref. 30).

2. Intermediale energy — Resonance neulrons in the reaclor

' {a) General considerations. o4 changes rapidly as a funotion of the
neutron energy, and typical resonances can be observed, different
from element to element. These values of ¢ cannot simply be predicted
for a given element.

As already stated above, the resonances are mainly dus to neutron
capture (n, y). Indeed, in this enargy region one can say that normally
T, > T, > I, and T,. Tt is easy to understand that I, and T, are
small in this region, because resonance neutrons cannot sufficiently
excite the compound nucleus to allow protons or a-particles to pene-
trate the Coulomb barrier around the nucleus. Sometimes, T, > I,
particularly in the case of light nuclei and at somewhat higher neutron
energy. The resonance phenomenon is then mainly due to scattering.

There are quite different forms of resonancs, depending on the value
of the resonance parameters (E, and I'). Some typical examples are
represented in Figure 3.4, with special reference to the nuclide which is
responsible for the resonance, The resonance parameters, corresponding
to the data of Figure 3.4, are summarized in Table 3.3.

3. NEUTRON INDUCED REACTIONS
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Fig. 3.4. Some typical forms of rescnance (13).
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TABLE 3.3
Reeonance parameters of the data of Figure 3.4 (13)
Resonance energy Level width Remark
g 530 4 30 keV T'y = 100 + 20 keV 3
1860 4 20 keV 450 4 50 keV
2800 keV 300 keV
4100 keV 500 keV
E, % thermal
up 430 + 10 keV Ty= 40 £ 8keV energy
1280 + 20 keV 140 + 20 keV
1780 4+ 20 keV 80 4+ 20 keV
2450 + 20 keV 120 4 40 keV
2580 £ 20 kaV 60 4 20 keV 7
1304 0.178 + 0.002 eV Ty=113 + 5mV E, epitherm. energy

(I'y = 0.85 + 0.02 mV) ' E,
Ty 1656 £ 4 mV E, epitherm. ensrgy
(T.=0.78 + 00lmV) TI'<£E,

iMRh 1,257 & 0.002~V

(b) Resonance intogral eress section, Obviously, a reaction rate in
the intermediate neutron energy region can be caleulated if the
neutron energy distribution and the cross section curve o(E) are known.
In the reactor (equation ({4.15)) the intermediate neutron energy
distribution is cc1{E. Hence

MoV 4z @ dr
I; = oy(B)— » I os(B) — {3.21)
L’od E Zed £

z represents the type of nuclear reaction (neutron absorption, activa-
tion, fission, etc.) and I is called (absorption, activation, fission, ...}
epicadmium resonance integral at infinite dilution, The definition of
effective resonance integral (corrected for self-absorption) appears in
equation {10.7). The lower limit of the above integral is the cadmium
cut-off By, (see Figure 3.4) and depends on the experimental conditions,
The EANDC* recommends the value Eg,= 0.55 eV in equation (3.21)
(15). Some typical values for the effective cadmium cut-off energy in
varions geometries, caloulated according to Stoughton (8) and Westcott
{9,10), are given in Table 3.4.

* Europesn American Nuclear Data Committes (15).
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TABLE 3.4
Effoctive cadmium cut-off for 1/v absorbers (in oV} {12).

Isotropio neutron flux density
Cadmium Collimated

thiclmess neutron FoilinCd  S8mall sample in Small sampls in

(mm) bean sandwich  spherical shell oylindrical shell
0.76 0.473 0.62 0.476 0.50
1.02 0.512 0.68 0.518 . 0.55
1.52 0.567 077 0.583 0.62

The resonance integral Iy contains the resonance contribution, as
well as the 1/v-tail (see Section V, C 1a), Indeed, in the case of a single
resonance peak in the o{¥) curve, the oross section in the resonance
region can be divided into two parts:

s contribution o (E), ideally given by the Breit-~Wigner formula;
a contribution oy{E), due to the fact that, when no resonances
are present, the croas section generally varies 1fv,

The equation:

b dr © dE @ dE
EY— BY g
J.xo 0’( )E J..,Od c.'l.h( ) E + Igcd af( ) E
is abbreviated aa:

Iwly+l (3.22)

Numerical values of I are given in Appendix 2, Table 1, after normal-
izing to a cadmium cut-off of 0.5 V. Numerical values for I, I' and
I e are separately listed for some interesting nuclides in Table 3.9.

Caloulation of I} is possible if the resonance parameters (T, T,
T, E;) andfor the 2200 m/s croas sootion are known. Several formulas
are proposed in the literature, such as (12)

Ity = (410 x 10%T,I,/E2 (3.23)

where E, ia the resonance energy expressed in eV, and the I's ars the
level widths in eV; g is a statistical factor depending on the angular
momentum of the compound nucleus. Another, less accurate formula
is given by Dresner (16):

3. NEUTRON INDUCED REACTIONS
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Ty = Zrog(BoEr3T (3.24)

where o, is the activation crosa section for 2200 m/s neutrons; K, =
0.025 oV and E, and I' are the neutron resonance energy and width for
the resonance. If o.{Z,), the total cross section at the maximum of
tho resonance is known, the following equation can be used (sce Chapter
10, Table 10.3).

I, = a0/ E)2E, (3.25)

The 1jv contribution depends obviously on the cadmium cut-off

value (seo Table 3.4). It can be shown that the expression

® dE
LN"""‘E’F

equals 0.90 o,; 0.45 oy; 0424 o4 or 0.38 o, for Boy = 5 kT; 0.50eV;
0.55 eV; 0.68 eV respectively (12).

As will be shown further, the knowledge of Jute is of interest to
estimate peutron shielding effects in reactor positions, where the
peutrons are not well thermalized. In section II, B, 4 of Chapter 10,
some additional information will be given for the actual calculation of
neutron ekielding effects if the thermal cross section, the resonance
integral and the thermal and resonance fluxes are known.

(c) Calculation of a reaction rate for resctor irradiation. If a nuclide
is irradiated in & reactor neutron speotrum, both thermal and resonance
activation are possible. Consequently, equation (3.17) must be adapted.
The simplest approach has been proposed by Hogdahl (14). The reactor
neutron spectrum is described as the sum of thermal neutrons (those
that are absorbed by a cadmium filter, i.e. integrated from 0 to Eg)
and epicadmium neutrons (those that are not absorbed by a cadmium
filter, integrated from g, to 1-2 eV or to ). The reaction rate per
atom can be represented by

R= J.w n(v)ve(r)dv = .rl n(v)vo(v) dv + 'r n(vjve(y) dv
¢ °

L
= oo, J‘.' n(v) dv + @, J“’ oAB) dr

0 Beoa E
or

| R = npvgog + ool . (326
whero n¢, = neutron density for energies up to the Cd out-off



42 (44 NEUTRON ACTIVATION ANALYSIS

- I:’ nfv) dv;

v, corresponds to the cadmium cut-off energy Ey, e.g.
0.55 oV.

vy = 2200 mfs and o, = 2200 m/s cross section; actually one
should write here o) instead of &, Yor most nuclides,
however, o; approximates o, very closely, nl. if the 1fv
law is followed (see also section 1 of Chapter 10).

®s = epicadmium flux density per unit logarithmic energy
interval (> Ey,). Indeed, since in this energy region
(eg. E, to B,), p(E) oc 1/E, nl. p(E) = @ fE the total
intermediate flux density is given by

Pu = [ 9B) AB= g, [ ABIE = ,In(E E)).

Hence the quantity @¢ can be given the interpretation of
an intermediate (or epicadmium) flux density per unit
logarithmic energy interval.
I = the infinite dilute (epicadmium) resonance integral =
Jumv o,( E)

Boa ¥ ;
I=1I4 Iy =1I+ 045 o, foracadmium foil thickness
of ca. 1 mm.

The reason for ignoring the presence of a fission spectrum in equation
(3.26) is that the contribution to the total (n, ¥) reaction due to fission
neutrons is usuaily very emall.

The form of equation (3.17) can be conserved, if o, is replaced by &
“reactor” cross section oresctar:

R = MnY 0% eactor (3°27)
where

a, == —?l- b i e
reactor = O + ﬂth”oI qp f—%l-]: {3.28)

and nyv, = gy, (conventional thermal flux for neutron energies < Eg,).

Equation (3.27) allows the calculation of the reaction rate (induced
activity) if gy, and @e/py, are known. In Section VI, B of this chapter
a method is described for determining these quantities. Numerical
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data for o, and I are given in Appendix 1, Table 2, and Appendix 2,
Table 1.

For practical use in activation analysis, reference is made to equation
{10.1), which takes into account the weight of the irradiated element,
the irradiation time and the half-life of the product radionuclide,

Note that for a pure 1jv-absorber (no resonance peaks, I’ = (),

equation (3.26) is reduced to

R = nyvooy + 0.45pu0g == nyyv004(1 + 0.45p4/ny0,)
The reaction rate is also given by equation (3.17):
R = nye,

where n = total neutron density (0 — co0).

Hence: n = ny,(1 4+ 0.45p,/n,,0,)

As for most irradiation positions @./nyv, < 1]10 one can conclude
that the first term on the right hand in equation (3.26) is practically
equal to equation (3.17) and takes the thermal activation almost
completely iuto account.

3. Fast neutrons (>1 MaV)

(8) 14 MeV neutrons (neutron generator). The behavior of o will
be considered for 14 MeV neutrons, as this energy region is of great
interest for activation analysis with a neutron generator, using the
T(d, n)x reaction (see Chapter 4, II),

(1) op. For 14 MeV neutrons, o can easily be calculated for a given
element; this was not possible for thermal, epithermal and resonance
neutrons. Tha following equation holds:

op = 2nRY ' (3.29)

" where the nuclear radins B 4 is correlated with the atomic mass number

A by the approximats relationship
Ra= 15 x 10-134¥3¢m (3.30)

This means that o}* is proportional with 41/% and that for all elements
op has a value between 1.5 and 8 barn at a neutron energy of 14 MeV.

