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ABSTRACT

Nuclear reactions induced by 14 MeV neutrons in a wide
range of elements* have been investigated by activation
techniques. The cross séctions of (n,p), (n,pn), (n,e),
(n,}') and (n,2n) reactions have been measured and their
values are discussed with reference to the theoretical
predicfions of different nuclear models.

The 14 MeV neutrons were produced by the Hf?’(d,n)He4
reaction, the deuterons being aceelerated to the optimum
energy by a Cockroft-Walton aceelerator.

..A method for the accurate monitoring of fast neutron
fluxes in conditions of poor geometry has been developed.

Counting equipment has been calibrated relative to a
47T counter. -Greater accuracy in the determination of
absolute disintegration rates, in conjunction with the
separatiqn of induced activities by radiochemical procedures,
is considered the greatest improvement on the results of
previous workers.

A recent report of (n;Hea) reactions, induced by
14 MeV neutrons with measurable cross sections, has been

investigated, but the results could not be reproduced.

Magnesium, aluminium, .argon manganese, cobalt,
arsenic, iodine, barium, gold, mercury, bismuth.




Trradiations of natural ytterbium and osmium have
been performed in an attempt to observe new activities.

9.8 Minute rhenium, induced in osmium, has been re-assigned

to rel92,
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CHAPTER 1

INTRODUCTION

Neutrons are availgble over an extremely wide energy
range from as low as 104 ev to an upper limit of 1010 ev
and, because of their lack of charge, they are unique in
their ability to interact with nuclei over the whole of
this range. The premier importance of neutrons as a
tool in nuclear research is a direct consequence of this
propertye.

Corresponding to this wide energy range, there is
a greét variety in the types of interactions that are
observed. The measure of the interaction of neutrons with
matter is the.neutron cross. section and precise determina-
tion of cross sections can furnish a great deal of informa-
tion about the nature of these interactions and hence about
nuclear structure.

Nuclear cross-section data compiled from all types
of interactions are invaluable for testing the predictions
of nuclear models, which, although not sufficiently exact
to predict cross sections accurately, nevertheless enable
the nuclear theoretician to make intelligent "guesses" and
provide him with a clearer insight into the true nature

of the nucleus.

A nuclear mbdel is valuable only insofar as it accounts
\)NIVEB&,”

\\$\\"\;‘“\euus
Serysdsphénomena and, as further experi-
sm\ﬁ‘d

adequately for o




- 92 -

mental data become availab;e, the model has to be refined.
For example, evidence, from cross-section measuremeﬁts

of a shell structure within the nucleus could not be
accounted for on the basis of the simple liquid drop
model of the nuclgus, which, until then, had proved quite
adequate. A new model was developed so that theory
might correspbnd with experiment.

This is a continuous process, improved experimental-
techniques leading to more exact measurements and opening
new fields of investigation. Ideally, it would be
" desirable to determine the neutron cross sections of each
individual nuclide for every possible type of nuclear
interaction over a large range of neutron energies. In-
vestigations so far merely outline the fringes of the
subject. |

Much of the information about nuclear structure comes
"from examining the variation of cross sections with the
energy of the incident neutrons. This variation is some-
times very irregular, especially for slow neutrons, where
nuclear excitation levels are reflected in the fine
structure of the excitation curves. Monoenergetic sources
of ﬁeutrons of a@justable energy are required, if the fine
structure is to be resolved. '

The instrumental problem, at high as well as low

energies, is then the production of neutrons of a precisely




defined and known energy and of sufficient intensity to
make measuremeﬁts. At low energies, up to about 1000 eV,
this is achieved by one of two techniques,'the time-of-£flight
neutron velocity selector and the crystal spectrometer
velocity selector, These succeed in sélecting neutrons
of specific energy from a wide initial energy spectrum, .
No device analogous to velocity selectors has yet
been developed for the study of fast neutrons and recourse
has to be made to a number of nuclear reactions which
produce monoenergetic neutfons.
Early fast neutron cross sections were measured using
neutrons obtained frcm Ra-XX-Be sources, but these
results are useless for comparison with theory, as: these
sources emit.an extremely widespread and complicated

neutron spectrum.

Photoneutron sourcés are more useful and monoenergetic
neﬁtrons, covering a range of energies from about 0.03 to
1 MeV, have been obtained in this way.

Monoenergetic neutrons have been obtained from the
, Hz(d,n)He5 and Liv(p,n)Bev reactions, but the latter
has a negative Q-value and the incident protors must
exceed a threshold energy of 1.88 MeV before the reaction
occurs, Also the energy of the incident protons must be

carefully controlled if the reaction is to produce neutrons
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in a narrow energy range. The Ha(d,n)He5 reaction has
a positive Q-value (3.27 MeV) and produces a good yield
of monoenergetic neutrons at comparatively low bombarding
energies. Furthermore, since there are no accessible

5, this reaction can be used to

excited states of He
produce monoenergetic neutrons up to 7"MeV, simply by
increasing the energy of the incident deuterons.

Until recently it was difficult to obtain mono-
energetic neutrons of energies greater than this. The
reactions, Li7(d,n)Be8-and Beg(d,n)Blo, give good yields
of high energy neutrons, but both Beg and B10 have accessible
excited states, and the high-energy neutrons are con-
taminated by neutrons of lower energy corresponding to
the various possible final states of the residual nucleus.
Cross sections measured with these sources cannot be
related to any particular neutron energy.

The availability in recent years of tritium has
transformed this situation and the H5(d,n)He4 reaction is
now commonly used to produce monoenergetic neutrons of
energies between 13 and 20 MeV, Besides having a high
positive @~value (17.58 MeV), this reaction has a very
high, broad resonance with a maximum for 109 keV deuterons.

Consequently, large yields of high energy neutrons can

be obtained using relatively low energy accelerating



machines. Further, due to the absence of excited states
of He4, these neutrons are essentially monoenergefic with
an energy of about 14 MeV.

The use of 14 MeV neutrons from the H!"S(d,n)He4
reaction for cross-section measurements was pioneered by
Paul and clarke,1 who, in a notable paper published in
1953, presented the values of activation cross sections
heasured_for fifty-seven different elements.

Activation cross sections are a particular type of
cross section, referring to those interactions measured
by the radioactivity of the residual nucleus. These
include (n, X), (n,p), (nyX), (n,2n) and others.

Paul and Clarke observed-thirty-eight (n,p), twenty-
five (n, ) and thirty-four (n,2n) reactions. Theoretical
values of the cross sections were calculated on the basis

of the evaporation theory of the compound nucleus

2 phese were compared

proposed by Blatt and Weiskopf.
with the experimentally determined values and, whereas the
magnitude of (n,2n) cross sections was in agreement with
the theoretical prédictions, for (n,p) and (n,s ) reactions,
the theoretical crosé sections were in general too small.
This.difference between measured and predicted cross sec-

tions increased with mass number and, for heavy nuclides,

measured cross sections were as much as four orders of



magnitude higher than the theoretical predictions.

The evaporation theory supposes that the incoming
neutron completely shares its energy with the nucleus, and
this compound nucleus has a finite lifetime before
sufficient of its excitation energy is concentrated on a
particular nucleon to enable it to escape.

To account for the difference between the measured
and predicted cross sections of reactions emitting charged
ﬁarticles, Paul and Clarke proposed a second mechanism by
‘which these reactions might occur. Here the ihcoming
neutron in_teracts strongly with only one proton or X =
particle, which escapes before ﬁuch energy sharing takes
place. The "direct mechanism" for (n,p) reactions was
put onto a theoretical basis in 1957 by Brown and Muirhead.5

Meanwhile in a series of papers published in 1955,

4,5,6 reported values for some

1956 and 1957, Blosser et al
(n, X) cross sections for 14 MeV neutrons. These results
differed substanfially from the trend feported by Paul
and Clarke and were in order-of-magnituae agreement with
the predictions of the evaporation theory.

It was one of the purposes of the present work tp try
and resolve this discrepancy. It is worth noting that

most of'the measurements of both Paul and Clarke and Blosser

et al were restricted to target nuclides with mass numbers
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less than 100, and the really large discrepancies between
measured and ﬁredicted cross sectioné were in the heavy
nuclide region. Seyeral cross-section measurements
have been made in this region.

A number of activation cross sections for 14 MeV
neutrons were published by Forbes7 in 1952.and Yasumf3in
1957, but these are of little use for caﬁparison with
theory, as they are mostly (n,2n) cross sections or

'cross sections of light nuclides. other workers have
been concerned with investigating the cross“sections of
single nuclideé. Martin? measured the cross section of
the 016(n,p)N® reaction and Battat and Ribel® studied

reactions producing He6. They presented values for the

cross sections of the Lis(n,p)HeG, Liv(n,d)He6 and

11 used a nuclear emlsion

197(n,p)Pt197.

Beg(n,o()He6 reactions. Peck
technique to study the reaction Au

Paul and Clarke's paper represented a major piece
of work an@ its value in opening up the field cannot be
-overemphasised. The very enormity of the task they'
undertook, however, precluded very precise measurements.
The authors themselves acknowledge that high accuracy in
their counting techniques was not attempted. Further,
the iack of any chemical separations led to the mis-

assignment of several residual activities.



It was the purpose of the present work to improve
the precision of activation cross-section measurements
for 14 MeV neutrons by improved technigues for nqutron
flux determination and absolute /A -assay. A method for
the accurate determination of the neutron flux under bad
geometrical conditions was developed (particularly useful
in measuring the small cross sections of heavy nuclides)
énd a great deal of attention was paid to the standardisa-
tion of counting techniques. The chemical separation
of residual activities was an important part of the work.

Besides measuring (n,p), (n,X) and kn,zn) cro;s
sections, (n, }) cross sections were also investigated
and found to be much higher at this energy than would have
been expected from theory. The only published data,
concerning (n,'}) cross sections for fast neutrons, was
the work of Hughes et a1,12’15’14 who had used unmoderated
. fission neutrons (effective energy 1 MeV) to measure the
(n, Jd cross sections for a wide range of nuclides.

Their results are in accord with the predictions of the
compound nucleus treatment, but at higher energies

other reactions, (n,2n), (n,p) and (n, &), would be expected
to be greatly favoured at the expense of the (n,)’)
reaction. Measured (n, b/) cross sections for 14 Mev

neutrons are, in fact, several orders of magnitude higher
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than expected. Here again the statistical treatment
of Blatt and Weisskopf would appear to be inadequate.
one (n,pn) reaction has been studied and its cross

39

section measured. This was the A40 (ny,pn)C1”" reaction,

which presents one of the few cases where the (n,pn)
eross section can be measured by activation techniques.
Previously, a search for (n,pn) reactions by activation

16

methods by Cohen, Hyder and White showed, in no case,

significant yields, although nuclear emulsion techniques
gavé strong evidence of their occurrence.16

The limits of some (n,Hes) reactions were also
investigated.

Later work was concerned with an attempt to discover
new nuclides in regions of the nuclide chart where
obvious gaps occurred or assignment of activitieg was

confused. To this end, several irradiations of osmium

and ytterbium have been performed.
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CHAPTER 2

OUTLINE OF TECHNIQUES FOR CROSS-SECTION MEASUREMENTS

The only type of neutron cross section that can be
determined by a direct and simple method is the total
cross section. The total cross section is the sum of
the individual cross sections for every type of inter-
action, including scattering..

A disc of the sample material is inserted between
a steady neutron source and a neutron detector and the
transmission of the neutron beam through the disc is
measured., The ratio, T, of the counting rates, observed
with and without the intervening disc, is simply related

to the total cross section, Or, by the expression

T = e-N. GT:_t
where, N = number of sample nuclei per cm.® .
and t = thickness of the disc.

To minimise the possibility of counting scattered neutrons,
the neutron detector must subtend only a small solid angle
at the source, Also, the neutron flux must remain steady

over the course of the experiment. Absolute calibration
of counting apparatus is, however, unnecessary, as only

the ratio of the counting rates is required,
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.The ‘measurement of individual reaction cross sections
is a much more difficult operation, although there are
examples where a particular reaction cross section is so
large, as to constitute virtually the whole of the total
cross section. An example of this is the Blo(n,cx)Li7
cross section, which can be determined by the transmission
techniqgue.

These very large cross sections do not occﬁr at high
énergies, however, and, if fast neutron cross sections
for individual reactions are to be determined, a knowledge
of the absolute neutron flux is required. Further, if the
cross sections are being detérmined by an activation
| method, absolute disintegration rates must be known and
the absolute calibration of counting apparatus is a
prerequisite éf the method.

The twin problemg of absolute neutron flux and
absolute disintegration rate determination impose a severe
restriction on the accuracy with which activation cross

sections can be measured. Errors of less than ten per

cent are rarely claimed.

Determination of the absolute neutron flux

The impossibility of detecting neutrons directly,
severely limits the methods by which neutron fluxes may

be determined. The methods available are based, in general,
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on the detection of secondary effects acecompanying or

. induced by the neutrons. Of these, there are three main

methods which are applicable to fast neutron studies -~
the recoil particle method, the associated particle method
and the secondary standard.method.

In the.recoil particle method, the neutron beam impinges
upoh a thin layer of hydrogeneous material and the protons,

recoiling from neutron collisions, are counted. For

a quantitative measurement of the neutron flux, a knowledge

of the n-p scattering cross section is required, but, since
all n-p collisions are elastic, this can be accurately
determined by the transmission technique, previously
described. Having established this, the proton recoil
detector can then be used to monitor irradiations.

During the irradiation the monitor (i.e. the proton
radiator ) and the sample subtehd precisely determined
solid angles at the neutron source. The flux through.
the sample is then .simply relafed to that detected by the
monitor. The calculation assumes that the neutrons are

produced by a point source fixed in position and that

- the flux through the sample does not vary with thickness.

Errors, arising from these assumptions and from errors in
the measurement of the solid angles subtended by sample

and monitor at the source, are minimised by irradiating
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both the sample and the monitor under conditions of
®good geometry". That is, well removed from the
immediate target area.

In the associated particle technique, the charged
particles, which are the secondary products of the neutron-
producing reaction,'are counted, For example, the

4

" neutron flux from the H5(d,n)He reaction is measured

by counting the He4 nuclei. This was the method employed
by both Paul and Clarke1 and Yasumis. The A -particles,
recoiling from the reaction into a carefully measured
solid angle are detected (Paul and Clarke used a proportion-
al counter and Yasumi an. &-scintillation counter) and
the number of these can be directly equated to the number
of neutrons emitted into the corresponding solid angle,
which, because of the motion of the centre of gravity of
the system, does not lie in exactly the opposite direction.
Since the neutron distribution with angle is known (and
is, in fact, isotrobic in the centre of mass system at these
energies), the flux through the sample, which also subtends
a precisely defined solid angle, can then be calculated.
Here again, the sample must be irradiated under
conditioﬂs of good geometry to minimise errors. due to the

finite size of the neutron source and the finite thickness

of the sample,
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This condition is the limiting factor in the
application of both the recoil particle and the. associated
particle techniques to the measurement of absolute neutron
fluxes. Good geometry can only bg attained at the expense
of the neutron flux, which decreases with aistance from
the target in accordance with the inverse square law. A
compromise has to be made between the geometry of the
sample and the neutron flux through it, which must be
sufficiently intense to induce a measurable activity. In
fact, if very small cross sections are to be measured,
good geometry simply cannot be gfforded.

e.g. The strength of the 14 MeV neutron source in
our laboratory is of the order of 10g neutrons/sec.

A calculation of the neutron flux required to make
.a typical cross section measurement shows very clearly
that good geometry cannot be afforded.

At saturation

I = N.V.¢

where I is the activity produced in the reaction
N is the number of sample nuclei
0 is the cross section for the reaction

and }ais the neutron flux.

For an accurate measurement, the minimum value of

I that can be tolerated is about 10 d.p.s.
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Then I = 10 d.ps.
N =. 1021 (ca. 0.3 gm. of a heavy element)
o= 10%cen® (i.e. 1 mb.)
10 7 o
}2f= 10°%_ 10~27 = 10 neutrons/cm”/sec.

The usual length of an irradiation is about 2 hrs.
(after which the source strength diminishes) and, if the
half-life of the activity is 20 hrs, it can be assumed
to have reached only one tenth saturation at the end of
the irradiation. Then, the neutron flux required to
produce an activity of 10 d.p.s. will be 108 neutrons/bmz/
sec. The total source strength is 10g neutrons/sec, so
the sample must be irradiated within a centimetre or two
of the target. This is not compatible with conditions
of good geometry.

'The third method of monitoring the neutron flﬁx, the
secondary standard method, is particularly adaptable
to the measurement of small activation cross sections.

The activity induced in thé sample is compared with that
induced in a reference element exposed to the same neutron
-flux. The unknown cross section can then be calculated
in relation to the known cross section of the reference
reaction. Oﬁviously, the accuracy of all cross

sections measﬁred by the secondary standard method is
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dependent upon the assumed value of the reference cross

section, which must first be established by either

the recoil particle or the associated particle techniques.
Experimental techniques are directed towards

achleving the condition that.the_sample and reference

are exposed to the same neutron flux;

495,6,7 a disc

In one method, which has been used,
of the sample material is irradiated between two
identically sized discs of the reference element; which
is in the form of a thin metallic foil. The activities.
induced in each disc are measured and the mean of the
two reference disc activities is a measure of the neutron
flux through the sample. The error in this method is
largely that of estimating the "true' reference disc
activity (i.e. the activity which would have been
induced in a reference disc occupying exactly the same
position as the sample). The method is most successful
when the sample is a thin foil and the "sandwich" is
irradiated in good geometry. It is not suitable when
the sample material is a powder, especially if it needs
to be irradiated close up to the target.

An alternative method has been developed for the
presént work. In this method the sample material is

irradiated in a homogeneous mechanical mixture with the
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reférence element. They are separated after the
irradiation and their activities determined.' This
technique is particularly insensitive to fluctuations
in the position of the neutfon source and there is no
objection to bulky samples. Consequently, the mixture
can be placed right up against the target, mgking the
best use of the neutron flux. The sample can also be
irradiated in powder form, facilitating easy dissolution
and speedy chemical separations after the irradiation.
This is a great advantage. No precise geometrical
meaéurements need to be made the the only inherent error
of the method lies in the possibility that the mixture
may not be homogeneous. This possibility was thoroughly
investigated and errors arising from inhomogenity of the
mixture were shown to be ‘less than five per cent.

The criteria governing the choice of a secondary

standard or reference reaction are

1) It should have a fairly high cross section,
which has been reliably determined by an
absolute method.

ii) The reference element should be easily
attainable in a high state of chemical purity.

iii) The resultant activity should have a convenient
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half-life (allowing it to be left for a
short time while attention is being paid to
the sample) and it should be uncontaminated
by other activities induced in the reference
element by other reactions,

iv) It should have a fairly high threshold energy
to discriminate against scattered and degraded

neutrons.

Another criterion applies only to the homogeneous mixture

technique.

V) The reference element should be easily

separable from mechanical mixtures.

Reactions which héve been employed as secondary
standards are:
a1%(n, o)NE4
Fe56(n,p)Mn56
cu®3(n, 2n)cu’?

