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CHAPTER 4
NEUTRON SOURCES

I. The Nuclear Reactor
(A) Frsstox

The operation of a nuclear resctor is based on the fission reaction.
In 1939 O. Hehn and F. Strassmann discovered that a uranium
nucleus, after absorbing a thermal neutron, could split into two new
nuclei. Each of those fragments, called fiasion products, carries about
half the weight and half the charge of the uranium nucleus, and
poeseases an extremely high kinetio energy. _

The principle of mass and energy conservation allows the caloulation
of the energy, released by the hypothetical fission ‘of a 2350 nucleus.
Assuming the reaction:

‘ AU = 1°La 4+ IBr (4.1)
one can caloulate the mass defect, using the semiempirical Bethe~
Weiszioker equation (1,2,3). According to this formula, the physical
atomic weight M of a nucleus, having Z protons and N neutrons is
given &s followa:

M(Z, N) = 1.01484 4 4 0.014 A¥* — 0,041905 2

0.041908 0.036

+ Z4 (Z - ZA)’ + J\—Am

(4.2)
where A = Z 4+ N

Z4 = AJ(1.980670 + 0.0149624 A¥3)

A = +1, ~1 or 0 for respectively 4 even and Z odd, A even
and Z even, A4 odd.

Applying equation (4.2), the masses of the isotopes occurring in the
above hypothetical fission reaction are:

157 ¢ 235.11240
48] 5 ; 147.08030
&Br: 88.95722
Hence one can evaluate the mass defect of the fission reaction: 235.11240
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—(147.98030 + 86.95722) = 0.16588 s.m.u., or 0.16588 x 931 = 154
MeV, '

One could wonder, why under such exoergic conditions, spontaneous
fission of the uranium nucleus does not ocour. The inhibition is caused
by the Coulomb barrier that both fission fragments have to overcome
(see Chapter 3, section I). Uing equation (3.30) and (3.1b) calculation
of the barrier energy for the given example yielda 197 MeV, when the
surfaces of the La and the Br nuclei are in contact with each other. The
barrier energy being about 43 MeV larger than the mass differencs,
spontaneous fission should not oerur, )

However, when a thermal neutron is absorbed, the binding energy
of this particle increases the energy content of the uranium nucleus
sufficiently.to separate the two flasion products:

1] 4 Ip o 48] 4 3Br (4.3)

Application of equation (4.2) would yield a mass difference of 169
MeV, which is still insufficient to produee fission, The semiempirical
mass formula neglects however the individual mass variation ccourring
at nuclei having “magic numbers” of nucleons, resulting in anom.
alously low masses, Thus, the energy released in the neutron induced
fission (4.3) ie in fact about 200 MeV, which permits the fragments to
overcome the barrier energy.

Quanturn mechenical'treatment of the fission reaction predicts that
for ®35U spontaneous fission occurs, but at such a low rate that the
stability of the nucleus is practically not affected. Segré (4) reviewed
theory and experiments about spontaneous fission, and noted that the
mean life of the ***U nucleus would be 3 x 107 year, in the absence
of x-emission. The reason for this spontaneous reaction is that the
probability of fission frapments “tunneling” through the potential

_ barrier is not zero. This is the rame phenomenon as one encounters with

charged particles, which can enter or leave a nucleus, although their
kinetic energy is lower than the Coulomb barrier energy.

Using the liquid drop model of the nucleus, subject to the short-
range nuclear forces, represented by surface tension, and to the long
range Coulomb forces, an estimate of masa 4 and charge Z of a nucleus,
which will be unstable against spontaneous fission can be found (6):

28
1 244 (44)
where Z3{4 ia the fissionability parameter.
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This means that nuclei with a 23/4 value clearly smaller than 44,
will be stable against spontaneous fission, whereas nuelej having a
Z*[A value larger than 44 can hardly exist in nature. In Figure 4.1
the fissionability parameter is plotted against Z for several nuclei.
Due to the tunneling effect, spontaneous fission practically occurs for
all nuclei having & Z value above 90, but not as u major mode of the
decay. In fact the partial half-lives for spontaneous fission of the even
Z heavy nuclei are systematically decreasing as a function of increasing
fissionability parameter, as can be seen from Figure 4.2 (6,7,8).
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Fig. 4.1. The fssionability parameter Z1/A, as a function of Z, (From Ths Atomie
Nucleus by Evana, R. D. Copyright MeGraw-Hill Inc. 1967, Used with permission
of MeGraw-Hill Book Corapany).

.From this figure it also appears that even-even nuclei give rise more
easily to spontaneous fission than even-odd nuclei. This is due to the
fact that even-even nuclei are slightly lighter than even-odd ones,
a8 can be caleulated from the semieripirical mass formula (4.2).
Therefore, fission by thermal neutron capture will be readily induced
in even.odd nuclei, as the binding energy of the neutron in the reaction

(even-odd) nucleus + n — ;. (even.even) nuclens 2,

fani
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is quite large, due to the relatively high mass difference between the
compound nucleus and the absorbing nucleus. For this reason, B0
gives rise to fission by absorption of thermal neutrons, whereas nyu
requires energetio (fast) ncutrons for the same reaction. This is reflected
in the thermal fission cross section for the uranium isotopes, as can be
seen from Table 4.1.

The fission reaction with thermal neutrons is normally called asym-
metric, as two fission products of unequal mass are obtained. However,
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Fig. 4.2. Partial half-life for spontanecas fiasion of heavy nuclei as & function
of ZA. (From The Atomic Nucleus by Evans, R. D. Copyright McGraw-Hill Inoc,
1987. Used with permission of McGraw-Hill Book Company).

