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ABSTRACT

A.Radiochemicél study of cross section measurements in
nucleer reactions with fast neutrons (14 MeV) has been carried
out based on an éctivation technique.

As a source of 14 MeV neutrons the D + T nuclear reaction
has been used, The deuterons were écceleratgd in a Cockroft
Walton installation and Titanium (or zirconium) tritiatead
targets have been used,

As a neutron flux monitor the Fess(np)Mn56 puclear
reaétion has been chosen.

The (np),(nd) and (ne&{) reaction in Tungsten target
has been'investigated and a chemical method of éeparation
between the elements involved (W, Ta, Hf) has been developed.

Activity measurements were made with an end window
gas flow prqportional counter calibrated by reference to
a 4iT gas flow proportional counter. Tantalum and Hafnium
induced activities were always counted in 6xide form,

A discussion of the results obtained is given and
.compared, when possible, with other similar data.

In a subsequent study (np) and (nd) nuclear reactions

ip a Mercury target resulfing in very short activities of Au202

(25 sec.) and Au°08

(55 sec.) have been investigated using a
100 channel pulse height analyser (associated with a scintillation

counter) in addition to beta counting technigue.
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.To determine- the emission of An and its half life

and (n@{ ) reaction in Thallium target resulting in the

same An202

has been investigated.
Here also a discussion of the results obtained is

given,
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1.
INTRODUCTION
A great deal of information concerning quclear structure
has been obtained by examination of cross sections (() as a
function of incident neutron energy. Nuclear cross section
is defined as an area, but its size is of the order of
nuclear area only for high energy neutrons when >\« R and

24 or 3 barn. The total cross section is of

W 8% o 3.10”
the order of few barns, but partial cross sections differ -
for different types of reaction and element (1) (2) (3) (4).
At lower neutron energies when X) R wave properties
appear and .the cnaés section gets larger than the value men-
tioned, (may be thousands of times higher).
The simplest method to measufe the total cross sectionm

).

Generally a total cross section will be a summation of other

=

is by transmitance. (U'total = VUnon elastic ¥ Velastic

partial cross sections (Q'=;@q+ Gé + [3). The total cross
section obeys the 1/v law but usuaily many resonances are
superimposed. For light elempnts resonances are widely -
spaced so they can be obser#ed'af high energies (in MeV
region). For heavy elements fhe resonances are closed spaced
and they are observed only at low energles. -

Each resonance represents an excited state of the compound
nucleus formed after the addition of a neutron.

Each such state or energy level has its.properties deduced

from these resonances. At higher neutron energies apparentl
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the resonances disappe is quite unreal because of
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the increasing resolving power; - . the smooth curve is formed

by resonances spaced closer together. The width of levels
increases with ingréasing neutron energy ané gets closer spaced,
eventually they overlap when continimm is attained, . In this
region the cross section determination gives an idea of

nuclear levels(3).

The excitation energy in the compound nucleus is present
in definite states (levels). The formation of compound
nucleus is very probgble:or its fonmation cross section is
high when incident neutron has exactly the energy to form
the compound nucleus in one of its many states, . Later a
neutron or gamma ray is emitted and the nucleus is foupd in
a true "bound state" (which cannot emit neutrons). This
bound state has a probability to emit afquanta (falling to
a lower final state). |

The theoretical treatment of vérious cross sections as
a function of energy is based on nuclear models that allow
its calculation,

A nuclear theory has been developed in order to predict
neutron cross sections in terms of a nuclear model. Start-
ing with this point of viéw a model is proposed and 1s
compared with the experiment. In this case a nuclear model
is used to predict the cross section and an improvemeht of
the theory is looked for. A good example when measurements

played an important role in improving the theory is the
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behaviour of fast neutron cross section which led to the
inclusion of nuclear transparency in the : models

The compound nucleus theofy,.when an-iﬁcident particle
bringing its'binding energy + kinetic energy is strongly
absorbed in the nucleus, sharing its energy with all the
nucleons, long living and forgetful of mode of formafion,
was &ery close with reélity. It has recently been found
that this model of compound nucleus (analogous to the liquid
drop) is not entirely correct. The bombarding particle
may travel a long distance (several nuclear diameters, before
being absorbed. This transparency proved to be very success
ful in many cases. Weisskopf estimates the cross seetions for
this model of partial transparency. In this model many
nuclear levels are filled, the incident neutron may travel
a long path before'being absorbed(3). If neutron eﬁergy
increases, the chance to be absorbéd gets higher because
more energy levels are available to it.. Empéfiments proved
that at 15 MeV the nucleus is more black, but above 15 Me?
the decreasing interaction cross section out-weighs the
increasing level density'and the nucleus becomes more 'trans-
parent'.. At present these interactions (elementary particle
cross sectionsa) using free particles can be measured..

So far it has been found from experiments that incident

neutrons do not amalgamate with the rest of nucleus when its
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energy is very low (Pauli principle), nor when it is very
high due to weak interactions.(1),(3) Actual theory refers
to both models.

A model is very important to predict a cross section’
and a cross section to test the model. As was mentioned
much of the information abouf.nuclear structure comes from
the study of the vabiation of cross section with the energy
of incident neutrons.

But for slow neutrons this variation is very irregular
and the nuclear excitation levels can be estimated from
the fine structure of the excitation curve.(é) To estimate
the fine structure monoenergetic sources of neutfons of-

desired energy are reduired.(preferable adjustable).

Sources of monoenergetic neutrons

Monoenergetic sources of netitrons of sufficient intensity
of low energies are based on two techniquesﬁ |

~ time of flight (neutron velocity selector, mechanically
chopped neutrons). | |

- crystal spectrometer velocity selector.

These two methods suceceed in éélecting neutrons of
defined energy from a broad energy spectrume. This method
applies up to a few KeV.(1)(3)(&)

Other sourées of higher monoenergetic neutrons are bassd
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on nuclear reactions with light nuclei. Sources to provide
monoenergetic beams are generally those charged particle
reactions producing:neutrons in which input energy is kept
low enough to avoid production of excited states. The bést
reactions are with Hydrogen isotopes. |

BEven in the case that neutron energy spectrum is not
monoenergetic, time of flight technique may bé used in the
range mentioned or electronic pulse methods éf filtration |
in MeV range. |

Initially Ra-@!-Be sources of neutrons have been used(3)(4)
but such determinations are useless simce the neutron spectrum
is wide. = (And ovef Z = 10 the Coulomb barrier becomes
important for & 's of 5 MeV).

-~ Accelerators as: Van der Graaff,'uébgkvoft-walton,
cyclotron, syncrocyclotron, cascade generators have been used
.to accelerate the bambarding particles (p, d,).for this
purpose;,

The most useful reactions are tposé with Li, T for (pn)
and D and T for(dn). Sometimes photoneutrons from H(J’n) or
Beg(x’n)Be8 have been used. -Monoenergetic neutrons from
Li7(pn)Be7 ha&e been obtained but the negative Q value of this
implies a threshold energy of 1.88 MeV for incident protons.

The H2(dn)He5 has a positive Q value (3.25 MeV) so

neutrons are produced at.low bombarding energies. Since no
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3

excited state of He~ is present, monoenergetic neutrons up

to 7 MeV can be produced (4). The neutrons from L17(dn)Be8;
Beg(d,n)B10 are always contamingted with neutrons of lower
energies due to Be8,B10 nuclei being left in excited states.(3)(4)
For '1‘(1_Jn)He:5 there is a threshold of 1,019 MeV due to negative
Q. '

T(dn)He4 can produce neutrons from 1220 MeV. It is
an extremely useful source of high energy neutrons since the
reaction has a very high, broad resonance with a peak at
.109 KeV deuterons, also a good yield of'high energy neutrons
is obtained with low enepgy incident particles. A very
important fact is the total absence of excited states of He'4
so the neutrons are monoenergetic (14 MeV). For a thick
Tritium gas target and 600 KeV deuterons the yield is 5 x 108h/
sec per }mgamp (for Tritium adsorbed in thick Zirconium
targets). With 200 Kev deuterons the yield is 16° n/sec,
per )4;amp.(4) For these low incidgnt pgrticlg energies,.
neutrons emitted at 90° are uséd since their energy is 14.1 MeV (&)
and insensitive to incident deuterons énergies,

" Paul and Clapke(6) used this neutron source successfully

in measuring activation cross sections for fifty seven
elements. . _

This study includes reactions as: (nJ’);g (np); —.(ne\();

(n,2n).



Neutron flux measurement

In absolute‘fast neutron nuclear reaction cross section
measurements, the precise neutron flux determination is an
important factof on account of the impossibility of detecting
neutrons directly. The indirect methods based on secondary
effects have been used,

~ A method known as the associated particle technigue
is based on measurement of charged.pgrticles eﬁitted in the
nuclear reaction, for example: T+d = Hetn, in this case-CK:
. particles are detécted.(3)(4) So &particles from a
precisely determined solid angle are counted with a proport<
ional or seintillator counter.

- Another method is based on scattering of neutrons by
protons. The protons of recoil from a hydrogenous materiall
are counted. A knowledge of n-p scattering cross sections
is required and it is made précisely by the transmission
technique.(3)(4) Here also the geometry plays an important
role and solid angles must be well known. The neutron
.source must be punctiform, this involves appreciable distances
between source and sample and since neutron flux decreases
in accordance with 1/&2, a good geometry is attained at the
expense of neutron flux intensity. It is a limiting factor
for both methods in usual laboratory conditions. We cannot

afford the flux reduction when the neutron source produces about
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109n/bm2sec especially for low cross sections.

- The third method of secondary standard is adequate
for small nuclear reaction cross:sections.(é)(lé).

In this methéd the activity induced in the sample is
compared with that induced in a reference exposed to the
same flux.

So from the known cross section of the.refergnce element
the unknown one can be‘deduced but the precise determination
bf the first one is an important factor which affects the
results. '

The reference cross section must.be e#téblished either by
recoil particle or the associated particle méﬁﬁod. . In one
method (4) (13) (7) a sample as a thin disc is sandwiched by two -
thin reference discs. After irradiationAthe activity of each-
reference disc is counted and a mean valué of it may be
‘related to the neutron flux.. The-methodiis reliable when all
discs are thin. (In order to calibrate this activity in terms
of neutron flux a separate experiment Was carried out when
ﬁeutfon flux from the target was found by counting the
associated ol !s).  This description is not suitable when the
sampie is powder as very often happens. For this reason
another method has been developed (16) and it was suitable
for our.‘work. In this method the sample and the reference

substance are well mixed and after irradiation the sample



9.

is -separy'ted from the reference element by a suitabie
procedure and counted separately. This method developed at
Durham has the folléwing advantages:~

2 Sample is irradiated in powder form,

= Fluctuations in neutron flux during irradiation
play no role because both sample and reference, béing homo=
Benously mixed are submitted t6 the same neutron flux,

- No precise geometry is necessary for the same reasons.

-~ The sample may be placed closg to the target so
maximum neutron fiux is attained.

= Sample in powder form facilitatesfthe chemiecal
dissolution after the separation of sample=reference.

As a consequence of these advantageé.thé reference
element used as a secondary standard must respect the
following criteria:

a) To have a high cross section determined exactly.

) It should be easily separated from the sample to
allow sﬁort lived activity to be counted.

c) It should-have a convenient half life to permit a
later counting.

d) It should have a quite high threshold energy to
discriminate against the lower energy neutrons.

In literature (16) (13) the following reactions have been
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used as standards:
' pe58 (n,D )M.nss
Alz'r(n,!)()l\Taz4
Cu65(n,2n)0u62
In our work when semple is used in the pgwder form the
best standard is given by the first reéction because it allows
rapid separation. The value for the cross section asshmed-
from literature is 124 mb but a more relisble value is about
100 mb obtained in Durham using the associated,particlé méthbd.

(Based on measurements of very small volumes of He 10;8cm5.

Fast neutron cross section determinatiomns

The first important fast neutron cross section
determinations were obtained by Paul and Clarke.(6) Their
experimental results were compared with theorétical ones: which
were calculated on the basis of evaporation theory (5) due
to Blatt and Weisskopf, They found that for (n,2n) reactions
the theoretical predictions were in close agreement with
experimental results but for other types as (n,p) (n®)
especially for heavy nuclei the experimental values are much
higher. In their work as neutron source the T(dn)He4
reaction was used, ' Making speculations on the reasons for

deviations of (n,p); (n,X) results, from evaporation theory

and the fitting of some results they assume that in those cases
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when compound nucleus is formed the evaporation theory is
approximately correct and the deviations are due to other
process’of interactions between incident neutroniéﬁdfonly
one proton or alfa partic}e which are emitted_before much
energy sharing takes place.

