f

CHAPTER 3
NEUTRON INDUCED REACTIONS

I. General Principles

If a moving particle collides with another one, kineti i
exchanged between them in agreement with the la.'ws o; tzn::::giol:
of energy and of momentum. If the potential energy of the system
remains unaltered, the kinetic energy being conserved during th
collision, the phenomenon is called elsstio scattering, 8o

The scattering is inelastic if one of the particles is left in an exsited
state after the collision. During an inelastic collision with a bombardin
particle, an atomic nucleus can present several phenomena: *

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

The incident particls is captured and & *compound nucleus' is formed
which in either stable or radicactive. The mass of this compound,
nu.el.eus 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 masa

difference, by the kinetic cnergy of the incident particle and the

excitation levels of the compound nucleus. This
¢ X phenomenon is
usually called radiative capture, represented by th
i.e. the (n, y) reaction,  the (8 7) ymbol,
The incident particle is captured and another ele i
mentary icle is
emiti:ed, e.g. & proton, a-particle, neutron, etc. ie. {n, ;I:)“tn a)
N (n, n'), {n, 2n), ... reactions, B
t very high energies, spallation, fragmentation and fissi
compound nucleus is possible. T el feion of tho

It must be borne in mind, that thero is & diffe
] b ; d, rence between non.
zlllutm snd mela.stlc. soattering. Non-elastic soattering is by definition
] totinl cross section minus the elastio scattering, i.e. the inelastic
scattering plua all other reactions. In many cases it is the same as the
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cross section for inelaatic soattering (e.g. bismuth 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
and fission reactions nor the elastic collisions are of interest. The most
important are those where nucleons are only 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 A reacts with projectile 4,
forming product nucleus B, whilst a particle andfor photon b is emitted,
liberating or absorbing an energy Q. Hence: A, )B+ Q. IfQ > 0,
the reaction is exoergic; for @ < 0 the reaction is endoergio. As for
chemical reactions, one can speek of an “‘activation energy”. Indeed,
even for exoergic reactions a certain energy is often needed in the
form of kinetic energy of the projectile; this is the case for particles
with a positive charge: p, d, t and «-particles and heavier positive
jons, because of the Coulomb barrier around the nueleus:

ZAZ,e'
Ey=- 7

(3.1a)

where Z,, Z, = number of protons of 4, and a respectively,
e = electron charge = 4.8 x 10-%e.s.u.;
Ry = Ry + Ra
If B4 and R, are expressed in Fermi units (10-1? em), then
- ZaZa
= 144
E=1 v

(MeV) (3.1b)

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

For a neutron (Z; = 0), where Ep == 0, no activation energy is
noeeded. Hence, the capture of slow or thermal nevtrons is usually 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 particlea 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 kinstics,

An important difference between chemical and nucleur 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,

L. 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 (mv).
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, include
the energy, corresponding to the change of mass during the reaction;
this is, indeed, the most important fraction of the available kinetic
energy. If the total mass diminishes, the corresponding energy
(B == mo*) is thus released as kinetio 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.

III. The Q-Value - Threshold Reactions

(A} DEFINTTION OF THE Q-VALUE

The @-value is defined as

Q = o m; — ; myp) 3.2)
initisl produch
_or
QMeV) = 031(Y m; — ¥ my) (3.3)
i ]

where m is in a.m.u.
Considering the mass balance, the reaction is celled exoergic if
Z my < ;mq. ie. @ >0. As no sctivation energy is needed for

neutrona the reaction will take place with thormal neutrons.
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Example: ¥1A1(n, y) 22Al + @
z: my = 26.081535 4 1.0086654 = 27.890200 s.m.u.

Y, mp = 27.981908 + 0 = 27.981908 a.m.u.
—~ Y mp = 0.008202 a.m.u., @ = 931 x 0.008292 = +7.7 MeV¥

p L]
(7.7 MeV is the excitation energy of the compound nucleus; this energy
ig liberated ea y-energy). The remaining 2#Al nucleus is radioactive.

(8) Derrxrriox oF THREsHOLD EngraY aND ErrEcrive THRESHOLD
ExERaY

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

mclder.t neutrons must have suﬁiclent kinetic energy, so that the
reaction can take place (fast neutrons). ‘

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

Ep (MeV) ~ —Q (MeV) %Am" (3.4)

where, for neutron irradiation, mg x 1.
Example 1: 12C(n, 2n)11C + Q, or *C—» 1C + n + @
; m; = 12.000000 a.m.u.

Zm, = 11.011433 + 1.0080654 = 12.020098 a.m.u.

2 my — zm, = —0.020098 a.m.u.,, @ = —031 x 0.020008 =
—18.71 MeV
Er = 1871 x 13.0086654/12.000000 = 20.3 MeV.

If & nucleus is bombarded with neutrons of energy Ep, this will
just be sufficient for the mass incroase of that particular endoergio
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,



1% 4:5ANEUTRON ACTIVATION ANALYSIS

sufficient energy to 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 occur with particles having
less energy than in the Coulomb barrier treatment, by a mechanism
called “tunnelling” (see chapter 6, 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 Ep. It is obvious that Z, and R, are the charge
and radius respectively of the product nucleus.

Ezample 2: 3iCr(n, p) 33V
Zm - Zm, = 52.9491794 - 52.9526252 = —0.0034458 a.m.u.
. 3

@ = —=0.0034458 x 931 MeV = —73.21 MeV

Er = 3.21 x 02.9491794/51.940514 = 3.27 MeV

144 x 23 x 1
3.6 x 5213 4 1.6 x 1173

Ezample 3: §iMn (n, «) 33V
Y mg — ¥ my = 55.0467104 — 55947404 = 0.000685 s.m.u.
i [

~ 4.7 MeV

¥

Q = —0.64 MeV and Ep ~ 0.65 MeV

144 % 23 x 2
1.5 x 5213 4 1.5 x 443

This is important for activation analysis. Although Ex for the
reaction 5°Mn(n, «) is lower than that for the reaction $Cr(n, p), its
Coulomb berrier is considerably higher, Hence it is possible to deter-
mine chromium via 2V 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 — Ex (see Figure 3.1). In the case of reactor neutrons, which are
not monoenergetio, their energy distribution f{£) must be considered
(fission spectrumy); 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

~ 8.3 MeV.

By
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V of this chapter), the reaction rate as a function of energy witl 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‘o o(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)

ate)

Er Eatt E
Fig. 3.1. Definition of effective threshold {2). {Permission of Hughes, D. J.,
Pile Nsuiron Research, 1953, Adison-Wesley, Reading, Mass.)

According to Hughes (ref. 2, p. 96) an effective threshold E,y can
be defined so 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(¥)
or probability curve is approximated by a step function o(%) = 0 Zor
E < B,g; o(B) = opg for B 2 E,x and that the condition

(7 oB)B) 4B = o [, 1) dB @5
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ia fulfilled; o, 18 the reaction cross section for a penetrability = 1,
ie. the maximum value of the o{X) curve. In most cases @.r can
spproximately be replaced by the cross section for 14 MeV neutrons.
' In nearly all cases the f(i') distribution used in this method for deter-
mining Ky 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(E) or P(E) function, see eq. (6.1)) using
the definition of B,y and ¢,z a8 given by Grundl and Usner (3) and
performing the caleulations with a computer. There is also a semi.
empirical approech, described by Jung (4). In this book, reference will
always be made 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 and/or irradiation positions. ‘

The difference B,y — Er is obviously a function of the charge of the
nucleus and of the emitted particle, as appears from Figure 3.11. The
estimated effective thresholds in a fission spectrum for the above
examples 2 and 3 are thus B,y > Ep + 4 ~ 7.2 MeV and By~ Ep
+8 = 8.6 MeV respectively. For the reaction #’Al{n, «)3Na, having an
Ep = 3.3 MeV, one finds £,y ~ 3.3 + 5.2 ~ 8.5 MeV.

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

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

Ezamples:
Er(MeV)  Eo(MeV)
Ni(n, p)**Co  —0.64 2.64.1

3Cl(n, p)?*S -0.62 2.5
$4Zn{n, p)*Cu -0.21 4.0-4.8
#Fe(n, «)¥1Cr —0.87 9.1

Practically ons can say that, after 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 occurs. Actuelly a (n, p) or (n, ) reaction will take place with
fast neutrons only,

Obviously, for calculating the threshold energy in this case, equation
{3.4) must be replaced by

ET(MBV) = —~QMeV) (3.6)

L
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This value takes into account the potential barrier energy of
the particular nuclide and the energy distribution of the neutrons in

the reactor.

(C) OreER CONSIDERATIONS IN CONNEOTION WITH THE Q-VALUE

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

Q= E,,(1 + ﬂ) - E.(l - 1"2) _2maEamel) 3.7
m mg

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

Ezample: The excergic reaction T(d, n)j*He with a beam of 100 keV
deuterons produces neutrons, whose energy varies from 14.64 MeV in
the direction of the beam (6 = 0°)to 13.49 MeV in the opposite
direction (8 = 180°). Average value: 14.06 MeV.

T{d, n)*He: ;mg = 3.0160404 + 2.0141022 = 50301518 a.m.u.
Y, mp = 10086654 + 4.0026036 == 5.0112690 a.m.u.
?
Y my — Zm, = (,0188826 a.m.u., Q = +17.58 MeV
i F

without taking into account the contribution of the deuteron (kinetio
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. (1n) (total mass 5.01126%0
a.m.a).
Thus *He: 17.57 x 1.0086654/6.0112690 = 3.54 MeV

In: 17.57 x 4.0026030/6.0112690 = 14.04 MeV (E}).

The value of Ep can also be caloulated from eq. 3.7, setting
0 = 90°, cos § = 0. One finds 14.07 MeV.