TABLE 4.1
Thermal fission cross seotion for the uranium isotopes (11, 12)

Iuotope ZT.VPe N Fnusten (barn)
mu even-odd 527
v even-even 20.68
U even-odd 577
mo even-even <0.5 mb
wy even-odd 14
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Fig. 4.3. Fission yield as & function of mass number -, for the thermal 1Y
fission (a) and the 37 MsV alpha particle induced finsion of 293Th (b) {0} (10). (From
The Atomic Nucleus by Evana, R. D, Copyright 1987 McGrow-Hill Inc. Used with
perminsion of McGraw-Hill Book Company).

when highly energetic particles inducs fission the reaction becomes
more symmetrical. This is illustrated in Figure 4.3, where the fission
yield curve is represented for two reactions, going over the same
compound nucleus; (9,10)

60 80 100 120 140 %0 180
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B0 + Miperma —— [500] 22, (4.5)
FoTh 4 Sy viyvy — [H50] 228, (4.6)

As the heavy nuolei have a higher neutron excess than the light
ones, the produced flasion products tend towards proton-neutron
equilibrium. Therefore already during the fission reaction several
neutrons (prompt fission neutrons) are emitted, giving the typical
equation:

22U + ey —> $X +4Y + »kn “.7)

The number of neutrons v is 2.5 for the 35U fisgion and 2.9 for
the 3%Pu flasion. This prompt neutron emission ia insufcient to
establish the proton neutron equilibrium in the fission fragmenta. This
equilibrium is eventually reached by several successive beta emissions
of the created isotopes, of which a typical example:

iTe——— I — WIXe — 170 o> UBastable  (48)
About 200 fission products of 3% are known, which are practically
all beta emitters, and show half-lives varying from unmeasurably
short ones up to 10¢ year. The most abundant fission products, obtained
by thermal ﬂaaio:} of 3357], have masses round the fission yield eurve
maxima (4 = 95 and 149), and are given in Table 4.2. (53).
In gome cases,'the fission products emit a neutron immediately

TABLE 4.2
Moet abundant flssion products from the U thermal
fasion (83)
Percentage
Isotope Half lifo fission yield
"5 28.1y 5.8
ny 58.8d 5.4
"Zr esd 6.4
"o 2.12x108y 6.0
Ry 30.0d4 3.0
18709 30.0y 6.15
1B, 12.3d 6.3
i, 284d 6.0
UPm 2.82y A 2.7
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after beta decay. This occurs when the excited state of the daughter
nucleus has a larger potential energy than the binding energy of a
neutron. This is often the case when the parent isotope has a “magic
number” of protons. One can remark that without these so-called
“delayed neutrons” the control of a nuclear reactor would never be
possible, as will be discussed in the next section.

(B) Caim RRAOTION ARD CRITICALITY

In sll reactors, the average energy of the neutrons giving rise to
fission is lower than the average energy with which they are produced.
From Figure 4.4, where capture and fission cross sections of the isotopes
35T and *¥*U are represented (11,12), it appears that the fission
probability for *3U is highest with thermal neutrons (about 0.025
eV), whereas fission with 32%T7 only occurs with neutrons having an
energy over 1 MeV, At neutron energies above § MeV, the fission cross
section of **1J and #3517 are of the same order of magnitude. The fiasion
crosa section for the two isotopes is always smaller than the one for
$3%7 with thermal neutrons. In order to use this reaction with optimun
yield, the fuel can be enriched with #¥U, and the energetio fiasion
neutrons {up to 10 MeV) can be slowed down by means of a moderator,
80 that thermal energy is reached before capture by 23U,

In “fast” reactors, the average energy of the neutrons giving rise
to fission is quite high, and the neutrons are slowed down by elastio
collisions, mainly in the fuel elements and the core materials and to a
smaller extent in the coolant (e.g. liquid sodium), .

In *“thermal” reactors, the fuel elements are surrounded by a modera-
tor (light nuclei), which allows the neutrons to reach an average energy
equal to the thermal motion energy of the atoms in the reactor core,
before they can induce a new fission. The average distances traveled
by a fission neutron before reaching thermal energy in some typical
moderator materials is 5.7 em in H,0, 11,0 em in D,0, 9.9 om in Be
and 18.7 cm in graphite.

When the reactor medium is infinite, the reproduction factor & is
defined as the ratio of the number of neutrons in one generation to
the number of neutrons in the former generation. This is the number of
fissions produced by one single fission in the previous cyucle.

The reproduction factor is the product of the following four factors
(12):

R
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The number of neutrons released per fission (2.5 for thermal fisaion
of t37));

The contribution of the fast fission. As the fuel contains large amcunts
of 337 (only 0.71%, *%U is present in nonenriched fuel} a amall
percent of the fisaion neutrons may cause fast fission of 33*U, before
leaving the fuel element;

The probability of rescnance escape. As can be seen from Figure 4.4,
the total cross section of 33%U haa very high resonance peaks due
partly to capture. There are always a few percent fission neutrons
captured during the slowing down process, when they reach this
partionlar energy region.

The thermal utilization: when the neutrons reach thermal energies,
some are absorbed by the moderator, by the uranium, by impurities
in both of them, and by fission products themselves.

When for an infinite fuel-moderator pattern &, = 1, a steady-state
equilibriuin is reached, and & self sustaining chain reaction occurs. The
excess k or the excess reactivity of a reactor is given by k, — 1. When
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Fig, 4.4. Neutron capture and fission crosa section of 97 and T (12).
E .
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kg > 1, or the excess reactivity is positive, the number of neutrons,
and thus the number of fissions increases with each generation, which
can Jead to an explosive reaction. When k,, < 1, or the excess reactivity
‘negative, the number of neutrons decreases and the chain reaction
diea out.

In practice however, the reactor arrangement is finite, which implies
that some of the neutrons will escape from the core surface, decreasing
in this way k. The effective k (k1) of a reactor is given by %, minug
the leakage. When the neutron leakage equals the excess reactivity,
& kor = 1is obtained, and a steady-state equilibrium occurs again. The
size of a bare finite reactor, for which this condition is fulfilled, is
called the critical size. In the case of a graphite-uranium lattice, this
results in & cube of about 6.6 m side. In order to reduce the dimensions
one tries to minimize the neutron leakage by surrounding the pile
with a reflector. Light nuclei such as graphite, hydrogen and beryllium
are very suitable for scattering emerging neutrons back into the lattice,
In this way the neutron leakage is reduced, and so is the critical size.
However, the use of a reflector implies again the possibility of neutron
capture either by the reflector atoms, or by impurities.

