W Durham
University

AR

Durham E-Theses

Absolute measurements of cross-sections of nuclear
reactions induced by fast neutrons

Williams, Colin George Bruce Williams

How to cite:

Williams, Colin George Bruce Williams (1967) Absolute measurements of cross-sections of nuclear
reactions induced by fast neutrons, Durham theses, Durham University. Available at Durham E-Theses
Online: http://etheses.dur.ac.uk/9362/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/9362/
 http://etheses.dur.ac.uk/9362/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

"Absolute measurements of cross-sections of nuclear

reactions induced by fast neutrons"

THESIS

presented in candidature for the degree of

DOCTOR OF PHILOSOPHY

in the

UNIVERSITY OF DURHAM

by

COLIN GEORGE BRUCE WILLIAMS, M.Sc. (Birmingham).

A8 URITER
EN3E

Q“““
L 28 apRiser

\ L]
YL LITTRRY




Memorandum

The work described in this thesis was carried out
at the Londonderry Laboratory for Radiochemistry,
University of Durham, between January 1963 and September
1964, and at the University of Kent at canterbury,
between October 1964 and December 19656 under the
supervision of Professor G,R. Martin, Professor of

Chemistry, University of Kent at Canterbury.

This theais contains the results of some original
research by the author; no part of the material offered
has previously been submitted by the candidate for a
degree in this, or any other University. When use
has been made of the results and conclusions of other
authors in relevant investigations, care has always been
taken to ensure that the source of information 1s clearly
indicated, unless it is of such a general nature that
indication is impracticable,




ABSTRACT

Nuclear reactions induced by 2.3 MeV and 14.7 MeV
neutrons in some light and medium weight elements
(nitrogen, oxygen, fluorine,phosphorus, calcium, iron,
copper and selenium) have been investigated by activation
techniques. The cross-sections of (n,p), (n,t), (n,a)
(n,2n), (n,n') ana (n,xﬂ reactions have been measured,
end are discussed with reference to the predictions

of the muaclear models.

The 2.3 MeV neutrons were obtained from the 2H(d,n)3He
reaction while those of 14 MeV were obtained from the
3H(d,n)"‘He reaction. The deuterons were accelerated on
a 200 kV Cockcroft-Walton and a 400 kV S.A.M.E.S.
accslerator. A method was developed to determine the
absolute flux at both energies using the associated particle
methode Recoil particles were counted on a silicon surface

barrier detsctor mounted in the accslerator drift tubese.

Absolute disintegration rates were determined by
end-window proportional counters, annular liquid sample
Geiger-MHY¥ler counters and on various NaI(Tl) y’-ray
scintillation spectrometers. These were calibrated using

sources which were steandardised using 4 1T p counting and
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active species resulting from irradiation were separated

coincidence techniques. The

radiochemically befere further identification and

determination by counters.
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CHAPTER I

lntreduct:l.on

Much of the :lntormat:ldn now available on the structure
and characteristics of the atomic nucleus has been obtalined
by the study of the interaction of particles and photons
with particular nuclides. A number of different models
have been proposed to account for the observed data. These
are the Bohr 1liquid drop modell and the nuclear shell model?
with the many other variants which have beex_; developed from
these. As the amount of experimental data grows these
models are sultably modified and become more sophisticated in
order to explain the observations. -Ideally the behaviour
of the atomic nucleus should be calculated from first
principles,but so little is known of the nuclear interaction
forces and the many - boedy ~ problem calculations are so

complicated that this is quite impossible at present.

of the many probes available (neutrons, protons,
ol - particles and others) the neutron is one of the most
useful eince it has no nuclear charge,and therefore it does
not experience a repulsive Coulomb barrier and can interact
with nuclel over the entire range of the available energy
(1074 - 1019 ev).

In the emergy region of interest here (the fast neutron

region, which extends /f@om’é'ﬁ“out 1 to 50 MevV) elastic,
7% :
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inelastic and capture reactions of the types (n, x )»

(n,n), (n,n'y ), (n,p), (n,x), (n,x), (n,2n), (n,0p),
(n,no¢ ) and (n,nx) are posaidble, (together with (n, fission)
for heavy elements). A measure of the probability of such
an event taking place 1s expressed as a cross-section for
the reaction and is measured in units of 10-24 cn® which
are called barns. The contribution of each process to the
total cross-section depends on the neutron energy and the
target nucleus., To obtain the complete data which might
be useful for theoretical discussion a study should be made
of each nuclide over the complete energy range with

monoenergetic beams of neutrons.

In the past,large gaps were left in the energy range
because of the limits of the available machines but now
systematic excitation functions (curves of the variation of
cross-gsection with energy) are being increasingly carried

out,.

Since 1947 when quantitlies of tritium produced from

6I.:I.(n,t.)41ie reaction in nuclear reactors became

the
available, much work has been done at an energy of 14 MeV;
neutrons of this energy may be produced using small accelerators
( < 200 keV) by using the reaction °H (d,n) *He 4+ 17.586 Mev.

(AT reaction).

At this energy the three main inelastic processes are



(n,p), (n,o¢ ), and (n,2n). These have largely been
investigated using the activation method, as in the present
work. This involves the bombardment of a sample. of some
target material with a known flux of neutrons to produce
residual nuclel which are radioactive. The activity of the
sample 1s determined by suitable detectors to find the number
of radioactive nucleli produced and hence the cross-section

for the reaction.

other methods have been developed in which the recoil
particles are detected by usihg nuclear emulsions,or
directly with scintillators, gas or solid state counters.
These latter methods can yleld more information on the actual
reaction process than the activation method since the spatial
and energetic distribution of the particles may be

determined.

In the case of (n,2n) reactions various multiplication
methods have also been used. Here the cross section is
calculated from the increase in the number of neutrons
counted by a suitable detector when the sample is placed
between a neutron source and a detector. In 47 detector
methods neutrons from a sample are detected by a sultably
loaded bath of liquid. In the 'manganese bath' method®
neutrons are moderated in a solution of potassium permanganate

56

and react to give the active nuclide " Mn. The amount of



activity serves as a measure of the number of neutrons
produced. In another method neutrons are detected in a
large cadmium loaded liguid scintillation counter

surrounding the sample."

Two theories for reaction mechanisms have been developed
from experimental data. The first, the compound nucleus
theory, was developed by Boh::-5 from his liquid drop model
of the nucleus. In this the interaction between neighbouring
particles is regarded as being very strong and thus the
mean free path of a nucleon is very short compared with
nuclear dimensions, The incoming particle shares its energy
with the entire nucleus so forming the compound nucleus.

This may decay through one of a number of different channels,
by photon , particle.,or photon and particle emission. Since
the process 18 in two definite stages the compound nucleus
is congidered to have 'forgotten' its mode of formation

and subsequent decay is thus independent of this. The
angular distribution of particles emitted should be

isotropic.

Weisskopf and F.'.\v:l.ng6 successfully developed this theory
into the statistical theory which, to be strictly applicable,
requires that the incident emergy of the incoming particle
should be sufficient to 1lift the excitation of the compound




nucleus into the energy level continuum which, having many
possible states, allows a statistical treatment to Dbe

applied.

In the second approach, the direct interaction process,
the individual nucleons are considered to interact only
very weakly and the nucleon mean free path is of the a;der
of nuclear dimensions (as in the shell model for muclear
structure), Hence the incoming particle reacts with only
one or a few nucleons any of which may then be directly
emitted. Most of the energy and angular momentum
of the incident particle is transferred directly to the
emitted particle and therefore an anisotropic distribution
(strongly peaked in the forward direction) is obtained.

This reaction is thought to take place near the surface of
the nucleus since it is here that the chance of the particle
escaping before undergoing a second collision is highest.

Together these very different mechanisms account for
a wide range of reaction phenomena, In an attempt to
reconcile these independent and collective approaches the
optical model has been developed. This treats a nuclear
reaction in analogy with the propagation of light through
a partially absorbing medium. The model involves the .
interaction of the incoming particle wave with a complex poten~
tial. The real part of this gives elastic scattering which



describes a single particle behaviour, while the imaginary
part attenuates the incident wave and is directly associated
with the mean free path of the incident particle in the
nucleus, From the latter, coinpound nucleus and direct

interactions are derived.

The first large experimental survey made in this field
using activation technigues was that of Paul and cla.rke.7
These workers measured (n,p), (n, « ) and (n,2n) reactions
for 57 elements using 14.5 MeV neutrons from the Ir reaction.
The resultant activities were determined by p -particle and
x-‘éray detection, reliance being placed on half life

determinations to analyse decay curves,

Comparison was made with the statistical compound
nuc_sleus theory of Weisskopf and Ewings which has been outlined
above; their values below a mass of A =~ 70 were found to
be within a factor of 9 but above A ~ 70 the discrepancy
rose to up to a factor of 100 (1600 for 2981>1:>). Paul
and Clarke suggested a direct interaction mechanism to
explain the disagreement between experimental and theoretical

values,

Later,more accurate work than that of Paul and Clarke,such
as that by Blosser et alt.?"9 and Levkovskii et al:.l'o who used
radiochemical techniques to isolate the isotope under

investigation and more quantitative counting technigues,
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revealed that the discrepancy between experiment and theory at .
the heavier masses was not as large as that found originally,
However, from purely compound nucleus conslderations, the
difference was still significant. Brown and Muirheadll
calculated contributions from the compound nucleus model

and direct interaction model and showed that the sum of these
for (n,p) reactions agreed within a factor of 3 with most

of the later measurements.

Since 1960 a considerable amocunt of work has been carried
out on fast neutron induced reactions. Compilations of
data have been made by a number of workers including (at 14 Mev)

13,14

Gaminer:l'2 for (n,p) reactions, Chatterjee for (n,p),

(n,d), (n,t) and (n,x) reactions, Bormann® for (n,2n)
reactions and Neuert and l’ollelm.:'6 Liskien and Paulsen]'"
have collected and reviewed single polnts and excitation
functions for (n,p), (n,x) and (n,2n) reactions in the

energy range 1 to 20 MeV,

These lists show disparities in reported values much
larger than the reported errors and also that many gaps
exist in the data. Discrepancies may arise in neutron flux
determinations and absolute counting of individual activities;
also much of the work has been carried out without chemical
isolation of reaction products. @Generally the nuclides
were distinguished by half life and (B and X—energy



determinations. Many measurements have been made relative
to reference reactions which themselves may not have been
accurately determined. Exciiation functions may be in
error if they have been normalised to a single point

determined by some other worker.

Nevertheless, definite trends have been noticed in the

110’

value of cress-sections, Levkovaki andg 1ater;

Gardnerlz, pointed out that for (n,p) and (n,oc) cross-sections
at 14 MeV the cross-eectioﬁ of each suckeding isotope of any
element was about one half the value of the preceeding isotope
(Levkovekii tremd). Gardner also noticed that a semi-log plot

of (n,p) cross-section values against mass number seemed to lie on
parallel, equally spaced, straight lines, one for each element.

He derived a semli-empirical equation to predict the (n,p)

cross section for any isotope from the statistical model,

The results agree with observation in a number of cases.

18,19 plotted (n,p) and (n,x ) eross-section

cﬁatterjee
values against proton and neutron number of the residual nuclei
and showed the existence of minima in the cross-sections
in all the major proton shell closure positions and
subsidiary minima in proton subshell closure regions. The
minima due to neutron shell closures were less obviocus,
The shell thgory also suggests that the presence of unpaired

nuéleons might affect the values of the cross-sections; this




was noted by Gard.nerzo'zl and Chatterjee, 18
analysis has been carried out by Bormenn?® for (n,2n)

A sim;llar

reaction cross-sections; the effects of closed neutron

shells were observed,

More recently with the higher fluxes available from
modern machines attempts have been made to detect, and estimate
the cross-sections; of ythe rarer reactions such as (n,t),
(n,%ge) and (Bs o 1) which have cross-sections in general
of a wmillibarn or less, Only a few cases of these can be
measured by the activation method and then in most cases only
upper limits have been quoted. Helnrich and '.l‘anner22 and
Poularikos and Ga:t'aner25 on the other hand have both measured

(n,t) cross sections by counting the resulting tritium.

The purpose of this work ,therefore,has been to improve
on the accuracy of previous determinations by taking
greater care with neutron flux determination snd absclute
counting techniques; chemical separations were carried out
when necessary. some cross-sections have also been measured

which do not appear to have been previously reported,

The cross-sections for two widely used reference
reactions have been determined by the associated particle
method (this is described later). Measurements were also

made on two (n,t) reactions for which only upper limits had been

previously reported,
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An attempt was made to inveastigate (n, particle) cross-
sections at 2.5 MeV neutron energy using neutrons from
the 2 (d,n) S4e reaction. Unfortunately the conditions
necessary for good energy resclution result in a very low
neutron flux and the small cross-sections generally found
in this energy region made the induced activities too weak

to measure with present egquipment.,
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CHAPTER 8

Part 1. @eneral methods of neutron production and flux
measurement.

The value of a nuclear reaction cross-section varies,
often very rapidly, with energy of the bombarding neutrons
and therefore the study and measurement of nuclear reactions
requires a socurce of neutrons as nearly monochromatic as

possible,

The simplest neutron sources are the radioactive type
in which neutrons are produced by (&, n) or ( b/,n) processes,
In the first an o —emitter such as “<ORa or “0po is intimately
mixed with light elements such as beryllium or boron,
The neutron spectra from these sources drecomplex snd neutrons
with energy up to 12 MeV are present., The second type are
monoenergetic having neutron energlies up to about 1 Mev;
they are usually formed by .surrounding an intense x-sonrce
by beryllium or deuterium, Both of these types have been
displaced from use to some extent by other methods which
give a higher neutron intensity; they are retained since

they are excellent neutron flux standards, have a constant

output, and are very compact.

Nuclear reactors snpply very high fluxes of neutrons;

up to 101"n <sm"2s".1 over the fission spectrum. These can be
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thermalised in a thermal column or certain energy regions
may be selected using crystal diffraction (0,01 - 10 evV)
or slow (:I.Q""4 - 0.2 eV) and fast (1 ev - 10 keV) chopper

techniques.

Intense, almost monoenergetic,beams of fast neutrons

can be produced from accelerators using one of the following

reactions:
Sy (p,n) %He Q@ = - 0,764 MeV
7Li (p,n) 'Be Q= - 1,645 MeV
8y (a,n) 3ge Q = + 5.266 MeV
31 (4,n) %me Q = +17.586 MeV

The energy resolut.tox; of the neutrons produced by this method
is affected by the factors described below.

Any energy spread of the primary beam of the accelerator
will cause a corresponding variation in the energy of the
neutrons produced. Linear accelerators (Cockcroft-walton '
and Van der Graaff types) give more nearly monochromatic
beams than syclotroms. The number of molecular lons
(such as SE;-::.) in the primary beam must be reduced as these
will give neutrons of different energy to those produc_ed
by protons and deuterons. A similar, but lgrger, effect is
‘the loss of energy of 1_;he primary beam in the target; neutrons

can posaibly be produced by particles from the maximum to
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minimum energy. The relative effect of these is reduced

the higher the @ value of the neutron producing reaction and
the lower the energy of the primary beam.

Gecmetry factors are also usually far from ideal; the
neutrons are produced from a non-point source, and the
sample subtends a large angle at the source to take advantage
of the neutron flux available, Samples and detectors are
often placed at 90° to the incident beam where variation
of energy with angle 1s greatest but whei-e the actual energy
spread is a minimm,

Neutrons are scattered and degraded in energy by
surrounding supporting materials and therefore these should
be kept to a minimum and the target placed as far q.‘rom N
walls as possible, Secondary neutrons may be produced by the
primary beam striking accelerator components and contaminants
of the target. With low energy primary beams this is
a small effect except in the cases of deuterium build up in
a target bombarded by deuterons; this will give rise to

3 MeV neutrons,

The 5}! (pyn) ane reaction is used to produce neutrons
up to an energy of 6 MeV and has largely displaced the
71.1 (psn) 7Be reaction for this emergy range since.the latter

has two groups of neutrons; the second arises from an

7
excited state of 'Be, Just above its threshold (1.019 Mev)
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the 5}1 (p,n) 53, resction also has a second group of neutrons

caused by cehtre of mass motion at the compound mucleus.

The °m (d,n)4ﬁe and *H (d,n) 5He_ reactions are those most
widely used since they have large positive Q values and are
thus available to low emergy accelerators (160 kv). The
first is used in the range 10 to 40 MeV and the second from

1 to 14 wmev,

Deuterium and trm targets may be elther gaseous or
may be absorbed into a thin layer of titanium. Heavy ice,
1351”04 and NaOD have also been used for deuterium,

Above 50 MeV,neutrons may be preduced by stripping high
energy deuterons in light element targets such as

beryllium,

Absolute determination of nmeutron flux

Since neutrons cannot be detected directly,fast neutron
fluxes are usually determined by one of the following methods;
the proton recoil method, the associated particle method,or

by the use of relative or secondary methods.

In the proton recoil method a thin hydrogenous radiator
is placed in the neutron beam and the recoiling protons
counted by a variety of methods, These include proton
recoll telescopes and plastic scintillatorse. At the energies

of interest here collisions between neutrons and protons
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are mainly elastic and therefore the scattering cross section

can be determined by a transmission method.

By arranging the sample and monitor to subtend known
solld angles at the source the neutron flux through the
sample may be daduced from the proton count using known
neutron angular distributions. The method assumes a fixed
point source and also (since the solid-angles must be accur-
ately determined) a good geometrical arrangement with large
sample - target and monitor - target distances. This also
reduces the effect of a finlte source size and finite sample

thickness.

In the assoclated particle method the secondary recoil

particle from the nuclear reaction producing the neutrons is

counted within a known solid angle from which the number of

neutrons passing through the sample, also subtending a known
solid angle, may be calculated (since neutron and recoil
particle distributions are knoﬁn). Neutron fluxes at 14 MeV
have been determined(by counting 3 MeV recoil A -particles from
the °H (d,n) “He reaction)by Paul and Clarke’ (using a
proportional counter) and Cevolani and Petralia®? (using a
semi-conductor counter). A variation of this method has

been developed in this laboratory by Hemingway et al25 in
which ® -particles from the Sy (d,n) 4He regction are trapped

in aluminium foils which are then dissolved releasing
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the helium, the volume of which is determined (~ 10™' ml).
As in the proton recoll method the sample must be irradiated
in conditions of good geometry to minimise errors dus to

the finite size of the neutron source and the thickness of

the sample,

The relative and secondary methods are most widely used
in the determination of fluxes. The cross-section of almost
any neutron induced reaction, once measured using one of
the above methods, can provide a secondary means of
measuring fluxes. Relative flux measurements can always

be made using a neutron detector of which the efficiency is

not known,

The cross-sections most widely used in the 14 MeV region as

monitors are:

6pe (n,p) 56yn (t* = 155 m)
636w (n,2n)%20u (ty = 10 m)
aqkl (n,OL)mNa (t'i' = 14.86 h)

These materials may be irradiated with the sample as
a sandwich with monitor foils on elther side of a sample foil
or as a homogeneous mixture when the monitor and sample are
in powder or granular fom. The iron monitor lends itself
to the latter method since iron may be readily separated from
a bulk sample by magnetic means, The homogeneous method
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allows the sample to be irradiated close up to the neutron
source thus making full use of the avallable flux which is
essential in the determination of reaction cross-sections

which are small or give rise to long lived products.

Relative counter methods are used most widely at the
low energy end of the fast neutron range where neutron cross-
gsections are normally low,. Of the wide variety of counters
the fission counter and the Li®I (Bu) scintillation
crystal have been most frequently used,

In the first,the sample is irradiated in close proximity
to a layer of 235{1 on the inside surface of an ionisation
chamber and the flux obtained from the number of fisaion
fragments thus céunted. This method has been used by
Johnsrud et al?6 up to an energy of 4 Mev; the counter used
was calibrated using thermal neutrons, Barry27 has also
uged this method from 1,6 to 14.7 MeV the calibration being

made by the assoclated particle method at 14.1 MevV.

In the second,a thin crystal of GL:I.I(Eu) has been used
to count o =scintillations from the 6r1 (n,t) Ye reaction;
the cross section was measured by the associated particle
method, This method has been developed by Kern and KregerZo

over the range of 2 to 20 MeV.
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Part 2. Actual methods used for neutron production and
flax measurement

The high fluxes of almost monoenergetic neutrons used

in thies work were produced using the reactions

% (a,n) *He 4+ 17.586 Mev 1
for neutrons of 14 MeV energy, and

2 3

H (d,n) “He + 3.266 MeV 2

for 3 MeV energy. Deuterons of several hundred keV energy
were incident on targets of titanium tritide or titanium

deuteride respectively.

The excitation function of reaction (1) rises to a broad
rescnance of about 6 barms at 110 keV incident deuteron
energy, and up to an energy of about 6500 kev the reaction
may be regarded as 1sot¥opic in the centre of mass t:c:-omi.:l.na1:es.“E’g
Since neutrons are produced by deuteromns of energy from
zero to the meximum, the optimum bombarding energy is a
little above 110 kevV, because, although a greater neutron
yleld is obtalned with an increase in deuteron energy, as .
more of the target becomes avallable the energy spread of the

neutrons produced in the forward direction also increases,

For the second reaction the excitation function increases

smoothly with energy but has a value of only 70 mbao at

400 keV and therefore to obtain a reasonable neutron yield
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the maximum available bombarding energy must be used, The
reaction is also anisotroplc being pesked forward and back
in the centre of mass system. Graphs of the variation of
neutron energy with laboratory angle for various incident

deuteron energies are shown in Fig. 1.

Suitable beams of deuterons were produced at Durham with
a 200 kv ccckorort-;laltn accelerator built by Professor G.R,
and Mre. Martin,3} and at Centerbury with a S.A.M.E.S. (Société
Anonyme de Machines ﬁlectrostatiquea) 400 kv 7' type

accelerator.

a) Durham Machine -

A schematlc arrangement of the Durham machine is shown
in Fig. 2. Power from the mains supply (250 Vv, 60 c/8)
is fed via a 100 kV peak transformer to the voltage
quadrupling circuit and thence to the accelerating tube.
Deuterons are extracted by a voitage of several kV from a
radie-frequency ion source and then accelerated through 40 kv
at the focusing gap. They are then further accelerated by
two accelerating gaps and finally strike the target block at
the end of the drift tube. This machine was used to
produce 14 MeV neutrons the deuterons being accelerated to
160 kevV; with a beam current of 200 )‘, A ylelds

of up to several times 109 neutrons per second were produced,
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b) S.A.M.E.S. Machine,

The S.A.M.E.S. machine 18 depicted in Figs. 3 and 4.
Fig. 3 shows the principle of the electrostatic generator
which is an 'insulating carrier' type, converting mechanical
energy directly into d.c. high voltage electrical energy by
the transfer 6f charge against the electric field.

A hollow cylinder made of insulating material, the rotor,
is driven by an electric motor to effect the transfer of the
eharges, These are deposited or withdrawn from the rotor
by thin metallic blades, lonisers, placed in close proximity
to the ocuter surface of the rotor. Curved plates, inductors,
are placed near the inner surface of the rotor which induce a
strong electric field in the sharp edge of the ioniser. To
reduce any local concentrations of the electric field a glass
(19‘2 ohm-cm) cylinder is placed between the inductors and
the rotor. The complete sealed unit, generator and motor,
is filled with hydrogen at 10 - 20 atmospheres which has exc-
ellent insulation properties combined with a high ion mobility.