The nuclear reactions studied were due to (np); (nX);
and (n,2n). |

Ih that concern the radiative capture cross sections for
14.5 MeV neutrons aﬁ important study (7) has been made with
about 30 nuclides. The cross sections found were of the
order of 5 mb-except for fhe lightest of the nuclides |
examined. _ |

The value of 5 mb found for radiative capture éroés
sections for 14.5 MeV neutfons is higher than one ppedicted
from the theory of the compound nucleus. The low values
observed near the magic numbers (neutron) are due to low level
densities of nuclides with a closed neutrqn shell structure.

In a later study (8) the authors using 14.5 MeV neutrons
have determined the cross sections for (np) and (n) in the
mass range 100 £ A {250. They found that (np) cross sections
fell gradually from 10 to 1 mb in this mass range, if Paul
and Clarke (6) found an increase in cross sections it should
have been determined by the fact that most of their measure-

ments were restricted to nuclides with mass less than 100.
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In this range their supposition is correct,

In 1957 Brown and Muirhead (9) explained (np) cross
sections due to Paul and Clarke if protons can also be
emitted by direct interaction process. In this case the
incidentlneutron interacts with a proton which may be in the
body of the nucleus (contrast with surface theory) and this
type of process is complementary fo the compoﬁnd nucleus
mechanism, |

For target elements with mass number greater than 100
the Coulomb barrier still has little effect on the emission
of highly energetic protons obtained from direct interaction
with fast neutrons (14.5 MeV) but proton emission from a
compound nucleus will be virtually prohibited by the. Coulomb
barrier, so this last contribution can be neglected.

There are some previous measurements for (np) and (nge¢)
cross sections (10) (11) (12) and the authors have included
them in their study. Their conclusion for (np) reaction
for heavy nuclides ié.a dowvnward trend from 10 to 1 mb over
the mass range 100-250 and there is no trend from o to 100
mass range where values are from 10 to 400 mbe. @he authors
-have calculated for each experimental result the thebretiéal
cross: section predicted by direct interaction theory of

Brown and Muirhead and they inclined for this theory in 100~

250 mass rangee.



FIGURE 1

The target assembly
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For (nA) reactions there is no satisfactory theoretical
treatment. ‘

There is very little experimental study for (n,pn) and
(n,np) reactiéns with heavy nuclides targets.(14) (15).. 1In
one étudy‘kls) the authors have measured (nd) cross section
with 14.5 MeV neutrons of five heavy nuclides usiﬁg activa-
tion method and have compared their results with theoretical
ones predicted by direct interaction theory.| of course
py activation mefhods one cannot distinguish between (n,pn);
(n,np) or (nd) reactions.

For the five nuclides that have been measured at this
neutron enérgy (13321 MeV) it seems that the cPoss sections
determined are very dependent of neutron energy.  They
found that Brown and Muirhead direct mechanism satisfy

the experimental fesults.

Apparatus and experimental procedure
1) Neutron source
As we have mentioned the nuclear reaction T(an)He® 1is
used to obtain neutrons of 14,5 MeV. Tritium is adsorbed
in a thin Titanium foil supported by a Copper disc. Tritium
activity is about one Curie (0.3 ml S.T.P.) Each disc is
divided into four segments and were fixed on the brass target

block.

In Fig. 1 it is given the description of the target
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assembly.

Very close the sample to be irradiated is fixed.

Bombarding particles are deuterons accelerated in an
accelerating tube, which hit the target producing fast
neutrons,

This nuclear reaction has a high wide resonance for 109 KeV
deuterons, so the deuteron beam must have a suitable energy
which is produced with an accelerating tube of a Cockroft-
Wylton accelerator. It consists of a quadruplipg circuit
described in Fig. 2. The 240 V a.c. with a variac is
feeding the primary circuit of a tranéformer which can
supply 106 KV outﬁut in its secondary circuit. Ehis:is fed
in the quadrupling circuit (rectifiers, condensers) and the
high d.c. voltage is feeding the gaps of accelerating (linear)
tube, Fig. 3.

The deuterium is produced by the electrolysis of heavy
water and the gas is supplied to the tap ion source equipment
of the accelerating_tube. Ionisation is produced with ﬂigh
frequency electrodeless; discharge, and the ions extracted by
a potential difference applied for this purpose.. The
deuferons are accelerated between the gaps due to dec. high
voltage applied from the accelerating equipment described.

(quadrupling circuit).



FIGURE 3

Accelerating tube
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The gap between sucéessive sections has both focussing
and defocussing action on the deuterons. Entering the gap
is focussed and ieaving it_is defocussed bput focussing action
is much stronger since deuterons move slowér when entering
the gap. The cylindrical aceelerating electrodes are
enclosed in a glass tube cpnnecméd with a vacuum pumping system.
The target assembly is situated in the middle_of the
target room to avoid scattering neutrons (walls) entering
the sample. The térget assembl& is provided ﬁith a Moiibdenum
shutter which can be open to permit the deuterons to hit the
target.
Deuterons have 130 KeV energy and the beam produced 200
Do
The neutrons produced are not exactly monoenergetic, their
energy-is nevertheless defined between 14,5-14.9 MeV limits,
Fluctuations in neutron .flux result from variations in
magnitude and position of the deuteron beam and from the
gradual ejection of tritium atoms from the target under
bombardmeht;- the aceumulation of decomposed pump o0il on
the target surface'élso reduces the neutron yield.
We have also to take into consideration the build up of
deuterium in the tritium target and with the time néutrons
of 2.5 MeV are produced by Hz(dn)}_IéB nuclear réaction but

their contribution can be neglected in our case. (Low
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activity induced in the sample so only new tritium target

was used).
Unless. fortuitously, the half-lives of monitor and
.reaction product are the same, it is necessary that the

variation of neutron flux during the time of irradiation must

" be exactly known,

These fluctuations were monitored by a proton recoil
scintillation counter (high biased to eliminate lower energy
neutrons). The neutron counting is made at intervals
shorter than half life of the induced activity. This
fluctuation in the neutron flux must be known for the study
of fast neutron cross sections._f .

2) cCounting equipment and auiiliary facilities

(a) Geigérémuller (end window) counter.

It was used for informative determinations concerninmg
radioactive isotopes determinations, added as tracers in
verforming a chemical method. -The counter characteristics:
HT 1650 V, a plateau with a slope 2%, dead time 500 )glsec.
The average background (lead castle) 20 c/min.

(b) Halogen guenched liquid counter.

56

This has been used for the determination of Mn activity

56

obtained with fast neutrons in: Fe56(np)Mn when Fe has

been used as a reference element in a mixture with the sample.



FIGURE 4

The end window proportional counter'
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It was calibrated with a 4?T gas flow proportional
.counter for M‘n56 and its efTiciency found to be 8,635% and
optimum HT 350 V“with a goqd plateau of several hundred volts.
Its dead time was Soo‘fgsecwand for this reason always a
dead time correction was necessary having to deal with high.
activities. Background in the lead castle had values between
13<15 c¢/min,

(c) The end window gas flow proportional counter for
(3 rays. : - '

It has a cylindrical form, made from brass with an
internal diameter of 2.6 cm and at its end with a very:
thin window, a plastic film (VYNS,.7O-80'/Lg/bm2 thic@nééa)
one side gold coated to be conductive. Inside the counter,
centrally situated is an anode loop § inch diameter made from
constantan (0,001 inch diameter). It was soldered in a thin
Nickel tube insulated from the counter walls with a teflon plug
Fige 4, and also provided with a gas inlef and outlet, The
flow gas is a mixture of 90% aréon and 10% methane purified
not to contain even traces of oxygen, H20 etc. Its flow
rate must be about 0.5-0.75 ml per second (16) and care should
be taken fo_avoid overpressure (slightly over atmospheric
pressure) because of the fragile window. This counter needs. a
HT 1800 V with about 300 V long plateau, its paralysis time
50 }Lsec and the background in a lead castle 12-15 counts/

J

minute.



'FIGURE 5

Pt
4 || proportional counter
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This counter has very reliable properties, giving
reproducible results. The end window proportional counter
has been used for current activity determinations and was
calibrated (efficlency) with a 4Tr-propoftional counter.

(a) 49 proportional (gas flow) counter.

It was used for absolute activity measurements (dis—
integration rate) of radioisotopes selected to calibrate the
end window proportional counter. It is very advantagedus
because all Israys are emitted in the counter.volume and are
counted,

Bven emission of Xv rays (following '3'.3) or anihilation
radiation being emitted within the dead timé interval are
nbt counted. Similar with other secondary effects as ﬁ's
scattering etc. So its 100% éfficiency for-(3 rays make it
to be very useful for disintegration rate measurements,

Pate and Yaffe (17) have described the charaﬁtefistics
obtained in a series of determinations with an improved
technique.

In our studies, the 4 counter used, consisted of two
'cylindrical parts hinged together Fig. 5, provided in an
equatorial plane with the source supporté;E The two pleces
are then séparated by the source, dbut s@urce support permits
the gas_(CH4 10% + argon 90%) to flow through the two chambers

(groove at the edge). The counter is provided with two anode

\
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wires (one for each part) fixed in good insulator at the two
ends (Teflon). The countef plateau was never less than 400 V
and HT 1750 V, its paralysis time 50/u,sec. Background in
lead castle 35 c/min, '

When the source is changed, the counter is opén and after
each operation there is a time of 10 minutes until the
counter regains its sensitivity.

In normal conditions ionisation produced gives a unit
probabilitj response but a small fraction of ehergy (of‘G rays)
will not give 1 response, This fraction increases as the
maximum energy of the spectrum decreases., One ppinqipal
factor which may affect response probability is the source.
The source support is a very thin VYNS plastic f£ilm (17) (16)
supported by Aluminium rings (2.6 cm. diameter).

This Aluminium frame.is fixed in between the two
counter chambers.

The VYNS film (20 )&g/ crhz-) is one side gold coated, to
meke it conductive., The preferable gold thickness: 2)yg/6m2
and may be determined spectrophotometrically. A thicker £ilm
may affect @ rays of low energy.

Radioactive'source must be deposited on the central area
of the film, The best position described by an area with
1 cm, diameter. .The radioactive residue to be of the order

of 10 )Lg or even less for the same reasons (for low
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energy (3, emitters).
The preparatlon of source support (VYNS film) used

in our study is given by Pate and Yaffe.(17) In our work

we have prepared a stock solution by dissolving 1 weight res;n
in 2 weights solvent, Before use it is diluted; 2 volumes
of the stock solution with 1 volume of solvent.‘

‘When thin saturated solution of VYNS in cyclohexanone is
spregd over the surface of water, the cyclohexanone is
dissolved and a VYNS film is left on the surface. So this
£ilm should be.placed on the Aluﬁinium'suppoft and -
later gold coated in vacuum, On the opposite side one drop
of radioactive solution should be placed but previously to
allow a uniform spreading, one insulin: drop (1 mg insulin
dissolved in 10 ml water + 1 drop HCl conc.) with an |
appropriate equipment allow to wef the central area.

So with insulin as spreading agent a drop of radioactive
solution, dried bermits a uniform centralldistribution of the
activity.

(e) Scintillation counter (Nal crystal activated with T1)
has also been used in our determinations.

The scintillating crystal (either a plain cylinder or a
"well crystal™ as appropriate) is optically coﬁpled to an

electron multiplier photo-tube,
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(£) 100 channel pulse heiéht analyser (associated with a

scintillation counter).

The unit sorts pulses into 100 channels each with a
storage capacity of 16,383 (214-1). The pulses produced by
the detector are sorted into chamnels as a function of their
peak vbltage. The pulses are stored in a delay line and the
same time displayed oﬁ a cathode ray tube screen. The storage
unit is a Nickel delayliine (allow 14 binary digits.in each
channel then 14 x 100 = 1400).  Channel width is selected
between two values; & V and 0.1 V.

Pulses with the same amplitude will be directed into the
same channel and stored.

A back bias enables the input pulse to be biased between
0 and 50 V.