0of these, only the Fe56(n,p)Mn56 reaction satisfies the
fifth criterion, iron granules being easily separable
from hechanical mixtures magnetically. This was chosen

as the reference reaction in ¢the present work.
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Several tolerably concordant values for the

6 cross section exist in the literature and

Fess(n,p)Mﬁ5
the value assumed in this work, 124 millibarns, is an
average of these, At the same time, an experiment

is being conducted in conjunction with this work to deter-

56

mine the Fess(n,p)Mn cross section absolutely, and all

'results will be re-adjusted to fit this value when it
becomes available.
The method used is a variation of the_associated

4 nuclei are collected in an

particle technique. The He
aluminium foil. This is dissolvéd releasing the helium,
which is measured using an apparatus specially designed

for the separation, purification and measurement of small

7 17 The

volumes of helium (of the order of 10” CaCe)e
#n®® activity induced in an iron foil, irradiated in the
same geometry as the aluminium, is measured absolutely
and, with a knowledge of the absolute cross section of
the Fe56(n,p)Mn56 reaction can be calculated. The
experimental set-up is depicted in Fig. 1.

| In Fig. 1z~

A is a very thin Al foil (1.5 mgm./cm®) to stop He®

particles produced by the Hz'(d,n)He5 reaction.
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B is a thicker Al foil (6.0 mgm./cm®) to collect all

He4 nuclei recoiling from the reaction into the

solid angle depicted.
¢ is an iron foil (120 mgm./bmz) activated by neutrons

emitted into the same solid angle as the He4 nuclei.

" . corrections must be made for the centre of mass motion

of the system and for the small spread in particle energies,
arising from the finite thickness of the tritium target.
The excitation function of the Fe56(n,p)Mn56 reaction

must aléo be known to calculate its cross section for
neutrons emitted in the forward direction, which are more
energetic than those in the backward direction. The
‘excitation function of the F656(n,p)Mn56-reaction has

been plotted by Terrel and Holm.18

Determination of absolute disintegration rates

Several methods of determining absolute disintegration
rates are available and, in choosing one, a compromise:

must be made between the aceuracy of the technique and

' its simplicity.

Very accurate assays of absolute,A?-disintegration'
rates can be made by 4 J7 counting techniques, but good
4 ]7 sources require considerable skill and attention to
prepare. They also require time and this method is not

applicable to the measurement of activities with short
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half-lives., Then, if self-absorption effeets are to
be.negligible, chemical separations must be performed with
very small aﬁounts of carriers and the difficulty of
estimating chemical yields must be taken into account.

477 Counting does not commend itself for routine measure-
ments.

At the other extreme, no chemistry is performed and
activities are measured directly in the activated material.
After irradiation, the sample and reference element
afe counted with the same low geometry under an end window
Geiger counter. Counting corrections are made with

reference to empirical data like that compiled by Gleason,

20 (satura-

2l

Taylor and Ta‘bern19 (window absorption), Burt
tion back-scattering) and Nervik and Stevenson®" and
Cunninghame, Sizeland and Willis®® (self-absorption and
self-scattering). Although this method facilitates quick
and easy countihg, without time wasted by chemical procedures
and source preparation, the determination of absolute

disintegration rates cannot be accurate, especially where

decay schemes are complex.
This was essentially the technique employed by Fofbe37

and by Blosser et al,*?%'® although the latter did chemically

separate, resultant activities.
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1 preceded their cross-section |

Paul and Clarke
measurements by an examination of their counter efficiencies
as a function of maximum//?-particle_energy, but accurate
calibrations were not attempted. No chemical separations
were performed.

vasumi® calibrated his counting apparatus against
a 47r countef, but he also did not make any chemical
separations.

In the present work, the determination of absolute
disintegration rates has been given close attention.

The 47" counting technique, developed by Pate and Yaffe23
and Hawkings et a1,24 has been thoroughly investigated
and used to standardise an end window proportional counter
and a halogen-quenched liquid counter.

The direct use of the 4T counter for absolute
/S—counting was rejected for the reasons outlined above,
namely, the time consumed by the process of source prepara-
tion and their introduction into the sensitive volume
of the counter, and the difficulty of.performing chemical
separations with the very small amounts of carriers which
must be used, The time-consuming necessity of introducing
sources into the sensitive volume of the counter was also

an objection to the use of a 2T counter and, at the

sacrifice of some of the counting efficiency, an end

window counter was preferred.
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Seintillation counting does not easily lend itself
to absolute A& -counting, the absence of a counting
blateau making reproducibility difficult, and an end
window gas—Elow proportional counter was preferred to a
Geiger counter, mainly because of its better reproduci-
bility and thinner window. The latter facilitates the
assay of less energetic'/?-activities.

The activities induced in the various elements’
irradiated were counted either under the proportional
counter or in'the liquid counter, depending upon which
was the most efficient or reproducible for a particular
5ctivity. Usuélly, those activities produced by (n,p)
and (n,d) feactions were chemically separated from the
jrradiated material and mounted as solid sources (ca.
10 mgs./cmz) for counting under the end window counter.
Activities induced by (n,Y') and (n,2n) reactions were
more efficiently measured in the liquid counter, since
they were inevitably mixed with the isotopic target

material. '
Both the end window counter and the liquid counter

were calibrated for various radioactive nuclides,
standardised by the 4 T counter. - Curves of counting
efficiency as a function of maximum /x?-particle energy
were constructed for each. Then, when it was not

possible to calibrate the counters for the particular
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nuclide under investigation, for example, when the
nuclide héd a short half-life or was for some other
reason unobtainable with a high specific activity,'the
counter efficiencies could be accurately interpolated
from the curves. This was particularly true of the

end window counter, the efficiency of which was not

very sensitive to changes in”/g—energy.
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CHAPTER &

EXPERIMENTAL PROCEDURES

Part 1 The neutron generator -

A high flux of essentially monoenergetic neutrons
(Eh~ﬂ~14MeV) was produced by the Hs(d,n)He4 reaction
(@ = 4+ 17.58 MeV). This reaction had a high broad
resonance with a maximum for 109 kev deuterons, and a
deuteron beam of suitable energy was produced by the-

Cockroft-walton type accelerator, built in this

laboratory by G.R. and E.B.M. Martin.2® A photograph

of the accelerator is included.

The Cockroft-wWalton voltage quadrupling circuit
is deﬁicted in Pig. 2. - The mains voltage (-~ 240 volts
and 50 cycles/sec.) is supplied via a Variac to the
primary of a big transformer, 6apab1e of 100 kv peak
output voltage. This is fed to the quadrupling circuit
via a limiting resistance, and the high D.C. voltage
built up is shared equall& across ihe.two gaps in the
acecelerating tube, depicted in Fig. 3. '

To prevent electrical breakdown, the accelerating
tube must be maintained at a pressure of about 10~° mm.
Hg, and, as deuterium gas is continuously being fed into
the ion source, this requires high speed pumping. The

deuterium is fed into the ion source through a heated
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palladium tube and ionised by a high frequency electrode~
less discharge. This is méintaﬁne& by an R.F. oscillator,
the ion source being encircled by a copper tube, which
forms part of a circuit tuned to resonance with the
oscillator. Tons are extracted from the discharge through
a narrow canal, by applying a voltage of a few kV between
the canal and a tungsten probe at the top of the source.
The extracted deuterons are focussed into a beam and
accelerated by a voltage of about 40 kv applied across

the carefully adjusted gap between the canal and the iop
of accelerating tube, The beam is further accelerated

to its maximum energy by the high D.C. potential shared
across the two gaps in the tube.

The deuteron beam impinges on a tritium target, the
tritium being absorbed in a thin film of zirconium or
titanium metal supported on a copper backing. Each
target disc (diameter 2.5 cms.) contains about one curie
of tritium (0.3 ml., at S.T.P) absorbed in 2 mgs. of
titanium, This is equivalent to an atomic ratio of
5H5 to 4Ti, although higher ratios can be obtained.

The targets, prepared by the method developed by
Graves et af?swere bought from A.E.R.E. Harwell, and, for
convenience, each disc was divided into four segments,
which were bombarded separately.

The target segments were soldered on to the brass
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target block of the accelerator and samples were
irradiated close up to the bottom of the block. The
target assembly is depicted in Fig. 4. It is centrally
situated in the target chamber, well removed from the
floor, walls and objecté that might increase the flux of
gscattered, degraded neutrons in the area of the sample.
A movable molybdenum disc protects the target from
bombardment until the neutron flux is required.

The energy of the incident deuterons was slowly
increased by means of the Variac’ to aﬁout 130 kevV and the
beam current was.usually of the order of 200)p<amps.
This corresponded to the dissipation in the target block
of about 30 watts and; during an irradiation, the block

was water-cooled.

A rough estimate of the neutron yield has been
made by measuring the cu62 activities induced in copper
discs, irradiated with known geometry - the secondary

9

standard method. About 10° neutrons/sec. are obtained

from a fresh target.

As stated, the energy -of the incident deuterons
was 130 kev, but, as they penetrate the titanium-
tritium layer, the deuterons are degraded. Deuterons,
ranging in energy from 156 keV down to zero, react. with

tritium nuclei to produce neutrons, but it can be seen,
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on examining the graph of the cross section of the
H?(d,n)He4 reaction as a function of deuteron energy,27
that over eighty per cent of the neutron flux is
produced by deuterons with energies between 80 kevV and
130 kev. The resonahce peak.of the reaction is for
109 kev deuterons. Neutron energies as a function of
angle of emission have been plotted for these three
deuteron energies (Fig. 5) and it can be seen that in
the angular spread of neutrons utilised, energies range
from 14.5 ivreV t0 14,9 MeV, with the average energy of
the neutron flux at 14,7 MeV. Thus, although the

neutrons are not truly monoenergetic, they are defined

in a narrow energy range.
_‘ Irradiations were usually started by removing the
molybdenum shutter from the path of the deuteron beam
and they could be instantaneously stopped by running
down the probe voltage on the ion source. This was
convenient as it d@id not necessitate entering the
target chamber, which presented a considerable health
hazard while the set was running.

- Fluctuations in the neutron yield were monitored
by a proton-recoil scintillation counter, which operated
with, a high bias voltage to discriminate against neutrons

of lower energy. Knowledge of the variation of the

neutron flux during the course of an irradiation was
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essential, as the corrections, which had to be applied
.to different induced activities, varied considerably
with their half-lives. The neutron monitor count
.was recorded at intervals which were short compared to
the shortest half-;ife under investigation.

Besides the fluctuations in the neutron yield,
which were probably due to small fluctuations in the
position of the deuteron beam, there was a steady fall
in the yield, probably due_td loss of tritium from the
heated area of the target. A device for moving the
target assembly about with respect to deuteron beam
was operated by remote control from the control room.
$his ensured that the whole area of the target segment
was exposed to deuteron bombardment, but the life of :
one segment was, in general, limited to about five hours
bombardment, by which time the neutron yield had
dropped to about ten per cent of its initial value.

At this stage, the contribution to the total
neutron flux_of neutrons of lower energy becomes appreciable,
During the course of an irradiation, deuterium accumulateé
in the target from the deuteron beam and 2.5 MeV neutrons
are produced by the Hz(d,n)He4 reaction. Most of the
reactions studied had thresholds above 2.5 MeV and these
D+D neutrons did not represent a problem, but (n,b’)

cross sections increase with decreasing energy, and the
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contribution of neutrons of lower energy t6 measured (n, )' )
cross sections had to be ascertained. The experiment

is described in. relation to the measurement of the

112‘7(n’ X)I:"28 ¢ross section, but the build-up of
deuterium in the tritium target is depicted in Fig. 6.

The .flux of D+D neutrons can be seen to rise to a

saturation level after about 500 Mamp. hrs. bombardment.
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Part 2 Counting Equipment

As stated in Chapter 2, the activities induced in
the irradiated materials were measured by either an end
window proportional counter or a halogen-quenched liquid
counter and these were calibrated for absolute counting

by comparison with a 47 technique.

a) The 41 counter

The 47 counter is depicted in Fig. 7. It is &
gas-flow proportional counter, consisting of two cylindrical
chambers hinged together so that, when in operation,
the source support lies in the equatorial plane. The
chambers have separate anode wires, lying parallel above
and below the source support and connected externally to
‘the E.H.T. supply. ' »

The gas, a.standard mixture of 90% argon and 10%
methane, was freed of.oxygen and water vapour by
passage through tubes containing heatgd platinum gaugze
and "Anhydrone", and passed through the counter at a
pressure just slightly above atmospheric. The flow
rate was determined by a needle valve at the inlet. It
was shown that counting rates were virtually independent
of the gas flow rate above a certain minimum, which wag
about 0.5 ml./sec. The couhter was operated with a gas

flow rate of about 0.75 ml./sec.
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The electronic apparatus and the gas-flow system,
associated with the counter, were identical to those
associated with the end window counter, which are
depicted in Fig. 11. In fact, the 4™ and end window
counters were completely interchangeable.

The 47 counter normally gave a plateau more than
500 volts long. The optimum counting voltage for the
standard RaE source was about 1.5 kV, but this was found
to vary considerably with A-energy, and it was the
usual practice to draw a fresh plateau for each activity..
The counter was operated with the scaler paralysis time
sef at 50‘/Asecs. It was completely enclosed in a
standard lead castle, which reduced the background count
to about 35 c.p.m. for the twin counters.

As can be seen from Fig. 7, the active sources are
placed inside the sensitive volume of the counter, which
has to be opened whenever it is desired to change a
source. After every such operation, the counter was
'slow to regain its sensitivity. Although this process
could be speeded up by flushing the air out of the
counter with an increased gas flow rate, there was, of

necessity, an interval of about seven minutes associated

with the changing of sources.
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) Preparation of 4T sources

The source supports were very thin (ca. 20 /ofgms./cmz)
VYNS plastic films, supported on aluminium rings (internal
diameter - 2.6 cms.) and gold coated on one side to give
them coﬁducting properties. The manufacture and

properties of fhese 417 source supports are described by

Pate and Yaffe.zs

A one-third saturated salution of VYNS resin in
cyclohexanone (a saturated solution contains 1 volume
of resin in 2 volumes of solvent) was‘allowed to spread
evenly over the surface of a trough of water. The cyclo-
hexanone solvent dissolved, leaving a VYNS plastic film
on the surface, A rough guide to the thicknesses of
different sections of the film is provided by the inter-—
ference colours in reflected light. The thinnest
sections were generally too fragile to be useful, but
slightly thicker sections (zo/p(gms/cmz) were lifted from
the surface on a wire frame and placed on the aluminium
rings while'still tacky. The exact thickness of the
films could, if needed, be determined spectrophotometri-

cally with reference to the calibratién -curves constructed

by Pate and Yaffe.25

The source supports were rendered conducting'by
evaporating a thin layer of gold on to one side of the

films. The thickness of the gold layer %%ed be no more
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than 5 M gns/cm.z s when the films appear a pale blue-
green by transmitted light and purple in reflected
light. The exact thickness of the gold layer could be
measured, again by using a spectrophotometer.

These film source supports were, understandably,
nof very robust and some broke, apparently unaccountably,
at differept stages during the process of source prepara-
tion, But, with practice and care, ninety per cent
success was: attained.

Before preparing a source, the uncoated side of the
film was treated with a very dilute insulin solution
to facilitate the uniform spreading of the activity.
About 1 mg. of insulin was dissolved in 10 mls, of
distilled water with 1 drop of éonc. HCl. By means
of a finely adjustable dropper arrangement (Fig. 8), a
little of this solution was placed on the film and allowed
to wet the surface around the centre. Excess insulin
solution was drawn off and the remainder evaporated under
a heat lamp. Later, when a drop of the active solution
was evaporated on the film, the activity was distributed
evenly over the area wetted by the insulin solution.

In the absence of a spreading agent, the active solute

retreated to the centre of the film with the diminishing

globule of solvent and crystallised from the last drop.
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As the solutions used were never truly "carrier-free",
counting losses due to self-absorbtion would have become
significant, and not easily calculable in the absence of
the insulin spreading agent. |
Aliquot parts of the active solutions were weighed
onto the films and evaporated under a heat lamp. Replicate

sources for each activity were prepared and counted,

¢) ,The performance of the 4 counter

The reproducibility of the 4T counting technique
was firmly established, and its 100% efficiency confirmed
by comparison with several other methods of absolute
/flcounfing.

Whenever étandardisations were performed, replicate
.477 sources were prepared from different weights of active
solution. The specific activities of these sources were
always in close agreement, demonstrating that with the
relatively carrier-free solutions used, counting losses
from self-absorption were negliéible. Sources were also
occasionally countéd in two or three different 4 counters,
using different electronic equipment, and results varied
by less than half a per cent. A typical group of results

is presented in Table 1.

It was also shown that the 47 efficiency was independent
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PABLE 1. MEASURED SPECIFIC ACTIVITY OF A Aut>® SOLUTION

4T counter 47 counter

‘ 4T counter(59) (60) (61)
gsource Weight of Specific Mean Mean
No. active activity Mean specific specific
salution d.p.m./ activity activity
mgs. mg. d.p.m./mg. d.p.m./mg.
J

1 67.6 187.2

2 85.8 187.7

3 59.4 188.0 187.6 187.0 188.0

4 78.0 1187.0 ' '

b 82.9 187.0

of A -particle energy, at least, within the normally
encountered range of energies, In connection with the

calibration of the end window counter for Srgo (Epmax =

0.54 MeV), 4T sources of cleanly separated Srgo were

prepared and quickly counted. The growth of Y90 (Efmax =

90

2.26 MeV‘), the 64 hr. daughter of Sr”~", was traced to

secular equi'librium, when the total activity was exactly
twice the initial activity of the Sr°°, as it should be

if the Srgo and Ygo ﬂ-particles were being counted with
the same efficiency. The growth curve is reproduéed in

Fig. 9.
35

source was

In another experiment, a small movable S
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counted in diffeeent positions in the plane normally
occupied by a 47 source. The measured decreases in the
counting efficiency at different distances from the centre
of this plane are tabulated below (Table 2). It can be

seen that counting losses from edge effects can be

TABLE 2. VARIATION OF COUNTING EFFICIENCY WITH DISTANCE
- FROM THE CENTRE OF THE 4 __ COUNTER

% 1,0ss of efficiency

Distance from perpendicular to parallel to
centre of counter anode wire anode wire
mnse.
1 . | ot ot
5 0.6 0.2
9 0.6 0.3
13 0.5 2.0

+ The counter is assumed 100% efficient at the centre.

The diameter of the counter is 26 mms,

neglected so long as the source is confined to a small

area (diameter +~ 1.5 cms.) at the centre of the source

support.
The absolute specific activities of standardised

solutions of Aulga and P52’ distributed by the National
Physical Laboratory, were measured by the 47 technique
and agreed with the N.P.L. values to within their quoted
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errors.’ The absolute disintegration rate of the Au198

solution was determined separately 5y ﬂ - )( coincidence
counting, A value of 24,43 e /em. was obtained compared
to the value of 24.80 McCe /egm. obtained by 4" counting.

35 solution was.

The absolute specific activity of a §
determined by several groups of workers. Their results
are presented 'in Table 3. It can be seen that the

result obtained here compares favourably with the others.

TABLE 3. RESULTS OF THE STANDARDISATION OF A 855 SOLUTION
BY DIFFERENT ESTABLISHMENTS
Where the standardisa- Technique Mean value of
tion was performed used specific activity
. . ‘/uCo/gno
NePoL. 41 proportional 192,3
_ counting

A.E.R.E. 4y Geiger

Harwell countipg 191.7

R.C,Ce. 4T proportional 205.0

Amersham counting ¢

Here 4 M proportional
: counting 195.8

The 47 counting technique used here has been thoroughly
investigated. The calibration.of other counters with
respect to the 47 counter could be confidently assumed

accurate to within a per cent or two.
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d) The end window gas-flow £ -proportional counter

The counter is depicted in Fig. 10 and the associated

" electronic equipment and gas-flow system are shown

schematically in Fig. 11. As stated, these were identical
to those of the 47 counter, and the gas-flow system is
described in Section (a). The gas flowed through

the counter at a rate of about 0.75 ml./sec. As in the
case of the 4 T counter, the flow rate was found to be

not very critical above a certain minimum, in this case
about 0.4 ml./sec.