The charging ioniser is set at a high negative voltage,
up to -30kV, by the exciter unit which causes positively
charged ions to flow from earth to be deposited on the rotor.
These are then transferred against a tangential electric field
to the discharging ioniser and thence to the high voltage
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Fig.4.Schematic arrangement of the S.A.M.E.S.accelerator.
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terminal of the accelerator.

The generator voltage is regulated by means of a feed-
back loop by the output voltage of the excitation unit such
that the generator current, which is proportional to the
density of the ions deposited on the rotor, is equal to the
current required by the accelerator thus maintaining a
constant terminal voltage. A variation of output voltage
of less than 1% is quoted by S.A.M.E.S. for our medium
stablility machine.

Deuterons from the R.F. lon source are again extracted
through a narrow canal by a 3kV potettusl, focus:.ed, and then
accelerated down the elght gap constant field tube. They
are further focus:ed by an electrostatic quadrupole lens
before passing down the drift tube to:the target block. At
the centre of the drift tube i1s a diaphragm with a 2.5 cm
diameter aperture. The ratio of the measured beam current
striking this to that striking the target block serves as an
indication of the focus{ing of the beam. A second diaphragm
with a larger aperture placed immediately behind the first
and set at -1560v acts as a suppressor to the secondary

electron current from the target.

The minimum accelerating voltage at which the machine
has been found to run satisfactorarily is 220kvV. with this
gsetting and a beam current of 1mA a yleld of up te
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10 14 MeV neutrons per second has been achiéved.

b x 10
A yield of 7 x 108 neutrons per second has been obtained for
3 MevV neutrons using the full 400 kV acceleration and 1 mA

beam current.

¢c) Targets.

The titanium tritide (TRT6) and deuteride (DBT6) target
discs were obtained from the Radiochemical Centre, Amersham.
The titanium layer of about 1img cm"2 thickness is obtained
on a thin copper backing disc of 2.5 cm diameter. ' When
loaded with tritium or deuterium, an atomic ratio (H/Ti) equal
to or greater than ocne is obtained; this corresponds to

2 or 0.6 curies <:m"2 for tritium, For convenience,

0.23 ml cm
each disc was divided into four segments which were bombarded
separately. The segments were soldered on to water cooled
metal blocks to keep the temperature below 240°c during an

irradiation; above this temperature titaiium hydride dissociates?2

The various types of target assembly used are illustrated
in rigs. 6, 6, 7 and 8. The Durham target blocks were of
brass gnd were fitted with a molybdenum shutter with which
the deuteron beam could be stopped. For the S.A.M.E.S.
machine a power dissipation of 200 - 400 watts was involved
and therefore the target blocks were made from copper and the
cooling water arranged to flow close to the segment. The

separation between the segment and irradiated sample was kept
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down to 2 mm to enable full use to be made of the neutron
flux available. In S.A.M.E.S. own target design cooling
water 1ls passed across the back of the target disc which
increases the segment - sample separation to 6 mm; the amount
of scattering material is also increased. The target shown
in rig. 8 was used to irradiate samples between 96° and 145°
with 3 MeV neutrons. Here the drift tube wall was made thin

to reduce the amount of scattering material near the samples.

The target blocks were all sited at the centre of the
target chamber as far away from the concrete walls and other
scattering materials as possible. Such materials increase
the flux of scattered, degraded neutrons in the vicinity of

the sample.

d) Neutron Flux Measurement.

The absolute neutron fluxes produced by both reactions
have been measured using the assoclated particle technique.
For the T(d,n)4He reaction oL-particles were counted whilst
for the D(d,n)aﬂe reaction, protons from the other branch of
the D + D process, the D(d,p) reaction, were counted. The
branching ratio of this process has been measured by Preston

et al.so and found to be approximately one at these energies.

A silicon semiconductor detector was mounted in the drift
tube in such a way that the whole target area was 'seen' by

the effective counting area of the silicon. Charged particles
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from the target in an accurately measured solid angle at 175°

to the incident deuteron beam were measured.

The counter used was an ORTEC Model No. SBDJOO7 - 60
which is of the silicon surface barrier type described by

55;. A cross sectional view of the

Dernaley and Whitehead
device is shown in Fig. 1. The sensitive surface is coated
with a thin layer of gold. The circular silicon wafer is
mounted in a ceramic ring of which the back and front surfaces
are metallised. The front surface of this insulator is
grounded to the metal case whilst the rear surface is
connected to the centre electrode of a standard Microdot

minature connector which serves as the signal output and bias

voltage connection.

The counter is made of n - type silicon having a
resistivity of 900 ohm-cm and an aﬁtive surface of 7 mmz.
At the maximum applied volfage of 50v the depletion depth is
110 microns which will totally ebsorb the energy of a 14.5 MeV
o, -particle, a 3.43 MeV proton or a 0.163 MeVv p -particle.

An energy resolution of 0.7% is claimed by the manufacturers

for 6.5 MeV ol -particles fromathin 241Ah~ source in vacuo.

The assembly used to mount the counter in the drift
tube 18 shown in Fig. 10. After the rapid deterioration in
perfqrmance experienced with unprotected_solid state

detectors made in the laboratory it was considered advisable
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to protect the ORTEC detector from vacuum pump oil in the
accelerator. This was achi@eved by covering the defining

2

aperture to the counter with either img cm ° Melinex or

2 VYNS windows, and also by placing a few grams

0.156 mg cm
of activated charcoal at the entrance to the counter cell.

The defining aperture was a 1 mm diameter hole drilled in

20 mg cm_z’polystyrene sheet; the diameter was accurately
determined by coﬁparison with a ruled graticule on a
wicroscope. The window and aperture foil were glued to a
flat area on the brass cover using 'Evostick' adhesive. The
distance from the counter aperture to the target block was
about 50 cm for the Durham machine and 70 cm for the S,A.M.E,S.
machine; these distances gave solid angles subtended at the

5

counter of 4 x 10  ° steradians and'2 b4 :I.O'5 steradlans

respectively.

The block diagram of the counter circuit is shown in
Fig. 12. For solid state counters voltage amplification of
the signal has the disadvantage that the dependence of the
detector capacity, GD’ on the applied bias voltage leads to
a corresponding bias dependence of the output signal voltage.
If the charge collected is Q, and the total capaéeity, GT’ equal
to the sum of CD and CS (the stray capacity) the voltage
signal is Q/GT. In the charge sensitive preamplifier with
a capacitive feedback loop (see Fig. 13) the output pulse slze
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is independent of the bias. It GO is the open loop amplifier
voltage gain and cF the feed back capacitance, the output
voltage is now - Q/QF which is independent of CT provided
GOGF is much more than GT. In general Go is of the order

of 1000 while CS and GD have a value of several pF. A low
noise charge sensitive preamplifier was built to the design
suggested by Chase et a1.34}; This circuit employs 5 R.C.A.
type 7686 Nuvistor triodes which have a low tube capacity and
good anti-microphonic qualities. A screened cascode first
stage is followed by a long-tailed-pair whilst the output is
driven by a cathode follower. The bilas voltage was supplied
by two 30v Everready B123 batteries connected in series

through a potentiometer to the counter.

The counter has been operated at main amplifier settings
of O - 4 dB with equal integration and differentiation time
constants of 5/&3 and scaler paralysls settings of 10 and 50/# 8;
the output signal is then of the order of 20v in amplitude.
The applied bias was adjusted between O and 30v depending on

the particles being counted according to the particle range/
' 5]

A
. L J

bias relationships obtained from the nomgram of Blankenship5
Fig. 14 shows a graph of the varlation of pulse height with
bias for 0.8 MeV o -particles or 2.5 MeV protons obtained
from the D,T and D,D reaction respectively after passing

e

through the 1 mg cm ~ window. As can be seen the X~particle
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pulse height rapidly saturates at 3v blas whilst the longer

range of the proton requires a bilas of 30v for saturation.

A resolution of 1.22% was obtalned for 5.31 NMeV

« -particles from an uncollimated weightless source of 210Po

counted in a vacuum through an 0.156 mg cm™2 VYNS window.

Fig. 15 and 16 show typical spectra obtained with the counter
on the accelerators. Fig. 16 shows the proton spectrum from
the D,D reaction (bias 26v) the protons passing through a

2 Melinex window. 0.6 MeV tritons from this

reaction and 0.3 MeV5He particles from the accompanying

1 mg cm

D(d,n)sﬁe reaction have insufficient energy to penetrate
this window. The high energy tail of the proton peak is
produced by protons from the reaction induced by deuterons
of lower energy reacting deep in the target. Fig. 16 a and
b show X -spectra from the D,T reaction. - The first was

taken with a bias of 26v and a 1 mg cm ° window and the

second with a bias of 2v and an 0.16 mg cw ° Window. In

both cases the A -peak has a smaller peak on the high energy
side caused by ng ions inducing the D,T reaction. These
spectra also show the proten peak from the D,D reaction
caused by the build up of deuterium in the tﬁrget. wWith a

2 window the proton peak is always above the ol-peak

1 mg cm
even at zero applied bias while with the thinner window the

pulse helght of the protons only approaches that of the o«- peak
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at 30v bias. For measurements of neutrons from the D,T
reaction a thin window and low bias setting were therefore
used; the discriminator level could then be set above the proton

peak.

When the solid state counter was not used the variation
of neutron flux was monitored using a proton recoil
scintillation counter placed in the target chamber. The
variation of neutron flux during an irradiation mst be
known,for it 1s necjessary to make corrections for the rate
of formation and decay of the various activities induced
during the lrradiation. The ORTEC or scintillator monitor
counts were recorded at time intervals short compared with
the half-life of the shortest lived species under-con-

sideration.

¢) Performance of targets

The yield of neutrons from tritium targets was found to
fall with time as the tritium was lost from the heated surface
or displaced by deuterium. It 18 hoped that this drop in
yield may be reduced by the use of erbium tritide targets
suggested by Redstone and Rowland® and Large and H111%7:
at S.E.R.L.. These have a higher maximum operating
temperature (54006) than that of the titanium tritide targets.

As a target ages the accumulation of deuterium will cause

the proportion of lower energy neutrons to the total number
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of neutrons to increase. Many of the reactions studied at
14 MeV have thresholds above 3 MeV and therefore D,D neutrons

did not often present a problem.

The neutron yield from a fresh TiD target was found to
drop initially before levelling off at about half the initial
value after two hours bombardment at 500 /cA. It was found
that an improvement in yleld was obtained by rubbing the
target surfgce gently with tissue; this suggested that the

fall was caused to some extent by surface contamination.

Before leaving Durham the possibility of using self
loading targets for D,D neutron production was investigated.
Dises of copper, zinc, brass, gold plated copper and gold-
palladium-gold plated copper were soldered in turn on to the
accelerator target holder with Wood's metal. Each dlisc was
bombarded at 165 keV with a beam current of 100}AA for about
two hours. The production of 3-Mev neutrons was monitored
by counting protons as already described. It was found
that the yield at saturation and the time to reach saturation
varied from material to material. The values obtalned are

shown in Table 1.
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Table 1,
Target n/sec/ }L A Time to reach
material saturation
(min)
. 4
Au 4,0 x 10 50
Au/Pd/Au 3.7 50
cu 1.2 90
Zn ' 3.7 30
Brass 2.9 30
(DTi) (2 x 10°) —

The value for deuterated titanium (DT1) is an estimate
from work carried out at Canterbury. The results agree

with those obtained by Fiebigeroc

which show that gold gives
the highest yield for metals that have not been previously
degassed but that this was. only about 650% of that from a

DT1i target.
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Part 3. Counting equipment used in the determination
of activitiles.

The absolute disintegration rate of sources of radio-
active nuclides are normally determined by 411’@ ’ 2'Nﬁ
or various coincidence counting methods. These techniques
often require complex procedures which 4o not lend them-
selves to routine counting. It is usual therefore to use
these primary methods to standardise a series of sources
which can then be used to calibrate counters which are more

convenient to use.,

This method has been employed here; the counters used
included end-window gas-flow proportional counters, a liquid
sample Geiger Muller counter and various thallium activated
sodium iodide (NaI(T1)) erystal X -ray scintillation
detectors. Sources for the calibration were standardised

using 4% ﬁ counting or 4 Tf@ / b/coincidence counting.

a) 4 1“3—gas flow proportional counter

A cut-away view of the counter is shown in Fig. 17. The
upper and lower halves of the polished aluminium body were
hinged at one side to enable the source to be inserted into
the egquatorial plane of the counter. An '0' ring clamped
between the two halves acted as a gas seal. Two 0.001"

tungsten wires each stretched across the diameter of one
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counting volume between two Teflon insulators served as

anodes. These were connected externally to the pre-

amplifier,

The counter gas (a standard mixture of 90% argon and
10% methane obtained from the British Oxygen Co.) was dried
by passing it through tubes containing silica gel and
magnesium perchlorate then through a glass wool filter
before allowing it to flow through the counter at atmos-
pheric pressure. The flow rate was controlled by a needle

valve and flow-meter and was usually about 0.7 ml sec™1*

1 could be shown to cause a

A flow of less than 0.3 ml sec”
drop in thgqgg%e of a standard source. The electronic equip-
ment and gas flow system were identical with that used for
the end-window counter andﬁgilustrated in Fig. 20. The
reproducibility and operating characteristics of such a
counter have been investigated by Davissgf of this laboratory.
As in his work the position and shape of the plateau obtained
was found to vary with.p -spectral shape but in practice the
operating voltage was in the region of 1.6kv and the plateau

length 200v.

The source mounts were prepared from VYNS film (thickness
about 10 - IB)L g cm'z) mounted on an aluminium ring 2.6 cm

in internal diameter and were coated on one side with about
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6 ,k g cw 2 of gold to render them conducting. To prepare

a source, a drop of insulin solution (containing about

1 mg insulin in 10 ml dilute hydrochloric acid) was spread
over the central area of the film and dried; this prevented
uneven deposition of the active solution which was then
applied and evaporated to dryness. This method of source

preparation has been fully described by Pate and Yaffe4°v.

b) End-window gas flow proportional counter

A diagram of this counter together with the shelf
holder for the source mounts is shown in Pig. 18. The
cylindrical, hollow counter body was of polished brass
through the top of which an anode loop was supported in a
Teflon insulator. This anode loop, 3" in diameter and made
from Constantan wire (0.001" diameter) was soldered into a
fine nickel tube and suspended 3" above the counter window.
Connection to the preamplifier was made by the usual Plessey
connectors. For normal use the window of this counter was

2 Melinex film. This is a tough polyester film

of 1 mg cm
aluminised on each slde and thus having conducting surfaces.
The windows were produced by carefully sandwiching a 2" square
of the film in the jig shown in Fig. 19 and glueing the
supporting ring to the film with a solution of cellulose
acetate (Britfix) in amyl acetate. A heavy weight was

rlaced on the ring until the glue had set. On setting the
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Melinex film was found to shrink slightly thus leaving a
window with a taut, unwrinkled surface. Some measurements
were made using windows of 3 or 4 layers of VYNS film prepared
as described for the 4% f£ilms; being so thin (100 Qe cm"2)

these were very fraglle for normal use.

The counter gas was circulated at atmospheric pressure
as already described for the 4 M counter. The electronics
and gas flow arrangement are shown in Pig. 20 in block
diagram form. Amplifier and scalersettings for both this

and the 4 %t counter are set out below;-

Amplifier TYPE 1430 A
with preamplifier type 1430 A

Differentiation time 0.32 l‘ sec
Inte: gration time 0.32 psec
Attenuation 10 éB
Scaler TYPE 1009E
Paralysis time 60 }tsee

Discriminator level 15v
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The plateau obtained for this counter indicated a
working voltage of about 1.8 kV and had a length of 200v.
The counter was enclosed in a lead castle with 11" walls
and gave a back ground count rate of 9 to 12 counts per

minute,

The shelf holders, made from accurately machined Tufnol
strip, were set up on a jig so that the shelf positions
could be accurately reproduced if the assembly were dis-
mantled. work on the reproducibility of this method was

41

carried out by East of this laboratory.

The sources, the preparation of which is described
below, were mounted on aluminium planchets (Brilhart
Cat. No. 22F.Al, obtained from Nucleonic Accessories,
Birmingham) and set in a hole machined in the centre of an
aluminium shelf and backed with a square (5 cm x § cm) of
1g om~? aluminium sheet. This acted &s a saturation

backscatterer for the source.

c) Preparation of solid sources.

If solld sources were to be counted it was convenient
that the form chosen for precipitation and source preparation

should also bé sultable for the gravimetric determihation of
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the chemical yield. A standard mounting technique was

also necessary to allow relative measurements to be made.

Sources were mounted on glass fibre discs (Whatman GF/A);
before use these were washed with water, alchohol and ether
(in that order) and dried in a vacuum dessicator. The
discs were then mounted on aluminium planchets (described
above) and weighed to the nearest 0.01 mg using a Stanton

semi-micro balance (Model MCIA).

To prepare a source the weighed disc was supported on
sintered polythene in a demountable filter stick. The
internal diameter of the stick was standardised at 3" and
thus filtration of a slurry of the source material gave a
clearly defined area which was reproducible for any source.
The source was then washed, dried and weighed as described
for the mounts. The balance weights were accurate to-% 0.05 mg
and the source weights were usually between 5 and 40 mg; the
chemical yield (assuming that the composition of the pre-
eipitate was accurately known) would therefore be determinad

with an accuracy of about il%.

d) Ligquid sample Geiger-MUller counter

A calibrated Mullard (MX 124/01) halogen quenched liquid
Gelger-Miller counter (Laboratory No.86) of 10 ml capacity
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has been used to assay the p ~disintegration rates of

56 pe(n,p)5un

solutions containing 56Mn obtained from the
reaction which has been used as a reference cross section

in this work.,

The advantages of using this type of counter for the
measurement of the reference activity are that they are
simple to operate, the geometry and therefore the efficilency
are intrinsic gqualities and they do not tie up more sophis-
ticated equipment which might be used to determine the
activity of the isotope under investigation. The counter
was also used to estimate the disintegration rate of liquid

31

samples of ~Si for which it was not convenient to prepare

solid sources.

The tube was operated in conjunction with a 110 A probe
unit (No.1.97), with which it had been previously calibrated,
at a quench pulse time setting of 500 IL sec. The probe
had been previously modified to a Mullard specification

for use with halogen quenched counters by the insertion of
a 2.7 M® resistance in series with the input. The counter
was found to have a threshold at 340V and a plateau length
of some 100 volts; the slope was 0.07%/volt. The working
voltage was taken as 400V. The efficliency of the counter

60

was checked periodically with a standard Co solution and

a 15703 solid source. It was not found to vary outside



the expected statistics.

e) Crystal Scintillation Counters.

Thallium activated sodium iodide (NaI(T1l)) crystals
have been used in this work for the detection of nuclides

which emit y -radiation.

Light quanta from scintillation events caused by the
interaction processes of the X—ray within the qrystal fall
upon the photosensitive cathode of a photo-multiplier tube
placed in optical contact with the crystal. Photoelectrons
emitted from this surface are incident upon the first
electrode of a dynode chain which causes the signal to be
amplified by electron multiplication down the chain. The
signal at the output of the photomultiplier may be regérded
as proportional to the amount of energy lost by the x-ray
in the crystal. Set out below are the size and type numbers
of the thrée crystals used,together with their photomultiplier

tube numbers.

Diameter Thickness Nuclea&:y%tﬁggrises Phoi(;oﬁ?fi?ln).er
an x 3» 12/DM-2/12 9531 A
13" X i 6 D4 6097 F
13v x an 7F8 6097 F

(well-type)



39

Since sodium lodide is hygroscoplc the crystals are
contained in hermetically sealed aluminium cans (220mg om™2a1).
The relative posi_.tions of the crystals inside these cans
are shown in Fig. 21. The space between the can wall and
the crystal is filled with packing material consisting mainly
of aluminium oxide and neoprene which increases the thick-

ness of the window presented to the incident X-radiation.

The smaller crystals and photomultiplier tubes were
mounted in light tight aluminium and brass tubes fabricated
in this laboratory, while the 3" crystal formed part of a

commercial assembly.

As has already been stated,the output signal from the
photomultiplier is proportional to the energy absorbed by
the crystal and therefore by linear amplification and pulse
height analysis of the signal the complete spectrum of the
X— radiation incident on the crystal may be obtained. A
block diagram of the electronic equipment used for X-spec-

trometry is shown in PFig. 22.

The amplifier gain and voltage settings depended on
the Xenergies of the spectrum under consideration; in
general gain settings were in the rgnge X0.8 - x 100 whilst
the E.H.T. was set in the region of 600v for the small

crystals and 800v for the large crystal.
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In general the spectrum of the nuclide to be inves-
tigated was first recorded on one of the multichannel
pulse height analysers; 100 channel type 1363 B or 512
channel LABEN model A 61 - CT 456. The energies of the
photopeaks of the spectrum obtained>were identified Dby
comparison with spectra, taken using the same settings,
of nuclides with photopeaks of known energy which could

22Na, 75 1570B 60

be easily recognised; for example 8b, ’ co,

54

and ~ Mn. Published spectra from Crouthamel S

42, and Heatn?d.
were also used for comparison and subsequent identification

of the photopeaks.

Having identified the photopeak, the decay of the
nuclide was followed by setting the upper and lower gates
of a single channel analyser to include this peak and then
counting the number of events on a scaler. Alternatively,
if the spectra were too complex, the complete spectrum was
recorded periodically during the decay using the multi-
channel analyser and the variation of area under the photo-

peaks was then used to plot the decay curve,

Sources for the flat crystals were mounted in a similap
way to that described for the end-window counter; the
planchet containing the source was placed at the centre of

an aluminium tray which was slid into a shelf holder attached
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to the crystal thus giving a standard, reproducible

geometry.

The efficiency of NaI(Tl) crystals for P ~particles
is not zero and if these were detected they would deform
the shape of the )X -spectra. Therefore, sufficient
aluminium absorbers were inserted between the source and
crystal to prevent any p—particles present from entering

the crystal.

Sources for the well crystal were mounted at the
bottom of 6ml. semi-micro test tubes which were inserted
into a brass cylinder of 1/16" wall (1.03 g cm'z) which in
turn was placed inside the well of the crystal. The brass
cylinder was used to ensure complete absorption of the

p -particles.

The absolute disintegration rates of the sources were
determined, where possible, by counting standard sources
having photopeaks of similar energy under identical geomet-
rical conditions. Where this was not possible an estimate
of the photopeak counting efficiency was made from published
142.

data; Crouthame and Heath®® for flat crystals and

Redon et al44f for the well crystal.
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f) Coincidence counting eguipment

During this work 4Mf/y , end-window P/y , and %,
coincidence methods have been used to determine the
absolute disintegration rates of sources and to follow the
decay of one nuclide in the presence of others. A sodium
iodide crystal was used as the detector for each of the

Y -channels.

A block diagram of the electronic equipment is shown
in Fig. 23. Outputs from the single channel analysers
and proportional counter main amplifier are fed into a
1036 C coincidence unit. The count rate in each of the
single channels and the coincidence channel were recorded

on scalers.

The settings used on the coincidence unit and the
geometrical arrangement of the counters are described in

sections where specific nuclides are discussed.

g) Auxillary Equipment

In measurements involving the determination of short
lived nuclides a crystal oscillator timing unit was used to
control the length of the irradiation, a pneumatic transfer

system, and a camera which was used to record scaler readings.
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43

The time for transfer from the irradiation chamber to the

counting room was 2.5 seconds.

Part 4. COUNTER CALIBRATIONS

a) Calibration of the liquid Geiger—Maller counter

This counter had been previously calibrated by Martin
-and Hemingway45} of this laboratory. The calibration curve
and data are presented in Fig. 24 and Table 2. The polntc
for le was determined in the course of the present work by
counting a 10 ml aliquot of a solution standardised by 4mp

56Mn in aqueous solution was

counting. The value for
determined as described in the section on neutron flux
standardisation. As can be seen these points appear to
fit the previous calibration. The correction to convert_
the forbidden spectra end-point energy to an allowed
equivalent was obtained from the paper by Bayhurst and

Prestwood46}.