The distribution of the neutron energy as a 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)*He reaction ns &
function of angle (after Prud’homme (8) )

Neutron Energy (MeV)

8 (degrees)
) 100 keV douterons 150 keV deuterons
0 14.64 . 14.74
45 14.46 14.54
80 14,06 14.08
135 13.65 13.61
180 13.49 13.42

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

possible,

Ezample:
YAln, )AL+ Q; @, = 7.7MeV

YAlln, p)*Mg + @y Qs = —183MeV; Ep =1.9MeV;
E,q = 4.4-5.4 MoV

$7Al(n, a)*¢Na +‘Q,; @y = —3.14MeV; Ep = 3.3 MeV;
B,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 elements, see further). With increasing
neutron energy, the probability for (n, p) and even (n, «) reactions will
also increase (¢f. Figure 3.1, Figure 3.16 and Figure 3.17).

IV. Models of Nucelei - Compound Nucleus — Excited States in
Nuclear Reactions

(A) MopxLs or NucLEr

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

wdgp e
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of nucleons and described by a “‘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 nucleus as
a whole, are a better approximation of the problem. The *“uniform
model” (Wigner), the “liquid drop modal” (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 thoss molecules; similarly,
the nucleons are said to evaporate if the nucleus is sufficiently excited.

(B) NucLEaR REacTIONsS-Comrounp NUOLEUS

If some particle interacts with the electron cloud of an atom, it
collides with only cne particular electron. In the ease of the shell model,
tha same picture should be expected for reactions in the nucleus.
However, owing to the “dense” structure of the nucleus, the processes
are different. The mutusl intoraction of the nucleons is so strong, that
the impact energy of the incident particle is very rapidly distributed
over the whole nucleus. The nucleus remains in an excited state,
during a certain finite time (about 10-14-10-15 5), which is long com-
pared to the time required to traverse the nucleus: if E, = 100 eV,
vy = 107 eme-! and { = 102 cm/107 ems—! = 10~* 8. 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. 37Al 4 n —» 1%Al%,

The compound nucleus is highly excited (symbol *) due to the high
binding energy of the neutron, plus possibly its kinetic energy. De-
excitation is possible in seversl ways, e.g. by emission of a particle
{p, «, 1, 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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Generally: 4 + a—C*; C* > B, + b, + Q. orC* > B, + 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, «}, o(n, ¥),
o{n, 2n). Their values at 5 MeV neutron energy are:

o(n, p) = 0.03 barn

o(n, a) = 0.001 barn

ofn, ¥) = 6,10~ barn

a{n, n) + o(n, n’) = 0.8 barn

o(n, 2n) = , ..,

o(n, z) is the probability of capture of a neutron multiplied by
the relative probability of emission of z (see farther).

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) Excorrep STATES

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

- ——— ——— - ———
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ecergy 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 energy the level density increases (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 — ¢
(=binding energy of nucleon a4, e.g. 7.7 MeV for a neutron in **Al),
plus the kiretic energy of the captured nucleon.

) \
el | INCDENT
9.7MeV_ EEVIRTUAL =12 MeV L 'NEUTRON
LEVELS —— ENERGY
8,7 MeV 1MeV
7.7 MeV 0 MaV
EXCITATION |
ENERGY
' ' “BOUND T
LEVELS NEUTRON
> BINDING
ENERGY
o GROUND STATE )

Fig. 3.2, Energy levela of compound nucleus, formed by neutron capture
in *7Al with a binding energy of 7.7 MeV (2). (Permission of Hughes, D, J., Pile
Neutron Research, 1853, Adison-Wealey, Reading, Moas.)

This total amount can exactly coincide with an existing energy level
of the compound nuclens. In that case the reaction will occur with a high
yield {resonance) (Figure 3.4). From the resonance energy, the nuclear
energy levels can be calculated,
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Ezample: During the neutron irradiation of 1°*Rh, a 193Rh 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 1*'Rh compound
nucleus (¢f. Figure 3.2). Deexcitation from this level by y-emission
ocours very rapidly after the neutron capture (~4.10-%), forming
14RRh(7y/y = 4.3 m) and Rh (T,;, = 44 8), which are radioactive
(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
Tro o~ =K =065 x 10-%6Vs (3.6)
T

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

i.e. if 7 = 10-'% s, the level width iz 0.65 eV. Or, if I' = 0.156 eV,
28 is the case for 1°4Rh, the average life of the nucleus in that energy
level (6.8 MeV + 1.260 eV) is about 4.10-1% s,

If in a given state, r is very short (I'/A 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 I' = 104 eV = 10 keV (r = 6.5 x 10~ s) iz considered
as a typioal “wide level”. This case ocours frequently with light nuolei
(¢f. Figure 3.4). If I’ = 0.1 eV = 100 mV (r = 6.5 x 10-1¢ g) 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 & photon, The
probabilities for each of these processes can be expressed as “partial
level widths”, ', [, T, T, ...

P=l + T+ + T +... (3.7)
The relative probability for emission of 9, n, p... is then given by
I,IT, T,/T, T,fr. .. (3.8)

The overall probability o(n, z) for the reaction (n, z) is given by
, oln, z) = g x T/ (3.9)

where o, = probability for the formation of a compound nucleus
I';/T is defined in equation (3.8).
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The physical meaning of o 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 samo time. As 1 eV corresponds to
about 11,000°C, such & nucleus is said to have a very high nuclear
temperature and the corresponding emission phenonemon is called
“‘eyaporation”.

V. Cross Sections in Neuiron Induced Reactions
(A} DEFINTTION

If & target with ¥ nuclei per cm3, each of them having an effective
area

¢ = wR% (in em?) (3.10)

is placed in a neutron beam (fux ¢ neutrons cm~%s-*), the number of
eollisions will be given by

collisions per cm? per 8 = @oelN (em~¥871) (3.11)

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

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

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

collisions {em—3%-1)

oy (em?) = e Ty (3.12)

The cross section is expressed in unitas of area (cm?), or better in
barns, abbreviation b(lb = 10~ c¢m?). Indeed, the radius of a nucleus
is given approximately by eq. (3.30), so that, for 4 = 125, B =~ 7.5 x
10-1% ¢m; hence o = wR? =~ 1.5 x 10-%* cm®. Hence o appears to be
of the order of a foew barns and this is why the unit is'so chosen. Parts
of the barn are: mb = 10~% and ub = 10-%.

If the neutrons are multidirectional — as is the case in a reactor - the
neutron flux is more conveniently defined as the produot of the neutron
density times the neutron velocity. Within the scope of this book,
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the "oonventidn;l" neutron flux g {neut ~*3-1) wi i i
with n(montruns smaeo o .—91’)? rons cm—*s-1) will be identified
In the above discussion, the actual i

cu , phenomena during and jcu.
la.rly'ba.i:te_r the collision have not been considered. There amP::;i:l
possi .iht:ea: neutron scattering, elactio (n, n) or inelastic (n n');
emission of photons or particles: (n, y), (n, p), (n, «), ... If the p;rt.iai
level wxdth for puch & process is given by I, T, T, T,..., the relstive
probability for the emission of z (z =y, n, p, «...) is [z/T, where
[‘gl"grtl",:ﬂ+l",+f‘n(seeIVBandC). '

ne particular possibility of the nuclear reaction is then

by the corresponding reaction cross section a(n, x): represented

o(n, x} = opT/T (3.9)

* a8 already stated above, Hers, o is th ili :
of & comaound maclews, oc is the probability for the foma.tmn

(B) PRACTICAL CONSIDERATIONS

The various conventions and definitions

- of thermal, reso
fast fluxes and cross sections are dizsenssed by Stoughton an(;] g:lep::i:
(8.),.We¢.stoott (6,10), Zijp (11,12) and Hegdahl (14). Normally one
distinguishes the following cross sections (Hughes 2 and 13).

1. Thermal neutron cross sections

Thermal neutrons are neutrons having the most probable velocit;
:; ;i(‘) ;I;ejiaxwelhan distribution at 20°C, nl. 2200 m/s, or an energg
. (a) React.ion cross sections. Refer to all cases in which the neutron
is not reemitted, i.e. to (n, ¥), (, p), (n, «) and (n, f) reactions. Practic-
ally 'a.}l the reaction cross sections for Z < 88 are for (n, ¥)'s, unless
explicitly stated. As will be shown later, the reaction rate ':: a ;;hermal
flux can be caloulated from the knowledge of the cross section {eq)
at the particular velocity v, on condition that o{v) cc1 fv. Other a.utho:s
fleﬁne the reaction cross section as the sum of the cross sections of all
mt;;acti:na, excepting elastio scattering.

e & .sorption cross seotions, ospe are those parti i
cross sections that are measured by observing thf r:;ﬁ: ;‘;01?(;:
which the neutron is absorbed. The principal methods used for their
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determination are described by Hughes (2): the pile oscillator, the
difference op — &, some extrapolation methods. For activation
analysis purposes, the absorption croes section is of great importance
to caloulate neutron shielding effects (see chapter 10).

The activation cross sections owt, for thermal neutrons mainly
o(n, ¥), sometimes o(n, 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 & radioactive isotope. Naturally, oact
refers to one particular isotope, hence it is an isotopio cross section;
for monoisotopic elements it is the atomic cross section as well. For
aotivation analysis, the value of oa 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 and/or

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

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

atom cross section (oy,), average scattering cross section (5,), differ-

ential scattering cross section do/df2 for scattering at a given solid
angle (¢, 8). ) '
Within the scope of this book, only &, is of interest.

(¢) Total cross seotion o7, Is determined by transmission measure-
ments and is considered o be accurate, as the intensity of the neutron
beam is measured without and with the sample respectively (Figure
3.3). The presence of the sample in the beam causes the disappearance
of & certain neutron fraction either by scattering or by absorption. In
many cases radioactive nuclides are formed by absorption.