On tﬁe screen there are 100 vertical rows of 14 dots
arranged that lower voltages are on the left and higher on
- the right hand side.of the tube, Values of the dots in

2 25....

vertical direction are from bottom to the top 2°, 21, 2
| To estimate the channel number the possibilitj to shift

the X deflection exists every fifth channel.

The unit is also provided with coincidence and anticoincidence
- facilities,

The unit includes also a timing equipment which permits
countihg runs to be carried out for a presey live time and
compensates for analyser dead time and no correction for this

is required. The time interval chosen depends on activity
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anﬁ at higher activity is longer because the analyser is
"dead" for a larger fraction of the time. The Kicksorter
is provided with a unit which allows the data stored to be
printed in octal notation on rolljpaper and full automatic
recording under the control of the iive time integrating
time unit. -

The unit is also provided with a manual control. 'Wheh
channel information has been recorded, if automatic control
operates; the analyser and timing scaler begin counting again
for the same time interval prefixed and followed by another
recording a.s.0. It is also provided with cqntrolslwhich
make it possible to limit the number of channels printed to
those of immediate intefest, thereby reducing the print-
out time.

For each determination, initially, the scintillating
crystal is célibrated with standard radioisotopés:and a
peak activity versus channel number permits an estimation
of sample isotope energy.

The very short half lives isotobes activities cannot
be printed since printing time for 100 channels last 90 sec.

For this purpose a camera was arranged to be actuated
by Bhe timer and it records in two seconds on film the
spectrum displayed .on the cathode tube screen. WWhen the

camera shutter is closed automaticaily the 100 channels
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Kicksorter start counting again, the timer operates the
shutter, when it is open the counting is stopped and
spectrum displayed on the screen ls photographed.

(g) When proportional end window counter has been used
to follow a decay curve for a long time (40 hours) an
auxilliary récording equipment connected with the scaler have
permitted a preset number of counts to be recorded on a
roll paper the same time with minutes time intervals

(pulses from a timer unit).
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14 MeV neutron cross sections in Tungsten:

In this study a Tungsten target has been selected to |
make an exact determination of fast neutron cross sections
for nuclear réactions possible. The same time a Tungsten
target permifs an (nd) reaction'study where the experimqﬁtal
data are quite absent.

In our experiments the target-has been used in a
powder form for~reasons-w¢ haﬁe just mentioned in ; preVioﬁs
chaﬁter: |

Irop granules homogeneously mixed withlthe target element
.has been'used as réference eleﬁent. The'sémple mixture in
a polythene tube was placed near target assembly. |

' When optimum deuteron beam is obtained, the Holibdenum
shutter was opened and fast neutrons are produced.

During the time of irradiation (1 hour) the neutron
counting rate is recorded at 10 minutes time intervals.

The féllowing more probable nuclear'reactions (theoretically)
with the natural isotopic mixture of Tungsten- _
(w80 0.14%, w2 z6.2%, W2 14.3%, w4 s0. %, w186 28.7%)

(n,2n) .

W180 : ,2n) W179 (40 min, IT 7 min); we 2 (n,2n) W181(145d),
w86 (n,2n) wi85(704)

(n,p) -
w82(n,p) 1al82(1154, IT 16 min); Wo2(n,p) Tal®3(5a); Wi

(n,p) Tal®(8.7n); W2%(np) Ta?P8(10 min)
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(n, ) .
w4 o) me28Y (45 a); W8 (n o) ne'®® (64 min)
()
w28 (na) Tal®® (49 min)

We only mention the radiative capture posg@bility‘(nar)
when the following isotépgg are obtained: Wlal, W185 (5 sec),
woo, w7 (2an). - " |

In our study we shall exclude théFTungsten-iﬁqtopes
because low activity as well as very complex decay scheme
for many isotopes, very long or very short halftlives,'and
(n,2n) combined with (n xz) reactions make it practicaiiy
impossible. '

The nuclear reactiors taken into consideratidn are (np);
(nd); (n &) For relatively short irradiations (1 hour)
only Ta184, Ta186 as (np); Ta185 as (nd) and only Hf185 as
(no), will be significant. All other nuclear reactions
givé products of half life so long that no significant
activity is to be expected.

To verify this supposition we have found from a pre-
liminary irradiation (without a chemical separation) that
a decay curve shows only a short component of 50 min and
a long one of 8 hours half lives. This has been done with
an end windowlproportional counter. The short component of

185

50 minutes cannot be ascribed to Ta 49 min only because
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Ta186 10 min and Hfl83 64 min,

Using a single channel pu;ee height analyser and

waiting about 70 minutes after the end of irradiation when
186 . 185

all Ta 10 min is gone, we tried to separate Ta 49 min
of Hfls5 64 min. We have done a calibration of scintillating
crystal with the three peaks of Se75 and from nuclear data

we have chosen the 0.175 MeV, avtyuanta of Ta185

(with
appropriate channel limits). A similar decay cntve'nas
been obtained but it was quite impossible to_befnesolved.
From theése determinations it seemed clear-tnat
a chemical separation between the three elements W, Ta, Hf
was a necessity, and of course proportional counter is
preferable because @, rays are detected with higher
efficiency and precise calibration and reliable measurements
are possibie.
All three radioisotopes involved in our study are ﬁ5
and Xv emitters. (38)
7a¥®4 @7 or 1.06 (25%); 1.26 (72%); 1.36 MeV (3%)..
Ta 185 (5 1.48 (5%); 1.72 (95%) complex AN spectra

rri83 (5 1.4 (100%).
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Chemical methbds associated with fast neutron cross section
determinations in Tungsten target

.In bombarding Tungsten target with fast neutrons
fantalum and Hafnium isotopes .are built up as well as
radioactive Tungsten isotopes. Their chemical separation
mast be performed ‘in order to estimate the radioisotopes
obtained.

It is also very important to enSureﬂéuch a qhemiétry
that the Separatéd:iisotope should be in:é pure chgmicai
form at last or should not contain 6ther:yadipactive;‘
contaminant elements and exchange equilibrium must be estab-
lished between carrier and activity. Itﬁis preferable
that the chemical yield shouid be high but it is not
essential since finally a chemical yield determination is
made.

The first step after irradiation is the magnetic
separation'of Iron granules from the Tungsten target (powder).

The next step is the disolution of the sample in a
convenient reagent ensuring complete solution of Tungsten
and the same time of Hafnium and Tgntalum,

Because Hafnium and Tantalum radioisotobes are in tracer
quantities the reagent used should already contain Hafnium
and Tantalum carriers.

A.very important factor is the time intervél in which

the chemical separation is performed having in view that
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the shortest half life taken into consideration is 49 min.

Starting with these points of view we shall discuss
briefly some of the existing methods from the literature.

Tungsten metal is only superficially attacked by acids,
aqua regia but its rapid dissolution is obtained with a
mixture of acids as HF s HNO; or HClO, + H5P04. (18)
| Hafnium is acid resistent being attacked only by
aqua regia, HF and better by-a mixture of HFs HN05.(21)
Hafnium dioxide (Hf02) which is used in our experiments as
carrier is slowly attacked by HF + HNO, mixture.

‘Tantalum is insoluble in aqua regia but readily
dissolved in a mixture of HF + HN05.(18)

The solution_chqnistry of Hafnium is not well known
and considerable confusion exists in the literature regarding
the ionic species in the aqueous solﬁtion. This depends
on the fact that Hafnium ions undergo - hydrolysis and |
polymerisation in aqueous solution, whichlis strongly
dependent on pH.(19) The ohly important valency is +4.

Hafnium has some very insoluble compounds as
phosphate, iodate, cupferrate etc. | The hydroxide is
precipitated with ammonia. Barium and HF give barium fliorc
hafnate (BaHst) which is insoluble in excess fluoride and

affords a good separation from Tantalum.
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' The usual form in gravimetric analysis procedures

2 following the precipitation as hydroxide

(Hfoz.tzo),(22) cupferate etc. Mandelic and Flavianic

is ignited HfO

acids have also been used, (20)

In addition to hydrolysed species, Hf forms complex ions
with many reagents. The fluoride is the most stable complex,
It also forms chelate complexes with acetylacetone, TTA,
cupferron, etc.

"It is important to underline that Hf tracer is strongly
co-precipitated with most precipitates in acid solutions not
containing complex-forming ions.

| Hf with alkall fluopide in agqueous solution can give
also these complexes: K HfFg and K5HfF7.(25)

Tantalum(24) inragueous solution exists only in the form of
complex ions. Tantalic acid is readily hydrolysed. Alkaline
hexatantalates are soluble, Its important valence staté
is +5.

Tantalum may be precipitated with some tungsten by tannic
acid from tartrate'of oxalate solution. From a tantalate
solution hydrated oxides are precipitated when acid is added.

Cupferron has been éxtensively used to precipitate Ta
frém tartrate or oxalate solution.

The usual gravimetric procedure is precipitatﬁn as hydrated
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oxide, tannate or cupferrate followed by ignition to the
pentoxide, _ '

Only in the presence of complex forming anions (tartrate,
oxalate, fluoride) is tracer Tantalum stable in solution.

In absence of this, tracer Ta may be carried by such
precipitates as MnQ,, TeOy, dust, silicagel etc.".

Tantalum with HF forms only Ta.F,?"" complex (24) and
with a fluoride (KF) in HF solution K TaF, (23) slightly
soluble in cold water. The_existeﬁce of a compound of the
type TaFg.” ~ is known only with NaF.(23)

The same type with Tungsten is also possible but only
with KJ?,',(/K'5WF8); it has a high solubility.(23).

A.hﬁmber of:chelate complexes are also known,

Some of these chemical prdperties of different compounds
have been successfully used in obtaining a chemical separation
smong the W,Ta,Hf elements. |

Some precipitation methods have been used for this
separation: |

One of them (18) is based on pronounced differentiation
of chemical beh,viour between some elements in oxalate solution
so Tantalum is more readily p}ecipitated than'Hafnium with tannin.
This method is not always adequate: it depends on the

relative amounts of the elements involved and Tungsten, if
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present, is carried by the Tantalum.

The method is tedioué and the time required is much
too long.

A separation between Ta and W with silicic acid is
described in (25) but completeness of separation is affected
by the presence of Hflor_Zr. "

In a new method (26)(19) where W, Ta, HfO, have: been
dissolved”in a mixture of HF'+-HN05,_and later the solution was
made 3N in HNO; + HF and Ba'* ions added, Hafnium was
preéipitatéd as BaHf F6 and separated, In a next step KzTaF7 }
has been precipitated with KF, ‘

If tungstic gcid was used as a target this was dissolved
in NaOH and the Ta induced radioactivity coprecipitated with
ferric hydroxide by the addition of $E015 solution, (30)

The precipitate was dissolved in HCl and a second |
precipitation by the addition of inactive sodium tungstate:
(hold back carrier) was necessary,

This method does not effect a Hafnium separation.

Othér methods are based on solvent extraction technigue.

Methyl isobutyl ketone (hexone) has been used to extracf
Ta fluorides in the presence of H2304,H01,HN05;HF.(24) Hexone
HF-HNO |

3
other elements including Hf. The same reagent (hexone) used

system may be used to extract Ta in presence of

in the system hexone-HF-HoS0,-NH4F will extract Tentalum .1
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but not Hafnium.(27)(28) Unfortunately, the

hexone method is affected by the presence of Tungsten.(29),

and for this reason this method is excluded.
_Butylphééphoric acid method extracts Ta as well as

Hf in the same time. di is also excluded).

It has been shown tpat Ta could be extracted from 6M HCl
-(1£3)M,HF with di-isobutyl carbinol. Zr (or Hf) remains
:in the agueous phase.(24)
| For Hafnium some of the previous reagents (hexone,
butylphosphoric acid) may be used but without attaining a
complete séparation of Tantalum,.

Trialkylphosphine oxides (as tri-n-actyl-phosphine oxide)
in cyclohexane compléte}y extract Hafnium.(19)

But solvent extraction methods are affected by the
presence of large amounts. of Tungsten and do not always give
a complete separation between Hf and Ta. To improve the
separation re-extraction is necessary and sometimes a long
contact between phases is reqguired to attain equilibrium.

Ion exchange methods afford the most satisfactory means
of separating man& elements including Hafniﬁm and Tantalum when
‘time factor can be ﬁeglected.