The end window of the counter (diameter - 2.6 cms.)
was a very thin VYNS plastic film (80 M gms./cm.z), pre-
pared in the same way as the 4T source supports, but with
éeveral layers of film. The film was gold-coated on
one side to give it conducting properties. With this
very fragile window, care had to be taken to ensure that
the gas did not build up a.pressure, especially when
removing and replacing the gas leads.

The anode loop, kinkless and § inch in diameter, was
of constantan (0.001 inch in diameter). It was soldered
into a fine nickel tube and suspended g inch from the
counter window. The nickel tube was insulated from

the counter walls by suspension from a teflon plug.

-With the sensitive volume of the counter thus defined,

a plateau of about 250 volts was obtained. The optimum
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counting Qoltage was of the order of 1.7 kv, but varied
slightly with A -energy. Like the 4 ) counter, the end
window counter was opefate@ with the scaler paralysis
time set at 50‘/usecs.

The counter was enclosed in a lead castle, which
reduced the background count to about 14 c.b.m..

Pulses from the proportional counters, 41 as well
as end window, were amplified externally by a factor of
106. Care had to be taken to prevent spurious pulses,
passed along the mains, from recording. Sources of
spurious pulses were traced and eliminated.

In humid weather there was a tendency for the counter
insulation to break down across the surface, This was cured
by wiping the insulation with methanol and drying if with

a hot-air drier.

e) Preparation of solid sources for the end window counter

To facilitate the accurate calibration of the end
window counter, all solid sources were prepared by a

standardised technique.

In the final stage of a chemical procedure, the
activit& with its inactive carrier was precipitated in a
suitable gravimetric form, The precipitate would normally
weigh about 10-20 mgs., depeﬁding upon the chemical yield

of the procedure. The sources were prepared by uniformly
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‘collecting the active precipitates on glass-fibre filter
discs (Whatman GF/A 2.1 cms.) supported on sintered
polythene in a demountable filter funnél (Fig. 12). The
internal diameter of the filter funnels was standardised
at § inch. The sources were supported on standard
aluminium trays and counted with reproducible geometry
with respect to the sensitive volume of the counter.

Chemical yields were determined by direct weighing.
Herein lay the great advantage of using glass-fibre filter
discs as qpposed to filter-paper discs, which were used
initially. A considerable error was introduced in the
use of the latter by their hydrophilic property. It was
necessary to tare the discs and weigh the sources under
fery carefully regulated conditions, if the weights of
the discs were to be assumed constant. This was most
unsatisfactory. The glass-fibre filter discs absorbed
negligible amounts of water vapour and could be weighed
on an open tray with little or no variation.

A Stanten semi-micro balance (Model MC1lA) was used
and the discs were weighed to the nearest 0,01 mg. These
weights were accurately known to within 4+ 0,05 mg., so

that chemical yields, determined in this fashion, were

accurate to within 4 0.5%.
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f) calibration.of the end window counter

The absolute disintegration rates of carrier-free
sqlutions of several AZ-active nuclides were determined
by the 47 counting technique.

Aliguot parts of these standardised solutions were
added to solutions of the respective inactive carriers
and precipitated by a recommended gravimetric procedure.
Sources of varying thickness were prepared by the standard
filter-funnel technique and counted with reproducible

geometry.

- observed counting rate
The efficiency of the counter (absolute disinteg%ation rate)

was calculated for each individual source and plotted
against the weight of the Bource. These self-absorption
curves were plotted for sources ranging from about 5 mgs.

' to 50 mgs. and, except for the nuclides emitting low
energy /-particles, counter efficiency varied little with
source thickness over this range. Typical curves are

reproduced in Fig. 13.

The /e-active nuclides, for which self-absorption
curves have been constructed, are shown in Table 4.

The counting efficiencies for 20 mg. sources were
interpolated from the curves and plotted against the
A2 ~particle end point energies of the different nuclides.

This curve is reproduced in Fig. 14. It -can be seen

that, above about 0.6 MeV, there is little or no
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variation in counter efficiency with increasing‘/?ienergy
This made it possible to interpolate accurately the
counting efficiencies of activities, for which it was
not possible to perform separate calibrations. Precise
knowledge of /f-energies Was not required, but merely

assurance that they were greater than 0.6 MeV.

TABLE 4. CALIBRATION OF END WINDOW COUNTER

Active Carrier E A pax(Mev) Counter efficiency
nuclide precipitate (weighted mean) for a 20mg source
35 . |
18 Baso, 0,167 0,076
2. sr°° srso, 0.54 0.26
3 Pt elemental Pt 0.67 0.32
4 nNat NaCl 1.40 0.29
5 1?52 ]311304 2 0.34
1.70
32 . o .
6 P MgNH, PO, , 6Hy 0.32
56 |
7 Mn MNNH, PO, , H,0 1.90 0.27
8 1ri® eclemental Ir 2.18 0.34
9 Ygo Srso, g 0.32
90 __ 2.26
10 y Y5(Cg04) 55 7HgO 0.30
11 As'© MENH,ASO,, , 6,0 2.55 0.31

Counting efficiencies are, to some extent, dependent
on the electron density of the precipitate and this had

to be regarded when interpolating.
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g) The liguid counter

A halogen-guenched liquid counter (Model M6H) with
a capacity of 10 mls. was calibrated and used to assay
the absolute /ﬂﬁdisintegration rates of those activities
for which it was not convenient to prepare solid sources.

The counter characteristics were very good. The
threshold voltage for counting was at about 340 volts.
Above this voltage the counter plateau stretched for
several hundred volts. The optimum counting voltage:
was 410 volts,. The paralysis time on the external.
quenching unit (Prébe Unit Type 110A) was set at 500/usecs.
This limited counting rates to about 104 c.p.m. and made
"deadZtime" corrections important.

The counter was supported in a lead castle, in which

the background count rarely exceeded 14 c.p.m.

The counter efficiency was checked periodically with

60

a standard Co solution.

h) calibration of the liguid counter

10 ml, aliquot parts of solutions of different
AP-active nuclides, standardised by the 4 7 counting
technique, were counted in the liquid counter. The
efficiency, with which they were counted, was calculated

and plotted against’/f-particle end point energy.
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The points, all except one, fit onto a smooth
curve (Fig. 15) over an energy range of from 0,765 MeV"
(T1204) to 2.55 MeV (A576). 'The anomalous point
is 31210, for which the counting efficiency appears much
too low for its /ﬂ-end point energy. This is accounted
.for by the shape of the 1 210 /? ~spectrum, which is
for a "forbidden" transition. In this case, the
end point energy does not bear the same relation to tpe
mean energy of the emitted ﬁ-’-particles as it does in
the normal "allowed" transition.

The calibration curve, not including Bizlo,
apbéared to be essentially linear between 1 MeV and
5MeV’and,'provided./?éenergies and decay schemes were well
established, interpolation on this curve was accurate.
This was very useful for, although it was still preferred
to calibrate counters for the particular activity to
be measured, it was not always possible.

Much below 1 Mév; the liquid counter became so
inefficient as to be impractical.

The , -active nuclides used for the calibration

are presented in Table 5. It can be seéen that the

electron density of the solution affects the counting

efficiency somewhat.
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TABLE 5. CALIBRATION OF LIQUID COUNTER

E (>
A max.(M _v) Counter
Active Nuclide (Weighted -  efficiency (%)
' mean)
1 204 0.78 1.24
e 0,97 - 2.70
31210( in dilute acid) ) ' 2,52
Bizlo(in conc. .soln. ) 1.17 .
of Bi(NOg)s) ) . 1,95
Na% 1,40 6,97
§1%5 1,53 | 7.00
| p°2 170 7.95
un®® (1n dilite acid) 9,05
Mnss(in standard acid. 1,90
mixture with -
0.5 gno Of Fe-) 8.95
¥ 2.26 ' 11.63
AsO 2.55 13,32

i) Accessories to counting equipment

In general, no activities with half-lives shorter
thon a few minutes were measured, but there were occasions
when it was desired to investigate an activity with a
halfilife of the order of seconds. In these cases,

of course, no chemistry was performed and it was necessary
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to transfer samples from the target chamber to the
counting room in a very short time. This was accomplished
by means of a vaguum tube. The samplé, attached to
‘the "rabbit", was released from beneath the targét by
a mechanism operatgd from the counting room and
aropped into the tube, which transferred it to the
counting room in about two and a half seconds.

The counting of these very short-lived activities
was facilitated by an electronic timing device, which |
stopped the scaler at predetermined intervals for a
small fixed period, during which the scaler could be
read. The timer also operated a camera which could be
used to record the scaler readings.

mThe camera was also useful for tracing the decay
of activities with long half-lives (of the order of
several days). The camera was focussed on the scaler
panel and the timing mechanism was set to take exposures

at predetermined intervals over a long period of time.
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part 3 Chemical separations associated with the
. calibration of counters

656 58m

a) Separation of Ni~“ from Co

The liquid counter was calibrated for 2.56 hr.

65

A high specific activity of Ni was obtained by

irradiating about 20 mgs. of nickel wire in the BEPO

pile at A.E.R.E. Harwell, but it was contaminated by

58m 58m

some 9.2 hr. Co", formed by the Nisa(n,p)Co reaction.

The 0058m was removed by the ion=exchange technique

described by Kraus and Nelson.28

The nickel wire was dissolved in a minimum of conc.
HNO, and a few mgs. of c9ba1t carrier were added.: The
solution was evaporated to dryness several times with
the addition of conc. HCl. The nickel and cobalt
chlorides were finally taken up in 1 ml., of 9N HCl. Under
these conditions,‘cobalt forms complex cobaltichloride
ions, which are strongly retained@ on an anion-exchange
resin.

The resin bed (Dowex 2; medium porosity; mesh-
200 to 400) was prepared in a column 5 cms. long and 0.25
cms., in diameter. The active solution was placed on

the column and eluted with 9N HCl at a rate of 0,2 ml,/min.
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A clean sepafation was effected, the nickel being

eluted and the cobalt remaining tightly bound in a blue
band at the top of the column. If it had been required,
the cobalt could have been stripped from the column by

elution with dilute HC1l or water.

b) Separation of sr?9 from its daughter, 0,

It was required to calibrate the end window counter

90

for solid sburces of Sr”~, precipitated as Srso4,

because of the similarity of its;‘/?—energy to that

209 209

~of Pb . The counter efficiency fof Pb was required

209(n 209

in connection with the measurement of the Bi »D )Pb

cross section.
20 yr. sr°C, in secular equilibrium with 64 hr. Y90,

was obtained from the Radiochemical Centre, Amersham

90 was freed from its daughter by the ion-

exchange technique summarised by Dalton and W’elch.29 A

QO:YQO mixture, containing

and the Sr

neutral solution of the Sr
added strontium carrier, was passed through a column of
an anion-exchange resin in the hydroxide form. Yttrium,
which forms an insoluble hydroxide, was precipitated

by the resin and did not appear in the eluate. No
yttrium carrier was added, as macroscopic amounts of
yttrium form a gelatinous precipitate with the resin,

impeding further elution.
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Dowex é anion-exchange resin (medium porosity,
200-400 mesh) was activated by repeated washing with
baryfa, which gradually replaced the chloride ions.
on the resin by hydroxides. Baryta was preferred to
ammonia for this purpose, as it contains no free
carbonate ions from contact with the atmosphere (BaCOgz
is precipitated). Carbonate ions would compete
favourably with hydroxide ions for places on the resin
and, on elution, the resin would retain strontium as
weli as yttrium'and a clean separation‘would not be
effected

A bed of the activated resih was prepared in a
column, 12 cmé. long and 0.4 cms. in diameter, and
washed with Coz-free water,

0.25 ml. of a neutral solution, containing about
6 /uc. of Srgo with 1 mg. of strontium carrier added,
was placed on the column and eluted with Cog-ffee water
at a rate of 0.2 ml./min. AD estimated 95% of the
Srgo appeared in the first three column volumes of
eluate (3 mls). The first six column volumes were

collected and made upto.10 mls. Aliquot parts of this
90

4

solution were diluted for the preparation of Sr

sources and solid sources.
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Residual traces of strontium were washed from the
column by the passage of several more column volumes
of wafer, then the yttrium, which had not appeared in
.the eluate, was stripped from the column by eluting with
2N HCl. 1 mg. of yttrium carrier was added to this
solution, which was also made up to 10 mls. Y90 47
sources. were prepared, and both the end window and
liquid counters were calibrated.

The growth of Ygo into the Srgo 4T sources was
traced and the growth curve is reproduced in Fig. 9.
It is proof of the efficiency of the sepafation, the
activity at éecular equilibrium being just twice the
activity at to, the effective time of the separation.
The depay of Y9O 4 Y sources was traced and they decayed
almost to background. Also, the separation was
quantitative. The absolute specific activity of the
sr°° solution was 1.428 x 10° d.p.m./mg. and that of
the Ygo solution was 1.43 x 10° d.p.m./mg. at t .

c) Separation of RaE from an equilibrium mixture of
RaD-E-F

It was required to calibrate the liquid counter
for RaE(Bile) in connection with the measurement of

the Bizog(n, X)Biglo cross section.
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210

) and RaF(PozloX

The RaE was separated from RaD(Pb

electrochemically, under the conditions described by

Haissinskyso and by Bagnall.51

The electropositiviﬁy
of the RaD-E-F chain increases with atomic number, and
RaF and RaE can be removed in turn from solution by

spontaneous deposition on silver and nickel foils res-

pectively. The process is facilitated by rgised

temperaturese.
A solution containing about 0.1/yc./ml. of 51210

was available, 2 mls, of this solution were made 0.5 N
with respect to HCl and warmed to abbut 80°c over a
water bath. A piece of silver gauze was rotated in the
solution for 45 mins. and, éfter removal and washing,
this was shown to have collected a high o -activity
0210)

(P The Bi%° was then deposited on a nickel

foil under the same conditions. The nickel foil was

removed from'the'solution after an hour. .It was

thoroughly cleaned to remove all traces of solution, -

210 parent of the chain,

and the nickel surface with the deposited B1210 was

which still contained the Pb

dissolved in conc. HN05. This solution was evaporated
to dryness several times with conc. HCl, to remove all
traces of nitrous fumes, and diluted for the preparation

of the 4 ™ sources.
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The decay of the Bi-210

was traced in both the

41 counter and the liquid counter. The solution in
the latter decayed to near background with the reported
half-life of 5 days, giving proof of a clean separation
from szlo. A certain amount of o -activity from

POB10 was detected in the 4 Y* sources. This amounted -
tp about 0.5% of the total activity at t, and was

corrected for.
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Part 4 Examination of the homogeneous mixture
: technique for monitoring the neutron
lux

The iron used as a reference element was supplied
by the Bpreaﬁ of_Analysed Samples, Ltd. in the form of
granules (~ 0.5 mm. diameter). The granules were
guaranteed 99.8% ﬁure.and the limits of different
impurities were specified. The shape and size of the
granules were chosen in preference to others, because
they appeared to have better mixing properties. The
2,58 hr, Mn56_activity should be free from contaminating
activities after a few minutes. This was checked by
tracing the decay of Mn56, induced in a sample of the
iron, for several half-lives. A specimen decay
curve is reproduced in Fig. 16.

| The iron granules were used to monitor irradiations
by the homogeneous mixture téchnique. Intimate
mechanical mixtures of iron granules and sample materials
were irradiated close up to the target. After
irradiation, thé iron was separated from the sample,
using'an electromagnet. A clean; separation could be
effected in less than a minute and chemical procedures
on the sample started immediately.

After separation from the sample mixture, the iron
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(cas 0.5 gm.) was dissolved in 10 mls. of a standard
acid mixture (50% 5N HNO; and 50% 5N H2504), containing
a little manganese carrier. The solution was made up
to 12 mls. in a éraduated flask and 10 mls. were with-
drawn and counted in the liquid counter. The liquid
counter was accurately calibrated for Mn56.

Before applying the homogeneous mixture technique
to the measurement of unknown cross sections, it was
necessary to establish that it was valid in bractice,
i.e. to establish that the iron granules and sample
powder couid be meéhanically mixed so as to satisfy
the assumption of the technique, that, during an
irradiation, the sample and monitor are eipbsed to the
same neutron flux.

To test the efficiency of mixing; several mixtures
of iron granules and finely.divided cobalt carbonate
were irradiafed. Both cobglt and iron give 2.58 hr.
un°®, and it is possible to determine the Co®®(n, o )un>®

56

cross section relative to the Fe56(n;p)Mn cross section

without the necessity of correcting measured activities
for c;unting efficiency and fluctuations in the neutron
flux during the course of the irradiation. Tpe
reproducibility of values obtained for the Cosg(n,a()y];n.56
cross section is a measure of the homogenity of the

mixture.
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The'values obtained for the cross section of the
Cosg(n, o )Mn56 reaction, from four repetitions of
this experiment, differed by less than four per cent.

In another experiment triple mixtures of iron,
magnesium oxide and aluminium granules were irradiated
and the cross sections of two other possible monitor
reactions, A127(n,cK)Na24 and Mg24(n,p)Na24 were
measured relative to the Fe56(n,p)Mn56 cross section.

Four of these mixtures were irradiated and the
values obtained for the A127(n, o« )Na24 and Mg24(n,p.-)N'a24
reactions were reproducible to within five per cent.

The values obtained for these cross sections were
also consistent with those obtained by other workers
(see Chapter 4, Sections (a) and (b)), demonstrating

that the principle of this monitoring technique was

guite sound. in practice.

56

The possibility was not overlooked that Mn ~ nuclei,

recoiling from nuclear interaction, might lodge in the
sample material and interfere with the measurement of
the activities indueced in the latter, in spite of
subsequent chemical separations. In the course of
similar work, Mrs. E.B.M. Martin irradiated homogeneous
mixtures of iron granules and glucose and, after

removal of the iron, the glucose was dissolved and
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counted in a liquid counter. The presence of Mn56
‘nuclei was detected to the extent of less than 0.1

of the total. This amount was so small as to be
negligible, except in cases where the activity induced
in the sample decayed with a comparable half-life,

was formed with a low cross section and was counted
withoﬁt prior chemical separation. One such case

was the measurement of the Mn55(n, X)Mn56 cross section.

This irradiation was monitored by the A127(n,C¥)Na24

reaction.
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part 5. Methods of Calculation.

All the cross sections reported have been measured
relative to that of a reference reaction; usually
Fe56(n,p)Mn56, on the assumption that both the sample
and reference element have been exposed to the same
neutron flux. But, as the radioactive products, induced
in the sampie and reference substance, decay'at different
rates, it is necessary to make corrections for the
decay of products during the course of the irradiation.

As mentioned in chapter 3, the 14 MeV neutron
generator does not produce a steady neutron flux and
allowance must be made for this.

Consider an irradiation of duration T. Resultant

activities are plotted and the activities at time to,

the end of the irradiation, are determined by extrapola-

tion.
¢ %\4[\ Variation of neutron
oleq] °~ flux with time during
B ——— o ) the course of an
.o irradiation. -
o< T e

a) A stable nuclide, 1, is activated during the ir?adia-

tion, producing a radioactive nuclide, 2. The radio-
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activé nuclide, 2, subsequently decays to a stable
nuclide at a rate determined by its disintegration

constant, A\.
i.e. 1 —Mg 2 —;z’{) stable

The nuclide, 2, is produced throughout the irradia-

tion at an irregular rate given by the expression

T = Mo O PO0)
where, sz is the rate of production of 2.
dt _
N1 -is the number of nuclei of 1 exposed to
the neutron flux.
— (Diz is the cross section for the reaction

1 (mX), o,

Fé(t) is the neutron flux as a function of
time.