. Sccll‘ering
3
e
Neulron Sample Deteclor
Source Reaction
{absorption.
activotion)

Fig. 3.3. Apparatus used for measuring total neutron cross section.

Obviously, the total neutron cross section includes the scattering as
well as the reaction cross section:
(3.13)

op = O -+ T
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as is apparent in the following examples:

Element Cr‘b) . Glln(b) &,(b)
Co  100% **Co 44 37.0 7

8o 100% “80 50 240 24
Mn 1009 Mg 165 132 23
Sb  B1.25% 1iSb; 42.76% 118b 10 57 43
Cu  60.1% *Cu; 30.0% **Cu 11 3.77 7.0

If the reaction leads to only one radioactive isotope, then ¢, =
Oune in the case of a monoisotopio element,

Ezample:

Element Oghy B} et (B)

Mn 1009, *%Mn 13.2 -+ 6.4 13.4 + 0.3

S0 100% e 240+ 1.0 10 £ 4(20%)
12 + 8 (85d)
208 4+ 854d
(200 > 85d):
2+2

In the case of polyisotopic elements, the same reasoning holds,

Ezample: the absorption and activation cross sections of the natural
isotopes of copper, *3Cu and %Cu, were determined separately;

Element Tabe (B) Oget (b)

Cu 3Cu (69.194) 43 + 0.3
$Cu (30.9%)  2.11 + 0.17
determined after

separation of
isotopes

3.9 £ 0.8 (128 %)
1.3 4 0.4 (5.14 m)

If the values of o,,, are not determined for each of the natural iso.
topes, one can state oy, = 5, (average) = it + 0y 40y ...,
where 8 = isotopic abundancs.
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Example:

Element Oate () Tact (B)

260 + 100 (1.4 m) ¢80
430 4+ 20 700 4 200 {74 d) [({l.4m ~ 74 4d)
1 t 130 4 30 (19 h)
tfor eloment) F,oo = (0,385 x 060) + (0.615 x 130)
- 450

Ir 1M (38-5%)}
1M7r{61.5%)

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

Tast < Tabar

Ezample:
Isotopes 9, abundance Caba Opct
Cd-element — 2450 £ 10 b
Ww0d 1,22 1.0 + 0.5b (8.7h)
10 0.87
“'g 12.38 0.2 £ 0.1 b (40 m)
11 12.75
“'g 24.07 230 £ 15 mb {14 y)
1 12.28 20,000 4 3000
:1:003 28,88 0.14 + 0.03 b (43 d)
1.1 £ 03b(2.34d})
1sCd 7.58 1.5 £ 0.3b (2.0 b)

The neutron absorption is 2lmost completely .due 1t.lo 113Cq (indeed,
20000 b % 0.1226 = 2,450 b), forming nonactive 14Cd by (n, 7)
reaction. Hence 5,, < 0,pe for this element. '

(d) Macroscopic lt':mss gsection Z. All the cross sections defined ?b;::
are called microscopic cross sections, as they refer to a partic :
nucleus. For some purposes, & macroscopio cross section (T Z,) 18

used, defined by

thus taking directly the density §(g em=?) and the atomic weight 4
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Ghs .
:flm t::r satx_np:: into a.ooo:mt; N4 = Avogadro’s number and N =

of atoms per em3. Note that t} i i i -

Dmber of sto cln'pe at tho dimension of I is em-1,

The macroscopic absorption or scatterin i

. g cross section can also be

c;alculated if several types of nuclei are present: & = sum of oV

2. Resonance parameters

-

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 at certain energies. The data
nt;;l;:l;‘y l?]u:e: the resonance energy E,(E,, T,), the total level
wi and ¢ i i '
o ev)? partial level widths T',, Ty, T, Iy, Iy in keV, eV or
Remark: t:he tabulated values do not always correspond with the drawn
€roas set.stlon curves, a8 some corrections are made, such as Doppler
broadenfng '(becauso the assuraption that the nucleus is in rest is not
pl\;‘ays justified), self absorption, eto.

" For heavy nuclei the resonance is mostl i
' y due to a (n, y) reaction,
for light nuclet, howaver, to scattering and sometimes( toya.) (n, ca;o:r

a(n reaction, : . .
Tabiepgz. n, a8 can be seen from some typical examples, given in

TABLE 3.2
Examples of resonance parametera

Isotope Resonance energy Lovel widths

'i,“l‘a 0433 £ 00046V I', w30+ 85mV, T, =012 + 0.02 mV
uhlo 45.0 £ 0.4 oV Ty =210 £ 60 mV,I', = 174 4+ 10 mV

.
JLd 284 & 4keV T =80+ 10keV, T, = 60 + 15keV
Iy=30 4+ 10keV(I'= I', + Tai Ty 22 0)

The characteristio resonance parameters of i i
e ghven m able 10, some important nuclides
In the neighborhood of E,, the en:
) . , ergy dependence of o(n, ¥) and &
is deacnl:zed by the Breit-Wigner formula, which is comparab}l?a to t}:’;
optical d.u{persion formula. In section V, C2 of this chapter an interest-
ing quantity I, called resonance integral cross section, will be defined.

AT
_"\a
A
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3. Newtron cross-section curves, o(E)

These curves represent the cross ssction as s function of neutron
energy. In most cases the total cross section is given {o7), although
sometimes ofn, ), o(n, p), o(1, «), o(n, 2n), o(n, n’) = o, Cue {non-
elastic) = or — o, o(n, f)... are explicitly plotted, particularly in
recent editions (e.g. ref. 13, 20d ed.). Normally atomie cross sections
are given, i.e. for the natural element {ex.: (,Cd); if, however, the mass
niumber of & specifio isotope is indicated (ex.: '3;Xe, 147Pm), the cross
section is obviously the isotopic one.

The resonancs peaks, as seen in the figures, do not correspond to the
actual ideal form of that resonance, as the accuracy of the measure-
ments depends on the resolution of the appearatus in the energy region
concerned. (This resolution is schematically represented in the figures
by an equivalent triangle, A, 4,...).

Ezamgple: for the 6.7 eV resonance in ,,U, the figure (13) shows o, {Ey) =
4000 b, With a perfect resolution, this should be 8000 b. Correction for
Doppiler broadening should finally yield 23,000 b. )

The cross section curve of rhodium, showing a typical resonance, is
represented in Figure 3.4. The corresponding resonance parameters are
E, = 1.257 + 0.002 oV, T, = 166 £ ¢ mV, T, = 0.78 + 0.01 nV
ar(Er) = 5000 £ 200 b, Jeet = 650 b (resonance integral, see section
V, C2). For thermal neutrons (2200 ms=1):

op = 154D

E' = 5.5 i I.Ob
_ 12 + 2b (4.5 m 19°Rh)) (4.6 10 > 44 8)
osbe = 140 & 4 b; out = [140 4 30b (44 8 19RD) | 162 b

(C) CALOULATION OF REACTION RATES FOR REACTOR AND ACCELERATOR
IRRADIATIONS -

1. Thermal and epithermal neutrons in the reaclor

(a) General considerations, Thermal neutrons have & most probable
energy of 0.025 eV (velocity v, = 2200 m/s) whereas neutrons with an
energy of 0.1 — 1 eV are sometimos called epithermal neutrons. In
this region o is mostly proportional to E~1/2 or to 1fv (“ljv-law”),
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 oz, owe and &
for thermal neutrons are given in Appendix 1, Table 1.

Thermal and epithermal neutrons mainly give (n, ¥) reactions - or
scattering for light nuclei — unless explicitly stated. As (n, y) reactions
often yield stable isotopes, it is obvious that neutron absorption nct
always induces radicactivity, l.e. owt < oubs, example H(n, y)*H
(st;blo), oabe = 0.332 b, ouet % 0. ‘

table with activation cross sections is given i i
e given in the Appendix 1,

(b) Calculation of thermal activation (I/v-absorber). As alread
stated above (cf. Figure 3.1}, the reaction rat{; can be cageulat,ed, if thjer
neut:,ron energy (or velocity) distribution and the activation cross
x';echon curve are known, ie. dR = o{E) % ¢(F) 4E or of{v)n(v)v dvy
integrated over all the nentron energies (or velocities). .

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

_ attenuation is negligible, can obviously be represented by

R= J';’ n{v)ve(v) dv (3.15)

where n{v) dv is the density of the neutrons having a velocity between
v and v + dv and o(v) the activation cross section for a neutron
velocity v,

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

Hence a(v) = ogo,fv (3.18)

R = vy, f: n(v) dv = nyyo, (3.17)
] .
where n = .[o n(v) dv is called the thermal neutron density.

Consequently, equation (3.15), which is difficult to handle, can be
replaced by the simple relationship B = avyo,, or R = g,a, where
@, is 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 o, at a
partioular velocity v, on condition that a(v) =c 1/v. The. velocity v, is
ta.ken a8 2.2 x 10%® om s, the most probable velocity of a Maxwellian
distribution at 20°C (corresponding energy 0.025 V). If the a{v)-curve

shows important resonance peaks, equation (3.17) must bé replaced
by equation (3.27).
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The cross sections in Table 2 (Appendix 1) are given for this velocity
v,, except in some cases where they refer to an average reactor neutron
spectrur (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 cross section for fission is also included.

For practical use in activation analysis {induced activity caloulstions,
gee equations (5.36), (5.44), (5.52), (5.63), (5.59), or the more practical
equation (10.1)), the per cent abundance of the target isotope in the
natural element and the half life of the product nucleus are also given
in thia Table.