The fluoride complexes usually are not adsorbed on a

cation exchange column, Mixture of Hf and Ta can be separated
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following adsorbtion on the cation exchange column by selective
elution (oxalic aéid etc.)(32)

The anion exchange resins are useful when fluoride
complexes are formed (avoiding hydrolytic polymerisation
of Hf).

The separation of Hf-Ta wagé effected on a quexiz resin
column by elution with HC1l of appropriate conceﬁfrations.(ss)

Ta exhibits a strong tendency to colloid formation and to
ensure. true solution strong complexing agents are used
(F: or 0294-;) and are suitable for Ta separation froﬁ other
elements. The colloidal nature of Hf and Ta may be exploited,
because colloids are not adsorbed on cation exchangers
whereas ionic elements are.(34)

A study of separation, and distribution coefficients for
different elements (including W, Hf, Ta) between the ion
exchange resin Deacidite and -Zeo Carb 225 and up to
10 M, HC1 (1M HF) solution have been determined (35), and a
- scheme of separation is proposed,

With an anion exchange chromatographic method (36) a
separation of Té of other elements were possible.

The ion exchange methods are also affected by large
amounts of Tungsten in the presence of small amounts of Ta and

Hf.,#To perform a separation between Ta and Hf a previous
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elimination of W should have been done, Even when a high
degree of'separation would be possidble, the long chemical
method associated with it does not permit the application of

these methods due to relatively short half life of 49 min.
(Ta185).
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Chemical methods used in present work

A) Chemical separation of elements involved in
: present studye.

In finding a chemical method we had to take into account
two facts of great importance:

1) A complete chemical separation between Tantalum
and Hafnium is required, even traces of contaminants
are not allowed,

2) The time of chemical separation to be as
short as possible because of thé 49 min., half life of Ta185,
and the 1ow.activities involved. -

Starting with the methods we have just enumerated
and withdifficulties we have mentioned, we have concluded
that most suitable method seems to be one described as a
precipitation method.(26)

In its initial form this method was not éuitable for‘our
purposes and some modifications have been found
necessary.

In this description as given in (26). W, Ta, Hf were
dissolved in HF and HN05. Carriers were added and solution
was made 3N in HNO, + HF. Ba** ioms to precipitate
BaHfF6 completely were added, After centrifugation the

solution was saturated with -EF -or KHF2 to precipitate K2TaF7

(white)e

In order to check the efficiency of the method Feigl Spot ' . -
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Test technique was unsucceésful;y used on the separated
fractions.(37) Test for Hf in presence of otheér metals
with specific reagents as (3 nitroso® naphtol, alizarin,
morin, p-dimethylaminoazophenyl arsoﬁic acid, is hindered
by the presence of F ion.

The test for W (even no importance) based on catalysis of
Titanium (Ti¥**)-malachite green reaction has been used when
malachite'green ié slowly reduced at colourless compound
in the absence of W, (but Ti***t act rapidly as a reducer in
the presence of W as a catalytic accéleratﬁr)t ' This reaction
was masked by the presence of NOS: and F‘.

We proposed to check the usefulness of the method with
use of the radioisotopes of Ta and Hf.

182

We have sent Ta and HfO2 samples to Harwell when Ta™ and

181

Hf radioisotopes have been produced by slow neutron

irradiaetion in a nuclear reactor.

81

These radioisotopes (Ta182 115d) Hf1 454 were added

as tracers in our study. Aftef irradiation these samples
were both dissolved in a mixture of HNO5 + HF, and kept in
polythene bottles in strong HF media tg a#oid colloidal form.,.
From these suitable dilutions were made and these secondary

solutions (HF media also) were used as tracers. (Ta182 as

0.84 pe/l and ael®l 0.86 po/md).

In our preliminary study Ta and Hfo2 were dissolved in
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a mixture of HF + HNO, (carrier amounts of 10-50 mg) .: .
and only one tracer was added. ' In a next step 5 g Tungsten
(powder) was dissolved in this solution 'and the chemical

1'.has been used as tracer

method was applied. It Hf18
both separated fractions for Hf and Ta have been checked
for radioactivity. The same method has been employed
with T‘a182 tracer, ' '
The most important garameters which play a role in
the separatioﬁ.of Haefnium and Tantalum are: HF/HNO5 ratio,
HF + HNO; dilution factor after: the dissolution of the target,
quantities of Hafnium and Tantaium added as carriers.
In our experimental study -we ﬁave found that the attack
of W+ Ta + HFO, is best accomﬁlished'when HF/HNOS ratio
is about 2,5 ( a sufficient excess in HF is required ).
For thennext step a dilution is required. In the Table 1
we give the experimental results and the role of dilution
effect on the éctivity in separated fractions when one
tracer was added and carrier quantities were maintained
181.

invariable., (Hf was used as tracer).
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TABLE &
' | | 181 ..

No. HF conc. HNO H20 W Ta Hfoz HE activity

con®. ' In HF In Ta

ml ml - ml g mg mg fraction fraction

1 15 6 50 5 26 12 9860 1130
2 15 6 40 5 26 12 o972 874
5 15 6 30 5 26 12 10100 340
4 15 - 6 (20 5 26 12. 11121 2%
5 15 6 (20 5 26 12 11442 8
6 15 6 (20 5 26 12 10840 34

It was not our intention to give absolute actiﬁity measure-
mént, no calibration of the epd window proportional counter
has been made for-this purpose:. This was a pufely informative
way to estimate the best range of dilution, so fluctuation |
in the counting rate is expected.

These series of determinations are quite conclusive,
and we should use a dilution of 1:1. An explanation
cen be formulated that at higher aéidity there is a complete
separation of Hafnium from Tantalum and that at higher HF
dilution a hydrolyéis or incompleté precipitation should be
possible,

From the sepérhted:_fraction, the counting measurements
were made on Tantaium and Hafnium oxides respecting the

geometry, sample weight-etec, In a later discussion we shall
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describe the method used.

Tantelum undergoes a very similar behaviour (when Ta;sz
tracer has been used) but sometimes upto 5%-8% from Tantalum
aétivity is carried by Hafnium as BaHfF6 but it is not an
impediment since a simple washing of this compound with HF
removes completely Tantalum contaminant activitye.

When Tantalum carrier amount increases, the tracer activity
carried by Hafnium decreases. This acti#ity dependence is shown

in Table 2. In last two columns is given counting rate of

HfOp and Ta205.separa£ed from initial solution.

TABLE 2

No. HF HNO, H,0 W Hf Ta 7al®2 activity
ml ml~ ml g mg mg o H£ mggction In Tg/gggction

1 15 6 20 5 12 8 853 - 7124
2  15. 6 20 5 12 10 723 6811
3 15 6 20 5 12 20 260 7040
4 15 6 20 5 12 30 129 7140
5 15 6 20 5 12 50 66 7523
6 15 6 20 5 12 100 60 7289

It looks advantageous to use an increased carrier amount
but it is limited by sample weight allowed to be counted

and it should be in the range of 10-50 mg,
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There are also fluctuations in counting rate, we have
given an explanetion and we shall add also errors which are due
to fluctuations in chemical yield.of Tanfalum‘.

For Hafnium tracer having in view aélOO% chemical yield
we have not found a similap behaviour (in the range 8-50 mg
Hfoz). For Tantalum there is a chemicallyield dependence
of Ta concentration in solution due to the aﬁbfeéiable solubility
of the KéTaF7m

This contaminating activity in the Hf fraction is easily
removed by washing the Ba;HfF6 precipitate with HF aqueous
solution,

From this experimental results we have.defiﬁed the
following chemical method for Hf and Ta separéfion.

We shall complete the dissolution of 10-20 mg Hf02 and
20350 mg Ta in 15 ml HF + 6 ml HNO5 conc. (Hfo2 + Ta are
used as cagrriers). The complete dissolution of Hf02 is quite
slow (4 hours).

It is preferable for this solution to be prepared 24 hours
before the irradiation.. After irradiation of the sample
(5 g W) was carried out for an hour, and Iren granules: separated
(electromagnet), the W target sample is dissolved rapidly |
in the acid splutioﬁ containing carriers. 20 ml distilled
water is added (about. 1:1 dilution), the beaker is strongly

cooled with ice and 50 mg of Ba(NOs)'2 solution is added
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(1 ml). The solution is stirred and continuously cooled
for & minutes. "In this condition BaHfFé complete
precipitation is obtained, it is transferred to a lusteroid
tube, centrifuged and BaHﬁFG separated, The solution with |
Ta and W is saturated with KF and partial precipitetion of
Ta as KoTaF,, is achieved (a chemical yield frquQQSGQ% is
obtained).. The precipitate is separated by ceﬁtrifugation.

Glass has been avoided in all chemicél opgrations.

In a series of preliminary tests 50 mgTBa(Nés)zhas been
proved to be a sufficient reagent for complefe precipitation
of the H?. The concentration of 50 mg/ml was used .to avoid
unnecessary dilution of the solution,- |

A larger excess than 50 mg must be avoided since
complication in next chemical step has been found,

BaHst after separation is washed many times with
diluted HF (%:1) and traces of Ta removed,

In their initial form HEf ‘as BaHfFg and Ta as K TaF, cannot
be used for counting rate measurements for two reasonsg-

1) The larger quantities than 20540 mg from these
compounds are obtained, For instance KgTaFw.is carrying
about 10 times more KF and precipitate "+ weight is between
200-400 mg. So large amounts cannot be used for counting
measurementse. |

2) For counting rate measurements the samples must always

be in a simple chemical form which give reproducible results,
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Since the ratio between reagent carried (kF) and the compound
(KzTng) varies appreciably from one sample to another,
counting efficiency (scatteriné) is affected.

Since Ta and Hf have very close atomic weight (mass
number of their stable isotopes in the range 177£181) we have
found that the best way for counting rate measurements is to
"bring the samples in oxide form, It also gives the iowest
source we ight (highest specific activity)-possible,

BaHfF, is easily dissolved in a mixture of HNO, H,BO,
(8-10 U HNO, saturated with H,BO), NH,OH is added and HFO,X Hy0
precipitated, centrifuged and washed with water. It is
filtered, washed with acetone, dried and heated. HfO, in
povder form is transferred on a special vacuum funnel with
. acetone and samples for counting rate measurements 10-40
mg (dried also) ar; obtainedi. | |

K2TaF7 is dissolved in a few drops of HF and water,
and Ta205XH20 is precipitated with ammonia, It is also
washed, dfied, heated and after suspending in acetone,

Ta205 samples are prepared in the same way as. for Hf. (They
do nof exceed 40 mg.). |

Itlis preferable (in total absence of HF) to use glass
filter paper when very good, uniformly distributed; flat,
non-breaking samples are obtained.

The chemical yield is not 100% in both cases, because
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with Tantalum, we can never attain this yield, and with Hafnium
some losses are inevitably introduced by the need to work -
quickly.

After counting rate measurements have been done, we must
estimate the chemical yields for our further calculations..

A gravimetric method has been found very suitable
for this purpose.

Hfo2 is dissolved in a mixture of HF -'r-'Hl\TO5 conc,
(idem Tag0.). A check for Ba*tt was made but its
complete absence was proved. Boric acid is added to complex
Fi ion (don't seem to be necessary) and ammonia added.to
precipitate HszchéO. This is well washed, dried and
ignited in a crucible and its weight determined.

This method was applied in both cases and was checked
with~known quantities of the elements in the chemical

way described and proved to give always satisfactory resultse..
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B) Chemical methods associated with-the end window
gas flow proportional counter calibration

a) Solid sample preparation for counting rate measure-
ment.

The active precipitate, dried, is uniformly dispersed in
'acetone and collected on glass filter paper fixed in a special
demountable funnel under vacuum. (Fig. é) The sample
uniformly dis$ributed on the filter paper area is transferred
to aﬁ Aluminium tray. The sample is dried and its weight
is aécurately determined with precision of 0.1 mg, and
counted with-repfoducible ggometry.

b) Absolute disintegration rate determination of

52 used as standard solution.