The steady-state equilibrium of the fission reaction is ensured in a
reactor by inserting control rods composed of elements with high
neutron capture cross sections, in such a way that %, equals unity.

In the starting procedure, however, & kg4 slightly over unity must
be obtained in order to increase the operating level, The control rods are
withdrawn, obtaining in this way & neutron exceas, until the operating
level is reached. A simple caloulation shows that, if only prompt fission
neutrons were present, an explosive chain reaction would oceur.
Assuming a ker of 1.001 (0.1% excess reactivity) the reactor period 75,
representing the time wherein the neutron flux increases by a factor e,
is given by:

T

ket —1

where r is the average life.time of a thermal neutron. When only
prompt fission neutrons are considered, v ~ 10-3 s, thus yielding a
T'r of 1 8. This means that every second the neutron flux increases by
a factor e or by a factor of about 20,000 every 10 seconds. To follow this
rapid increase, very rapid control equipment and very quickly moving
control rods are required, making the whole operation hazardous and

Tp = (4.9)
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even impossible. However, the presence of about 19, of delayed neu.
trons, which are emitted several seconds after the fission has ocourred,
increases = to about 0.1 s. Equation (4.9) yields then a reactor period
T'g of 160 8, which allows ample time for adequate control, and ensures
o start up without any danger.

(C) CrasstFIoaTION OF NUOLEAR REACTORS |

Since 1942, when the first graphite-uranium “pile” was constructed
at the University of Chicago, reactors have been built using different
geometrical forms, moderators, fuel elements and reflectors, and serving
& wide variety of purposes. Classification of reactors can be made
according to the following properties:

Type of fuel: The most simple fuel is natural uranium, having a com.
position of 6.10-3%, 24T, 0,719, *35U and 99.28%, 32*U. To increase
the amount of fissionable material, uranium enriched in 133y], sy
and *3%Py i3 also used. Through the application of enriched uranium,
which can range from a few percent up to 95%, #*5U, a reduction in
reactor size is obtained, becsuse the number of fissions per gram fuel
increases,

Type of moderalor and coolant: As described in the previous section,
the criterion, whethet & reactor is fast or thermal, is completely
dependent upon the fuel/moderator ratio. A moderator material
must have the properties of large energy loss per neutron collision
and small neutron capture cross section, in order to obtain an opti-
mum neutron yield. These properties call for the use of very pure
materials composed of light nuclei. Taking into account the costs of
manufacturing a large quantity of very pure material, it is indicated
to nse water, heavy water, graphite or beryllium.

In addition to high purity, low neutron eapture and low cost, the
reactor coolant must show good properties of heat transfer. Air,
water and liquid metals {Na, K) are used as coolants for nuclear
reactors. In some constructions, a3 can be the case in swimming pool
reactors, the moderator and the coolant are the same,

* Neulron energy: As described in the previous section, most reactors

usa thermal neutrons to induce fission. Reactors using fast neutron
energies can be applied in power plants to produce electrical energy
and new fissionable materials,
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Geometrical structure: A reactor is called heterogeneous when fue! and
moderator are arranged separately from each other. In the case where
fuel and moderator are homogeneously mixed, & seo-called homo-
geneous reactor is obtained. This type of reactor can be made Ly
dissolving a uranium salt in water.

Purpose of the reactor: The purpose & reactor is built for, constitutes
another mode of classification. A reactor can be built to produce a
neutron exoess for the formation of radioisotopes. An experimental or
& research reactor serves as a study object for the construction of
other reactors. Material testing reactors (MTR) have their main
purpose in testing the resistance of materials, used in reactor con-
struction, to rediation damage. Production of electrical energy can
be ensured by a power reactor. When more fissionable material is
produced than is burned up, the reactor is said to be a “breader”.
Breeder reactors produce the fissionable izotopes *$"Pu and *33U
by the following reactions:

WY 4 sy 2, meN, & saspy (4.10)
£235m 234

9Th + In— 9Th 2, tapy 5wy @.11)
23 m 27d

From this classification it is clear that the distinction between
reactors is arbitrary, but nevertheless it may be a useful guide.
Summaries of the characteristics of many research reactors can be
found in the literature (14,15,18,17,18),

(D} Reacror NeuTRON FLUXES

The fission neutrona slow down by elastic collisions with the modera-
tor atoms until equilibrium is reached with the thermal motion of the
moderator atoms {0.025 eV at 20°C). For a fission neutron of 2 MeV, the
required number of collisions for this process is 18 with H, 25 with D,
114 with G, 150 with O and 2172 with U atoms. According to the
degree of thermalization one generally distinguishes three different
neutron spectra.

The unmoderated flssion neutrons or the fast neutrons.
The energy of these neutrons is between 0 and 25 MeV for the 23517

fission. The fission flux f () as a function of neutron energy E has -

been approximated by several semiempirical formulas:
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J(E) = ky exp (—E) sinh ,/(2E) 4.12)
J{E) = k, exp (~ E/0.06) sinh ,f(2.29 E) (4.13)
J(E) = kyexp (- Ef1.29) JE (4.14)

where &y, k, and k, are constants.

The Watt distribution (4.12) shows good agreement with tha
experimental data in the energy range from 0.075 to 15 MeV (18).
Equation (4.13) was experimentally investigated between 0.18 and
12 MoV (20}, whereas equation (4.14) gives a good approximation for
the fission neutron spectrum below 9 MeV (21).

The slowing down or epithermal neutrons,
The neutrons, slowing down by elastic collision with the moderator
atoms, show an energy distribution ¢,(E) which varies as E-1, This
means that the epithermal neatron flux integrated over one logarith.
~mis energy interval, can be represented by & constant g, since:

Po(E) = @, E-1 (4.15)

It has to be noted that equation (4.15) only holds for & medinm
showing negligible neutron absorption.