(¢) Thermal shsorption. In most cases it is permissible to use the
2200 m/s cross section (see foregoing peragraph). The case of neutron
diffusion is one of the fow instances where other values must be used.
Indeed, unlike the case of a reaction rate, which does not depend on
neutren temperature, the diffusion length or mean free path I of &
neutron is determined by the absorption cross section and is obviously
a function of the neutron temperature. It can be shown that the cross
section to be used is quite specific the average cross seotion o(F) (B =
average velocity of the neutrons in & Maxwell distribution):

1= 1fY Nolth (3.18)
where N; = number of nuclides { per cm?;
o(0); = averago absorption cross section for ith nuclide, defined
by :
L]
j " n(o)oo(ohdv
L n(v)v dv

v, corresponds to the cadmium cut-off energy, e.g. 0.55 eV (see VI, A);
n{v) is the neutron density distribution per unit velocity 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 v, = oo, . :

(3.19)

ot =

w{293.6\/1
o(t); = Uu%-(-&',:) (3.20)
where o, = 2200 m/s 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 = nvyo, = nbo(l) or on(d) = Rfni = '_’°B_"

In Chapter 4 (equation (4.17)) it will be shown that the average
velocity of the Maxwell distribution # i3 larger than the most probable

velocity v, by a factor
_ 2 [Twm\V8,
I\ T,
hence

o(F) = "o"of”oT( ) = 0y — J; (%) where T, = 293.6°K.
This value o(#) can be used to compute thermal neutron shielding
effects, aa outlined in Chapter 10, section II, B, 4L (2).

A cumnlative bibliography of the literature on (micrusoopic) neutron
cross sections and allied data, 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. Iniermediale energy — Resonance neulrons in the reaclor

' {) General considerations. o3 changes rapidly as a function 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 energy region one can say that normally
T, >, > T, and T,. It is edsy to understand that I'; and T, are
small in this region, because resonance neutrons cannot sufficiently
excite the compound nucleus to allow protons or «-particles to pene-
trate the Coulomb barrier around the nucleus. Sometimes, I', > T,
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 rescnance, 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 resonance (13).
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Fig. 3.4 continued
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TABLE 3.3 :
Resonance parameters of ths data of Figurs 3.4 (13)
Resonanca energy Lovel width Remark
B 530 & 50 keV T, = 100 £ 20 keV 3
1860 4 20 keV 450 + 50 keV
2800 keV 300 keV
4100 keV 500 keV
>_E, » thermal
np 430 4 10 keV T, = 40 % SkeV energy
1280 + 20 keV 140 + 20 keV
1780 3 20 keV 40 4 20 keV
2450 4 20 keV 120 + 40 keV
2580 £+ 20 keV 60 + 20 keV J
M3Cd 0.178 £ 0.002 6V T'y=113 £ §mV E, epitherm. energy
(Ty = 0.85 + 0.02 mV) I's E,
1WRh 1,257 + 0.002aV Fy= 166 £ 4 mV E, spitherm. energy

(Ta = 0.8 + 0.01mV) T<&£E,

(b) Resonance integral cross section. Obviously, a reaction rate in
the intermediate neutron energy region can be calonlated if the
neutron energy distribution and the croass section curve o{¥') are known.
In the reactor (equation (4.15)) the intermediate neutron energy
distribution is c«c1f{E. Hence

2oV ar @ ax
Ip= oAB) — ::j oB) — (3.21)
Lcd ’ E Ec: E

x 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 Figurs 3.4) and depends on the experimental conditions.
The EANDC* recommends the value g, = 0.55 eV in equation (3.21)
(15). Some typical values for the effective cadmium out-off energy in
varions geometries, caloulated according to Stoughton (8) and Westcott
{9,10), are given in Table 3.4.

* European American Nuclear Dala Committes (15).



40 5 NRUTRON ACTIVATION ANALYSIS

TABLE 3.4
Effective cadmium out-off for 1/v absorbers (in oV} {12).

Isotropio neutron flux density
Cadmium Collimated
thiclmess neutron FoilinCd 8mall sample in 8mall sample in
(mm) beam sandwich  spherical shell oylindrical shell
0.78 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 Js 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 parta:

& contribution o{E), ideally given by the Breii~Wigner formula;
a contribution oy/(¥), due to the fact that, when no resonances
are present, the oross section generally varies 1/v.

The equation:

d dr @ dr @ dx
Jl‘o o(E) " J'zm oyl E) + J.Ec., o E) 5

is abbreviated as:
‘ ITulpt+I (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,so are separately listed for some interesting nuclides in Table 3.9.

Calculation of I is possible if the resonance parameters (T, T,
T, E,) andfor the 2200 m/s cross scotion are known. Several formulas
are proposed in the literature, such as (12)

I, = (410 x 1097, T, /E2D (3.23)

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

e
Xhg)
i

E—..: =

Ity = 2noy( BBy (3:24)

where ¢, is the activation cross section for 2200 m/s nentrons; K, =
0.025 oV and E; and I' aro the neutron resonance energy and width for
the resonance. If (&), the total cross section at the maximum of
tho resonance is known, the following equation can be used (see Chapter
10, Table 10.3).

3. NEUTRON INDUCED REACTIONS

I}, = alo/E)2E, (3.25)
The 1/v contribution depends obvicusly on the cadmium cut-off

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

© dF
LN ow(B) -

equals 0.90 oy; 045 o,; 0.424 o, or 0.38 o, for Bgy = 5 kT;0.50eV;
0.55 eV; 0.68 eV respectively (12).

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

(c) Calculation of a reaction rate for reactor irradiation, If a nuclide
ig irradiated in a reactor neutron speotrum, both thermal and resonance
activation are possible, Consequently, equation {3.17) muat be adapted.
The simiplest 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 Ey)
and epicadmium neutrons (those that are not absorbed by a cadmium
filter, integrated from B, to 1-2 MeV or to c0). The reaction rate per
atom can be represented by

R= J.m n{v)ve(r) dv = r n(vive(v) dv + 'r n(vjve(y) dv
() °

L]

" = oF)
= o, J‘o n{v) dv + @, Ixca T dE

or .
R = NiVeTg + IPJ . (3.26)

whero s = neutron density for energies up to the Cd out-off
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- I:' niv) dv;

v, corresponds to the cadmium cut-off energy Eg,, .8.
0.55 oV.

vy = 2200 m/s and o, = 2200 m/s cross section; actually one
should write here o) instead of o, For most nuclides,
however, o, approximates g, very closely, nl. if the 1/v
law is followed (seo also section 1 of Chapter 10}.

@¢ = epicadmium flux density per unit logarithmic energy
interval (> Egy). Indeed, since in this energy region
(e.g. E, to E,), ¢(E) < 1/E, nl. ¢(E) = ¢ /E the total
intermediate flux density is given by

Puat. = ﬁ: P(E) dE = s _[:: dE(E = gln(E,/E)).

Hence the quantity g, can be given the interpretation of
an intermediate (or epicadmium) flux density per unit

logarithmic energy interval.
I = the infinite dilute (epicadminm) resonance integral =
1MoV c( E)
—di;
J L

! I=1I4 Iy =1I+ 045 o, for a cadmium foil thickness
‘ of ca. 1 mm.
_ The reason for ignoring the presence of a fission spectrum in equation
! (3.28) is that the contribution to the total (n, ) reaction dus to fission
| neutrons is usually very small.
The form of equation (3.17) can be conserved, if o, is replaced by &
“regctor’ cross section aresclor:

R = ny¥%eactor (3.27)
where

Ps - e

G, =gy b —1 = i .£. 3.28

reactor [} ﬂmﬂo qﬂ th { )

and nyv, = ¢, (conventional thermal flux for neutron energies < Egy).
Equation (3.27) allows the calculstion of the reaction rate {induced

activity) if gy, and @.fpy are known. In Section VI, B of this chapter

& 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 o pure 1/v-absorber (no resonance peaks, I’ = (),

equation (3.26) is reduced to

R = nlhvoﬂo + 0.45?‘0'0- nu‘”oan(l + 0-459,[“&”0)
The reaction rate is also given by equation (3.17):
R = nvaac

where n = total neutron deasity (0 — o).

Hence: n = ny(l + 0.45p,/n,ve) ,

As for most irradiation positions g.fnyv, < 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 almoat
completely iuto accourt.

3. Fast neutrons (>1 MeV)

(a) 14 MeV neutrons (neutron generator). The behavior of ¢ 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)« reaction (see Chapter 4, II).

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

ap = 2nR% {3.29)

- where the nuclear radius B4 is correlated with the atomic mass number

A by the approximats relationship
Ry 15 x 10-134Y3em (3.30)

This means that ol is proportional with 4%/% and that for all elementa
op hes a value between 1.5 and 8 barn at a neutron energy of 14 MeV.,

Ezample: Hg. Calculated op = 27 X 225 x 10~t¢ x (201)¥2 cm?® =
485D,
Experimental value at ~14 MoV = 4.56-5.2 barn,
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Equation (3.20) seems to be contrary to the definition of cross seotion
by equation (3.10), due to the factor 2. This can be explained as
follows: the probability for the formation of a compound nucleas is
indeed given by #R%, but the total cross section includes an additional
nR% for diffraction soattering, which does not produce a compound
nucleus (gee last two columns of Table 3.5). Anyway, the correspon-
dence between the experimental op values and those, caleulated by
equation (3.20) 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 op can be regarded as a sum of the
probabilities for elastioc and non-elastic {in many cases = inelastio)
scattering (¢f. this chapter, section 1. Within the scope of this book,
no distinction will be made between oy, and <, ).

gp = oul + One. (3.31)

- where

auns. = ofn, 2n) + o(n, p) + o(n, a) + o{n,y) + (n,na)... (3.32)

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

nagartery = 7 (0.12413 4+ 0.21)* barn (3.33)

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

(2) ofn, y). At 14 MeV, the probability for a (n, y) reaction is small.
The most important phenomena are elastio scattering and inelastio
collision followed by (n, 2n), (n, p) and (n, ) reactions. (Table 3.6).
op and one can be caloulated empirically 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 o 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)
% oua(®}or or wRY). (Cf. equation (3.32) and this section 3, a.(l)
respectively).