Table 2

Calibration of liquid counter (No. 86).

Nuclide Spectral Epmax allowed (ieV) Counter

shape (Weighted mean) eff. (%)
R04ny 1% forpidden 0.860 0.796
e allowed 1.39 5.38
séSr 18% forvidden 1.56 4.87
91y 1%% rorvidden 1.62 5.54
525 allowed 1.708 6.57
42¢ 18% forbiaden 5,22 11.92
563n allowed 2.1 . n.e7

(in standard acid
mixture with

0.5g Fe)
56, allowed 2.1 . 7.88
563n allowed 2.1 8.05

(dil. aq. solution)



o

(%),

Counter efficiency

—p—

o o5 1-0 1.5 2.0 2.5 3.0
Emax 2llowed (MeV)

Fig.<4.Calibration curve of Geiger-Muller counter.
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b) Calibration of the end-window counter

The method of counter calibration proposed by Bayhurst
and Prestwood46; was used here, The method depends on
experimentally determining the relationship between the
counter efficiency and the average energy of the beta
particle. The relationship then eliminates the necessity

for making separate corrections for self-absorption, back-

scattering, self-focussing etc. for each nuclide.

Carrier-free solutions of high specific activity of
the nuclides to be used were obtained either from the
Radiochemical Centre, Amersham, or by irradiation of the
appropriate targets in a reactor. Samples of each solution
were weighed on to prepared VYNS 4 % films and their
absolute disintegration rates determined by 413 counting
or by 4up /8' coincidence technigues where applicable.

A further welghed aliguot of each nuclide was added to a
known weight of carrier of the element concerned and pre-
cipitated by recommended gravimetric procedures. Sources
of varying thickness were then prepared using the standard
filter stick method already described. Curves of source
weight against counter efficiency were plotted for weights
of source of 2 - 50 mg; three of these are shown in Fig. 25.

The average p -energy of each nucllide was calculated using



45

the known maximum energy and a series of graphs given in
the original paper46,; correction was also made for any
first forbidden transitions. Curves of average f?-energy
against efficiency at various source weights were plotted.
Two of these, for source weights of 5 and 40 mg are shown
in Fig. 26 whilst the complete data is presented in Table 3.
From these curves the efficiency of any nuclide for which
the maximum ﬂ-energy is known can be found. For nuclides
emitting more than one P-group the efficiency is found for

each group and a weighted mean calculated.

The nuclides used were 450&, 185w, 1511, 22Na, 198Au,

24Na, le, 9OY, and 42K. Of these the absolute disinte-

22 198,

gration rate of “°Na and Au were determined by 4 P/X

coincidence technigues (to be described in section 5),whilst
the rest were determined by 4ﬂ13 counting. The efficiency

22Na and 24Na were corrected for Y ~rays by

obtained for
estimating this gontribution from absorption curves obtained
by inserting aluminium absorbers between the source and
counter. The corrections were found to be 2 and 2.5%

respectively.
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TABLE 3 Efficiency calibration of end window proportional

counter.
Nuclide Precipitate Emax Spectrum iTiﬁwed
(Mev) shape 4 (Mev) B Counter efficiency versus source weight
(Mev) 5 mg 10mg 15mg 20mg 25 mg 30mg 35mg 4O mg
L5
18503 Oxalate 0.254 Allowed 20 0.254 0.076 0.207 0.173 0.148 0.130 0.115 0,102 0.092 0.084
131‘” Oxinate 0.428 Allowed Th 0.428 0.127 0.268 0.239 0.217 0.199 0.185 0.172 0.162 0.154
I Todide 0.606 (Complex) 53 0.606 0.188 0.29, 0.283 0.270 0.25, 0.236 0.219 0.207 0.202
22 :
Na Chloride 0.542 Allowed .
(B*) (=) 11 0.542 0.225 0.333 0.323 0.312 0,30k 0.296 0.282 0.271 0.263
198
Au Metal 0,963 (gir{gitvzaé) 29 0.963 0.321 0.359 0.349 0.338 0.328 0.317 | 0.307 0.296 0.286
24
o Na Chloride 1.390 Allowed " 1.390 0.560 0.347 0.346 0.345 0.345 0.344 0.34k 0,343 0.342
90Y Oxalate 1.537 First 39 1,620 - 0.620 0.336 0.335 0.__:333 0.332 0.330 0.329 0,337 0,336
th Oxalate 24260 First 39 24260 0.906 0.352 0.351 0.350 0.349 0.349 0.348 0.348 0.347
£ TR g (Complex) 19 3.50 1.55  0.340 0.3 0.336 0.33% 0.33% 0.33% 0.337 0.337
irst

Counter 90 with 1 mg. cm'l-Melinex window, Counter stand W,

2

1 gm. cm™ aluminium backscatterer,

Amplifier 1430A + 1430 hend. 10dB. 0.32 43S resolving time
15v discriminator.
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Part 6. Coincidence counting.

methods
4 B /y and end-window f# /y coincidence 'have been

used here to determine the absolute disintegration rates of

22

an extended "“Na source used as a standard in irrediations in

which reaction products emitting positrohs were encounted

22 198

and also of sources of Na and Au in the calibration of

the end=window proportional counter.

The methods employed were largely those of Campion47

and Wepstra®> ., The great advantage of this method is that,
in principle, absolute disintegration rates may be determined
wlithout a prior knowledge of the efficiencies of the counters
used. Problems such as the self absorption correction in

4P counting are therefore avoided.

For extended sources Putman49

- has shown that the method
is valid provided that either the @ -detector or the )-de-

1]
tector is equally sensitive toqparts of the source. The

absolute disintegration rate is given by

NF . Nx Cp . Cr
Nc Co . GX

where No is the absolute disintegration rate of the source

N? » Ny and N, are the observed counting rates (less back-

ground and accidental coincidences) in the{Q ’ 5’ and
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coincidence channels respectively, EP 9 Ex s, are the means
of the individual efficiencies integrated over the source
(equal to Cp and Cy , the effective efficiences) and
E;T“E} is the mean of the product. If either detector is
equally sensitive to all parts of tﬁe source the term in
brackets reduces to unity. The 4WP counter has Eeen

47}. In

shown to approximately fulfill these conditions
the end-window P/%{ coincidence method, also used here, the
source of small diameter ( < 1 cm) was placed at the centre
of the surface of a 3" x 3" NaI(T1) scintillation crystal
and 1t was assumed that the Y -ray detector was equally

sensitive to all parts of the source.,

The following expressions were derived by Campion47;

and will simply be quoted here.

a) Correction for accidental coincidence rate.

Since the resolving time of the coincidence mixer is
of finite length coincidences may be obtained between two
unrelated events when both detectors are less than 100 per

cent efficient. The following correction was made for this,

/
Ne™ - 2T Np Ny (2)

Ne = ’
1 -‘FR(N{;+ Ry )
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where Nc’:' is the observed coincidence rate including
accidentals but with the background subtracted and TR 1is

the resolving time of the mixer. Ceampion shows that the

- above expression also applies if Np and Ny are replaced

by the observed count rate without the background subtracted.

b) Correction for dead time in the single:. channels

Assuming the dead time of each channel is ¥ , then

Ng = NoCp (L~-~RoCpe? ),
Ny = No Gy (1-0NoCyu7T ),
Ne = NoGyG [ 2-f1-(1-ce)t-cy))motl,

and therefore

Np Ny - wo 1_Noz'c,gcr(1-1¢o”6) J
Nc 1-NoT(Gs + Cy - CgCy ) J

Since No T is in general much less than unity this reduces to

Np Ny
—_— = N 1 - NolT C Cc 3
Nc O[ 0 F X.]l ( )

If the dead time of the channels is not equal and Ik)’liy

Nﬂ Ny 1- NO%
= No}ll -~ No CP Cytx
Ne 1 - No(TyCy+ TyGs~ CaCyYy)
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A similar expression 1s obtained with/B and y interchanged
if Ty’fp . If quadratic terms are neglected equation (3)
is obtgined. In the special case of theA4Nﬁ counter,

Cp > 1 and if Tp> 7y the term in curly brackets reduces

to unity.

¢) Coincidence background due to cosmic rays etc. was

subtracted from the observed count rate of the source.

Coincidence unit setting up procedure (1036 C)

The operating settinge of the counters to be used were
first determined ae discussed previously. For the p -channels
the coincidence unit discriminator was set at 16 Vv for the
output of the amplifier while for X-channels a bV dis-
criminator setting was used for the output from the single
channel analysers. Both channels were operated with a

paralysis of & 'or 10 /L S.

The delay between the channels was determined by
varying the delay settings, with a small value for the
coincidence mixer resolving time, until a maximum was ob-
tained in the coincidence rate from the source. Having
set the delay the resolving time was now increased until

the coincidence rate (excluding accidentals) did not



increase further with increase in resolving time. The
resolving time was then set at the minimum value for which

saturation was obtained. In general channels 1 and 3 of
the coincidence anit were used since the resolving time range

is larger than for channels 1 and 2.

The paralysis time of each channel was checked by a
double pulse technique using a Dynatron N 107 test set.
The values were found to be as indicated. The actual value
of the resolving time of the mixer was measured at the
various settings by counting the accidental coincidences between
the count rates of two independent sources fed into the single
channels. The value of the resolving time was then obtained

from equation 2 above.

a) Coincidence counting of 22Na and results for the 22Na

standard source.

22Na of high specific activity

An agueous solution of
4 1 mC mg'l Na as sodium chloride was obtained from the
Radiochemical Centre, Amersham. A portion of the original
solution was diluted and placed in a polythene capsule.,

The following series of sources were made.

(1) Point 'solid' cource. A stainless steel planchet was

coated with a layer of cellulose acetate leaving a central



spot clear. About 100 mg of the 22Na golution was accu-
rately weighed on to the spot and carefully evaporated.
The cellulose acetate served to limit the spread of the

liquid and a source 0.7 cm in diameter was formed.

(i1) Extended source. A 2.1 cm diameter glass fibre filter

pad was attached to an aluminium planchet by warming a film
- of polythene on the planchet and then pressing the filter
pad onto the polythene. The filter pad was damped with a

22Na solution was

little water and about 100 mg of the
accurately weighed onto the pad. The solution was spread
over the entire surface after which it was carefully

evaporated.

22Na solution was accurately weighed

(1i1) A portion of the
énd a known weight of water added thus diluting the original
solution about ten times. A series of three “*Na 4
sources were made by weighing 80, 120 and 200 mg of the
diluted solution onto previously prepared 41 films. These

were also carefully evaporated.

The absolute disintegration rates of the point source
and the 4 W sources were determined by end-window J /X
coincidence and 4‘Nﬂ ‘ﬁ( coincidence techniques described

above. Unfortunately one of the 4 N sources was damaged
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before 1t could be counted. The sourceg mounted on

planchets were covered and sealed with a layer of Sellotape.

22Na decays by 89.7% positron emission and 10.3%

electron capture in coincidence with a 1.28 MeVv X-ray in
100% of the decays. No anisotropy 1s reported between the

positron and the X—rayso .

4 T'(* £ Y coincidence method.

The 4 sources were inserted into a 4 M counter which
was placed on a 3" x 3" NaI(Tl) Y-ray scintillation crystal.

2 aluminium sheet was placed between the counters

A 200 mg em
to prevent positrons entering the crystal. The /45 -channel
was delayed by 1 S8 on the X -channel and a mixer resolving
time of 4 }# 8 was necessary. Coincidence measurements were
made at two different settings for each pulse height analyser
window;(a) including both the 1.28 MeV photopeak and the

1.79 MeV sum peak (discriminator at 1.15 MeV) and

(b) including only the 1.79 MeV sum peak (discriminator at
1.64 MeV) as suggested by Campio: 47. The efficiency of the
4 M proportional counter to electron capture events was
considered to be hegligible. The coincidence equations

used are:-
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a)
Np = No[f?-ﬂp + (1 - ‘G )Tp:li..28 + p(l - CP)(TP]"zB + 2 TP o,5i]

Ny = No Py og

Ne = No Py. o9 (Pcp +p(1-0p )2 TPo.sl)

% NolBGy +(2 = B Iy gg +B (1 - G )(Tyy g + 2 ,0.51)

Ne B (Cp (1 - 27,0.51) + 2 T,0.51)

where p is the percentage of decays of a nuclide by positron
emission to a particular energy level of the daughter
( = 0.897 for 22Na).

cp 1s the efficiency of the proportional counter to positrons.
TP 1.28 and '.l‘p 0.61 are the efficiency of the proportional
counter for counting 1.28 MeV and 0.51 MeV ) -rays res-
pectively.

P1.28 is the efficlency of the scintillation crystal for
counting a 1.28 MeV X-ray in its photopeak (including

corrections for absorption in source and absorbers).

A value of 95% was obtained for Cp from counting rates,

and from the work of Campion, Tp 1.28 and TPO. g1 Were
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‘estimated to be 1.1% and ©.6% respectively.
On substitution

N, N
L% _ No. 1.0015 .
Nec

) The equations used here are the same as those above

except for the substitution

2

N = No
¥ Pi.e8  Po.p1?

where Py gy 18 the efficiency of the crystal for the detec-
tion of a 0.51 MeV y-ray in its photopeak.

B/ ¥ coincidence method

The ““Na point source was counted between an end-window

proportional counter and a 3" x 3" X -ray scintillation

2 aluminium absorber was placed

crystal. A 240 mg cm
between the source and the crystal to prevent positrons
entering the crystal. The separation of the proportional
counter window and the crystal was 1.8 cm. The F -channel
was again delayed by 1 }As and a 4 }L 8 mixer resolving time

was required. The crystal was set to count both the 1.28 MeV

photopeak and the 1.79 MeV sum peak as t_iescr:lbed above.
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To determine the back ground in the proportional

counter due to the 1.28 MeV Y -ray the following procedure
was adopted. The source was counted by the proportional
counter while sandwiched between two layers of aluminium
(240 mg cm"2) to stop the positrons. The count rate is
then due to the sum of the 1.28 MeV Y -rays and the
annihilation radiation from the two plates. The source
was now inverted and counted with only one 240 mg om >
aluminium plate on the counter side of the source. (The
'crystal had been removed). The count rate was now the sum
of the 1.28 MeV x-ray and the annihilation radiation from
one plate. Neglecting Y- ray coincidences and X -ray
attenuation in the aluminium, the count rate from the 1.28 Mev
X -rays passing through the counter was obtained by sub-
traction. 104 of these X-rays have no coincident positron
and therefore contribute to the Xbackground. of the
remainder about 1/3 will be counted in coincidence with
positrons in the proportional counter; the efficlency of the
proportional counter for P-particles for the source dis-
tance used was about 33%. Thus 70% of the 1.28 MeV Y -ray
count from the aluminium sandwich count will contribute to
the p channel count rate in coincidence measurements. The
coincidence equation derived above (for 47/ y (a)) will
also apply here but the correction for the 1.28 MeV Y—ray



Determination of the absolute disintegration rate

TABLE 4
Source Wt, of
standard
solution
(mg)
LT 1 12.94
LT 2 22 .40
tPoint

Source! 96.3

of the 2,1 cm diam. 21Na source,

Date
of

Meas-
ure

ment

”L/5/63
3/2/64
hf2/64

25/5/63
7/6/63

7/5/63

7/6/63

11/2/64
10/3/65

Method

Wp/Y a
LB/Y b
LB/Y a
LMB/Y a
B ly

B/Y
1
B/y
By

Ne
(c.pem.)

36,890
30030
30050
64090
14850

73120
69860
59990
35056

Ny

(cepem,)

1208
106.0
1089.0
2198
3574

16490
15770
12620

9599

Weight of the extended 2.1 cm diam. source in 130.4 mg.
Activity on 24/5/63 = L.45 + 0,04 x 10° d.p.m.
The half life of %?Na was taken as 2,58 years.

The 4
3.52 }LS.

S resolving time setting of the coincidence mixerwas

N¢!
(cepem.)

1035
100.6
922,2

1880
687.9

3667
3460
2856
1664

Ne
(cepom,)

1032
99.9
917.9
1871
681.7

3540
3342
_776
1644,

No
(dep.m.)

k.32
354
2,56
752
7.79

34.2
33.1
27.3
20,5

No
at zero

time

X 10“P
L.32
4.6
L.28
752

7.87

3L4.3
33
33.1
33.2

d.p.m./

mg
standard

solutign
x 10~

3.34-
3429
3.31
3.36
3.51

3.56
347
3ehdy
3ek5

Mean

341
+0.03
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count in the"B -channel was subtracted. It amounted to

some 1% of the p-channel count rate.

The result of these determinations are given in
Table 4. The 41# /y wethod appears to give a result about
6% lower than the f/ y method.  Within the errors the |
4 /3 /X methods (a) and (b) give the same value. The
mean of all the results has been taken in calculating the
apecific activity of the initial °°Na solution. The error
from welghing and counting statistics has been estimated

to be 4 K.

The computed activity for the 2.1 cm diameter 2ZNa.

6

source is therefore 4.45 +0.09 x 10" d.p.m. on 24.5.63.

b) Coincidence counting of 198au

Similar 47 P /x measurements to those described above
were made to determine the activity of 417 sources of 2311&
and maAu for use in calibrations of the end-window counters.

198Au emits a negatron group of

In 99% of 1ts decays
maximum energy 0.962 MeV followed by a ) -ray of 0.412 MevV.
In the other 1% a negatron group of 0,287 MeV maximum energy

is followed by a 1.087 MeV X ~-ray in 18% of the events, and
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in the other 82% by a cascade of an 0,675 MeV and an 0,412
Mev X-ray. The decay directly to the ground state of
198113 which occurs in 0.026% of the cases was considered to
be negligible. The y-ray channel was set to count the
0.412 MeV photopeak (0.310 - 0.515 MeV) and the P'channel
was agaln delayed by 1 }« 8. The coincidence mixer resol-

198Au decays by 100%

ving time required was 2 M B. Since
p ~-particle emission it was considered that the following

colncidence equations could be used without significant

error.
NP = NO Cp
Ny = No Py,a12
Ne = No CgPy 412

Where PO 412 is the efficiency of counting the
0.412 MeV X—ray in the photopeak.

No correction was made for the angular correlation
between the (?J-particles and X—rays in this nuclide since
the P -particles were detected with almost 100% efficiency.
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CHAPTER - 3

Methods of Calculation

Part 1. Correction for the variation of neutron flux
during an irradiation

The cross sections reported here have been measured
elther by the associated particle method,or relative to thet

%pe(n,p)%un. 1In the

of a reference reaction, usually
first method the flux through the sample is determined
directly,while in the second it 1s assumed that both the
sample and reference element are exposed to the same flux.
The radioactive products induced in the sample and in the
reference element decay during the irradiation, at different

rates, and correction must be made for this.

As mentioned in Chapter 2 the neutron generator does
not produce a steady neutron flux and allowance must be

made for this%also.

Consider an irradiation of duration T. Resultant
activities are plotted and the activities at time tg, the

end of the irradiation, are determined by extrapolation.

variation of neutron flux
with time during the course
of an irradiation.
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a) A stable nuclide, 1, is activated during the irradiation,
producing a radioactive nuclide, 2. The radioactive nuclide,
2, subsequently decays to a stable nuclide at a rate deter-

mined by its disintegration constant, X .

t.e. 1 AmEL g _f:_, stable

The nuclide, 2, is produced throughout the irradiation
at an irregular rate given by the expression _
N,

dt

AP [

where, f_’fg is the rate of production of 2.

at
N:l.. is the number of nuclei of 1 exposed to the neutron flux.

0~ ,5 1s the cross section for the reaction 1 An,x) o

% (t) iz the neutron flux as a function of time.

During the short interval, dt, the number of nuclei of
& which are produced is ng = Nl' 0. % (t).at.
and these decay exponentially so that at the end of the

irradiation, time to, the number remaining is
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aNg(t0) = Ny. -y, 7((1;). e ~A(T - t) 44,

The value of 9‘ t at any instant is not known absolutely,
but its variation is proportional to the variation in the

counting rate of the neutron monitor, I(t).

i.e. }l(t) = I(t) /11

where, 7) is the factor relating flux at the sample position
to the counting rate of the neutron monitor (determined in
the associated particle method).
Thus:
t = to
- -t
Nz(to) = Ny. 6779 J I(t).e A (T ).dt.

K

The integral is conveniently replaced by the summation

t=o0

2 (1.e -2 (T - 1")).5 t  (abbreviated to 8,)
so long as § t is small compared to the half life of the
nuclide 2.

Then:

L

A similar expression applies to every nuclear reaction
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-~

accuring during the irradiation and, if

1p —> 8y —é-’stable
r

represents the reference reaction,

Ny(to) N,.0%9 . By

BBF(*‘") Nip - 0120 3gr

the unknown factor, ’)Z , cancelling between the two expressions,
provided both sample and reference substance are exposed to

the same flux.

The activities of resultant nuclides at time to » the
end of the irradiation, are determined by extrapolation of

their decay curves. Then, since A0 = c.)\ « No,

Ao (2) Cge ). Nj.075. 8y
= (1)
Ao (2r) Cop- M « Nype Ogops Sop

where, 02 and 02,‘ are the detection coefficients for the

respective nuclides.
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b) In some cases, it was required to measure the relative
cross-sections for the undependent production of a pair of

nuclear lsomers.

A stagble nuclide, 1, is activated during an irradiation,
producing both the metastable and ground states of a radio-
active nuclide, 2. Allowance must be made for the formation
of ground state nuclei via the metastable during the course

of the irradiation. The process can be represented:

(n,xl) 121
Y Y 1.7,
1 (n,x) 2 2} stable
P

The total number of nuclei of 21 present at the end of
the irradiation is given by

1
5l (to) = .ot = (1.ef‘" (T-1t)) Se.  (2)

j

The total nuwber of nuclel of 2 present at the end of
the irradiation is given by



Ny. 07, = (J:..e:'>‘(T -t)yst 4+ &

1

Ng(tO) =

Ny,0712- B
n

where, N is the number of nuclei of 2 formed via the meta-

stable state 21, during the course of the irradiation.

The rate of formation of 2 via 21 is given by

o = N21. Ao ow).
at
Then:
oMoyt atEne- M T -8) _ =M (T - t)y g,
AN
N, .ot 1 |
= 1-"18 \ ] (321-32),

and the total number of nucle:l:‘ of 2 present at the end of

63

(3)
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the irradiation is

1
N.
_1__[0;21 , 2 (85 - 85)+ 034 sg] (4)

1 1 1
Ng 013 . 33
1 1 1
Ng 012 . X (85" - 85)+ 0713 8
2=\

¢) A similar case to that discussed in b) is when a reaction
product decays to an active daughter which itself is formed

directly in a reaction. The process can be represented:

1
X P
1 n,x 2 é stable
P
N, 0*121 in equation 2 and 3 of b) is then replaced by

Nll' (s ol 1121, and the total number of nuclei of 2 present at



Part 2 Straight-line

A semilog plot of
species ylelds a strai
species present with s
than a factor of 2) it
the composite decay by
are similar (less than
stripping is often 4if

of the decay curve fro

A method of overc

plot51 (or a 'Bunney' ]

Consider a decay ¢«
components 1 and 2 of 1

)«2. ‘The - total activ:

By multiplying boi

As stated )1 ant

the end of irradiation is

65

(5)
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to pa: as a function of U , a plot of Ae,)“t versus e (M - A2 )
activ: is a straight line with Intercept Ag and slope Ag, the
plot initial activities of components 1 and 2.
The above method only applies to independent components
) but an analogows method for use with parent-daughter growth-
+Al
Ae decay curves has been recently pointed out by Buchananss.
The net (background-subtracted) counting rate of a
parent-daughter mixture is the sum of the counting rate due
to the parent activity, the daughter activity present initially,
and the daughter gctivity grown from the parent.
1
nuclid A = ABQ—Apt + Age-)dt + ‘%? ( g_g )( )_d )(e—)pt_e—Adt)
o P )d-)P
Ap an
of the
or rearranging
o -)pt cd \a
O [1+(5—)<——_——)]
D Ad "~ Dp
At | ,o o \a
ve [Ad - A (%)(-———_——)]
p XNd"Ap A
and

In these equations, A is the net observed counting rate,
C is the counting efficlency, t is the elapsed time, super-

D script O gesignates an activity at t = 0, subscript p refers
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anisotropy corrections are additive here for both particles
a better arrangement would have been to accept and count
particles in the same direction where the corrections would

have largely cancelled.