Ezample: Hg. Caloulated op = 2r x 2.25 x 10~ x (201)¥% ¢cm?® =
485D,
Experimental value at ~ 14 MoV = 4.5-5.2 bamn.
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Equation (3.20) seems to be contrary to the definition of cross section
by equation (3.10), due to the factor 2. This can be explained as
follows: the probability for the formation of a compound nucleus is
indeed given by #R%, but the total cross section includes an additional
wRY for diffraction soattering, which does not produce a compound
nucleus (ses last two columns of Table 3.5). Anyway, the correspon-
dence between the experimental or values and those, caleulated by
equation (3.29) indicates that at higher neutron energy the nucleus
may be considered as a non-transparent sphere and the neutrons as
simple projectiles and that o7 is directly correlated with the geometrical
dimensions of the nucleus. This o7 can be regarded as a sum of the
probabilities for elastic and non-elastic (in many cases = inelastic)
scattering (¢f. this chapter, section 1. Within the scope of this book,
no distinction will be made between o, and ¢, , ).

op = Ou + gne. {3.31)

- where

one, = ofn, 2n) + o(n, p) + o(n a) 4+ ofn,y) + (n,na)... (3.32)

The numerical value of one for 14 MeV neutrons can be caloulated
by the following empirical formula (17)

nsqaatery = 7 (012413 + 0.21)* barn (3.33)

The calculated value for Al is 1.02 barz, whereas the experimental
value (13) is 0.99 barn.

(2) o(n, y}. At 14 MeV, the probability for & (n, ¥) reaction ia small,
The most important phenomena are elastio seattering and inelastio
collision followed by (n, 2n}, (n, p) and (n, a) reactions. (Table 3.5).
ap and oae. can be calculated empizically by equations (3.29), (3.30)

. and (3.33).

Anyhow, the relative importance of the {n, y) reaction decreases very
rapidly with increasing neutron energy {Figure 3.5). For that matter
its value at 14 MeV is normally determined by linear extrapolation in
the log ¢ vs. log Ey plot (Figure 2.5, Ref. (18)).

{3) o(n, 2n). At 14 MeV other reactions are favored, particularly
{n, 2n) reactions, as can be seen from Table 3.5. In most cases o{n, 2n)
& one(®}or or wRY). (Cf. equation (3.32) and this section 3, a(l)
respectively).

Obviously, the cross section for (n, 2a) reactions will depend on the
relative excess of neutrons in the target nucleus. A second neutron can,

3. NEUTRON INDUCED REACTIONS

of coursse, leave the nucleus more easily, if the neutron excess is greater,
As a measure for the neuiron excess one normally chooses (N--Z)/4,
where N = number of neutrons', Z = number of protons, 4 = N + Z
= mass number.

TABLE 3.5
Some 14 MeV neutron croas sections {mb).

Iotope  o{n,a) ofn,p)  ofn,20)  oln,¥) omleloment) o feloment)

1149 0.5 2.4 2600 7.8 2600 5200
i 0.5 0.5 2400 (tot)  L.5. 2500 5600
1WAg (10)  (22) I 550 (24.5m) 30
1T 600 (8.34) 1800 4300
1pg 10 13 800
MAs 12 12 540 2
91Cu (an 120 520 2.6
“u a3 10 1000 p 1500 2050
10 =TTy

A RN

[

N
N

lod-d t. 0t d

o (barn}

10 E ) E
: TSAU ‘\, :
Idz \\ \\ J
16° 1 1 0 10°
E(MeV)

Fig. 3.5. oy op—0a = oa, 80d ofn, ¥) for 54An at higher neatron energy (13).
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The following empirical relationship between o(n, 2n) and (N — Z)/4
in valid:
For (N — 2)]4 > 0.07:
N-Z

log G(n. 2n) (14 MeY) = 2.473 + 3-48
For (N — Z)[4A < 0.0T:

{mb) (3.34)

N—-2

A .
This relationship holds s well for odd-even as for even-even nuclei.
Exzample: 3*38p(n, 20)13%*)3b, Z = 51, A = 123, N = 72, (N — 2)/4
= 0.171.

From equation (3.34) one caloulates o(n, 2n) \y, aev) = 1162 mb.
Experimental value: o(n, 2n) (1, g yoyy = 1560 mb.

lOg c(n, 211) (14 Mev) = —0.341 + 42

(mb) (3.34 bis)

Experimental values of o{n, 2n) for 14 MeV neutrons are given by
Friedlander and Kennedy (1), Neuert and Pollehn (19) and W. Schulze
{18); see Appendix 4, Table 3. Schulze (18) gives also calculated values
if no experimental data are available. Determining o{n, 2n) experi-
wmentally, one often uses the reaction **Cu(n, 2n)*2Cu as a reference
(o = 500 mb, +5 to 8%, at By = 14.1 MeV). (Figure 3.6).

If ¢(n, 2n) is plotted vs. the neutron energy, a so-called excitation
function is obtained; (n, 2n) reactions are, of course, threshold reactions,
as at least the binding energy of 1 neutron must be available, At
increasing neutron energy, the reaction yield increases too and a smooth
continuous function of energy is obtained, However, at a sufficient high
neutron energy the yield of the (n, 2n) reaction can decrease, owing to
competing reactions, which ‘become more favored. An eansalogous
phenomenon was already observed for (n, y) reactions at energies
>0.1-1 MeV, seo above, Figure 3.5. A typical excitation function ia
represented in Figure 3.0.

(4) o(n, p) and ofn, «). {n, p) and (n, «) reactions are normally thres-
hold reactions too, and similar excitation functions are obtained
(Figures 3.16, 3.17). '

Some numerical values of such a curve ars of particular interest, nl.
ey BN oy for the reaction 7Al(n, o) *Na, o, is at ca.
14 MeV. There exist empirical relationships which allow the approxi-
mate calculation of ofn, p) and o(n, a) in the 14 MeV region (21).
The ratios o(n, p), resp. o(n, a) to one. are correlated by the same

g

A Y

y?
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\{:&’.C
1000
£
]
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£
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/ 1
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[ / ; ) 3
0 7. 14 16 1 20
E(MeV)

Fig. 3.8. Energy dependence of the reaction croes section for **Cu(n,Zn)
ucu (20

parameter (N — Z)/4, which was already introduced in equation (3.34).
The maximal #{n, p) is given by:

o Pz _ exp (—25.2 y- z) © (3.35)
Ows, A

where k{o.-0.} = 0.28 and k{e.-e.) = 0.47.

This means, that the behavior of odd-even (0.-¢.) and even-even
{e.~¢.) is not the same. For even-odd nuclei, no sufficient dats are
available. one, is caloulated by equation (3.33).

At 14 MeV, o(n, p) ia given by

o, Placwen _ 4 oo ( _s11 u) (3.36)
cus, -4

where k{o.—0.) = 0.50 and k(e—e.) = 0.83.
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Example: 1%Ag(n, p)219*Pd
Experimentsl value: o(n, p)yyey) = 13 mb
Calculated: A = 109, Z = 47, N = 62, one. = 1.96b, o{n, p

Dizd 2evy
= 11.2 mb. .

Similar relationships are formulated for (n, «) reactionas:

o8 Dhmany _ 1 oxp ( -317 N; z) (3.37)

an.e,

where L(0.~0.) = 0.55 and k(e.-e.) = 0.92,

] '8 N -
"(“_:lﬂff_w = kexp (—37.8 = Z) (3.38)

where ko.-e.) = 0.50 and k(e.-e.) = 0.83.

Considering the parameters in equations (3.37) and (3.38) ons can
expect that in most cases o{n, «) will be maximum at ~14 MeV, as can
be seen from Figure 3.186.

Experimental values of o(n, p) and ofn, «) for 14 MeV neutrons are
tabulated by Friedlander and Kennedy (1), Neuert and Pollehn (19)
and Schulze (18), see Appendix 4, Tables 1-2. The latter author gives
also caloulated values if experimental data are lacking. Some selected
reactions are often used for relative comparative measurements, e.g.

‘I‘i(n’ a)'H c(l'l.l MaV) = 26 mb {i5 to 8%)
YAl(n, «)*Na Ouea ey = 121 mb (£3%)
41(0, PIMg aqr e = 81 mb (£6 t0 8%)

(6) Other reactions. It must be borne in mind that with 14 MeV
neutrons not only (n, 2n), (n, p), (n, «) and (n, y) reactions are possible,
but also

(n, n')

(n, np + 1, pn + 0, d)

(m,p + n,pn)

(n, np) or (n, nd)

{n, d) or (n, *Hs)

(n,p + n,pn + n,np + n,d)

" (n, t) or (a, 2p) or (n, tn)

(n, n«) reactions

Experimental data are given in Ref. 19,

:.t.

. :_E (314
3. NXUTRON INDUCED REAOTIONS {':E:ffﬁ;})

Some (m, n') reactions, produced in the reactor, are discussed in
section V, C, 3b of this chapter.

(8) Caleulation of the reaction rale for acceleralor irradiation. The
reaction rate per atom ia given by

Ryuay = F . 0y pepv(87?) (3.39)

where ¢ = the 14 MsV neutron cross section for the reaction of interest
{ses Appendix 4);
F = the 14 MeV neutron flux (ses Section VI, B, 4 of this
chapter).

For practical use in activation analyeis, reference is made to equation
{10.1), which allowa the caloulation of the induced activity, taking into
account the weight of the irradiated element, the irradiation time and
the half-life of the product radionuclids.