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

3. XEUTRON INDUCED BEACTIONS

of course, leave the nuclens more easily, if the neutron excess is greater,
As a measure for the neutron excess one normally chooses (¥ --2)/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).

Isotope ofn,a) afn,p)  ofn,20)  ofn,y) oulelement) ofelement)

1340 0.5 24 2800 7.8 2600 5200
LAl £ 0.5 0.95 2400 (tot) 1.5 2500 5600
1Ag (10) (22) I850(24.5m) 30
Y1 600 (8.34) 1800 4300
1Ag 10 13 800
TiAs 13 12 540 2 .ne ves
LelvH 37y 120 520 2.6
“Cu a3) 19 1000 s 1500 2950
10 3 rrrrTy
N \ " (ne} ™~ i
1 3 \ 3
E 2 -
. L -
2]
i .,sAu " :
B
-2 \s\ |
10 -2 +1 C 2
10 1© i 10 10
E(MeV)

Fig. 3.5. op op—va = o5, and ofn, y) for 5,Au at higher neatron energy {13).
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The following empirical relationship between o{n, 2n) and (¥ — Z){4
in valid:
For (N - Z)[A > 0.07:

1og o(n, 20) (¢ areyy = 2473 + s.48% ; z
For (N — Z){4 < 0.07:

(mb) (3.34)

N-Z
A
This relationship holds s well for odd-even as for even-even nuclei.

Ezample: 1¥*S(n, 2n)13%"Sh, Z = 51, 4 = 123, N = 72, (N — Z)/4
= 0.171,
From equation (3.34) one caloulates ofn, 2n) ;, yyy = 1162 mb.
Experimental value: o(n, 2n) (40 uev) = 1560 mb.

log c(n, 211) (16 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); seo Appendix 4, Table 3. Schulze (18) gives also caleulated values
if no experimental data are available. Determining o{n, 2n) experi.
mentally, one often uses the reaction **Cu(n, 2n)%:Cu as a reference
(0 = 500 mb, +5 to 8%, at By = 14.1 MeV). (Figure 3.6).

If o{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 analogous
phenomenon was slready observed for (n, y) reactions at energies
>0.1-1 MeV, seo above, Figure 3.5. A typical excitation function is
represented in Figure 3.6.

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

Some numerical values of such a curve are of particular interest, nl.
Oqaevy B0A Opgy; for the reaction *7Al(n, a) **Na, on,; is at ca.
14 MeV. There exist empirical relationships which allow the approxi-
mate calculation of o(n, p) and eo(n, a) in the 14 MeV region (21).
The ratios o(n, p), resp. o(n, «) to one. are correlated by the same

.

o —

Ny

B 2
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"\'ﬁi's
1000 1
F 1L 1
,-5 4 ' | ‘
.E
L JA

¥
v
/1
) //_
L/ N

b 2. 14 16 1 20
E(MeV)

¥ig. 3.6. Energy dependence of the resction cross section for *'Cu(n,2n)
ucy (20).

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

o0, Pz _ 4 oip (-25.2 - Z) © (3.35)
ons, ' A

where k{o.—o.} = 0.28 and k{e.~e.) = 0.47,

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

At 14 MeV, ofn, p) is given by

im Plasaen = kexp ( —31.1 U) (3.36)
One. -4

where k{o.—.) = 0.50 and k(e.—e.) = 0.83.
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Ezample: 1% Ag(n, p19'Pd
Experimental value: o(n, p);y;yavy = 13 mb
Calculated: 4 = 109, Z = 47, N = 62, one. = 1.96b, ofn, p
= 11.2 mb. '

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

D14 Mev)

one,

1 mAx N -
o0 emany _ exp (- 37— Z) (3.37)
where k(o.~e.} = 0.55 and k(e.-e.) = 0.92,
ol Sacxen kexp (—37.8 ¥- Z) (3.38)
On.e, A

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

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

Experimental values of o(n, p) and o(n, «) 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 caleulated values if experimental data are lacking. Some selected
reactions are often used for relative comparative measurements, e.g.

'Iai(n, ¢)'H a(l'l.l MaV) = 26 mb {i bto 8%)
“A](n, ﬂ)“N& 0(1‘.1 MeV) = 121 mb (i" 3%)
P7Al(n, p)*Mg opyy aevy = 81 mb {15 to 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 poasible,
but also

{n, n')

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

(n,p + n,pn)

(n, np) or (n, nd)

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

(n,p + n,pn + n,np + n,d)
" (n, t) or (1, 2p) or {n, tn)

(n, n«) reactions

Experimental data are given in Ref, 19,

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

(8) Oaleulation of the reaction rale for accelerator irradiation, The
reaction rate per atom ia given by

Byuey = F oy piv(s™) (3.39)

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

For practical use in activation analyeis, reference is made to equation
{10.1), which allown 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 are not mono-
energotio. According to Watt (22), neutrons produced by fission of
1357J have the following energy distribution {Figure 3.7):

J(B) = C exp (— E) sinh /(2) (3.40)

where X ia expreased in MeV; for the normalized distribution 0 = 0.484.
Cranberg (23) proposed the following modification

J(E) = 04527 exp (—1.036F) sinh ./(2.20E)  (3.40 bis)
Another semiempirical expression has been proposed by Leachman (24):
f(EB) = 0.7T725 EY* oxp {—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
speotrum <9 MeV. These representations differ only slightly, the
largest deviations ocourring at high ensrgies. For in-pile measurementa
this nentron spectrum is mostly slightly disturbed sbove 1-3 MeV,
although departure from this distribution is possible.

As already stated, the crosa section for a threshold reaction is energy
dependent (excitation curve). In the case of emission of a charged
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Fig.3.7. Energy diatribution of fission neutrons from 1347 (Watt distribution) (2).

{Permission of Hughes, D. J., Pils Neut R i
Ronaine. o) ron Research, 1853, 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
(fff. 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‘: oA B)f(E) dE = J';r o(E)J(E)dE (as o = O for E < Ex) (3.41)

5. GROWTH AND DECAY OF RADIOCACIIVITY i
ik
This quantity is called the respones integral. In fact it ia this response
integral which results directly from measurements with activation
deteotors. f(I) represents the fraction of the fission neutron flux

between K and F + dE. Equation (3.41) is equivalent with & J': J(&)
dE if & is the average cross section in a fission neutron spectrum;
& is thus defined as follows:
 [remm)aE  [5 oE)E)AE
g = - o
[s 1 am |5 s&yaE

I: f(B) dE is mostly normalized to one neutron om~3~1, In practice

it is &, thet for a given reaction is determined in an unperturbed
fission nentron speotrum, as the response is automatically integrated

(3.42)

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

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

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

5 |pgB)AE
— =S (3.43)
o [*1(8)4AE

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

in Figures 3.16 and 3.17.

{2) (n, p) and (n, «) reactions. Hughes (2) described & relation between
5 for (n, p) o (1, a) reactions and the fission integral [ f(%)dE
(see Figure 3.8); & was normalized to & “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 Fur (Figures 3.9 and 3.10), teking into account & larger number of
recent experimental data, and normalizing to & standard nucleus
with A = 125, (Indeed, o is function of 4, as can be seen from equations
(3.29) and (3.30): o ¢ A¥3; if 4 = 126 is arbitrarily chosen as the
standard nucleus, it is obvious that any other & has to be multiplied
by & factor (125/4)¥% = 25[4%?). Plotting 255[AY% versus Eer for
(n, p) reactions, they find a different behavior for “odd-4” and
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Fig, 3.8. Integral of the nsutron fission spactrum,

“even-A” targets. The best fit through the experimiental pointa gives
straight lines, of which the slope apparently differa from that of the
fission integral j’ £ J(E)dE versus E. &(n, p) for even.4 nuclei is
found to be about seven times that for odd-A nuclei (see Figure 3.9).

For (n, «) 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 pnd odd-4 nuclel cannot be observed.

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

3. NEUTRON INDUGED REACTIONS

I | |

© EVEN=A YARGET
e ©ODD-A TARGET

X -
1 {<f 1LEVE
o2 Fy /‘/. {
N
3 N
~N
\\
\\"‘J"o
4 ~
\ ~
+2 .,
10 o
| N u,,b\
3 10!" »
=3
10 \ \

2 & 6 8 10 12 14
E¢" (MeV)

Fig. 8.9. Measured values of §{n, p) for fiasion neutrons, ploited vs. Eur
taken from Roy and Hawton (25). Tho dotted lins representa the integral of the
fiasion neutron spectrum.

estimated. First, Kp is caloulated from the Q-value, using equation
(3.4) or (3.8). E,q can then be found from Figure 3.11, where E,q — Ep
is plotted as a function of the atomic number of the target nucleus.
Numerical data for F,4 can also directly be found in Ref. 25 or 11.
From Figure 3.9 or 3.10 one eatimates 255/4%* and finally one calcu-
lates 7.
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Fig. 3.10. Meanured values of 3{n, «) for flssion neutrons, plotted va. E,y,
taken from Roy and Hawton (28). The dotted line representa the integral of the

fission nsutron spectrum,

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

-

3. NXUTRON INDUOED REACTIONS
Ey4-Ey (MeV)  for {n,oc)reactions

& [ ] 17 L 0 2% 28
100 v T v Y v ' T

80 ‘ /

T~

Z of target nucleus

&

(np}~

a

o L — 0 i L h L " b
2 4 L] ] 10 2 1%
Egq=Ey (MeV) for (np)reactions

Fig. 3.11. The quantity Hy—E, for (n, p) and (n, «) reactions as & function
of the atomiec number of the target nuoleus, taken from Hughes (2). (Permission
of Huglies, 1D, J., Pils Neutron Research, 1953, Adison.-Wesley, Reading, Mass,}
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In a normalized fission neutron flux f:f(E')d.E = 1, equation
(3.43) can be written as

&four = _[ r/(B)dE (3.44)

i.e. the fission integral, which is represented in Figure 3.8, 0,4 is 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 at neutron energies ~ 14 MeV., Hence, equation
{(3.44) can be approximated as follows:

Sorxey= | 5o (E) 4B (3.45)

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 o, v 2nd E,q (see above)
are known; ¢y y,y ¢an 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 dats for &(n, p) and &(n, ) can be found in Appendix 3.

