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The mork described in this Thesis was carried out
partly in the Londonderry Lavoratory ifor Radiocnemistry,
Durham University oiid partly in the University Cuemical
Laboratory, Canterbury,-Kcnt, betwreen September 1932 and
l.ay 1955, under the supervision of Dr. S... Lyle, Lecturer-
in Radiochemistrﬁ.

The resulss presented in tue thesis contain scone
original »esearch by the author and no part of tae matcrial
offered has previously been submitied by the candidate Tor
a degree in this or any other University. “Jhere use
has been made of the results and conclﬁsions of otaer
authors in relevent shudies, care nas been teken to ensure
that the source of information is aliays clearly indicatec,

unless it is of such general nature that indication is

impracticable,



ABSTRACT

The relative yields of 8 mass chains both in the
fission of Th252 by 3- and 1l4-Mev. neutrons have been
measured radiochemically. The measured relative yields
were corrected to total chnain yields by applying the
equal charge displacement hypothesis. The relative
yields were converted to absolute yields by imposing the
condition that the sum of all the fission products must be
200%.

Use has been made of the measured relative yields
of near complementary fragments to determine the number
of secondary neutrons emitted by a few fraiment pairs. The
number of secondary neutrons emitted by mass number 145
and its complementary fragment in 14-}lev neutron Tission
was found to be 4.04 and by mass number 132 and its

complementary fra;ment in 3-Mev neutron fission to be

2430,

The mass. yield curves obtained in the »resent
investigations showed the precominence of asymmetric
fission at the lower excitation energy. The maxima of the
peaks for 14-Mev fission were at mass numbers 91.00 and

1%37.96, while those for 3-lev neutron fission wvere at

mass numbers 91.35 and 139.28. An exvlanation of the

relative cnange of the peak maxima at different energies has

been put forward.
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CHAPTER T

INTRODUCTION

l. Nuclear Fission:

Shortly after the discovery of the neutrons in 1932,
Fermi1 in Italy bombarded uranium with néutrons in an effort
to produce elements beyond uranium in the periodic table. He

observed that the bombarded uranium gave rise to several /3-

active products and that half-lives of these radioactive
nuclides did mnot correspond to half-lives of any known heavy
element. He, therefore, concluded that the activities in
question should be attributed to tranéuranic elements having
atomic number 93 or higher, produced by /s-emiésion from

uranium nuclei following the capture of neutrons.

In order to investigate more fully the nature of the
-radio—nuclides formed during such neutron irradiation of uranium
(and}pf thorium) Curie and Savitchz’g’ in France and Hahn,
stra;gman and Meitner4 in Germany chemically separated the
. radio-nuclides from uranium. -They showed that some of the
| activities formed during the bombardment of uranium were due
to radioactive barium or lanthanum. At this stage, Meitner
and ﬁrisch5 gave the correct explanation of the experimental
data, némely that instead of forming a transuranic element,

the uranium nucleus split iﬁto two fragments of unequal masses.

‘Qﬁ‘“:mm(v L
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2.

This process of splitting of a heavy nucleus into two parts

they termed "fission". Shortly afterwards, Bohr and ‘Jheeler6

predicted on theoretical grounds that it is the isotope U255
which undergoes fission as a result of the capture of the
slow neutrons. The phenomenon was confirmed experimentally

by Frisch7 and Joliot8 who measured the ionization produced

by the fission products.

and
The term "fission product" is used to refer to,include

the "fission fragment4'" as well as their radioactive decay
products. The fission fragments are generally unstable

ana an understanding of their instability may e obtained
frqm their neutron-proton ratios immediately after fission.
The neutron-proton ratio of the compound nucleus undergoing
fission is considerably greater than the corresponding
ratios of stable nuclides formed during fission. Although
a number of neutrons may also be released at the instant

of fission, the main fragment generally retain approximately
the same neutron-proton ratio as the fissioning nucleus.
Such neutron-excess fission fragments decay by a series of
successive /6-anissions to produce nuclides which are
increasingly close to the neutronsbroton nuclear stability
limit. /6-emission may leave the fission product in an
excited state. go-rays are then emitted from such a fission
product to remove this excess energy. The resultant

isobaric sequence of fission product decay is called a
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"fission chain™, A large number of fission chains have
already been identified in fission products. Some typical

examples of such chains are given below:

/6j6h 76”9
335 ng?_f_;.‘a am 19225 66n Mogg/ﬂ.7 }’Y ru¥9(stable)

2.1 x 10% T6991ﬁ7

2.6m 50130 7 1m Sblsq-f»Telso (stable)

69s 56590 _z- & 114m groo®
] \
i' 2.4h 131«85/7 lz”
25m Sessszfr) Kr83 (stable)

The independent fission-yield of a nuclide is the

fraction or percentage of the total number of fissions in
which that nuclide is formed as an initial fragment. Because
of the rapid decay of many of these fragments, the
experimental determination of the independent yield of a given
mass~chain is difficult. Again, after sufficient time has
elapsed for complete decay of its /3-active precursors, by
measuring the yield of any nuclide in a mass;chain, one can
determine the cumulative yield and this does not include the

contribution of the latter members of the mass-chain.



However, the independent yields of fission product members
of various mass-chaing, especially yields of shielded nuclei
have been determined and correlated to give the charge
distribution in fission.
Measuremcnts of such independent yields have shovn that
the nuclgar éharge for any given mass, Zps is usually distribu-
ted about the most probabig charge ZP' FPor low and medium

energy fission this. distribution is best accounted for by the

hypothesis of 'Bgual Charge Displacement'10 which may be

written as
L Za - Zply = (B - By

For high energy rission, results sre best fitted by the

concept of an "Unchanged Charge Distribution"ll i, e,

(%) fission products = (%) fissioning nucleus

From these hypotheses it is possible to obtain a value for
the independent yield for any nuclide of mass A as a fraction
of the cumulative yield for the chain.

For a better understanding of the fission process, mass

yields are needed to determine the mass distribution in fission

% Where, L and H refers to light and heavy fragment respectively.



and independent yields are needed to determine the charge
distribution it Tission. In either case, absolute yields
are required to find the formation cross-~section of a
particular mass chain or a particular isotope. A direct
determination of the absoluté yield of a given nuclide
requires knowledge of (i) the total number of fission
events occurring in the sample considered and (ii) the
total number of nuclei of that species which had resulted
from the measured number_of fissions, Since the direct
measurement of absolute fission yield .is rather difficult,
in general, yields are determined relative to a reference
nuclide. These relative yields;are then made absolute by
applying the consideration that since each fissioning nucleus

gives two main fragments the sum of all the fission yields
must equal 200%.

&lthough the initial radiochemical work related to the
identification of the nuclides and their radioactive decay
characteristic; the emphasis of such work 1s now concerned
with measurement of quantitative cumulative yields of fission
chains and where possible the indépendent yields of
indiVidﬁal figsion product isotopes. It follows, therefore,
that the determination of cross-section of nuclear reactions
and nuclear fission, and the determination of the number of

prompt and delayed neutrons on fission come under the domain of



radiochemistry. The fission product yields also can be
determined masé-spectrometrically with considerable accuracy,
but sﬁch determinations are possible only where sufficient

atoms afe produced for mass-spectrometer sources. On the
contrary, such cases in addition to those in which the numbér of
fissions produced are too low to producg a sufficient ion-
current for mass-spectrometric studies, fission yields can

be determined by the radiochemical technique. In spite

of the difficulties of determining the absolute disintegra-

tion rates, the accuracy of this method is now within 10%.

2. Mass=Distribution.

Though the main products of the fission of heavy nuclei
lie between mass numbers 72 and 162 and between atomic
numbers 30 and 65, their individual yields differ to a great
extent. As stated earlier, a series of products with the
same mass gumber A is called a fission product chain aad one
of the main goals of radiochemistry is to measure quantitative-
‘ly the yield of individual fission chain and where possible,

the independent yield of individual fission product isotopes.

The cumulative chain yield Y(A) is defined as

v(a) = (Number of product nuclei of mass no. A) x 1005
= (Number of fissioned nuclei)

A plot of chain yield against mass number is called a fission

yield curve. This concept of fission yield curve is due to



Yield ( %)

Fission

T T 1 IHTIH

I lll”ll' LI llllll'

L llll'

163 o thermal neutrons
+ 14-Mev. neutrons

4 14 1 ¢ b & & 1+ bt 1 11

80 90100 110 120130 140 150

o8
_|= LI l”llll

Mass Number
Fig. 1. The mass distribution of U235fissioh products




Te

Fermi and his co-worker312 and has subsequently developed

into mass-yield distribution curve for fission.

Splitting of U255 with thermal as well as fastneuirons

is one of the most interesting and one of the most
extensively studied phenomenon of nuclear fission. This mass-

18 This is a result

yield distribution is shown in PFig. 1.
of radiochemical and mass spectrometric investigations made
over a range of 90 mass units and 35 charge units and repre-
sents the mass distribution of fission products after

neutron emission.

The most striking feature of the curve is the
presence of two large maxima with a very deep minimum between
them. The minimum occurs ét mass numbers corres)sonding to
symmetric fission, which is thus seen to be very unlikely to
occur. The most probable divisioh, as the positions of the
maxima show, is into fragments of unequal masses i.e,
unsymmetric fission. Measurement of mass distribution from
kinetic energy measurements of fission fragments confirms also
this sort of asymmetricfission.l4 It is of interest to
note that though symmetric fission is far less probable than

asymmetric fission, a very asymmetric fission is much less
probable than the symmetric one.

Another feature of the mass yield distribution is the

relative change in symmetric and asymme tric fission with

excitation energy. The mass yield curves,obtained15




238 240 242 2562

for the spontaneous fission of U s Pu s Cm and Cf

show an essentially undetermined valley. For thermal

235 the peak to valley ratio is

16 17

neutron induced fission of U

in the region of a few hundred. A compilation™ of the
peak to valley ratiés in the fission of various target

nuclel by different particles of various energies shovs

the general increase of the valley to peak ratio with
increasing excitétion energy. This pattern of fission product
yield as a function of energy of bombarding particles seems

to be largely independent of the target element or the
bombarding particles. Associated with the increase-in
bombarding energy is an increase in the width of the mass
yield distribution that is the‘twin peaked asymmetric mass

yield distribution is narrower than the single peaked mass

yield distribution.

Radiochemical and mass spectrometric analysis of fission
product yield distfibution has shown the existence of
deviations from the smooth mass yield curve, Though the yield

235

curve for the thermal neutron fission of U was originally

drawn as a smooth curve,18 with two peaks of asymmetric

fission, mass spectrometric studies19 of Kr and e fission
isotopes showed the presence of fine structure in the yield
curve with Kro? and XeroF yields about 35% too high to fit

the smooth curve. According to Glendeniﬁbthis is due to 82

o



neutron closed shell causing cross-chain branching, jiife]

fit this postulate to other experimental results Pappas21
extended the chain branching mechanism to inciude the 3rc,

oth and 7th neutrons in excess of the 82 neutron closzed shell.
Recent calculations by Terreﬂ?z offer an alternative
explanation of the observed fine structure on the basis of the

change of neutron emission probabilities from mass to mass.

3. Fission of Th252.

The discovery of the fission 6f uranium immediately led
to investigations to determine whether other nuclei are
fissionable, Although neutron induced fission is still the
most important, other particles with high energy such as
protons, deutrons, alpha-particles etc. has been used and
in fact, if the energy of the projectile is high enougn, any
heavy nucleus will undergo fission. From the industrial
point of view, fission by thermal neutrons is at present by
far the most important. This work has been largely confined
to the heaviest nuclides. U255 is one of %hose vuich occur
in nature in appreciable quantities axd has been serving as
the basis for practically the entire nuclear energy programme.
Two other nuclides usable as fissionable material in nuclear
power plant are U255 and ?u259. Since they do not occur in
nature, they are prﬁduced by suitable nuclear reactions from

Tn252 and U258 respectively. These latter materials which
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are not themselves fissionable by thermal neutrons, are

known as fertile materials:

.. 258 1 255ﬁ 91Ph255/5 33

00TB T L o _,goTh 92U

One of the problems now under critical study in commercial

232 238

power production is the use of Th and U in breeder

reactors in which it is hoped to produce more fissionable

232

material than is consumed. Though Th does not undergo

fissioﬁ by thermal neutrons and hence has the possibility

of being used in bréeder reactors, it undergoes fission

by fast neutrons. The study of the fission of Th252 received
interest because of general curic.sity and its possible use

as breeder. Moreover, the knowledge of the yield and mode

of thorium fission are needed to indicate such things as

shielding, health hazard, decontamination problems and

poisoning of the fission reaction.