(b) Fission neutrons (Reactor)

(1) Definition of average cross section () for a fission newtron flux.
Contrary to the neutron generator, reactor neutrons sre not mono-
energotio, According to Watt (22), neutrons produced by fission of
3357J have the following energy distribution {Figure 3.7):

J(B) = C exp (= E) sinh /(2E) (3.40)

where X ia expressed in MoV; for the normalized distribution 0 = 0.484.
Cranberg (23) proposed the following medification

f(B) = 0.4527 exp (—1.036F) sinh ,/(2.20F)  (3.40 bis)
Another semiempirical expression haa been proposed by Leachman (24):
f(B) = 0.7725 E¥* exp (—0.775 E) (3.40 tris)

Equation (3.40) agrees with the experimental data from 0.075 to
15 MeV; equation (3.40 bis) has been studied experimentally from 0.18
to 12 MeV; equation (3.40 tris) is & good approximation for the fission
spectrum <9 MeV. These representations differ only slightly, the
largest deviations ccourring at high ensrgies. For in-pile measurements
this nentron spectrum is mostly slightly disturbed above 1-3 MeV,
although departure from this distribution is possible.

As already stated, the cross section for a threshold reaction is energy
dependent (excitation curve). In the case of emission of & charged
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Fig.3.7. Energy distribution of fission neutrons from Y17 (Watt distribution) (2).

{Permission of Hughes, D, J., Pils Neul .
Reading, Mass.) ron Research, 1953, Adison-Wesley,

particle (p or «) this excitation function is mainly determined by the
penetrability of the potential barrier around the nucleus (2). It is 0 for
E < Er and increases with the neutron energy. It can decrease again
due to competing reactions or because the nucleus becomes transparent
(tff. Figures 3.6, 3.16, and 3.17). At any energy the reaction rate is
given by the response function o(E)f(E). The integral reaction rate
per second and per target nucleus is given by

j;' oE){(E)dE = j‘;‘r oB)f(E)dE (as v = O for E < Er) (341)

5. GROWTH AND DECAY OF BADIUACILVELY

e

This quantity is called the responss integral. In fact it is this response
integral which results directly from measurements with activation
detectors. f(E) represents the fraction of the fission neutron flux

between B and E + dE. Equation (3.41) is equivalent with & _[ = f(B)
dE if & is the average cross section in a fission neutron spectrum;
5 ia thua defined a8 follows:
a0 w
. foe@i@)aB [y, 0BV E) A
(-] -]
IR [ 1umaE

I: f{B) 4 is mostly normalized to one neutron om~%s-1. In practice

it is &, that for a given reaction is determined in sn unperturbed
fission nentron spectrum, as the response is automatically integrated

(3.42)

 over the whole spectrum, Obviously & can, in principle, &lso be caleu-

lated if the energy distribution of the flux and the excitation function
o(E) of the reaction of interest are known (ses Section VI of this
chapter). .

The definition of cer is given by equation (3.5). From equation (3.5)
and (3.42) it follows that

2z ":—-*"ﬂmw (343)
o [ f(B)dE '

Some “reduced” cross section curves {o(E)/owr vs. E) are represented

in Figures 3.16 and 3.17.

(2) (n, p) and (n, «) reactions. Hughes (2) described a relation between
5 for (n, p) or (n, «) reactions and the fission integral J';e ﬂf(E) d
(see Figure 3.8); & was normalized to 2 “standard size nucleus”,

This approach is, however, not completely justified and important
discrepancies between experimental and expected values are observed.
Roy and Hawton (25) proposed another empirical correlation between &
and Fer (Figures 3.9 and 3.10), taking into account a larger number of
recent experiments! data, and normalizing to a standard nucleus
with 4 = 125. (Indeed, o is function of 4, as can be seen from equatioris
(3.29) and (3.30): o oc A% if 4 =125 is arbitrarily chosen as the
standard nuclens, it is obvious that any other & has to be multiplied
by & factor (125/4)¥* = 25[/4%?). Plotting 255[A%% versus Eer for
(n, p) reactions, they find a different bshavior for ““odd-4A” and
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Fig. 3.8, Integral of the neutron flaslon spactrum.

“even-A" targets. The best fit through the experimental points gives
straight lines, of which the slope apparently differa from that of the
fission integral j = J(B)dE versus E. 3(n, p) for even-A nuclei is
found to be about seven times that for odd-A nuclei (see Figure 3.9).

For (n, o) reactions the best fit also does not coincide with the integral
of the fission spectrum (see Figure 3.10). However, significant differences
for even-4 end odd-A nuclei cannot be obeerved.

From these graphs, the & for & given (n, p) or (n, «) reaction can be

3. XEUTRON INDUCED REACTIONS

e EVEN=A TARGET
e ODD-A TARGET

-
,,»{um:

. a0y, |,

\\

2 & 6 8 10 12 14
EC" (MeV}

Fig. 3.9. Measured valuea of F(n, p) for fission neutrons, plotted va. Eu
taken from Roy and Hawton (25). Tho dotted line representa the integral of the
fission neutron spectrum. :

estimated. First, Kp i3 calculated from the @-value, using equation
(3.4) or (3.6). E,q can then be found from Figure 3.11, where £, — Er
is plotted as & function of the atomic number of the target nucleus.
Numerical data for X,y can also directly be found in Ref. 25 or 11.
From Figure 3.9 or 3.10 one estimates 253{4%* and finally one calou-
lates .
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Fig. 3.10. Xeasured values of &(n, «) for fission neutrons, plotted vs. E,;,
taken from Roy and Hawton (25). The dotted line represents the integral of the

fission neutron spectrum,

Using this method, discrepancies by a factor of 3 to 8 between
experimental and estimated value are still observed. For that reason,
De Neve (26) proposed to estimate & for {n, p) and (n, a) reactions from
the corresponding 14 MeV crosa sections, where more experimental data
are available (see Appendix 4).

o

3. NXUTRON INDUOED REACTIONS
E,4=Ey (MeV)  tor (n,cc)reactions

& L} 12 n 0 2% 28
100 v r v v T " T

‘80 - /

3
[
3 e - / /
B
z
k-]
N

40

(np)l—
2 /

<] i b L L 1 - i M "
2 4 ] § B b 14
Eg-Er {MeV) for (n.p)reactions

Fig. 3.11. The quantity B,u— K, for {n, p) and (n, &) reactions as & funotion
of the atomic number of the target nucleus, taken from Hughes (2). (Permission
of Hughes, DD, J., Pils Neutron Research, 1063, Adison-Wesley, Reading, Maas.}
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In a normalized fission neutron flux I:I(E)dE = 1, equation
(3.43) can be written as

o = f ng/(B)AB (3.44)

i.e. the fission integral, which is represented in Figure 3.8. T,y i3 the
reaction cross section for a penetrability = 1. As seen in section V, C,
3a (4) of this chapter, the penetrability for most (n, p) and (n, a)
reactions equals 1 st neutron energies ~ 14 MoV, Hence, equation
(3.44) can be approximated aa follows:

§orsw = | g f(E) dE (3.48)

This relation is valid for {n, p) and (n, «) reactions and no different
behavior is observed for odd-4 or even-4 target nuclei (Figure 3.12).
From this Figure, & can be estimated if oy, v and E,g (se0 above)
are known; oy, y,y can be found in Appendix 4, or estimated from the

‘empirical relationships (3.36) or (3.38) and (3.33). In most cases, the
difference between estimated and experimental values is not larger than
a factor 3.

Numerical data for 5(n, p) and 5(n, ) can be found in Appendix 3.

(3} (n, 2n) reactions. Less experimental dats are available for (n, 2n)
reactions in s fission neutron spectrum. A plot of 25(n, 2n)[AY3 va,
E'r is represented in Figure 3.13. The choice of Eyp instead of £, , as a
variable is justified 28 the quantity E,y—Ex does not vary by more than
1-2 MoV over the whole range of nuclides. This was not the case for
{n, p) or (n, «) reactions, as appears from Figure 3.11. Moreover, Ep
is & more accessible quantity than ,q4. The best fit through the experi.
mental points ylelds again a straight Line with another slope than

I:f(E)dE. No systematio difference is observed for even.4 and

odd-4 targets from the experimental data available,

Numerical data for 5(n, 2n) are given in Appendix 3, Table 3.

As already stated in section V, C, 3a (2), {n, y) reactions are unim-
- portant for fust neutrons (cf. Figure 3.5 and Table 3.5).

(4) (n, n') reactions—inelastic scallering. Attention has been paid
to the study of (n, n') reactions in reactor spectra. A few é(n, n)
values have been determined (see Appendix 3, Table 4) but no
empirical rules have been proposed.

Neutrons of ~0.1 to s few MeV can undergo inelastio scattering
with & nuclens. The neutron loses its energy partly or completely,
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Fig. 3.12. Measured velues of 5/a(14 MeV) for (n, p} and (n, «) reactions vs.
B, taken from De Neve {20}. The dotted line represents the integral of the
fission neutron spectrum.

leaving the nucleus in an excited state. Returning to the ground state,
the nucleus emits one or more y-rays. These so-called (n, n’} reactions
are also threshold reactions. Indeed, if the *lowest excited” state of
the nueleus lies for instance at 850 keV above the ground state, it is
obvious that the incident neutron must have at least an energy of
850 keV to make possible that partioular (n, n’} reaction, followed by
emission of y-radiation of 850 keV (as one y.ray, or more y.rays in
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cascade). Plotting o(E) ve. E, one will again obtain an excitaticn func-
tion.

Ezamples.
{ ) ¥Fe; isotopic abundance § = 91.689; energy levels 0, 845, 2080,

Y T l T
6 EVEN-A TARGET
& O0D-A TARGET

1004
g 1 ~
“ [ J
: Y L[ rerge
2 3
2|5
| <
Q 9,
10! LN
- \0\?Cu
[ N
=3 2 \\
3 {
L NN
i
1i
192
- e \
- by p\
[ Ség,
2_10"3 1 s L N
6 7 8 9 10 n 12 13 14
ET(MeV‘)

Fig. 3.13, Measured values of §(n, 2n) for flmion neutrons, plotted va. E,,
taken from Roy and Hawton (25). The dotted line represents the integral of the
fission neutron spectrum,

3, NEUTRON INDUQED REACTIONS

2600, . . . keV. With nsutrons from ca. 850 keV inelastio scattering
produces y-rays of 845 keV.