P
From nuclear data(38) all nuclear reactions under consic

deration give (3:' emittex"s with energies within ‘l;he range

1.3-1.7 MeV (75-100% within this rangé). It is known

(J.H. Daviesl6) that the efficiency of the end=window

proportional counter used is very nearly constant for

B ) 1.0 MeV., and for convenience 52P was selected for

|

calibration measurements. it was first shown that 52PO4-
(carrier free) is quantitatively carried on precipitates of
HfO5.X HoO. It is the ideal procedure since both sample

‘and standard are then in the same chemical forﬁ, and scatféring

of (3rays in both samples is identical,
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In preliminary experiments, it was found that in ammoniacal &
solution in the presence of Hf which precipitates as;HfozlﬁHZO,
P52 is not completely precipitated and the activity has
always been found in solution in a proportion of 10£15%.
Phosphoric gcid has been used as carrief, experiments with
other elements as Ba'*, Ca** (excess) which give very
insoluble phosphates (in ammoniacal medium) as Hafnium does,,
has been used with the same results.

32

We have concluded that P is not entirely in the

pentavalent form. To ensure a complete precipitation

of P52

It was found also that tracés of HF (Explanation of Hf Chemistry)

affect the P52 precipitation.. -

with Hf only P°% in pentavalent form must be used.

From these eonclusions it was necessary to add some:
non isotopic carrier for P52; (the smallest.amount possible)
to precipitate it in a form when P 2(+ 5 staté) is found in
precipitate, redissolve it and determine the disintegration
rate in this solution,

Hf or Ta are the best carriers for this purpose. We
have chosen Hafnium and Hfoz'is dissolved cnly in a mixture
of HF + Hl\TO3 Fprom this solution Hfoz}(Hzo is prec1p1tated
w1th amrmonia and s1nce the presence of HF should be avoided
the precipitate is separated by centrifugation, redissolved

in HNO, (freshly precipitated HfO, XH,0 is dissolved in HNO,
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cf, Ta205X.H20 which is dissolved only in HF;'it is a reason
to use Hf’as carrier for this purpose) reprecipitated etc.

many times and finallﬁ.the HF-free Hafnium solution is added
to the P52 solution and the 5ZPO‘E is co-precipitated with

Hf02XSH20 by addition of ammonia. -This is washed and re-
32

dissolved in HNO5 and this solution contains P only in
+5 state. Other tests with this solution proved that all
activity is easily carried down by a HfO, precipitate (with.
ammonia).

This P52 solution was used for 47779roportional counter
measurements of disintegration rate, | |

On the opposite side of gold coated VYNS film in
Aluminium frame, a drop of insulin (as described in a previous
chapter) was carefully placed on 1 cm diameter circle in the
centre of the film,

Later a weighed volume of radioactive solution (by
. difference ffrom a polythene flask) to ensure an activity of
' 10,000-15,000 c/mih'. at a residue of 10-15 J+g was placed on
the film and was dried (infra-red lamp) with great care to
avoid breakage of the fiim.

The Aluminium frame was placed ih equatorial position in
the 4Trgas.flow proportional counter and counting rate
(disintegration rate) was measured. Five similar films

were prepared, and with all corrections fulfilled (decay time,



FIGURE 7

A self absorbtion curve
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dead time, background etc.). The specific activity
Eound was 308 dis/mg. The precision between the different

samples was in the range 308 + 1 dis/mg.

C) BRBfficiency of the end window gas flow proportional
counter .

Aliquot part of P':52

standard solution (308 dis/mg)
is added to an acid solution containing 120 mg Hfoé (HP
free prepared as.before). Hf022X320 is precipitated (including
P®2) and filtered. The activity in solution after the -
separation of HfOy XH 0 is checked with a liquid counter but '
no radioactivity was found. (Background). o

The HfOy XHy0. precipitate is washed, driéd;and calcinated,
At the'end of calcination, it is cooled and weighed., All
chemical operation until calcination was achieved has been done
with care to gvoid'any losses. HfO, obfain?d, in powder form
(ground) is well stirred with acetoné and divided in five
portions containing HfOz(and PEZ) within the range 6;44 mg. So
sources of various thickness were prepared with the same

standard filter funnel technique and counted with the same

geometry (with end window proportional counter), Counter

.Qbserved counting rate

efficiency is given by e = disintegration rate, . A plot

of e as a function of the weight of the source is given in
' Fig. 7(for one counter used) and this curve used to reduce

observed counting rates to absolute disintegrption rates,
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This self-absorption.curve was plotted for sources in
the range 6;44 mg and counter efficiency &aried very little
with the ;oﬁrce thickness in this range on account of the
high energy of the P'z’2 @ rays.

This plot gives us an exact determination of end window
proportional coﬁnter efficiency (in this energy range) as a
function of sample weight. Because counter calibration was
made with Hf02 sources (containing P52) and in the experimental
detgrminations the samples were always prepared as HfO2 orb
Ta205 a high accuracy in estimating counter efficiency is
expected when other conditions (geometry etc.) are

respecte@;

D) Chemical methods associated with the reference
' element

. For the referehce element it was found convenient to
use a-halogen quenched ligquid counter with capacity 10 ml.

56 standardised with a 4Tr'

It was calibrated with Mn
counting technique.
| The iron used as a reference element with a granule
size of 0.5_mm had a purity of 99.8%. . The iron was used
in a homogeneous mixture with the target. After irradiation
it was separated from the sample using an electromagnet,

After the separation, the iron (0.5 g) was dissolved in 10 ml

of a standard acid mixture (50% 5N, HNO, + 50% 5N, sto4)

t
d
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containing a little'manganese darrier. The solution was
made up to 12 ml in a graduated flask and 10 ml from this
was transferred with a pipette to the ligquid counter.

It is a standard method used in this laboratory for

this purpose.
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Principles of calculation

Some basic principles should be respected in cross
sections calculations.

We have mentioned that a reference nuclear-reaction '
has been used in our determination and this is gi&en by the
Iron granules in a homogeneous mixture with W target,
Fe56(np)mn56. Here we assume that both reference element (Fe)
end the sample (W) are exposed all the time to the saﬁe
neutron flux._ This assumption is correct but the reference
reaction cross section must be exactly known (its determination
is made with absolute neutron flux measurement).

Radioactive isotopes produced in saﬁplé and reference,
decay af different.rates and corrections should be made.

The radioactive elements are produced, (when an
accelerating machine is used), at an irregular rate of (40)
R(t) nuclei/sec where R(t) is a function of time. It is due
to neufron flux fluctuations with the time,

The rate of formation is %%l = NVU¢Z equ.(1)
the time interval dt. - Here N = number of target atoms,

2 and # = neutron flux/dmzseC.(Sg)

U = cross section in cm
From equation (1) we can write dl\Tl = NJ°¢ at.
For an irradiation extending over a finite time interval

this expression must be integrated to obtain the total
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number of N- (product atoms) at the end of irradiation:

T

Nol = /

(;
In this equation (39) an allowance Has been made for atoms

‘Al .
NOg e R tdt equation (2)

decaying durizig the irradiation.
1! is absolute disintegration rate Iy = N%xl;
In equation (2) N is constant in this time interval, (&

and X are also constant but @ is variable. We can write:

T N1 '
1t - NO'XL/Q' e')‘ltdt (39)

o

The number of active nuclei present at the time ¢ can
be calculated by considering the number formed during a short
interval of time dt in the past (40) so finally we have

Ii'(t;,) = NG‘?\lleg e X.(z;t)dt equation (3)

Wé have ment_ioz?ed’ that a neutron monitor measured the
relative flux & . This is related to the actual flux
@ at the sampie position by @ =& 1,. . )

Then eq. (3) become: 1t @ = Nd’Al . / B e'x'-(z't)dt

0 LS

Because the reference element is placed in such a
position (homogeneous mixture) as both the _réference and target
are intercepted by the same flux . ’)z will be fhe same for bothe.

If r refers to refe%ence element we can write:
1 1 [0 & A ot
I nwAl4 ge dt
I, NGh [ e WE-t)g,

J'o

equation (4)
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A numerical method, where the integrals are replaced
by a summation, is more convenient but a finite time
interval in the abscisae should be assumed and should be
quite small compared with the half life:

When tlr.le.se conditions are respected we can write:

" _ Y& \g

T ORERS
Summation: Where S denotes the E;:"E (3 e X-(Z-t). At
)

and a similar relation for S is easily deduced replaclng k
withx ~ In this relation { is unknown. |
The activities introduced in this equation are determined
by extrapolation of their decay curves to the zero time. Since
detection coefficients (counter efficiency) for these
nuclides are C and C, then activities A  and A, ard'_—relat'ed

with the disintegration rate by
A, =)\,c N, or A, = cI and introducing these notations

A'o C N(‘TX'S ( )
- = equation (5
A, , ¢, N G'r S |

From this equation we can easily evaluate g" which is
unknown, the other factors being : well defined as before

mentioned.
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Experimental procedure and results of
irradiation

Mixtures usually contained 5 g of Tungsten (powder)
and 0.5 g iron granules. A homogeneous mixture is obtained
when two components are carefully mixed for 30 minutes.

The mixture is transferred to a polythene box, which is_
provided with a very thin cover.,. The amall cylindrical box
is completely filled with the mixture and no empty:space
between mixture and cover is‘aIIOWed to ensure a better
neutron flux when the box is placed close under the'tritium
target.

-The polyﬁhene thin cover proteéts.thg miiture from
contamination with recoil atoms from the brass target assembly..

The time of irradiation is one hour.. Longer irradiation
intervals must be avoided since longer-lived undesirable
activities are built up,

Previously an acild solution containing HNO5 + HF,Ta
and Hf carriers has been prepared,

At the end of irradiation the mixture is transferred
t0 a paper sheet and with an electromagnet the Iron is
.separated and Tungsten weighed and dissolved in acid solution
containing Hf and Ta carriers.

Dissolution of W is made with care because strong acid

attack of the metal. The chemical method described in a
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previous chapter 1s applied and Hf separated as BaHst,
redissolved in HN05 (8-1O N) saturated with H;BOz, and
Hf02XH20 precipitated with ammonia, washed, dried.weighed
and counted. '

For Tantalum aétivities anofher mixture of W+ Fe 1is
used.~ After irradiation, separation of iron with electromagnet
dissolution in acid solution, and Hf seﬁaraﬁioq the Ta is
previpitated as K,TaF, by addition of KF. The precipitate
is redissolved in HPF ag., and Ta205.xH20 is prec1p1tated with
ammonla, washed, dried, weighed and counted.

The samples used. for counting rate determinations are
-prepared with care to avoid accumulation of mgterials so
after drying, (strong heat) the HfO, or Tag0g is transferred
ﬁith acetone on a funnel, Dispersion must be uniform and
samples for counting are in the range 6-44 mg weight.

It is necessary for the sample to be heated. and then
transferred as a slurry in acetone to avoid non-uniform
distribution of the sample and breaking (slways observed with

water)
Ty = 64 min) is studied a decay curve

When Wlas(nO()Hflss 1
in a time interval of 6-8 hours is checked. (when possible).
For W184(np)Ta184T§_ = 8.7 h and W%(na)Ta®r, = 49 min
the longest half life 15 taken into con31derat10ng and a decay

curve for about 40 hours (sometlmes.longer) is followed, it
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depends on activities involved which are quite low.

All decay curves were made from the data obtained with
an autométic-recording unit and a timer, The countiné rate
was recorded on a paper tape concurrently with the time
intervals. (A preset number of counts are recorded and the
unit time intervals),

The éctivities were extrapolated to t=0 (end of
irradiation) and counting efficiency determined as a function
of éaméle weight from.calibration curves. Correétidns.for_
chemical yield were also made, |

Iron granules were also dissolved in an acid solution,
as we have mentioned, and Mn56 activity coﬁhted with the
liquid counter whose efficiéncy had previously been determined
as 8.635%.

Gorrections.fof, dead time, decay, background etc, were
made and the activity at t = O determined.

During irradiation of the mixture (W + Fe) the neutron
flux & is checked at intervals of 10 minutes, so ﬁ.é:x (C= t):
and also (f e T (‘Z'—t)) is determined assuming C = 60 and t
is taken in the middle of each interval, -and finally the

summation over all intervals which gives S and Sr is obtained.

Gjp is taken 100 mb and was the most reliable value deter-

56

mined for Fess(np)Mn in this laboratory. (42)

For the calculation of number of atoms in the target as



566

well‘as.in the reference element isotopic abundance has been
taken into consideration. Disintegration constant were obtained
from nuclear data and expressed in minutes™ <.

In the following tables we shall give the results

obtained for each determination.