If & particles are counted at an angle # to the
incident deuteron beam direction by a detector which subtends
a solid angleA-Q“ at the target, the total number of

neutrons produced per X -particle incident on the target is

given Dy

N = ( Z‘%Tq_ )Rcu

where Ry 1s an anisotropy factor whose value depends on %
and on the incident deutgron energy. In Fig. 27 are shown
values of Ra for thick targets obtained from the work of
Ruby and Crawfordm. For the present conditions Ry was
taken to be 1.028. The relationship, ( ¥'), between the
neutron centre of mass solid angle (w') and laboratory solid
angle ( w ) was obtained from the data of Benveniste and
Zenger54 and is shown in Fig. 28 for various laboratory

angles and incldent deuteron energies. A value of 1.056 was

]
taken for ( %;: ) for irradiations made here in the forward
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direction since most of the neutrons will be produced in

the resonance region of the excitation function.

The mean neutron path length through the actual foil
was also calculated; the expression used was derived as
follows. In Fig. 29, let the diameter of the foil be R,
the thickness d,and the distance from the disc to the point
source 8,D. Since D >R and > d,edge effects of the disc

were considered to be negligible.

Fig. 29

Consider an annulus of the disc with radius r and width dr
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Area of annulus = 2MWr.dr.

Apparent thickness of disc to neutron incident at an

d
anglee = m .
The apparent volume of the annulus = 3 og 5 ° 2N r.dr.

But r = D tan®,

and d4r = Dsecze-.
as

The apparenf volume of whole disc (where- [ is the semi-
angle of the cone subtended by the disc at the target)

_ ji‘ a.om.

088 Dtane.Dseczs .de.

o

The mean thickness of the disc to incident neutrons

d. 50 (cos & )"4 sin® a &
Sr (cos @ )'3 sin 8 a O
o

(cos { )'5 -1 .
) s (cos F )'§ -1

In general this correction added gbout 1% to the
foil thickness.

The deuteron beam contained D; ions which were seen
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from the oL -recoil spectrum to contribute 16% to the total
neutrons produced. Correction was made assuming that the
reacting deuterons were incident at 70 kevV which gave a

correction of -1.6% on the calculated neutron yield in the

forward direction.

Tritium decays to 3He by P -decay with a 12.26y half-

4He + 1H gives

life and since the reaction 5He + aH =
rise to A& -particles of similar energy to those from the

QT process,errors could arise here. At 140 kev the cross
section has been shown by Wgndel et al?8 to have a value of
80mb, while that for the II' reaction is 5000 mb; further, the

5H content,

5He contained in the targets is 10% or less of the
therefore contributions from this reaction were considered to

be negligible.

Protons from the D,D process were easily discriminated
against with the ORTEC counter and the reactions studied by
this method had threshold energies above the 3 MeV energy

of these neutrons.

The error of this method is estimated to be b&%,arising
malnly from uncertainties in the distribution of tritium in
the target as mentioned above. The solid angles were

measured to an accuracy of 1%.
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b) D,D process

Irradiations here were, in general, carried out at 90o
to the incident deuteron beam to reduce to a minimum the
spread in neutron energy caused by the spread in the energy

of the reacting deuterons (0 - 400 keV).

As was stated in Chapter 2 1t was more convenient to

count protons associated with the competing 2H(d,p) 5H

3He particles assoclated

with the neutrons produced in the 2H(d,n) 5He process.

reaction rather than the low energy

Thus if the proton detector subtended a solid angleA‘lpat
the target the number of neutrons produced per proton

counted is,
4 Ydn
N = (eri; YRP(:-sa;r )

where RP is the proton anisotropy factor and (Yd,n/Yd,p) is
the ratio of the total neutron to proton yield. Values of
these parameters were obtained from Ruby and Crawford57 and
are plotted in pig. 30. In calculations the distribution

of deuterium is assumed to be uniform. Deuterium in fact

is being continuously replaced and will diffuse throughout

the layer.
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Preston et al?o

have shown that both branches of the
DD process are anisotropic (to different extents) in the
centre of mass system. They obtained an anisotropy

dependence in the centre of mass system of the form

d:(e,) - dr;i??) [ 14+ 4c0s2® 4 B ocost6]
W

o
- _df_‘(%)_[ 1+ (A + B) 00828],
d

wherew' is the solid angle in the centre of mass system ( «~
being the corresponding angle in the laboratory system), e is
the particle centre of mass angle and A and B are 8nisotropy
constants. Values of A and B measured by Preston et also
at five different incident deuteron energies are plotted
in Fig. 32. By drawing smooth curves through these points
values of the sum (A + B) were estimated at intermediate
energles, Fig. 33. Using the data of Tuck®® for the total
cross section the differential cross section at 90° was

calculated from

dv'§90°) - o—
du [1+(A+B)c;§0:ldwl
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Fig. 32.Anisotropy constants for the D(dn)’He reaction,
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Fig.33. Sum of anisotropy constants. Ep (kev).
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Since the total cross section values for the D,D process
rise almost linearly with incident deuteron energy in the
range O — 400 keV, the incident deuteron energy was divided
into eight 50 keV intervals and the values of 9512; at 5°

aw
intervals from 90° - 140° were calculated for the mean of

each energy interval. A plot of %ﬂ against O was
then made for each mean energy and values corresponding to
angles of 90° - 140° at 10° intervals in the laboratory

system were interpolated. The values for each laboratory
angle (¢ ) were then added together and their average ( do” g )
calculated. The mean value for each laboratory anglé:was then
divided into the mean total differential cross section to
obtain the value of R, (thick) for each laboratory angle for

an incident deuteron energy of 400 kev.

E'__
(—z% )

ok S v
( %)

dwr 0 — 400 kevV,.

A similar calculation was made for an incident energy
of 200 keV to enable the contribution from D; ions to be
made The curves of Rn (thick) versus laboratory angle

are shown in Fig. 31.
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Samples irradiated at 90° were in the form of thin,
narrow foils or as powder in narrow tubes arranged around
the circumference of the target. The mean angle {{ and
distance i of the sample from the target was calculated.
The total neutron flux through the sample is then given

by N/(4 T R 2,mn l(;) ) neutrons om™2,
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Chapter 4
Part 1.
Determination of the cross—-sections of the nuclear reactions

3GFe(n,p)sslm:n and 65Gu(n,Zn)szcu:_by the assoeiated particle
method .

Both the reactions,

56pe(n,p)®un (41 = 165 + 1m)(Q = -2.926 Mev) and

53cu(n,2n)%%cu  (t3 = 9.9 4 0.1m)(Q =-10.838 MeV),
have been widely used as reference regctions when comparative
meaéurements have been made. Unfortunately the scatter in
the published values, (see the compilation of Liskein and
Paulsenl7) is large, and therefore in the present work these
cross-sections were measured absolutely by the associated
particle method. All @ values quoted have been taken from

Everling et alsl.

Experiméntal procedures.

a) Irradiation. Discs of iron (see Appendix A) and copper
(Hopkin and Williams ltd., AnalaR grade), 2.1 cm in diameter,
were irradiated 5 cm below the target in a light polythene
holder. In this position the activating neutrons were almost
monoenergetic, since, because of the resonance in the II' re-
action, over 80 per cent lie within the energy range 14.8 +

0.1 MeV with the incident deuteron energy of 145 Kev. In
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four of seven runs, each of 30 - 60 minutes duration, and
with tritium targets of different ages, the iron and copper
were lrradiated together in the form of a sandwich, and the
ratio of the values of the cross-sections obtained (Table 5).
Polystyrene discs, 13 mgcnftthick, were placed between the
metals to prevent transfer of recoil nuclei between adjacent
layers. The diameters of the foils and their separation
from the tritium target segment were accurately measured so
that the solid angle subtended at the sample could be cal-
culated. The arrangement of the solid state counter,used
to count the recoil & -~particles from the DT reaction, has

been previously described in Chapter 2.

b) Counting techniques.

(1) 56yn. The iron discs were dissolved in the stan-
dard acid mixture and counted in the liquid sample G.M.

counter as described in Appendix A.

(11) Efgg. 526u emits positrons in 97.92% of its
decays, and therefore the irradiated copper discs were sand-
wiched between aluminium plates thick enough to stop the
positrons, and the resulting annihilation radiation was
detected in coincidence by two 13" x 1" NaI(T1l)scintillation
crystals,4.5 cm apart,set.on the 0.51 Mev photopeak. The

coincidence count obtained was compared with that from a
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standard 22Na source, with the same dimensions, counted under

exactly similar conditions,

Both channels were opergted with a paralysis time of
5/13 while the resolving time of the coincidence mixer was

set at EVlS . The coincidence unit settings had been previ-

ously determined with the 22Na source, and count rates were

corrected for paralysis of single channels and the coincidence

mixer, backgrounds, and random coincldences as described in

Chapter 2.
The ©.9m decay of &ECu was corrected for the small cont-

ribution from 12.84h 64Cu(which arises from the reaction

6350u(n,2n)) by graphical curve stripping. Equations for the

corrections to annihilation radiation coincidences for the

22

nuclides are shown below, that for Na being corrected for

the contribution from the 1.28 MeV 3 -ray, while the y-rays

62

occurring in only 0.5% of the Cu decays were regarded as

negligible. Values of the efficiencies used in calculations
were taken from the data of Croﬂthamel42 and absorption
corrections were obtained from Davisson and Evanssz. The

following symbols are used in the expressions.

N, = observed count rate in channel 1(c.p.m).
No = actual disintegration rate of a source (d.p.m).
Pl = probability of counting Yl in its photopeak and in-

cluding corrections for absorption in the source and
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absorbers.
Tl = probability of 31 being counted by any absorption

process (again absorption correction being made).

T12 probability of part of the spectrum of x]_being with-
in the photopeak of xa.
B = percentage of decays of a nuclide by positron emission

to a particular energy level of the daughter product.

the solid angle subtended by the source at a crystal.

0.51 MeV channels.

= = - 0’51 - - 0!55'1.
Ny =N = N"[ZPJ..Po.m(l T1.28)+#P1T1.28(2(Tg 59 Po.sﬂ’*?ﬂ'x.zs].

Coincidence channel
_ 24T 0.51 .
Nyg = N°[2'P1(Po.51) T(1-T1 gg )1+T1 g8 (- (To, 51°Po, 5152+ 1P0.5]
p 1,. = 0.897.

620u.

Coincidence channel

2 47

ﬁa = 0.9792.

The ratio between the counting efficiencies ( 22Na/620w )
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0.993 , / ﬂz

0.908.

The corrections indicated in Chapter 3 were applied in
calculations of the cross-sections for the neutron flux ob~

tained by the associated particle method.

Results and comparison with other work.

The measured values of the cross-sections together with

the corrections made are shown in Tables 5 and 6.

The mean value of 98.3 4 2.4 mb. at 14.8 4+ 0.1l MeV for

the 56Fe(n,p)56ﬁn reaction cross-section agrees well with that

26

of 96.7 + 4 mwb obtained by Hemingway et al™ . of this labora-

tory using helium measuring techniques. The only common
factor between the two determinations was the liquid sample

G .M. tubes which were calibrated together and used under

identical conditions.

17

The disparity in the published values™ may be partly

explained by the fact that the energy of the neutronsused is

not always clearly stated; the excitation function for the

reaction determined by Terrel and Holm65, Bormann et a1.64,

65

and Santry and Butler indicates a smooth variation with

neutron energy, with a maximum at about 13.6 MeV. The
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majority of the measurements lie within the range 80 - 120 mb
and thus the value obtained here would appear to be at the

centre of this distribution.

66

Chittenden et al.  have measured the combined cross-

&7

section for the reaction Fe(n,np + n,d)56Mn and obtained

a value of 6.1 + 2.6 mb at 14.8 MeV. The correction for the

56 87

production of Mn from Fe in natural iron is therefore only

0.12%, which will not effect the result here since it is with-

in the experimental error.

The scatter for the values of the cross-section for

&3cu(n,2n)620u is again large; at 14.5 Me V the values range

between 482 + 72 mb (Paul and Clarke') and 647 4 80 mb (Brolley

et al.67). The value of 550 + 6 mb at 14.8 MeV obtained here

8

is in agreement with the recent work of Grimeland et al.6 of

548 4+ 10 mb at 14.8 MeV, and also with that of 550 ¢ 30 mb at
69 took as the average of their

own work and that of Ferguson and Thompson7o. The excitation

14.77 MeV which Glover et al.

functions obtained by these last two groups show the cross-
section rising smoothly in this energy region and thus values
around 500 mb messured by seweral workers at 14.1 MeV would

indicate a somewhat higher value at 14.8 MeV.

Estimation of error.

The errors quoted above were the standard erroré of the
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" means of the values obtained; the actual errors are estimated
as follows:- (1) Determination of neutron flux 5% (2) Calib-

ration of the standard 22Na source and liquid sample G.M.

56Mh, 1% and 6"zc:u 2%. These

56Fe(n,p)ssmn cross~

tube 2% (3) Counting statistics,

give a total error of + 5.5% for the

63

section and 4 6% for that of Cu(n,2n)620u.



Run No. of Mean Ao Ao S« Qo

No. target neutron obs count - (stered)
nuclei path (c/m) (a/m)
Pe length . .
x 0. _ x 10"4 . x 10°° X 106
N 1
*3

56

Table 6. Results for the Fe(n,p)56Mn reaction.

494  7.170 1.010 975 1,53 5.287 3.02
502 7.172 1.010 888 1,39 4.599 3.02
542  6.945 1.011 355 0556 1.895 2.92
554 7.092 1,011 758 1.19 3.942 3,02
600 7,077 1.010 709 1.11 4.547 3.35
658 7.170 1.010 600 0.939 3,458 3.02

n

56

N =Av03a1ro‘s No., Counter eff. for “"Mn = 0.0767 Chemical

1ot

On
(sterad)

0.1277

0.1277

0.1202

0.1277

0.1291

0.1277

Sn

x10

2,789

2,428

0.9736

2,114

2.236

1.8565

Y ielda = 0.8333.

Target
and

previous

use

(hours)

1.5C

3.0C

1.3A

3.0C

11.0E

75C

Cross
section

(o)

97.6
02,2
104.5
102.9
91.3

91.4

Mean

(mb)

98.3

i2.4

cu(n,en)o—
56Fe(n,p)a*

5.27

5.29

6.04

6.24

Mean
Ratio

5-'. 7’1

+0.08



Run No. of Mean Counting Ao Ao S Qo Ln Sn Target Cross Mean

No. target neutron eff, obs. cormt . (sterad) (sterad) and section (mb)
nucld path 0 previous
10° length (%) (c/) (d/n) —4 6 —o use (mb)
X S5 x %._ x 10 x 10 x 10 (hours)

Table 6. Results for the 6'5(':u.(n,2nL62c:u reaction.

630 0.6989 1.014 0.321 635 1.98 5,531 2.92 0.1852 4,449 0.94A 535
1.038
542 1.011 0.305 890 2.92 8.079 2.92 0.1202 4,151 1.3A 551 560
+ 6
554 1.381 1.010 Q.299 2680 8,97 18.41 3.02 0.1277 9.876 3.0C 544
600 1.381 1,010 0,289 2520 8.71 19.27 3633 0.1291 9.374 11.0E 551
668 1.381 1.010 0,283 1350 4,77 9,341 3,02 0.,1277 5.010 7.5C 570

N2cu = o0.07002 min”l
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Part 2.

Irradiation of 54Ee.

Pure iron foil and granules, as normally used for the
56Fe(n,p) 56Mn reference reaction, were irradlated in order
to check the value of 0.6 + O.1 mb obtalned by Chittenden et
a1%0, for the cross-section of the 54Fe(n,t)sammn reaction.
A search was made for activity resulting from the 54Fe(n,t)

5zgmn reaction and an upper limit for the cross-section of

this reaction was estimated.

The reactions studied were:-

S4pe(n, )% ym (ty = 21m) ( = -12.795 MeV)

Spe(n, t)528ym (ty = 6.7a) (@ = -12.412 Nev)
%pe(n,p)*m (ty = 314a) (@ = +0.094 MeV)
%4pe(n,2n)%%pe (t; = 8.930.1m) (@ = -13.620 WeV)

63

Half-life values (except that wmeasured for ““Fe) were taken

from the Nuclear Data Sheetsvl.

Experimental procedures.

In all the irradiations carried out, the cross-sections

66

were measured relative to the Fe(n,p)ssmn reaction by dis-

solving the whole or part of the sample in the standard acid
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solution, and counting the 56Mh activity in a liquid sample
G.M. tube, All samples were irradiated close up to the D,¥
target thus giving a neutron bombarding energy of 14.7 &

0.5 MevV.

a) 54Fe(n,t)szmmn gnd 54Fe(n,2n)§§ge reactions.

In a preliminary bombardment, iron granules were irradi-
ated for 30 minutes, and then placed between two x—ray
scintillation crystals set on the 0.51 MeV photopeak and also
connected in coincldence. The decay was followed and 3-ray
spectra were taken from time to time on the Laben multichannel
analyser. The coincidence channel revealed both an 8.9m
activity and a 155m activity, but no 2im 52th. By using
spectrum handling equipment j,associated with the multichannel

54Mn, SGMn and 55Fe were

b2m

analyser,photopeaks ascribed to

observed, but none characteristic of Mn could be seen.

52mmn emits positrons in 92% of its decays (1% electron
capture). These are in coincidence with a 1.434 MeV j-—ray

52Cr. It was considered therefore,

to the ground state of
that by counting coincidence between two X'-ray scintillation
crystéls, one set on the 1.434 MeV photopeak and the other on
the 0.511 MeV photopeak, the °*“n activity would be counted

preferentially in the coincidence channel.

Two irradiations were carried out; one in which a 2.1 cm
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diameter iron foil (0.5g) and another in which 1 g of iron
granules were irradiated close up to the target for 20 minutes.
The saﬁples were then sandwiched between aluminium plates to
ensure annihilation of the positrons, and counted between a
3" x 3" and a 1" x 1" Y-ray scintillation crystal. The
separation between the source and the can of the large and

small crystal was 0.4 and 0.5 cm. respectively.

The large crystal was set to count the 1.434 MeV photo-
peak while the other was set on the 0.51 MeV photopeak.
Both channels had a dead time of 10}15 and the resolving time
of the coincidence mixer was O.Sﬁﬁ . This, and the delay
between the two channels, was again previously determined
using a 22Na source since the decay scheme of the nuclide 1is
simlilar to that of 52mMn. The decay of the sample was foll-

owed as described for 500 minutes.

The single and coincidence channels all showed a weak
short lived component and a strong contribution from 155m 56Mn.
Unfortunately the large statistical scatter of the readings
from the coincidence channel made these results unusable.
Straight line plot analysis applied to both of the single

channels, however, revealed a 20 minute component in the
1.434 MeV channel and a 9 minute component from the 0,511 MeV
channel. The counting efficiences of the channels were

determined by comparison of calculated efficiences (found
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42”and the gbsorption curves of

using the data of Crouthamel

Davisson and Evans62) with the experimental efficiency ob-

22

tained for a standard Na source counted under similar con-

ditions. The threshold settings of the large crystal were

reduced to include the 1.28 MeV photopeak of 22Na.

Below are set out the 0.51 MeV and 1.434 MeV ¥ -ray

53 52m

Fe and Mn respectively. The

22

channel equations for

corresponding equations for Na together with the notation

used have been previously described in Part 1 of this chapter.

0..51 MeV channel

55Fe

o-5!
#(2. 0 50 &y Pogy (1 = Typge)+ Baeoqe T,ae(1 = 2(TosPos))

+(2.l6 5.0(2. PO‘SI (1 - To.q,g)(l - To.sgg)

' o-51
"'(35"’(2' To-tus (1 - To-‘m)(l - 2(T°.5, = Po.s,))] ’

B, = 0.495, Bz = 0.37, (33 = 0.11

0.56b.

0(1 0.45, o(z

where X 1is the percentage of decays from an energy level via

& particular § -ray.



90

55Fe from comparison with

The calculated efficiency for

221\1.91 was 0,06256.

1.434 Mev channel

52mMn

N = NO[S 1 P'.,‘gg(l - 2 To-sy'(Bl)"'(S 2 Pl-l,y,,(l = Tl-Sl)(l -2 To-Sl %)

+ (5 Pl (t = Tp,)(2 - Twz)]

0.92, 92 = 0.015

Ba
91

where S is the percentage of decays of a nuclide by positron

0.93, SZ = 0.02, 8-5 = 0.03

emission and electron capture events to a particular energy

level of the daughter product.

52m

The calculated efficiency for Mn from cemparison with

22N& was 0,0405.

b) 54%e1n,t)52gMn and 54Fejn,p)54mn.

56

After the decay of Mn, the long lived activities which

remain in a manganese source prepared from iron irradiated

54yn (314d). since

with 14 MeV neutrons are °28yn (6.7d4) and
528Mn emits positrons in 29% of its decays, the remaining 71%

being electron capture events, while 54Mh decays entirely by
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electron capture, under an end-window counter the former will

be counted with the greater efficiency.

Two runs were carried out in which about 2.5g of iron
granules were irrgdiated close to the target for 90 minutes.
After an irradiation the granules were thoroughly mixed and
0.6g taken for use as the monitor. The remainder were

treated as described below.

Carrier solutions.

Manganese and chromium carrier solutions were prepared
by dissolving 'AnalaR' grade Mn Cly. 4 H,0 and CrClg. 6 Hy0

in water to give concentrations of about 5 mg mlfl.

Isolation of manganese.

Step 1. The irradiated iron granules were placed in
a beaker together with 2 ml of each of the carrier solutions,
and dissolved on heating with concentrated hydrochloric and

nitric gecids.

Step 2. A few drops of hydrogen peroxide were added
to ensure complete oxidation of the iron to iron (III) and
the solution was evaporated to a small volume. It was then

made up to 30 ml and adjusted to 8N in hydrochloric acid.

-

Step 3. Four extractions with di-isopropyl ether (pre-
viously equilibrated with 8N hydrochloric acid) were carried
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out to remove the iron. On testing with potassium thio-
cyanate the agqueous phase was found to be free of iron.

The organic phase was discarded.

Step 4. The aqueous phase was heated on a water bath
to remove ether and then evaporated to reduce the volume.
sodium hydroxide was added to the hot solution followed by

hydrogen peroxide to precipitate manganese dioxide.

Step 5. The manganese dioxide was washed with water,
dissolved in concentrated nitric acid and hydrogen peroxide,
and reprecipitated from a boiling solution on the addition
of excess potassium chlorate. The precipitate was washed

and mounted on a glass filter pad in the usual way.