The thermal neutrons.
Neutrons eventually reach thermal equilibrium with the moderator
atoms and hence the thermal flux distribution @, (E) &8 & function
of energy is given by a Maxwell-Boltzmann distribution:

ou(E) = = exp (~E/Ex) (@18)
"
where @(Z) is the neutron flux at energy F, normalized to unit
integrated flux, Ey = kT, represents the neutron energy,
corresponding to the most probable velocity v,, and k is
Boltzmann’s constant.
It is obvious that the thermal neutron spectrum will be dependent

" on the reactor temperature. At 26°C the most probable velocity v,, is

2200 m 8! et & corresponding energy of 0.025 oV. The average velocity
¥ is somewhat different from v, and is given by:

T = (2/\/7)v, (4.17)

In Figurc 4.5 (22) the three different reactor neutron spectra are
shown, normalized to unity integrated flux.
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Fig. 4.5. Reactor neutron fluxes, normalised o unity integrated flux. {22}

In Chapter 3 it has been described how the (n, y) reaction generally
has 8 larger cross section than threshold reactions for the aame isotope,
As the former is induced by thermal nentrons, and the produced activity
is proportional to the incident neutron flux (see Chapter 5), it is obvious
that any reactor showing a reasonably high thermal neutron flux can be
used for activation analysis. In order to avoid interferences, induced by
threshold reactions (see Chapter 10), as pure a thermalized neuntron
spectrum &3 possible is desirable. Most isotope production reactors are
equipped with & “thermal column”, consisting of a pile of graphite
blocks, adjacent to the reactor core. In this column, a more or less pure
thermal neutron spectrum s obtained. A reasonably well thermalized
flux can also be found in the reflector, although large gradients have to
be taken into account. As an example, the fast to thermal flux ratios
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together with the cadmium ratios are given for the BR-1 reactor
{8.C.K. Mol-Beigium) in Table 3.8. :

In some cases however, as described in Chapters 7 and 10, when
activation analysis is performed by means of a threshold reaction, a
pure fasion speotrum is desired. This can be obtained by placing the
sample in a hollow fuel element, where no moderator is present.

As described by Guinn e al (23,24) some types of reactors can be
pulsed by quickly removing and reinserting the control rod. This
procedure increaces the excess reactivity, and noutron fluxes of the
order of 10 n om-? s-! are obtained for a few milliseconds. This
enhances the sensitivity for reactions, yielding short-lived isotopes as
can be seen from Table 4.3.

TABLE 4.3
Caloulated detection limits for some elements determined in a pulsed reactor,
after Yule and Guinn (24)

Net photopeak
Measured activity {opm/g) Calculated
Ele. Resc- Isotops Half-life photopeak afend ofirra-  detection

ment tion  produced {8} {MeV) diation ¢, mit {ug)*
0 n,p 1y 7.38 8.1 21 x 107 48
F n,y up 11 1.63 8.3 x 10* 0.12
F np L1 4 I 29 0.20 4.5 x 10* 2.2
Na n,p $*Ne 38 0.44 1.4 x 10% 7.0
Na n,a L 11 1.63 1.1 x 10 0.0
Mg n,p ¥ Na 60 0.38 4.8 x 10¢ 210
8 np up 12.4 2.1 1.0 x 10* 1000
8o n,y dimgy 20 0.140 2.6 x 101 0.00035
Cr n,p ny 225 1.44 5.0 x 10° 20
As n,p HmQe 49 0.139 5.2 x 100 180
Se n,y 1'mge 17 0.160 5.0 x 101 0.002
n,n’
n, 2n
Y n,n’ Hay 16.1 0.915 9.5 x 10% 0.10
Tb n,2n eTh 11 0.111 8.9 x 10¢ 1100
w n,y ayw 5.3 0.108 1.2 x 101* 0.088
n,n’ .
n, 2n
Pt o,y 1rempy, 14 0.39 4.5 x 10¢ 2.2
Au n,n MmAy 7.2 0.279 1.1 x 101 0.0089

* Detoction limit dafined by the authors aa 10? photopeak cpm at 2 = 0 for
T4 << 1m, 100 photopeak cpm at ¢ = Qforl < Ty, < 60m, :
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(E) Izraprarion FacrLrries

As a consequence of the operation principle of a nuclear reactor,
samples must be transforred in and out of the irradiaticn position by
remote control. The materials used as sample packing, the irradiation
can, the transfer container or “rabbit” and the rabbit tubs will be
exposed to radiation damage, and will become radicactive. The choice
of adequate materials, depending on the kind of sample, the irradiation
duration, the reactor neutron flux and the temperature, will be dis.
cussed in Chapter 7.

It is obvious that the rabbit tubes are cooled -with the reactor coolant,
and therefore in high flux reactors, one has to ensure good heat transfer
between sample, packing, can, rabbit and rabbit tube. This can be
achieved by filling the aluminium ean with a solid pure aluminium
block (99.95%), provided with holes for sample emplacement.

In order to obtain a reasonably homogeneous neutron flux over the
whole rabbit, a careful choice of the rabbit tube emplacement with
respect to the fuel element pattern is neceasary. At the same time the
fuel element -arrangement must ensure a neutron flux as high as
possible. In some reactors, samples are inserted into a ring around the
core. Rotating this device one obtaina the same neuntron flux in each
irradiation position. Plate 1 represents such a device, developed by
Gulf General Atomio Inc. and called “Lazy Susan”, with which Triga
reactors can be equipped. The emplacement of the rabbit tube will
evidently depend on the kind of neutrons desired. In-core irradiations
will generally yield an appreciable fission nentron contribution, which
in some cases can even be higher than the thermal flux. Activation in
the thermal column and the reflector is mainly accomplished by thermal
neutrons, ‘

One can make a distinction between two major types of irradiation
facilities: those that can be loaded and unloaded during reactor opera.
tion, and those that are only accessible when the reactor is closed
down,