{8) (n, 2n) reaciions. Leas experimental data are available for {n, 2n)
reactions in a fission neutron spectrum. A plot of 253(n, 2n)/4¥/* vs,
Ep is represented in Figure 3.13. The choico of By instead of E,, a3 a
variable is justified as the quantity E,y—Fp 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 E,g. The best fit through the experi-
mental pointe yields again a straight line with another slops than

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

odd-4 targets from the experimental data available,

Numerical data for &(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 (¢f. Figure 3.5 and Table 3.5).

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

Neutrons of ~0.1 to a few MeV can undergo inelastio scattering
with & nuclens. The neutron loses its energy partly or completely,

h
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Fig. 3.12. Measured values of G/o(14 MsV) for (n, p) and {n, «) reactions va.
E.,u, taken from De Neve (20). The dotted line represents the integral of the
fission neutren spsctrum.

leaving the nucleus in an excited state. Returning to the ground state,
the nuclena emits one or more y.rays. These so-called (n, n’) reactions
are also threshold reactions. Indeed, if the “lowest excited™ state of
the nuecleus lies for instance at 850 koV above the ground state, it is
obvious that the incident neutron must have at least an energy of
850 keV to make possible that particular (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-
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tion.
Ezamples.
{ ) *%Fe; isotopic abundance & = 91.88%,; energy levels 0, 845, 2080,
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Fig. 3.13. Measured values of G(n, 2n) for flasion neutrons, plotted vs. E,,
taken from Roy and Hawton {25). The dotted line represents the integral of tho

fisaion neutron spectrum,

(2)

4. NEUTRON INDUCED REACTIONS

2600, . . . keV. With neutrons from ca. 860 keV inelastio scattering
produces y-rays of 845 keV.

$7AL; 0 = 1009%,; energy levels: 0, 834, 1015, 2270 keV. With
neutrons from ca. 0.85 MoV, 1.02 MeV and 2.25 MaV one observes
y-rays of 0.847, 1.025 and 2.23 MeV. The excitation functions for
these {n, n’) reactions and the energy levels of 37Al are represented
in Figure 3.14. Data are taken from Hughes {13} and Dzhelspov
7).

£, *0847 Mev
oz //WW
c 1 I 'l r 'l i i 3
Q6
04 E, =1025 MeV f/\‘/\/\/\/
o.2)
0 ' 233 o -
04t T2 ——=222 001Bps
-4
3. _§E & 1025
02 172 | 002 ns
o ET=2.23MeV
w' 'l ZTN L L L —k 'l A 4 Il
s 12 16 20 24 28

E (MeV)

Fig. 3.14. Production of y-rays by inelastic scattering and energy lovels in 97AL

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

Ezample. 27Ph; 0 = 22.69,; energy levels 0, 565, 1633 keV. With
neutrons from ca. 1.6 MeV M™P)h i 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 examples are summarized in Table 3.6.
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Fig. 3.15. Production of 0.8 s isomer (*Pb®) by Inelasti i
caorey lovela in 1B (oartly) ( ) by lnelastio ecattering and

. TABLE 3.6
Production of isomers with measurable holf.lives by inelastic
neuiron scattering
R Threahold B
Reaction 8% T E, (keV) (keV) )

19Rh (n, n") 1"=Rh 100 574m 40 E,
M4g (n,n") 1Ay 4365 39.2s @7 E,
:::g: {n, n’) 16=In 95.77 48h 335 E’

s (n, n’) 191=B, 11.32 26m 661 060 (F, ¢

X =1,

A (o, n’) WeAuy 100 T4a 407,277 4+ 130 ( ."407 P
1Hg(n,n")*sHgy 1684 44m 368 + 150 827
$1Ph (n, n’) 141=Ph 22.6 0.8s 1080 4 565 1833

Remark: Nuolei can alsc be excited by other .
Example: **Rh(y, y'}lllanh-y meuns, o.g. by photoactivation.

——

8. NEUTRON INDUOED BEAOTIONS

Some (n, n') reactions produce new radionuclides which are not
obssrved in (n, p), (n, «) or (n, 2n) reactions. In consequence they are
“gharacteristio” for the element concerned, and this can be of interest
for analytical applications (18). Data are given in Table 3.7. The firat
one has been already practically examined by Anders (20).

TABLE 3.7
Production of “characteristic” izomers with measurable halflife by inelastic
nentron soattering

Reaction . 8% Ty E, (keV) By (keV)

"Br(n, n')*=Br 50.52 488 o

MY (n, n')i*>Y 100 : 14 913 913
193]¢(n, n’)1¥=] ¢ 61.5 11.0d 80 80
1WiPhin, n)=pPh 1.48 é8m 012, 374, B89 2188

{others)

(5) Response functions of threshold reaclions in a fission meutron
spectrum. Apart from &, defined by equation (3.42), o(E) is also of
great importance and it is even more fundamentsl. If the ofE)
curve iz well known for a given reection, average and effective cross
gections can be derived, and the effective threshold can be caleulated
(cf. Figure 3.1).

Experimental and calcvlated cross section curves or excitation
functions for some important threshold reactions are represented in
Figures 3.16 and 3.17. Actually, o{E)four is plotted (reduced cross
section curve). A compilation of some important cross section curves
is given by Liskien and Paulsen (48). The function o(Z)f (E) is called
the response function. At higher neutron energy f(E) becomes rather
small in a reactor, hence o{E)f(£) will also decrease and practically
one observes a “shifting” of the response curve towards lower neutron
enargy a8 compared to the corresponding cross section curve, This
can be seen from Figures 3.18 and 3.19, where the response functions
of various threshold reactions are represented.

Graphical integration of the response function allows the determina-
tion of & (cf. Figure 3.20).

(8) Calculation of & reaction rale in a fission neulron specirum. The
reaction rate per atom is given by

b
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Rm J‘;‘ o(E)f(E) dE m aj:fw:) dE = G.§  (3.40)

where & a the average cross section in a fission neutron spectrum
¢ = the “equivalent fission flux”

- J‘ » fB)4E. The determination of ¢ is described in section
VI, B, 3 of this chapter.

{E)
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Fig. 3.18, Reduced cross section curves for some threshold reactions,
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Fig. 3.17. Reduced cross section curves for some threshold reactiona.
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This can be of practical interest to caleulate interferences in activation | S(EE)
analysis (see Chapter 10, section II, C), such as: ‘ O
Determination of Interfering reaction 238
Fe in Co #Co(n, p)$*Fe | l - Ui, f)
PinS 3t8(n, p)¥*P ' 0.4
Cu m Zn ¢ $7Zn(n, p)¥ $7Cu ( se |- 58
Na in Al 27Al(n, «)*Na . 1 Nin.p) Co
Mn‘m I".e 54 88Fg(n, p)s4 $8Mn 27 27
Co in Ni 8 0ONi(n, p)i* 99Co (np) Mg
Sein Ti _ 16 47, &2Tj(n, p)as. 41 4ag, T
ﬂ : 03 $
qE Hgkn.p“Na
!
0.4
TRntna FRn ENA w
2 " (n2n) Cu 7 0.2 f
Stap) P . ‘ q\
03 n A”Al ( n.u}uNa ] \
, X i 2 \| 2

ﬂ& o ) N

. 0 10 15
E {MeV)
] Fig. 3.19, Response functions for some threshold reactions.
0 \

w

\
/ AN Ezample: "Fe(n, p)*Mn; & = 0.93 mb = 0.93 x 10~ cm?
b If gy = 7.101 n om=2s-1and k = 0.033, § = kp, = 2.3 x 101t
nem-*s~! Henco R = & x § = 2,14 x 10188,
\J : For practical use in activation analysis, reference is mads to equation
{(10.1) which takes into account the weight of the irradiated element,
0 5 10 1; ‘ the irradiation time and the half.life of the product radicnuclide.

E (MeV)
Fig. 3.18. Responss functions for some threshold resctions,

—
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V1. Some Applications of Neutron-Induced Reactions
(A) Tre Caprxom Ratio (CR); THERMAL/RE3SONANCE FrLux RaTio

mC:;l:niumI h“g;a very .-..Bli}.lo absorption cross section for neutrons with
rgy less than ~0.4-0.5 oV (Figure 3.4), due to th i
113Cd(n, ¥)114Cd. 114Cq is not radioa.ctiveg.ur The eﬂ?ective cadmi:r;e :ﬁthz;‘
depends on the foil thickness 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 with “epicadmiu'm"
neutrons, Without cadmium cover, activation occurs as well with
thermal as with resonance neutrona,

i Th.e measured ratio of the two activities for a given irradiation posi-
tion is called the cadmium ratio (CR) of the nuclide of interest:

3. NEUTRON INDUCED REACTIONS

activity without Cd foil @y + el

A1
OR = — tivity with Od foil ool (347)

Hence:
CR-1= i’-:f (3.48)

where @ = the conventional thermal neutron flux up to the Cd out-off

(EBca)s P = Pulo & 003
s = epicadmium flux or resonance flux (> Zpq)
(equatione (3.17) and (2.26)).