First determination

for nuclear reactions: W.184(np)Ta184 and

W186(nd)Ta185.
No. . Specification . Symbol . Units Value Remarks
1 Tungsten weight W '8 4.8255
2 w2 abundance w84 4 30.7. (41)
3 Chemical yield ’7 % 44,1
4 Counting rate ' A counts/ 501 A at t=0
; min : corrected
for chem.
yielad
5 Counting rate for reference Apn " 2.546
x 104
6 Sample weight (for counting)as Tag0y mg 35.2 (prop.coun-
. : “ter 53)
7 End window prop. counter
efficiency : c q 33,15 ,
8 Liquid counter efficiency Cn % 8.635 .
9 No. of,\!!ll84 atoms in the (Avogadro
target . - 8.05x10" 3X)¥ number)
10 Iron weight Fe g 0.5012 '

11 Fe® abundance Fe® @  or.s6 . (41)

r
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(continued)
12 No. of Pe’® atoms Nr 8.23x10" 3, AR
13 Reference reaction cross
section . U-r mb 100,
184 -1 ' .
14 Ta  dis. constant A min 1.33x10-%  (41)
15 mn°® ais. constant A winl 4.47x107°
.16 Integral value for Ta184' S 3.1‘9x104_
17 . Integral value for 4
: reference S‘r 2.92x10"
18 Nuclear reaction cross .@7-
section (np) . mb 1.66 from eq. 5
1 W% abundance w6 g 28.7 (41)
2 ©No. of W186 atoms in the . B
target N 7.5x10" °X JC
. g counts/ . at t=0
3 Counting rate A min , 409 rrected
for chemical
yield
_ \ _. |
4 Disintegration const,of pga 88 X min~! 1.441x10-2
5 Integral value for Taloo s 2.2545x10%
. _

Nuclear reaction cross 0’( )
nd

section mb O. 185 €eq. 5
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Second det ermination

for nuclear reactions: W184(np)'l'a184 and

W186(nd)Ta18-5
Specifications Symbol ©Units Value Remarks
Tungsten weight W g 4.7242
- W184 abundance . wit4 % ‘50'_.7 .
Chemical yield '7 %. .45.2
Counting rate A coﬁnts/' 260 t=o0
: *min . corrected
_ ' for yield
Counting rate (reference) . A, " 1.852::
' . 10%.
Sample weight as Tag0 -mg 19.2 (prop.
counter
90)

BEnd window prop. count., efficiency C % 23,05

Liquid counter efficiency Cp %I ' 8.635

No. of Wo? atoms in the target N 7.87x10':§xa&ﬂ'=
Avogadrc
number)

Iron weight | re® g 0.5036

Fe®® abundance Fe?% ¢ 91.66

No. of Fe56 atoms Nn 8.25x10~93 XD_C

Reference reaction cross section {J, mb 100

min -+ 1.331x10~°

3

184 - 5.06x10%

n®® dais. constant )\r min~ 1 4.47x10"
Integral value for Ta S
Sp

Integral value for reference 4,579x10%4
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(continued)

18

o B @ » R

.Intggral;value for Ta

Nuclear reaction cross section 'Gznp)' mb 1.68

w80 abundance w86 g 28,7
No. of W% atoms in the target N' 7.3x10°5, I
Counting rate - A' counts/ 213
. . 185 ). min -2
Disintegration const. of Ta - min 1.441x10 |
185 ' 4

s' 3.377x10

Nuclear reaction cross section Krknd) mb 0.20
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Third determination

for nuclear reactions: W184(np)Ta184’and

60.

W86 (nd)ral85
Specifications ‘Symbol Units Value Remarks
Tungsten weight W g 4,9124
w % abundance we g s0.7
Chemical yield tr{ % 38.81
Counting rate A counts/ 472  (t=0
min corrected
| forq )
Counting rate (reference) £, " 3.?821x
Semple weight as Tagy0g mg 21.50 (counter 90,
End window prop.count.eff. C %4 | 23,05
Liquid counter efficiency C,  .%  : B8.635
No. of Wls4 atoms in the ,
target N 8.1810x10°3 T
Iron weight Fe g 0.5011
re0 abundance Fe % 91.66
No. of'Fe56 atoms Np 8.200x10-3 . JT -
Reference reaction cross
section ' G:- mb 100
7al8% aisint. constant N\ min"l  1.331x10"%
un®® aisint. constant A, minl 44731078
Integral value for Ta184 S . 2.999x104
Integral value for reference Sn _2.729x104
Nuclear reaction cross -
se¢tion (rknp) mb 1,70



(continued)

1 W186 abundance

2  No. of Wie° atoms in the
- target

3 Counting rate

4 Disintegr on const. of
ETekd |

5 Integral value for Ta185

6 Nuclear reaction cross
section

. 61,

et g 28,70
Nt 7.65x10~° B
A' counts/ 384

min
)\! minﬁl 1.441x10:2
s | 2.067x10%

(nd) md 0.197
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First determination

for nuclear reaction: W186(nd)Hf185

}

Symbol Units - Value Remarks

Specifications
Tungsten weight w g 4,7990
W186 abundance W.186 % 28.7
‘Chemical yield "] % - 40.1
Counting rate A  counts/ t=0
- min 1200 corrected
: for ‘)7
Counting rate (reference) Ar " 3.6310%
104
Sample:weight as Hfoz mg 15.3-
End window prop count eff, C % 33.92
Liquid counter efficiency C. % 8.635
No. of W80 atoms in the ' e
target N | 7.471x10 % 8C( W=
: Avogac%ro
No.'
Iron weight g 0.5084 -
Fe®® sbundance %.  91.66
No. of Fe’® atams N, 8.341x107 5, T
Reference reaction cross ;
‘'section G-r mb 100
nel® ais. constant A min"l  1.082x10°®
un°® ais. constant /}\,p min~t  4emx10”%
Integral value for Hflas S ' 3.4211x10%
Intégral mvalue for-reference rr'.-:.S'.r oo oo 4 ;”.09.1‘-2104'

Nuclear reaction cross section 0'(110() mb 0.464
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Second Det erminat;lo_n

for nuclear reaction W186(nm)Hf185

No. Specification Symbol Units Value Reémarks
1 Tungsten weight w g 4.8’756
2 W% apundance w86 % - 28.7
3 .Chemical yield ’7 % . 54,51
4 Counting rate ' A copnts/ 349
. min
5 Counting rate (reference) Ar " 9.625x10°
6 | Sample weight as Hf02 mg 14.1
4 End window prop. counter
efficiency c % 33,95
8 Liquid counter efficiency Cn % 8,635
9 No. of W186 atoms in the im
target N : 7.611x10 °,
10 Iron weight | g 0.5017
11 Fe®® abundance ' % 91.66 .
12 No. of F356 atams N, 8.21::10:5. 3.
13 Reference reaction cross ' mb 100
. section ﬂ;
14 nel8% ais, constant X  min? 1.082x10°2
15  un®® ais. constant >‘)\r min~ 1 4.471x10°3
16 Integral value for HE1o®  §  1,913x10%
17 Integral value for referemce S, 2.32ix10%

18 Nuclear reaction cross section
q.'(n@_d) mb 0.492
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Third determingtion

for nuclear reaction W186(nd)

8pecification

64.

Hf183.

Symbol Units
Tungsten weight W g
W186 abundanée Wleé | %
Chemical yield ‘7 %z,
Counting rate \A counts/
: © ‘min

Counting rate (reference) Ar "
Sample weight as HfO, mg
End window prop.count.efficiency C %
Liquid counter efficiency | Cn %
No. of W18§ atoms in the target N
Iron weight g
Fe®® abundance _' %
No. of Fe®® atoms N,
Reference reaction cross

section (f; mb
rr8% ais. constant >\ min~ 1
#n®® dis. constant A, min“l
Integral value for Hfls5 | é
Integral value for reference S

r

Nuclear reaction cross
section

Tin o) m

Value Remarks

4.9240

28,7
46,12
453

1.9773x10%

11.40
23610,

8.635

7.672x10°° ¢

0.5118
91,66

18,375%103 YT

100 -

1.082x10"2

4.471x107°

4.0960x10%

4.,9630x104

0.472
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Discussion of the-results.obtained

A summary of these results are given in the following

- table,
Nuclear reaction: W o-(np)Taltt
No.. of determination fast neutron cross section
| (ub)
1. ¢ 1.6
2e | 1.68
3 L 1,70

Mean Value 1,68 ¢ 0202

85

Nuclear reaction Wlss(nd)Tal
1. ' o 0.185
2o 0.200

S 0.197

Mean Value 0.193 + 0,007

Nuclear reaction W"186(ng&2Hf185

1. . ' . 00464
2. ' 0.492
3. S 0.472

Mean Value 0.476 ¢ 0.014
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All these calculations of fast neutron cross section
were bgsed on the assﬁmption'of reference reaction cross
56

section Fe56(np)Mn of 100 mb.

In the last téble we give a mean value of specified
cross section and a maximum possible spread of the results
is given (estimated limits of error).

This spread can be accounted for errors involving
statistical fluctuations since activities measured were not
high enough (due to low cross sections), some errors (quite
small) from chemical yield determinations. A small source
of errors in estimating the neutron flux. Sometimes neutron
detectors efficiency changed but since a reference activity
has always been checked these errofs'can be neglected.

% Counter calibratioﬁ has been made with great care,

using radioactive solution standardized with 4 TI” technigue, so
we can estimate a high precision (1-2% errors) in counter
efficiency, and systematic errors are very low. This is an
important improvement ‘since in many other works this accuracy
was not attained and systematig errors due to counter
calibration played an important role.

In our experiments deuteron energy was always the same,
and sample was very close blaced to the source of neutrons

so that a quite large so0lid angle was subtended. Because

(a small) the dependence of neutron energy with angle of




FIGURE . 8

Neutron energy as a function of angle
of emission
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emission (Fig. 8) we definé the neutron eﬁergy to be within
the range 14.7 4+ 0.2 MeV in our experiments. Some studies
do not specify the neutron energies, this fact is not-
trivial because often thé cross section may change by a
factor .of two in an imterval of 0.5 MeV in experimental
results but is expected that theoretical calcuiations should
give better results than a factor of two. (13)(43)

As we have mentioned in a previous chapter the statistical
theory of the compound nucleus has failed to explaiﬁ the
14.5 MeV neutron cross sections and the experimental results
for (np) and (n®&) are much greater than the theoretical
results calculated with this theory.

Brown and Muirhead theory is base& on direct interaction,
when incidentneutron interacts with a proton which fs inside
.'nucleus (difference of éurface theory). The emitted protons;
difference of compound nucleus, have a high energy peak ﬁith
a maximum of energy of incident neﬁtron + Q (energy réleased)
in the reaction.

In the direct interaction theory, the target elements
with high mass number,thé high Colomb barrier has little
effect on proton emission. In the statistical theory of
compound nucleus the proton emission'is strongly prohibifted
by Coulomb barrier and its contribution is negligible to
total (np) reaction.

“All recent studies, and fast neutron cross section
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measurements proved fhat direct.interaction'theory for
(np) reactioné explain satisfactorily the experimental
results.

| So with this theory; a calculated cross section for
W184(ﬁp)Ta184 is given (8), 2.2 mb. In the same work
the author gives an experimental value of 4,75 mb-sn‘the
ratio 4.75/2.2 is about 2.20. In our éxperiments we have
obtained 1.68 + 0,02 so the ratio 1.70/2.2 = 0.78.

Our value is closer to theoretical.one and the
theoretical interpretation of experimental results of different
authors should be studied with care since sometires for the
same nuclear reaction W1§4(np) the values within 14-3 mb range
are gi&en (44). The usual experimental errors are due to |
neutron flux determination and coﬁnter calibration. In
oﬁr-experiﬁents.these errors are negligibie, since the sample
and reference are intercepted by the same mneutron flux, and
end window proportional counter calibration was-very exactly
determined,

The activation method used cannot distinguiéh for (nd)
reacfions, the other alternative (n,pn) and (n,np). There:
are very-few experiments to deal with this sort of‘nuclear
reaction because very small cross section and sometimes very
short half lives. | | .

In fact very few elements have isotopes where an (nd)
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reaction should be possible without interference with an
(np) reaction producing the same radidisotope.

These requirements are fulfilled by Pdloa,.Telza, Te150,
Ge142; Hg204, Wmss (Hg204 gives a short half life A.uzo5 55 sec.)