During the short interval, dt, the number of nuclei

of 2 which are produced is

sz = Nl' O‘lg.ﬁ(t).d?t.
and these decay exponentially so that at the end of the

irradiation, time to, the number remaining is
dNg(t,) = Ny. 012. ¢(t).e- A (T-t) a¢, -

The value of Qé(t) at any instant is not known
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absolutely, but its variation is proportional to the
variation in the counting rate of the proton-recoil

monitor, I(t).

i.e. ﬁ(t) - 1(8)/3

where, /7,is the factor relating flux at the sample
position to the counting rate of the neutron monitor.
Thus:

. O - A(T-
No(t) = i 12 ° ). M) 4

} t=o0

The integral is conveniently replaced by the summa-

t

tion
Z(I.e'!'E A(T't)). Jt (abbreviated to Sy)

so long as St is small compared to the half-life of
nuclide 2. Thens
Ni- Oip-5

J

A similar expression applies to every nuclear reaction

Nz(to) =

occurring during the irradiation and, if
iIr — 2r -45?19 stable
: r

represents the reference reaction,
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Nz(to) Ny. 0'12.8'2

1\Tzr'(to) - Nlr‘ c’izr‘SZr

the unknown factor, /7 , cancelling between the two
expressions, provided both sample and reference substance
are exposed to the same flux.

As stated, the activities of resultant nuclides
at time to, the end of the irradiation, are determined

by extrapolation of their decay curves. Then, since

Ao = Co. AoNb,
R Y
(o) 2r° r°ir° “~12r."2r

where, Co and Cop are the detection coefficients for

the respective nuclides.

p) In some cases, it was required to measure the rela-
tive cross sections for the independent production of a
pair of nuclear isomers.

A stable nuclide, 1, is activated during an
irradiation, producing both the metastable and ground
states of a radioactive nuclide, 2. Allowance must
be made for the formation of ground state ﬁuclei via

the metastable state during the course of the irradiation.

The process can be represented:
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n,x' 2!
/ /\’1 I.T.
1 _(max), 2"5?*’ stable
The decay curve of the resultant activities is plotted
and the number of nuclei of 2 and 2' at time to, the
end of the irradiation is calculated by solving two

simultaneous equations of the type
. /
. . ’ ' A - At
T = CNz'. /\. 1-[--7—_—7-?—] «€ +
A . -Nt
C. A.o [Nz - r"_—r_ A . N2 .e
where, I is the observed activity at time t.
No and N2' are the number of nuclei of the
respective nuclides at the end
of the irradiation, time t,.

c, the detection coefficient, is assumed to
be the same for both isomers. (This
is justified in the case in point

- See Table 22).

The total number. of nuclei of 2' present at the

end of the irradiation is given by

N,. 0,3 d
_.J.-.__}_J_-?_' 'Z(I-e- A (T-t)). St.
N, O12' .5y

J

The total number of nuclei of 2 present at the end

- Ng" (to)

of the irradiation is given by

1\]‘2(1',.9 = Nl']o.:l.2 _Z(I.G—A(T-t) )St + N
= Ny. 0'12.32 .
+

J
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where, N is the number of nuclei of 2 formed via
the metastable state 2!, during the
course of the 1rrad1ation.

The rate of formation of 2 via 2' is given by

%IJ;_T - 'A' - NN
Then:
N. O L . 3
N = -1 12 | )\-/\A' .ZI(e- )\. (T-_t)_e-)‘(T-t)),S t

N, O ot A .

and the total number of nuclei of 2 present at the end

of the irradiation is

' Al .
[012 I vy (8g' = 85) + 123]

Ng' 612' 32'

i\-]'_ .

... equation (2)
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CHAPTER 4

THE DETATILED APPLICATION OF GENERAL PROCEDURES TO
INDIVIDUAL ELEMENTS AND THE RESULTS OF IRRADIATTONS

a) - IRRADIATION OF COBALT

Homogeneous mixtures of basic cobalt carbonate and

iron granules were irradiated.

The reaction observed in the cobalt was:-

The Mn®® activities induced in both the iron and

the cobalt were traced for several half-lives.

EXPERIMENTAT, DETAILS

Treatment of cobalt carbonate..

Mixtures usually consisted of about 0.5 gm. of iron
and 1 gm. of cobalt carbonate. After removal of the
iron, the cobalt carbonate was weighed and carefully
dissolved in gbout 10 mls. of the standard acid mixture
used to dissolve the iron (50% 5N HNO, and 50% 5N H"ZSO4
with a little manganese carrier). The dissolution of
the carbonate is facilitated by the addition of a few
drops of a 6% solution of NH5OH.HCl, which reduces

any cobaltic salts present.
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The active solution was made up to 12 mls. and a
10 ml. aliquot was counted in the same liquid counter

as the solution of the iron monitor.

Estimation of the cobalt content of the carbonate.

The cobalt content of the basic cobalt carbonate
was determined volumetrically, titrating an approx.
0.01M solution of the cobalt directly against a standard
- EDTA solution with muxexide as indicator.' The

procedure is described by Schwarzenbach.o?

RESULTS AND DISCUSSION

Four mixtures were irradiated and the results are
presented in Table 6.

The primary purpose of this irradiation, as
described in Chapter 3, Part 4, was to test the validity
of tﬁe homogeneous mixture technique of monitoring the
neutron flux. The reprodﬁcibility of the values obtained

56

for the Cosg(n,<x0Mn cross section is a measure of

the success of the method.
The mean value, 34.8 mbs. 4 1.3, is relative to an
56(n

assumed value of 124 mbs. for the Fe ,P)Mn56 cross

section. This compares very well with the values

reported by Paul and Clarke™ (39.1 mbs. 4 8) and
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Blosser et al® (35.0 mbs. 4 5).*

All Blosser'!s cross sections were measured, by the
sandwich technique, relative_to an assumed value of
110 mbs. for the Fe56(n,p)Mn5 monitor cross section.
The: cross section quoted above has been adjusted
relative to the value, assumed in the present work,
of 124 mbs. for the monitor cross section.
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b) IRRADIATION OF ALUMINIUM AND MAGNESTUM

Triple mixtures of iron granules, aluminium granules
and finely divided magnesium oxide were irradiated.

The foliowing reactions were observed and their
cross sections determined:-

A127(n, o()l\Tacz4

(t
a24

= L

24
Mg"” (n,p)N
The Na24 activities were traced for about three

half-lives.

Later, a piece of aluminium foil was irradiated

and the cross section of the reaction:-

8% (a,pg”  (ty = 9.6 mins)

was measured relative to the predetermined value of the

A127(n, a()N'a.24 cross section.

EXPERIMENTAL DETATLS.

Treatment of the mixture.

The iron was separated using an electromagnet and
the aluminium granules were efficiently separated from
the magnesium oxide by a seiving technique followed by
agitation in ether.

|  After separation the aluminium and magnesium oxide
were dissolved in 5N HCL with a 1ittle sodium carrier.

The active solutions were made up to standard volumes
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and 10 ml. aliquot parts of each were counted in the
ligquid counter. This had previously been calibrated

for Na24.

Treatment of the aluminium foil.

The aluminium foil, irradiated to observe the
A127(n,p)Mg27 reaction, was dissolved in 5N HCl with
a 1little magnesium, as well as sodium, carrier added.

The solution was counted in the liquid counter.

RESULTS AND DISCUSSION.

The results are presented in Tables: 7, 8 and 9
for four irradiations of iron, aluminium, magnesium
oxide mixtures énd one irradiation of aluminium foil.
The good agreement of these was further proof of the
success: of the homogeneous mixture technigque.

It can be seen from Table 10, that the values

obtained in the present work are in close agreement

" with other reported values, especially for the

often-measured A127(n,cx)Na24 cross section.




IRRADTATION SAMPLE REACTION
.Oo '
W Ao A
No. of target observed correéct
nuclei x N-1 . C.D.m, d.p.m. S
. 27 24
TABLE 7  RESULTS FOR THE A1°'(n, oONa®* pmacrION.
5 2.38 x 1072 1,15 x 10% 1.65 x 105 4.68
6 2.65 x 10°% 1.12 x 10* 1.61 x 10° 4.68
7 2.07 x 1072  8.25 x 10° 1.18 x 105 9.71
8 2.60 x 102  1.31 x 10% 1.88 x 10° o.71
) |
o _ 5
TABLE 8 RESULTS FOR THE Mg~ (n,p)Na“* REACTION. |
. !
5 1.7 x 0% 1.19 x 10* 1.70 x 105 468’
6 1.76 x 102 1.21 x 10% 1,74 x 105 468
7 1.43 x 102 8,86 x 10° 1.27 x 10% 071
' |
8 1.48 x 102 1.14 x 104 1.63 x 10° 0.7 ;
!
. 1 27 27 . m
TABLE 9  RESULTS FOR THE:A1°'(n,p)Mg“’ REACTION. m
9 . "=t 2,20 x 104 2.86 x 100 1,93,
N is the Avogadro Number nzmwp = 0,0697
e (n,p)Mn%® = 124 mvs. Cyg7 = 0.077
d%.ZNM% = Hm.o hours. Cyn56 = 0.0893 w
.ﬂ.ml gmm-ﬂ = @.m HSU-.HHmo = |

S

MEASURED
REFERENCE REACTION CROSS SECTION MEAN
(mbs. )
Ao A
No of target observed corfect
nuclei x N—1 C.D.m. d.p.m. ) -
=3 4 5 2 oo L
6.01 x 10 1.51 = 10* 1.70 x 105 3.22 119 p
9.66' x 10°° 2,14 x 10% 2.39 x 10° 3.20 122 117mbs. + &
8.32 x 10°°  2.16 x 10%* 2.42 x 105 7.68 111
7.08 x 1002  2.25 x 10* 2.52 x 105 7.68 114
" 114 . ”n 114 un @ Q -
196 178mbs. + 12
173 )
176
= 4.80 x 10° 7.88 x 10° 2.77  73.5 )  73.5 mbs.
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COMPARISON OF VALUES OBTAINED FOR A1%'(n,p)

AND (n, &) AND Mg<4(n,p) CROSS SECTIONS WITH

TABLE 10 WITH LITERATURE VALUES.

Measured cross section (mbs.)

Reaction Present Work Literature
78.9 4 167

135 4+ 9

120 4 15°

1% (n, o)Na 117 4 5 -
116 + 8

114 + 754

111 4 999

27

A127(n,p)Mg 73.5

1g24(n,p)Na? 178 4+ 12
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c) _ IRRADIATION OF IODINE

Either ammonium or sodium iodide was irradiated
in homogeneous mixtures with iron granules. The

reactions observed in the iodine were:-

1%, H112B (4

7 1
¥ a,em) T (4

I = 13.0 days)

I127 127 (t

(n,p)Te = 9.2 hrs.- 4+ 0.1)

The product nuclides were chemically separated.
I;28 and 1126 decay rates were measured in the liquid
counter and tellurium solid sources were prepared and
counted under the end window counter,

The 1128 and Te127 activities were, in every case,
traced for several half—livés. The value obtained for
the Te127 was slightly lower than the accepted value
of 9.4 hrs, The decay of the longer lived 1126
activity was traced on one occasion for three half-lives,
and was consistent with a half-life of 13.'days.

No evidence of either a 1.3 min. or a 21 min.
antimony activity, corresponding to the reported meta~ -

1 -
24, was obtained, using the counting

stable states of Sb
techniques described. The apparent absence of the

60 day ground state of Sb1%? ig explained by its long
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half life, For the same reason, no sign of the 115

127

day metastable state of Te was observed.

EXPERIMENTAL DETATLS.

Preparation and standardisation of carrier solutions.

A suitable Te(IV) carrier solution was prepared
by dissolving sodium tellurite, NazTeOS, in water and
a Te(VI) carrier solution by dissolving telluric
acid, HbTeO4.2H20. Both solutions were standardised
by the recommended gravimetric procedure, weighing as
elemental tellurium. Both solutions contained about
10 mgs./ml., of tellurium,

An Sb(V) carrier solution containing about 10 mgs./
ml. of antimony was prepared by oxidising g solution of
SbCl; in 2N HCl with chlorine. This solution was not

standardised.

Separation of iodine and tellurium activities. =

After separation from the iron granules, the
irradiated iodide was dissolved in 1N NaOH. 2nils, of
the Te(IV) carrier solution were added and a redox -
c&cle was performed to secure exchange between active
and inactive species.

Step 1. The solution, containing about 1 gm. of

iodide was diluted to 40 mls. and warmed with the

J
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addition of a 5% NaOCl solution until insoluble NaIO,
began to crystallise.
Step 2. The solution was acidified by the addi-

tion of conc. HC1l and excess.chlorine was extracted

into carbon tetrachloride.

Step 3. - The solution was placed in a 500 ml,
separating funnel and a 10% solution of NH20H3H01
was added, reducing 104- to Ié, This was extracted

into carbon tetrachloride, leaving the tellurium fraction

in the agueous phase.

Jodine fraction:-

Step 4. The 12 was back-extracted ‘into a sodium
sulphite solution. An aliquot part of this

active solution was counted in the standardised liquid

counter.

Tellurium fraction:-

Step 6. The aqueous phase of the extraction,
containing the tellurium fraction, was evaporated
in an open dish until sodiﬁm chloride began to crystallise.
This was redissolved and the solution was made
3N with respect to HCl. _
Step 6. Sulphur dioxide was passed into the solu-

tion, precipitating elemental tellurium. The Te
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ppt. was coagulated by boiling for one minute and
centrifuged.
Step 7. The Te ppt. was purified by dissolving it
in 5N HNo5 and, after removal of nitrate by repeated

evaporation with HCl, it was re-precipitated from 3N HC1

by reduction with 302.

Step 8. The Te ppt. was mounted on a glass fibre
filter disc, dried at 110°C., weighed and counted

" under the end window counter,

In general, the 1128 activity was counted after

twenty minutes and the Te ' within one hour of the end

of the irradiation.

Estimation of iodide.

The number of iodine nuclei irradiated was estimated
volumetrically by the standard method described by Vogel.57

This method employs the reaction:-

KIO4 + 6HClL + 2KI = 3KCl + 3ICl + 5H20

The end point is indicated by the disappearance of the
purple iodine colour in a layer of carbon tetrachloride
in the titration vessel and, with practice, it can he
precisely determined.

In cases where the residual iodine activity only
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had been measured, it was sufficient to estimate the
iodine content of the solution counted in the liquid
counter, but, where the Te127 activity had been measured,
an aliquot of the active iodide solution, before
addition of the tellurium carrier, had also to be removed

and estimgted,

Confirmation of complete exchange between active and
carrier tellurium.

Preliminary measurements of the ]u.‘.lgv(n,p)i‘elz7 cross

section, although in close agreement with each other,
were nearly two orders of magnitude smaller than the
then only reported value. There was, then, some doubt
és to whether complete exchange between carrier and
active tellurium had been effected.

To verify this, mixtures of potassium iodate with
iron were irradiated and the tellurium carrier was added
to the active iodate solution in the Te(VI) state.
Tellurium solid sources were prepared by the following

procedure,

Step 1. The solution was made 3N in HCl and SO,
was passed through it, reducing IOS: to I .

stgp 2. on warming, the iodide in acid solution
reduced Te(VI) to Te(IV).

Step 3. In the presence of SOy, the Te(IV) was.
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further reduced to elemental tellurium.
Step 4. The Te ppt. was coagulated by boiling
and centrifuged. It was purified, as described

in Step 7, above, and mounted for counting,

127

127(n,p)'l‘e cross

The values obtained for the I
section'by this procedure were in close accord with
those obtained from the iodide. irradiations. Then any
possibi#lity of incomplete exchange between the active
and carrier species of tellurium was most unlikely.

A second experiment, confirming this conclusion,
was performed.

Some irradiated iodide was dissolved in 1N NaOH and
2 mls, of Te(IV) carrier were added. The solution wag
then divided into two equal parts. From the first part
a Te solid source was prepared, employing the procedure
already described. The chemical yield of the procedure
was determined. The second part of the active solution
was counted directly in the standardised liguid counter.

The Telzq,x?—particles are very inefficiently
counted in the liquid counter and it was difficult to

determine its absolute decay rate in the presence of a

high background of 13 day 1126. Thig was done, however,

and it was closely comparable with that obtained from

the Te solid source,
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This experiment furnished conclusive proof that the
exchange between Te127 and carrier tellurium was

complete in the chemical procedures described.

Procedure for isolating antimony activities.

Attempts to isolate a 21 min. activity, attributable
to Sb124m2, were unsuccessful. An antimony solid source

was prepared from irradiated iodide as follows.

Step 1. Irradiated ammonium iodide was dissolved

in 2N HCl and 2 mls. of Sb(V) cérrier solution
(ca. 10 mg./ml.) were added. The Sb(V) was reduced to
Sb(III) by the iodide, iodine being liberated.

Step 2. The bulk of the iodide was oxidised to

free iodine by the addition of a saturated solution
of sodium nitrite. The iodine was'extracted into carbon
tetrachloride and discarded,

Step 3. The aqueous phase was made 3N with respect

to HCl and a little Te(IV) carrier was added.

Step 4. Elemental tellurium was prgcipitated by

reduction with sulphur dioxide and the precipitate
was discarded.

Step 5. After removal of excess 302 by boiling,

st was;passed into the solution, precipitating
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Step 6. The antimony fraction could be further

purified by preparing and mounting antimony
pyrogallate, ﬁut this proved unnecessary. The Sb235
ppt. was dissolved in conc. HCl and reprecipitated from
3N HCl by passing more Hgs.

Step 7. This procedure took about twenty-five

minutes. The SbyS; DDt. was mounted and counted
under the end window counter, but it proved to be

totally inactive,

In another experiment, samples of ammonium iodide
were irradiated for two minutes and the resultant
activities were counted without chemical separation, both
in the liquid counter and under the end window counter.
There was no sign of any activity that could be assigned

to 1.3 min. Sbro4mL

The contribution of thermal and ithermal neutrons to
the 1197§n,‘X5;;gg cross section.

It was realised, before measuring any (n, &) cross-

sections for 14 MeV neutrons, that the contribution to
these from lower energy neutrons might be considerable.

12‘7(n’-b« )1128

Then, when values for the I cross

section had been obtained from several irradiations,
it was noticed that the variance of these values was

much greater than the variance of the values obtained
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127 126

for the I cross section, measured at the

(n,2n)1
same time, As there was no possibility of there being
any random error introduced into the relative values

of these two cross sections, the larger variance of the
(n,J,) cross section values could only be due to
variations in the flux of lower energy neutrons, i.e.
neutrons with energies lower than the threshold energy
of the (n,2n) reaction (9.4 MeV).

These thermal and epithermal neutrons arise from.
the scattering of 14 MeV neutrons from the floor and
walls of the target chamber and from the H2(d,n)He§
reaction, The latter reaction is a source of 2.5 MeV
neutrons and becomes more favoured, the older the térget,
as deuterium from the deuteron beam builds up in the
tritiated titanium layer (See Fig. 6).

Both these sources of lower energy neutrons were
studied and their contributions to the measured values
of the 1127(n, /)1128 cross section were estimated.
Suitable corrections were made to the cross sections.

The contribution of the scattered, degﬂéded neutrons
to the (n,']) cross section was estimated by irradiating
two mixtures of ammonium iodide and iron, one close up

to the target and one at a distance of 8 cms., from it.