Shortly after the neutron fission of uranium fission

of Th was confirmed.25 _Other early experiments showyed that

. 24 . .
thorium fission was asymmetric with a cross-section of about

10"2%en? 2% ana requiring fast (0.5 to 2.4 -Mev) neutrons. %

Ballou and his co-worker327 did some work on the fission of

thorium for the Manhattan Project, but most work on thorium

| was temporarily postponed because of the more promising

potentialities of U255 during the 1939-44 Var.
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Since the mass yield curve of U255 for its thermal
neutron fission was determined, the mass yield curves of
various other target nuclei have been determined using
inéreasingly energetic bombarding particles. - A radio-
chemical study of Th252 with pile-neutrons of estimated
effective energy of 2.6-Mev was published by Turkevitch and
Niday28 in 1951. This was followed by a similar investiga-

29 pombarded Li with 7.6-Lev

tion in which Turkevitch et al
deutrén to obtain neutrons with a maximum energy of 21-liev.
Thelr calculations indicated that most of the neutrons had
energies less than 14 ifev, that the majority of the fission.
events were caused by neuterons with energies between 6 to
14-Mev and that 104 of the fissicn events were induced by
neutrons with enecrgies preater than 14-Mev, Their error was
.about 20% and they could not indicate any fine structure

in the yield curve. The valley-to-peak ratio of the yield
curve was O.1 in contrast to about 0.01 obtained in the pile
neutron fission of Th252. Using this valley to peak ratio
as a measure of symmetric to asymmetric fission, they
decided that this ratio increaées with increasing fissioning

50 used 0 to 19 liev neutrons

252

energy. Alexander and Coryell

from beryllium-deﬁtron reaction to bombard Th with

1

similar resultse. A recent publication of Lyle et al3 has.

shown that for the monoenergetic 14.7 Mev neutrons induced

Pission of The°% the valley to peak ratic is about 0.19.
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Another studyéz of Th252 using 14.9-kev neutrons éives an

estimated -valley to peak ratio of about 0.17.

In the fission of somewhat lighter elements, for example

209 with 42-Mev alpha-particles only a

the fission of Bi
single narrow peak appears., In the intermediate nucléus
Ra”“° bombardment with 50.8- and 38.7-Mev alpha particles

giye a fission yield curve with three peaks whereas bombardment
of U238 with 29.4—.and 42.0-Mev neutrons produces yield curves
with only two peaks.55 The possibility of a third peak
in fhe trough reghon of neutron induced fission of Th252 is
not ruled out by the results of Turkevitch and Niday28

on the pile neutron fission or even by those of Turkeviteh

et a129'on the Li¢D-neutron fission of Th252. The results
of the recent calculations by Newson54 shows a third peak
for the fission of Th252 by 2.8-Mev neutrons. The investi-

gation of Iyre et al°® indicated the presence of a small
third peak in the pile neutron fission of Th252 in the
symmetric region of the mass yield curve, whereas the results
31,36,37

of some other investigations were inconclusive,

Radiochemical and mass spectrometric analysis of

fission produét yields have demonstrated the existence of
deviations from the smooth mass yield curve. This is

particularly true in the regibn of masses 100 and 135 for the

fission of U255 by thermal neutrons.19’58’59 Fine structure
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of the mass yield curve of several other heavy elements

40,41,42

has also been observed by many investigators. Sucn

fine structure has recently been observed in the fast neutron

232 43

fission of Th by Kennett et al™~ and in the 14.8- and 2.95-i.ev

31,35

neutron fission by Broom.36 Other works could not

procduce any evidence for fine structure in the »ile as well

as monokinetic neutron induced fission of Th252.

It has been observed that as tne mass of the compound
fissioning nucleus is increased the fission »rocduct mass
distribution exhibits & shift of the light mass peak tovards
greater masses but the heavy peak remains essentially the
same. On the other han¢ for the same fissioning nucleus,
it appears that with the increasing excitation energy the
1ight~peak remains fixed whilst the heavy peak tends to move

towards lighter masses. This effect has already been observed

A
with both U2 and yooo,44

In the case of Th252 fission starting from pile up to
14—Mev.neutrons; the position of the wmass no. at the
maximum of light peak lies at 91 4+ 1, vhereas the position
of the mass no. at the maximum of the heavy peak does not

' i 8 5,36,31,32
seem to follow any regularlty.z »29,35,36,31,

The number of prompt neutrons emitted in nuclear fission
is of utmost practical importance in the application of

nuclear chain reactions in nuclear reactors or explosions.
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The measurement of neutron émission probabilities is

of particular interest, since it provides a measure of the
excitation energies of the fission fragments at the time

of scission and since the knowledge of the mggnitude and
dependeﬁce on fission mode of these energies is basic to a
descripnption of the fission process. A number of measuremég §6é7
have been made for 9, the average number of prompt neutrons
emitted per fission from 3.5- to 14.9-Mev neutron induced
fission of Th252 and a linear relationship has been obtained

for v against energy of the fissioning neutrons.48 In most

of these works the technique used was to detect and measure

fission fragments and prompt neutrons simultaneously.

Recently there has been experimental evidence tiaat the
neutron yield from fission fragments is not simply equally
divided between light and heavy fragments, but is a more
complicated function of fragment mass. This strong variation
of neutron yield with fragment mass was first reported by
Praser ghd Milton49 for the thermal neutron fission of U255.
Stein and WhEtstoneso also reported how the total number
of prompt neutrons emitted in spontaneous fission of Cf252 is
affected by the division of the mass between fragments and
by the amount of energy going into kinetic energy of the

fragments. Whetstone'ssl results for the spontaneous

fission of Cf252 give a clear indication that prompt neutrons

are emitted preferentially by the heaviest light fragments
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and the heaviest heavy fragments. A recent experiment

on the neutron fission of U255 has also .showm that the

number of neutrons emitted from individual fragments varies
with the mass numbér of the emitting fragments. 1.0 such
' 232

measurements appear to have been made for Th fission

induced by neutrons.

Purpose of the Present \jork:

The purpose of the present investigation was firstly
to determine precisely the relative fission yields of a
few selected nuclides produced during the 3- and 1l4-liev. neutron
induc;d fission of Th252 in an effort to find out some
information about  the emission bf'secondary neutrons during
such fissions, and secondly to use the measured relative
yields to draw mass-yield curves to examine the effect of
the energy of the bombarding neutron on the positions

of the peak-maxima.



‘was necessary, thorium-hydroxide wvas irradiated vith 14- and

16.

CHAPY.R I

l. Introduction

The determination of relative mass yield requires
four main operations -- the production of fission in Th252
by neutrons, separation and purification of a particular
isotope, the determinstion of the number of atoms of this
isotope relative to the reference isotope and the correla-
tion of the results thus obtained.

o avoid possible contribution to some fission

products by daughter activities initially present, the thorium

~sample to be irradiated was purified when necessary before

irradiation. Thorium nitrate or vhere initial purification

-

3~ Mev. neutrons produced by tne D+ 7 and D { D reactions
respectively. To make allowance for the effect of
fluctuation of the neutron fiux on the yield of different
nuclides the neutron yield was monitored turoughout the
irradiation. i*

The gross separation of an isotope is performed
chemically éided by the addiion of a carrier.' after
irradiation the target material is dissolved and carriers
added for the fission products to be separated. To reduce

errors due to adsorption of fission products on glassware etc,

andtomaintain the yields as high as possible, carriers were

-



17.

added to the ﬁhole of the solution, thus restricting the
choice of elements t0 be séparated from an irradiated
sample by the compatability of the added carriers and the
requirements pertaining to the chemistry needed for the
separation of each element.

Isotopic exchange between the inactive carrier
and the active fission products is ensured by recommended
procedures such as stirring, digestion or redox cycles
etc. The gross separation and purification of an isotope
is done chemically through repeated cycles of chemical
operations designed to reduce contamination by other fission
products. The methods used in the present investigation
are based upon published radiochemical procedures for the
-isolation of fission products with suitable modifications
taking into account the chemistry of Th in the solution
and the presence of an need for separating other elements.
Reference to such procedures for individual fission procucts
is quoted in appropriate section of the thesis. In order
to inter-relate the results of various runs, 17.0 hr. ng'7
produced during the fission was chosen as the reference element

and the yields of all other nuclideé are determined relative

to that of Zr97.

The determination of the number of atoms of the
separated and purified isotopes has been done by counting

with an end-window gas-flow /g—proportional counter., This
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was done by calibfating it against @ 4R gas-flow
/3—proportional counter, Where such calibration was not
possible due to short half-life of the species counted,
either extrapolation was made from other calibration curves
taking account of the —-energies of the species concerned
and the electron density of the source or using other
radioisotopes of comparable decay scheme and energies.

4R -proportional_couhters can be used to cetermine
the fission yields.52 The main advantage of this method
is the elimination of many correction factors required in
the end-window counter method. But this method requires
more sensitive determination of carriers. It also involves
a tedious-method of production of 4A sources after each
irradiation. Use of an end-window p:oportional counter
facilitates rapid exchange of sources when several
sources ane counted and absolute disintegration rates of
the sources are obtained by once calibfating the counter
for each nuclide against 4Rcounter. Bach sample is counted
long enough to keep statistical error as small as possiblé
and till the decay is complete.

The gés-flow end-window proportional counter does
not directly determine the mass number or atomic number of

the detected activity, but because of the extensive work

3 there is usually little

that has been done -on many isotopes
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doubt as to which isotope is being counted. The

genetics of the fission product decay chain in the fast

~nemgtron fission of Th252 are assumed to be the same as

those of thermal neutron induced fission of U255.54
Detailed information of the decay systematics of specific

nuclides was obtained from 'Nuclear Data Sheets'.55

v -

Q. Neutron Sources

(a) 14-Mev Neutrons: A deutron beam of suitable energy
‘was available in the Londonderry Laboratory for Radio-
chemistry, Durham from the Cockroft-Walton accelerator for

producing a high flux of essentially monoenergetic neutronsby

the following reaction;

3 4 1

8 T ——> "He + "n 4+ 17.6 NMev.

D+
The reaction has a high broad resonance for deutrons of
100 Kev striking a thin target of tritium; 14.7 4+ 0.2 llev
neutrons are produced by this maghinep

~ The tritium targets as Cescribed by Wilson and
Evans56 were supplied 5y A,E.R,E..Harwell. Bach disc
contains about one to three curies of tritium vhich was
absorbed on a thin filﬁ of metallic zirconium or titanium:
. The zirconium or titanium fiim is soldered on a copper
blocﬁing to a copper foil, wvhich is, in turn, well soldered

to the copper target}block of the accelerator with ‘Jood's
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metal. The target block is water cooled during irradia-
tion to take away the consicerable amount of heat
dissipated in it during irradiation and thus'preventing
the logss of tfitium by "boilinz off"™ due to hecting of
the tar:et.

During normcl irradiation the deutron beam current
vas maintained in tuie region of about 200 /aé. ang a
neutron flux of zbout 2 x 109 neutrons/sec vas obicined.
Though the life of a tarzet was about a 'i;housand-/ta-hour
bombardment, the neutron yield normally droos during the
course of bcmbardment. This is due to loss of tritium
from the heated area of the target and dejrosition of
pump oil on it.56 |

For the irradiation the sample was held to the
bottom of the target block by rubber vands. - Tie encrgy
of the neutrons varies to some extent with tue angle of
emission with respect to the bpombarding beam. liovever,
for the over all solid anzle witiin which the thorium samples
vere irradiated, the variction awounts to less than 33 and
indicates no significanf variation of the relative fission
product yields with the variction of neutron enerzy within
that limit.51

(b) 3-Mev Neutrons: For 3-MNev neutrons the newly built

Van-de-Graaff type lectrostatic Rotary Generator at the
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Chemical Laboratory, University of Kent at Cynterbury,
was used to obtain a deuteron beam of energy 400 Kev. for

the reaction:-

p% & D% — He® & N 4+ 3.28 lev.
A good neutron yield can be obtained with deutrons of
this energy and the neutrons are obtgined with a well
defined narrow energy range.