(2) *7Al; 0 =1009%; energy levels: 0, 834, 1015, 2270 keV. With .
neutrons from ca. 0.35 MeV, 1.02 MeV and 2.25 MeV one observea
y-raye of 0,847, 1,025 and 2.23 MeV. The excitation {functions for
theee (n, n') reactions end the energy levels of 37Al are represented
in Figurs 3.14. Data are taken from Hughes (13) and Dzhelepov

(27).
E)‘ 0847 MeV
ozr /\/\_/\/\/\_‘/\/\/\
0 A A 1 i L i L i
08
5
2
° Q2r
0 1
04}y
oz 0 E,*2.23MeV
5/2'. 27 . : — . . , N
%.8 1.2 i6 20 24 28

E (Mev)
Fig. 3.14. Production of y-rays by inclastio scattering and energy levels in 37A1

This type of reaction may be of analytical interest if a stable isotope
gives an isomerio state of suitable half-life.

Ezample. 27Ph; 6 = 22,6%,; energy levels 0, 565, 1633 keV. With
neutrons from ca. 1.6 MeV 2%™Pb is formed (7', = 0.8 8) which
decays to the ground state by emission of two y-rays in cascade (1060
and 505 keV), see Figure 3.15 (taken from ref. 28).

Some other sxamples are summarized in Table 3.6. .
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Fig. 3.15. Production of 0.8 s isomer (39'Pb®} by | i i
enorgy lovels i 1B uaryy { ) by inelastio peattering and

) TABLE 3.8
Production of isomers with measurable half-lives by inelastic
neutron scatiering
R Threahold E
Reaction ¢ 9% T4 E, (keV) (keV) F

19Rh (n, n’) 1"=Rh 100 874m 40 E.
WAg(n,n)MmAr 4865 3025 87 E
1n {n, n%) Méa]y 9577  45h 335 4
337Ba (n, n’) 111=5, 11.32 26m 661 680 (K, :: 1.9 MeV)

3"Au (n’ n“) I"-Au 100 "4 a
WHg(n,n)1aHgy 1684 4dim
"Pbn,n’) '=PL 226

407, 277 + 130 407
368 + 159 627
0.8s 1060 + 565 1633

Remark: Nuclei can also be excited by other o e
Example: 1%Rh(y, ?,)“._Rh‘y meuns, e.g. by photoactivation.

= -

A

3. NEUTRON INDUCED REACTIONS

Some (n, n') reactions produce new radionuclides which are not
observed in (n, p), (n, a) or (n, 2n) reactions. In cousequence they are
““characteristic” for the element concerned, and this can be of interest
for analytical applications (18). Data are given in Table 3.7. The first
one has been alrcady practically examined by Anders (29).

TABLE 8.7
Production of *charaoteriatic” iromers with measurable half-life by inelastic
nentron scattering
HReaction . A A Ty E, (keV) Ep (keV)

"Br(n,n’}"*=Br 50.52 48s . cs

Y (n, n’)tmY 100 : 14n 913 913
193] p(n, p’)143m], 815 1104 80 0
1iPhin, n)Mi=Ph 1.48 68m 012,874, B89 2188

(others)

(5) Response funclions of threshold reaciions in a fission neutron
spectrum. Apart from &, defined by equation (3.42), o(F) is also of
great importance and it is even more fundamental. If the o(E)
curve is well known for a given reection, average and effective cross
sections can be derived, and the effective threshold ean be caleulated
(¢f. Figure 3.1).

Experimental and calecvlated cross sectfon curves or excitation
functions for some important threshold reactions are represented in
Figures 3.16 and 3.17. Actually, o(E)/oer is plotted (reduced cross
section curve). A compilation of some important cross section curves
is given by Liskien and Paulsen (48). The function o(E)f(E) is called
the responss function. At higher neutron energy f{E) becomes rather
amall in & reactor, hence o{&)f(F) will also decrease and practically
one observes a “shifting” of the responss curve towards lower neutron
enargy as compared to the corresponding cross section curve, This
can be seen from Figures 3.18 and 3.19, where the response functions
of varioua threshold reactions are represented.

Graphical integration of the response function allows the determina.
tion of & (¢f. Figure 3.20).

(8) Caleulation of a reaclion rale in a fiszion neulron specirum. The
reaction rate per atom is given by
D
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where 5 = the average cross section in a fission neutron spectrum
¢ = the “equivalent fission flux”

- J‘: J(E)dE. The determination of ¢ is described in section
VI, B, 3 of this chapter.
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Fig. 3.16. Reduced cross gection curves for some threshold reactions.
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Fig. 3.17. Reduced oross section curves for some threshold reactions.



64

This can be of practical intereat to calculate interferences in activation

o
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snalysis (see Chapter 10, section II, C), such as:

Determination of Interfering reaction
Fein Co 8*Co(n, p)¥*Fe
Pin8 3t8(n, p)3*P
Cuin Zn ¢ $2Zn(n, p)¢4 $7Cu
Na in Al 2?Al(n, «)*Na
Mn in Fe #4. 88Fe(n, p)*4 $8)Mn
Coin Ni §8. 0Ni(n, p)se $9Co
Sein Ti 16 47, @2Tj(n, p)as. 441G,
ﬂ
T
0.4 £\ ‘
( SRntn.or RN 6 82
2 5 Cutn2n) Cu
Skap) P

24
Al (.o} Na ]

I /NL 'l
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Fig. 3.18. Responss functions for some threshold reactions.
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Fig. 3.19. Response functions for some threshold reactions.

Example: *$Fe(n, p)**Mn; & = 0.93 mb = 0.93 x 10-*" cm?
If @y = 7.101 nem-?5-! and k = 0.033, § = kg, = 2.3 x 101*
nem-*s-!, Henco R = & x ¢ = 2.14 x 1018 8-,

For practical use in activation analysis, reference is made to equation
(10.1) which takes into account the weight of the irradiated element,
the irradiation time and the half.life of the product radicnuclide.
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YL Some Applications of Neutron-Induced Reactions
(A} Tre Capyiou Ratio (CR); TRERMAL/RESOXANCE FLUX RaTio

Cadmium has a very high absorption cross section for neutrons with
an energy less than ~0.4-0.5 oV (Figure 3.4), due to the reaction
13Cd(n, y)114Cd. 114Cd is not radicactive. The effective cadmium cut.off
depends on the foil thicknoess and on the geometry (Table 3.4),

.Ifa sample during the neutron irradiation is covered with a cadmium
foil of 0.7-1 mm thickness, the thermal neutrons are screened out, so
that (n, y) reactions in the sample are only possible witl: “epicadmiulm"
neutrons. Without cadmium cover, activation occurs as well with
thermal as with resonance neutrons,

] Th.o measured ratio of the two activities for & given irradiation posi-
tion is called the cadmium ratio (C'R) of the nuclide of interest:

3. NEUTRON INDUCED REAQTIONS

aotivity without Cd foil  @uo, + @l

sotivity with Cd foil @ (347)
Hence:
CR=1= -—-?:‘;o (348)

where o = the conventional thermal neutron flux up to the Cd cut-off

(Ecal pun = muuy = 10}
@ = epicadmium flux or resonance flux (> Ey,)
(equations (3.17) and (2.26)).

It is obvious that the measured C'R depends on the sensitivity of the
detector for resonance and thermal neutrons, so that equation (3.48)
does not directly give the real thermal to resonance flux ratio, unless
this sensitivity is known (thermal activetion oross section o, and
activation resonance integral I = 1" 4 1y, = I' + 045 o, for 1 mm
Cd-cover).

In the case of a 1/v deteotor, such as B, Na, Al, .., these caloulations
are quite simple (I’ = 0). The induced sactivity under cadmium is,
however, very small, so that very high cadmium ratios are found;
even within a graphite lattice, whore the p,fpy,, ratio can be as high as
1/13, one finds cadmium ratios of 33.

For that reason one prefers a detector with (a) prominent resonance
peak(s); both with and without cadmium sufficient activity will then
be induced. Widely used detectors are Co, Au and In, However, very
thin foils must be irradiated to avoid thermal andfor resonance self.
shielding (Chapter 10, section II, B, 4).

To illustrate the effect of neutron absorption on the determination of
cadmium ratios, Hogdah! (14) mentions that the uncorrected cadmium
ratio for gold in a pneumatio tube of a reactor is 12.5 using & 1 mil thick
gold foil, while OR = 5.5 I8 found by using a dilute sclution of gold
{72 pg Au/ml), The difference is primarily due to self absorption of
rosonance neutrons, If gold foils are used, absorption corrections are
nocessary if the gold thickness exceeds about 0.5 mgfom3, 14 is, there.
fore, advisable to use dilute alloys, e.g. 1 w-%, in aluminium, as neutron
shielding then becomes negligible, Some experimental data for cohalt
are given in Table 10.4. '

If no eelf absorption ocours, the ratio resonance/thermal flux can be
caloulated from equation (3.48), after measuring the aotivities induced
in the bare and cadmium covered detector.
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Fxample: Co monitor, ¢, = 37.2 barn, I = 85 barn (+1/v-contribu.
tion). If OR,, = 10.2 is found, one caloulates ¢y /@, = (05/37.2) x 0.2
= 16.1.

The cadmium ratios for some irradiation positions in the BR~1
graphite reactor (Mol-Donk, Belgium), as determined with cobalt,
are given in Table 3.8 (48).

TABLE 3.8
Cadmium ratios and fast to thermal flux ratios in BR~1 (48)

Thermal Rabbit Rabbit Rabbit Isotope
Position: column X286 X 27 X283 Train Channel BBU ITN

ro 2x 101 £x101 §x101 14%10M 4x10M 8x10M — - —
OR(co) — 636 102 1085 1341 . 742 104 T.04
E=plpat 1/200 1j261 112 1167 11184 1592 — —

e

1 wee equation (3.58).

The CR is often given or measured for gold. By using equation
(3.49) one can find the OR for any nuclide expressed in terms of the
OR for gold:

I,u00, 2 15430,
- a— ——— 1 — ——
ORI l + (GRAII 1) ao"u I’ + (GRAII 1) 98-8-[:

In the same way the CR for a nuclide can be expressed in terms of the
CR for cobalt:

(3.49)

ORg =1 + (ORg — 1) 002

(3.50)

Numerical data for o, and I are given in Appendices 1 and 2.