Th the case of (n,np) reaction.the mechanism is explained
by initial emission of a neutron direetly (or from a compound
nucleus) followed by emission of a-protoh ffom-the residual
nucleus, Emiésion of proton is possible only if binding
energy of neutron in residual nucleus (affer neutron emission)
is higher than proton one. The (n,pn) ﬁéhhanism is explained (13
by an (np) reactioﬁ followed by a neutron emission (directly
or from residual compound nucleus).

Because we cannot distinguish, as mentioned, between-

(nd), (n,np); (n,pn) reaction we shall treat them as (n,pn) to
compare our ;esults;with an experimental and theoretical work
obtained by Coleman et al.(13). In this work the authors -
have done a study of (n,pn) reaction: on W186 aﬁd neutron cross
section is given as a function of incident neutron energy..

They have found that a strong dependende of (n,pn) cross
~section as a function of neutron energy exist and the followlng
values 0.11 ¢ 0.05 and 0.3 % 0.15 for neutrons of 14.5 and 14.85
MeV are given. Since. our results are within the same limits
0.193 + 0.007 we can easily explain it having in view a

spread in neutron energy of 14.7 ¢ 0.2 MeV, and our results. are
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very comparable with those obtained by this study.

The theoretical cross section based’ on direct_iﬁteraction
theory of Brown end Muirhead within.gpﬁfoxiﬁafgiﬁf the same
neutron energy range (14.5~15.0 MeV) gives_0.0z and 0,05
mb respectively.(13).

. Theoretical results are based only on (n,pn) nuclear
reaction but we have mentioned that activation methods cannot
distinguish between the three possibilities which can exist
altogether. Having in view these considerations'and comparing
theoretical and experimental results we can assume that
Brown=Muirhead theory explains this behaviour. '

For (n&) reaction cross,éection'the failure of statistical
theory of compound nucleus seems fo be evident fram Paul '
and Clarke's study(6) especially within the range of heavy
elements where i'atio of \%bs./ ‘;ot:alculated (evaporation
theory) is very large. ' |

Our value of 0.476 % 0,014 mb is found to fit very well
with others experimental results within (or very near) this mass
number range. Coleman gives some results from O.4-1 mb,
in this mass number range.(8) But for (ng() reaction no
clearly defined trend has been found:as, for example, with (np)
reactioh so any comparison must be done with care. But it is
evident that a direct interaction mechanism must be involved

although a detailed theoretical treatment is not yet possible.
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Because mean free path within the nucleus of an & particle
from (n X ) reaction with fast neutrons is smaller than
that of a proton it is supposed that (noX) reaction originates

in the nuclear surface.(8)
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14 MeV neutron cross sections in mercury target

The scope of thié work was to determine those cross
sections in mercury target where literature data are absent.
Here also the theoretical possibility for an (nd) fegction
without interference with an (np) giving the same product
exists. (Similar to Tungsten).

The natural mixture of Mercury stable isotopes is as

follows:

196

Hg~ " 0.15%; Hg 200

198 199

10.0%; Hg  Y16.9%; Hg=C23,1%;. Hg®O 15, o,
Hg20%29,.8%; Hg< % .89 (41)

203

Because no stable isotope of Hg exists there should

be no interference of an (np) reaction with an (nd) reaction
in Hg204.

In fact the following nuclear reactions with fast

neutrons (14.5 MeV) in Mercury targets are expected, taking
account only of those reactions giving radioactive products:-
(n<Xj reactions:

Hg196(n Xg)Hglg'? 198(n X_)Hglgg 202(nX)H 205 g204(nY)Hg205

(n,2n

16296 (n, 2n)1g95; Hg1%8(n,2n)Het?7; 200(n 2n)Hg199 «2%%(n, 2n)
Fg203
{op) .
196(np)An196 198 (np)40 %8, 1z % (np)au®®; He2%0(np)au00;
120 (np )au202; 1 202(np)Au202;
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(n,pn),(n,np) and (n,d)
Here we expect only the existence of Hg204(nd)A‘.u203

having in view the isotopic abundance and half life of product

nucleus.,

(nR)

Hglge(nﬁ )Pt195; Hg2°°(n9.()1>t197 202(nq)Pt199

For our- study we have chosen the following nuclear

204 203 -

reactions: ngoz(np)Anzoz'and Hg“ = (nd)Au

The Au2C? half life is not exactly khown and an
approximation of 25 sec. is given by F.D.S. Butement (45)
its decay scheme is also unknown. In the. same study

using enriched HgZ%% Butement has found for m°® a half life

of 55 sec,

An approximation of max. ,/3 energy of 1.9 MeV is given

(absorbtion in Al) and of X’rays emitted 0,69 MeV.

205). The estimation of ratio between (3 and Y"

emission in Au205 is unreliable,

(for Au

Because the short half lives of 25 sec. (not exactly
known) and-55 sec., of product nuclei, we have chosen =
duration of irradiation of 2 minutes,

In such a short time the short act1v1ty from nuclear

204 203

reactions: 202(np)Au202 (and Hg™ " (nd)Au (55 sec.) are

most probable but also other activities with longer half life

but with higher cross section should be obtained.
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Bxperiments on Mercury targets. ( gamma measuréments)

In four experiments 65 g Mercury samples in cylindrical
polythene béxes (1.3 cm. diameter and 6 cm height were
irradiated in neutron flux with new Tritiﬁm'targeté for tﬁo
minutes.

30 seconds after the end of irradiation the sample was -
placed in a well crystal scintillation counter for counting
rate measurements of gamma rays. This counter was associated

with a 100 channel pulse height analyser.

203 (55

137

Having in view the energy of gamma quanta of Au’

sec.) of 0,69 MeV a calibration of the counter with Cs with

la/ray of 0,662 MeV was made. A calibration for se75 gamma,
qﬁanta (0.14; 0.27; 0,40 MeV) was also taken into
consideration as a function of channel number, From these
data with appropriate back bias (the same as for calibration),
the channel set limits, and time interval prefixed, the
automatic run system (and printing) was set on.. .Because

of the short half life of 55 sec. the countlng interval was as
short as possible (O 3' in this experlment) and channel

limits set so that only 10 channels were printed out, taking
20 seconds (counting system.stopped). Channel width was 0.1V,
The channel limits were chosen to include the peak of 0,69

MeV. For the long lived component a time interval of 100!



FIGURE 9

Measurements of X’ activity in. Mercury
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was fixed, Because the activities are quite high the live
time measured by the timing unit does not correspond exactly
with the clock time so a stop watch was used and time
intervals for counting, and printing (when counting equipment
is stopped) were measuréd. The accumulated counts were
printed in groups of 16 channels (set limits 10-19 with

bias 73) on_poll paper in octal’notation and the Kicksorter
was running for s@bout 2=3 houré.-. The results pfinted on
roll paper per group of ten channels were transformed into
decimal system and added@ together, With these results and
time intervals (middle) from the stop watch, the decay curves
were plotted (counting ratq/io channels versus time).

In one of these four experiments, for long lived
component with time intervai 160, bias 10, channel set limits
100 the whole spectrum was recorded to find_out the existence
of higher or lower energies,

From these-four plots (decay curves) a very precise
55 sec. component was found the same time with a long
component (42<44 min.). An example is given in Fig. 9.

For long component we assume the presence of Hg199
(metastable state of 43 min with gamma guanta of 0.159 and
0.368 MeV) because (n,2n) reaction have much higher cross

section than (np) reaction resulting Au®0 (48 min).
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Of course the presence of Auzoo cannot be excluded

even if no gamma quanta with higher energies than 1 MeV

200 has also gamma gquanta with energies 1.23

- was found (Au
and 1.36 MeV) for many reasons:

- Crystal efficiency is lower at higher energies.

- (n,2n) may be with 2 or B orders higher than an
(np) reaction. |

- From nuclear data only 24% from K\‘quanté-has 1,23 MeV
and absorbtion in Mercury is not negligible.

All these factors are reducing very much the
contribution of gamma rays from Auzoo. It is also evident
that a chemical separation bétween Hg and Au is necessary.

199 component which has

To explain the existence of Hg
no gamma quanta with energy above Q.4 Mev when set limits, (and
back bias) were fixed in 0.69 MeV region, we must assume that
at high activity %hen two neighbouring peaks (one at 0,37 MeV and
another at 0.69 MeV) exists, the -tail from the first one could
be detected in the second one'(lo channels), or it is possible

99 0.16 and 0,37 MeV to build up

as the two K"quanta from Hgl
(cascade) and to enter the 0.69 MeV region.

For all four plots 1f we take the ratio bétween theltwo
extrapolated activities at t = O we find R = 1.78 - 1,88 values

(refers to 10 channels) but with first five channels only, this
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ratio is higher 3.15 (activity of short component/activity of
long one,

In these determinations a well crystal has been used
when efficiency is much improved compared with a flat
crystal. The resolution of a flat crystal is better than
other one because highér probability of photo effect. In a
larger crystal the Compton effect as escape'éffect is lower
and resolution is better. These two effeéts are opposed,

In another experiment when irradiation lasted 12 minutes
to verify the long lived components, by calibrating the well

crystal with Se’?

two peaks of the same half lives (two
parallel lines) 43 minutes and corresponding to 0.16 and
' 0.37 MeV has been found,

So we can assume precisely that the long component is

Hg199.

In an experiment with a flat crystal the activity was
quite low (low efficiency) but even in this case no gamma
quanta above 0,7 MeV has been obtained (improved resolution).

Because we cannot assume the complete absence of Au200
(48 min) however undetectable in Hg medium a chemical separation
needs to be considered,

Because. efficiency of a flat crystal (for Bﬁ's) is very
low (1<2%) in the further experiments we shall use a proportional

ccunter_(the same type as used in a previous chapter) which



FIGURE 10

Apparatus for rgpid Au-Hg separation
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has an effieiency for '(5'-s (within this energy interval )
1.8 MeV) of approximately 30%. Both Au0% (25 secs.)
and Anzos (55 sec.) emit (5‘rays wifh energy ébéve 1.8 MeV,
From Dr. Butement's study (45) an estimation of 1bfduanta
to 10 (5 particles is glven and this factor is also favourable .
to 05 éounting.
For (3 counting a complete separation between Au and Hg

should be done and having in view the very short half lives

a rapid separation is necessary.

AuéHg separation

- It was made by fapid boil off of Mercury after
irradiation with fast neutrons, when residue qpntain only
Gold and incidentally Platinum from (n™) reactions.

Here are two factors to be coﬁsidered:

= It is desirable that fhe amount of Mercury to be
larger to get higher induced activity.

-~ The larger the amount of Mercury the longer the
distillation time.

FProm these two opposite considerations, we have estimated
that 10 g of Mercury is a reasonéble amount which can be
distilled in 30 seconds..

A very simple apparatus was used for this purpose (Fig.

10).
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- It consists of a flat metallic mount on which a.
copper tray was placed in a central area. On the tray
circomference a 4 cm high guartz cylinder tube with
2.5 cm. diémeter is close placed and fixed with two springs.

After irradiation (2 min.) the Mercury is quickly placed
onpreheated copper tray, and start boiling ingtantaneously
(the mount is heated all the time). The quartz tube prevents
Mercury jumping out.

In 30 seconds all Mercury is gone and Gold (and Pt)
residue is placed under proportibnallcounter for activity

measurement.

(3; activity measurements on Gold

As we ha%e mentioned an..end window gas flow proportional
counter for (3 rays has been used,

The electronic equipment consisted of a scaler controlled
by a timing unit. With a prefixgd time interval the scaler
is stopped and started automatically. A camera actuated by the
same timing unit takes picfures on the rolmhfilm in the
very short intervals when scaler (and counting equipment). is
stopped. On the film is recorded the no. of counts;fof
prefixed intervals the same time with the time intervals.,

From thesé films the counting rate can be easiiy calculated
per each time intérval.

FProm the end of irradiation until sample starts to be
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counted elapses 60290 sed.

ﬁere'also we.have to use short time intervals for initial
activity when short components exists (12 sec. inteévals,
of which for 10.8 secs. the equipment counts and for 1.2 sec,
it is stopped for recording) and 1ater.when short components
are gone we shall use 4 minute time intervals (2.4 sgc. is
dead) to record long lived components.