The target used is a copper éisc coated with
titanium metal. Deuterium is adsorbed in the thin
(ébout 1 mg./cmz) titanium layer. The disc which is 1.1
inches in diameter and about 1 mm thickness is divided
into four segments and one segment at a time is fitted
into a target biock designed by Societe Anonyme de llaciines
Electrostatiques, Grenoble, France -- the maker of the
accelerator. The cooling water for the target block
passes directly over the back surface of the target disc
‘for good cooling efficiency, since at maximum beam currernt
about 400 watts will be dissipated at the target.

During a normal irradiation, the beam current is
maintained at about 700./«a and the acceleraiing voltage
is 400 Kev. The total neutron yield obtained was about
5 x 108 neutrons/séc. The neutron yield remained fairly
constant throughout the irradiation, sometimes increasing

slightly due to build up of deuterium in the target.
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Due to the thickness of the metal and of cooling
water behind the target disc, it was not possible to put
the sample very close to the target for irradiation.
This reducés the neutron flux at the sample. The target
assembly.is idlustrated in Fig. 2. The energy of the
neutrops under the irradiation conditions was estimated
"to be 3.0 4 0.4 Mev.s'7

3. General Method for calculating Relative Yields:

It has been stated earlier that the 14-liev neutron
generator QOes not produce a steady neutron flux. An
allowance must be made for this on the rate of production
of :each fission product nuclide studied, in addition to
correcting for radioactive decay over the duration of the
irradiation;

Let us consider an irradiation of duration T, and
suppose that a nuclide 1 is isoclated at time t' after the

) A
end of the irradiation.

N ~———

R®) | o€ e
le—e¢——H -

‘*ﬂwe

Fig., 3 €— T ——¢— (>

(a) Suppose that the precursors of the nuclide I in the

chain: N
—— 1 Pl (stable)
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are short lived compared with T and t'. Throughout the
irradiation the nuclide 1 is produced at an irregular
rate R(t). During the short time interval dt the number

of nuclei of 1 which are produced will be

and these will decay exponentially,'so that at the time

of isolation (t') the number remaining will be
~A o
R(t).e ‘1 t(T-t) | 44

e Alt'.R(t). e M(T-1) gy

le(t')

The total number of nuclei of the species 1 remaining at

the time of isolation will be

N, (t') = o Ayt tjl: R(t) o N 1(T-1) g4
! ) £20 . '

Now the rate of production of nuclide 1 is given by

R(t)_ = B. 0% Y, ¥ (%)

where, B = a constant depending on the quantity of fission-
able.mhterial5irradiated,

%
Y

fission cross-section of the irradiated nuclei,

fission-yield of nuclide 1,

1
@(t) = neutron flux through the irrgdiated sample.
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The counting rate of the neutron monitor, I(t), which was
recorded, is directly proportional to the neutron flux, and

hence proportional to R(t)
_R(t) = B. 6%. ¥,. I(t) /&
where é}: efficiency of the neutron monitor.

Thus, B. v Y t=T
I Y - (7-t)

e I(t).es 1 dt.

t=0

n(t) = —

The integral can be replaced by the summation:-
S, = {( 1o Ma(1-) 5

Provided St intervals taken are very much shorter than

the half-lives of the species concerned. Thus,

B. 6%. Yy At
N (tl) = . & s
1 -3 1
Similarly, if a reference nuclide r is isolated at a time t",
we haveg
B. o%. .
N - T Yf _:x FIr
N,.(t ) = wan - e v’ 8.
Thus '
o N, (t') v,.eo M1t g
1 = 1. L] 1

Nr(‘t")- Yr.e-}\r-tn. Sp

. By extrapolation of the decay curves'the activities of the
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isolated species at the end of the irradiation, Ao, can

be determined. Then since AP = NO.>\.}\.§ we have,

0
é.%- _ Yl.Sl. xl. hrl
Ar Yr'sr' )\r'nr'

711 , n = efficiencies of the enG window counter
r for the nuclides concerned..
' o
or, Yoo A Vs N . (1)

Lo 87 N

half-1ife of the nuclide 1,

where W& =
W;’= half-life of the nuclide r,

The above equation was used in cglculating the relative
yields of fission products of thorium measured in the

current investigation. mhe values of s1 and Sr were
calculated from the readings of the neutron monitor during
the irradiation. values for A° were obtained by
extrapélating the decay curves of the fission product
sources counted to the time of the end of irradiation
and applying correction for chemical yield. values for
yll and ylr were obtained from the counter efficiency
curves, '

(b) “ihere the-half—life of the imuediate precursor of
the isolated figsion product is not negligible compared
with that of its daughter, an account must be taken of

this in calculating the relative yields.
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Let us consiéer the chain:-

' A
(short) —> 1 —>\-=1=-§ 2 ——-2—> 3 (stable)

in waich )\ 1 and )\2 are comoarable and the sjecies 2 is
isoclated at a time t' after the irracdiation. Using ths
same notation as above,

>‘ ' t=T
we(t') = .e‘)‘ B ;

2 1 8
o tfo B(4)e

£="p
at = & Nat' at)em  2(7 g,
£=0
and also
B 6V Y A , £
T 1, 1 y A Ag b
No(t') = (e™1” 3, - ¢ S5 )

If t' is long enough compared with the half-life of the

species 1,

N° = w = s dvf. Yl- )\1 .S
= ¢ =
2 _ e~ 1° G A1 - 7‘2 2

gince A° = 2 Noz/hg the value of the activity of the

speciés 2 in equation (1) must be multiplied by the

factor _1__%?‘_?_ to allow for the effect of the
1 -

comparative half-lives of species 1 and 2.
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4, The IBnd-window Gas-flow /9'—proportional Counter:

For counting the activity of the separated and
purified isotopes the end—wihdow gas-flow proportional
counter is used. The counter which is cylindrical in
shape.is constructed mainly of brass. The anode is a
circular loop of 10 cm diameter constantan wire of
0.001 inch in diameter. This is soldered to the terminal
of a nickel tube which is supported by a single teflon
insulator in the top of the counter. (Fig. 4) The windovw
of the counter is 2.6 cm in diameter and is made of
thin ( 1 mgm/cmz) 'Melinex Film'. The film is supported
on a brass ring of appfopniate size that can vpe screved
to the end of the counter tube. The window is gold
coated on its interior side in order to conserve a

uniform electric field inside the counter,

The counter tube is fixed on a stand with a

standardised shelving arrangement for placing the solid
source on aluminium planchets for counting. The counter
together with the stand is housed inside a lead castle
to keep external interference to a minimum.

The.E; H. T. supply which is obtained from a
filtered 2 kV line is connected to the anode through a
high resistance of 1.5 megohms. via a potentiometer.

5

The pulses from the counter are first passed to a
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H.F. Head Ampl.
Type1008

CH410°

Fig. 5. Gas-flow system and electronics for the

end -window /3-proportional counter.,
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pre-amplified and then to the main amplified. The overall
amplification is ef about 5 x 10°. Pulses thus amplified
are passed through a discriminator so as to eliminate
the smaller noise pulses from the amplifiers.. The
output pulses from the discriminagtor are finally fed into
a-scaling unit for electromechanical registering. A
block diagram of the system is given in Fig. 5.

The optimum working conditions for the_particglar
counter used are tabulated below:

H.F. Head Amplifier Type 1008.
Main Amplifier Type 1008,

Differentiation Time E/“0'4 sec,
Integration time =#0.4 sec.
Attenuation = 10 db.
Scalér Trpe 1009E.

Paralysis time = 50,4sec.

Disc. Bilas =1bvolts.

E.H.T, for counting = 1.85 kV,

With the above setting a pleateau of about 250
volts was obtained with slope of less than 5%/100 volts.
Th; backgrounq counts varied from 10-17 per minute, '
The reproducibility of the counting measurements wvere
frequently checked by counting a standard source. The
standard count was found to vary within the range of

+ 1.5% of the counting rate of 8500 c.p.m. for a 5

" minute counting interval.
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Occasional sources of spurious pulses in tue
counter were due to electrical breakdown of the counter
insulation, due to humidity or faulty connections.
Breakdown due to humidity was got rid of by washiﬁg
with methanol and drying the teflon part of the counter
and their associated connections using a hot air drier.
When needed, different parts of the counting system
were isolated to find the faulty connections and vere
replaced,

In #ke following the decay of any long-lived
nuclide, the sample was counted at reasonable intervals for
a sufficient time to keep the standard deviation to a
minimum., For short lived species the countiing was
continuous till the decay was almost comélete. In the
latter case, the output from the scaler was transfered
to a device which recorded a preset number of counts and
time intervals in minutes on a paper tape. Appropriate

decay curves were dravm from the recordings on the tape.
y

5. The 4 A -proportional Counter:

In order to determine the absolute disintegration
. pates of the samples counted in the end-window counter,

a calibration is required and this was done using a

4A -propértional counter. The 4 X-counter used in the

present investigation ijs of the type described by Hawkins




Anodes

Gas inlet Gas outlet

VYNS film ' /

Fig. 6. 4T-Counter
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and illustrated in Fig. 6. The 4N geometry is acnieved
by mounting the source on a thin film which becomes

the partition between two counters, The source supports
consist of thin VYWS films supported on aluminium rings
which fitted in sandwich fashion between the counters.
The gas flow system and the electronics used for 4R -

counting were identical to those associated with end-windovw

counting.

6 e Source preparation for end-window counting:

The conventional procedure for determining the
activity due to a particular isotope in a sample consists
in adding a known amount of an inactive isotopic carricr,
ensuring that isotopic exchange has been effected betiieen
the active and the inactive materials, and separating
the carrier together with its radicactive species by
conventional chemical methods. After suitable purification
the amount of inactive carrier surviving the purification
scheme is determined and it is assumed that the same
proportion of the radioactive species is also carried
through. The final step is to precipitate the element
in é'suitable gravimetric form for chemical yield
determination and counting. Where it is not possible to
obtain such a stoichimmetric chemical compound for

gravimetric determination the yield may.be determined by
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analysing the source after counting is completed. This
will be discussed in detail in connection with the
chemical yield determination of the rare-earths.

About 10 mg. of the carriers were used and the
final purified material was precipitated in a suitable
insoluble form, The precipitate was transferred to a
weizhed thatman GF/A, 2.1 cm diameter filter disc.

Before using these glass fibre discs for collecting the
precipitate they were subjected to the same treatment as was
used for wéshing and drying the prebipitate. During
filtration the disc was supported on a sintered polythene
support in a demountable filter stick. The precinitate
in the form of slurry was filtercd through it vhereby a
circular disc of reproducible geometry of the

precipitéte could be pbtained. After washing the
precipitate with agueous wash-solution, alcohol and ether
in turn, the disc with the precipitate was removed from
the filter stick.and placed flat on an aluminium plancﬁet.
It was then dried in a vacuum desiccator and weighed
accurately to the nearest 0.01 mg. for chemical yield
determination. For counting the sources prepared as
above, they were placed flat on aluminium planchets with
a slightly raised rim (internal diameter ~-2.2 cm. )

and weighing about 80 g/ cmz, An investigation into
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of counts with the weight of the precipitate in both
cases was identical. (Fig. 8 ). The higher counting
rates for sources mounted on flat discs are due to the
decrease of distance between the source and counter
window, on the other hand, the fixing of sources on
the flat discs with reproducible geometry was very
inconvenient and time consuming. Again while flat
discs might ve convenient for micro-gram amounts of
carrier, for handling 5 to 10 mg. of carrier mierials,
aluminium planchets have advantages over the flat discs.
Another major requirement and hence a disadvantase of the
thin source type measurement is the need for individual
methods of analysis suitable for the accurate

determination of very small amounts of material for

chemical yield determination.