Whatever detector is used, the CR is proportional to the thermal to
resonance flux ratio, The greater the OR, the more the neutrons are
thermalized.

Cadmium covers are also useful to acreen out thermal neutrons in
cases where thermal activation is undesirable, e.g. for the study of the
faat neutron flux, see section VI, B, 3 of this chapter. The OR allows
the calculation of the net thermal flux by correcting the induced
activity for the resonance contribution, see section VI, B, 1 of this
chapter, In some cases, fast neutrons are undesirable, e.g. owing to

il
3. NEUTRON INDUCED REACTIONS giﬁ!ﬁ

interfering (n, p) or {n, «) reactions. By subtracting the activity,
induced under cadmium, from the total activity, induced in the bare
sample, one gbtains the net thermal reaction rate, Interfering reactions
can hetter be avoided by choosing an irradiation position with a high
CR, such as the thermal column, although the sensitivity then de-
creases, 3 the tota] and thermal fiuxes also decrease (Table 3.8).
The cadmium depresses the thermal flux density and gives also a
perturbation in the intermediate neutron flux density. Sometimes it is
oven impossible to use & cadmium ocover, .g. because of temperature
or safety oonditions inside a reactor, In an alternative technique two
detectors with different cross section curves can be used. For loug
jrradistions, the detector couple Ag and Co seoms most suitable:

89Co: gy = 37.2b; I = 65D
10Ag: g, = 3.2b; I = 47.5 b {for production of 1%"Ag)
Absolute counting of $°Co offers no special difficulties. The standardi-

* zation of 1192Ag can be accomplished with special counting fechniques

(sum-coincidence method; semiconductor counting, using the 656 keV
photo peuk; the efficiency of the semiconductor detector can be deter-
mined by means of & calibrated 237Cs-source, E, = 663 keV). According
to Hagdahl (14) one can write:

R, ='pa0y, + Pl for detector 1

Ry = puoy, + el for deteotor 2
R, and R, are caloulated from the absolute counting if the irradiation

time and the decay time are known (e.g. equation (3.54)), hence one
can determine gy, = [n,v,]38Y and ¢,

Rddy = Ry (3.51)

.;. =0T T, (3.52)

The assumption has been made that self-shielding corrections for
thermal and resonance neutrons are negligible.

(B} NEuTRON SPECTRA (PARTICULARLY IN NUOLEAR REACTORS)

The response of an element in & given neutron spectrum depends on
o(E) and on the neutron energy distribution. For a graphite moderated
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reactor, the thermal neutrons have —in the ideal caso - a Maxwell
distribution, the resonance neutrons follow the dE/E-law, the fission
neutrons the Watt distribution (ses Chapter 4). To obtain a picture of
the present stage of development in the dotection, dosimetry and
standardization of neutron radiation, the reader is referred to the IAEA
Proceedings of the Symposium, held in Harwell, 10-14 December
1962 (31).

1. Determination of the thermal flux

Most elements have a o, which follows the 1fv-law at low neutron
energy. The thermal flux is determined by sbsolute counting of the
activity, which during a given irradiation time is induced in 1jv
detectors, whose activation cross section ic accurately known:

8Co: 0y = 37.2 b; Co: A = 4,168 x 10-*5-1
¥74u: 0y = 08.8 b; MAu: ) = 2,08 x 10-%5-1

To avoid self-ghielding (Chapter 10, II, B, 4) these elements are
irradiated as dilute Al-alloys, e.g. 0.1-1 .9} Co or Au in Al Due to
resonance peaks in the o(E) curve, they are also activated by resonance
neutrons. The reaction rate per atom of a “bare” detector, following
the convention of Hegdahl (14), is given by equation (3.26);

R =Ry + R, = pucy + ool (3.63)

where R, and R, = thermal and epicadmium reaction rates;
em (=nyv,) and ¢, = conventional thermal and epicadmium
fluxes;:
o = 2200 m/s activation cross mtmn;

. I = activation resonance integral, including 1/v-tail.

The disintegration rate D {disintegrations per second) for an irradia- -

tion time 5 and a waiting time ¢ is (Chapter 5, section III and equation
10.1).

D = N.R[1 — exp (—Mp)] exp (—X) (3.54)

or
D = Newdractor [1 = exp(—Aty)] exp (— X)
where N = number of target nuclei

Oreactor = Ziven by equation (3.28).

3. NEUTRON INDUCED REACTIONS gl

If the detector is covered with cadmium, only resonance (epi-
cadmium) activation occurs
Re = g0
Hence
= NpoI [1 = exp (- My)] exp (— ) (3.55)

The net thermal activation is thus given by
Dy = D — D, = Npyay [1 — oxp (= M) exp (=X)  (3.56)

Absolute counting of the induced activities D and D, (without and
with cadmium cover respectively) yields gy, 83 oy, N, A, £, and ¢ are
known. It is obvious that slightly different results will be found, depend-
ing on the thickness of the cadmium cover (different cadmium cut-off,
asee Table 3.2); the departure of the cross section from the 1fv law and
the temperature dependence must also be considered in acourate
neutron dosimetry. A practical determination ¢an be found in Ref, 32.
According to Hughes (2) the thermal flux at & particular point is known
at best only to +5%,.

Much confusion is possible if one does not specify what convention
is followed, e.g. whether the rescnance integral includes the 1/u-tail
or not. In recent publications there is a preference for the Westcott
formalism (9,10), Other conventions are those of Horowitz and
Trotiakoff (33) and the unified formalism of Nisle (34). The simplest
spproach is that of Hegdahl (14), which was followed in the above
discussion.

As will be explained in Chapter 10, the knowledge of the absolute
thermal neutron flux is not required in activation nna.lyms, as a com-
parator method is used in practice.

Absolute counting techniques are described in Chapter 4, section III,
F.

2. Determination of intermediale neutron specira

The conventional epicadmium flux ¢, can be determined by absolute
counting of the activity, induced in a cadminm covered nuclide, whose
resonance activation integral I is well known; (equation 3.55). Again,
diluted alloya should be irradiated, to avoid resonance self absorption,
‘When using or presenting resonance integral cross sections, it is neces-
sary to state the lower energy limit (e.g. 0.5 eV, 0.55 oV, 5 kT,...),

. the 1fv contribution and the correction factors used. The recommenda.
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tions of the EANDC (European-American Nuclear Data Committes,
see Ref. 15) should be followed.

Some values fc> resonance integral cross sections, as recommended
by the Euratom Working Group on Dosimetry (37) aro given in Table
3.9.

Actually there are no sdequate methods for the experimental
determination of ¢ as a function of X for neutrons of intermediate
energy (up to ~1 MeV). For that reason, this energy region must be
determined by theoretical predictions from the entire neutron spectrum,

sssuming a 1/E distribution in the epicadminm region. This analysis
should then bo coupled to experimental data from the few measure-
menta that are possible at thermal and high (> 1 MeV) energy.
Carver and Morgan (35) proposed to study the intermediate neutron
spectrum by activating & series of thin wires (0.6 mm diameter),
each of which posseases a distinct prominent capture resonance.
Diluted Al-alloys (0.05-5 t-%) of Lu, Eu, Ir, In, Au, W, Se, As, La
- and Cd were used, giving resonances from 0.143 to 120 eV. Several
methods of extracting this information are possible and the search for
the optimum method is still in progress,

Other methods including resonance reactions, such as the sandwich.-
foil or the gold-difference technique, are reviewed by Moteff {36.) An
extensive review is given by Zijp (12), who concludes that the whole
field of intermediate neutron measurements is an underdeveloped
region. Additional information can be found in Ref. 31.

It is not yet justified to malie recommendations for a standard
procedure, while for many resonance reactions the required resonance
data are not sufficiently well known.

3. Determination of the fast neulron specirum in a reactor

The neutron energy region above ~1 MeV is studied by means of
threshold reactions, mostly (n, p), but also (r, ), (n, fission), (n, 2n)
and even (n, n’) reactions. The reaction rate for a threshold reaction is
given by equation (3.46), R = $.3, whers ¢ is the equivalent fission
flux, and & the average croes section in a fission neutron spectram. The
absclute activity D, (in disintegrations per second) for an irradiation
time #p and a waiting time ¢ is thus

Dy = Nog[l — exp(~Mallexp(—X)  + (3.67)

TABLE 2.9
Valuesa for resonance integral cross eoctions, as recommended by tha Euratem Werking Group en

Dosimetry (37)

0y (barn)

I = I' 4 I{1v) (barn)

I(1)v} (barn)
b

enorgy
(V) 2 (barn)

T4 formed

HNuclide

168 + 2
#8.8 + 0.3

2088 + 300
1551 + 20

2060 3 300
1543 + 20

68

1505 + 20 (a) 38 + 0.2 44 £ 0.2

1507 £+ 20 {b)

60

2009 £ 300

1.457
4.908

2.70d

54.2m

usyy
1094y
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372+ 18
1.8 &+ 0.4

13.3 + 0.2

451 + 0.23

67 + 12
22 + 0.5
1.8 + 1.2
44+ 05

85 + 12
21 + 0.5
11 + 1.2
41+ 0.5

17
1
5.8
2

15
0.9
5.1
LT

50 + 12
1.2 & 0.5
6.0 + 1.2
24 1 0.5

132
227
337
580

526y

5.1m

2.58h
128h

*Co
Ca
SR
Cu

{a) Cadmium cut-off energy 0.88 oV for a fiat cylindrical cadminm cover with thickness of 1 mm in an isotropic flux

density of neutrons,
{b) Cadmium cut-off energy 0.52 ¢V for a 1 mm cadmium cover in collimated beam of nsutrons.