The flux of scattered neutrons could be taken as being
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the same in both positions, but the 14 MeV neutron flux
decreased, according to the inverse square law. After

128 56

the irradiation, the amounts of I and Mn~~ induced in

both mixtures were measured, The ratio of the specific

56

activities of Mn induced in the near and removed

mixtures was found to be four times greater than the

corresponding ratio of I128. As the decrease in the

specific activity of the Mn56 wﬁth distance was indica-
tive of the decrease in the 14 MeV neutron flux, three-
quarters of the.Ilz8 activity in the lower mixture must
have been induced by thermal and epithermal neutrons
with energies less than the threshold energy of the
Fe56(n,p)Mn56 reaction. But, assuming that the flux
of degraded neutrons was the same in both positions,
its contribution to the I127(n, [)1128 reaction in the
mixture close up to the target was only three per cent
of that of the much higher flux of 14 MeV neutrons.

The contribution of neutrons from the Hz(d,n)He5
reaction to the 1127(n, 1)1128 cross section was more
important. The proportion of the total neutron flux,
of thése 2.5 MeV neutrons, increases with the age of
the tritium target. Deuterium ffom the deuteron beam
is absorbed into the titanium or zirconium film and

accumulates during an irradiation. At the same time,
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the flux of 14 MeV neutrons is falling as the tritium
is exhausted.,

To measure the contribution of D+D neutrons,
typical samples of ammonium iodide were irradiated
with neutrons produced by the bombardment of "blank",
or tritium-free, target backings. Plotting the
specific activity of 1128, induced in these iodide
samples, against the microampere-hours of bombardment

(Fig. 6) the flux of D+D neutrons is seen to rise to

a saturation level after 500//1amp. hrs.

RESULTS AND DISCUSSION.

Values obtained for the 1127(n, J )1128, I:"z'z(n,2n)1126

and I127(n,p)Te127 cross sections are presented in

Tables 11, 12 and 13 respectively.
The mean value obtained for the (n, J) cross

section, 6,5 mbs. 4+ 0.8, is somewhat larger than the only

38

other reported value, 2.5 mbs. + 0.5, but, in general,

(n, X) cross-section values do not compare so well.
This is probably due to the added uncertainty in
monitoring the neutron flux, although both these values

have been corrected for the effiect of lower energy

\

neutrons,

The present value for the (n,2n) cross section
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(1600 mbs. 4 100) is in agreement with Paul and

Clarke's value of 1120 mbs. 4+ 400,1 .

Paul and Clar‘ke1 reported a value of 231 mbs. +

140 and Coleman et al59 a value of 11.7 mbs. 4 1.7

for the (n,p) cross section. No light is thrown

on the wide disparity of these results by the present
work, in which a value of 5.17'mbs. + Q27 has been
obtained. Paul and Clarke's value is almost two orders
of magnitude larger than this and it is felt that it is
simply wrong. ° In reporting a value of 11.7 mbs, ,
Coleman et al have not indicated whether this includes
the cross section for the formation of 115 day Telg?m.

If it does, this would explain the difference between

it and the present value, which is a lower limit, since

only the Te127 ground state was observed.

Paul and clarke1 reported the reaction, IlZV(n,¢x)Sb124m2,

occurring with a cross section of 18.4 mbs. Sb124m2

has a half-life of 21 mins and decays by the emission
of a highly converted I—ray and, perhaps, a &.
But they did not make any chemical separations and have

probably mistaken the 25 min. I428 activity, which they

did not report, for 21 min. Sbro4Ng,

As described, no sign of either 21 min. Sbie¥™2 op
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1.3 min, sb124m1 was detected from an 1127(n,<x)

Besides contradicting Paul and Clarke's

reaction.
results, this defkiciency throws some doubt on to the
existence of these metastable states of Sb124 or, at

least, their reported /é?-particles.
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d) IRRADIATION OF BISMUTH

Homogeneous mixtures of iron and basic bismuth
carbonate (later metallic bismuth) were irradiated.

The reactions observed in the bismuth were:-

8120%(n, /) 21?0 (4
51 209 209

5 days)
(n,p) PO = 3.17 hrs. + 0.04)

Bizog(n,cx) Tl206 (t1 = 3.18 mins. 3 0.02)

1
z

The resultent &-activities of the 1210, ppR09 ong

206 were easily resolved graphically, but, in order

T1
to assay the absolute /5-decay rates accurately, it was
.preferred to separate the product nuclides and count
them by the standardised techniques.

The decay of the Bi° was traced in the liquid
counter, indépendéntly calibrated for that nuclide
which has the//?-spectrum shape of a "forbidden" transi-
tion.

The lead and thallium fractions were chemically
separated, mounted on glass fibre filter discs and:
counted under the end window counter.

All three activities were traced for‘geveral half-
liwes. The measured half-lives of the Pb209 and

T1206, with standard deviations, are reported above.
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210 was not great enough to claim more

The yield of Bi
than that its decay was consistent with a 5 day half-

life,

EXPERIMENT DETAILS.

Preparation and standardisation of carrier solutions.

Suitable carrier solutions, containing about
15 mg./ml, of the respective elements, were prepared
by dissolving thallous and lead carbonates in 2N HNO5.
Both solutions were standardised gravimetrically,
weighing the thallium as chromate and the lead as.

sulphate.

Isolation of T1206.

After short irradiations (5-10 mins.), the iron
was removed from the mixture and the bismuth carbonate
(ca. 1 gm,) was dissolved with warming in the.minimum
amount of conc. HNOgz (ca..l ml,).1 ml., of the T1(I)
carrier solution was added and the solution was further

treated.

Step 1. The solution was diluted until it was
2N in HNOg. ‘

Step 2. T1Cl was precipitated by the addition of
a few drops of conc. HCl and scratching the tube

with a glass rod.
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Step 3. The crystalline T1Cl ppt. was waghed

with 2N HNOg and then water and collected on a glass

fibre filter disc. This source was then washed with
alcohol and ether and dried in a vacuum dessicator.

(The source was weighed after counting).

This process could be completed in seven minutes
from the end of the irradiation to the start of the
first count.

The szog’ formed'during the short period of the
irradiation, which co-precipitated with the thallous

chloride, was resolved graphically from the T1206.

Isolation of PbC°,

Longer irradiations, not less than an hour, were
né¢essary for the formation of appreciable quantities
of Pb209;

The bismuth carbonate was dissolved, as before,,

and 1 ml. of lead carrier solution was added.

Step 1. The solution was diluted until it was 2N

with respect to HNO&.

Step 2. PbSO4 was precipitated by the addition
of a few drops of 2N H2304.

Step 3. The PbSO4 ppt. was washed with 2N HNOg

then water, It was collected on a glass fibre
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filter disc and dried by washing.with alcohol and ether
and placing in a vacuum dessicator.
Step 4. The chemical yield of the precedure

.was determined by weighing the lead as Pbso4.
The accuracy of this method was confirmed in some cases
by dissolving the PbS0, source in a O.1 M solution of
the Mg-EDTA complex, as described by Schwarzenbach.52
The yield of Mg++ ions liberated was then determined
by titrating against EDTA at pH = 10. with Erio T as
indicator.
210 activity.
210

Measurement of Bi

The activity of Bi from the Bigog(n, X)Bi210
reaction was low, amounting to only a few c.p.m. above
background. This was due to the combination of a low
cross section, a low counting efficiency and a long half-
life, |

In order to get the maximum possible yield, metallic
bismuth was irradiated instead of bismuth carbonate,
which is much bulkier.

After irradiation and the complete removal of the
iron monitor, the bismuth (ca. 2.5 gm.) was weighed
and dissolved in 6 mls. of conc, HNOz. The solution was

diluted ﬁo 12 mls. and a 10 ml. aliquoh part was counted

in the standardised liquid counter.
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The /gédecay rate of the B1210

209

s after the disappear-
ahce of all the 3.2 hr., Pb s was traced by camera |
for fifteen days. A continuous record of the back-
ground throughout this period wag obtained by alternating
the active solution with an identical solution of
inactive bismuth.

The decay rate of the active bismuth solution was

consistent with a half-life of 5 days.

Determination of the bismuth content of the carbonate.

The bismuth content of the basic bismuth carbonate
was determined volumetrically, titrating against a
standard EDTA solution using potassium iodide as indica-

tor. The conditions for the titration were investigated

by Cheng.40

The bismuth carbonate was dissolved in nitrite-free
nitric acid. An aliquot part of this solution was
diluted, so as to contain not more than 1 mg./ml. of
Bi***; and its: pH was adjusted to between 1.5 and 2.0
with dilute ammonia. The solution was directly titrated
with a standard 0.01 M solution of EDTA after addition
of 1 ml. 0,56 KI solution as indicator. Another 9 mls.
of the KI indicator were added just before the end

point, which was from yellow to colourless.
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The end point for this titration was very clear,
and good, reproducible titres were obtained. Bat
care had to be taken not to add excess KI until Jjust
before the end point, as the bismuth iodide complex was

not easily soluble in EDTA.

RESULTS AND DISCUSSION.
Values obtained for the Bizog(n,a()T1206,

Bizog(n,p)sz09 and Bizog(n, J/)Biz10 cross sections are

presented in Tgbles 14, 15 and 16 respectively.

The value obtained in the present work for the
(ny X) cross section, 0.46 mb. 4 0.06, is within the
estimated error of Paul and Clarke's value of 1.2 mbs.
+ 1.01 and confirms the recent value reported by Coleman
et al59 of 0.52 mb. 4 0.08 « The value reported by
Fink and Poularikas,-54 1.1 mbs. 4 0.3, seems too high,
but they did not pay much attention to the calibration

of their counters.
The present value for the (n,p) cross section,

0.97 mb. 4 0.08, is in close accord with the recently

39

reported values of 1.33 mbs. 4 0.26 and 0.83 mb. 4

0.4.%%

The present value, 0.67 mb. 4 0.04, for the (n, ])

cross section is less than half the value reported by
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Perkin et a1%8 (1.45 mbs. & 0.17). Neither values
have been corrected for the effect of lower energy
neutrons, in the present work, because it was not
possible to estimate this effect. In the absence of
this correction, a lower value fof the (n, J) cross
section might simply indicate a smaller contribution
from thermal and epithermal neutrons. ‘Then the lower

value is more likely to be accurate.
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e) IRRADIATION OF MANGANESE

Homogeneous mixtures of manganese carbonate and
aluminium granules were irradiated.

The reaction observed in the manganese was:-

mn55(n, 4 )un5 (ty = 2.58 hrs.)

56

The Mn ~ activity was traced to background.

The irradiation was monitored by the A127(n,¢=()Na24

56

reaction, because of the possibility of Mn™ nuclei,

56(n 56, lodging in the manganese

recoiling from the Fe D )M

carbonate. The cross section of the latter reaction

is considerably larger than the Mn55(n, X)Mn56 cross

56

section and the contribution of recoiled Mn nuclei to

56

the total Mn ™~ activity would not be negligible.

.. A 3.5 min, activity was observed. This would be
a combination of 3.76 min. V°©° and 3.52 min. Cro°, but
no method of chemically separating these activities in

the time available presented itself.

EXPERIMENTAT, DETAILS.

Preatment of the mixture.

The aluminium granules were separated from the
mixture by a simple sieving process. The aluminium

was treated as in Section (D).
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The manganese carbonate (ca. 1 gm.) was dissolved
in 10 mls. of 5N HCl with the passage of sulphur dioxide
to dissolve residual traces of manganese dioxide. The
solution, was diluted to 12 mls. and 10 mls. were

counted in the liquid counter.

Determination of the manganese content of the carbonate.

The manganese content of the manganese carbonate

was determined gravimetrically by a procedure recommended

by Vogel.37 The manganese was weighed as MnNH4PO4, H20.

The contribution of lower energy neutrons to the Mn55(n,J)Mn56
cross section.

A sample of manganese carbonate was irradiated for
two hours close up to a "blank" target, i.e. a tritium-
free target. The bias on the proton-recoil neutron |
monitor was reduced and neutrons produced by thg Hg(d,n)He5

reaction were recorded.

' After the irradiation, the manganese carbonate was
dissolved and counted in the liquid counter. The
solution was inactive. It was concluded that the flux
of D+D neutrons during an irradiation was, in this case,
too ‘small to interfere with the measurement of the (n,J’)

crosgs section for 14 MeV neutrons.
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RESULTS AND DISCUSSION.

The results are presented in Table 17,

The value obtained in the present work for the
Mn55(n, X)Mnss cross; section, 1,29 mbs. 4 0.23, is in
rough agreement with the only other reported value of

38

0.76 mb. 4 0.08, allowing for the uncertainty in

(n, [) cross section measurements at this energy.
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) IRRADIATION OF BARTUM

Homogeneous mixtures of iron and barium carbonate
were irradiated. The cross sections of the following

reactions were measured:-

Balss(n, ,)Ba139 (t1 = 84.0 mins, + 2)

1
z -—
Balss(n,p)Cs158 (t% = 33.1 mins. ¢ 0.6)
The Ba}sg and 03158 activities were, in every case,

traced for several half-lives after separation. The
measured half-lives are reported above. Counting

statistics were not good enough to make accurate

measurements.

EXPERTMENTAL DETAILS.

Separation of cesium and barium fractions.

After removal of the iron, the barium carbonate
(ca. 1 gm.) was dissolved in the minimum amount of 3N
HCl, containing a little cesium carrier. This solution
was neutralised by the addition of a saturated solution
of NayC0;, reprecipitating the barium as BaCOz.  The
BaCOz was filtered and washed with water, The filtrate

138 activity were retained.

and washings containing the Cs
The B‘aCO5 was redissolved and the process was repeated.

The two filtrates were combined and made up to 25 mls.
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A 10 ml, aliquot part of this solution was counted
in the standardised liquid counter.

The Baco3 ppt. was redissolved and an aliquot
part of this solution was counted in another standard-
ised@ liquid counter.

The whole procedure took about 25 mins.

The separation of the cesium fraction was quantita-
tive. The concentration of the barium solution was
confirmed gravimetrically, weighing the barium as

BaSO4.

The contribution of lower energy neutrons to the
Bald8(n, ¥ )Baldd cross sechion.

No activity was induced in a barium carbonate
sample irradiated close up to a "blank" target. Then
the contribution to the measﬁred cross seection of D+D
neutrons, from deuterium which accumulates on the target,
could be neglected.

The flux of scattered, degraded neutrons in the
target area was also neglected on the basis of the
127(n, 5)1128

experiments performed on the I reaction

(see Section (c)).

RESULTS AND DISCUSSION.

All results are presented in Tables 18 and 19.




- 95 -

Values of 1.70 mbs.  0.15 and 1.56 mbs. + 0.26

have been obtained for the Ba158(n, [)Ba;sg and

Ba158 138 cross sections. - Perkin et al58 have

(n,p)Cs
reported a value of 1.30 mbs. 4 0.40 for the (n, s )
cross section, This is in godd agreement with the
present value, particularly in view of the added uncer-
tainty in measuring (n, /) cross sections.

89 for the

The value, reported by Coleman et al,
(n,p) cross section (2.20 mbs. 3 0.33) is slightly
higher than the present value. It is possible that
in the present work the counting efficiency of the

138

liquid counter for Cs has been over estimated., Several

different values 6f the 08158 A end point energy have
been reported and the highest of these was used for
interpolating the liquid counter efficiency from the
calibration curve (Fig. 15), as it appeared the most
reliable, The variation of the liquid counter efficiency
with ,Bend point energy is quite sharp and any error

in the 1atter.is reflected in the interpolated value of

the efficiency. Paul and Clarke1 report a value of

41

6.3 mbs. + 2 and more recently G. Wille ™ gives 2.5 4

1.0 mb,

The (n,p) cross section is unexpectedly small for

this region of the Periodic Table. This can probably be
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attributed to some effect of the closed neutron shell,
N = 82. weight was lent to this theory by the

publication of the cross-section measurements of

coleman et al.5° They also reported a value for the

Ba156 (n,p)Cs156 cross section of 38.3 mbs + 3.8. Here
the Neutron Number is two less than the closed shell.

The only other (n,p) cross section in this region

comparable to the low B‘alss(n,p)Cs158

159(n,p)Ba159 cross section (2.33 mbs.

cross section is

the equally low La
+ 0.35) where N is again equal to 82.
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. MEASURED
TRRADK. SAMPLE REACTION REFERENCE REACTTON CROS§, SECTION  MEAN
No. of target observed correct No.of target owmmukmﬂ omﬁmew S
nuclei x N-1 C.p.m. d.p.m. S nuclei x N-1 ”.. *Ee *
TABLE 18.  RESULTS FOR THE Ba'°S(n, ¥)pa’®® mmacrron. .
nz o .3 23 . 4 5
38 1.385 x 10 1.43 x 10° 1.51'x 10° 1.35 6.15 x 10 2.96 x 10° 3.32 x 10° 1.51 1.53
39 1.585 x 10°8 9.80 x 10% 1.03 x 105 0.84 4.28 x 10°3 |1.27 x 10% 1.42 x 10° 0,92 1.66 1.70 mbs. + 0.15.
40 1.345 x 103 2.30 x 10° 2.42 x 10° 1.37 3.19 x 10-3 _wuom x 10* 2.35 z 10% 1.54 1.88
I .alh ' p
41 6.380 x 10~% 8,20 x 102 8.65 x 10° 2.93 1.07 x 10-2 [5.57 x 10 6.24 x 10° 3.21 1.73
owmpmm = 0,095 . &H.mmpum = 84 mins, S
2 . .
-
TABLE 19. RESULTS FOR THE Ba'°0(n,p)csi®® rmacTION.
" ” 1t u-o up

38 6.14 x 103 1,80 x 10° 1.08 x 10% 0.96 "

y o 1.25
39  5.52 x 1075 9,90 x 102 5.95 x 10° 0.63 - |

- omm . . . .
40 3:58 x 107° 1,90 x 10% 1.14 x 10* 0.94 . t 1+56 mbs. 4 0.26
. : 1.69
4% 6.38 x 107%  2.72 x 105 1.64 x 10% 2.18 g .
_ a , = 26 x 108 7:01°x 10% 0.68 1.61
42 8.60 x 107°  8.62 x 10° 5.13 x 10 0.54 5.66 x 10-5 P .
N is the Avogadro Number. &Pompmm = 33.1 mins.
2

&Pgwmm = 2.58 hours.
2

&

Mn
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g) | IRRADIATION OF GOLD

Homogeneous mixtures of finely divided gold and
iron granules were irradiated for periods of from one

to two hours.

The reactions observed in the gold were:-

197 196m (4

(ny2n)Au = 9.5 hrs. ¢ 0.1)

197(n 2n)A.u196 (ty = 5.6 days 4 0.1)

a7 (n,p)pt1%7 (4, = 19.7 nre. 4 0.4)

197(n,p)Pt197m (t% = ‘88 mins., 3 2)
0.6)

¥ (0, o0)1ri% (ty F 19.4 nrs,

I+

I+

The'resulting species were chemically separated.
Solid sources were prepared and counted under the end
window counter.

The decay rates of all activities were traced for
several half-lives. The measured half-lives are reported
above with standard deviations. The greater accuracy in
the measurement of the Au196 and Au196m half-lives is
accounted for by better counting statistics.

The value of 9.5 hrs. for the Aul °® half-life,
preVioﬁsly reported as 13 hrs., and 14 hrs., has since
been confirmed by the thorough investigation of van
Lieshout et al.,42 who  report a half-life of 10.0 hrs.

+ 0.5. The decay curve of a.A,ulg6 source is reproduced
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in Fig. 17.
similarly, the value of 19.7 hrs. for the Pti’
half-life, which is somewhat higher than those previously

reported, has been confirmed by a recent value of 20.00

nrs. + 0.12.%5

197m

Previously reported values of the Pt half-life

are 78 mins, 88 mins. and 87 mins. on the basis of

this work, the former is quite clearly wrong. The

197

decay curve of a typical Pt source is reproduced

in Fig. 18.