Counting techniques.

The manganese sources were counted under an end-window
proportional counter and the decay followed for several weeks.,
No component with a half-life of 5.74 was observed, the only

activities present being those of °Oun (155m) and %un (314d).

A typical decay curve is shown in Fig. 34. The efficiency of

528, ana %*Mn was calculated using the method

46

the counter for

and an upper limit wgs estimated

for the cross-~section of the reaction 54Fe(n,t)52gmn together

of Bayhurst and Prestwood

with an estimate of the value of the cross-section for the
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Fig. 34 .Decay curve of manganese activity.
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reaction 54ﬁe(n,p)54mn.

Results and comparison with other work.

The values of the cross-sections measured are presented
in Tables 7 to 11. The value obtained for the 54Fe(n,t)szmmn

cross~section of 2.66 + 0.42 mb is higher than, but of the

same order as, that found by Chittenden et al66

These workers irradiated 54’F6205 (96.66% 54Fe) and followed the

Of 0.6 i 0.1 mbo

decay of the resulting activities on an end-window pro-

portional counter.

Other values reported in the literature are some two
orders of magnitude sm~aller. Baerg and Bowes?z'found an
upper limit of 75,Lb at 14 Mev for the reagction leading to
the ground state while Heinrich and Tannerzz, using tritium
me?suring techniques, obtained a value of 120rd:a$ 16 Mev for
the combined reaction to both states. These are lower than
the upper limit for the cross-section of the reaction leading

to the ground state of 52ym (estimated as & 0.31 mb).

The spins of the excited and ground states of 52Mn are

2 and 6 respectively and therefore it is surprising that the

IOwner spin state appears to have the higher cross-section.

Possible explanations for the discrepancy are poor

counting statistics (the count rate of 52mMﬁ was less than &%
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of the background count rate of 56um), or a contribution from

the activity of 55Fe. The decay scheme of 53

Nuclear Data SheetsTI includes a low percentage of high energy

Fe from the

X -rays which might have been detected inthe 1.430 MeV

43 b3

channel, However, standard x -ray spectra of Fe do not

show photopeaks corresponding to these g -rays.

A straight line plot analysis of the decay curves was.
carried out using both 9 minute and 21 minute half-lives

58 5 2mmn; a typical pair is shown in

corresponding to Fe and
Fig. 3% and Pig. 36. The curved po:¥.tion of the curve ob-
tained when the 9 minute half-life was used indicates that
this value is too short while that obtained with the 21 wminute
half-life is reasonably straight. This would indicate that

only a very small proportion of the count rate attributed to
52mMn can be due to 55Fe.

The large negative @ values for the (n,nd) reactions

eliminate any contribution from this process at this energy.

54 53Fe cross-section of 8.90 4

The value for the “ Fe(n,2n)

0.03 mb obtained here is supported by other workers; Depray
et al.”® (7 + 0.7 mb at 15 MeV.), Chittenden et al.®® (7.9 4
0.8 mb at 14.8 MeV), Allan'® (10 4 4 mb), Neuert and Pollehn’o
(11 + 1.5 mb) and Carles ' (10 + 5.6 mb) all at 14 MeV. The

value of 14.4 x 0.3 wb at 15 NeV obtained by Rayburn78 appears

to be rather high.
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The rough estimate of 371 4 40 wb for the value of the
54Ee(n,p)54Mn cross-section is in approximate agreement with
the values of Allan79 (382 + 13 mb &t 14 NeV) and March and
Morton®® (876 4 50 mb at 13.5 MeV) both using nuclear emulsion

81 gave

techniques. The direct measurements of Storey et al
333 + 67 mb at 14 MeV and 561 + 112 mb at 15.7 MeV. The

values of Pollehn and Neuert77 (264 + 28 mwb at 14.1 MeV), Cross
et a1.5% (310 + 25 mb at 14.5 MeV) and Martin and Martin®® (201
+ 18 mb at 14.7 Mev), all measured using activation techniques,

are lower than that obtained here.

Estimation of errors.

The reactions were measured relative to a value of the
56Fe(n,p) 56Mn cross-section which had an estimated error of
+ 6.5%. In the case of the 54Fe(n,t)szmMn cross-section
errors of up to ¢ 15% were possible from the graphical analysis
of the decay data excluding the effect of any contaminating
activity as mentioned above. The error in the estimation of
the efficiency of the 1.484 MeVv X'-channel should not be more

than + 10%. The error on this value should not therefore be

more than + 20%.

=]

No 5.7d activity from the decay of the ground stgte of

'52Mn was observed and the upper limit for the cross-section

quoted has an estimated error of + 50%.
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53 54

The ““Fe activity from the Fe(n,zn)ssEe reaction was

measured relative to a standard 22Na source, The error in
the standardisation of this source was + 2% and the total
error in the comparison should not be more than + 5%. The
graphical analysis made should have an error of less than 2%.

This gives a total of 4+ 7% for the cross-section.

54

The value of the cross-section for the Fe(n,p)54mn may

be in error by up to 50% arising from the weak intensity of the
activity, (only twice background),and the estimation of the

efficiency of the proportional counter for the X’-rays of 54mn.



\%%pe = 0.07789 min~

Irrad No. of Chemical Counter
No. target Yield Eff.
nuclei
x §1 (%)
. 56, 56
Table 7. Data for reference reaction “ re(n p)" Nn.
K71 7.036 x 10~° 83.33 0.0767
K74 1.674 x 1072 39.42 0.0767
K77 3.290 x 10”2 11.12 0.0767
K78 3.356 x 10~ % 0.9782 0.080
4
N is Avogardro's No. )\Mn56 = 0.004472 min Fe56(n,p)Mn
.Table 8. Results for 54Fe(n,t)52mMn.
-4
K71 4.483 x 10 100 0.041
K74 1.067 x 10~ 100 0.041
A un%e® _ 0.03301 min~?
Table 9. Results for 54Fe§n,2n)§5Fe.
| -4
K71 4.483 x 10 100 08625
K74 1.067 x 10~° 100 0621
1

86

Ao
Obs.
(c.p.m.)

3.36 x 10°

1.99 x 10°

2.75 x 10°

1.81 x 104

1,790

2,690

1.80 x 104

2.13 x 10%

Ao

correct
(d.p.m.)

5.26 x

6.60 X

3423 X

2.88 x

3,43 X

10

10

10

10

x 10

5.60

1.51

4.49

3.20

2.79

1.14

1.956

0.781

Measured
Cross

section
(mb)

2.24

3.08

8.92

8. 8%

Mean

8.90 4 0.03



Irrad. No. of Chemical Counter Ao. Ao. s

Measured Mean
No. target Yield eff. obs. correct -6 cross
nuclei (%) (cepem.) (dep.m.) X 10 section
x Nt (mb)
Table 10. Results for °%Fe(n,t)%2&m.
K77 2.096 x 10~° 86.7 0.10 < 10 < 115 5.45 < 0.24
< 0.31
K78 2.138 x 10™° 76.3 0.10 £ 10 <. 130 ' 5.89 <. 0.38
Am®28 - 0.00008445 min~1
Table 11. Results for 54Fe(n,p)&4mn.
K77 2.096 x 10”9 86.7 0.015 38 4400 5.47 331
-3 . 371 + 40
K78 2.138 x 10 76.3 0.015 30 3932 3.91 412
AN%un - 1.533 x 1072 min~L
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Part 3.

Irradiation of oxygen, nitrogen and fluorine.

The reactions studied were:-

JL4N (n,2n) lSN (t% = 10.0 + O.1m) Q = -10.553 MeV.

19F (n,2n) ZLBF (t% = 110 + 3m) Q = -10.442 MeV.

16, (n,p) 16, (t% = 7.358) Q = -9.626 MeV.
The half 1lives of *°N and *®F were measured,the values

obtained being shown above; all the decay schemes and the

half life of 1GN, were taken from the Nuclear Data Sheets71.

An accurate knowledge of the values of cross-sections
of nuclear reactions induced by neutrons in oxygen and nit-
rogen is required in nuclear reactor technology. The more
important of these in this field are 16, (n,p) 6y  anda

14N (n,2n) 15N, both of which have been measured here.

16

Since N has a short half-life coupled with a complex

decay scheme it wgs decided to compare the count rates ob-

13 16N on irradiation of a foil containing

tained from ™ N and
both nitrogen and oxygen. By irradiating and counting

different thicknesses the actual ratios of activities should
be obtalned by extrapolation to zero thickness of foil, and

thus the relative values of the cross-sections could be cal-



98

culated. The 14N (n,2n) 15N cross-section was first meas-

ured relative to the 56Fe (n,p)56Mn reaction, a value for

the 19F(n,zn)laF cross-section being arrived at in the process.

Foils of cellulose nitrate of thicknesses 0.003%", 0,004"
and 0.005" were obtained from B.X. Plastics Ltd., and sent
to the Microanalytical Laboratories, Oxford, for analysis of
hydroéen, carbon and nitrogen. The result of the analysis
is shown in Table 12, the values for oxygen being obtained
by difference. The mean values for the three samples were

used in calculations.

Table 12. Analysis of cellulose nitrate foil.

Foil thickness % content
(0.001") c H N 0
3 39.06 4,93 8.48 47.563
4 39.98 5.12 8.54 46,36
5 39.73 65.11 8.56 46,60
Mean 39.59+0.28 5.05£Q.06 8.53+40.03 46.83+0.40

Measurement of 14N(n,2g)15N and lgE(n,Zn)laF reaction: eross-
sections.

Although %N is a pure positron emitter (100% @"’), the

low activity obtained from the irradiation of cellulose nitrate

22

prevented a direct comparison with a standard Na source, by
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counting annihilation X—ray coincidences. 18}3‘ was therefore

used as a secondary standard, since this is also a pure posit-
ron emitter (97%4(3*, 3% E.C.), and can be obtained in high

activities from the 19F(n,2n)18F reaction.

18 18F activities was made on

Direct comparison of N and

a single scintillation crystal set to count the annihilation

18

Photopeak, the strength of the F source being determined

22

relative to a standard Na source by coincidence techniques.

Experimental procedures.

Discs of cellulose nitrate, Teflon ((Cy; F,),), and iron,
2.1 cm in diameter were irradiated as a stacked foil 2.5 cm
below the target block in a light polythene holder. The
energy of the activating neutrons was taken as 14.8 4+ O.1 MeV.

Seven irradiations of 30 minutes duration were made.

After the irradiation the iron discs were dissolved in
dilute hydrochloric acid and made up to 256 ml of which 10 ml
was counted in a calibrated liquid sample G.H, tube as des-

cribed in Appendix A.

The cellulose nitrate discs were sandwiched between
aluminium absorbers and placed 0.5 cm from a 13" x 1" NaI(T1)

scintillation cr&stal spectrometer set on the 0.51 MeV photo-~

13

peak. The decay of N was followed for 6 half-lives, after
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which the discs of cellulose nitrate were replaced by one of

185 fpom this counted under identical condit-

13 18F were observed in

Teflon, and the
ions. No activities other than N and

the sources,

The Teflon disc and absorbers were subsequently counted
between two 13" x 1" scintillation crystals both set on the
0.51 MeV photopeak, their separation being 4.2 cm. Comparison
was made with the colncidence rate of a standard 22Na source,
counted under identical conditions. The delay and mixer

resolving time of the coincidence unit were previously deter-

mined using the 22Na source.

Correction was made to the coincidence rates for back-
ground, random coincidences, and single channel and mixer
dead time as described in Chapter 2. The coincidence equat-

62

ion for 18F is lidentical with that for Cu, except for the

substition of the value of ‘52:(here 0.97), as is set out
- together with the equation for 22Na, in Part 1 of this Chapter.
The measured ratio between the counting efficiences (22N&/18F)

was 0,916,

Results and comparison with other work.

The values of the cross-sections measured are shown in

Tables 13 to 1b. In calculating the mean value for the
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L4N(n,2n)15N cross-section the value of 8.98 wb from irrad-
iation 3 has been ignored since it is more than five
standard deviations from the mean of the remainder of the

set. No explanation can be offered to cover this disparity.

Table 16 shows the values for cross-sections found in
the literature together with those of the present work;
7.42 4+ 0.47 mb for “m(n,2n) %y and 52.1 4+ 3.3 mb for

19F(n,2n)18F. From the reported excitation function of both

90

reactions the value of the cross-sections can be seen to

rise rapidly over the neutron energy range 14 - 15 MeV; care
is therefore necessary in quoting neutron energies. Both
values for the cross-sections measured here lie towards the

centre of the scatter of quoted values (some of these having

large errors) and agree closely with the work of Rayburn79

who used similar techniques. His values were measured rela-

65cu(n,zn)szcu cross-section at 14.4

tive to 503 mb for the
MeV which is lower than that indicated by the present value
of 550 mb at 14.8 MeV. A somewhat higher value for both
crogss-sections would therefore be expected on extrapolation
to 14.8 MeV. The ratio of the cross-sections agrees within

the errors with that found by Rayburn79 and Cevolani and

Petralia24.

Estimation of errors.

The errors quoted in Tables 14 and 15 are standard errors
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of the means of the results. The actual errors were estim-
ated as follows:- (1) 56Fe(n,p)sGMn reference cross-section
5.5%; (2) standard ?24a source 2%; (3) graphical decay analysis
1%; (4) nitrogen content of the sample 0.5%. This gives a

total error of + 6.3% for both cross-section values.



Irrad. Nao of A0 Ao S

No. target obs. corrt.
Nuc:l.ei CeP.llis dopom.
3
x 0 x 1074 x 10~°
N
b6 56
Table 13. Data for the reference reaction “ Fe(n,p)“ Mn.
1 6.996 2110 6.53 10.83
2 7.060 1110 3.43 5.015
3 7.070 5060 15.6 18.70
4 7.060 2100 6.49 7.484
&5 7.047 730 2.26 2.888
6 7.080. 706. 2.18 2.550
T 7.031 118Q 5.66 4.192
56Fe(n,p)SGM:n g” = 98.3 mb, N = Ayogardro's No.
Counter Efficiency = 0,0767 x 1.0656 = 0.0809

pilution factor = 0.4 2%ma - 0.004472 min~t



Irrad. No. of Counter Ao Ao S Measured
No. target eff. obs. corrt. -5 cross
nuclei (%) Ce.PeMM. d.pP.m. x 10 section
. 108 (mb)
v
14 13

Table 14. Results for the N(n,2n) ““N reaction.
1 3.807 6.53 1140 1.74 x 10% 4.525  7.40
2 3.806 6.54 652 9.97 x 10° 2.163  7.93
3 3.809 6.88 2930 4.26 x 10% 6.694 (8.98)
4 3.808 7.08 1230 1.74 x 10% 3.30¢  7.14
5 3.780 7.20 414 5.76 x 10° 1.222 7.1l
6 3.780 7.19 368 5.12 x 10° 0.9310 7.64
7 3.778 7.30 731 1.00 x 10% 1.862  7.29

N1y . 0.06932 min~1
19 18 .

Table 15. Result s for the ““F(n,2n) *°F reaction.
1 35.46 0.152 371 2.44 x 10° 10.55  53.8
2 35.46 0.158 201 1.27 x 10% 4.887 53.7
3 35.46 0.154 855 b5.55 x 10° 18.14¢  51.9
4 36.46 0.157 353 2.26 x 10° 7.297 50.3
5 365.45 0.159 131 8.24 x 10%* =2.813 52.9
6 35.46 0.169 123 7.74 x 10% 2.467 52.0
7 35.45 0.160 203 1.26 x 10°  4.089

)\18]? =

0.006189 min~t

49.8

Mean



Table 16. _ Gollecteg values of cross_-sections for the
14N(n42p)15N and lgF(njzn)lsF reactions.

MN‘(n,zn)laﬁ 191?( n, 2n)18F Neutron Ratio Reference
energy o F
0~ (ub) G~ (mb) (wev) 5
84
5.4 + 0.46 38.9 2.3 14.1 7.2 Cevolani and
* * Petralia%.
5 + 1 43 + 4 14.3 8.6 Heertze et a1.85.
541 60 4 20 14.0  12.0  Brill et a1.%é,
5.67 + 0.85 60.6 4 18,2  14.7  10.7  Paul and Clarke'.
70
5.18 4+ 0.6 - 13.77 - Ferguson .
| 70
8.69 + 0.9 - 14.74 - Ferguson .
79
7.41 ¢ 0.59 51.9 + 3.7 14.4 7.0 Rayburn “.
- 66 + 7 14.18 - Picard and 88
T . Williamson® —°
- 66 + 15 14.5 - williamson®?,
68
6.3 + 0.4 41.2 + 2.2 14.1 6.6 Bormann et al.”C,
8.7 + 0.7  60.2 + 2.2 15.2 - 9  Bormamn et al.%C,
19 & 10 62 + 9 14.1 3.5  Ashby et al.l,

7.42 4+ 0,47 52.1 3.3 14.8 7.0 ‘Present work.
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B. Measurement of the 16b(n,p) l6N reaction cross-section.

Experimental procedures.

Various thicknesses of cellulose nitrate in the form of
2.1 cm diameter discs were irradiated for ten minute~periods
1.5 cm below the target block. This arrangement gave an
effective activating neutron energy of 14.8 + 0.1 Mev. After
irradiation they were transported by pneumatic tube to the
counting room. The total time for transfer and for placing

the discs under a counter was 10 seconds.

2’Mylar film stret-

The discs were supported on a 1 mg cm
ched over a 5 cm diameter hole cut in a normal source shelf
and counted between two opposing end-window proportional
counters connected in parallel, These had previocusly been
selected as having the same operating voltage. Since the
counters were fitted with thin (100 pg co~2) VYNS windows,
and together subtended a solid angle of 3.3 M stergdians it

was assumed that backscattering effects would be eliminated

and any decay scheme coincidence effects minimised.

During an irradiation the variations in the neutron flux
were followed using the ORTEC solid state counter (since this
was more stable than the plastic scintillation neutron wmonitor);
counts were fed to a scaler and recorded at short time intervals

by a camera operated by a quartz crystal timer. Eight one
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minute time intervals were followed by .twenty of six seconds.
The camera operated in 1.2 seconds during which time the
scaler was stopped. It was assumed in calculations that
the neutron flux remained constant over each complete cycle

of the camera.

13

16 N detected on the twin

The activity of the N and
proportional counters was similarly recorded by the camera
with periods of six seconds initially, then increasing gradu-

ally to six minutes.,

The decay data were analysed by the straight line plot
method with the aild of an Elliott 803 computer; the programme

u“sed was kindly lent by Professor G. R. Martin.

Twenty four irradiations were c,rried out at six dif-

ferent thicknesses.

In order to obtain some indications of any trend in the

16O cross-section due

13

variation of the measured value of the

16

to gbsorption of the radiations of N and N in the source

and supports the following absorption measurements were made.

: in
16N. It was convenient to carry out absorption measurements

on 16N directly because of its short half life. Therefore

16

experiments were made on “2k which, like P, decays with the

emission of some @—particles of high maximum energy. The
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16

mean (3 -particle energies are N, 2.7b6 MeV and 42K, 1.56 MeV.

A solution containing 42K was evaporated on a 1 mg cm"2

Mylar film supported on a 4 -ring and counted between the
twin proportional counters with and without sheets of cellu-
lose nitrate placed on either side. Correction was made for
the decay of 42y (t% = 12.45 h) during the measurement., The
source (3.96 mg cm'z), support (1 mg cm"z) and air gap (0.6 mg

2

cm'g) gave a mean thickness of 3.1 mg cm ° to the/6-particles

at zero added absorber thickness.

EEE;. A suspension of dilcyanamide (02H4N4) in benzene was
evaporated at fhe centre of a Mylar film supported on a Perspex
'4 M -ring'. The dicyanamide was 'fixed' with a drop of cell-
ulose nitrate dissolved in acetone. The sample was irradiated
for periods of 20 minutes and counted between the two propor-
tional counters as described above. No activity with a half

13

life other than that of 10 minutes corresponding to ~ N was

observed. The source (2.4 mg cm'z), support (1 mg cm'z) and
air gap (0.6 mg cm-z) gave a mean thickness of 2.3 mg cm? to

thepparticles at zero added absorber thickness.

The absorption curves obtained are shown in Flg. 37a, the

values having been normalized to 100% at zero absorption.

13

Fig. 37b. shows the variation of the ratio of ™ N absorption

to 42K‘absorption with foil thickness.
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Results and comparison with other work.

In Table 17 are presented the results of measurements
of the 16o(n,p)lG'N cross-section relative to the 14N(n,2n)15iv
reaction cross-section at six different target foil thick-
nesses. The mean value obtained at each thickness has been
plotted against foil thickness in Fig. 38. The trend in the
variation of the apparent cross-section with target thickness
was assumed to be linear and a straight line through the

points was drawn from a least squares analysis of the values.

+
The continuous energy distribution of @»—particles from
a positron emitter, such as lsN, has a smaller proportion of
particles in the low energy region of the spectrum compared

with that of negatron emitters such as 16N. At these absor-

ber thicknesses therefore, a higher proportion of (3 -particles

16 13

from N are stopped than from N. This is shown in the

42¢ ana 1%y (pig. 37v); the

2

relative absorption curves for
ratio showa a variation of 3% from O to 18 mg cm‘ absorber
thickness. From these considerations, at the target foil
thicknesses used, the slope of the variation of apparent cross-
section with foil thickness would be expected to be negative

and have a value of a few per cent. The slope of the line was

found to be ~-1.3%. The extrapolated value of the cross-

section at zero thickness of the foil was 36.2 + 0.4 mb.

The excitation function for this cross-section obtained



<o}
—~

n

C r

-~ T
- ¥ —
.hr
£ | |

a -
£ °© o ] [ l
wo <6 b _. —

. (o]
<

©

n -._l

S
b

MW du
b g

A n

[+]

|
(9] X

310 ~ . . N A n —_ . . . -~ .

¢ 4 I3 i 16 10 24 8 3z T4

Target foil thickness (mg/cm?).

Fig. 38.Variation of measured cross-sectirr with target foil thickness.



107

by Seeman and Moore92 and De Juren et al?3

show peaks at
neutron energies of 11.8 MeV, 13.7 MeV, 15.1 MeV and 17 MeV
with a trough between 14 and 15 MeV. At 14.8 MeV the value
obtained here is in fair agreement with both these'workérs,

De .Juren et al® (33.29 + 2.4 mb at 14.76 MeV), Seeman and
Moore®? (32.8 4+ 1.4 at 14.84 4+ 1.4 MeV) and also with that

of Kantele and Gardner>® (38.2 + 6 mb at 14.7 MeV) all using
activation methods. Lilliegs,using cloud chamber techniques,
obtained a value of 35 mb at 14.1 MeV. The earlier measure-
ments of Paul and Clarke' (49.0 + 2.5 mb at 14.5 MeV) and

Martin96 (89 + 30 mb at 14 MeV) are significantly higher.

Estimation of errors.

The errors quoted in Table 17 are standard errors of the
mean of each set of values. The actual error has been estim-
ated as follows:- (1) Counting statistics not more than 4+ 5%
(2) Graphical extrapolation + 2% (3) Oxygen and nitrogen
content of foils + 1% (4) Estimated error in the 14N(n,2n)15N

reference reaction + 6.3%. This gives a total error of 4+ 8.H%.