T

Hal Y 3
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‘

where N = number of target nuclei, and A = disintegration constant
for the radionuclide formed. Absclute counting of Dy yields ¢, if 5 is
known. Some frequently used threshold reactions are presented in
Table 3.10. It ia always desirable to irradiate several threshold detectors
with different E,g values, o.g. ¥Ni (n, p)**Co (2.6-5 MeV), **Al(n, p),
Mg (4.3-5.3 MeV), *Mg (n, p)*Na (6.3 MeV), ¥Al(n, «)2Na (7.3-
8.8 MeV) ..., each of them yielding a value of ¢. If always the same
¢ is found, this indicates that the reactor fast flux at the irradiation
position concerned approximates well & pure fission spectrum abave
say 1-3 MeV. The most frequently used threshold reaction is 31S(n, p)
3P, 5 = 65 mb, Irradiations for threshold reactions are mostly carried
out under cadmium (0.7-1 mm) to limit thermal activation of the
matrix and of some impurities, which would produce the same radio-
nuclide; example: Na-impurity gives 3Na hy (n, y) reaction, thus
interfering with the reactions *'Al(n, «)*Na and **Mg(n, p)?*Na in
Al or Mg respectively. :
Some general requirements for a threshold detector are:

the material should contain only one or predominantly one stable

isotope, to minimize the possibility for competing reactions;

the material should be available with as high a purity as possible;

the reaction should have a well known average cross section & of
convenient magnitude for fission neutrons with a good agreement

between experimental and calculated values;

the product nuclide should have a well known - and preferably a

simple — disintegration scheme, and a suvitable half-life, and have

possibilities for rather simple absolute activity determination;

the product nuclide should be the only remaining longer lived radio-

active one produced by irradiation, so that counting should be pos-

sible without chemical separation.

If the reactor is “stable”, i.e. the ratio fast/thermal flux is constant,
irradiation of a threshold detector can be avoided and replaced by a
thermal flux monitor. For that purpose, a factor k is introduced, which
ia defined as follows:

' =2 % (3.58)
Preacter  Fih

Indeed, the reaction rate is given by R=@ x d = k X ¢, X &.
oy, can be determined, as described in section VI, B, 1 of this chapter;
& being known for a threshold reaction, % can be caleulated for this

g

\
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reaction and for the irradiation position used, if the induced activity
is absolutely counted (D).

A simple methcd to determine @/p,, without absolute counting is to
uge (NH,),HPO, and (NH,),S0, as flux monitors. The thermal flux
gives riss to the reaction 3P(n, y)¥P (o, = 0.19 b), whereas the fast
flux induces tho threshold reaction 32S(n, p)3*P (¥ = 65 mb). As both
reactions yield the same isotope, only & simple relative measurement is
required to cbtain &fey:

$ 019xA4,,xN,
P 0066 x 4, x N,

where N, and N, are the number of target atoms resp. of 3%S and of
3P; 4, and A, are the 3P activities isolated from (NH),S0,and
(NE ) ;HPO, respectively.

If for several threshold reactions with widely varying E,r values
the same k-factor is found for & given irradiation position, this means

(3.59)

- that the fast yesctor flux can be considered as an unperturbed fission

flux, For the NRX and NRU reactors at Chalk River, the k-factor
varies botween 1/30 and 1/200 (25)., Data for the BR-1 graphite-
moderated reaotor at Mol-Donk (Belgium) are given in Table 3.8,

A third method starts from the staridard reaction 33*Ufn, f), with &

~ low effective threshold energy (E,y = 1.5 MeV), & = 310 mb. After

chemical separation and absolute counting of a aingle fission product
(0.g. 13Ba, fission yield 5.19), # can be calculated. Using this value
of &, one can determine & of another well known reaction with a high
effective threshold, such as 37Al{n, «)8¢Na, E,4 =~ 8.5 MeV, If 5 = 0.61
mb is found — the preferred literature value of several independent
investigators — one can conclude that the fest flux haa the character-
istio fisslon distribution above 0.5 MeV.

The following method is an absolute one. If ¢(F) is known, and f(E)
is supposed to be the Watt distribution, o(E) x f(Z) can be calculated
step by step and graphically integrated. For #**U(n, f) one calculates in
this way & = 310 mb and for Al(n, «), & = 0.61 mb. (Figure 3.20.)
If for a given irradiation position, a fission flux ¢ is measured, using for
instance 3'S(n, p)¥P, & = 65 mb as the threshold detector, which
yielda the above valuea 310 mb and 0.61 mb, this slso indicates a fission
distribution. _

{n, 2n) reactions normally occur at neutron energies, higher than
those which are of real interest for reactor studies. The reaction
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$8Mn(n, 2n)*Mn (& & 0.16 mb, E,; = 10.3 MeV) might become useful
in the future as a flux detector for long irradiations, beceuse of the ¥}Mn
properties. '

(n, f) reactions upon **U and 23"Np have rather low effective
thresholds (~1.5 and 0.7 MeV respectively).

Besides (n, p), (n, ) and (n, f) reactions, (n, n’} reactions can also be
used, on condition that isomers with measurable half-life are formed.
So one can replace the reaction *¥U(n, f) by 1*Rh(n, n')****Rh
(Figure 3.16 and Table 3.9) (38). Ingley (39) reports studiea with the
reaction 13"Ba(n, n')¥"™Ba, 7'y, = 2.6 m, & = 0.22 b, E, = 660 keV,
Ey = 0.66 MeV, E,q ~ 1.9 MaV,

In some cases it is possible to obtain information about more than
one energy region by using an isotope, which gives different reaction
products;

Ezample 1:
24Ph(n, n')**°Pb; Tyy = 67 m; § = 22 mb; E,y = 2.3-5 MeV
204Ph(n, 2n)**3Pb; Ty = 52 h; & = 3.3-5 mb; E,; > 8.9 MeV

Ezample 2:
82Ni(n, p)**Co; Tty = T1.3 d; & = 102 mb; E,; = 2.6-5 MeV
¥*Ni(n, 2n)%"Ni; Ty = 37 h; & = 0.004 mb; E,; = 12-13.7 MeV

Ezample 3:

Fabry (40) has pointed out that when bare and cadmium covered
indium foils are irradiated simultaneously, values for thermal, inter-
mediate and fast flux densities can be obtained:

Wn(n, )% In; Ty, =54 m; o, = 165 b; I = 3505 b yielding
thermal and intermediate flux densities.

1sn(n, n')"*®In; Ty, = 4.63 h; § = 166 mb; E,4 ~ 1.6 MeV yield.
ing the fast flux density.

A compilation of methods and data is given by Zijp (11). The
moeat commonly used reactions are summarized in Table 3.10. A
number of publications concerning fast neutron dosimetry can be
found in Ref. 31.

4, 14 MeV neutron fluz of neulron generalors (*' The Texas Convention™)

Copper is used as a flux monitor, Irradiation with 14 MeV neutrons

e

g‘»h,
R
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leads to the formation of $Cu (T, = 10 min; B* emitter) by the
reaction %3Cu(n, 2n); oy, v & 500 mb (Figure 3.6).
At the International Conference on Modern Trends in Activation

" Analysis, held at College Station, Texas, in April 1965, normalized

conditions for the flux monitoring of a neutron generator were
presented. A copper disk of 99.99, purity, either 1 or 2.5 cm diameter
by 0.25 mm thickness, is irradiated for 1 m and measured aftera 1 m
decay by & 7.5 cm x 7.5 em NaI(T1) detector at 3 em from the top
surface of the crystal. (The thickness of the detector canmayvary from
2 t0 4 mm.)

The copper disk is mounted between two disks of polystyrene or
lucite (0.95 em thick by 3 or 4.5 cm diameter, depending on which size
of copper disk is to be used) to ensure that all positrons emitted in the
decay are unnihilated in the immediate vieinity of the disk source.
The resulting sandwich provides about 1 gfem?® of plastic on all sides
of the copper disk.

Measurements are made on a multichannel analyzer incorporating an
automatic life-time correction cirouit, The midpoint of the real counting
interval is used to correct for the decay. The absolute disintegration
rate is determined by the method of Heath (41), ¢f. equation (6.48).

, D= (3.60)

where D = disintegration rate of the source;
Ay = 0.511 MeV photo peak area in counts/m (minus the con-
tribution of the Bremsstrahlung from 2.9 MeV B*);
z = calculated efficiency of the detector for the source geo-
metry being used;
A = absorption correction for the plastic absorber and detector
can;
B = branching ratio for the 0.511 MeV annihilation radiation;
P = experimental photo peak efficiency.

Heath (e.g. Ref. 42) has caleulated the quantity 1/Pz4B = 8.501
for a 1 em diameter disk and 8.703 for a 2.5 cm diameter disk. Multi-
plying the photo peak area A, by this factor, one obtains directly the
disintegration rate D with an accuracy of + 8%, This valueisused as a
measure for the neutron flux at the irradiation site (Texas Convention).

Ths obtained value, caleulated for & decay time equal to zero, is
divided by the area of the disk, giving the absolute activity per em?



TABLE 3.10

Data for threahold reactions

Reaction

Absolute counting

Remnrk

37Al (n, &) Na

B¢,y v 1.338 MeV (200%)

Al should be free of Na and irradiated under Cd to

Tyyy = 150h Ky = 2,754 MoV (100%): roduce *¢Na activity from **Na (n, y) reaction.

& = 0.6l mb -y coincidence

Ef = 3.26 MoV

Koz = 8.8 MoV (25)

*13(n, p) 2*P pure S-emitter Contribution of reaction P (n, y) »*P from P-
Ty = 143d E(f)y = 1.1 MV (1009,): impurity should ba checked by irradiation with and
o= 65mbd Calibrated GM tube; 4w-proportional without Cd cover.

Ey = 0.96 MeV counter; liquid scintillation counting Chemical form: {NH,),S0,. Chemical separation of

Eye = 3.9 MeV (25)

3IP activity, For irradiation in high neutron fluxes
it js better to use sulphur pilla.