In the first case pneumatic transfer systems are the most widely used,
in which the rabbits travel by either over or under preasure. Transfer
times of the order of magnitude of one second can be achieved, which is
of interest when dealing with very short half-lives, Typical rabbit
tube emplacements around thé reactor core are shown in Plate 2, for
the isotope production reactor Thetis of Ghent University (Belgium.)
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This reactor is mainly used for activation analysis purposes. To ensure
adequate cooling, when irradiating in high flux rcactors, a hydraulio
transfer systom can carry the rabbit in and out of the reactor. With
swimming pool reactors, it is of course always possible to irradiate
samples in the pool weter. An aluminium cave containing the samples
is attached to a nylon string. The cave is lowered into the pool, and the
string fixed in such a way that the samplea are adjacent to the core.
Lead loading prevents the box from floating. It is clear that with a
hydraulio system and in-pool irradiations, the cans must be watertight.
A device which is particularly useful for isotope production and long
irradiation times consists of a transport belt, looping through the reactor.

The off-operation facilities normally deal with irradiations in channels
in the thermal column, in the reflector or between the fuel elements.
These channels are hand loaded and access during operation becomes
impossible. Hollow fuel elements belong to this type of facility and are
nsed to obtain an undisturbed fission flux.

The problems of rabbit unloading after irradiation largely depend on
the induced activity. For short irradiations and low flux reactors
(101* neutrons cm-3 5~?) & normal glove box, provided with lead
shielding of about 5 cm, is svfficient. With high flux reactors and long
irradiations however, a hot cell becomes necessary to unpack the
samples. Sometimes, between the irradiation position and the unloading
station a shielded baby cave is built, where the short-lived activities
are allowed to cool before treatment.

(F) Gamya HraTING 42D RADIOLYSIS

The most important source of heating in a nuclear reactor is caused
by the absorption of gamma rays, to which the reactor neutrons give
rise by several processes. One has to make a distinotion between
primery gammas already present in the reactor and the secondary
gammas, produced in the sample during irradiation. The primary or
core gamma flux is obtained by three effects, which give about equal
contributions: the prompt flesiori gammas, released by fission of a
uranium nucleus, the gammes produced by the decay of the fission
products, and the prompt gammas emitted during thermal and
resonance absorption of neutrons by the core materials, together with
inelastic neutron scatter, It is obvious that the source strength of the
core gamma source, expressed in MeV cm—%-1, will be proportional
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to the neutron flux. The heat development, normally given in watt per
gram, in turn depends upon the gamma energy und the mass absorption
coefficient of the materials in question, which depends on the density.
The major part of the heat produced in the core is removed by the
coolant, and thus the ambient temperature in the reactor will be
dependent on the mechanical construotion.

‘When a sample is introduced into a reactor, heating will be due to
both primary-and secondary gamma rays. Primary gamma rays will
be absorbed in the sample and give rise to heat, which, when good heat
transfer is provided, must be removed by the coolant. In this way the
sample should reach thermal equilibrium with the reactor materials,

,On the other hand during activation, prompt gamma rays or partioles
are created in the sample by absorption and scatter of the neutrons.
In addition radiation from the decay of the formed isotopes will also
partly be absorbed in the sample. This can create a large temperature
difference between the sample and the surrounding materials, to such
an extent that low melting materials and alloys can liquify and that
organio matter can carbonize. '

The evaluation of the sample temperature is quite difficult as one
deals with complex gnmma spectra, perturbation of the neniron flux
by the sample and gamma attenuation and build-up in the materials
surrounding the sample, Temperatures can be experimentally deter-
mined by irradiating materials of known melting point or by using
indicators, which change in color when a given temperature is reached.
Even in this case, extreme caution in the conslusions drawn from the
experiments has to be taken. The temperature attained in the material
will not only depend on the ambient temperature but also on the
neutron capture, which can becothe dominant when dealing with large
absorption cross sections. As an example, tin, having a melting point
of 232°C, will not melt during an irradiation of 1 week at 5 x 1013
neutrons cm~? s-1. Cadmium however, with higher melting point
(320°C) will not withstand, because of the heating produced by the
considerable neutron absorption. On the other hand, lead, with about
the same melting point as cadmium (327°C) will not melt.

Schreiber and Allio (25) describe a method to estimate the gamma
heating in materials placed in & reactor, provided the neutron fluxes
are known. For this, they break up the gamma spectrum into two
groups (0.8 and 2.5 MeV) and use empirical equations for the deter-
mination of the gamma attenuation and build up.

™
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Taylor ef al (26) evaluate the gamma heating of a sample irradiated
in the core center of a 10 MW reactor, to be about 2.5 watt per g. An
additional 3.6 watt is produced in the silica container and the alu-
minium can. As the sum of sample weights seldom exceeds 1 g, the total
heat can be estimated to correspond with less than 6 watt. The authors
caleulated for tho same reactor the nuclear heating for in-core irradia-
tions of several oylindrical samples, with a volume of 1 cm?® and a
size of 20 x 8 mm diameter. The results are given in Table 4.4.

TABLE 4.4
Caloulated nuclear heating in 1 cm? oylindricel samples (20 x 8 mm diameter),
irrediated at core center in & 10 MW reactor (24)

Sample material Heating (watt)

Al 1
8b 17
Bi 25
Ca 4
-Cr 18
Fe 20
Ni 24
b (.11
Si 8
' Na 2.5
Sn 16
w 70

When irradiating solutions, the sealed vials have to be leakproof
for the pressure build up due o the ambient reactor temperature.
In addition radiolysis also ocoura giving rise to gases, which can build
up considerable pressure. In pure water, Hy, O, and H,O, are formed
e.g. according to the reactions:

5H,0% H, + 2H,0, + 3H' + *0H  (4.18)

H' + 0, HO; (4.19)
HO; + "OH -0, + HO (4.20)
2HO; - 0, + H,0, (4.21)

.Similar reactiona can give rise in HCI solutions to H, and Cl,,
whereas organic solvents produce even more complex reaction products
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(27). It is obvioua that in many cases highly explosive gas mixtures
under considerable pressure are obtained and that great care must be
taken when opening the vials (see Chapter 7).