Irrad. Poil Ao 16 S Ao S Measured Mean

No. thicknfgs obs.” N 16N dbs.lan 15N sgg::gn of set
mg cm C.p. Se C.P.S. x 10"5 (m-b)
Table 17. Results for the 166(n,p) N reaction cross-section.
419 11.58 306 441L 6.256 1,796 37.7
574 362 2314 5,04 0.7096 41,6
580 634 4511 14.3 1.902 33,3 3645
634 194 1474 5.43 0.7672 35,0 + 1.5
648 159 16056 3.92 0.6874 3269
420 14.44 483 4370 10.5 1.833 36,6
562 666 3699 12.95 1.375 38,5
b72 444 26564 9,74 1.028 34,5 36 .4
576 743 4187 14.3 1.660 28,7 * 10
579 720 4360 18.0 1.9656 34,0
421 17.64 " b33 4088 12.2 1.784 36,2
581 1140 5233 22.0 1.868 35.0
355
633 667 2621 11.7 1.049 38,2
i.1°4
649 287 1609 6.23 0.5910 31.9
497 23,20 395 3228 8.72 1.322 35,0
619 483 1739 11.4 0.8216 38.0 34,5
646 307 1497 8.71 0.6833 30.3 t 22
429 29.20 b67 3725 13.2 1.577 34.5
560 1360 3615 22.4 1.198 37.8
37«1
618 1060 2934 20,0 1.101  37.4 4 1.1

647 681 2162 12.3 0.7999 38.8



428 31.80 511 3285 12.0 1.386 33.9

620 795 2009 12.3 0.6871 41.6 36.8
645 474 1558 12.8 0.7113 32.1 + 2.8
Ref. cross-section 14N.(n,zn)lsN = T.42 4 0.47 mb.

Ny _ 1.155 x 1070 secT? WSy - 9.432 x 102 secTt

)16N cross-section at zero

Extrapolated value of 16'o(n,p
thickness = 36.2 + 0.4 mb,
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Part 4.

Irradiation of Calcium.

Calcium was irradiated with 14 MeV neutrons in an attempt
to measure the cross-section for the reaction 4OCa(n,t) 38K
previously reported by Baerg and Bowesya'to have an upper

limit of 201p,b. - The reactions studied were;

40ca(n,t) 3% (ty = 7.7m) g = -12.933 HeV.
“Poa(n,p) ®k  (t; = 12.5 1 0.1n) Q@ = -2.747 Nev.
436a(n,p) 4%k (ty = 22.4h) Q = =-1.034 MeV.
44ca(n,p) & (ty = 22.2 4 0.2m)  Q = -5.320 MeV.
48 4.74) Q = -9.928 Meﬁ.

Cca(n,2n) 470q (t

i

4
2
The half lives for 42K and 44K are measured values the others

being taken from the Nuclear Data Sheets.?’1

Experimental procedures.

Preliminary irradiations (K92, K94) were made in which
1.5g quantities of AnalaR grade (Hopkins and Williams Ltd.)
calcium carbonate were irradiated. The specification for
this chemical gave the impurity from sodium and potassium as
less than 0.05%, but this was found to be sufficient for S°K

activity, arising from the regction 59K(n,2n)58K on the con-
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taminating potassium, to mask that from the 4oCa.(n,t) 5SK

reaction. Granular calcium metal of 99.9% purity was ob-
tained from Koch-Light Ltd. (Batch No. 36236), the chemical
specification of which indicated it to be free from potassium.
Four irradiations were made with O.5g samples of this material
placed close up to the D,T target for durations of 8 - 20

minutes.

All cross-sections were measured relative to the
56Fe(n,p) 56Mn cross-section as previously described. The
samples were sandwiched between two 2.0 cm diameter discs of
iron foil; the latter being wrapped in polythene to prevent

63

transfer of recoil products (9 m ““Fe could possibly inter-

5ak‘_especially since both are

fere in the detection of 8 m
positron emitters). The whole sample was contained in a
polythene capsule and irradiatéd close to the target. The
separation of the foils was 0.3 cm, while the distance be-
tween the first foll and the target segment was 0.3 cm. This
arrangement gave a neutron bombarding energy of 14.7 + 0.5 MeV

with deuteérons of 220 keV energy incident on the target.

The iron foils were weighed and enough pure iron was
added to bring up the weight to 1 ge. It was then dissolved
in 40 ml of the standard acid mixture and made up to 500 wl
with distilled water; this was then equivalent to the 260 ml

dilution of Appendix A. A correction was made to the obser-
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ved activity of the iron, to obtain the neutron flux at the
position of the calcium, by applying the foil/granule ratio

also determined as described in Appendix A.

Preparation of carrier solution.

A suitable carrier solution for potassium was made by
dissolving KCl in water. The solution contained about 2.5

mg mIaof carrier,

Separation of potassium.

gtep 1. The calcium carbonate or metal was placed in
a conical flask containing 2 ml of potassium carrier solution
with 4 few mg each of Fe Cla'and NaNO; to act as hold-back
carriers for iron (54Fe) and nitrogen (15N possibly arising
from the 14N(n,2n)15N reaction on atmospheric nitrogen).
3 ml of 6N hydrochloric acid were added, and the solution
boiled to ensure complete dissolution, chemical exchange and

the removal of any argon formed from (n, k) regctions on

calcium.

Step 2. The solution was diluted with 150 ml of ice-
cold water to make it less than 0.1 N in hydrochloric acid
and 15 ml of 6% sodium tetrapﬁenylboron solution added to

precipitate the potassiumgT.
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Step 3. The precipitate was carefully washed with
water, acetone and ether and mounted on a pre-weighed glass
filter disc in the usual way. The time for this procedure

was about 10 minutes.

Separation of calcium.

Step 1. The filtrate from the potassium procedure was
boiled down to reduce the volume and made Just neutral with

the addition of dilute sodium hydroxide solution.

Step 2. Excess oxalic acid solution was added to pre-
cipitate the calcium which was then washed and dried at 80°C.
The calcium oxalate was then packed into a semi-micro test

tube and counted in a well type NaI(Tl1l) scintillation crystal.

Counting techniques.

58K was the only possible positron emitter in the potassium

sources., Therefore, in an attempt to distinguish any activity

38K from the other potassium activities present, the pot-

of
assium source was placed between two NaI(T1) Y -ray scintil-
lation crystals both set on the annihilation photopeaks.
Coincidences between the two crystals were counted using a
coincidence unit, the setting of delay and mixer resolving
time (0.5/&3) being previously determined with the aid of a

22Na source. Aluminium plates were placed on each side, and,
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to obtain maximum counter efficiency, the crystals were
arranged'to touch the aluminium plates; their separation was.

then 1.2 cm.

To obtain the absolute counting efficiency direct com-
parison was made with the coincidence rate from a standard

22Na source counted under identical conditions. The decay

schemes of 22I\Ia and 5BK being regarded as sufficiently sim-
ilar, no corrections were made in comparing the coincidence
rates other than for the percentage of positron emission.

Corrections were made to the coincidence rate for the single
channels paralysis time, the resolving'time of the mixer and

random coincidences in the usual way. The coincidence decay

was followed as described for 600 minutes,

The activities of 42K, 45K and 44K were measured by

counting the potassium source under an end-window proportional

42K and 44K were determined by the usual

43

counter. Those of

curve stripping while that of ""K was found by straight line

analysis of the decay data using the method outlined in
Chapter 3. The counter efficiency for 42K had been obtalined

directly from the calibration runs of 42K, while those for 43K

and 44K were estimated by the method of Bayhurst and Prestwood46.

In one irradiation (K101i) the initial activity of 44K was.

estimated from the single channels of the X-ray scintillators
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by direct comparison with later irradiations (K102, K104,

K106 ).

48

The initial activity of Ca in the calcium sources was

estimated by counting the source on a welltype scintillation

crystal set on the 1.30 MeV photopeak (>1.16 MeV). = The

source was placed inside a brass walled cylinder of 1.03 g cm’z

thickness to prevent any p -particles entering the crystal.
The counting efficiency was estimated from the work of Redon

44 42

et al?® and Crouthamel®® whilst X'-fay absorption data was

taken from Davisson and Evanssz.

The equation used to determine the efficiency is shown

below; the notation is described in Part 1 of this Chapter.

470a

N = No @ 1[ Pz- Pi.30 ¢t ps - Po.s -Po.s]

‘31 = 0.82, pz = 0.93, [55 = 0.07.

The calculated efficiency is 0.02857.

Results and comparison with other work.

In Tables 18 to 23 are presented the results of measure-

ments on the cross-sections.

40

The value of 5.8 4+ 1.1=/Lb for the Ca(n,t)aSK reaction
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is based on the first one or two points of the initial part

of the decay curve observed in the coincidence channel which
lay above a line of 22.3m slope drawn through the remainder.

A typical curve is shown in Fig. 39. Previous values of this
cross-section are < 0.1 mb (Weigold and Gloverga) and < 0.02 mb
(Baerg and Bowes72). Khurana and Govil®® quote a value of

20 + 4 mwb which must be regarded as extremely high.

The value of 148 4+ 7 mb for the 42Ca.(n,p)42K reaction

100, and lies between

agrees with that of 140 i+ 45 mb by Hille
the values of 120 + 12 mb by Cohen®®l and 160 + 30 mb by

Levkovskiiloz, and is therefire well supported.

No previous measurement has been found for the 45Ca..(n,p)43K
reaction and the value here of 100.2 + 3.7 mb would seem

reasonable compared with its neighbours.

40.4 + 1.5 mb for the 44Ea(n,p)44K cross-section again

agrees falirly well with the values of Hilleloo, 25 + 12 mb,

and Levkovekiil®® 37 + 7 wb, but again that quoted by Khurana

and Govil99 (91 + 20 mb) is much higher.

The value of 868 + 67 mb for the 480a(n,2n)470a cCross-

section agrees within the errors with the two previous meas-
urements, 1070 + 360 mb (#111e*°°) and 920 + 184 mb (Hillman®©®)

the errors on all of these being rather large.
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Estimation of errors.

The errors in the values quoted above were standard

errors of the mean of the results.

4OCa(n,t)SBIK reaction arises in

The main error in the
the estimation of the initial activity which may be in error
by as much as ¢ 50% on such poor data and thus a value of

6 + Syub is quoted.

For the 42‘(39.-'.(n,p) and 44Ca(n,p) cross-sections, an error

of 4+ 1% 1s estimated from the graphical determination of the
initial activity, while the calibration of the proportional
counter is 1_5%. The error in weighing and in the volumetric
ware are both less than 1%. The reference cross-section
error has previously been quoted as 5.5%, which gives a total

error of 4+ 6.5% for these cross-sections.

45K was low, and the error in the initial

The activity of
activity is estimated to be + 6%. The remalning errors are
as those quoted above and give a total error of 4+ 8% for this

cross-~section.

47Ca.activity again arises from the very

The error in the
low count rates (of the order of only twice background initi-
ally), and also from the estimation of the counter efficiency.
Both of these have been taken to be + 10% which,with the other

errors quoted above,give a total of 4+ 15%.



Irrad. No Ao Ao 8
No. target obs. corrt.
nuclei Ce.D.Mm, d.p.m.
x Nt
56 56
Table 18. Data for the reference reaction Fe(n,p) " Mn.
K92  1.412 x 10”2 7.65 x 10°  4.56 x 10° 2.062 x 10
K94  1.387 x 102  5.25 x 10°  3.13 x 10® 9.204 x 10
. -2 4 7
K101 1.385 x 10 1.70 x 10 1.01 x 10°  3.059 x 10
-2 4 6
K102 1.414 x 10 1.37 x 10 8.16 x 10° 2.314 x 10
K104 1.424 x 10”2  5.5% x 10*  3.20 x 10° 9.831 x 10
K106 1.297 x 1072  5.70 x 10°  3.40 x 108 1087 x 10
, 56 56
N 1is Avogardro's No., ¢ " Fe(n,p)" Mn = 98.3 wb.
t; Pwn = 155m., NOm = 0.004472 min~L
2
Counter Eff. °°un = 0.080, Dilution factor = 0.02,

Ratio foil/granules

1.049,



Irrad. No. Chem. Counter
No. target Yield EfT,
nuclei
Table 19, Results of the 4oca(n,t)sax reagction.
K101 1.155 x 10™% 66.93 0.0225
K102 1.316 x 10~% 18.44 0.0223
K104 1.314 x 10~2 65.41 0.0225
K106 1.404 x 10~° 38.41 0.0233
N8 - 0.090026 min~2
Table 20. Results of the 42'ca(n,p)42K reaction.
¥
K92 7.057 x 10~° 86.07 0.337
K94 6.264 x 10”0 58. 11 0.337
K101 7.623 x 10™° 66.93 0.337
K102 8.685 x 100 18.44 0. 336
K104 8.671 x 10™° 65.41 0.337
K106 9.263 x 10™° 38.41 0.336

MN2% - 0.0009243 min~1

Ao
obs.
C.P.m.

31
47
19

1990
820
4680
930
1460
1000

6.86 x 10
4,19 x 10
2.08 x 10
1.50 x 10
6.62 x 10
7.75 x 10

Ao
corrt.
dep.m,

3.6 x 10°

7.5 x 10°

3.2 x 10°

2.1 x 10°

1.494
1.367
7.1569
7.854

2.132
9.612
3.166
2.371
9,970
1.071

X

X

X

X

X

X

X

10
10
10
10
10
10

Measured
Cross-
section
(mb)

ﬁﬁrb
8.2)Ab
7.0'4b
5.7}1b

139
136
172
139
156
150

Mean

148
i.7 mb.



Irrad. No Chemn, Counter Ao
No. target Yield Eff. obs.,
nuclei C.D.l.
X N
43 43

Table 21. Results of the ““ca(n,p) “K reaction.

K92 1.599 x 10~° 86.07 0.264 156

K94 1.419 x 107° 58,11 0.292 70

K101 1.727 x 102 66.93 0.285 368

K102 1.968 x 10~° 18.44 0.326 84

K104 1.964 x 109 65,41 0.286 100

K106 2,099 x 10~° 38.41 0.310 65
A% _ 0.0005181 min~t

Table 22. Results of the 44cgin,p)44K reaction.

. -4 % 4
K101 2.454 x 10 66,93 0.0347 1.01 x 10
K102 2.795 x 10~% 18.44 0. 305 2.14 x 10%
K104 2.791 x 10~¢ 65.41 0.296 3.27 x 10%
X106 2,982 x 10~% 38.41 0.302 2.14 x 10%

MN% = 0.03109 min~t
* gcintillation counting, efficiency estimated from comparison
with K102, K104, K106.
48 47 .

Table 23. Results of the ““ca(n,2n)”'Ca reaction.

K104 2.207 x 10~° 100 0.0257 29
K106 2,659 x 100 100 0.0257 34

a7 -1
N¥ca - 0.000102¢ min

Ao
corrt.
d.p.m.

682
415
1928
1400
534
546

4.356 x 10°

3.80 x 10°

1.69 x 10°

1.85 x 10°

1130

1320

2,139 x 10°
9.654 x 10°
3,177 x 10°
2,377 x 10°
9.984 x 10°
1,072 x 10°
2,388 x 10°
1.941 x 10°
8.873 x 10°
9.604 x 10°
1,001 x 10°
1,074 x 10°

Measured
cross—
section
(mb)

108.0
104.4
106.4
101.8
98.3
83.0

44.0
39.7
41.1
36.8

934
801

Mean

100,.2
+ 3.7 mb

40,4
+ 1.5 mb

868
i.67 mb.
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Part b,

Irradiation of Selenium.

A study of the literature showed that little work had
been done on the measurement of neutron induced reactions of
selenium at 14 Mev. Since selenium has adjacent stable iso-
topes, it was considered to be of some interest to investigate

10

whether the Levkovskii trend holds for the reactions of this

element.

Samples of selenium dioxide were irradiated close up to

the D,T target; the reactions studied were;-

74

se(n,2n)75mse.(t 44 4+ 3m) 7§As(té = 794)(Q=

(n,2n)"%Bge (t

)

= 7.1 4 0.1h) —> " ®w W (o _12,040MeV)

1
2

765e(n,2n)" °se (ty = 1204) (= -11.126MeV)
825e(n,2n)%Mge (ty = 59 + 1m) (= -9.190MeV )
(n,2n)%18ge (ty = 18.6m) (Q= -9.190MeV )
"65e(n,p) %as (t; = 26.5h) (Q= -2.187NeV )
77Se(n,p)77As (t% = 38.7h) (Q= +0.099MeV )
78Se(n,p)vam.As (t% = 6.6 + 1m) (Q= -3.320MeV )
"83e(n,n)"%e  (t; = 82 + 1m) . (Q= +0.526MeV )
)

80 7

se(n,«)"'Ge (%
82 4 1m) — ngs(t% = 9.0 + Qlm) —>

79 se(t

se(n,d) %ge (%

M_u

L
Z

- 3.0m) (@ ——— )
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The resultant species were chemically separated and coun-
ted under an end-window proportional counter or on a NaI(T1)
scintillation spectrometer. Since selenium has six stable
isotopes and many of the reaction products have active daugh-
ters, the decay of each source was still complex after chem-
ical separation; it was therefore necessary to use the values

61

of the half-lives from the Nuclear Data Sheets and to anal-

yse the decays by means of straight line plots (as described

104 round in the liter-

in Chapter 3). The only information
ature on ' °Ge stated that this nuclide decayed by {3 “emission
with a half-life of less than one minute. A value of one

minute was used in the present calculations.

Experimental procedures.

1l g quantities of 99.999%'pure selenium dioxide,obtained
from Koch-Right Ltd. (batch No. 16626),were sandwiched between
two 2.0 cm diameter discs of iron foil, which were wrapped in

polythene to prevent transfer of recoil products; 9 m 55Fe

could possibly interfere in the detection of 9m 79Asm The
whole sample was contained in a polythene capsule and irradi-
ated close to the target. The separation of the foils was
0.3 cm, while the distance of the front foil from the target
segment was 0.3 cm. This arrangement gave a neutron bombar-

ding energy of 14.7 4+ 0.5 MeV with deuterons of 220 keV energy

incident on the target.
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The irradiated iron foils were treated as previously
described for the irradiation of calcium; corrections were
again made to the observed activity to obtain the neutron
flux at the position of the selenium dioxide, by applying the

foil/granule ratio of Appendix A.

Preparation ané. standardisation of the carrier solutions.

A suitable As(III) solution was prepared by dissolving
Asgo5 in dilute NaOH, and a Ge (IV) solution by dissolving
germanium metal in a solution of NaOH and Ho0g-e Both solu-

tions contained about 5 mg ml~ ! of carrier.

The As(III) solution was standardised by titration against
a standard KIO5 solution in the presence of HCl and ccl4.1o5
The Ge(IV) solution was determined gravimetrically by precip-

itation of Ges2 by st in 6N HCl.

geparation of selenium.

Step 1. The irradiated Se0, was added to 2 wl each of
the As(III) and Ge(IV) carrier solutions and dissolved on

heating.

Step 2. 4 ml concentrated HCl was added and selenium
precipitated as element by the addition of excess hydrazine

hydrate. This precipitate was centrifuged off, and the time
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after the end of the irradiation noted. The supernate was

retained.

Step 3. The precipitate was dissolved in the minimum
amount of HN05, evaporated almost to dryness, and diluted with

6N HCl.

Step 4. The selenium was reprecipitated with 302 water,
and washed with dilute 802 water, alcohol and ether, A small
portion was mounted on a weighed glass filter pad, dried, and
counted under an end-window proportional counter. The remain-
der was dried, placed in a semimicro test tube, and counted in

a well-type NaI(Tl1) scintillation crystal.

Separation of arsenic.

Step 1. To the supernate from step 2 in the selenium
procedure was added 0.5g of NaH2P02 and the solution boiled
until the arsenic precipitate coagulated. Again the time
after the end of the irradiation was noted. The supernate

was regéined.

Step 2. The precipitate was mounted on a glass filter
pad, washed with water, alcohol and ether, dried and counted.
The time taken to reach this point was 12m after the end of

the irradiation.
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Separation of Germanium.

Step 1. More Naﬁzpoz was added to the supernate from
step 1 in the arsenic procedure, and the mixture boiled to
ensure the complete removal of arsenic. If necessary the

solution was filtered.

Step 2. Germanium sulphide was precipitated by passing

HZS through the filtrate.

Step 3. The precipitate was dissolved in 6N KOH and
boiled. The solution was made 6N in HCl and st again passed
to precipitate Gesz. This was mounted on a glass filter pad,

washed with water, alcohol and ether, dried, and counted.

Standardisation of arsenic precipitate.

Since finely divided arsenic could be oxidised in air the
arsenic sources were determined titrimetrically using Volhard's

method105.

Step 1. Each source was dlissolved in HN05, and NaQOH
added until the solution was just alkaline to phenolphthalein;

dilute acetic acid was then added dropwise to neutralise the

solution,

Step 2. Excess silver nitrate solution was added, the

solution stirred, and the precipitate allowed to settle in the



121
dark. The solution was filtered on a porosity 4 sintered
crucible and washed with cold water to remove excess silver

nitrate.

Step 3. The Ag2A504 was dissolved in 1N HNO5 and the
solution filtered. The remaining precipitate was washed with

1N and O.5N HNO5 and the washings added to the filtrate.

Step 4. This solution was then titrated against a stan-
dard KCNS solution using saturated ferric alum solution as

indicator.

gounting techniques.

i. sSelenium. The selenium sources mounted on glass filter

pads were counted under an end-window proportional counter.

From these sources the initial count rates of 81Se and almse

81

were determined. An 18,6m activity of Se was not actually

observed in the gross decay curve but when the initial part of
the 59m decay was plotted it was found to be slightly concave
towards the origin indicating the growth of the activity of the
ground state from the isomeric state. A straight line plot
analysis (described in Chapter 3) revealed the initial activity

of both states.

73 73

The initial activities of Se and mse were determined
22

relative to a standard Na source of exactly similar geometry
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mounted in a semimicro test tube by counting the 0.511 Mev
annihilation photopeaks. The sources were placed inside a
brass cylinder having 1lg cm’l walls to ensure complete anni-
hilation of positrons at the sources and to prevent (5 -particles
entering the crystal. Corrections were made for sum events

as indicated below.

75

The initial activity of Se was estimated by setting the

window of the single channel analyser on the 0,402 MeV photo-

peak and calculating the counter efficiency from the published

44 42

data of Redon and Crouthamel™",

The equations used to calculate the counter efficiencies

of the various nuclides are set out below. The notation and

22

equation for Na have previously been described in part 1 of

this Chapter.

75mse.

73

73 As with-

The isomeric state of Se decays directly to

out passing through its ground state. The second excited

state of 75As has a half-life of 6}48 and therefore since the

clipping time of the NE 5202 main amplifier used here is 1.2}48,
only some 13% of the decays from this state can be detected in
coincidence with the annihilation radiation from the preceding

73

positron decay. As decays entirely by electron capture to

75Ge with a half-life of 79 days, and therefore any contribution
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to the counting rate from this nuclide was considered to be
negligible. No activity with a 79 day half-life was detected

in the sources. The efficiency equation used is:-

N = No(2 Py gq(1 = Tg 51)(1 = 0.18 Tg 559)(L = 0.13 Tg gg6))

The counter efficiency calculated on comparison with that

22

measured for Na is 0.,304.

7533.

Since some 98.9% of the decays from the ground state of

73

75Se also pass through the 6,&8 second excited state of AS

a similar correction to that outlined above has been made here.
N = No(2.0,.Pp 5q(1 = Tg g53)(1 = 0418 Ty 559)(1 = 0418 T oe6)

+ 2.05. Py 51(1 = Tg 51)(1 = Tg_ 0g6).

pl = 0.699, p g = 0.007.

The counter efficiency calculated on comparison with that

22

measured for Na is 0.212.

7536.