#4Fe (n, p) +*Mn
T,s = 3034

o = 66mb

Ep= —018 McV
E,yy = 4.3 MoV (25)

E{y) = 0.835 MeV (1009,):
y~spectromotry

Let **Mn from **Fe (n, p} decay (1'y, = 2.6 h).
Eliminate **Fe activity from **Fe (n, y) and possible
Co activity from Co-impurity by chemical separa-
tion Mn/Fe + Co or by y-spectrometry (**Fe 1.13-
1.31 MeV; *¢Co; 1.17-1.33 MoV). Or use iron deploted
in **Fe and enrichod in *Fe

8N (n, p)* (=)o
T'ya = 9.13 h {m}
71.3d
& = 28 mb {m)
74 mb
Ep = -0.62 MoV
By = 4.1 MaV (25)

E(yy = 0.810 MoV {99%): y-spoctrometry,

prefoerably with Ge(Li) dotector of known
efficioncy (to avoid epectral interference
from 0.883 1IeV photopesk).

Special coincidence technique possible
(49): Bt particles dotected with coinei-
dencesolectorusing two scintillation probes
for 0.511 MeV annihilation.The 810keV y—
quanta are detectsd with third y—detector.
Coincidences between signala of third de-
tector end coincidence signals from the
other two detectora are measured

No chemical separation nocessary.

Ni should be frea of Co to avoid **Co activity from
the reaction $*Co (n, ).

Attention: burn-up of $$™(p: g, = 1650 b; o,{m)
= 170,000 b

1Rh {n, n’) ¥3=Rh
Dita = 58.Tm

5 = 400 mb {52}
E.n = 0.6 MeV

IT.: 40 keV, large internal conversion
gives 20 keV X-ray; special counting
technique (Ref, 38)

Interesting because of low E,. But: Ir-impurity
{1%%r, evon for Cd-covered detector)

Y (n, 1)
& = 310 mb
E.u = 1.5 MeV

143La {danghter of 14*Ba, fission yicld
5.7%) E¢yy = 1.6 MoV 137Cy (fission yield
8.1%)): E¢y = 0.663 MeV, well-known
decay scheme: y-spectrometry

Uranium depleted in **3U (about 10 ppm 3**U)
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and per min (I). The flux F is then caloulated from equation (3.61).
- ¥ 4
60cNO[1 — exp (—0.603p/7";5)]

where ¢ = 14 MeV cross seation for the reaction %3Cu(n, 2n)%*Cu =
500 mb;

F

{3.61)

N = number of atomsfem?® = 6.02 x 10** x w;/63.5, w being

the weight of copper in gfem? in the disk;
6 == isotopio abundance of %3Cu = 0.69;
$p = irradiation time = 1 m; :
T4 = half-life of $2Cu = 10 m.

An aotivity of 10" d/m/g Cu (small copper disk) corresponds to an
absolute neutron flux of 7.7 x 10% n om-*s~1,

More practical for routine analysis is flux monitoring with a low
geometry neutron counter (BF,) to measure the neutron output during
the irradiation. The measurement of N formed by the 1$0(n, p)!*N
reaction on the target cooling water has also been proposed (43).
Several authors use a plastic acintillator (44, 45) although this counter
is not specific for neutrons, so that other radiation is also detected,
e.g. prompt gammas. Iddings (46) investigated the flux monitoring
systems used with 14 MeV neutron generators, with special regard to
oxygen analysis. The reference sample system was found to be the
most accurate. In some cases an internal standard can be used (Chapter
10, section IT, B, 4¢(4)).

The ¥P(n, p) ¥Si reaction (threshold: 1.0 MeV; cross section in the

pertinent energy range =68 mb; product radionuclide 7'y, = 2.6 h,
E(B) = 1.4 MoV, E(y) = 1.26 MeV) has been proposed for measuring
the neutron yield from the D {d, n)*He reaction (neutron energy about
2.8 MeV) (47).

(C) DETERMINATION OF ACTIVATIOR Cross Szorioxs
1. Thermal activation cross section (o,) and activation resonance integral (1)

As stated in section VI, A and B, the thermal and resonance Auxes
for a given irradiation position in the reactor can be determined by
irradiation of a cobalt or gold monitor with and without cadmium
cover. In section V, C, 2, the EANDC recommendations were given to
choose the thickness of the cadmium cover,

3. NEUTROX INDUOED REACTIONS

The thermal activation cross section of any nuclide X can direotly be
determined by absolute counting of the induced activity after elimina.
tion of the resonance activation (R, = R —R,). If the cross section
follows the 1/v law, the thormal activation cross section o,{2200 m/s
value) is obtained directly, by application of squation (3.62) as A, 4
and ¢ are kmown, whereas ¢y, i8 determined by means of the gold or
cobalt flux monitor, The disintegration rate must obviously be calou-
lated for a decay time equal to zero.

Dy, = guuaoN [1 — exp (—Ms)] . exp (—X) (3.62)

Absolute counting (Chapter 4, section III, F) of the activated material
is usually carried out with & calibrated Geiger-Miiller counter (known
efficiency), with a 4=-proportional counter (all betas are doteoted from
the sample inside the counter} or by liquid scintillation counting. The
absolute disintegration rate can also be calculated from the net photo
peak area, using a NaI(T1) or Ge(Li) detector, of which the efficiency
is known as a function of geometry and y-energy.

From the radmium ratio CRg, the total activation resonance integral
Ix (including the 1/v tail) can be calculated as appears from equation
(3.49) or (3.50). Indeed, CR,, or CRy, and OBy are determined, oy, 5
is found by absolute counting, whereas o, ,, and I,, (or oy ¢, and
J,) are well known, The 1/v contributicn of the total activation reson-
ance integral can be caloulated, as described in section V, C, 2 of this
chaptar,

Although the principle of activation measurementas is quite simple, it
is exceedingly difficult to obtain reproducible, accurate data in practice,
with the result that many thermal activation cross sections are known
to only about 209 (Ref. 2). Tho sources of error are described in
Chapter 10. The efficiency of the counter for complex disintegrations,
in which several S-energies, y-rays, conversion electrons, or X-rays
following electron capture may ocour is sometimes hard to estimate.
Moreover, the disintegration scheme andfor the exact half-life of some
radionuclides is not sufficiently well known., As already stated in section
VI, B, 1, one must specify what convention is followed (Westcott;
Horowitz; Nisle; Hagdahl, .. .)

In some very special cases, oructor can be determined without
absolute counting of the activation product of interest -- thus without
knowledge of the dscay scheme-using a second-order reaction
(Chapter 10, section II, C, 3). This haa, for instance, been done for the
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reaction "‘Ge(n, ¥)"*Go using the second-order reaction 7*Ge(n, y) Qe
%5 MAs(n, y)"*As and for the reaction 1%0s(n, y)1*10s, using the
second-order reaction 1%90s(m, ¥)20a %, M1Ir(n, %)% after deter-
mining the apparent arsenio and iridium concentrations in high-purity
germanium and osmium respectively. Other possible reactions can be
found in Table 10.8. If the cadmium ratios of Ge, Os,... and of
a cobalt or gold monitor are determined, oo/I can be computed using
equation (3.49) or (3.50). From the experimentally determined value
of Oyppctor then follows ¢y and I, using equation (3.28). In order to

determine the thermal neutron flux, which is required for finding -

reactor (3¢¢ Chapter 10, section IT, C.3), an absolute counting of $°Co
or 1%Au is obviously required, but their disintegration scheme is
well known,

2. Average cross seclion in a fission neulron spectrum

The reaction rate for a threshold reaction ia given by equation
(3.48). Absolute counting of the indunced activity, yields &, if the
equivalent fission flux  is known (see section VI, B, 3 of this chapter).
If the k-value (equation 3.58) for a given irradiation position is known
{determined by means of a suitable standard such as 3*S(n, p)) and %
is constant as a function of time, monitoring of the thermal flux is,
in principle, sufficient for the determination of the 5 of a threshold
reaction. As already stated above, irradiation is normally carried out
under cadmium, : .

Determination of & is possible without absolute counting, if the
reaction product of the threshold reaction, e.g. "*Ge(n, p)"*Ga, can also be
obtained by thermal activation, e.g. *Ga(n, ¥):Ga. (o, =.5.0 + 0.5b).
(Obviously, a similar reaction scheme ocours when dealing with (n, «)
reactions.) {26). In order to evaluate the contribution of each reaction,
i.e. the formation of 7*Ga from the Ge-matrix and from the Ga-impurity,
Ge and Ga samples are irradiated with and without cadmium cover.
The obtained activities are given by:

A=a+d (3.63)

a
Am=am+b-ﬁ+b {3.64)

as CR = afa,, (3.65)

3. NDUTRON INDUCED REACTIONS

£ e
ok

Hero: Ay, and A = total "2Ga.activities isclated from the Ge-samples

after irradiation with and withcut cadmium cover;
gy and o = "*Ga-activities from the Ga.impurity in the Ge.

samples with and without cadmium cover;
b = 7?Qa-activity due to the threshold reaction ?*Ge(n, p)**Ga
only; '
G’Ry=- cadmium ratio of "1Ga, determined by means of & Ga-
gtandard.

Dividing equat'.ions {3.63) and (3.64) by the "2Ga.activity of the
QGa.standard, which is irradiated under the same conditions withount

 Cd, yields tho total “measured concentrations” O and Cgy of the

element Ga in both samples: {only simple, relative measurements)

€ = C(n,y) + C(n, p) (3.66)
Cog = G(C',}”) + C(n, p) (3.67)

where C(n, y) is the “true concentration” of Ga in Ge;
C(n, p) is the “apparent Ga concentration” in Ge, due to the
{n, p) reaction with the matrix (¢f, Chapter 10, section II, C, 1.
These two concentrations can be caloulated from the measured activi-
ties, nsing equation (3.64) and (3.65).
"CR

O, v} = (0 = Cod) 5 —5 ' (3.66)

Clo,p} = C = C(n, ) (3.67)

If the apparent Ge-concentration from the (n, p) reaction C{u, p) is
substituted into squation (10.34), &(n, p) can be caleulated, if /gy,
for the irrediation position is known (see section VI, B, 3 of this chapter).