7 Calibration of the end-window counter

The procedures to obtain cglivbration curves for
the end-window counter were as follows:-

golutions of high specific activities of tae
nuclides for whici the coﬁnter'requires to be calivrated
were obsained either Trom mized fission products, Dy

(n,%’) reaction or directly purchased from the Radiocuemical

centre, Amersham, U.ll.
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Standarcs from this ciiricr free sclutioa rere
mounted on VYIS filws as Cescribed by Pate znd Yaffe.59
The filns wvere about 2Q/“g/ cm2 thick and coated by an
evapcration p.occdure with about 5/{(g/cm2 of gold on
their lowver surface. A few drops of dilute insulin
- solution were evasorated on tae upper suriace of the
films to facilitate an even spreading of the active
solution, Wweighed amount of the carrier free solution
wag then put on the film and dried under an infrs red
lamn. They vere counted in the 4 A -projortional
counter.

A knovm armiount of the standardized carvier free
solution is added to a known. amount of carricr sclution
of the element concerned =and stens are taken to ensure
comvlete isotopnic exchange between the inagctive carrier
and the active species. The carrier was then
precivitated in a suitable form for yield determination,
thick sources of varying weights were prepared in the
standard way, dried, mounted and counted,

Since the specific activity of the source is
known by comparison with the standard on VYLNS, tle counting
correction or efficiency was obtained by dividing the
observed counting rate in the end-window counter by the
absciu te disintegration rate obtained from 4 X -céounting,

A calibration curve is thus plotted for efficiencies
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measured against source weight. In cases where the
nuqlide has a short lived daughter, necessary corrections
are applied for the contribution of the daughter to

‘the total counting rates of the 44 sources to

eliminate the daughter count. liethods for sucnh
caltulations will be presented for individual cases viuere
appropriate. Both the 4 and solid sources vere
counted long enough to obtain complete decay curves

for resolution.

8. Standardization of rare-earth carriers:g

The radiochemical analysis of a-rmixture of
radioactive materials such as fission products normally
involves the addition to the sample a known amount of
carriers for the radioactive nuclides to be determined
and the determination of the chemical yield of the
recovered carriers after radiochemical separation and
purificafion. In most of these procedures, the weight
of the carrier added is 10 to 20 mg. and the chemical
yield is determined gravemetrically, the final
precipitate being collected and .mounted in a suitable
form for weighing and counting. Though chemical yield

determination involves purely relative measurements and

# This portion has been published in the form of a

paper.6o
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hence absolute standardisation of the carrier may not
be necessary, it is désirable that carrier concentratién
should be known to at least within 15, as this enables

a constant chéck to be maintained on the functioning

of the method.

For the standardisation of the rare-earth carriers
to be used in the present investigation, a suitable method
applicable to most of the rare-earths was looked for.

A survey of the literature revealed that complexones,
especially ethylenediamine tetra acetic acid (EDTA) and its
salts have been widely applied for the titrametric
determination of yttrium and the rare-earths using visual
internal_indicators, Methods.which have been recommended
can be divided into two groups; direct titratién and
back-titration. The direct titration has obvious
advantazes but the accuracy attainable in such procedures
is not always appreciated and the back-titration
procedures are sometimes recommended or used vhere they
need not be. loreover, the. direct wethods have not been
revicved critically, and adequate grounds for making

a satisfactory choice of a method for a particular puroose
are often lacking. An attempt was, therefore, made

to compare a number of indicators and buffer systems

previously recommended by different authors for such
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titrations. Relevent information pertaining to
these systems is collected and summarised in Table 1.

All the indicators referred in the table were
examined except Naphthyl Azoxine S, (7-(6—su1ph072—
naphthylazo)-8-hydroxyquinoline-5-sulphonic acid), and
SnazoXs, (7-(4—sulphd-1—naphthy1azo)-8-hydroxyquinoline—
5-sulphonic acid). From the account in the original
p.pers, these indicators are used and behave in exactly
the same way as does Naphthyl Azoxine, 7-(1l-naphthylazo)-
8-hydroxyguinoline-5-sulpnonic acid, which was thenefore
selected to represent methods 5, 6 and 7 in the
investigation.

Preliminary titrimetric work showed that Arsenazo,
3 ( 2-arsonophenylazo)4,5-dihydroxy-2,7-naphthalene |
disulphonic acid, trisodium salt and Bromopyrogallol Red,

dibromopyrogallolsulpnonephthalein were decidedly less
safisfactory as indicators than the othersreferred to
in Teble I, Arsenazo was found to be very pH sensitive
epd—points were somewhat erratic at constant pH, and
the colour change left much to be desired. With
Bromopyrogallol Red the colour contrast was rather poor,
and end-points were somewhat unpredictable and

sluggish, particularly at metal ion concentrations greater
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than about 5 x 10~ m. BEnd-points were sluggish irres-
pective of whether titrations were performed into hot or
cold solutions. The relatively poor performance of this
indicator has previously been commented upon by Asensi
Mora72 Who suggested Pyrocatechol Green (3,6-dihydroxy-9-
o-sulphophegylfluorene—4,5—quinone) instead. Because
of the considerable errors quoted for light lanthanon
determinations using the latter irdicator, no attempt

was made here to compare it with other indicators.

Cerium, yttrium and ytterbium were selected to
represent the main groups of rare earths (excluding
scandium), and a study was made of the indicator colour

changé at the end-point, precision, accuracy, buffering

TABLE T.- Summary of llethods Previously Recommended for
the Direct 2itration of Yttrium and the
Lantaanons.

Indicator mitration - golour Nefs,
conditions cngnge
1. Alizarin Red S D 4,CT CCOHH4 rea—y 31,
(C.I. 1034) buffere srey—» 52
screened with hot oolution green

liethylene Blue

2. Arsenazo 0H 5.0-6.5
. oyridine buffer
in hot solu-.’
tion




TABLE I.- (continued)

' Indicator
3. Bromopyrosallol Rec
4, Briochrome Black T
- (solochrome Black
T; C.I. 203)
5. Héphthyl Azoxine
6. Wanhthyl Azoxine S
7. SITAZQIS
8. Xylenol Orangew

= 5’-5'_bis

mitration Colour
conC¢itions change
i CCCITI,; blue—
buffer in red
the cold
(2)pH 8-9 in reé—3
boiling tar- Dlue
trate or cit-
rate soln.
(b) THA at LU 7
P 5.5-53.b with yellou—
Cu »resent; red
GH5CCOHH4 or
pyPiaine bufiex
As Tor b as Z'or 5
PE 6 withk: Cu yellovr—> -
aresent; red :
pyridine buffer
a)Acetate buffer red-—»
(a)a ye?low

DI 5 ¢+ 1 drop
pyridine

(o)pd 4.5-6 with
nexamine oufler

¥,l-4i(carboxymethyl )-aminomethyl -o-

cresolsulpnhonephthalein,

39..

70



and working pd range applicable to each of the

remaining methods (1, 4, 5 and 8) in Table I.

BEBxperimental

Standard solutions

QEEEEQEEE' A 0.05 M solution was prepared by
dissolving 27.4 g of analytical-pgrade ammonium
nitratocerate IV in water, reducing with hydroxylamine
" hyarochloride and diluting to 1 litre with water and a
little nitric acid. It was standardised by precipitating

as ceriumIII oxalate, igniting and weighing as Ceoz.75

Yttrium and ytterbium: 0.05000 il solutions vere
prepared by dissolving 5.646 and 9.852 g of tneir respective
trioxides (from L. Light and Co., Ingland, 99.9% pure) in
separate 20 ml., portions of concentrated hydrochloric

acid and diluting each to 1 litre with water.

I1T

Standard 0.01 I solutions of cerium s Yttrium and

ytterbium were prepered by dilution of the above solution.
Zinc: A O.1 1i sclution was prepared from a
weighed quantity of analytical-grade éfanulated-zinc
dissolved in a slight excess of dilute hydrochloric acid.
Before weighing, the zinc was stirred with very dilute
hydrochloric acid to remove surface oxide,.washed vell

with water, alcohol and ether and dried at 500.

' copper}I‘A 0.005 | copper nitrate solution was
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prepared from analytical-grade hydrated copperII nitrate

in_water.

| EDTA: A O.1i solution was prepared by dissolving
about 37 g. of analytical-grade ClOH140812Na2.2H20 in
1 litre of water. It was shown to be 0,.1005i by
standardising_against the 0.1l zinc solution using Zincon,
(2-carboxy-2'-hydroxy-5'-sulphoformazylbenzene), as
indicator.”®  0.01i ZDTA solutions usedg in the titri-

metric work were prepared by diluting this stock solution

with water.

Buffer solutions

| For pH values within the range 4.5-6.5, 0.2k
acetic acid and 0.2k sodium acetate solutions were
mixed in the calculated ratios. For values within the
range 6.5-8.0 a 10¢%5 solution of hexamethylenetetramine
was added in the appropriate amount to the solution to be
titrated. In titrations with Triochrome Black 7,
triethanolamine (TEA) was used to raise the »H initially,
and ammonium acetate was added for additional buffering
as required. Buffer pH 10 was made from 570 ml. of
aqueous ammonia (sp. gr. 0.88) and 70 g. of ammonium

chloride waue 1p vo 1L litre with water,

Indicators

Chemical indicators were obtained either from




British Drug Houses, Zngland (B,D.H.) or Hopkin and
7illiams, England (H.\.) and were used as supplied.

Alizarin Red S screened vith Liethylene Biue (Il.il.):

45 ml., of 0.5 ammonium alizarin sulphonate were mixed
with 15 ml. of 0.1% methylene blue in water.

Arsenazo (B.D,.): O0.5% in water.

Bromopyrogallol Red (B,D,E.): 0.05! in 1:1(v/v)

ethanol-water mixture.

Priochrome Black T (B.D,H.): (&) 1% in 1:1 (v/v)

ethanol-triethanolamine mixture, or (b) 0.5 g. of indicator
and 4.5 g. of hydroxylamine hydrochloride made up to
100 ml., in ethanol.

Naphthyl Azoxine (H.W,): 1 in dimethylformamide.

Xylenol Orange (B,D _H.): O0.1% in 1:1 (v/v) ethanol-

water mixture.

Zincon (H.\.): 0.13 g. of indicator dissolved
in 2 ml. of 0.1 sodium hydroxide and diluted to 100 ml.
with_water.

Selection of optimum titration conditions

Five-ml sanples of the standard 0,015 rare earth
solutions, under varying buffer conGitions and in a final
volume of about 50 ml. were titrated with 0.01k EDTA.
Approximate upper and lower pH limits within which the

indicator could be expected to function were determined by
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taking a titrated metal-containing sample and wita the
aid of a pH meter noting the values when the indicator
showed a significant pH response on raising or lowering
the pH. PH values of solutions to be titrated were set
with the appropriate buffers around the crude limits
thus obtained, and titrations were performed, end-points and
colour changes being noted.. In this way pH ranges |
were established within which the titration could be
carried out with little uncertainty about the end-point,
although colour changes might not be the best attainable
with the indicator. Optimum conditions of pH vwere then
determined by performing titrations within the range. All
pH measurements were made at.zo to 25°.

-Tests on the precision and accuracy of the various
methods were made by carrying out replicate titrations
(10 for each method with each metal ion) on 25-ml.
portions of 0.01K metal solutions in a total volume of 250 ml.
under optimum pH condifions. As a measure of the dis-
persion of titre values about the mean for each series,
the standard deviation was determined. The mean titres
were compared with tae required calculated titres. The
same burette ana pipette (both grade A) were used through—

out in these titrations. Dilutions of stock rafe earth

and IDTA solutions were made with the pipette mentionead,

and with two standard flasks, all three of waich were



intercalibrated.
In all titrations involviny cerium, a reducing
agent was present. Iydroxylamine hydrochloride and

ascorbic. acid were equally satisfactory for tuis »urpose.