This nuclide decays entirely by electron capture to various

exclted states of 75As. The single channel analyser was set at

0.402 MeV to count the photopeak and sum peak at this energy.
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The X’-ray cascades decaying via the 0.305 MeV level of 75,As,

which has a half-life of 17 ms, were considered not to contri-

bute to the sum peak.

N = No((%.8Pg 400) +Xg-B1-Po,136X5 Po.265 +*X 4-Po.066F0.199)
+ & 5@ 1- Po.121&g Po,280 +%7-Po,081-P0.199)
o, = 0.20, Oy = 0.54, X,z = 0.97, X, = 0.05, O, = 0.18,
Mg = 0.987, X, = 0.013.
B, = O.7s.

The calculated counter efficiency is 0,078.

ii. Arsenic sources.

The arsenic sources were counted under an end-window
counter and also on a 3" x 3" NaI(T1l) scintillation spectro-
meter. From the decay curves followed on the end-window coun~

76,77,78 79

ter the initial activities of As and As(vgee) were

determined.

The scintillation spectrometer wsas used to search for the

isomeric state of '°As found by Nemilovi®® but not confirmed
by Fritzel07, This state was reported to decay to the ground

state with a half-life of 6m on emitting a X’-ray of 0.5 MeV.
A weak component of 5.5 + 1lm half-life of energy between 0.40
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and 0.57 MeV was observed in the two runs in which this was
investigated, so adding to the evidence for the existence of
this state. A Y -ray spectrum of the source taken on a
multichannel analyser did not, however, reveal a peak at 0.5

MeV. Fig. 40 shows one of the decay curves.

In the calculation of the 77Se(n,p)77As cross—-section an

allowance was made for the contribution to the observed 77As

activity of that arising as a result of the decay of 77Ge before

the separation of arsenic (the method of calculation is des-

cribed in Chapter 3). The ste(n,c()79Ge cross-section was

calculated, as is also outlined in Chapter 3, using the data
79

from the decay of the daughter product, As, which in turn was
corrected for the decay of its own daughter, 7gmse. It was
79 79

assumed that all the Ge formed had decayed to “As before
arsenic was separated from the germanium fraction (about 10m

after the end of an irradiation).

iii. Germanium sources.

These sources were counted only on gn end-window propor-

tional counter; from their decay the initial activittes of 'Oge

and 77Ge(77As) were determined.

Results and comparison with other work.

The results for the cross-sections of the reactions studied
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are presented in Tables 24 to 36. Table 24 shows the values

for the 56Fe(n,p)56Mn reference reaction.
of the (n,2n) measurements made here, only those on 74se
and ste have been previously reported. Rayburn78 obtained a
74

value of 383 + 31 mb for the se(n,zn)vagse reaction cross-
section, and 48.7 + 8.0 mb for the cross-section of the reaction
leading to the excited state. Both of these are lower than the
values obtained here of 458 + 19 wb and 167 4+ 7 mb respectively.
The methods used were similar in that annihilation radiation

coincidences were counted under standard conditions., In the

case of 8236, cross-sections of 860 4+ 170 wb (excited state) and

485 + 95 mb (ground state) were obtained. Paul and clarke7
found a value of 1500 4+ 500 mb and Mangal and Khuranai®® a value

of 1600 + 100 mb for the reaction going to the 57 m excited state.
The latter workers did not observe any 18m decay to the ground
state, andggote an upper limit of 100 mb for this cross-section,
which gives an unusually high isomeric ratio (high spin state/
total spin) of 0.9. As mentioned earlier the 18m decay of the
ground state was not observed directly in the present work; but
was infered from the slight curvature in the 87m decay of the
excited state. The isomeric ratio gbtained here was 0.6 which

is a more usual value,

No value for the 76se(n,zn)753e reaction cross-section has

been found in the literature to compare with that obtained here



127

of 2850 + 144 wmb.

A cross—-section of 58.8 + 5.1 mb was measured for the
76Se(n,p)76As reaction. The only other determination is that

of Cohenlol, of 16.5 mb for fission spectrum neutrons, which

Chatterjee14 has estimated to be approximately equivalent to

90 mb at 14 MeV. Cohen101 did not observe, and therefore did
not correct for, the 39h activity resulting from the 77se(n,p)77As

reaction, which could have increased his observed.count rate for

76

the 26h "“As activity.

The value of the 77Se(n,p)77As cross-section (44.7 + 5.5 mb)

agrees with the only other measurement, that of Paul and Clarke7

(45 + 23 mb).- No previous values have been reported for the

78Se(n,p)78As and 78mAs reactions; those obtained here were

20.6 + 0.7 mb and 16.3 + 6.5 mb respectively.

Again no values are reported in the literature for the

78se(n,d.)75Ge reaction (6.35 + 0.18 mb). Paul and Clarke7

found 38 4+ 16 mb at 14.5 MeV for the 8OSe(n,d.)77Ge reaction as.

compared with 2.26 4+ 0.15 mb obtained here. No chemical sepa-
rations were carried out by these workers, and therefore errors
may have arisen in analysing the complex decay curves obtained;

i1.3h 77Ge decays to 40h 77As which is also produced, as they

observed, from the 77se(n,p)77As reaction. In addition 26h 76As

which would also be present is not mentioned in their article.
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The other (n,X) cross-section measured here is that for

825¢(n,x)"%ce (6.47 + 0.50 mb); the initial '°

estimated from the 79As daughter activity as described above.

l1.09 80

ge activity was

Cohen et a measured the cross-section for the ~ sSe(n,np + d)

79As reaction and obtained an upper limit of 0.8 4+ 0.3 mwb; any
contribution from the ste(ngnbngs reaction appears to have
been ignored. Assuming that their observed activity was due
to this process, their results give a value of 4.5 mb for the
(n,&®) cross-section which is of the magnitude of that obtained

here,

Estimation of errors.

The errors duoted above are standard errors of the means
of the results obtained. All the cross-section values quoted
are relative to the 56"Fe(n,p)56mm reference cross-section which
has an estimated error of not more than + 6.5%. The estimation
of proportional counter efficiences should be within 4 3% while
the estimated efficiences for Y—ray scintillation counting
may be as large as i 10%. For 78mAs and 81gSe errors arise
from the analysis of the decay curves; these may be as much as
30% for 7smAs and + 10% for 81gSe. For the other species the
error should not exceed 5% and is thus indicated by the standard

errors of the mean.,

Some of the reactions studied here have positive or small
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negative Q values and therefore the reactions may be energeti-
cally possible at the 3 MeV D,D neutron energy. Since the
proportion of D,D to D,T neutrons is less than 3%, and the
values of the cross-section drop off with energy, contributions

from this source were considered to be negligible.

Irrad. No. of Ao Ao S
No. target obs, corrt.
nu01ei C'-opomo dop.mo
_ -5
x 102/N x 10~° x 10~ x 10
. 56 66,
Table 24. Data for the reference reaction °°re(n,p)” M.
K118 1.315 9.15 5.456 2.322
K122 1.262 2.62 1.56 0.7247
K128 1.244 4.92 2.93 1.248
X133 1.275 5.12 3.06 1.110
K136 1.292 3.82 2.28 0.9882
' 56
N is Avogadro's No. t% ~MB = 1556 min.
o Ppe(n,p)%un = 98.3 mb. MOun = 0.004472 min~t
Counter efficiency 56Mm = 0.080. Foil/Granules = 1,049,
56

Dilution factor Mn = 0.02.



Irrad. No. of Chemical Counter Ao Ao S Measured Mean
No. target : Yield EfT, observed correct. cross-—

nuclei (%) (Cepom.) (depem.) x 10~6 section (mb)
B (mb)
x 10%/N
Table 25. Results of the 74Se(n,2n)75mse reaction.
4 4
K118 4,455 100 0.304 2.56 x 10 8.42 x 10 1.786 165
K122 5. 525 100 0.304 5.40 x 10° 1.78 x 10% 0.6191 185
167
K133 6.071 100 0.30¢  2.51 x 10% 7.60 x 10% 1.086 163 + 7
K136 5.853 100 0.304 '1.78 x 104 5.86 x 10% 0.9447 165
\7303e _ 0.01575 min~t
Table 26. Results of the 74se(n,2n)7333e reaction.
K118 4.455 100 0.219 6080 2.87 x 10% 2.489 391
K122 5. 5253 100 0.212 1210 5.71 x 10° 0.7560 473
X128 5.004 100 0.212 2580 1.22 x 10% 1.260 459 458
+ 19
K133 6.071 100 0.212 5300 2.50 x 10% 1.124 458
K136 5.853 100 0.212 4200 1.98 x :l-.O4 1.001 511
\33¢ = 0.001627 min~1
Table 27. Resglts of the 76se-(n,zn)75se reaction.
K118 46.19 100 0.078 354 4540 2,592 2320
K122 26.20 100 0.078 754 965 0.7731 3060
K128 31.14 100 0.078 164 2100 1.267 3080 2850
+ 144
K133 62.94 100 0.078 305 3910 1.132 2780
K136 60.68 100 0.078 233 2980 1.006 3000

\%s¢ - 0.4012 x 10”0 min~t



Irrad. No. of Chemical
No. target Yield
nuclei (%)
X 105/N
Table 28. Results of the 82Se(n,2n)81mSe reaction.
K133 0.4050 100
K136 4,004 100
A8Mse  _ 0,011749 min~t
Table 29. Results of the ste(nlzn)slgSe reaction.
K133 0.4050 100
K136 4,004 100
\8183e - 0.038511 min~1
76 76
Table 30. Results of the ' °Se(n,p)’ "As reaction.
K118 79.96 63.39
K122 75.67 47,33
K128 77.78 75,37
K133 74.82 87.92
K136 72,57 100

)76.A.Sf =

0.00043597 min~+

Counter
BT,

0.215
0.099

0.356
0.337

0.337
0.353%
0.33b
0.343
0.341

Ao
obs.
(cepem.)

3.7% x 10°
1.86 x 10%

1.12 x 10%

1.16 x 10°

4470
1110
2630
2280
3120

Ao

correct,
(depem.)

1.73 x
1.89 x

3.14 X

345 X

1.41 x
6.64 x
1.04 x
7.56 x
9.12 x

10
10

10
10

x 10~8

1.075
0.95698

0.98680

0.86561

2-. 56 5-‘

0.76'82

1.265
1.130
1.003

Measured

Cross—
section
(mb)

689
1030

391
586

57.6
67.4
56.4
41.8
70.7

Mean
(mb)

489

68.8

I+

5.1



Irrad.. No. of Chemlcal
No. target Yield
nuclei (%)
N
Table 31. Results of 77Se(n,p)'??As reaction.
K118 0.6720 63,39
K122 0.63569 47,33
K128 0.6537 75.37
K133 0.6288 87.92
K136 0.6099 100
N7as = 0.00029854 min~t
Table 32. Results of 78se(n,p)78As.reaction.
K118 2.0856 63.39
K122 1.973 47,33
K128 2.028 75.37
K133 1.951 87.92
K136 1.892 100
\"84e = 0.0077022 min~t
Table 33. Results of 7ase(n,p)'mm.As reaction.
K128 2.028 76.37
K133 1.961 87.92

\78my e 0.12604 min~

1

Counter
Eff,

0.247
0.328
0.306
0.316
0.311

0.343
0.356
0,341
0.346
0.344

0.128
0.128

Ao
obs.

(cepem.)

1540
420
1530
2170
860

S

6.20 x 10

(]

1.42 x 10

[

4.48 x 10
4.57 x 10%

3.78 x 10%

3600
1600

Ao
correct.
(depem. )

9830
2710
6660
7820
2770

o

1.92 x 10

[

8.43 x 10

v}

1.74 x 10
1.50 x 10

g o;m

.30 x 10

3.7 x 10%
1.4 x 10*

x 10~%

2.573
0.7697
1.266
1.130
1.006

2.149
0.6922
1.234
1.094
0.9754

0.4189
0.3404

Measured Mean

cross- (mb)
section
(wb)
46.3
47.3
62.4 44,7
30.4 + 5.5
37.0
20.3
20.6.
21.0 20.6
18.6 + 0.7
22.5
22.8 16.5
9.81 + 6.5



Irrad. No. of Chemical Counter
No. target Yield &ff.
nuclei (%)
L 10°
N
78 75
Table 34. Results of '“se(n,&)’ “Ge reaction.
K118 2.0856 13,32 0.355
K133 1.951 19.52 0.3565
K136 1.892 34,19 0.342
\’%e = 0.0084537 min~!
80 7 .
Table 35, Results of ~ge(n,d) "Ge reaction.
K118 4.417 13.32 0.361
K133 4,133 19,52 0.360
K136 4,008 34.19 0.358
\N76e = 0.0010224 min~t
Table 36, Results of 8zse(n, o()'?g‘Ge ——>79As reaction.
L
K122 0.7710 47,32 0.356
(0.200)
K128 0.7925 75,37 0,341
(0.144)
K133 0.7623 87.92 0,346
(0.167
K136 0.7394 100 0.344
(0.171)
* The values here are for 79As, those in brackets for 7nge.
T The valuesin brackets are for @ As.
N 9%s 0.077022 min~r,  W%e = 0.6932 min"t,

Ao
obs.

(c.p.m.)

4770
38560
4650

543
394
400

1.86 x 10%

4.51 x 10%

3.68 x 10%

3.56 x 10%

Ao

correct.
(d.p.m.)

1.01 x
5,56 X
3.85 x

1.93 x
.60 x

3.27 x

5,64 x

1.60 x

1.12 x

8.75 x

10
10
10

10
10
10

10

10

10

x 10~°

S.111
1.090
0.9726

2.5626
1.127
1.002

0.02032 T
(0.3008 )

0.1994
(1.263 )

0.1765
(0.8192 )

0.1907
(0.7517 )

Measured
Cross-~
section
(mb)

6.29
6.09

2.43
2.40
1.96

7.61
6.92
5.36

5.99

Mean
(mb)

6.35
+0.18

2.26
_to. 15

6.47
-_}-.Oo 50



130

Part 6.

Irradiation of indium metal at 2.5 MeV.

a). Investigation of the contribution to the induced activity
from background neutrons.

Many of the nuclear reactions induced at 2 MevV are also
energetically possible with thermal and epithermal neutrons.
The effect of scattered neutrons of degraded energy must there-
fore be considered when measuring cross-sections at this energy.
The contribution to the activity induced in indium foil from
1151n(n,80116m

investigated by two methods.

the reaction In, by background neutrons was

In the first,comparison was made between the activity
induced in foils irradiated with and without wrappings of
cadmium sheet, to act as a slow neutron shield, In the
second ,the variation with distance from the target of the

activity induced in unshielded foils was studied.

Experimental procedures.

(1) The indium foil in the form of a narrow strip, encircling
the target at a radius of 2.23 cm, was positioned to accept
neutrons at about 90° to the incident deuteron beam direction.
The thin walled target block described in Chapter 2 was used

here to reduce the scattering material near the sample, The
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foil was irradiated with and without cadmium sheet. The
direct neutron flux was monitored using the associated particle
method by counting protons, and the 116m1n activity was counted
on a NaI(T1) scintillation crystal set on the 1.27 MeV photo-

peak. The results obtained are shown in Table 37.

(ii) Sixteen squares of indium foil were irradiated on a cone
at 105° to the direction of the deuteron beam by placing four
squares at each of four distances from the target centre.

Each square of a set of four was spaced at 90° intervals to the
others round the cone, and arranged so that it did not screen

any other square from the target. Again the direct neutron flux
was monitored by counting protons, and the induced activity
detected on a scintillation crystal, The results are shown in

Table 38.

Table 3&7. variation of induced activity with thickness of
cadmium shield.

Thickness of cadmium Position of Normalised specific
shield (mg cnr?) shield activity
(c/m/g/proton)

o —_— 1

330 outside and inside 0.733
660 " " 0.704
990 " " 0.681
660 outside 0.791

660 inside 0.826
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Table 38. variation of induced activity with distance from

target.
Target distance 1 (cm-a) Normalised specific
-z activity
R, (cm) R™ (e/m/g/proton)

2+55 0.154 1

3.06 0.108 0.861

4,056 0.061 0.702

5.056 0.039 0.620

From Table 37 it is seen that the activity induced by
background neutrons is some 30% of that from direct neutrons

at the position of the foil, and also that 330 mg cm— 2

of
cadmium is sufficient to absorb the majority of these neutrons.
The figures for the cadmium shield on the inside or outside of
the foil indicate that a large percentage of low energy neutrons
arise from within the target itself as well as from the sur-

rounding walls.,

A plot of the values from Table 38, of specific activity
versus the square of the reciprocal of the target distance (Fig 41),
gives a fairly straight line indicating that the inverse square

law is obeyed.
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b). Measurement of the cross-sections of the reactions
115In between 2,1 and 2.5 MeV.

induced in

The excitation function for the following two reactions

have been measured between 2.1 and 2.5 MeV.

115

In(n,x)ll6m1n (t 54.0 4+ 0.5m) (Q = +6.610 MeV)

X
2

11871 (n,nt )00, (ty = 4.5 + 0.1 hr) (Q = -0.335 }ev)

Experimental procedures.

Indium foil 99.95% pure and 0.005" thick was obtained
from Johnson Matthey and Co. Ltd. Five or six strips 0.4 cm
wide were positioned side by side encircling the target, and
subtending angles between 95 and 140° to the incident deuteron
beam, The indium foils were irradiéted, sandwiched between

2 thick cadmium foils, for periods of up to 90

two 660 mg cm
minutes, The direct neutron flux was measured by the associ-
ated particle method, by counting protons on the Ortec solid

state counter as described in Chapter 2 and Chapter 3.

After an irradiation each foil was tightly rolled, and
dropped inside a semi-micro test tube which was placed inside
a brass tube set at the centre of the face of a 3" x 3" NaI(T1)

115m1n activity the window

scintillation crystal. For the
of the spectrometer was set on the 0.335 MeV photopeak while for

the *16M1y activity both the 1.085 and 1.27 MeV photopeaks
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were counted. Counter efficiences were calculated from the

42

data of Crouthamel and absorption curves of Davisson and

Evan362.

118m7), js fairly simple, the

Since the decay scheme of
counter efficiency was calculated directly and found to be
7.71% (allowing for the internal conversion constant of 0.,98).

116m

The decay scheme for In, however, is extremely complex and

the following equation was derived in an attempt to calculate
the counter efficiency for this isomer; the notation is the

same as that described in Part 1 of this Chapter.
N = NO[P.,,J(O.OZ-(J-. - Tl.'n)-ﬁ-O.lO(l - T(.[n1)+o.15(1 - Togl)(l - To-lf‘o))
+ (P,_°§5+ Pia7 =Progs P‘,u)(0¢42 # 0,06(1 ~ T4q)+ 0.08(1 ~ To.,,,w))],

The calculated efficiency was 7.5%.

Results and comparison with other work.

The results of the two irradiations made on indium are
presented in Tables 39 to 41 and Fig. 42. The values for the
1151n(n,87116m1n reaction are almost a constant factor of two
higher than the data published in the compilation of Hughesllo.
On the other hand the values for the inelastic scattering cross-
section are in close agreement with the only other determin-
ation that of Martin et allll. A possible explanation of the

disparity in the (n,x) cross-section lies in the estimation of
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the counter efficiency from a complex decay scheme, although

it seems rather unlikely that such errors could give rise to

a discrepancy of this order.

Estimation of error.

Errors of 10% could arise from the measurement of sample

target distances and the calculation of the absolute neutron

flux. The estimation of the counter efficiency of 115m1n

should be less than 10% in error but that for 116mIn could

perhaps be about 50%. This gives a total error for

115 1)115m

In(n,n In cross~sections of i 14% and for the

In(n,50116m

115 In cross-section 4+ 50%.



Sample No. of Ao Ao Mean
No. target obs. corrt. angle of
nuclel c/m. d/m. sample
x 108/ x 1073 x 1074 (degrees)
Table 39. Irn No.K3 Result for 1151n(n,y0116Th Cross-
section. ;
1 2.495 5,98 5.31 g7° 5¢
2 2.352 3.57 4.76 104° 55
3 2.318 3.58 4.77 112° o'
4 2.344 3.59 4,79 118° 50"
5 2.435 3.80 5.07 124° 45¢
6 2,427 3.41 4,55 129° 55!
7 2.444 3,62 4,83 134° 20!

Counter efficiency = 0,075, Rp thick (ydp/yap)4OOKev = 0,9735,

O p - 1.661 x 10~

sterad .

M16%, _ 0.01283 min~t

Proton count correction for decay = 214,600

Square
of mean
separation
of sample
and target

(cm®)

5.141
5.423
5.891
6.60L
7,497
8.697

9.903

Rn
thick
(400 Kev)

1.626
1.568
1.491
1.411
1.345
1.290

1.247

Mean
neutron

energy

(MeV)

2.45

2.37

2.30

2.20

2.15

2.13

i+

I+

I+

I+

|+

i+

I+

0.05

0.056

0.07

0.08

0.08

0.09

0.10

Calculated
cross-
section
(mb)

190
184
193
203
224
e24

260



Sample No. of Ao Ao Mean Square Rn Mean Calculated

No. target obs. corrt. angle: of mean thick neutron Cross—
nuclei c/m. d/m. of separation (400 KeV) e?ergg se%tign
AS -3 -4 sample of sample Mev mb
x é%— x 10 x 10 and target
(cm?)

Table 40, Irrn. No. X4 Results for 1151n(n,x)llsf% reaction

cross-section.

1 2.291 4,50 6.00 97° &! 5.141 1.626 2.45 + 0.05 176
2 2.427 5.01 6.68 104° 55! 5.423 1.568 2.37 + 0.06 189
3 2.346 4.88 6.51 112° 25! 5.927 1.487 2.30 + 0.07 197
4 2,492 4,99 6.656 124° 45! 7.497 1.345 2.20 + 0.08 217
5 2.494 4.43 5.91 130° 30! 9,947 1.284 2.15 + 0.09 244
Counter eff. = 0,075, Rp thick eyqn/yap) 400 Kev = 0.9735,
Dp = 1.661 x 10°° sterad. \16Th = 0.01283 min~t
Proton count correction for decay = 274,100.
Table 41. Irrn. No. Kb Results for 1'1"5In(n,_nj'):I‘J"5mIn
reaction cross—-section,
1 v 30.5 39.6 " " " " " 379
2 13 29. 4 38. 1 1] tt 1t " " 550
3 " 28.2 36.6 n " " ) 1" 360
4 1} 25 .7 50. 7 " 11 1" t 1" : 526
5 " 19. 1 24.8 n 1] 1" it 1t 555
Counter eff, = 0,077, Proton count corrt. for decay = 420,900

A5 - 0,002567 min~T
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Part 7.

Measurement of the 51P(n,p)slsi reaction cross-section between
2.1 and 2.5 MeV.

The cross-sections of the (n,p) reaction on 31P has been
determined by a number of workers (the values have been com-

17,

piled by Liskien and Paulsen and others, such as Gonzalez

et a1112, have used it as a reference cross-section in this
energy region. It was considered to be of interest to measure
this fairly well known cross—~section, mainly to check the

calculations made for the absolute neutron flux determinations.

The details of the reaction are:-

81p(n,p)%s1 (t4 = 2.60 + 0.05 h) (@ = -0.694 MeV)
2

Experimental procedures.

AnalaR grade sodium dihydrogen orthophosphate (NaE2P04.2H20)
was packed into Portex 320 polythene tubing (internal and
external diameters 0,256 and 0.35 cm respectively). Four 18 cm
lengths, each containing about one gram of sample, were wound
round the target wall so as to accept neutrons from 90° to
130°. The samples were surrounded with 660 mg cm'z layers

of cadmium foil to reduce the effects of background neutrons.