Becauso of this explosion hazard and the subsequent contamination
possibilities, some authorities are reluctant to allow irradiation of
solutions, -

II. Neutrons from Accelerators
{A) NevtRON PrRODUCING REACTIONS

In recent years, accelerator-produced neutrons have certainly taken
their place among the irradiation sources. Theoretically & wide variety
of neutron-producing reactions can be used, the choice of which will be
highly dependent on the accelerator facility available (28). A further
criterion in the choice of the reaction can be the cost per irradiation,
which can be quite high with large accelerators. For convenience one
can consider three groups of accelerating machines,

The first group containa the high energy charged particle accelerators,
to which belong the Van der Graaf machine and the cyclotron. In a
deuteron beam from these machines some of the exovergic (d, n) re.
actions commonly used are:

*Be(d, n)iB  (Q = 3.70 MeV) (4.22)
TLi{d, n)*Be  (Q = 1570 MeV) (4.23)
H(d,n)He (@ = 3.27 MeV) (4.24)
SH(d,n)'He  (Q = 17.6 MsV) (4.25)

Tho first reaction gives a very good neutron yield, as can be seen
from Figure 4.6, although the obtained neutron spectrum is not
monoenergetio and yields groups of energies between 1 and 6 MeV.
The scoond reaction, giving rise to highly energetic neutrons, has
however a neutron yield of about one third of that of the former one.
The third reaction, sometimes called the d-d reaction, is normally
performed on a D,0 ice target and yields almost monocenergetio
neutrons. The last reaction, also called the d-t reaction, yields an
isotropio source of nearly monoenergetic neutrons, and will be discussed
in detail below.

Bombardment with energetic protons gives rise in most elements
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to (p, n) reactions, whereby high neutron yields can be obtained. Some
of the commonly used endoergio reactions are:

Li(p,n)Be  (Er = 1.88 MeV) (4.26)
SH(p,n)*He (Ep = 119 MeV) (t.27)

These reactions yield monoenergetio neutrons, the energy depending on
the bombardment energy.

Figure 4.6, which has been adapted from Burrill and MaocGregor (28)
gives the neutron yield and the rneutron energy as a function of the
bombarding energy for several deuteron and proton induced reactions.

With alpha particles use can be made of the Be(x, n)!*C reaction
(Q = 5.8 MeV) for the production of polyenergetic neutron groups
between 1 and 8 MeV. _

A second group of accelerators are the electron accelerating machines,
prodncing Bremsstrahlung and subsequent (y, n) resctions in the

itarget material. This can be achieved with a betatron, a aynchrotron

or a linear accelerator (Linac), by stopping the beam in a high Z material.
Thresholds of these (y, n) reactions are located between 10 and 20
MeV. A fow exceptions to this rule give an unusually low threshold,
and therefore are sometimes used for neutron production. They are:

Be(y, n)*Be  (Ep = 1.66 MeV) (4.28)
*H({y, n)*H (Er = 2.2 MoV) (4.29)

The neutron spectrum from these reactions is continuous and poly-
energetic, due to the fact that the incident Bremsstrahlung shows a
continuous energy distribution. ‘

The combined (y, n) and (y, f) reaction in natural uranium has a
high neutron yield, and produces a spectrum that is very analogous
to the reactor fission spectrum.

All the above accelerators are mainly designed for physical experi-
ments and are hardly accessible for activation analytical purposes.

A moderately expensive neutron generator can be obtained by
using & 100 to 200 kV deuteron accelerator. A choice can be madse
between the *H(d, n)*He or the 3H(d, n)‘He reaction yielding res-
pectively ~ 2.6 MeV and ~~ 14 MeV neutrons. The latter is of more
interest because at these low bombardment energies, monoenergetio
neutrons of about 14 MeV are obtained with a yield 100 times higher
than with the former, With the 14 MeV neutron source most threshold
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reaciiona will oceur, and can be used for activation analysis purposes,
whereas the (n, y) reaction gives an almost negligible contribution to
the induced activity. The variation of neutron yield and energy, as a
function of the angle § with the incident deuteron beam is given in
Table 4.5 (29).

TABLE 4.5
Neutiron yield and neutron energy sa a function of # for the
*H(d, n)*He reaction. (29)

Neutron energy {(MsV)
for a deuteron energy Hy Neutron yleld

8 relative to
{degrees) By, = 100 keV Ky e 150 keV 0=0°
0 14.64 14.74 1.00
80 14.35 14.40 0.97
90 14.08 14.06 0.94
120 13.78 13.714 0.91
150 ‘ 13.58 13.51 0.88
130 13.49 13.42 0.87

From Table 4.5 it appears thut the source is nearly isotropic and
monoepergetic. The excitation function of the reaction, measured
with a thin target, stopping only 1 keV deuterons, reaches a maximum
at 107 keV. In practice however, thick targets are used in order to stop
the whole deuteron beam, In this case & maximal neutron production is
situated at about 500 keV, as can be seen from Figure 4.6(a). From this
figure it also appears that at 100 keV & reasonable neutron yield is
etill obtained. -

The d-a reaction gives with this type of machine neutrons of about
2.6 MeV, which are not suitable to induce most threshold reactions,
and on the other hand are too energetic to obtain an important (n, y)
contribution, The influence of the angle 8 on the energy and the neutron
yield is far more pronounced than with the foregoing reaction.

In general, one can state that in practically all casea fast neutrons
are obtained, which can be used as such, or can be thermalized in
order t¢ induce (n, y) reactions. Most attractive is the low energy
deuteron accelerator, because of its low cost, ita suitability for one
person operation, and the possibility of using the fast neutron output
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the irradiation site is achieved according to the “Texas convention™ as
described in Chapter 3, section VI, B, 4. It is obvious that steep
gradients exist in the axial as well as in the transverse direction. The
influence of this on neutron activation js discussed in Chapter 10,
section I, B, 2.