Reéﬁlts and Discussion

iorking ané optimum PH rances are recoréed in
Table IT for each of the three metal ions, with each of
the four indicators anc buffering sys{ems compared. e

PH ranges applicable to a particular indicator Go not very

d

creatly from metal to wmetal titratel, a fact of use in -
determining mixed rare eartis, excluding sceuCiuul. Table
IIT permits comparison petween required end experimeunta
titres, and of stancard deviations. It wvilli be seen
that all of the four methods are, in gensial, canable of
givinz quite precise and accurate results.

Alizarin § scréenec vith methylene blue is gquite
satisfactory for ligh:t and midéle lenthanon fractions,
but the results presented here suggest that it would give
slightly early end-points in the titration of heavy rare

earths. Bhe titration is best performed in near boiling

solution, otherwise the enG-point approach is guite slovw.

Eriochrome Black T should be suitable for titrating the

lanthanons and yttrium in the pH range indicated in rahe IT

with reliable resuits. If required, the pH can be adjusted

by adding 1 drop of 15 methyl red indicator to the metal
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solution and raising the pH to the colour change with
mgA before adding the metal indicator. Ammonium acetate

may be added for additional buffering.

TABLE II.- Working and "Ootimum" (in Parenthesis) pH
Ranges for Titrations

PH Range
Indicator _
CeIII v ¥b
Screened Alizarin Red S 4,5-5.,5 4.,6-5,5 4,6-5,5
Eriochrome Black T 6.5=-7.5 6.5-7.5 6.5-7.5
(6.7—7.2) -(6.7—7.2) (6.7-7.2)
(5.5—6.0) (5.5—6.0) (5.5-6.0)
Xylenol Orange 5.0-6.5  5.1-6.5 '5,1-6.5
(5.8-6.4) (5.8—6.4) (5.8—6.4)

The coclour change is then from red to greenish-blue. There
is no advantage in performing titrations in hot rather

than cold solution. Thelend—point reading should be taken
when all reddishness has just permanently disappeared from
the solution. Although Lriochrome Black T can be used

up to abbut pH 9.3, end-points are attained only very slovly
about pH 8 in hot solution with TEA, citrate or tartrate
being present to prevent hydrolysis of the metal ions.

In titrations with Waphthyl Azoxine, end-voint detection
results from indicator-copper-IDTA interaction. The

standard deviation is caused by a combination of the
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dispersions in the lanthanon + copper titre and the
copper titre alone. , The necessity for a blank titration
on the-copper alone makes this method little more
attractive than a back-titration.  An advantage of this
method is that titrations are performed in the cold.

The indicator is quite sensitive, but, howexese the colour
contrast is not all that might be desired. Better
end-points are also obtained by adding th@ copper towards
the end of the titration rather than just_before the |
beginning. -

As is seen from Table IIT, Xylenol Orange gives
accuraie, and also very precisé,;titres. Cf the inaicators
examined for the direct titratéon it iS;Iin our opinion,
the most satisfactory. The titration can be verformed
in the cold, but the end-voint can be approachea wure
quickly in warm solution. Preliminary pH adjustment of
acid solutions can be made by-adding 1 dfop of 0.1
Thymol Blue indicator, then agueous ammonia ﬁntil the
indicator is about to change to yellow; Addition of
buffer then gives ovtimum titrating conditions. Care is
needed when hexamethylenetetramine is used as buffering
agent, because addition of too inuch will raise the PH
about the titration range. It ma;- also be noted that

thére is a discrepancy between the previously recommended
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pH range for this %itration (Table I) and the range
found to be satisfactory in this work (Table II). Of the
commoner anions, chloride, nitrate, perchlorate and
sulphate (at least up to 1M) do not interfere in these
methods, but acetate interferes in concentrations about
1M, and solutions containing oxalate cannot be titrated
satisfactorily by direct methods. In standardising the’
rare-earth carriers, xylanol orange was therefore used
as an indicator in the present Work.

TABLE IIT.- "Required" and lMean Titres Qbiained Under

noptimum" pH Conditions on Titrating 25 ml., of

Standard 0.01H letal lon with 0.01005k TDTA (Stan-
dard Deviations in Parentheses)

Titre, ml. of 0,01008) =DTA
" Indicator CeIII Y YD
Reqd. Found Reqd. Found Reqd. PFound

Screened
Alizarin Red . .
S 24,82 24.82 24,88 24.88 24,88 24.83
. (0.02) (0.02) (0.02)
Eriochrome
Rlack T 24.82 24.83 24,88 24,91 24,88 24,86
(0.02) (0.02) (0.03)
Naphthyl )
Azoxine 24,82 24.83 24,88 24.80 24,88 24.87
(0.02) (Q.OZ) . (0.05)
Xylenol
24.82 24.82 24,88 24.90 24.88 24,87

Orenge (0.01) (0.01) (0.01)




9. Analysis of rare-errih oxalate sources for chemical

yield determination=

In radiochemical analysis oxalic acid is comronly
used to precipitate yttrium and the lanthanons from acid
sqlution,_for source préparation and chemical yield
determination. Because qf the variéble composition of tae
product, it is usual in ciassical quantitative analysis to
ignite the resulting irecipitate t0 the metal oxide or to
determine the metal indirectly by permanganate titration
of the oxalate.75’76 The former method is slow,:and fhe
latter depends on.being able to obtain a ‘constant and knoun
ratio of metal to oxélate in the precipitate; 1in any case,

it cannot be used satisfactorily for cerium without prior

separation of the metal.77

For isotope-dilution analysis, particularly of:
fission-product yttrium and lanthanons, using ci ¢nG-window
ﬁroportional or Geiger-NMtluller counter, Ballou78 showed that
chemical yields could be measured to wﬁthin a few per cent
by diréct weighing of thé metal oxalaté, precipitated and driecd
under carefully controlled conditions. However, with demands

for improved accuracy, and accumulation of information on

the thermal stability7g of the hydrates of these metal

#This portion has been published in the form of a paper.oo




oxalates, it is~more recent practice to ignite the
oxalate to the oxide, and from thié to prepare a solid

80,81 The last-mentioned .

radioactive source for counting.
operation is not without its difficulties if a uniform source
of moderate thickness, reproducible geometry and known
composition is to be obtained from the oxide. Oxalate is
the most frequently used precipitait for yttrium and the
lanthanons apd, sives a deposit which, apart from its
composition; is satisfactory. (For example, 8-hydroxycuinoline
gives gelantinous deposits which shrink and crack excess-
ively during the drying process).. It is not expected
that the vabiation in composit;onl(amounting to perhaps &%
in terms of metal present) encoun%ered in these oxalate
precipitates will affect corrections for self-absorption
of radioactivity, but in order to measure chemical yielGs
a simple and reliable method is desirable for determining
the metal content directly. Such a "direct" method would
also have advantages in determining rare earth contents of
oxalate_précipitates generally.

.complexometric titration offers cqnsiderablg scope

for performing such analyses. Because oxalate interferes

in the direct titratioﬂ of yttrium and the lanthanons with

EDTA, it must be destroyed or otherwise removed before the

titration. ~ This can be done Dby wet-oxidation methods; or

by decomposition with alkali 2 and separation by filtration;
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the latter is a process too slow to merit serious considera-
tion for routine purposes. An alternative method is that
described by Misumi and TaketatsuS® in which the precipitate
is dissolved in an excess of IEDTA and the excess is back-
titrated 1.ith magnesium at pH 10.2-10.5. In tae work to be
described, both approaches have been used; and in

addition the use of zinc in place of magnesium in tue back-~
titration is investigated. Another hack—titrat;on metioa,
previously us€d84 in the ebsence of oxalate, in'ﬁhich tne
excess ZDTA is pack-titrated at pH 8-9 with lant:anuﬁ ana
Arsenazo indicator, has veen examined for determinations
in the presence of oxalate, Some oxalates have been

prepared, and the metal contentes have been determinec.

EP_RT..KTAL

Reagents

lagnesium: A 0.01l solution was preparea from

analytical-grade Mgso4.7320, and was standardised vith TDTA

using Epiochrome Black T indicator.
Lanthanum: A 0.01iI solution was prepared from
reagent-grade hydrated lanthanum chloride (Bpitish Drug

Houses, -ngland), and was standardised with DA, using

Xylenol oOrange indicator.

Praseodymium: A 0.01l solution was prepared by

weighing out an appropriate quantity of the trioxide
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(L. Light & Co., Dngland, 99.9% pure) and dissolving in a
minimum of ‘hydrochloric acid.
All other reagent solutions were prepared as des-

cribed previously (see page 49 ).

Titration of yttrium and lanthanon oxalates without prior
removal of oxalate

To a 5 ml portion of each metal in solution a
measured excess of standard ZDTA (10 ml)_ﬁas added, and tae
excess was determined by titrating in & total volume of 50 ml
with either 0.01M magnesium or 0.01ll zinc solution to a colour
change from blue to red with E&iochrome Black T indicator.
The titratioﬁs were repeated with the addition of an amount
of oxalate calculated to be sufficient for precipitation
of all of the metal ion. As recommended in the original
procedure for magnesium, the solution to be titrated
was bufrered between pH 10.2 and 10.5, using buffer pH 10
'and aqueous ammonia, and with the assistance of a DH meter.
Buffer pH 10 provides adeguate buffering anc control of pH
for titrations with zinc.

When lanthanum was used as back-titrant in conjunc-
tion with Arsenazo as indicator, the pH was adjusted using
ammonium chloride and buffer DH 10, with the aid of a pid
meter or phenolphthaleih indicator as recommended by
The solution, total volume about 50 ml, is

Wolfsberg.

brought almosf to Boiling and titrated with lanthanum until
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the indicator changes from pink to violet.

For freshly prepared oxalate precipitates addition
of buffer and the excess EDTA is—sufficient to cause
répid solution, However, predéipitates filtered off, dried
by the method described by Ballou or above 100° » and kept
for some tlme, afe.somewuat more resistant to dissclution.
Such '"aged" vrecipitates are conveniently dissolved by
first treating with a little dilute perchloric or
.hydrochloric'acid, adding the EDTA, neutralising with
agueous ammonia, then buffering as required.

Analysié of wéighed oxalate samples

Using Ballou's method78 suitably scaled up, batches

of about 50 mg of each rare earth studied were precipitated
as oxalate, The preciﬁitate was split up into portions
having weights rangihg from about. 5-65 mg, and each portion
was collected on a glass-fibre disc (Whatman GF/A 2.1 cm.
diameter) in a dembuntable filter stick, washed with water;
ethanol and finaliy ether, and was then dried to constant

weight in a vacuum desiccator (without desiccant) connected

to a water-pump.
For wet oxidant, the weighed oxalate sample, together

with the glass-fibre support, was transferred to a 250 ml
conical flask and treated with 5 ml of 72% perchloric acid.

The temberature was maintained at the decomposition point

!
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of the acid for 10-15 min, depending on the sample size.
(The time required for oxidation of diffefent sample
weights is_detefmined in trial runs by ‘the metﬁod suggested -
by.smifh.86). The flask was cooled, the contents were
diluted to about 25 ml and the acid waé neutralised with
ammonia to the yellow colour change of thymol Blue. After
buffering at pH 6 and addition of water to a final volume
pf aﬁout 150 ml, the contents of the flask were titrated
with EDTA, using Xylenol Orange indicator.

Batches of metal oxalate prepared as described above
' wére also analysed for metal contgnt by the back-titration
method without removal of oxalate, using zinc as titrant.
Abou£'5-10 ml of 0,01l EDTA in excess of thai required

to complex the metal ion was added before each titration.

RESULTS AND DISCUSSION

TableIV records results obtained on titrating known
amounts of yttrium and various lanthanons by the methods
which do not require removal of oxalate ion. They may be
compared with results obtained by titrating directly with
EDTA the same amounts of metal ion, in the abbence of
oxalate, using Xylenol Orange indicator (column 2, TablelV).
It will be seen that both magnesium and zinc as back-
titrénts give highly satisfactory results. On the other hand,

the colour contrast with Arsenazo in back-titrations with
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TABLE IV: Determination of Yttrium and some Lanthanons
by Various Titration Proceduresd
Amoun Amount found by back-titration,

Element presen mg t?:CK’
' mg Oxalate absent Oxalate present 1trant
La 6.95 - 6.96 + 0.02 Zn
ce 6.94 6.95 + 0.02 6.97 + 0.02 Lg

6.96 + 0.02 6.96 ¢ 0.02 Zn

Pr 4,86 - 4,86 ¢ 0.02 Zn
Y 4,43 4.41 ¢ 0.02 4,39 4 0.02 1.8
. 4,43 4+ 0.01 4,43 4+ 0,01 zZn

Yb 8.65 8.63 & 0.02 8.62  0.02 Lig
8.65 + 0.01 8,64 3 0.02 Zn

- 8.58 ¢ 0.02 La

(8. In each case the mean value and standard
- deviation of 5 determinations.