It is very important to establish the long lived
components, and from a separaté decay curve of thislwe have
obtained a slightly deviated straightlline with a half
life of approx. 45 min. This fact prbves the existence of
the followiné nuclear reactions for the long lived componeﬁfs:

ngoo(np)Au200(48-min); ngol(np)Augol (26 min) and
ngoz(no_()Ptl'99 (30 min. We can assume at least the existence

=200 (48 min) and one (or both) of other.

of Au
The first (np) reaction should have a higher.cross section
and has a more-abundant target nuclide and it is7ﬁatural-
for it to predominate.
It is not very easy to subtract the long activity ffom
the total one in ordef.to estimate fhe short lived components
because it is a mixture of rather similar long lived activities.
A very successful technique applied in Durham is based on

"Bunney plot" which permits the calculation of .the two

activity components at the time t = O.. To use this method
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we must know the half lives for the two components., In our

case we assumed Ty = 48 min. and 28 min, (average between
: 2 :

26 min. and 30 min.) , }\
= - Aot
Bunney plot use the equation I = Ile X1F'+ 12e 2 ’

which is divided with e~ Mt ang tne following equation is

'.)\1"0 ( M- )\.2)1: |

I e = Il + Ize . .
(Xr >‘2)t

(absscisa) we shall obtain a straight line (Bunney plot) which

obtained:

If we plot Ie >\1t (ordinate) versus e

at intercept with the ordinate should give Ii and wvhen t = O

or e( 1= )t =1 we have I = I° + Ig and Ig is easily

1
A

the time corresponding with the middle of interval in counting

defined..

O >\1t

And finally from I = IS + I3¢” 2 ghere t is

measurements; subtracting I from total actiwity we shall find
the decay curve for short component,

Because this resulting curve is not a straight line

we assume that a mixture of the two components of
203

Au202(25 sec?) and Au (55 sec.) existse. The first activity

is formed in an (np) reaction and the second in (nd).
We have defined, from 8Uray spectrometry, the existence

of 55 sec. activity but we expect that cross section for (np)

reaction to be higher than (nd) one.
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For the short components decay curve we can a;so
apply a Bunney plot to find Ii and Ig but half life of
Au202 is only ratﬁer approximate‘KhONHﬁ (45) and.little
information exists about its decay écheme.
: Because even for An<co (55 sec), in.eray'épectrometry

determination, a doubt could arise if a gvray emission
from Au202 (? 25 sec.) exists it might. interfere with Auzos.
(55 sec.) We have proposed to check its emission as.

well as its half life (for Anzoz). This study cannot be
done Wwith a Mercury target but it should be possible with
Thallium in checking an (nQ{) reaction which gives the

same Au°CC without Ihﬁerfefence with Auzos.
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14 MeV neutron bombardment of Thallium target

In this case being also interested in short lived
activity the time of irradiation was from 30 to 60 seconds.

In this condition the following nuclear reactions with
the two Tl stable isotopes,(le05 29,5% and 71205 70.5%)
are likely to be significantsz~
'(n-b/); Tlgos(n r)T1206(4.2 min., {3“' = 1.51 Mev no'x/)

(n,2n); T129%(n,2n)12%%%(124, K,L,e", ¥y’ = 0.4 1ev)
(n,0):  T1%%°(np)rg®® (5.1 min, B = 1.8 mev, 'x"= 0.20 MeV)
(nk); T1205(nd)Au200 and T1205(nq)Au202.

" Thallium thin discs were used as taggets'and flat
crystal scintillation counter associated with 100'channel
Kicksorter,

Instead of printing out device, which is. too: slow,

a camera actqued by the timing unit was used. It tekes
pictures. The spectrum is displayed on the photo tube screen
(this equipment has been described in a previous chapter).

For short initial activities very sh&rt time intervals
were used, and later when the short component is gone the
time intervals were much larger.

T1 foils are very easily oxidised in air, and during a
fast neutron irradiation N16(7.4 sec.) is built up from
Ols(np)le. Checking the deca& curve. from the film (which
was read with a projector) le has been always found interfering

with any possible 25 sec. activity. By a rapid wash in water
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of T1 sample éfter irradiation'and using a 3" diameter flat
(cylindfical) crysfal no peak with-éhort ( 25 sec.) half life
has been found, The same results were obtained with T1
lump in well crystal.

From these experiments a well defined peak with half life

124 and -8’energy corresponding to 0,44 MeV prove the existence

of T1205 202

(n,2n)7112%%(124, K,L,e" ay = 0.44 MeV) nuclear reaction
with high ecross section,.

~ Teking into consideration the short half life the rapid
'transport of Tl disc from the accelerating tube to the counfing
equipment was made with a rabﬁit fixed at the target-assembly,
and released when necessary. When the rabbit with T1. disc
is released it-falls in a pipe and transpoptéd.by vacuum to

the counting equipment.

Because no peak with short half life has been

obtained we conclude that from T1205(nd)Au202 no X’ray

(detectable) can be ascribed to au20%, . In our previous study

203

on Hg targets we.can assume that only 55 sec. Au was the

short component of the decay curve and no interference

with Au<°? should be possible.

To continue our study welﬁust find the half life of An202,
It is possible to produce it from the (nX) reaction just
mentioned, in T1 metal (disc) as target,

For this study it 1s also preferable to use the end window

gas flow proportional counter with the same electronic
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equipment (scaler, timer) as in a previous work and with
. cémera actﬁated by the timer,

The rapid transport of the Tl sample is made by the
rabbit..(215 sec. )

In our determinations, to improve thg.statistics ﬁsually
3 or 4 irradiﬁtions of 1 min, were made and their éctivitiea
added together, In an initial exponential curve the time
for corresponding counting rates-is not very important but
for long lived activities fheir summation is made at the
same time,

So the decay curve is to be split in two, one for long
lived activities and the other for total activities.

For long lived decay curve a component of &.,5 min., has

203

also been found and this fact suggests: that besides Tl (n2n)lex

the other nuclear reaction as: T1205(nx,>,1,1206 (4.4 min) and
205(np)FIg205 (5.1 m1n) are obtained. '
The summation of the long lived activities including
124 and 4.5 min components) from three decay curves, corrected
for different time intervals used in thé in;fial measurements-
of short lived activities, was subtracted from the total
activity at cdrresponding time,
-Corrections for background have always been done,

202 has been obtained.,.

202

A decay curve (straight line) for Au
Using the same target several times, Tl (124) is built

up so a new Tl disc is required. The same time to improve
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the statistics 4 Tl discs (4 irradiations) and two end
window gas flow proportional counters fixed in parallel
(fhe'same plateau) were used to obtain improved efficiency.
To reduce the 124 component all 4 samples were irradiated
for only 830 see,

The same calculation procedure has been used, having
in view the summation of 4 decay curves (separated for
initial total activity and final long lived activity, with
respective time interval and background corrections).
Finally from the total long lived curve, the summation of
the two léng lived components was subtracted from total
" initial activity and short lived component (straight line)
was obtained..

In all these determinations because statistics could _
not be very much improved and from difficulties arisen
202 202

from very shorf Au half life we have found for Au a

half life of 22 3 4 sec.
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Results: and conclusion

We have established that the half-life of Au-C< is

22 sec (with e 20% error) and that there is no significant

X'emission from this isotope. The short-lived (~~55 sec.)
203

0.69 MeV K’activity-must therefore be ascribed to Au

produced b& Hg204

203

(n,pn). Unfortunately the decay scheme

of Au is not well established, and it is hardly possible

to base a cross<section megsurement on thié observed gvactivitym
Subtraction of the longer-lived components from the

Au + Pt fracfion of irradiated mercury gives a short-lived

component of appafent half-life lying between 22 anq 55.5603

Application of the "Bunney plot" techniqué to this componeﬁt

enabled us to resoive it into components with these two half

200

lives, and comparison with the activity of Au®" (48') - for

which the cross section for production by ngoo(np) is

already well known - enables us to establish cross sections

for the two reactions involved: Hg202 (n,p)'Auzog (25") and
ngo4 (n,pn) Auzos (65"). The data are summarised below:
Table 1
No. Specifications Symbol Units ‘yg;ge Remarks
1 Cross section for ngoo(np)Auzodgzﬁf mb  3.63 (8) 1lit.
2 55 sec Au<C° activity " 1° 55 ¢/10.8 260 Bunney

_at =0 S€Ce sec. plot



88.

(continued) _
3. 25sec. AuS0% activity at  IQg .. ¢/10.8 3500 Bunney
t=0 ' ' sec plot
4  48min. A0 activity at IO ¢/10.8sec. 185 "
T 0 48 min . .
N ) = —gNuclear
5 Au202 disintegration const., ‘)25390 sec, x 2.77x10 2 data
6 au’03 disintegration const. ]\55sec- sec,” 1 1;26x10;2' "
7 Au?oo disintegration const. ‘X48min sec.”l 2.,4x10™% n
8 Abundance of Hgo°C - | a 5g7° 4 25,1 "
9 Abundance of Hg<OP a Hg?%? & 29.8 "
. 10  Abundance of Hg oo  apg?0t 4 6.8. "

11 time of irradiation _ t sec. 120 given

mb 0.6 calculated

12 cross section for Hg204(nd)
e T

5sec

13 cross section for ngoz(np) '
_ AuR02 | . mb . 1.56 "

25sec
(rg5sec and ‘055 sec has been cglculated_from a very simple
formula based, as mentioned on {,. .  the activities

48min,
involved at t=0, the sbundances and dhzss'ec’ )55sec'

With the notations adopted in the previous table we can write
Z A aat

T, - O 2 lig
" 66sec™ a8minX ;gsec. (1=e- Asst) a Hgo04
48min“

lﬂgs has been calculated w;th a similar formula.

All these results are based on experimental determinations .

of Coleman et al.(8) of G‘;min = 3,63. If we assume the
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.theoretical result for <r;amin calculated with Brown=Muirhead
direct interact'ion theory (when ﬂ.;s = 3.0 mb) we find,

204 203 2022( np)Au

0.495 mb and 1,29 mb for Hg" and Hg 202

(nd )Au
respectlvely,

Comparing these results with other similar (nd) cross
section determinations it is slightly higher, but if we take
into consideration the possible neutron energy'SPread 14.7 +
0.2 MeV and the fact that these cross sections depend stréngly
on neutron energy we can paftially explain this behavioﬁr.

We should also bear in mind the rather large uncertalnty 1n
the value to be taken for the Au202 half=life.

Generally speaking all experimental results on (nd)
reactions give higher values for cross sections in comparison
with theoretical values obtained by direct interaction theory
Jbecause the last ones are based only on (n,pn) interpretations
when the other possibilities such as: (n,np); (nd) exist.

We cannot campare our results with others similar on Hg
| target because the (np) and (nd) nuclear reactions involved

here are not studied at all in the literature even important

parameters. as half life (for Au202) or decay scheme

(AuzoS) are unknown.
We are inclined to accept this quite high value for
(nd) cross section resulting in .A.uzo5 because the high activities

of 565 sec component observed with chounting equipment as well
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as with n;.in the limits permitted by the imprecision of
measurements of Au202:half life, At the same time a note
of caution must be introduced. No information is available

204 2

about- Au (the p.POduct of the Hg (n’p) reaction), although

_ @-decay systematics would suggest that its half life is
very short (perhaps only a few. seconds). The possibility
cannot be excluded, however, that it has a half-life near

203

enough to that of the 55 sec. Au to introduce some

contribution to the activity ascribed to that nuclide. It
| might be noted that Au204 has neutron number 125, (adjacent
to a closed neutron shell) and even if its ground étaté has
a short half-life it would not be.uﬁlikely‘to find a meta-.
stable state with apprecigble life~time,

We have found difficult an exact determination of
Au?O® nhalf 1irfe using Mercury target becéuse the very short
half life invélved'as well as the-many stéble ;éotopes of
Mercury resulting in many radioactive components, The same’
'Augoziobtained in an (ng) reaction in Thallium as
-menfioned is complicated_by the presende of Oxygen.

202, gives an

' The (np) cross section, resulting in Au
acceptéble result, comparable with ofher nuclear reactions with
target elements within the same mass range. If this
experimental result obtained in our work of 1Jﬂ§‘mb is compared

with the value predicted by Gardner in (44) the value of
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1.40 mb, is in very close agreement with our results.
The ratio of these two values; 1.56/1.40 = 1.1i,

These measurements confirm again the direct interaction
mechanism between neutron and target nucleus for the (np)

reaction as well as for (nd) one within the limits mentioned.
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