When thermal neutrons are required, the target can be surrounded
by a plastic, 8 paraffin or even & water moderator. A typical set up is
obtained by placing the target in the middle of a eylindrical water tank
with a diameter of about 1 m. Due to the large gradients however, the
thermal neutron flux at the sample irradiation position is down by a
factor of at least 10 in comparison to the fast neutron flux. Thus thermal
fluxes are obtained, which are of the same order as the ones emitted
by the isotopic neutron sources. The latter are preferable for the sake of
stability.

(D) IrrADIATION FACILITIES

When using the neutron generator for activation analyais purposes,
two problems have to be solved in order to obtain reproducible results.
Firstly the inhomogeneity of the deuteron beam and the tritium target
causes an inhomogeneous neutron flur, and secondly, the flux gradient
through the sample gives rise to a gradient in the induced activity. As a
partial solution to the first problem, rapid beam scanning devices have
been proposed, causing a target irradiation in the same way as the
electron beam scans a television picture tube. Generally, however, the
irradiation facilities are built in such & way as to achieve & homo-
geneous exposure of the sample to the neutron flux, or 8o as to allow
irradiation and measurement in strictly reproducible geometrical
conditions. Because of the target depletion deseribed in the previous
section, it is obvious that neutron generators ure most suited for short
irradiations, hence for the formation of short lived isotopes. This
implies a fast transport system, which can be achieved by pneumatic
transfer. It is easily shown that in order to obtain fast travel times
{of the order of one second) high flow rate at overpressure is the best
solution,

As an absolute activation analysis method is very hard to perform, -

due to the many determining parameters, a relative analysis is generally
adopted, where the element to be determined is measured versus a
standard. In some procedures, standard and sample are irradiated

o ———
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successively, and the neutron flux monitored during frradiation, in
order to allow corréctions for differences in neutron output. Flux
monitoring can be achieved either by measuring the induced activity
in a suitable element, which is irradiated simultanecusly as well with
the sample as with the standard, or by direct neutron counting during
irradiation,

In the firat case frequent use is made of the reaction $3Cu(n, 2n)%tCu
(Tys = 9.9 m), and the $*Cu annhilation gamma rays are meagured.
With this method, care has to be taken that the degradation of neutron
energy does not affect the activity ratio of the sample/monitor or the
standard/monitor. This ean occur when the cross section versus
neutron energy curves of the monitor and the clement to be determined
have very different shapes and {or) thresholds.

Direct neutron counting can be achieved either with an organic plastio
seintillator bead (38,39,40) or by means of a BF; counter (41,42,43,44)
the latter surrounded by about 8 em of paraffin in order to thermalize
the neutrons before counting, This solution is especially valuable
because of the almost complete insensitivity of the BF, counter for the
important gamma flux associated with the neutron production. It has
to be noticed that, when dealing with short lived isotopes, neutron flux
monitoring has to take into account the decay of the isotope during
irradiation (38,41). It is obvious that a burst of neutrons at the begin.
ning of the irradiation will affect the measured sample activity to a
smaller extent than a burst ocourring at the end of the irradiation.
Therefors, & ratemeter is sometimes branched in the neutron detection
chain, having a time constant equal to the mean life (1/A = Tysfn 2)
of the isotope to be determined. In order to avoid thess inconveniences,
systems are constructed, wherein sample and standard are irradiated
simultanecusly.

Te obtain homogeneous irradiations of the samples and standards,
basically two systems have been described. In the first aystem the
oylindrical sample is rotated around its longitudinal axis, eijther
meochanically, or by means of an air jet, entering the rabbit tube
tangentially (38,40). The set up can be performed with one tube only,
when sample and standard are irradiated consecutively, or with two
sdjacent tubes, when both sample and standard are irradiated simul.
taneously, It has to be noticed that this systom takes care of the axial
flux gradieat, but not of the transverse flux gradient, The second system
consists of a dual sample biaxial rotator, ensuring that sample and



ORTEL s

™
116 knmox ACTIVATION ANALYSIS

standard are irradiated simultaneously (45,46,47). The rotation s
performed not only along the longitudinal axis, but sample and standard
orbit round the deuteron beam axis. Although with this set up a some-
what smaller average flux is obtained in the irradiation position, due
to greater samplo~target distance, a very homogeneous irradiation is
obtained. This can be of importance when high precision is desired,
e.g. in the elementary analysis of chemical compounds. It has been
described how a there and back corksorew motion of the sample along an
axis perpendicular to the beam achioves about the same reproducibility
(48).

A system which allows irradiation and measurement of sample and
standard under strictly constant geometrical conditions has been built
by means of rabbit tubes of rectangular section {35). At the irradiation
site, the tubes are placed one after another, the sample being nearest
to the tritiated target. This assembly shows the advantage that no
moving parts are present, thus increasing the reliability, and making
it very suitable for use in industry. The relative neutron fluxes in the
sample and standard position can bs determined by means of two
standards, and taken into account by the evaluation of the results,
A schematic representation of the four systems is given in Figure 4.8.

In view of the large flux gradients, it is quite obvious that the
irradiation facility has to be as close to the target assembly as possible.
This can cause some inconvenience when the target is not at earth
potential but at the negative accelerating voltage, as is sometimes the
case in smaller “sealed” tubes. Indeed, in most rabbit systems metallio
terminals are used, and with a negative accelerating voltage one has
to enlarge the target-rabbit tube distance for the sake of insulation.

In all rabbit systems quite large samples are handled, in order to
compensate for the rather low neutron flux and the small reaction cross
sections, Therefore one has to take into account not only the flux
gradienta but also the neutron removal out of the beam, as is described
in Chapter 10, section II, B, 4.