(v Determined by titration using Xylenol Orange
at pH 6 in the absence of oxalate

lénthanum in the presence of oxalate is rather poor, and
the ené-point is sluggish and drawn out, making the true
equivalence point somewhat difficult to determine. In
" addition, the titration is performed in very hot solution,
whereas titration with mgnesium or zinc is carried out in
the cold using Epiochrome Black T indicator. of the two
last mentioned titrants, zinc is preferred, bccause it can
be'used over a wide pH range (9 to 11) and the colour change

is appreciably sharper. Although the relative stability




87 of the IDTA complexes of lanthanum and zinec

constants
are such that the former is a little lessstavle than the
latter, results for lanthanum determination using zinc as

* titrant are not affected (Table IV).

In Tgble Vv, the percentagé métal found in oxalsate
samples of different veights varies over a range cf 2-3_ for
some batches of preéipitater This variation is probably
.1argely'associated with the wasuing, waicli is done on
separate pofﬁions of the,ba%éh, and with the final drying.
However, in rare earth oxalate preciﬁitationfmany Tactors

88 and hence to the

contribute to variable composition
various hydrates reported by different investigators. e

desirability of determining the metalcontent of an oxalate,

TARLE V: Analysiép)of weighed oxalate samples
for metal contentld

1. Wt. of sample, Y 2. Vt. of sample, Ce
: mg found %, ' mg ‘found, %
14.41 29.4 10.91 39.5
14.60 29.8 11,32 39,7
17.63 29.8 ' 23.24° 39.4
26.28 - 29.7 25.41 38.1
32,482 29,7 27.20 58.5
Lean 29.7 ean 39.0
3. Wt., of sample, Ce 4, t. of sample, Yo
' mg " found, % . mg found, %
4.53 38.2 14,73 51.3
7.11 38.9 29.81 : 49.0
8.71 38.4 3030 49,5
15.16 38.3 47,32 . 48,4
21.93 © 39,0 63.66 50.0
'~ Mean 38.6 , 49,6
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1

(@ Batches 1 and 2 were analysed vy vet oxidation
of the oxalate followed by direct titration
with EDTA, 3 and 4 by adding excess IDTA and
back-titrating with zinc.

(49 Y5(Cg0, )5+ 9Ho0 requires 29.44% of Y.
Ce5(C50,) 5-10H0 requires 38,687 of Ce.
Yb2(0204)2.5H20 requires 49.427% of Yb.

rather than aséuming a formula and calculating the,coﬁtent
-from the sample weight fof the purpose of determining
radiochemical yields, is thus obvioﬁs, because there may
easily be a 5 or 6% variation in the amount of metal
in the com)ound.

Both methods for which results are présented in
Table V are satisfactory for the determination of ytérium and
lanthanons in oxalate precipitates in the range 2-30 mg of
metal; and with suitable scaling up they can be used equally
satisfactorily on larger samples. However, oxidation of
oxalate with perchloric_acid requires nearly 20 min in all to
complete g determination,;compared to 555’min for the ba¢k—
titration with zinc, all solutions and reggents being to:
hand. Other oxidants (nitric acid, aqua regia and alkaline
hypochnlorite or hypgbromite) are somewhat less effective and
slower than perchloric acid. Sulphuric acid could, however,
probably repiace the last.meﬁtioned oxidaﬁt wituout adding

to the time required for éomplete oxidation. Addition of

excess EDTA, and back-%itration of the sample with zinc
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solution in the presence of oxalate ion, therefore has an
appreciable advantage over complexometric titration

methods requiring removal of oxalate.

The method described above was used in the present
work for the determination of chemical yield in the rare-

earth oxalate sources.




CHAPTER III

1(a) Initial purification of thorium nitrate for irradia-
tion:

In preliminary investigations for separating
added stable isotopes of the elements occurriﬁg as fission
produets from unirradiated thorium samples by following
recommended radiochemical procedures it-was found. that in
some cases the final solid source was contaminated by
decay products from thorium. The procedures in which
the separated elements were found to be contaminated were
+he rare-earths. In the separation procedure due to_
similar chemical properties A0228 was found to be?%resent
the separated rare-earths.

In such cases where the Gaughters of thorium
_ﬁere shown to follow fission products in their separation
' procedures, it was found more convenient to remove the
daughter activities from thorium before irradiation.than
to separate the induceé fission product activities
from'thorium daughters vhich followed them after
irradiation. It bécomes apparent from the thorium series
that it is possible to remove the gross daughter activities
by repeated scavenging for radium, actinium, lead and

bismuth. The purification of thorium was carried out by

the method described by Ballou.89 It consists of
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" scavinging pregipitations of bafium and lead sulphates

to remove radium and lead, pismuth sulphide to remnove
bismuth and 1anthahum cafbonate, to remove actinium. The
procedure in detail is given in the appendix. After
initial purification, 'blank' separation of added carriars

gave final sources essentially free from contamination,

(o) The Reference Zlement - Zirconium.

In the present investigation zr97 waé chosen as
the reference element in order to correlate the relative
yields méasured in each experiment, .In choosing this
fissién—product element as reference the following factors
wefe taken into consideration. It is readily isolated
from the irradiated thorium sample and its radiochemical
purification is easily carried out. The fission yield
bf'Zr97 is reasonably high and coupled with the activity
of the nioﬁium dauchter this ensures adeguate counting rates
for satisfactory statistical accuracy. I5s nalf-life is
also suitable for the length of ivradiation anc tine

available for ciewistry nd counting. The reliability of

_ZI'97 as reference element in the figssion Jield measurewents

c0

of Thzoz nas been fully investigated by hitley.

The decay chain for mass 97 is:-
50 sec. b2

17 hz. zr97"/%» l o M097 (stasle)
S 75m w27~
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Other isotones of .Zr »uocduced auring Tission are either
too long-liived or too short-lived toc e detected in tae
sources prejnared Tor tue present Work.

Afier each irradiation the sample (thorium nitrate
or thorium hydrozide) 'as Cissolved in acia and.10 ns;. of
the appropriate éarricrs of the elements (incluéding
zirconium) to be separated was acaced. After allowing
sufficiénfhtime-for the déca& cf the bfecursers of tue
elements to be separated, stegé vere taxen to ensure comwlele
isotopiq eZzchange between the fission product species and
the added carrier, ' Zr vias separated at a convenient staze
oy precipitation with maudelic acid. It.was tnen
radiochemically purified oy tﬁo 1anthénqm scaveénges
followed by several precipiﬁations of parium zirconyl
fluoride. It was finally precipifaﬁed as zirconium
tétramandelate for source preparation, counting and chemical
yield determination. The full radiochemical procedures
-for the above purification as described by Hahn and
skoniecznygl'is given in detail in the appendix. Solid
sources fhus prepared showe@ an initial growing in of
activity due to Nb°! and then decayed with 17 hours
half life. In eaéh case the decay of the sources vas

followed for several days until the counting rates became

comparable with the background rates.,
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Calibration of the Inéd-window .Counter for 17 hr. zr97.

For calibrating the counter for Z1“97, a solution
of high specific activity vas prepared by isolating Zr
from a sample of pile irradiated uranium. The same
chemical procedures as Cescribed above were used using
1 mg. amount of carrier and omitting the final precinitation
step. After ajpropriate dilution weighed amounts of the
diluted solution were dried on 4A films under an infra-
red lamp. Dach of these 4A sources was then counted
until the counting rates were comparable to the backsround
and decay curve for each source was obtained.

o7

The contribution of Zr to the total counting

rates of the 47( sources was calculated in the folloving
way: -

(a) The efficiency of the 4R counter for the
short lived Nb°' was estimated to be 2.3%. Thus for
each Zr disintegration 1.023 counts were recorded,

97m

(b) Considering Zr'97— Nb and N’bg'7 in transient

equilibrium; if zrd — Wb =1, and ! = 2,
A - Ny 0.5640 - 0.0407  _ (. go7s
Ag LAY 0.5640
o7 o7

- Assuming equal detection of Zr and Wb

in the 4K counter,
. 1 '
A=A+ Ag= 4 (1.023 + Ggpmg ) = 2.10 4

»
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TABL.: VI

Rm  Wt. of  Chem. A% A° n Sy x 10°
No. ppt.mg. Yield 7
%

1 27.20  20.58 1,425 4,817 .643 2,314

2 29.55  32.11 1,150 3,581 .640 1,442

3 32.25  35.06 590 1,683  .639 677

4 33.08 35,97 625 1,738 .638 1,293

5 44,75 - 48.66 1,600 3,288  .627 324

6 49.96  54.32 570 1,049  .620 144

7 24.18  26.29 825 3,138  .648 264

8 48.25  52.47 7,500 14,293 .625 1,127

9 - ' 76.75  83.45 4,080 4,890 .592 505
10 33.50  36.43 50 7 5 637 1,343
11 5,76 6.26 350 5,591 .667 981
12 75.85  82.46 6,600 8,005, .595 764
13 64.41  70.04 2,620 3,742, .605 701
14 48.16  52.88, 4,500 8,214 .625 1,558
15 43.90 47,75 2,500 5,239y .628 1,589
16 69.65  75.73 5,700 7,527 .607 1,049
17 46.35  50.38, 6,200 12,306 .689 1,773
‘18 55.50 . 60.35 19.000 51,483 .620 3,114
19% 34.52  88.78 1,400 1,577 .355 2,707
20 20.80  53.50 500 935 .390 1,432
o1 12.56  32.30 800 929 .405 1,548
2o 22,00  56.58 _ 320 566 .82 891

' continued

These data are for Il 99 when it w
ooata are for 1231. as used as secondary



TABLL VI (continued)

Run Wt. of  Chem:  A° a° s x10°
Ho. ppt. mg. Yield obs . nzr zr
| 7 |
23  65.20 70.89 1,500 2,116 .610 - 814
24 46,10 50, 35 i;beo 2,109  .629 730
25  55.80 60.67 1,720 2,838 .620 1,037
26  65.57 71.29 2,300
27 62.80 68.28 1,425
28 38.20 41,54 950
20  24.00 26,10 360
30  49.07 53.35 445
31 40.22 43.73 1,290
32 . 53.80 55.28 520
33 24.26 43,12 150
34  61.11 = 66.24 900
35  39.15 42,57 225
36 30.30 32.95 150
37  85.86 93,36 730

38 57.38 62, 69 590
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| A
or . A = 5. 10

Thus, the Zr97 activity used in the preparation of the solid
sources for the end-window counter was obtained and the
effieiency of the counter for sources of different weights
found. In making solid sources for the end window

coﬁnter a weighed quantity of the active solution was added to
a soiution containing 100 mgs. of Zr carrier and after
digestibﬁ for a few minutes to facilitate complete

isotopic exchange between the active species and the
ihactive‘carrier zirconium tetramandelate was precinitated.
A batch of sources of different weights was then prepared
from theeprecipitate, dried, mounted and’ counted.: To
eliminate the contribution of any contamination each

of these solid sources was counted long enough to jet a
decay curve for resolution. The counting efficiency

of the end-window counter for different ‘sourcesuas tuen
obtained by dividing the counting rate of the solid

soufce by tae disintegration rate of the same source
calculéted‘as set out above. The results of the

calibration are snown in Fig.. 9.

o

Results of the measurements of Zr for the.

relative yield determinations of other Th fission products

are given in Table VI. Ao was obtained by applying
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the appropriate correction for the chemical yield to Adbs

values for ler were obtained from the calibration curve
in Fig. 9 and S?r were calculated from recordings of tne
ot

neutron monitor throughout the irradiation.