Any sign of the 2.69 day activity of Au>°°,

broduced by the Au197(n, J)A_u198 reaction, was obscured

by the high activity of the 5.6 day aul®®,

The 9.5 hr. Au activity has been assigned to a
metastable state of Au196. This is the most likely
possibility, but it could not be confirmed either here

or by van Lieshout and his co—workers,42 who suggest

197

that a second metastable state of Au may be another

possibility.

Attempts were made to confirm the assignﬁent of the

9.5 hr, activity to a metastable state of Au196 by

196

separating carrier-free Au nuclei by a recoil method.

EXPERTMENTAT, DETATLS.

Preparation of carrier solutions.

A platinum carrier solution (ca. 10 mgs./ml.) was
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prepared by dissolving a weighed amount of platinum

wire in aqua regia and an iridium carrier (ca. 10 mgs./
ml.) by dissolving ammonium chloro-iridate. Both

these solutions were freed from nitrate, by evaporating

several times to near dryness with the addition of conc.

HCl, before diluting to volume.

Separation of milligramme guantities of platinum and
iridium.

197 and Ir194, the (n,p) and (n, &) products

"Both Pt
of the irradiation of gold, have half-lives of the order
of 19 hrs., In order to assay the activity of each,

a good clean separation of platinum from iridium was
required.

At the outset, two procedures were considered.

Both employed ion-exchange techniques.

The first procedure, reported by Stevenson et al,“j‘4

had been used to effect a clean separation of a mixture

of all four of the platinum group metals. A solution

of platinum group metal chlorides is evaporated to near

dryness with Hclo4. The resultant solution of perchlorates

is placed on a cation-exchange column (Dowex 50) and
eluted with water. Iridium, rhodium and palladium
are retained on the column to a greater or lesser degree

and only platinum is eluted. The other metals can be
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stripped off the column in turn by eluting with
increasingly concentrated solutions of HCl. Iridium
is the most recalcitant and requires 6N HC1l to elute
it.

It followed that a very clean separation of platinum
from iridium could be effected by this method. One
disadvantage was that the iridium was reported to
come off the column only very slowly.

The second procedure, reported by Busch et a1,45
employed an anion-exchange technique, specifically
designed for the separation of irridium and platinum
fractions. A mixture of chloroplatinate and chloro-
iridate is reduced with NH20H and placed on a Dowex 1
anion-exchange column. The iridium fraction is eluted
with 9N HCl at 80°C., but contains a little platinum
impurity (ca. 3%). The remainder of the platinum
is eluted with a 50% HC10, solution at the same tempera-
ture and has a purity of greater than 994%.

The former procedure had the advantages over the
latter that it was simpler and that the platinum fraction
was the first to come off the column. This was an

197

important consideration, because Pt has a metastable

state with an 88 min. half-life, and the quick separation
of the platinum fraction facilitated the study of this

activity. The slowness of the iridium fraction to

/
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elute was not a great disadvantage for, with a 19 hr.
half-life, there was some time to spare.

Also, the 3% platinum impurity in the iridium
fraction raises a serious objection to the second method,
because the Pt197 activity from irradiated gold is several
times higher than the Iri % activity.

Preliminary experiments on the cation-exchange method
were successful, and it was used in all cases for the
separation of platinum and iridium fractions.

Tracer experiment to test the efficiency of the cation-
exchange method of separating platinum and iridium.

Dowex 50 cation-exchange resin (cross linking =
12 DVB, mesh - 50 to 100) was placed into a column
(length ~ 6 cms., diameter - 1.4 cms,) and freed from all
traces of chloride by washing with distilled water.

198m 198m and 74.5 day Irlga tracers

4 day Pt plus Pt
were added to a mixture of 2 mls. each of the platinum
and iridium carrier solutions. The mixture was

treated as follows.

step 1. The solution was evaporated very carefully
to dryness. The residue was taken up in 2 mls,
of 70% HCl0, and warmed until the HClO4 began to fume
copiously. (It had been found.previously that, if the

WIVE
m\\\‘“‘:m\c‘ucs e
_ 3NOV 1360

eoTiQd
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solution was evaporated beyond this stage, turbidity
and precipitation of the Pt ensued). At this stage
the red-brown colouration of the chloroiridate was
replaced by the mauve colour of the iridium perchlorate
compleX..

Step 2. The mauve solution was diluted to 20 mls.

and placed on the column. The Pt fraction, which
was a deep yellow, appeared to come straight off the
column and was eluted at a rate of 0.5 ml./min., The
mauve iridium fraction was very tightly adsorbed on the
first centimetre of the column, forming a sharply defined
mauve band.

gstep 3. The column was eluted with distilled

water and the first ten column volumes (40 mls.) of
elutriant, containing the platinum fraction, were
collected., The column was washed with a further fifteen
column volumes of water, which were discarded. This
treatment removed the last traces of Pt.

Step 4. The column was eluted with 6N HCl.

About 20% of the Ir was stripped off in the first
column volume or so of HCl, but the remainder stayed

tightly bound to the resin and could not, at this stage,

be eluted.
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"Step 5. After remaining for about fbur hours

under a head of 6N HCl, the mauve band had turned
a deep blue colour. In this state, the Ir was much
more readily eluted, although it seemed that there was
always a little that could not be stripped.under any
circumstances.

(It was difficult to understand what the chemical
changes, involved in this process, were. The blue Ir
complex may be the higher valence Ir(VI) chloro-complex
or a chlofo—perchlorate intermediate complex. The
change from mauve to blue can be acecelerated by warming.
On boiling the blue solution, it rapi@ly assumes the
familiar red-brown chloroiridate colour).

Step 6. The Pt fraction from Step 3 was evaporated

down to half its volume, i.e. 20 mls., and made 3N
in HC1. The Ir fraction, which was contained im about
40 mls, of 6N HCl, was evaporated down to about a third
of this volume and then made 3N in HCl. Elemental
Pt and Ir were precipitated from these solutions by
reduction with Grignard magnesium.

Step 7. The Pt and Ir ppts. were collected on

glass fibre filter discs, washed with water, dried

at 110°Ca, welghed and mounted for counting.

The decay rates of the two sources were traced for
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several weeks until all the 4 day Pt activity had
decayed. Inspection of the decay curves indicated a
slight contamination of the Pt source by Irlgz, but the
Ir source was free from any contamination from the

195m_

Pt Pt195m tracer.

From the results of this experiment it wgs clear

thats-

(i) virtually 100% of the Pt was collected in the Pt
fraction. The last traces of Pt were washed off
the column by the passage of copious volumes of
distilled water.

(ii) ca. 3% of the Ir was collected in the Pt fraction.

This ﬁas doubtless due to failure to remove

~
3

last traces of C1l~ .from the solution of perchlorate
complexes, but, as mentioned earlier, a limitation
was imposed here by the tendency of the Pt to come
out of .'solution at this stage.

(iii) ca. 50% of the Ir was stripped off the column by
eluting with 6N HCl. Although about a third of
this was collected almost immediately, it was a
slow brocess to strip the remainder from the resin,
taking about four hours at room temperature. The

193m__ . 195m

If fraction was uncontaminated by the Pt Pt

tracer.
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(iv) The remainder of the Ir stayed tightly bound to

the resin and-could not be removed at this stage.

The contamination of the Pt source by 3% of the Ir
activity was the only objection to this procedure.
Forunately, this was not a serious objection in practice,
because the Pt197 activity induced in gold by 14 MeV

neutrons was about five times higher than the Irlg4

194 ctivity to the

activity. Then the contribution of Ir
total activity 6f a Pt source, prepared from irradiated
gold, was less than 1%. On the other hand, the
preparation of an Ir sourée, uncontaminated by Pt197,

was a great advantage of this procedure.

Treatment of irradiated gold.

After removal of the iron monitor, the gold (ca. 1
gm.) was weighed and dissolved in about 20 mls. of aqua
regia. 2 mls. each of Pt and Ir carrier were added,
the solution was evaporated down to about 10 mls. and
then diluted to 20 mls. with water. The Pt plus Ir

fraction was separated from the gold by solvent extraction.

Step 1. The solution was placed in a 100 ml.
separating funnel and shaken with an egual volume

of ethyl acetate. Au was extracted leaving Pt and Ir

in the aqueous phase.
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Step 2. This extraction process was performed

five times with the addition of a little Au carrier
(ca. 10 mgs.) for the fourth extraction. Both phases
were retained,
Step 3. The aqueous phase contained the Pt and
Ir fractions, Tpese were separated by means of the
ion~-exchange procedure already described.

Step 4. The ethyl acetate phase, contaihing the

gold; was evaporated to near dryness and the gold
was taken up in 2N HCl.

Step 5. The Au was precipitated by reduction with

SOg and washed with water.

Step 6. A Au source was prepared by drying a

slurry of the actlvated Au in an aluminium counting

tray.

A platinum source could be prepared and counted
within two hours of the end of .the irradiation. No
irjd ium source was counted less than eight hours after
the end of the irradiation.

Attempt to aSS1gn the 9.5 hr, activity unequivocally
to a metastable state of Auldo.,

The X-ray spectrum of freshly irradiated gold, freed

from platinum and iridium activities, was examined using
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a d‘-scinfillation spectrometer, The pulse height
spectrum_was.plotted before and after the disappearance
of the 9.5 hr, activity and the X X-ray peak shift was
measured. The 5.6 day Au196 decays by electron capture
with the emission of platinum X-rays, and the measured
peak shift was consistent with the emission by the 9.5 hr.
activity of gold X-rays, indicating that it decayed by
isomeric transition to a gold ground state.

The decay of a metastable state by I.T. might
be expected to leave the ground staté in a different
chemical form, which, if exchange& did not occur, could

196

be separated. Then, if the &6 day Au could be

chemically separated from the 9.5 hr. gold activity,

the latter éould be unequivocally assigned to a metastable

state of Aulgs.

tAn examination of the literature revealed two
references to the isolation of carrier-free Au198 from
irradiated gold by the Szilard-Chalmers process.
| Both methbds were designed to ensure that isotopic

198

exchange between free Au nuclei,'recoiling from

neutron capture peactions, and inactive gold could not

occur.

In the first method, reported by Majer,46 this condi-
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tion is achieved by irradiating the gold as the aurate

ion in alkaline solution. Free Au198 nuclei do not

exchange with gold in the strongly complexed aurate and
are collected on colloidal gold previously introduced
into the solution. Under these conditions the colloidal
gold gradually coagulates carrying the A.ulg8 with a
much higher specific activity than in the aurate,

Attempts to apply this method to the separation
of Au196 from its 9.5 hr. proposed isomer were unsuccessful.
Colloidal gold was introduced into a éfrongly alkaline
solution of gold chloride prepared from freshly irradiated
gold. The colloidal gold gradually éoagulated and,
after about ten hours, it was separated, washed and
mounted for counting. It was found that only a small
fraction of the total acti¥ity had been carried and this
. included 9.5 hr. as well as 5.6 day gold. Also, the
ratio of the activities in the soufce did not differ
significantly from their ratio in a source prepared
from the aurate solution.

In the other method of isolating carrier-free
Anlga, used by Herr,47 the gold is irradiated in the

form of an organic gold complex. The structure of the

compound is not known, but its chemical formula is given
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as g06H5.CO.C(H):C(OH).CéHs)SSi] AuCl,. It is
very easily prepared by mixing the stoichiometric
quantities of dibenzoylmethane, anhydrous gold chloride
and silicon tetrachloride in chloroform. The compound
recrystallises from acetonitrile as beautiful yellow
crystals. The irradiated crystals are dissolved in
benzonitrile and free A.ulg8 nuclei, ejected from the
complex molecules by (n,J') reactions, are extracted
into a dilute cyanide solution,

In preliminary experiments performed on this
method, Herr's results could not be reproduced. Samples
of the crystals were irradiated with thermal neutrons,

198

but onl& about 155 of the induced Au activity could

be extracted into the cyanide solution compared to the
95% claimed by Herr.

Nevertheless, the method was applied to the
problem of separating Au196 from the proposed isomeric
transition. Anhydrous gold chloride was prepared
from irradiated gold by warming hydrogen gold chloride
(obtained by evaporating a solution of the gold in HC1)

at 220°C in a stream of chlorine. The organic compound

was prepared, as described, and the cyanide extraction

. performed after leaving the crystals for a few hours to

allow some of the 9.5 hr., activity to decay. The

‘extracted activity was co-precipitated with bismuth
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sulphide and a source was prepared. Again, the
carried activity included the 9.5 hr. as well as the 5.6
day gold, and it was just a small fraction of the
total activity in the gold organic compound.
It is apparent that the high stability claimed by
Herr for the compound is not justified, as the activity
that was extracted could not be attributed to a
Szilard-Chalmers process. Also, it was later noticed
that thé yellow crystals turned black on standing in
strong sunlight - not an indication of high stability.
The negative results of these experiments are
not evidence of the mis-assignment of the 9.5 hr.
activity to Aut®®™, but rather of the unsuitability
of the methods uséd. A more reliable method might

well furnish positive results.

RESULTS AND DISCUSSION.

The results are presented in Tables 20, 21 and

22.

The present values of 2.60 mbs. + 0.27 and 0.50 mb.

197 and the Aulgv(n, o()]'_'r194

# 0.08 for the Aul®(n,p)pt
cross sections closely agree with the recently reported
values of Coleman et al®® of 2.42 mbs. + 0.24 and 0.43
+ 0.09 for the respective reactions. An earlier wvalue

of 20.5 mbs. + 8 for the (n,p) cross section, reported
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by Peck, is not consistent with the low cposs sections
for charged particle emission in this region of the
Periodic Table. Peck investigated the proton spectrum
resulting f rom the reaction by a nuclear emulsion
technique and based his cross-section measurement on
the proton yield. Some error in estimating the
neutron flux or the total proton yield must have arisen.

Values of the cross seetions for the independent

production of the two nuclear isomers of Ptlg7 (Table

28) have not been previously reported. These values

are interesting in comparison to the corresponding

lo7 200

by the Hg<'0(n, o¢)ptl®”

values for the production of Pt

reaction (Table 27). The ratio of the yields of the

197

ground and metastable states of Pt appears to be

slightly higher in the latter reaction, 1.38 ¢ 0.12

197 197

compared to 1.11 4+ O.14 in the Au™" (n,p)Pt reaction.

There is still no definite evidence for the assign-

ment of the 9.5 hr. activity to a metastable state of

197

anl9 A second metastable state of Au is another

possibility.
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h) TRRADIATION OF MERCURY.

Homogeneous mixtures of mercuric oxide and iron

granules were irradiated.

Of the reactions induced in the mercury, those

studied were:-

1g%%%(n,p)4u?%° (tg = 48 mins.)
ngol(n,p)Auzol‘ (t%.= 26 mins.)

1270 (n, X)Pt%7 (%
.;aoo(n’ oLyt (4

= 19.7 hI'S.)

=

= 88 mins.)

nl

t4 = 31 mins.)
2!

The resultant species were chemically separated.
Solid sources were prepared and counted under the end
window counter.

Natural mercury contains seven stable isotopes
and, even after chemical separations have been performed,
the decay schemes of the different fractions remain
quite complex. Also, the activities, induced by these
reactions, were low making them even more difficult
to resolve.

None of the half-lives, quoted above, wese¢ measured
in this work. The 48 mins, of Au200 and 26 mins, of
Au201 had to be assumed before the two activities could

be resolved. Similarly it was necessary to assume the
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199 .nd 88 mins.

197m

literature Qalue of 31 mins. for Pt
(measured in irradiation of‘gold) for Pt before:
these activities could be resolved. The half-life of
pt1%7, 19.7 nrs., was also taken as that measured in
the irradiatibn of gold. The counting statistics of
the Ptlg7 activity induced in mercury were not good
enough to measure the half-life accurately.

Any 5.1 min. Hg205 activity, that may have beén
produced by the Hg204(n, J)ngo5 reaction, was obscured

by the much higher level of the 43.5 min. Hglggmactivity

formed by both the Hgl%%(n,n*)Ezl% and Hg®O(n,2n)mglo%®

reactions,
As values were obtained for the (n,p) cross sections
of both Hg?OO and Hggol, it was thought that g value
202 202 . .
for the Hg" “(n,p)Au reaction cross section would
be useful, in that it would give an indication of any
trend that miéht occur with increasing Neutron Number.

Attempts were made to measure this cross section, but

little more was achieved than a confirmation of the half-

life of Au202 as gbout 25 secs.

EXPERIMENTAL DETAILS.

Preparation of gold and platinum carrier sclutions.

Weighed amounts of gold foil and platinum wire were
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dissolved in aqua regia. The solutions were diluted
to a standard volume so as to contain about 10 mgs./ml.

of gold and platinum respectively.

Isolation of gold fraction.

The mercuric oxide (ca. 1.5 gms.) was dissolved
in 10 mls. conc. HCl with the minimum amount of conc.
HNO5 to ensure speedy dissolution. 2 mls, of the
. standard gold carrier solution and a little platinum

carrier were added,

Step 1. The solution was diluted till it was 6N

with respect to HC1l and shaken in a separating
funnel with an equal volume of ethyl acetate. Under
these conditions only the gold is extracted into the
organic phase. - The agueous phase was discarded.

Step 2. The organic phase was washed three times

with equal volumes of 6N HCl.

Step 3. The organic layer was evaporated to

dryness and the HAuCl, was taken up in 2N HCl.

Step 4. The gold was precipitated by reduction

with 302 and coagulated by boiling. The
precipitated gold was washed with water and collected
on a glass fibre filter disc-for counting under the end

window counter. The source was dried at 110°¢c and weighed.
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This. procedure could be completed in twenty-five

minutes.

The gold source comprised two fractions, 26 min.
Au201 and 48 min. Auzoo. The decay of this composite
source was fraced very closely right down to background
and'the decay curve was resolved, assuming the above

values.for the half-lives, by making use of the

expression48

At o . o fAA:
Ae "1 = Al + A2 e

where, A was the total activity of the source at time, t.
200

|
e

A1° was the activity of 48 min. Au at time, t

i
o

Ag® was the activity of 26 mins, Auf0l gt time,t

.f}\l - i8 the decay constant of Au<00

and AA= /\2- )}_ , where A, .18 the decay constant of
Au200, '

Then plotting Ae )1t against e“SAt, A2° was given

by the slope of the curve and Alo by its intercept.

202 202

cross section.
49
(

Au202 is reported as a Class E Isotope

Element
probable and mass number not established) with a half-
life of about 25 secs. Irradiation of metallic mercury,
which was counted in a liquid counter, certainly

produced a 25 sec. activity. It had already been shown
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50

by Mrs. E.B.M. Martin™ that a 25 sec. activity was

broduced by the irradiation of thallium and there can

be little doubt that this activity was indeed Au<C%,

205(n ’ 0‘)Au202 reaction

202

induced in thallium by the Tl

and in mercury by the Hggoz(n,p)Au

reaction. There
was no indication in the literature as to the decay
scheme or ,A?iparticle energiés of Au202 and all that
could be ascertained from absorption measurements per-
formed by Mrs. Martin was that-the /A?% were exceptionally
hard.