The samples were irradiated in this position for 90 minute

periods the absolute neutron flux being determined by the
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associated particle method, by counting protons as has been
described in Chapters2 and 3.. After an irradiation, a few
drops of silicon cyrrier solution were added to each sample
which was then dissolved and made up to 12 ml with water.

10 ml aliquots of these solutions were counted in the pre-
calibrated liquid G.M. counter and the decay followed for

31

several half-lives. No activity other than that of Si was

observed,

Results and comparison with other work,

The results for the two irradiations made are presented
in Tables 42 and 43 and Fig. 43. The agreement between the
t wo runs is good and indicates a smooth increase in the cross-
section with increase in neutron energy. The values obtained

1115

are a little higher than those of Luscher et a , and

Ricamo114 of 40 + 10 mb at 2.5 MeV. The later work of

115 et al, however, supgests a lower value,nearer 20 mb

Grundl
at 2.5 MeV while the excitation function determined down to

2.7 MeV by Cuzzocrea et al:.":lf"6 (Rormalising on an absolute point
of Grundl) indicates a higher value of around 50 mb, The
values obtained here are not greatly different from those

published, and therefore the neutron flux calculations were

considered to be reasonable.
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Estimation of error.

The errors arising from counter standardisation and
statistics should not be more than 2% while the solid angle
subtended by the solid state counter was determined to 3%.

The main errors again come in the determination of the sample-
target separation and in calculations of neutron flux, which
together should not be more than + 10%. The error here was

therefore taken as ¢ 10%.



Sample No. of
No. target
nuclei
N 10%
N
Table 42, Irrn. No
react
1 5,223
2 5.689
3 5.714
4 5,673
Counter eff. = 0.0

R, (de/),dp )400 KeV

Notgi 0.004376
Table 43, Irrn. No
react

1 5.931

2 5.139

3 5,476

4 5.478
= 0,0

counter eff.

Rp(yd}’/yqp )400 Kev

\3ls1

0.004376

Mean
neutron

energy

(Mev)

2.44

2430

2.28

2,22

2.47
2.87
2,91
2.27

+ 0.05

I+
(@]
)
o
oy

0.05

I+

0.056

i+

i 0006
+ 0.07

Calculated
cross-
section
(mb)

63.1
52.6
51.0

46,0

60.3
54,7
83.1

5l.3
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part 8.

64zn(p,p)64cu reaction cross-section between

2.1 and 2.5 MeV.

Measurement of the

The details of the reaction studied here are:-

64

zn(n,p)%*cu (t, = 12.8 4 0.1h) (@ = + 0.209 Mev).

z
Only two previous excitation functions of this reaction

in the energy range 2.0 to 3.6 MeV are reported in the liter-

ature. Both of these are effectively by the same group -

117 118

Rapaport and Van Loef and Van Loef . The first was made

relative to the 51P(n,p)SJ‘Si reaction at 3.56 MevV from the data

115

of Grundl while the second was made relative to the first.

The errors quoted were + 20%.

Experimental procedures.

High purity (99.9999%) zinc metal foil (obtained from
Koch-Eight Ltd.) was irradiated (in the form of strips 0.4 cm
wide) and counted in a similar manner to that already described
for indium. The X—¢ey scintillation spectrometer was set on

the 0.51 MeV photopeak to count the annihilation radiation,

comparison being made with a standard 22Na source. (The

64

activity of the Cu produced was found to be too low to count

by the usual annihilation coincidence methods). The single

22

channel annihilation equation for Na has been described in
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64

Part 1 of this Chapter while that for Cu would be identical

with those for 15N and lBF. The counter efficiency obtained

was 4.6%.

The neutron flux was again determined by the associated

particle method.

Results and comparison with other work.

Only one irradiation was carried out and the results are
presented in Table 44 and Fig. 44. The value of the cross-
section rises smoothly from 13.5 mb at 2.15 MeV to 26.1 mb at
2.45 MevV. This is in good agreement with that obtained by
Rapaport and Van Loet™ 7 of 10.5 + 1.5 mb at 1.99 MeV and 30 +
6 mb at 2.55 MeV. This agreement again lends support for the

neutron flux measurement made here.

Estimation of error.

22Na standard source was 2% and the

The error in the
counting statistics not more than 1%. Again the main error
arises in the neutron flux determination which may be as large

as + 10%. The total error is therefore + 10%.



|
|

Sample No. of Ao Ao | Square : Rn Mean Calculated

No. target obs., corrt. Pf mean thick neutron Cross-
nuclei c/m d/m sparation energy section
3 5 of sample (mev) (mb)
X !%%- x 10~ pd target
(o)
l
Table 44. Irrn. No. K8 Results for 64Zn(ngp)640u

cross-section.

1 6,045 126 2.72 5,141 1.626 2.45 4 0.06 26.1

2 6.102 119 2. 59 5,425 1.568 2.37 + 0.05 | 25.0
|

3 6.060 100 2.17 5.927 1.487 2.30 + 0.06 21.9

4 6.289 71 1.54 7,497 1.345 2.20 4+ 0.08 17.1

5 6.264 44 0.957 9.947 1.284 2.15 + 0,09 13.5
Counter eff. = 0.046 R, 1-,111ck(\’l“:"/yd’IJ )400KeV§
a, - 1,661%10°° sterad., A®%cu = 0.0008998 mi

Proton count corrected for decay = 454,600
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Part 9.

Investigation of the possible measurement of (n,particle)
reaction cross—-sections at 2.5 MeV.

Very few of the cross-sections for nuclear reactions
which have favourable @ values appear to have been measured
in this energy region. A search was made through the nuclide
chart to select those nuclides for which either an (n,p) or
(n,x) reaction was energetically possible. Of these the
reactions were chosen for which the products had a reasonable
half-life, the target nuclide had a natural abundance of more
than &%, and of which the element could be obtained in a
convenient form. The choice of nuclides included those with
odd and even neutron numbers in case pairing effects made one

reaction more probable.

Experimental procedures and results.

The reactions. chosen are set out in Table 45.' Gram
gquantities of the elements, or compounds containing the nuclides,
were irradiated at 0° to the incident deuteron beam and close
up to the target bplock, so as to obtain the maximum flux
avallable. The samples were irradiated for periods of up to

2 hours in order to obtain an integrated flux of 6 x 10 n cm-2.

After an irradiation each sample was counted under an end-
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window proportional counter and the decay followed down to
background. Only in the cases of arsenic and palladium
were activities corresponding to products of (n,p) reactions

seen. These reactions were:-

105

7E’.As(n,p)75Ge : and Pd(n,p

)105Rh

In both of these, the initial count rate amounted to
16 ¢/m, that is just over the background count rate. It was
considered therefore, that if the samples were irradiated in
a position of relatively good geometry for good neutron energy
resolution (at 90° to the incident beam), where, not only
would the flux be reduced by over a factor of ten, but the
mean neutron energy would be reduced by about 0.5 MeV to
2.5 MeV, no activity would be observed with the present equip-

ment., Investigations of this field were therefore discontinued.



Table 45, ReactionsSstudied at 3 Mev.
Reaction ty Natural Q value Compound
2 abundance (MeV) irradiated
(%)

41g (n,x) %81 37 . 3m 6.8 - 0.100 K400,

5ly(n,x)*8 44h 99.75 - 2.04 NH,CO,,

66n(n,p)%® 5.1m 27.8 - 1.85 zn

76 s(n,p) 82m 100 + 0.40 As50,

"se(n,p)"" 39n 7.5 + 0.10 se0

96gu(n,p)?re 52m 5.6 + 0,56 RuCl,

9 u(n,p) " re 6.0h 12.7 + 0.36 "
10854 (n,p)10%% 360 22,2 + 0.22 Pa
109 ¢ (n,p)¥%%pa 13.6h 48.6 - 0.33 AgNO,
215:)(p,p) 10 54h 95.22 - 0.67 In
12084 (n,a) 17 5.0n  32.5 + 0.77 sn
1231 (n,p ) %30 40m 42.75  + 0.64 Sb,0,
197 yu(n,p)19pt 19h 100 + 0,03 Au



Target Measured Estimated Estimated

nucleus cross-section Staé%gg}cal Systematic
(mb) (mb) error
(mb) Calculated values (mb)
Levkovskil Gardner Mani & Iori Brown & Muirhead.

Table 46, Results for the (n,p) reactions.

184 36.2 0.4 3.0 80 64 20
420a 148 7 10 190 184
43ca 100 4 8 92 92
440q 40.4 1.5 2.9 46 46
54pe 371 40 185 305 496 350
6pe 98.5 2.4 5.4 100 124 70 90
"63e 58.8 5ol 4.7 (88.4) 152 45
"3e 44.7 5.5 5.6 45(26) 76 ' 25 | 25
783e->g.s 20.6 0.7 1.6 (18.3) 38 15
"83ere.s 16.3 6.5 5.2 _
Table 47. Results for the (n,) reactions.
"83e 6.35 0.18 0. 50 (3.23) 5
805e 2.26 0.15 0.18 (0.41)

8288 6.47 0.50 0.8%L



2 x 10~

Estimated
Systematic
error
(mb)
0.47
3¢9
130
0.6
33
14
37
360
69

69

Estimated Estimated Calculated cross-secbon

(mb)

6

6

Table 48. Results for the (n,2n) reactions.
Target Measured Estimated
nucleus cross-section Statistical

error
(mb) (ub)
My 7.42 0.13
19F 52.1 0.6
480q 868 67
54pe 8.9 0.03
%3cu 550 6
"45ese.5. 167 7
Se —>g.s. 458:. 19
"03e 2850 144
823¢-6.5. 860 170
8286->g.s. 489 96

Table 49, Results for the (n,t) reactions.
Target Measured
nucleus cross-section Statistical Systematic Baerg & Bowes

error

(ab) (mb)

40ca 0.006 0.001 0.003

54pese,s. 2.66 0.42 0.55
54Feag.s. <0.31 0,07

1x 10°



Table 50. Results for the reactions at 2.3 MeV.

Reaction

115In(n,X)116mIn

115

In(n,n

51P(n,p )5131

64Zn(n,p)64Cu

Measured
cross—-section

(mb)

1956

360

52.5

21.9

Estimated
Systematic
error
(mb)

97

50

5.3

2.2
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Part 2.

Discussion.

The existing data on nuclear reaction cross-sections is
extensive, but reported errors are often large, especially in
the older work.. ., and it was considered useful to apply
methods leading to values in which more confidence could be
placed. That this has been achieved is shown in the collected
results given in Tables 46 to 50; for most measurements stat-
istical errors are only a few per cent and the estimated
systematic error is less than 10%. In addition, some cross-

sections which do not appear to have been previously reported

were measured.

The increased accuracy is considered to arise from the
care and attention given to counter calibration and absolute
neutron flux determination. Absolute measurement of the
neutron flux was used mainly in the determination of the
56Fe(n,p)56Mn cross-section, the error of which amounted to
less than 5.5%. Other reaction cross-sections could then be
measured using this as a reference. The use of both radio-
chemical separafions and p -particle and x-ray counting
techniques enabled the radioactive species to be identified

and determined with considerable certainty.

The measurements mgde here are almost entirely confined
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to the middle weight region (except for oxygen, nitrogen and
fluorine). Where it has been possible to compare the results
with calculated values based on the statistical theory fairly
good agreement has been found for (n,p) and (n,X) cross-sections.
This supports the now generally accepted view that the compound
nucleus process predominates over direct interactions in this

region.

Energy spectra, and angular distribution studies of emitted
particles, as well as cross-section values, indicate that both
processes occur over the entire mass range. Since the energy
of emission of charged particles from the decay of the compound
nucleus is in general lower than for those emitted from direct
interactions, the latter process is favoured on moving to
heavier nucleil because of the increased height of the Coulomb
barrier. Strohal et al:!‘19 have pointed out that compound
nucleus formation is still the most probable interaction where
Coulomb barrier considerations are small; this is further sup-
ported by the observation that neutron emission is the commonest

mode of de-excitation, which is largely a statistical process in

the heavy region.

For (n,p) reactions direct effects are evident in both

light (A € 40) and heavy(A > 90) nuclei. The approximate

11‘(and the ex-

tension of their work to heavier masses by Coleman et al}zo)

theoretical calculations of Brown and Muirhead
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follow the trend of the experimental data but tend to be low
at heavier masses. Three of their values corresponding to
the measurements reported here are included in Table 46,

These authors calculated the contributions from both processes
separately using a Fermi gas model of the nucleus and a three
stage interaction process. That is, that the incident nuéleus
collides with one of the nucleons of the target nucleus, which
then emits particles directly or after first forming an ex-
cited nucleus. A more general three stage process has been

suggested by Weisskopflzl.

Mani and Ior1122 used optical model considerations and
calculated (n,p) and (n,X) excitation functions between 5 and
25 WevV for almost all stable nuclei, Their values are in
general in good agreement with experimental data up to A = 80
when they begin to diverge. Their values for the cross-
sections reported here are also included in Tables 46 and 47

and are in close agreement.

11 treated the interaction as a volume

Brown and Muirhead
effect but suggested possible surface interactions for protons
because of the resulting reduced Coulomb barrier. Surface
interactions must be of even more importance in the case of
(n,x) reactions because of the very low penetrability of this

particle through nuclear matter. Colli et al%za

have suggested
that this hypothesis is further supported by the Paulli exclusion

principle which would diminish the possibility of more effective
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interactions in the occupied internal states.

The results for the measurement of (n,p) reaction cross-
sections for three adjacent isotopes of both calcium and
selenium (Table 46) show that the Levkovskiilo trend is only
partially obeyed here. In each case the cross-section of the
lightest isotope is only 1.5 times that of the next, while the
predicted factor of 2 is observed between the heavier pair.
For the (n,X) cross-sections on selenium (Table 47), however,
the values first decrease and then increase, It has been

12

suggested by Gardner”" that the constant factor is a Q value

effect.

124

Both Levkovskii and Gardnerlz have derived empgrical

formulae, the latter on the basis of the statistical model,
which predicts (n,p) cross-sections at 14 MevV. Later Gardner20
added Q value and pairing energy effects. Both equations give
reasonable agreement with experimental data but in general
Levkovskil's simpler treatment gives the better fit. When
Levkovskii's calculations were checked, however, some disagree-
ment, usually small, was found with almost all the values
quoted. In the case of selenium they are about a factor of two
high. The predicted values are also included in Table 46 tog-
ether with those calculated in the present work (bracketed).

The good agreement is the more surprising since the statistical

model process is expected to be highly sensitive to variations
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in Q@ value, pairing energies and neutron and proton shell

closure, all of which the equations ignore,

126 plot of (n,p) cross-sections against

Chatterjee's
proton and neutron number of the residual nuclei reveals
minima corresponding to proton shell closure but no similar
effects corresponding to neutron shell closure. Gardnerzo
disclaims this as a shell effect and attributes it to the
increase in the N/Z ratio with increasing A of stable nuclei

on changing from one region to the next.

126 has suggested that (n,d) reactions differ from

Colli
(n,p) reactions in proceeding entirely through direct inter-

actions.

For (n,x) reactions both mechanisms are again present,

but the direct effects are reduced. The statistical mechanism
makes the major contribution to this process in the mass range
20 - 70. Facchini et allz7 have noted that on plotting cross-~
sections against neutron number, besides the general decrease
in value with increasing N, maxima occur at the neutron magic
numbers 50 and 82. At these magic numbers the competing
(n,nl) process has a small cross-section corresponding to a
minimum in the level density pardmeter, and therefore

K -particle emission is favoured. On comparison with wvalues

calculated from the statistical model they find agreement with

experimental values for A < 60 and at 50, 82 and perhaps 126.
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They suggest, therefore, that in the other mass regions where

the compound nucleus mechanism is reduced, direct effects

occur.

Chatte:r-jeelz8 again noticed minima corresponding to proton

shell closureson plotting (n,®) cross-sections against proton
number, Z. He again failed to notice minima corresponding

to neutron shell closures. Wwille and Fink129 also searched
for neutron shell effeéts at N = 82 and concluded that these
effects were negligible. Neither of these workers mention

the maxima. observed by Facchini et al}27

By including Coulomb barrier effects Gardner21

" has gxten-
ded his emperical formula to predict (n,&) cross-sections in

the range 6 & 2 < 30. His predictions again agree quite well
with the experimental values available although discrepancies

160 and 26Mg. His calculations have been

_were found for
extended in the present work to selenium (Z = 34) by assuming
that Az, a stability line parameter, is 2Z + 8. The values
~obtained are compared with experiment in Table 47 and are

found to be a little low. The lack of a @ value for the (n,x)

reaction of 8283 prevented the calculation of this cross-section.

In order to explain high (p,&) cross-section values and

130 131

energy spectra for heavy nuclei, Wwilkinson and Hodgson

have suggested a cluster model direct interaction process.
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Here quasi-free X-particles or tritons in the nuclear sur-
face are respectively knocked out or picked up by the incident
proton. Similar considerations were suggested for (n,x)
reactions which require the preformation of ol-particles and

5He particles.

A similar process might be applied to (n,t) reactions.
Estimates from the statistical model of the cross-sections for

this type of reaction by workers such as Baerg and Bowes72 and

22 are in general considerably lower than

Heinrich and Tanner
the experimental values. (The values calculated by Baerg and
Rowes for reactions at 14.5 MeV are included in Table 49),

This together with the direct nature of (n,d) reactions, suggests.

that direct reaction effects may be present.

The suppression of charzed particle emission by the Coulomb
barrier on moving to heavier masses causes the (n,2n) and (n,n&)
reactions to become more probable, These two reactions almost
completely account for the non-elastic reaction cross-section in
the heavy mass region. The results of many workers - (e.g. Paul

132 1353

and Khurana and Hans™ ) were

and Clarke7, Wille and Fink
explained by the statistical theory although in some cases the

experimental values were rather low.

Recently Bormamnl'5 has made an extensive survey of (n,2n)

reactions and suggested that the low values are explained by
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maxima in the competing (n,nl) reaction. He plotted (n,2n)
cross—-sections against A separately for even-proton and odd-
proton nuclei. In the even-proton nuclei he observed minima
corresponding to magic neutron numbers 28 and 50 and maxima
at 82 and 126. For odd-proton nuclei minima were observed
at N = 20, but maxima at 28, 50, 82 and 126. The minima at
low magic numbers corresponded to minima in reaction Q wvalues.
The maxima, however, were explained by showing that the nuclear
level density parameter and pairing energy go through minima
at magic neutron numbers so causing a change in the distrib-
ution of nuclear levels which causes a minimum in the cross-
section for the (n,nl) process, Between magic numbers the
(n,nl) reaction cross-sections rise to several hundred milli-
barns but these are reduced towards magic numbers of the target
nucleus where the (n,2n) cross-section almost reaches the full

calculated statistical model value.

In the measurements of the present work, the very low
value for the 54Fe(n,2n) cross-section of 8.9 mb corresponds

to a minimum at the neutron shell closure for N = 28.

Agreement between experimental measurements and theoretical
values can be seen to be reasonable; this applies to many of the
reactidh cross-sections at 14 Mev, although the agreement is

rarely very close. It is hoped that work on excitation
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functions, angular distributions and energy spectra will
provide more information. The study of rarer reactions
should be facilitated as higher neutron fluxes and separated

isotopes become available.
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Appendix A

Experimental techniques used for the reference reaction

(1) Standard method.

56

Mn reaction has been widely used by

The )56

Fe(n,p
previous workers in this laboratory as a reaction relative to
which other measurements could be made. The technique devel-
oped involves irradiating about 0.5g of iron in the form of
foil for the sandwich method, or granules for the homogeneous
mixture method; the iron may then be rapidly separated from the
rest of the sample by mechanical means (electromagnetically
for the homogeneous mixture). The pure ( 2 99.8%) iron foil
came from the Research Department of the United Steel Co. Ltd.,
and the granules (99.9% pure) from the Bureau of Analyseé

Samples Ltd. (B.GC.S. No. 149/1).

After separation 0.5g of iron was dissolved in 10 ml of
a standard acid solution (50% 5N sulphuric acid, 50% 5N nitric
acid and 0.5 mg ml'l'manganese (II) carrier) and made up to
12 ml with further acid mixture. A 10 ml portion of this was
counted in a liquid G.M. tube previously calibrated for 56Mn

in this acid mixture. The efficiency of the counter used in

the present work was 7.67 4 0.15%.
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(1i) Amended method used in the irradiation of nitrogen
and fluorine.

In the irradiation of nitrogen and fluorine (Chapter 4
part 3), a non-standard method was unfortunately used to
dissolve the iron. Here 0.5g was dissolved in 5 ml of 8N
hydrochloric acid and 0.256 ml of 20 volume hydrogen peroxide
with the addition of 1 mg manganese (II) chloride to act as
a carrier, The solution was made up to 25 ml with water and

10 ml were counted in the liquid sample G.M. tube.

To standardise this method three irradiations were carried
out in which 1g of iron granules was irradiated close to the
D,T target block, thoroughly mixed, divided into two 0.b5g

samples and dissolved using the two methods described.

The results of the measurements gave a ratio between the
methods of 1.055 4+ 0,002 representing a counting efficiency

of 8,09% for the hydrochloric acid solution.

(1ii) Amended method used with the increased neutron flux
of the S.A.M.E.S., machine.

The higher specific activity induced in the iron by the
larger flux at Canterbury made the standard solution method
described above unsuitable. It was considered that to reduce
the quantity of iron irradiated with a sample was inconvenient

and would lead to errors in the flux measurement; the following
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dilution procedure was therefore employed to reduce the act-
ivity of the sample so that it could be counted on the day

of an irradiation.

An 0.5g quantity of iron was dissolved in 20 ml of the
standard acid mixture which was then made up to 100, 250, 500
or 1000 ml with water depending on the amount of activity
expected. A 10 ml portion was withdrawn and counted in the

usual way.

The efficiency of the counter for the above dilutions
relative to that for the standard acid solution was determined
by irradiating 2.1g of iron granules, dissolving them in 50 ml
of acid mixture snd counting samples corresponding to the
dilutions stated. The results of the three comparisons made

are shown in Table 51.

Table 61. The variation of counter efficiency with dilution.

Dilution Density (20°C) Counter efficiency (%) Mean
g ml-1 efficiency
1 2 5 (%)
Standard 1.2170 7.67 7.67 7.67 7.67
100 ml 1.0371 8.03 7.96 7.97 7.99 + 0.02
500 ml 1.0063 8,08 8.03 8.06 8.06 + 0.02
1000 ml 0.9997 8,03 8.04 8.07 8.05 + 0.01
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(iv) Comparison of sandwich and granule techniques in poor
. geometry conditions.

In general the sandwich technique was used only in
relatively good geometry conditions when foils were to be
irradiated some 2 - 5 cm from the target block. In the
irradiations of calcium and selenium, however, the sandwich
technique was employed since a rapid chemical separation was
required; also the folls could be wrapped in polythene to
prevent transfer of recoil nuclel. The foils used were 2 cm
in diameter with a separation of 0.3 cm. The distance be-

tween the target and the front foil was 0.3 cm.

To determine the ratio of the neutron flux at the foils
to that passing through the sample the following procedure
was carried out. 0.5g of iron granules was intimately mixed
with finely powdered sucrose to form a homogeneous mixture.
This was then irradiated between two iron foils in identical
conditions to those described above. Both folls and granules
were dissolved and counted under the same conditions and the
ratios of the activities induced in each determined. Three
irradiations were carried out with foil separations of 0.2,
0.3 and 0.4 cm. Within the experimental error a constant
ratio of 1.049 was found and this factor was therefore applied
as a correction to the activity of the iron in irradiations

of calcium and selenium,
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