It is obvious that the measured CF 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 activation oross section o, and
activation resonance integral I = I’ + Iy, = I' + 045 o, for 1 mm
Cd-cover),

In the case of a 1/v deteotor, such as B, Na, Al . . . theae calounlations
are quite simple (I’ = 0). The induced activity under cadmium is,
however, very small, so that very high cadmium ratios are found;
even within a graphite lattice, whore the pefpy, 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).

o illustrate the effect of neutron absorption on the determination of
cadmium ratios, Hogdah! (14) mentions that the uncorrected cadminm
ratio for gold in a pneumatic tube of a reactor is 12.5 using & 1 mil thick
gold foil, while OR = 5.5 is found by using & dilute solution of gold
(72 pg Au/ml). The difference is primarily due to gelf absorption of
rosonence neutrons. If gold foils are used, absorption corrections are
nocessary if the gold thickness exceeds about 0.6 mgfom3, It is, there-
fore, advisable to use dilute alloys, .g. 1 w-% in aluminium, as neutron
ghielding then becomes negligible. Some experimental data for cobalt
are given in Table 10.4. '

If no self absorption ocours, the ratio resonance/thermal flux can be
caloulated from equation (3.48), after measuring the activities induced
in the bare and cadmium covered detector.
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Ezample: Co monitor, gy = 37.2 barn, I = 85 barn (- /v-contribu-
tion), If CR,, = 10.2 is found, one calounlates ¢, /e, = (65/37.2) x 8.2
= 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 X268 X27 X283 Train Channel! BBU ITN

. 2x101 x10M §x1011 14x101 4x101t 8x100 — - —
ORco) — 638 102 1086 1341 . T42 104 T.84
k=dlpat 1/200  1/281  I1j12 1167  1/184 1/5.92 — —

e

1 oo equation (3.58).

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

I,.0 1543¢,
OCRr =1 + (CR,, — 1)Av%% 1 IO | Rabedinted X..
X + ( An ) Go'h; Is + (GRAII 1) 98.8.[:

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

(3.49)

6503, z
37.21,

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 ratic. The greater the OR, the more the neutrons are
thermalized.

Cadmium covers are also useful to screen out thermal neutrons in
cases where thermal activation is undesirahle, e.g. for the study cf the
fast 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

CRx =1+ (CRg 1)

(3.50)

1
it
3. NEUTRON INDUOED BEACTIONS ?gﬂ{k%

interfering (n, p) or (n, «) reactions, By subtracting the activity,
induced under oadmium, from the total activity, induced in the bare
sample, one cbtains 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, 58 the total and thermal fluxes also decreass (Table 3.8).
The cadmium depresses the thermal flux density and gives also a
perturbation in the intermediate neutron flux density. Sometimes it is
aven impossible to use a cadmium cover, e.g. because of temperature
or safety oconditions inside a reactor. In an alternative technique two
detectors with different cross section curves can be used. For long
irradistions, the detector couple Ag and Co seems most suitable:

89C0: oy = 37.2b; I = 65D
10Ag: 5, = 3.2b; I = 47.5 b {for production of 11%"Ag)
Absolute counting of $°Co offers no special difficulties. The standardi-

* zation of 119®Ag can be accomplished with special counting techniques

(sum-coincidence method; semiconductor counting, using the 658 keV
photo pealk; the efficiency of the semiconductor detector can be deter-
mined by means of a calibrated 237Cs-source, E, = 663 keV). According
to Hagdahl (14) one can write:

R, ='@u0y, + Pl for detector 1
R,y = guoy, + el for deteotor 2

R, and R, are calculated from the absolute counting if the irradiation
time and the decay time are known {e.g. equation (3.54)), henos one
can determine gy, = [1,0,]5°*7 and ¢,

B ly = Byl

= 3.51
P ooy — o011 .50
9o = T8~ Ficn, (3.52)

o0l — o014
The assumption has been made that self-shielding corrections for
thermal and resonance neutrons are negligible.

(B) NEUTRON SPECTRA (PARTICULARLY IN NUCLEAR 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 case — & 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 ¢, which follows the 1fv.law at low neutron
energy. The thermal flux is determined by absolute counting of the
activity, which during a given irradiation time is induced in 1jv
detectors, whose activation crass section ie accurately known:

8Co: 0, = 37.2 b; $%Co: A = 4.168 x 10-*a-1
B7Au: 0 = 98.8 b; ?*Au: A = 298 x 10052

To avoid self-shielding (Chapter 10, II, B, 4) these elements are
irradiated as dilute Al-alloys, e.g. 0.1-1 w.%, Co or Au in Al Dus 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 = Ru, + R; = T + ?.I (3.53)

where R, and R, = thermal and epicadmium reaction rates;
Pm (=nyv,) and @, = conventional thermal and epicadmium
fluxes;
oy = 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 ¢, and a waiting time ¢ is (Chapter 5, section TIT and equation
10.1).

D = N.R[1 — exp(—Mylexp(—A) (3.54)

or
D = Nougrator [1 = exp(=Mp)] exp (- X)
where N = number of target nuclei

Oreector = given by equation (3.28).

3. NEUTRON INDUCED REACTIONS gl
dﬂ‘
If the detector is covered with cadmium, only resonance (epi-
cadmium) activation occurs
R¢ = ?gI
Hence
= NpJ [1 = exp (—My)] exp (= A) (3.55)
The net thermal activation is thus given by
Dy = D = Dy = Noyoy[1 — exp (— X)) exp (—X) (3.56)

Absolute counting of the induced activities D and D, (without and
with cadmium cover respectively) yields ¢, as o4, 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,
see Table 3.2); the departure of the cross seotion from the 1/v law and
the temperature dependence must also be considered in acourate
neutron dosimetry. A practical determination can be found in Ref. 32.
According to Hughes (2) the thermal flux at a particular point is known
at best only to +5%,.

Much confusion is possible if one does not specify what eonvention
is followed, e.g. whether the resonance integral includes the 1fv-tail
or not. In recent publications there is a preference for the Westcott
formalism (9,10). Other conventions are those of Horowitz and
Tratiakoff (33) and the unified formolism of Nisle (34). The simplest
approach ia that of Hegdahl (14), which was followed in the above
disoussion.

As will be explained in Chapter 10, the knowledge of the absolute
thermal neutron flux is not required in activation nna.lyms, a8 a com-
parator method iz used in practice.

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

2. Determination of infermediale neutron specira

The conventional epicadmium flux ¢, can be determined by absolute
counting of the activity, induced in a cadmium covered nueclide, 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, 0.66 oV, 5 k7,...),
the 1fv contribution and the correction factors used. The recommenda-
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tions of the EANDC (European-American Nuclear Data Committes,
soe Ref, 15) should be followed.

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

Actually there are no edequate methods for the experimental
determination of ¢ as a function of E 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,
assuming a 1/F distribution in the epicadmium region. This analysis

should then bu coupled to experimental data from the few measure-
ments that are possible at thermal and high (>1 MeV) energy.
Carver and Morgan (35) proposod to study the intermediate neutron
spectrum by activating a series of thin wires (0.5 mm diameter),
each of which possesses a distinct prominent capture resonance.
-Diluted Al-alloys (0.05-5 w-9) of Lu, Eu, Ir, In, Au, W, Se, As, La
- and Cd were used, giving resonances from 0,143 to 120 V. Several
methods of extracting this information are possible and the search for
the optimum methoed is still in progress.

Other methods including resonance reactions, such as the sandwich-
foll 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 nentron measurements is an underdeveloped
region. Additional information can be found in Ref. 31,

It is not yet justified to make 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 spectrum in g reactor

The neutron energy region above ~1 MeV is studied by means of
threshold reactions, mostly (n, p), but also (n, a), (n, fission), (n, 2n)
and even (n, n') reactions. The reaction rate for a threshold reaction is
given by equation (3.46), R = §.5, whero ¢ is the equivalent fission
flux, and & the average cross section in a fission neutron spectrum, The
absolute activity Dy (in disintegrations per second) for an irradiation
time fp and a waiting time ¢ is thus

Dy = Nog[1 — exp (~Ma)]exp (—X)  + (3.67)

TABLE 2.9
Values for resonance integral crosas eections, as recommended by tha Euratem Working Group cn

Dosimetry (37)

0y (barn)

g
Ed
—
B
=
-~
+
-
| =
g
a

I(1/v} (harn)

energy
(eV) I (barn)

Ty, formed

HNuclide

166 + 2
8.8 + 0.3

2088 + 300
1551 + 20

2060 + 300
1543 + 20

8

60

1505 + 20(s} 38 + 0.2 44 & 0.2
1507 + 20 {b)

. 2000 % 300

1457
4.906

2.704d

54.2m

1T,
1A
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372+ 18
L8 + 0.4
133 + 0.2

4.51 + ©.23

67 + 12
2.2 + 0.5
11.8 + 1.2
44 + 05

o5 + 12
2.1 + 0.5
1.1 + 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 4 0.5

132
221
337
580

526y

5.1m

2.58h
128h

Co
$Cu
SN
$3Cu

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

density of neutrons.
{b) Cadmiom eut-off energy 0.52 ¢V for a 1 mm cadmium cover in collimated beam of neutrons.

r%??s

Bl ilﬁ
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where N = number of target nuclei, and A = disintegration constant
for the radionuclide formed. Absolute counting of Dy yields ¢, if 5 is
known. Some frequently used threshold reactions are presented in
Table 3.10. It is always desirable to irradiate several threshold detectors
with different E,; values, o.g. #*Ni (n, p)**Co (2.6-5 MeV), 2?Al(n, p),
17Mg (4.3-6.3 MeV), *Mg (n, p)*Na (6.3 MeV), 27Al(n, «)*Na (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 apectrum abaove
say 1-3 MeV. The most frequently used threshold reaction is 3*S(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 *Na by (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

asimple - disintegration scheme, and a suvitable half-life, and have

posaibilities for rather simple absolute activity dotermination;

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 purposs, a factor k is introduced, which
is defined as follows:

. P SR 5 (3.58)
Preactor Fin

Indeed, the reaction rate is given by R= g x d = k x ¢, X &

@ can be determined, as described in section VI, B, 1 of this chapter;

& being known for a threshold reaction, % can be calculated for this

.