In the absence of information as to the energy of
the Auzoz,z?iparticles, it was not possible to .
determine the absolute disintegration rate of the activity

in the standardised liquid counter, because the

 efficiency of the liquid counter varies linearly with

f-energy. There was more hope counting the irradiated
mercury under an end window counter, calibrated for
thick sources,

Pilot irradiations were performed. Sealed capsules
of metallic mercury and mercuric iodide were irradiated
for 1 minute periods and transferred automatically from
the target chamber to the counting room by means of
the vacuum tube. (Irradiation of mercuric oxide was

precluded in this case by the production, with a high
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cross section, of 7.4 sec. N16 from the oxygen, which

would obscure the 25 sec. An202)

It was possible to start counting 15 seconds after
the end of the irradiation and the scaler, operated by
the electronic timing device, counted for periods of
4.8 seconds with intervals of 1.2 seconds. The decay
of the activities induced in the mercury could then 5e
followed very closely. Even so, it was not possible
to resolve the 26 sec. An202 activity from the high
level of 43.5 min. Hg ", A thin platimm absorber
absorbed most of the 43.5 min. conversion electrons
and X-rays and the 25 sec. activity became apparent, but
it was at a low level and counting statistics were bad.
Also, a correction would have to be introduced for
absorption in the platinum foil, and, with the lack
of knowledge of the decay scheme and /-energies of
Au292, it was felt that any value obtained.for the

202

(n,p)A.uzo2 cross section would be insufficiently

accurate to be valuable.

Isolation of platinum fraction.

The mercuric oxide (ca. 1.5 gms.) was dissolved
in 10 mls. of agua regia. - 2 mls. of the standard
platinum carrier solution and a little gold carrier were

added. The platinum fraction was separated by the
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-

procedure described by Meink651 with small modifications.

Step 1. Excess HCl was removed by evaporating to

near dryness with the addition of conc. HN05.
Th; completion of this step was signified by the
precipitation of mercuric chloride.

Step 2. Thé mercuric chloride precipitate was

dissolved by the addifion of water and the solution
was diluted to 15 mls.

Step 3. The solution was piaced in a 100 mls.

separating funnel and shaken with an equal volume
of ethyl acetate. Under these conditions (absence of
excess chloride ions) both gold and mercury were
extracted into the organic layer, which was discarded.

Step 4. The extraction was repeated five times

with the addition of gold and mercury carriers on
the third extraction. The organic phase was discarded.

Step 5. The aqueous phase, containing the platinum

fraction; was warmed and crystals of NH20H.H01 were
added to destroy excess HN05.

Step 6. The solution was made 6N with respect

to HCl1 and ca. 15 mgs. of SnC12 crystals were
added. These reduced Pt(IV) to Pt(II) with the

formation of the familiar orange~red colouration.
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Step 7. Excess SnCl2 was removed by centrifuga-~

tion and the red Pt(IX) complex was extracted
into an equal volume of ethyl acetate. _ The aqueous
phase was discarded.

Step 8. The organic layer was washed several

times with edual volumes of 6N HCl.

Step 9. The organic layer was evaporated to

dryness and the residue was taken up: in 2N HCIl.

gStep 10. Flemental Pt was precipitated by

reduction with Grignard magnesﬁﬁm.

Step 11. The precipitated Pt #as washed with

water and a source for counting under the end window

counter was prepared, dried at 110°¢C and weighed.

The procedure could not be completed in less than

sixty-five minutes.
It was necessary to trace the decay of the platinum
source very closely as it comprised several activities.

After the subtraction of long-lived activities, the

199 197m

" and 88 min Pt

31 min, Pt activities were resolved

48

graphically, again employing the expressio

and assuming the literature values of the half-lives.

The long-lived activity comprised 19.7 hr. Ptlg7
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199 vut the

and 3.16 day Aut®®, the daughter of Pt
level of the latter activity was barely above background

and was neglected.

RESULTS AND DISCUSSION.

The results are presented in Tagbles 23, 24, 25, 26

and 27.

'Values of 3,36 mbs. 4 0.46 and 2.46  0.26 have

200 200

been obtained for the Hg™  (n,p)Au 201

and Hggol(n,p.)Au
cross sections. These are in good agreement with the
values of 3.63 4 0.36 and 2.12 i 0.32 reported by

39 for the respective reactions,

Coleman et al
The values obtained for the (n, &) cross sections
differed sharply from Coleman's values., He reported

200 (n,)Pt 107

1.77 mbs, 4 0,35 and 1,01 mbs. ¢ 0.10 for the Hg
and ngoz(n, cx)Ptlgg cross sections. The values,
obtained in the present work, are 0.44 mb., 4 0,05 and
0.31 mb. 4 0,03 for the respective reactions. This
difference is hard to understand and no explanation is
put forward; but tﬁe present values are more in line with
the trend of low (n,o{) cross sections, which is
apparent in the high-Z region of the Periodic Table,
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39 _
The decreases in (n,p) and (n, &) cross sections
with increasing Neutron Number are examples of the

52 observed that the (n,D)

Levkovskii Trend. Levkovakii
and (n, X) cross sections of isotopes decreased with
increasing Neutron Number. In most of the examples he
investigated the decreases were approximately by some
multiple of two for each additional neutron in the nucleus.
Levkovskii explained the Trend on the basis of the
statistical theory of the compound nucleus. As the
neutron/proton ratio in the nucleus increases, the
emission of neufroné from the compound nucleus is favoured
at the expense 6f charged particle emission. Examinaﬁzon
‘of Paul and Clarke's values for (n,2n) cross sections’
reveals that, in general, they increase with A at
constant Z (at least, in the middleéz region), confirm-
ing this hypothesis.

The measured decreases in Hg(n,p) and (n, X) cross
sections are not as large as those measured by Levkovskii
in the low and middle-Z regions of the Periodic Table.
This might be explained by the predominance in the high-2
region of the direct mechanism for (n,p) and (n, X)

reactions. Then, local neutron/proton ratios only must

be considered and these are not going to be appreciably
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affected by the addition of one neutron to a heavy

nucleus.,
0
2 2(n?p)Au202

It can be seen why a value for the Hg
cross section would have been valuable. It might have

provided further evidence of the Levkovskii Trend.
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1

' ‘MEASURED
IRRADN. SAMPLE REACTION | REFERENCE REACTION CROSS SECTION .
NO. mbs. MEAN
Self- Ao Ag . ) Ag Aq
No. of target Chemical absorption observed correct | No. of target Cbserved correct
nuclei x N~1 yield (%) factor C.p.m, d.p.me ¢ § nuclei x N—-1 C.p.m. d.p.m. S
TABLE 25. RESULTS FOR THE Hg=°"(n, X)Pt %7 rEACTTION. m
. . !
51 1.46 x 10~3 89.53 0.32 8.5 2.97 x 10{1.76 3.24 x 103 1,10 x 10% 1.24 x 105 1.61 0.46 )
. (.
52 1.57 x 10-3 34.4 0.33 1.1 x 10 9.68 x 1013.47 5.46 x 103 7,00 x 10% 7.83 x 10° 3.26 0.38 0.44mbs. +
O
53 1.81 x 10-3 54.8 0.325  1.73 x 10 9.70 x 10,2.84 5.85 x 10~3 5.30 x 104 5.94 x 10° 2.653 0.47 0.05.
&wﬂ pt197 _ 19.7 hours. .
TABLE 26.  RESULTS FOR THE Hg” (n, X)Pt1%® mEacrion. m
- _
51 1.84 x 103  89.3 0.52  1.80 x 10% 6.50 x 102! 1.10 " n " " 0.32 )
52 1.97 x 1073 34.4 0.33  5.40 x 10® 5,00 x 10%| 2.53 0.34 O.31mbs. +
53  2.30 x 10-53 54.8 0.325 .28 x 10° 1,84 x 103 1.85 0.28 0.083.
-"N is the Avogadro Number. .Fmasmm = 2.58 w:.uc.u.m. L
.. 56 56 = 124 mbs, .TH;“H@@ = 31 mins =
Fe“°(n,p)Mn z * .

56 = 0.0893. ) | =

Ogb.




TABLE 27 RESULTS FOR THE INDEPENDENT PRODUCTION OF

pt197m ang p+197g By .THE HeROO(n, of)pt197

REACTION.

IRRADN. No. of Pt197™ yo. of pt1978

No. nuclei at &o nucleil md.do
51 1.15 x 10% 2.40 x 104
52 2.04 x 10% 3.09 x 10%
53 2.80 x 10% 4.83 x 10%

Cp197m _ cpyl97g (see Table 20).

Cug®(n, ot)pt1%7 total = 0.44 mb. (Tavie 23).

&WW&H@QS

= 88 mins, dkmdpoqm =
2

mwdeqs

1.44
5.16
2.45

19.7 hrs. .

Sp

1.76
3.47
2.84

1978

Oug®%C(n, X)pt

qum

qmmmoo (n, X)Pt

1.51
1.28
1.34

197m

Mean

H-. mm. w o. H-m

0\ ,
Qmmwooﬁwu QCHU._..HOQB Hm_.mmOOA.bu Owi.nu.o.wm

mb,

mbe.
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i) IRRADIATION OF ARGON.

Liquid argon was irradiated in the vessel depicted

in Pig. 19. The reactions observed were:-

= 1.4 minS,. i 0005)

a%%(n,2)c1*®  (ty

A%O(n,pn)0159 (t1 = 55 mins. + 0.8)
2

2%, s®”  (ty = 5 mins. 4 0.1)
2

The relative cross sections of these reactions
were measured in a series of irradiations, and their
absolute cross sections were determined by measuring
the Ago(n,<$)857 cross section relative to that &f the
Fe56(n,p)Mn56 reaction; This was done by irradiating
the liquid argon in the interstices of iron-wool, which
was packed into the irradiation vessel.

The measured half-lives of the induced activities

are reported above.

EXPERIMENTAL DETATLS.

Irradiation procedure.

The irradiation vessel and associated apparatus are
" depicted in Fig. 19. The vessel was evacuated before
being filled with argon from a cylinder. The argon
was. condensed by immersing the vessel in liquid air.

The vessel, containing about 3 mls, of liquid argon when
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full, was sealed and irradiated still immersed in
liquid air,
After irradiation the argon was allowed to

evaporate, bubbling through a 1N NaOH solution. This
" .solution was then sucked back through.the irradiation
vessel to collect the activity sticking to the walls.
(It had been shown in preliminary experiments that
about 80% of the chlorine as well as the sulphur activity
stuck to the walls of the irradiation vessel). The
solution was made up to 10 mls. and counted in the
standardised liquid counter. This procedure could be
completed in about 6 mins. The 1.4 min, 0140, the 5
min. 357 and the 65 min. 0159 activities were resolved
graphically. A typical decay curve in Feproduced in
Fig. 20,

40

Estimation of the liguid counter efficiency for Cl~ .

The decay schemes of 857 and Cl59 are well established

aﬁd their counting efficiencies were accurately interpola-
ted from the liguid counter calibration curve. 0140
has reported 4's of 3.2 MeV and 7.5 MeV, but their

proportions in the deeay scheme are not known. But,

whereas thé& liquid counter efficiency has been shown to
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vary quite sharply withlxgﬁenergy, the variation in the
end window counter efficiency is slight and, for energetic
Pts, efficiencies can be interpolated from the
calibration curve with ah'error of only a few per cent.
‘The counting efficiency of the liquid counter for 0140
was measured relative to that of the end window counter

40 solid source.

for a Cl

A smail volume (ca. 1 ml.) of-liguid:argon was
irradiated for 2 mins. and the argon quickly boiled off.
The irradiation vessel was washed with a standardised
dil. HC1 solution (ca. 1 mg./ml. of 01:) and the
washings were made up to 20 mls. A 10 ml. aliquot part
of this solution was counted in the liquid counter. A
little conc. HNO5 was added to the second half and AgCl
was precipitated by the addition of excess 0.1N AgNO5
solution. The AgCl ppt. was collected on a glass fibre
filter disc and washed with dil. HNOS, followed by
alcohol and ether to dry. This source was prepared
in gbout seven minutes from the end of the irradiation.
It was uncontaminated by any 857 activity.

After correcting for the chemical yield of the

procedure, the absolute disintegration rate of the source

was determinéd by applying the correction factor
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‘interpolated from the end window calibration curve.

O sctivity in the liquid counter was

The observed 1%
divided by thé absolute disintegration rate, giving the
liquid counter efficiency. The experiment was

repeated in triplicate, yielding three results in close

agreement.

Determination -of the absolute cross sections.

For the determination of absolute cross sections,

- the liquid argen was irradiated in the interstices of
iron wool, which was packed into the irradiation vessel.
The cross section of the (n, ) reaction was measured
relative to that of the iron reference and the two other
argon cross sections followed from their values relative
to the (n, X) cross section.

In this experiment, it was required to know
-accurately the volume: of argon irradiated, and the NaOH
washings had to be quantitatively collected. The iron
wool was later recovered by breaking the irradiation
' vessel, and given the same treatment as the iron granules

56

in other experimenté. The Mn“~ activity was traced

in the liquid counter and decayed with the correct half-

life.
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RESULTS AND DISCUSSION.

The results of irradiations giving the relative
values of the (n,p), (n,pn) and (n, X) cross sections
are presented in Tgble 29 and the absolute value of
the (n, X) cross section in Table 28.

It can be seéen that the relative values of the
three cross sections have been firmly established, but
thé two measurements of the abs&lute (n, ) cross
seétion differ by a factor of two. This difference
arises from the difficulty of measuring the volume of
liquid argon in the iron-packed irradiation vessel,
and it is 1ikely that in the first measurement it has
been overestimated. The value obtained from the
second irradiation is more reliable, although further
repetition of the eiperiment would seem desirable, The
argon might be estimated by measuring the volume of
the gas evaporating from the irradiation vessel.

These argon cross sections have not been previously
measured. |

The primary purpose of irradiating argon was to
investigate evidence of the A.40(n,pn)Cl59 reaction.,

Thié reaction has not been previously reported, but Colli

et 51155 report (n,d) cross sections of the same order
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32 40

81 and Ca . Argon

of magnitude as (n,p) for P°~, S
provides one of the few cases in which (n,pn) reactions
can be studied by an activation technique. Most (n,pn)
reactions result in stable products and, where activities
are induced, the same activities are often induced by

an (n,p) reaction on the A-1 neighbouring nuclide.

It is likely that the (n,pn) reaction proceeds, at
least to some extent, by a direct mechanism of the
pick-up type, where the proton 1s snatched from the
nucleus by the incident neutron. The reaction is then
an (n,d) rather than an (n,pn) reaction. This
aséumption is made on the basis of the results of Colli

et al,55 who present the deuteron spectra observed on

‘irradiating P°T and §°2. These exhibit an intense

deuteron line corresponding to the fundamental state of
the residual nucleus. This type of spectrum, where the
fundamental state is predominant, is indicati#e of a

direct mechanism.,
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2A%9%n, o0)s%7 cross sEoTTON. _

TABLE 28  RESULTS FOR THE
. . MEASURED |
. :REFERENCE REACTION CROSS SECTION ACCEPTED
TRRADK. SAMPLE REACTION | S st COEPT:
NO. 7. 08 Ao Ay Ag
No. of target observed correct No. of target | ©observed correct S
nuclei x N-1 ° c.p.m, d.p.m. S nuclei x N1 C.p.m. d.p.m.
- - Be . 4
54  1.12x 101 2,16 x 10 2.40 x 105.0.42 8.75 x 1053 | | 1.68 x 103 1.88 x 10% o.82 7.75
- . 4B 4
55 . 7.70 x 1072  3.20 x 104 5.56 x 10° 0.24 7.73 x 1053 1.58 x 107 1.77 x 10® 0.45 15.0 15.0 mbs.
O pe”® (n,p)un®0 = 124 mbs. Cg37 = 0.090.
56 .
t4Mn = 2.58 hours. 56 = 0,0893.
“
TABLE 29 THE RELATIVE VALUES OPF THE A%0(n -
CROSS _SECTIONS. R
TRRADN. 40 40 39 . 37 37
NO. A (€1%Y) As(C1*Y) Ao(C1°%) A ,(C139) AgS®) Ay (8°7) S(n,p Hln.n
ommmué,m@ correct S .- 40 observed correct S m.o observeds correct S._ 37 e 160 oln Q«W
C.D.m, d.p.m, Cl C.D.m, d.p.Mm. (01 Ry C.Pem, d.p.m. S ’ Mean * Mgan
56 5.8 x 10* 2.21.x 105  0.277 1.28 x 102 1.31 x 103 0:44 | 1.00 x 10% 1.11 x 105 0.385 0.775 0.113 .
57 4.6 x 10* 1.75 x 105  0.278 6.2 x 10 6.55 x 102 0.47 | 5.20 x 103 5.78 x 10% o0.402 1.23 0.1053
58 4.8 x 10% 1.85 x 10°  0.217 7.8 x 10 7.95 x 102 0.35 ' 6.50 x 103 7.22 x 10* 0.2905 0.965 § 1.00 4 0.102 0.107 4
59 8.6 x10% 1,37 x 10°  o0.197 E: - - | 4.80 x 10° 5.33 x 10* 0.285 1.04 0.19 z 0.006
60 - - - 9.6 x 10° 9.80 x 105 3.22 | 2.60 x 10% 2.89 x 10° 0,963 = W 0.112
) .. ~ .
40 = 0 40 ' “
Cpp40 = 0.262 t4B1%Y = 1.4 mins. | Then from Table 28 the absolute values of the n,p and the n,np cross
. _ 139 _ . !
Cy 39 = 0.098 .SMQH = 55 mins. | sections respectively are 15.0 mbs., and 1.61 mbs.
€437 = 0.090 dwm.mq = 5 mins.




- 129 -

3) IRRADIATION OF OSMIUM.

Examination of a current nuclide chart revealed
that Re192 and W189’ the (n,p) and (n, X) products of
05;92, were unknown. 0sl92 is the most abundant
isotope of osmium, and R3192 and W189 might reasonably
be expected to decay with measurable half-lives. In
an attempt to discover new activities, which.might be

assigned to re19® ana W189’ osmium was irradiated with

14 MeV neutrons.

EXPERTIMENTAT, DETATLS.

Pure osmium metal was irradiated for 15 mins. and
quickly transferred to the counting room by means of
the "rabbit". The activated osmium was counted through
a 48 mg. /cm.2 gold sbsorber to eliminate the X-rays and
conversion electrons from the activities induced in
lighter osmium isotopes. At first the scaler was
operated by a timing device, counting for periods of
10.8 secs. with 1,2 sec. intervals. The decay of the
activities induced in the osmium was followed for 20 hrs.

The gross decay curve is reproduced in Fig. 21.

RESULTS AND DISCUSSION.

After the subtraction of long-lived activity (17 hr.
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Relss and 24 hr, W187), ;he grossagf-decay curve
resolved into. 2.8 min., 9.3 min. and 1.1 hr. activities.
All of these activities have previously been reported,

although the 9.3 min, half-life is slightly lower than

the literature value (9.8 mins,).

54

Aten and Feyfer observed the 2,8 min. activity

in good yield from both the fast neutron and 26 MeV
deuteron irradiations of osmium. - They performed
radiochemical separations and the 2,8 min., activity

followed the rhenium fraction. It was then fairly

unequivocally assigned to Relgo, formed by the lego(n

and 081°%(a, ot)re1%

sP)Re
reactions.

This assignment has been confirmed in the present
work by cross-bombardment. A 83 min..activity was
induced in pure iridium metal by 14 MeV neutrons. This
could only be Relgo, produced by the Irlgs(n,cX)Relgo
reaction. The lower half-life (2.3 mins; instead of
2.8 mins.) was probably due to contamination by the A's
from 1.4 min, Ir192m. These constitute only about
O.k%.Of the total Ir192m decay scheme, but the cross
section for the production of the latter will be

three orders of magnitude greater than that for the

190 192m

production of Re e« The Ir conversion electrons

were cut out by an absorber.
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54,55

Aten and Feyfer also observed a 9,8 min,

activity which followed rhenium chemistry, but only
from the fast neutron irradiation of osmium. It was

not produced by irradiation with 26 MeV deuterons.