2. 14—Mev Neutron Pission of Thorium.

a

(a) Bromine:
The relative fission yields of masses 83 and 84 were
determined by radiochemical isolation and estimation of

4
2.4h Br85 and 31.8m Brs‘ respectively. The decay chain

for these masses are:-

69s se85T\\\ 114m Kroom
[]
' 3 9.4n Brssf/’/h
d
o5m g5e°° Kroo (stable)
6.0m Br84

\’ kro? (stable).
3.%m se°F ——3 31.8m Br847//z

" In order to allow sufficient time for the decay
of the precursors in the case of Br85 separation procedures
were not begun,until about 4 hours after the end of the
irradiation; in the case of Br84 the time of 'cooling'
was about half-an-hour. The time for irradiation was not

the same in each case. The yield of 2.4h Br85 vias deter-

B . ' ' -}
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mined after an irradiation of about an hour. . The yield

of 32m Br84 was determined after an irradiation of about half-

an-hour using a new target'to achieve maximum neutron flux.
owing to the timing requiremeﬁts, different

chemical procedures was used for the different isotopes.

83 the procedure used was essentially

Forithe separation of Br
that of Glendenin, Egwards and Gest92 as modified by
Ramaniah.95 The irradiated thorium nitrate was dissolved
inaabout é M nitric acid and 2 ml of bromide carrier were
added to the solution. The bromide was oxidised to
bromine with GeIV, extracted into carbon tetrachloride and
then re-extracted into agueous sodium bisulphite. After

. acidification of the agueous bromide solution with nitric
acid, aétive jodine was removed by oxidation of added
iodide carrier with excess sodium nitrite and subseguent
extraction into carbon tetrachloride. Finally the
bromide.was oxidised to bromine with excess potassium
permanganate, extracted into carbon tetrachloride and re-
extracted into agueous sodium bisulphite. Tnis was then
acidified, boiled to expel sulpher dioxide and precipitated
as silver bromide for source preparation and counving.

The separation of 32m Br84 was performed by the

method of Strassmann and Hahng4 as modified by Sattizann,

Knight and Kahn.g_5 Irradiated thorium nitrate was placed
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in a distillation flask containing 2 ml of bromide
carrier in 3 I hot nitric acié solution. After the
irradiated_sample had cdissolved, the bromide was oxidised
. . v _ -
to bromine with Ce and evolved zas vas svept by nitrosen
into a separatory funnel containing Treshly orepared ferrous
sulbhéte solution and a little iodide carrier. mhe
iodide vas oxicdised to iodine by sodium nitrite onc
extracted into carben tetracialoride and the bromide vas
precinitated as silver bromicde for source dreparation and
counting, Full Cdescriptions of both the radiochemical
procedures are given in the appendizx.
83 _ | , .
"he Br 8 sources were counted for about 48 hours and
. 84 . ) . 83 .
tue Br ones for about 24 houis. The Br sources
decayed rapidly in the peginning due 0 the presence of
some 32m Br84 and then with the expected half-life of
. : 84 e
2.4 hours. In the case of Br sources, altaough the
separations were noit vbe_un unitil half-an-hour after the
end of the irradictions, some short-lived activity was
always found to be present in the frcshly »repared samples,
This was due to short-lived bromine isotoves from fission,

' 84 5 o
especially 6.0m Br84. ~"he 32m Br sources also decayed

3

with a long tail due to the presence of long-lived X ot

isotope from fission. Ilovever, tue decay curves could

alvays be resolved without d¢ifficulty.
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Ccalibration of the pronortional counter for dromine isotopes.

r“he metnod of calivrating the prorortional counter
for short-lived isotones such as tuose of bromine becomes
difficult and inconvenient by the method suggested by
Steinberg, vnich entails plotting self-absorbtion curves for
the isotopes. An alternative method, outlined by Eayaurst
and PrestwobdgG was therefore used.

In this method a serieé of determinations of counting
efficiencies is made using long-lived isotopes of convenlent
energies, and plotted in the form of counting efficiency, €,
against average/e -energy if, for each of a series of
precipitate weights, ranging from about 5 mgms to 50 mgms.
The piots are constructed from the self-absorbtion curves
of the isotoves used, as calibrated by 4A counting.

The self-absorbtion curve of any nuclide of knovm averaje
/B-energy, Zf, can then ve read off from tae Bayhurst
curves.

The average /3-energy, E , is calculated for /3—
emitters according to the prescription given by the authors
in their original papers.9 The calculation takes into
account tﬁe maximum ﬁ-energy, the spectrum shape, the atomic
humber of the nuclide and whether it i1s a negatron or
positron emitter. The counting efficiency of nuclides

with complex/af—groups can also be calculated by weighting



Run
No.

10

17

18

Results for 2.4h Br85.

o 0

Wt. of Chem, A A x .
ppt. mg. Yield obs. nBr SBr5 %?12'

7 10 1v

7 yield
6.45 27.18 8,200 30,169 350 1,011 «591
18.95 79.85 7,200 9,017 .342 448 = 510
16.23 68.38 20,666 30,222 .344 1,190 «638
8,56 36 .06 82600 25,849 ,348 1,577 . 054
10.17 42,85 30,000 70,012 .347 2,782 626

Relative yield of 2.4h Broo = ,583 4 .023




TABLE VIIT

4
Results for 32 m Brs'

Run Wt. of Chem, A° A° SBr X Rela-
No. ppt. mg. Yield obs. nBr 105 tive

% yield

5 20.69 87.19 36,000 40,142 .340 270 « 837

6 21.12 88.97 12,142 13,647 .340 133 .795

7 13,57 57.20 24,300 42,483 ,342 241 «859

16 7.06 29,75 28,000 94,118 ,345 858 « 833

Relative yield of 32m Bro- = .831 4 .013
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the effieciency of each group by its fractional abundance,
Thus to use the curve for d/G'—emitter vwhose
counting efficiency is to be determined it is only necessary
to calculate the average/j—energy, E , and read off the
efficiency on the curves for each of the different

source weights to construct a calibration curve,
‘The calibration curves for Broo and Bro- obtained
by the above method are given in Fig. 10 and Fig. 11
respectively.

mhe results of the relative yield measuremcnts
for Br85 are given in Table VII, and those for Br84 in
) o o
Table VIII. The values for Azr’ SZP and 7IZP are taken
from Table VI and relative yields were calculated by

applying the relative yield equation as deduced on pagze 25.

(p) Molybdenum.

The relative fission yield of mass number 99 was

détermined by meansi66h. Mogg. mhe decay chain of this

mass number is: '
6hTe99m

Qaf’a
Ru
. Tx10%ymc 22—

99

50870 %—s3myb” ®——s56Hi0° 99 gtable)

" The separation and radiocinewical purification of the

fission product Mo from the irradiated sawmple vas based.

on the method as described by scadden.98 In brief, this
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method consists of the initial separation of the added
Mo carrier as the c[rbenzoinoximate from the fission
product mixture followed by two reprecipitations, destruction
of the organic reagent with nitric-perchloric acic mixture,
one scavenge with Fe5+ and a final precipitation of the
Mo és lead-molybdate for source preparation, counting and
chemical yield determination.

The fission product lio sources were counted for a
couple of weeks and they decayed with the expected half-
life of 66 hours after an initial growing-in period of 6
hour technetium daughter.

In runs where mogg was used as a "secondary"
reference for the relative yie;d determination of 8 days
1181 t1e irradiated samples were 'cooied! for about 200

hours to allow complete decay of 1151 precursors, In

such cases the Th sam>les were irradiated for 3 nours with
the maximum obtainable neutron-flux and the Lo activity
remaining after 'cooling' was sufficient for counting

.and extrapolation purposes. In other cases the duratvion

of the irradiation was 2 hours and tihe chemistry started

half-an-hour after thne irradiation,

varibration or the Counter for M099

99

For calibration of the proportional counter for lio




TABLE IX

Results for 66h Mogg

Run  Wt. of Chen. A A Y[ Snb X Rela-
No. ppt. mg. Yield obs., 1 S 3 tive

a 10 yield
11 20.25 52.10 325 624  .38b 997 .739
13 36,82 94.72 343 362  .350 712 .639
14 16.50 42.45 350 824  .390 1,377 .616
15 27.18 69.93 400 572 .365 1,409 .718
18 5.85 15.06 593 3,940 .440 3,114 .674

Relative yield of 66h Mo ) = .677 4 D23,
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a solution of high specific activity containing micro
gram amounts of the carrier was obtained by irradiating
natural molybdenum (as ozide) with pile-neutrons, and
separating Te from it by dry distillation immediately before
taking the Mo into solution. A measured amount of the
solution was dried on a 4A film and counte;-d'in a 4R counter
fof determining the disintegration rate, The zrowth of
6h T099 was observed in the 4 A sources and the contribution f
6f M099 to the totél counting rates wés calculated using
standard methods.

A ¥mown weight of the standard active solution was
acded to a known amount of Mo carrier and a set of sources

covering the required range of precipitate weights vas

prepared, The solid sources were counted with Tcgg in

transient equilibrium with Mogg and the activities

extrapolated to the time of separation, Efficiency of the

counter was then obtained by dividing the observed counting
99

rate by the disintegration rate due to o in the solid

sources and a calibration curve was obtained as shovm in
Fig. 12.
The results for the relative fission yield measure-

ments are shown in Table IX.
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(c) Antimony.

4.6h 5b7°? yas used to Getermine the relative

fission yield of mass number 129. The decay chain for

this mass number is:-

a7q meldoM

3555
129 7. 129 129,
4.6hg8b 1.7x10 y I —Xe (stable)
645 S rom pel?d

The radiochemical procedure used for the separation
of fission product antimony from_irradiated thorium was
based on the method described by Hagebd, Kjelbers and Qapéasgg
with some modification to suit present conditions. The

main steps involved in the method being the oxidation of

111

added S carrier to Sbv with bromine, to facilitate complete

isotopic exchange, separation of antimény from other

fission products by precipitating it as sulphide, extraction

of sbv into di-sopropyl ether from concentrated hydrocilorig¢

acid, reduction and back extraction of antimony into

0.5M hydrochloric acid, one scavenging precipitation of

Te and final precipitation of Sb as the n-propyl gallate

for source preparation and chemical yield determination.
After an initial increase in activity, due to the

growth of 72m Telgg, the antimony samples Gecayed With

the 4.6.hour half-life of Sb129. The decay of the samples

viere followed for sbout 2 days so that the small
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contribution from long-lived contamination could be
allowed for.

129

Calibration of the Proportional counter for 4.6h. Sb :

An essentially carrier free solution of sb129 with high

specific activity was obtained from a sample of pile-
irradiated uranium by the method described above, reduced
for working with approximately 1 mg. of added carrier.
The final step of precinitating antimony was omitted.
After appropriate dilution measured amounts of the active
solution were dried on 4 A -films for absolute disintegra-

3 - 3 + 3 . -3 L) 129 . 1
tion measurement. The absolute activity of §b in the
4- X sources vas calculated. The correction for the

. 129 . . . R . o o o4

daughter Te waich is formed directly in 64% of the
Sb129 Cisintegrations was calculated from tae decay
constant.

It sb129 =1, T6129= 2, tnen, wnhen tuey have

reached transient eguilivrium,

A XM N 100 _  (0.9567 - 0.2510) _ 4 .40
Ag Ao 54 . 64 % 0.009367
129 and T6129 in the

Assuming equal édetection of Sb

4 A counter,

__..._-—1 = 4




" TABLE X

Results for 4.6h Sbioo.

Run Wwt. of Chem., A7 A S x Relat-

No. ppt. mg. Yield obs. Yt b 105 ive
a7 S vield

12 10.10 32,97 3,000 9,099 .628 724 « 306

9.16

13 : 29.90 1,175 3,930 .630 633 . 287

14 8.51 27.78 2,700 9,719 .632 1,285 « 335

-15 5.88 19.19 6,201 6,201 .633 1,318 « 333

129

Relative yield of 4,6h Sb = «315 + 011
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Therefore, A, = A/1.874,

Q
mae activity cue to Sb12“ of zacu of tue solid

sources vas obltainecd bj resolution of the apahronriave
decay curve and the effic{ency of thg pronortional counter
for counting these'sources caiculated._ mhe calibrétion
curve of the counter for this nuclide is given in Pig. 13.