Oy NAULGUL AN VLA iedichtrd Al iy L]

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

A simple methcd to determine $fpy, Without absolute counting is to
use (NH,),HPO, and (NH,),S0, as flux monitors. The thermal flux
gives rise to the reaction ¥'P(n, y)¥*P (o = 0.19 b), whereas the fast
flux induces the threshold reaction 328(n, p)**P (7 = 65 mb). As both
reactions yield the same isotope, only a simple relative measurement is
required to obtain @fpy:

¢ OIQXAnPXNp
P = 0085 x A, x N,

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

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

(3.69)

. that the fast reactor flux can be considered as an unperturbed fission

flux, For the NRX and NRU reactors at Chalk River, the X-factor
varies botween 1/30 and 1/200 (26). Data for the BR-1 graphite.
moderated resctor at Mol-Donk (Belgium) are given in Table 3.8,

A third method starts from the standard reaction 3**U(n, f), with a

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

chemical separation and sbsolute counting of & single fission product
(0.g. 1¥Ba, fission yield 5.1%), @ can be calculated. Using this value
of &, one can determine & of another well known reaction with a high
effeotive threshold, such as 3Al(n, «)**Na, Fy ~ 8.6 MoV, If § = 0.61
mb is found —the preferred literature value of several independent
investigators — one can conclude that the fast flux has the character-
istio fission distribution above 0.5 MeV.

The following method is an absolute one. If o(F) is known, and f(E)
is supposed to be the Watt distribution, (&) x f(F) can be caloulated
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
yields the above values 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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$Mn(n, 2n)"Mn (5 = 0.16 mb, E,; = 10.3 MeV) might become useful
in the future as a flux detector for long irradiations, bzcause of the 4dn
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 137Ba(n, n')"*™Ba, 7'y, = 2.6 m, & = 0.22 b, E, = 660 keV,
Er 5 0.66 MoV, E,, ~ 1.9 MaV,

In some cases it is possible to obtain information about more than
one energy region by using an isotope, which givea different reaction
producta:

Example 1:
204Ph(n, n'*4=Pb; T,y = 67 m; G = 22 mb; E,y = 2.3-5 MeV
104Ph(n, 2n)19Pb; T/, = 62 h; & = 3.3-5 mb; E,q > 8.9 MeV

Ezample 2:
82Ni(n, p)**Co; Ty = 71.3 d; & = 102 mb; E,; = 2.0-5 MeV
$*Ni(n, 2n)¥'Ni; Ty = 37 h; = 0.004 mb; E,; = 12-13.7 MeV

Erample 3:

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

Wn(n, 3)"'*®In; T, = 54 m; 0, = 165 b; I = 3505 b yielding
thermal and intermediate flux densities.

usTn(n, n')'¥®In; 7'y = 4.63 h; & = 166 mb; E,; ~ 1.5 MeV yield.
ing the fast flux density.

A compilation of methods and data is given by Zijp (11). The
moat 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 MoV neutron flux of neulron generalors (' The Texas Convendion”)

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

-

2. NEUTRON INDUOED REACTIONS

leads to the formation of Cu (T = 10 min; A% 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 99.9% purity, either 1 or 2.5 cm diameter
by 0.26 mm thickness, is irradiated for 1 m and measured after & 1 m
decay by a 7.6 cm x 7.5 om NaI(T1) detector at 3 em from the top
surface of the crystal. (The thickness of the detector can mayvary from
2 to 4 mam.)

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

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

4,
PzAB

where D = disintegration rate of the source;
Ap = 0,611 MeV photo poak area in counts/m (minus the con-
tribution of the Bremsstrahlung from 2.9 MeV B*);
z = caleulated 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 calculated 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 Ap by this factor, one obtains directly the
disintegration rate D with an acouracy of +5%. 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 absclute activity per em*

, D (3.60)
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and per min (I¥). The flux F is then caloulsted from equation (3.61).
- ¥ g
600N [l —~ exp (—0.893¢s/7'4)]

where ¢ = 14 MoV cross section for the reaction **Cu(n, 2n)43Cu =
500 mb;

F

(3.61)

N = number of atomsfem?® = 6,02 x 10** x w63.5, w being -

the weight of copper in g/om? in the disk;
8 = isotopic abundance of ®3Cu = 0.69;
{p = irradiation time = 1 m; :
Ty4 = half.life of *2Cu = 10 m.

An activity of 107 d/mfg Cu (small copper disk) corresponds to an
absolute neutron flux of 7.7 x 10% n em-2 s~1,

More practical for routine analysia is flux monitoring with a low
geometry neutron counter (BF,) to measure the neutron output during
the irradistion. The measurement of N formed by the 140(n, p)1*N
reaction on the target cooling water has also been proposed (43).
Several authors use a plastic scintillator (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 bo used (Chapter
10, section II, B, 4c{4)).

The ¥'P(n, p) *1Si reaction (threshold: 1.9 MeV; cross section in the

pertinent energy range 68 mb; product radionuclide Ty = 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
2.6 MeV) (47).

(C) DETERMINATION OF AcTrvarioN CRoss SEOTIONS
1. Thermalactivation cross section (oo} and activation resonance integral (1)

Ax stated in section VI, A and B, the thermal and rescnance fluxes
for a given irradistion position in the reactor can be determined by
irradiation of & 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. NEUTRON INDUOED BEACTIONS

The thermal activation cross section of any nuclide X can directly be
determined by absolute counting of the induced activity after elimina.
tion of the resonence activation (Ry, = R —R,). If the cross section
followsa the 1fv law, the thermal activation cross section o4(2200 m/s
value) ig obtained divectly, by application of equation (3.62) as A, #p
and ¢ are known, whereas ¢, is determined by means of the gold or
cobalt flux monitor. The disintegration rate must obviously be calcu-
lated for a decay time equal to zero.

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

Absolute counting (Chapter 4, section XII, F) of the activated material
is usually carried out with a calibrated Geiger-Miiller counter (known
efficiency), with & 4=-proportional counter (all betas are dotected from
the sample inside the counter} or by liquid acintillation 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 a8 a function of geometry and y-energy.

From the cadmium 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 CBx are determined, oy, 5
is found by sbsolute counting, whereas o, ,, and I, {or oy o and
d¢o) are well known. The 1/v contributicn of the total activation reson-
ance integral can be caleulated, as described in section V, C, 2 of this
chapter,

Although the principle of activation measurements 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 B-energies, y-rays, conversion electrons, or X.rays
following electron capture may ocour is sometimes hard to estimata,
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; Hogdahl, ...)

In some very special cases, oreacter can be determined without
absolute counting of the activation product of interest -- thus without
knowledge of the decay scheme-—using a second-order reaction
{Chapter 10, section II, C, 3). This has, for instance, been done for the



82 2:E NEUTRON ACTIVATION ANALYSIS

reaction "Ge(n, ¥)?*Ge using the second.order reaction **Ge(n, y) "Ge
L, 78As(n, ¥)"%As and for the reaction 19%QOs(n, y)110s, using the
second-order reaction 1*%Q0s(n, )08 %, MIr(n, y)!9tIr after deter-
mining the apparent arsenio and iridium concentrations in high-purity
germanium and osmium respectively. Other possible reactions can bo
found in Table 10.8. If the cadmium ratios of Ge, Qs,... and of
& cobalt or gold monitor are determined, oy/I can be computed using
equation (3.49) or (3.50). From the experimentally determined value
of Opuctoe then follows o, and 7, nsing equation (3.28). In order to

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

Oreactor (s8¢0 Chapter 10, section II, 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 is given by equation
(3.46). Absolute counting of the induced activity, ylelds &, 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 deterraination of the & of a threshold
reaction. As already atated 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, canalso be
obtained by thermal activation, e.g. 'Ga(n, ¥)?2Ga. (o, =.5.0 £ 0.5b).
(Obvicusly, 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 "*Gia 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+b (3.03)

a
Aoy = 0oy +bm 4 b (3.64)

a8 CR = ala, (3.65)

3. NIUTRON INDUCED REACTIONS w3

Here: Aoq and 4 = total "*Ga-activities isolated from the Ge-samples

after irradiation with and without cadmium cover;
_agq and a = "*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;
GRym cadmium ratio of "(a, determined by means of a Ga-
gtandard.

Dividing equaéion.s (3.63) and (3.64) by the "*Ga-activity of the
Ga.standard, which is irradisted under the same conditions without

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

element Ga in both samples: (only simpls, relative measurements)

¢ = Cla,9) + O, B) (3.66)
Oes = 280 4 Gto, p) (3.67)

where O(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 calculated from the measured activi-
ties, using equation (3.64) and (3.85).
"OR

Oty y) = (0 = Co) o ‘ (3.86)

C(n,p) = C = C(n, y) (3.87)

If the apparent Ge-.concentration from the (n, p) reaction C(n, p) is
substituted into squation (10.34), 5{n, p) can be caloulated, if @/py,
for the irradiation position is known (see section VI, B, 3 of this chapter),
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