References

1. Friedlander, G., and Kennedy, J. W., Nuclear and Radiochemistry, J. Wiley

& BSons, New York, 19680,
2. Hughes, D. J., Pile Neutron Research, Addison-Wesley, Cambridge, Maasa,,
© 1953, :
3. Grundl, J, A., and Unner, A., Nucl, Sei, Eng., 8, 508 (1960).
4, Jung, R, C., Epatein, H. M., and Chastain, J., “A simple Experimental
Method for Dstermining Effective Threshold Energies and Croes Sections™,
BMI-1488 {(Deo. 1860).



T
8.
9.
10.
11.
12,

13.

13b.

14.
18.
I‘B.
17.
18.
19.
20,
21.
22,
23,
24,

25,

27.

28.
29,
30.

@ﬁ?—hmon ACTIVATION ANALYSIS

Groen, A. E. 8., Nuclear Physics, McGraw-Hill, New York, p. 214, 1955,
Prud’homme, J, T., Neutron Generators, Toxca Nuclear Corp,, Austin, Taxaa,
p. 6, 1962,

Lavin, J. 8., and Hughes, D. J., Phys. Rev,, 101, 1328 (1058).

8toughton, R. W., and Halperin, J., Nuel. Sci. Eng., 6, 100 {1959),
Westcott, C. H., Walker, W, H,, and Alexander, T, K., Proc. Iné. Conf. on
Peaceful Uses of Atomic Energy, Genova, 18, 70 {1958).

Westeott, C. H.,, “Effoctive Croes Section Values for Well-Moderated
Thermal Resctor Spectra™, ARCL-1101, 1880,

Zijp, W. L., “Review of Activation Methods for tha Determination of Fast
Neutron Spectra’, RON-27, Petten (May 1965).

Zijp, W. L., “Review of Activation Methods for the Determination of
Intermediste Neutron Spectra’, RON-40, Petten {October 1965).

Hughes, D. J., and Schwartz, R. B., “Neutron Cross Seotions”, U.S. A,
Energy Comm., Rept. BN1-325, 2nd ed. 1058,

Hughes, D. J., Neufron Cross Sections (Intern, Series Monographs on Nuclear
Energy, Div. II (Vol. I), Pergamon, London 1957,

Hegdahl, 0. T., “Neutron Absorption in Pile Neutron Activation Analysis”,
MMPP-226-1 (Dec. 1962).

Goldstein, H., Harvey, J. 4., Story, J. 8., and Westectt, C. H., “Recom-
mended Definitions for Resonance Intogrsl Cross Bections™, FANDO-12
{Oct. 1962),

Dresner, L., Nucl, Energy, 2, 118 {1655).

Flerov, N. N., and Talyzin, V. M., J. Nuel. Enerpy, 4, 529 (1957).

Schulzs, W., “Fast Neutrons in Activation Analysin™, 3* Congris Inler-
national de Biologis ds Saclay (Sapt. 1083).

Neuvert, H., and Pollehn, H., ‘“Tables of Croes Sections of Nuclear Reactions
with Neutrons in the 14-15 MeV Energy Range', EUR 122« {(Brussels 1963).
Bormann, M., Cierjacks, 8., Langkau, R., and Neuert, H., Z. Phyc » 186,

477 (1962).

Bayhurst, B. P., and Prestwood, R. J., J. Inorg. Nuel. Chem., 23, 173 (1961).
Watt, B. E., Phys. Rev., 87, 1037 (1952).

Cranberg, L., & al., Phys. Rev., 103, 662 (1056).

Leachmann, R. B., Proe. Int. Conf. on Peaceful Uses of Atomic Energy,
Qeneva, 2, 103 (1956).

Roy, J. C., and Hawton, J. J., “Tables of Estimated Cross Sections for
(n, p}, (n, o) and {n, 2n) Reactions in & Fission Neutron Spectrum®, ORC-1002
(Dec, 1980).

Dea Neve, R., Reaction Rates from Nuclear Reactor Neutrons. Pros. of
the “Koninkl. V1. Academis voor Welenech., Letieren en Schons Kunasten
van Belgit", XXX, 2, Brussels 1988.

Dzhelepov, B. 8., and Peker, L. P., Decay Sc]wmu of Radioactive Nuclei,
Pergamon Press, Oxford, 1961,

8telson, P., and Campbell, A., Phys. Rev., 97, 1222 (1955).

Anders, 0. T., Anal. Chem., 34, 1078 (1962),

CINDA. An Index to the Literature on MMlicroscopic Neutron Data, by
TUSAEC Division of Technical Information Extension, USSR Nuclear Data

31.
32
83.
3.
35.
38.

3

38.
39,
40.

41,

43.
44.

45.
48,
47.
48,
49,
50.

51.

52,

R
3. NEUTRON INDUCED REACTIONS wu%

Information Centre, ENEA Neutron Deata Compilation Centrs, IAEA

Nueclsar Data Unit, 1987, 1968, 18680 (and Bupplementa).

Neutron Dosimetry; Proe, of the Symp. on Neulron Delection, Dosimeiry and

Stcndardization, Harwell 10-14 Deo, 1982, IAEA, Vienna, 1963 (i and IT).

Durham, R, W,, and Girardi, F., Nucwo Cimento, 19, Bupp. 1, Series X, 4
1081),

;iorov?rif.z, J., and Tretiakoff, O, “Effective Croas Sections for Tharmal

Reactors”, EANDS(E) 14, Oak Ridge Mecting (1980).

Nisle, R., Proe. of the Symp. on Neutron Detection, Dosimelry and Standardiza-

tion, Harwell, 10-14 Dec. 1962, JAEA, Vienna, 1963, I, p. 111.

Carver, J. Q., and Morgan, W. R., Modern Trends in Activation Analysis,
Proe. Internat, Jonf. Texas 1081, p. 18,

Moteff, J., Nucleonics, 20 (12}, 58 (1862).

Beaugh, R., “Bections Efficaces pour les Détecieurs de Neutrons par
Aotivation Recommandées par le Group de Dosimétrie d’Euratom™ Euratom
1963,

Day, D. H,, Fox, W, N., and Hyder, H, R., AEEW-R §5 (1803).

Ingley, J. 8., TR-905 (1961).

Fabry, A., and Deworm, J. P., “Progress in the Use of Iron as a Neutron
Flux Integrator”, Comm. Euralom Working Group on Dosimetry (October
1954).

Heath, R. L ., “Scintillation Speotrometry Gamma.ray Spectrum Cata-
logus” Atomis Energy Division, Idaho Fells, August 1964, Res, and De-
velopment Report IDO-18. 880, (I and II),

Cuypers, M., and Cuypers, J., Gamma-ray Specira and' Senaitivitics for 14
MsV Neutron Activation Analysis, Texas A, & M, University, College
Station, Texas, April 1968.

Meinke, W, W., and Bhideler, R. W, Nuckom'cq. 20(3), 60 (1962).

Fujii, T., ¢t al.; J. At. Eneryy Soe. Japan, 8, 455 (1963); Anal. Chim. Acta,
34, 148 (19686),

Qirardi, F., Pauly, J,, and Sabbioni, E,, “Dosage de I'Oxygine dana les
Produits Organicues et 1es Métaux par Activation sux Neutrons de 14 MeV",

EUR-£290f, Euratom Brussels 1965,

Iddings, F., Anal. Ohim. Acta, 31, 207 (1064).

Joasen, P. L., and Pierco, K. 8., Trana. Am. Nucl, Scc., 10(1), 85 (1087).
Bpeecke, A., Private communication.

de Swiniarsky, R., and Czerny, J., “Mesure de l'activité absolu d'une
Source de $*Co par un dispositif & coincidence", CEA-OENG-In—-Pi-171-
145 (1863), )

Liskien, H., and Paulsen, A., “Compilation of oross seciions for some
neutron inducad threshold reactiona”, Z U R-119¢, Buratom Brussels, 1963,
Durham, R, W., Navalkar, M. P., and Ricei, E., “Modsrn Trenda in Activa-
tion Analysis”, Proc. Internat, Conf, Texas, 1801, p. 67.

Kahler, W., and Knopf, K., Nukleonik, 10, 181 (1867).



	Chapter 3 Neutron Induced Reactions
	I. General Principles
	II. Properties of Nuclear Reactions - Laws of Conservation
	III. The Q-Valve - Threshold Reactions
	IV. Models of Nuclei - Compound Nucleus - Excited States in Nuclear Reactions
	V. Cross Sections in Neutron Induced Reactions
	Figures
	3.1 Definition of affective threshold (2)
	3.2 Energy level of compound nucleus, formed by neutron capture in 17A1 with a binding energy of 7.7 MeV
	3.3 Apparatus used for measuring total neutron cross section
	3.4 Some typical forms of resonance
	3.4 cont'd
	3.5
	3.6 Energy dependence of the reaction cross section for
	3.7 Energy distribution of fission neutrons from 235U
	3.8 Integral of the neutron fission spectrum
	3.9
	3.10 
	3.11
	3.12
	3.13
	3.14
	3.15
	3.16 Reduced cross section curve for some threshold reactions
	3.17 Reduced cross section curves for some threshold reactions
	3.18 Response functions for some threshold reactions
	3.19 Response functions for some threshold reactions
	3.20 Average fission neutron cross section per 0.5 MeV interval for

	Tables
	3.1 Neutron energy from the
	3.2 Examples of resonance parameters
	3.3 Resonance parameters of the data of Figure 3.4
	3.4 Effective cadmium cut-off for l/v absorbers (in eV)
	3.5 Some 14 MeV neutron cross sections
	3.6 Production of isomers with measurable half-lives by inelastic neutron scattering
	3.7 Production of "characteristic" isomers with measurable half-life by inelastic neutron scattering
	3.8 Cadmium ratios and fast to thermal flux ratios in BR-1
	3.9 Values for resonance integral cross sections, as recommended by the Euratem Working Group on Dosimetry
	3.10 Data for threshold reactions

	References