Assignment of this activity to Re189, Re191 or Re192

is consistent with its lack of production by an 0Os(d, o)
reaction. Of these, the current issue of Nuclear Data

191

favours the assignment to Re on the basis of its

reported ,Penergy (1.8 MeV). A -decay-energy

systematics indicate Q values of 1,2 and 4 MeV res-

pectively for R6189; Re191 and Re192.

But, from an examination of Fig. 21, it can be
seen that the 9.8 min. activify is produced with roughly

the same cross section as the 2.8'miﬁ. Relgo. This is

credible only if it is produced by an (n,p) reaction,
because 0s(n,pn) cross sections at 14 Mév can be assumed,
on the basis of a recent paper by Barry et al,,56 to Dbe
an order of magnitude smaller than the (n,p) cross
sections., Re191 can only be formed by an (n,pn) reaction,
and, for that reason,it seems unlikely to be thé
éorrect assignment for the 9.8 min. activity.

Assignment to Relsg'also seems unlikely, as a

200 day activity has already been assigned to it.
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It is concluded that the 9.8 min. activity is

correctly assigned to Re192. '

The 1.1 hr. activity observed has been tentatively
186m

assigned by Halder and Wi:';'.g57 to Re
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k) IRRADTATION OF YTTERBIUM

. Examination of a current nuclide chart revealed

176

that the (n,p) and (n, X) products of Yb and the

(n,p) product of Y‘b:w5 were unknown. Several
irradiations of natural ytterbium oxide were performed
and two new activities with half-lives of 2 4 0.5 mins,
and 9 4+ 1 mins. were observed.

These activities might be assigned to.Tm>'°, pmi’o

or Er175.

Wille and Fink>t recently reported the results of
irradiationsaf enriched isotopes of ytterbium. They
obsefved the 2 min. activity from Yb176, but, with
the impossibility of performing é radiochemical separa-
tion in the short time available, they were unable to

176 op Er175.

assign it fo either Tm
They also observed a 7.6 + 1 min. activity (probably
the same as the 9 min. activity observed here) from
Ybl?s, but not from Yb176. This could be Tm175, but,
according to Wille and Fink, it was not produced in a

high enough yield.
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1) EXAMINATION OF POSSIBLE (n,HEP) REACTIONS
58

In a recent paper Kumabe et al have reported
(n,Hes) reactions for Mn55, 0059, As’® ang ’hi% witn
14.8 MeV neutrons. They report cross sections for these
.,reactions of the order of millibarns. As, in a
brevious survey carried out in this laboratory, no 2 min.
activity corresponding to thé (n,He5) product of Mn55
héd been de;ected, an éttempt was made to reproduce the
results of Kumabe and his co-workers. All four of
the nuclides, listed above, were irradiated and their
decay curves analysed in a search for the products
of possible (n,HeS) reactions, but their existence could
not be verified. It is certain that these reactions
do not occur with the cross sections reported by Kumabe. .
Upper limits: of the cross sections, calculated from the

results obtained in the present work, are an ordepr of

magnitude smaller than Kumabe's values.

EXPERTMENT DETATLS.

Epradiation of cobalt.

"Spec-pure" cobalt metal was irradiated for 2
mins. and quickly transferred to the counting room by
‘means of the "rabbit". The activated cobalt was placed

under the end window counter and counted for periods
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of 10.8 secs. with 1.2 sec. intervals, the scaler being
operated by an electronic timing device. The decay
of the activity induced in the cobalt was followed for
five hours.. On resolving the decay curve, a small
amount of a 1.8 min. activity, possibly Mn57, the
(n,ﬁes) product of 0059, was detected in the presence
of the high yield of 2.58 hr. un®® from the (n, o)
reaction. Repetition of the experiment produced the
same result, but, in each case, the 1.8 min. activity
was so low as to barely exceed the limits of errors
arising from counting statistics., An uppef iimit of
the (n,He®) cross section was calculated relative to
the predetermined value (35 mbs.) of the (n, X) cross:

section.

Irradiation of. arsenic.

Two homogeneous mixtures of iron and arsenious oxide
were irradiated. The iron was removed from the mixtures
and treated as described elsewhere. The gallium activity
induced ih fhe arsenic was chemically separated from the
target material and counted under the end window counter.
The decay of this source was followed for four half-lives
of the 14.1 hr. (n, &) product, Gamz. Evidence of

the presence of Ga75, the 5 hr, product of an (n,Hes)
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reaction, was slight and ambiguous, but an upper limit
of the (n,Hes) cross section was calculated. This
experiment also furnished a value for the As7'5(n, <>t)(?ra72

cross section (Table 30).

Isolation of gallium.

The irradiated As,Og4 (ca. 1.5 gms.) was dissolved
in 20 mls. of cone. HCL with a few milligrammes of

Gelg. 1 ml. of a standardised gallium carrier solution

(ca. 5 mgs./ml.) was added.

Step 1. The solution was evaporated to dryness,
the germanium and arsenic distilling off with the
HCl as Grecl4 and Ascls.
Step 2« The gallium residue was taken up in 5 mls.,
of conc. HC1l and Step 1 was repeated to remove the
last traces of Ge and As.
Step 3. The gallium residue was taken up in 10 mls.
of 6N HCl and, when cool, was extracted twice with
equal volumes of ethyl ether. The two ether layers were
combined.
Step 4, The combined ether layer was washed four
times with one-third volumes of 6N HCl.
Step 5. The gallium was back-extracted into 5 mls.

of water, This was repeated and the two agueous
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layers were combiﬁed.
. Step 6. Crystals of Rochelle salt were dissolved

in the aqueous solution, which was rendered just
alkaline by the addition. of dilute ammonia, and the
gallium was precipitated by adding an excess of a 5%
solution of 8-hydroxy-quinoline in -2N acetic acid.

Step 7. The Ga "oxinate" ppt. was collected on

a glass fibre filter disc, dried at 110°C. and

weighed.

These gallium sources could be prepared and counted
within one hour of the end of the irradiation. The
gallium carrier solution was standardised gravimetrically,
weighing as the "tri-oxinate", This was precipitated

under the conditions recommended by Schoeller and Powell.59

RESULTS AND DISCUSSION.

In Tgble 31 the results obtained for the upper

limits of (n,Hes) cross sections in Mn55, 0059, A375 and

Rh105 are compared with the values reported by Kumabe
et al. The results quoted for Mn55 and R‘hlo5 were
obtained by Mrs. E.B.M. Mértin.

'It is impossible to reconcile Kumabe's results with
the present work. It was at first felt that the

cross sections quoted in millibarns were, in fact,
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TABLE 31l. THE ESTIMATED UPPER LIMITS OF CROSS SECTIONS
OF THE (n,He°®) REACTION IN VARIOUS TARGET
NUCLIDES COMPARED WITH THE VALUES REPORTED
BY KUMABE ET AL.9S

Target ' (n,Hez)cross section q value
nuclide _ _
Present work Kumabe et al. (Mev)
(mbs. ) (mbs. )

un®® 0.1 226 - 12,65
co? 0.1 1.0 - 3.0 - 12,41
As'O 0.3 3.7 - 9.82
rnt08 0.1 1.5 = 3.5 = 8.46

supposed to be in microbarns, but then the activities

could not be resolved from the gross decay curves. It

55, produced

is difficult enough to see how the 2 min. V
with a cross section of 26 mbs. by the Mn55(n,Hes)V53
reaction, was resolved from the 3,5 min. (n,p) and
(n, &) products of Mn55, which are produced with a cross
section of 150 mbs. Decay curves were not published.
In the present work it was difficult enough to detect
the 2 min. Mn®' (from 0059) in the presence of 2,58 hr.
.Mn56, which is formed with a cross section of only
35 mbs,

The isolation of the gallium activity from

irradiated arsenic was an improvement on Kumabe's
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experiment where no chemistry was performed. The
latter analysed the gross decay curve which, besides
the reported 5 hr. (n,He®) product, included 82 min.
ce' © and 14.1 hr. Ga' °. According to Kumabe, the 5 hr.
Ga75 was produced with a cross section of the same order
as the (n, o) cross section, but gallium SOIJ:rces,
prepared in the present work, decayed almost exactly
with the literature value of the half-life of the Ga' 2(n,o)
product, i.e. 14.1 hrs, There was only the slightest
evidence of a shorter activity at the beginning of the
decay curves.

The only conclusion that can be drawn from the

present work is that Kumabe et al were mistaken.



IRRADN.

NO.

TABLE 30. RESULTS FOR THE As' °(n,)aa’ > REACTION.

61
62

t1Ga

]

20“ of target . Chemical
yield (%)

nuclei x N-1

SAMPLE REACTION

Self-
absorption
factor

1.81 x 10~%

1.82 x 10~2

14.1 hours.

2.58 hours.

39.1
82.6

c

Mn

0.30
0.30

56 = 0.08953.

A, |
observed !
C.P.m,

2.15 x 10°,
3.30 x 10°'

REFERENCE REACTION

Ao . Ao Ao

correct No. of target observed correct

d.p.m. S nuclei x N—1 C.D.Mm., d.p.m. S
1.73 x 10- .49 8.85 x 10°°  6.57 x 10% 7.36 x 10° 5.12

1.33 x 10> 3,49 6.95 x 107  3.00 x 10% 5.36 x 10° 3.12

MEASURED

CROSS
SHECTION
mbs..

7.5
9.3

MEAN

8.4 mbs.
+

1.1
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CHAPTER 5

- COLLECTED RESULTS AND DISCUSSION

Summary of results

All cross sections are quoted relative to an

assumed value of 124 mbs. for the Fe56;(n,p)Mn56 cross

section,

TABLE 32. (n,p) CROSS SECTIONS.

Target Product 14 ' Cross section

nuclide nuclide Half-life (mbs. }
Mg24 Na24 15.0 hrs. + 0.1 178 + 12
A127 Mg27 9.5 mins. 73.5
2% 140 1.4 mins. &+ 0.0% 15.1
727 7e127 9.2 hrs. 4+ 0.1% 3,17 + 0.27
Ba’o8 cs1%8 33.1 mins. + 0.6 1.56 4 0.26
a7 Pt 10.7 hrs. 4 0.4 2.60 & 0.27
1g®° © % 48 mins. | B.36 4 0.46
1g~0t % 26 mins. 2.46 + 0.26
p120° pp=0° 5.17 mins. & 0.04 0.97 & 0.08

%* Cose s . -
Lower limit sincde only one isomer observed.

TABLE B3. (n,pn) CROSS SECTION.

440 c1®® . 55.0 mins. 4 0.8 1.61
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Target Product Half-1ife Cross section

nuclide nuclide ' (mbs. )
TABLE 34. (n, &) CROSS SECTIONS.

m® Na24 15,0 hrs. 4 0.1 117 + 5

240 s°7 5.0 mins. + O.1 15.0
co™® un® 2.58 hrs, 54.8 4 1.5
As'® Ga’? 14.1 hrs. 4 0.2 8.4 + 1.0
w7 1% 19.4 hrs. g 0.6 0.50 5 0,08
Hg"%° pt 197 19.7 hrs. £ 0.4 0.44 4 0.05
Hg O pt 199 31 mins, 0.31 + 0,03
51209 71206 4.18 mins. 4 0.02  0.46 4 0.06
TABLE 35. (n, ) cross sEcrIONS.

Mn®8 n56 | 2.58 hrs. 1.29 4 0.23
&7 128 25.0 mins.+ 0.1 6.5 4 0.8
Ba™o8 Bal®? . 84.0 mins ¥ 0.6 1.70 4 0.15
p1%0% p1 %10 5 days. 0.67 4+ 0.04
TABLE 36. (n,2n)CROSS SECTION.

27 1% 13 days 1600 + 60
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The standard deviations quoted simply record the
spread of experimental results and do not include an

allowance for systematic errors. They are due to the
counting statistics of induceq activities and to small

uncertainties in chemical yield and neutron flux d&termina-

tions. The general lowness of standard deviations is a

measure of the suceess of the homogeneous mixture technique
for monitoring the neutron flux.

The attention paid to counter calibration has reduced
systematic errors, arising from the estimation of counting
efficiencies, to a minimum. Measured counting efficiencies
were fhought to be accurate to within one or two per cent.
Where it was not possible to measure counting efficiencies
directly, they could be interpolated from the calibration
curves. with an estimated error of plus or minus three per
cent.

Greater acecuracy in the determination of absolute
disintegration rates is considered the biggest improvement
on the results of previous workers. This includes the
34,41

more recent work of Fink et al, who, in otherwise

painstaking experiments, estimated their counting

efficiencies by the unreliable semi-empirical method des~

cribed in Chapter 2, Only Coleman et al,59 who measured

induced activities by a 477 technique could claim equal

- accuracy.
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The present work has corrected one or two

1 put

inaccuracies in Paul and Clarke's original paper,
confirms the trend, observed by them and now generally
accepted, of the failure with increasing 2 of the
evaporation theory of the compound nucleus to give an
adequate account of (n,p) and (n, ) reactions. 1In
the high~-Z region, measured (n,p) and (n,X) cross
sections are as much as four orders of magnitude higher
than their values calculated on the basis of the
statistical treatment of Blatt and Weisskopf.2

To acoount for this trend Paul and Clarke proposed
an alternative mechanism by which (n,p) and (n,Cx) reactions
might proceed. They proposed a direct interaction process
iﬁ which the incident neutron interacts strongly with
only one proton or AK-particle in the target nucleus,
which escapes before much energy sharing takes place.
This process becomes more important with increasing Z,
as the emission of charged particles from the compound
nucleus .is supressed by_the increasing height of the
Coulomb barrier.

Purther evidence of direct interactions competing
with the evapofation process in nuclear reactions was

provided by experiments examining the energy distributions

and differential cross sections of reactions emitting
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- charged particles. Fulmer and cohen®® studied (pyX )
reactions with 23 MeV protons. For low-Z targets
(Al1,Ni,Cu), all but the highest energy o-particles were
emitted isotropically, consistent with the statistical
nature of the evaporation process from a compound
nucleus.. The high energy o's showed forward peaking
characteristic of a process proceeding without the prior
formation of a compound nucleus. For Pd (middle-Z), the
forward peakéﬂ; o' s included all those from 12 MeV upwards.,
Lower energy o's were isotropic. For Pt(high-Z), all
X-particles showed forward peaking and no sign of statis-
tical processes was left. These results are supported
by the work of‘Gugelot,61 who'bbserved-the same trends
in (p,p') reactions for 18 MeV protons, and Eisborg and
Ig062 found strongly forward peaked differential cross
sections for 31 MeV protons in (p,p') reactions on Pb,
Au, Ta and Sn for all energies of p'.

Several workers have demonstrated .anisotropic proton
distributions from (n,p) reactions induced by 14 MeV
neutrons, The results of these experiments are reviewed

63

in a recent paperly Colli et al, who discuss possible

mechanisms of the direct interaction process.
The general picture presented is of the direct

interaction process competing with the evaporation process
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over the whole range of Z, but becoming predominant in
the high-7 region, where.the evaporation process is
-suppressed by the Coulomb barrier,

Brown and Muirheagl5 have proposed a nuclear model
for (n,p) reactions which takes account of a direct inter-
action process. This model is based on the extreme
assumption that the target nucleus can be represented
by an assembly of non-interacting nucleons and that a
nuclear reaction proceeds in three stages, (i) an initial
collision between the incident nucleon and one.of those
containeéd in the target nucleus followed by (ii) the
formation of an excited nucleus which subsequently deecays
(iii). The  emission of nucleons can occur in stages
(i) and (iii). The emission of nucleons in stage (i)
occurs in a period of sbout 1022 sec. (the time taken
for a fast neutron to traverse a heavy nucleus) and in
stage (iii) in a period many orders of magnitude longer
(the estimated 1ifetime of a compound nucleus is about
10~1% secs.). Brown and Muirhead calculated the
separate contributions of stages (i) and (iii), i.e. the
separate contributions of the direct interaction and
compound nucleus processes, to the total (n,p) cross
sections of a number.of reactions for 14 MeV neutrons.

The effective contribution of the compound nucleus
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process to (n,p) reactions in the high-Z region is zero

on the basis of this model.

In Table 37 (n,p) cross sections measured in the

present work are compared with values calculated by

Brown and Muirhead5 or by Coleman et al5

Muirhead'!s model.

TABLE 37.

Target
nuclide

Mg24.

A127

I12’?

Ba158

Au197

Hg200

Hg201

Bi209

9 using Brown and

-COMPARISON OF MEASURED (n,p) CROSS SECTIONS
WITH VALUES CALCULATED ON THE BASIS OF BROWN
AND MUIRHEAD'S MODEL.

Observed
cross section
mbs.
178
78.5
3.17%
1.56
2.60
5456
2.46
0.97

cgggguégz:gon ratio —EZQE§L-
mbs. O calc.
2057 0.87
647 1.13
18.5% . o0.17*
3.0X : 0.52
6.4% 0.41
3.0% 1.12
3.9% 0.63
7.2% 0.14

* Tower limit since only one isomer observed.

4 Brown and Muirhead.d

X

Coleman et al.

39
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With the exception of Bi%0% and the possible
exception of 1127, the observed and calculated cross
sections agree within a factor of two. In addition,
there does not seem to be any systematic change in the
agreement with increasing Z. These facts can be
considered as good evidence for the type of direct
mechanism envisaged'ﬁy Brown and Muirhead, although the
authors: themselves point out that the model is a gross
oversimplification, ignoring the detailed properties of
individual nuclei,

The actual mechanism of direct interactions remains
in doubt., The success of Brown and Muirhead's model
suggests that they proceed by direct nucleon-nucleon
collisions throughout the nuclear volume, although the
possibility of the enhanced production of protons at the
nuclear surface was not overlooked, Nucleons emitted
by this process; leave the nucleus instantaneously before
any energy sharing has taken place at all. An alternative
mechanism, which is supported by the emission of o(-particles,
.as well as protons and neutrons, by direct interaction,
aésumes that energy sharing occurs in a small localised
part of the nucleus, involving only a fraction of the
nucleons, before emission takes place. The nuclear

temperature in the "heated" locality is much greater than
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if complete equilibrium had been reached in the fonmationl
of a compound nucleus. sufficient energy can then be
concentrated on one nucleon to enable it to negotiate the

Coulomb barrier.,

After consi&ering the systematics of 14 MeV neutron
reactions, Rosen64 favours the latter meqhanism.' 0011165
has concluded that both types of mechanism occur and

that both éeem to be connected With the nuclear surface.

The measurement of (n, J) cross sections is restricted

to those elements in which the activity is not obscured

by activities induced by (n,n') and (n,2n) reactions,

which have, at these energies, much higher cross sections.
Capture cross sections for 14 MeV neutrons would have
been expected from the results of Hughes et anTor 1 Mev
heutrons, to be vanishingly small. In fact, for heavy
nuclides, they are equally favoured with (n,p) and (n, <)

reactions. The possibility of these unexpectedly high

(n, 13 cross sections being due to the capture of degraded

neutrons or D4+D neutrons has been eliminated experimentally.

Lane and'L'ynn65

have presented a theoretical inter-
pretation of this observation, They have shown that,
whereas the statistical treatment of the compound nucleus
adequately predicts Hughes' results, predictions for

14 MeV neutrons underestimate observed values by from two
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to four orders of magnitude. They have proposed a
direct capture process to account for (n, X) reactions
at'high energies. Here the captured neutron radiates and
makes: a transition to a lower orbit within the nucleus
before losing its identity in the compound nucleus.
Calculations of capture cross sections at 14 MeV made
on the basis of this model are still an order of magnitude
llower than observed values, but adequately predict their
dependence on mass number.

An-examination of the Xispectra radiated by capture
reactions at high energies might throw some light on to

the nature of this direct procéss.
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