) III. Irotopic Neutron Sources

Neutrons can be obtained by («, n) or (y, n) reactions on light nuclei,
as described in section II of this chapter. When the bombarding
particles or gamma rays are produced by the decay of a radioisotope,
so called isotopic neutron sources aro obtained. The alpha emitting
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Fig. 4.8, Schematic representation of different irradiation facilities with a
neutron gensrator.

isotopes that can be incorporated in this type of source are: 327Ae,
H1Am, 18P, 314Ra, 339Th and *¥%Pu, As gamma source 1348b is mainly
used, although others can be applied, such as 2¢Na, #3Y and 4L,
The only requirement of the bombarding sources is that the emitted
radiation has an energy above the reaction threshold.

As however the thresholds of these reactions are rather high, only
light nuclei can be used as target material. The energy of the alpha
particles, produced by the above mentioned isotopes, ranges between
4 and 6 MeV. Therefore beryllium is mainly nsed as a target element,
because of its low («, n) reaction threshold. With a lower neutron yield,
boron, lithium and even flucrine can also be applied. Most of the alpha
source isotopes emit several alpha rays of different energies and give
rise to daughter isotopes, showing the samb decay mode. Furthermore,
the alpha particle energy is mere or less degraded before reaction
oceurs, due to energy loss in the medium, On the other hand, the



118 gﬁi?mmox AOTIVATION ANALYSIS
i

product nucleus is not always obtained in the ground state. For these
reasons it is quite obvious that the neutron spectrum will be far from
monoenergetio, as can be seen from Figure 4.9, where the neutron
spectra of & 33*Ra/Be, 1Am/Be (49), and a *°Po/B (50) source are
represented.

As a consequence of the small penetrating power of an alpha particle,
the neutron output will largely depend on the intimatoe mixing of the
source and target material.

Practically all gamma induced reactions have a threshold energy
larger than 8 MeV. Because of this, only two reactions can generally be
applied:

Be(y, n)*Be - 2¢He  (Ep = 1.87 MeV) (4.30)

*H{y, n)1H (Ep = 2.23 MeV) (4.31)

Agsin beryllium is mainly used as a target material and 50 to a lesser
extent is deuterium, As gamma rays are far more penetrating than alpha
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Fig. 4.9. Neutron spectra of the isotopis sources #1%Ra.Ba (a), **tAm.-Be (b)
and 14Po-B (c).
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rays, the gamma source and the target material can be kept separated,
which facilitates the reloading of the source, and the adaption to the
desired neutron output. An experimental set up has been described, in
which a beryllium block loaded with 1%Sh sources was immaersed in
water. Thermal fluxes of about 6.10* neutrons em=* s~1 were reported
for a 0000 Cit24Sh loading (51}, This useful irradiation facility handles
up to six samples, each with a net effactive irradiation volume of
about 20 em?, Samples are transferred by means of a pneumatio rabbit
gystem.

The fact that isotopio neutron sources can be made portable, and
give rise to an extremely stable neutron flux, are certainly major
advantages. On the other hand, the thermal neutron output is still
low in eomparison to a nuclear reactor, but can be of the same order

TABLE 4.7
Isctopio neutron sourcce
Neutrons s~ Cj~2
Bource isotope Half-life Target emittad
1140 22y Be 1.6 x 107
fup, 1620y Be 1.3 x 107
180Th "19y Be 2 x 107
1Py 2.4 x 10%y Be 14 x 107
Miam 458y Be 2.5 x 10°
B 6 x 10%
b 1.5 x 108
i 4 x 10¢
14pg 1384 Be 2.5 x 10%
B 5 x 10*
F 15 x 108
i 4 x 104
1u8Y 6od Be 1.9 x 10%(1)
3UNa, 15h Be 1.3 x 10% (1)
D0 2.7 x 108 (1)
wy 1044 Be 10¢ {1)
DO 3x 100 (1)
1418 40h Be dx10* (1)
D,0 T4 x 10%(1)

(1) The neutron yield for (y, n) reaction is reported fora 1 g target,
placed at 1 am from the gamma source,
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of magnitude as the useful thermal flux obtained with a neutron
generator, The quite significant gradient that ocours in the environment
of the source imposes a very rigorous calibration of the fluxes in sample
and standard irradiation positions. It is obvious that the flux gradient
is largely influenced by the source-moderator pattern. As normally
large samples are irradiated, one has to take into account the flux
gradient in the sample and the self absorption by the sample (see
Chapter 10). ‘

A survey of the characteristics of some widely applied isotopio
neutron sources is given in Table 4.7,

It has to be noticed that spontaneous fission of some artificially
produced transuranium isotopes could be applied for the production of

smell neutron sources. A 10 ug quantity of 382Cf (7', = 2.8 y) emits

about 3.107 neutrons s—* by spontaneous fission. The mean energy of the
neutrons is 1.5 MeV. The supply of this isntope is however very limited,
but can perhaps in the future be more easily obtained.
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CHAPTER 6

GROWTH AND DECAY OF RADIOACTIVITY
DURING AND AFTER IRRADIATION

I. Laws of Radioactive Decay - Exponential Law

(A) Snrere Case

. Consider the caso of a radioactive nucleus (1) decaying into a stable

nucleus (2); X
(1) —- (2) (stab.) {6.1) -

This case can be compared to a monomolecular reaction. The
reaction rate (nuraber of disintegrations per sedond, D) is proportional
to N the number of atoms of (1) present:

dy

-aT = AN = D (5.2)
A is & constant, characteristic of the particular radicactive species,
and is called the decay constant, having the dimension of a reciprocal
time, #-1, The integral of this simple differential equation is given by

N{f) = Noexp (~X) (5.3)

Here, N(¢) represents the number of atoms (1) at & time £, N® the
number a$ § = 0. The radioactive decay is thus governed by an ex-
ponential law. Combining (5.2) and 5.3) one can write:

D{i) = DO exp (~N) (5.4)

Measuring & fraction z of the real number of diaintegra.fions {i.e. the
experimentally observed activity 4) one obtains:

A = 2D == 2AN
and
A(t) = A%exp (~X) (6.5)

The coefficient z is called the detection coefficient and will depend on
the nature of the deteotion instrument, the efficiency for the recording
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