Resulis of the measurements of tue ryield of

4.6h. sbi29 pelative %o 17.0h. Zr°'

A, are given in 7able 1.
(&) Iodine.
~The relative fission gield for mass number 131

13 . s o
vias based on 8.05 I1 1. "he decay chain for this mass

is:- 7 sonpeldl . ylzd;ieisl
.L5% \ el *
3, 4mSnToL—323msb 1oL \ s.05aT %L
' ‘ 853 181 A7 9. 254 151 yp

ble)

24mTe

The separation metiiod of iodine from other fission
- . . - . - - s 100
products is based on tuhat described vy Lieinke. The
nroccdure starts with a redox cycle to ensure comdlete
exchange between the fission product iodine and the -adced
carrier. In brief, the method consists of several partitions
petween carbontetrachloride and acueous phasgs of various

compos itions interspersed with appropriate selective

oxidation or reduction steps. The full description of the

procedure is given in the appendiX.




TABLE XT

Results for 8.054 1151

Run  Wt. of  Chem.  A° A° " S x Rela-
No. Dppt.mg. Yield obs. I I 3 tive

o 10 yield
19 10.51 43,56 250 574 «300 1,968 1,227
20 16,57 68.68 210 306 .289 1,441 1.271
21 . 19.95 82.69 220 266 .282 1,557 1.181
22 19.75 81.86 155 189 . 282 896 1,303

vield of 8.054 I7°1 relative to 66h Mo 0 = 1.245 & .026.

Relative yield of 8,054 IO = .842 4 .045
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In order to allow sufficient time for the decay

13 s ae .
1, iodine separations were

of long-lived precursors of T
not begun for some 200 hours after the end of the irradia-
tion, The decay of the iodine samples were followed

for about five weeks, afier which their activitiés became

too low for reliable measurement.

The calibration of the proportional counter for

1151 was done in the usual way. Radiochemically pure I151
was obtained from ﬁadiochemical Centre, Amersham, U.K; The
calibration curve is given in Ppig. 14.

The results for the relative yield measurements

are shown in Table XI.

(e) Praseodymium:

T'or the determinatiqn of the relative fission-yield

of mass no. 145, 5.96 h. Pr%° was isolated from the Th-

fission products. The decay chain of the mass number 145

is:-

145 145 145

3.0m ce” "> ———) 5,98h. Pr (stable)

—_

The procedure for the isolation and purification
of Pr can readily be divided into two parts; separation
and purification of the rare earths as a group from other
fiséion products and ion-exchange separation of Pr from

the purified rare-earth fraction.
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mhe conventional method of separating fission-
product rare-earths in the form of fluorides cannot be
used in the case of thorium because of the iﬁsolubility of
thorium fluoride. It was therefore found convenient |
to remove the bulk of thorium from the fission products
before isolating the rare-eartis. For prior removal of

the bulk of thorium, separations based on precipitation,101

102 as well as tri-n-

extraction of Th by salicylic acid
butyl-phosphate (TBP)lO5 were investigated. TWO
extractions of taorium from éM nitric acid into 207 TBP
solution in petroléum ether (boiling point 100-120°C)
followed by an iodate precipitation of Th in conc.
nitric acid vas found to ve quite satisfactory and was
incorporated into the procedure adapted.

After the removal of Th the solution is made
glkaline and rare-earths are precipitated as hydroxides.

The rare earths are then purified from other fission

products by routine radiochemical operations, as for

104 These include,

example, in the method of Wervik.
in order, a zirconium phosphate scavenging precipitation,
two precipitations of rare-earth fluorides, a barium sul-

phate scavenging prefgipitation, precipitation of rare-

earths hydroxides, passage of the rare-eartig through a
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small column in concentrated hydrochloric acid and
reprecipitation of rare-earth hydaroxides, After each
precipitation of rare—eafth fluorides or hydroxides, the
precipitate is washed with dilute hydrofluoric acid or
ammonium hydroxide., From the radiocnemically purified
rare-earth hydroxides as obtained above Ce is extracted into
methyl isobutyl ketone(hexone)in the CeIv state and Pr

is separated from the rest of the mixed rare-earth

activities by a gradient elution method.

The general procedure of the method is that a
mixture of rare-earths is first adsorbed on the top portion
of a long narrow column of cation-exchange resin and
individual members are then selectively eluted
by passing a solution containing a suitable complexing agent
through the column and collecting appropriate portions
of the eluant for a particular element. The degree.of
separation for a particular systew depends on various
factors, such as, tempeirature,cross-linking of the resin used,
size of the resin particles, dimensions of the colﬁmn,
concentration of the eluting agent and its pH, flov-rate
of the eluant through the column and the amount of carrier
used for different rare earths. Though many procedures

with optimum conditions for such separations have been

reported, for the separation of a particular rare-earth
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carrier from a mixture of other rare-earth activities, other
conditions could undoubtedly ve foundwuwhich would give
better results. Comparing a number of different
procedures previocusly recommended, a method reported by

105 wifh suitapble modifications has been used in

Nervik
the present work,
A fﬁll description of the apparatus, chemicals
and experimental procedures are given in the appendix. Only
the experimentél conditions are given below:-
Resin: Zeo-Karb--225, 100-200 mesh, 4-5: cross-
linked,
Column: 60 cm x 7 mm internal diameter,
Temperature: 90 4 3°¢
Eluant: 1 Ii ammonium lactate,
pH of the solutions; Upper solution 7.0
Lower solution 3.2
"FTlow rate; about 4 drops per minute, 30 drops
in each fraction,
Appx. time of separation: 8 hours.
In trial runs, 10 mg. of inactive Pr with tracer
activities of Y, Eu and Ce Was used to demonstrate the

efficiency of separation under the conditions described

above. It has been shown by Nervik that the use of carrier

for a particular element widens its peak in this sort of
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separation. It is also evident from Fig. 15 that the Pr
peak was found to spread over 6 to 7 fractions, 70 avoid
any possible cross contamination, middle fractions were
taken for counting and chemical yield determination.

Prior separation of fission-product Ce by solvent extraction
from purified rare-earth activities before they vere put

on the column improves the degree of separation on the
column. The decay curve in Fig. 16 shows that Pr
activities thus separated were essentially free from any
other contamination and decayed with a half-life of

5,96 hours. The precursor of 13.7 days Pr145 (33 hr. Ce

143
)

is long lived and its separation from the purified rare-

earth group should eliminate most of the contamination of

Pr145 by Pr145. Other isotopes of Pr produced during

A
fission (24.4m Pri¥®, 1zm pr'*7, 1.95m pr1*8) are too

short lived to be seen in the isolated Pr--othe separation
in all taking about 10 hours. Any possibility of
6.13'hr. actinium contamiration is ruled out from the
fact that the counting of other fractions in an actual
run showed a peak (Fig. 17), after Pr. nhis peak

is due to La and Ac cannot be eluted before La in the

present conditions.

During actual runs Pr fractions vere located in the

collecting tubes by adding 1 ml of saturated ammonium
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oxalate solution which forms a bluish Praseodymium-oxalate
precipitate. For yield determinations and counting

3 or 4 middle fractions were added together and a source

was prevared in the usual uay. After following the

decay of the source, its Pr content vas determined by a

back titra’ion method with ITDTA and 2Zn using Iriochrome Black

T as an indicator as described earlier (see page 48)

calibration of the proportional counter for Pr145:

Due o the lengthy and complicated procecure
s o . I 145 . ) .
required for the separation of Pr from fission prcducses
and tue shoriness of its half-life it was not possible

to calibrate the counter Cirectly Tor Pr*45. Instead

- an - 145 . 9 -
the counter was calilbprated for Pr using Y 1. It has
got a lon; nalf-life (58 Gays) and can ve easily obtainec

in the radiocuemically pure form from The Radioisotope

-«

145 91 , .o
Centre, imersham, U.K. Both Pr and Y nave siiilar
. . . LD
decay schemes with comparavle /e—energles. 2r ,/3 =

1.70 Llev; Y915 /3:: 1.45 Liev) and similar environment
i.e. oxalate precivitates. It has beeu Gcwonssrated

by Rayhurst and Prestwood,96 that for mean energies &pove

0.5 Kev. the change of counting efficiency with mean
energy in a proportional counter is negligible.

. 91 . o
A solution of carrier free Y was obtained from

the Radiochemical Centre, Amershan and after approoriate
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TABLE XII -

Results for 5.%h 'Pr145

o o
Run Wt. of Cyem. Aps A q SPr X Rgla-
NO- ppt omgo Yl eld r" 5 tlve
% 10 Yield
1 13.79 55,48 3,100 5,588 «345 2,187 799
2 10.80 43.45 1,900 4,373 «345 1,351 «845
3 752 30.25 626 2,070 « 347 680 .8356
4 8.03 32.31 675 2,089 . 346 1,240 . 808
. . 145
Relative yield of 5.9h Pr = .821 + .01ll.



dilution its absolute activity was determined by 4R
counting of aliguot parts. A wieigued quaatity of the
active solution was then added to a measured amount of
yttrium carrier solution and the yttrium was precipitated
as oxalate. A set of sources of different weights wag
prepared from the precipitate for end-window proportiopal-

counting. The efficiency of the counter for counting

counts per minute
disintegration per minute

different sources i.e. , Vias

determined and the calibration curve is given in Pig. 18.
The results of the relative yield measurements

for Pr145 are given in Table XIT.

Se 3-lev. Neutron Fission of Thorium

(a) Bromine

The relative fission yields of mass numbers 83
and 84 were based on 2.4h Br85 and 32m Br84 respectively,
The decay chain of these mass numbers and the description
of the experimental procedures have already been discussed
on page 65. the full radiochemical procedures for the

isolation and surification of these nuclides are given in

the appendix. In calculating tue relative yields for these

mass numbers the values for Aozr’ SZP and 'Lzr vvere taken

from Table VI, while the values for YLBr were taken from




TABLL XTIT

Results for 2.4 h Br85
Run  Vt. of  Chem. A0, 4° r S x Relat-
opt. mg. Yield . ive
o, §)Y) g % Br 10 yield
. 33 16.46 69.55_ 295 424 .342 113 «205
37 13,60 57.30 645 1,125 .343 380 « 389

Relative yield of 2.4 h Br°° = .399 4 .004.



TASLE XIV

a

Results for 32 m Br 84
Run \Tt. of Chem. Agbs a° n sx Relat-
No. ©ppt. mg. yvield Br 3 ive
% . 10 Yield
30 22, 20 93.54 6,350 6,787 .340 130 .526
35 19.52 82.25 53,300 4,012 .348 166 .580
36 14.58 61.43 2,907 3,907 .344 153 .608

84

Relative Yield of 32m Br = .604 4+ .013




TARLE XV

Results for 66h Ko >

Run  Wt. of  Chem. A%, A° s x Rela-

No. ppt. mg. Yield 7lyo 105 tive
s : % t | vield

32 23,70  60.96 52 85.3 .375 378 .590

33 30,55 78,57 21 26.7 .360 132 562

34 10,01 25,75 35 135.9  .412 475 . 566

N
37 15.91 40,92 30 73.3 390 386 .531

Relative yield of 686h mogg = +562 ¢+ .016.
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84). The

tesults for the relative yield measurements for Br85 are

84

Pig. 10 (for Brss) and from Fig. 11 (for Br

given in Table XIII and those for Br ~ in Table IIV.

(b) Molybdnum
-The relative yield of mass number 99 was determined

99 - a s
produced during the

Dy -isolating and measuring 66h 1.0
3-lien. neutron induced fission of tuorium. The dzacay of
this mass-éhain and the experimental procedures relating
to the separation and calibration of the counter for this
nuclide have already been discussed in full on page 387. For

the calculation of the relative yield values fgor Ao

*a
| e Pz
and ’tZP vere taken from 7eble VI and tizose for yL"o from
L
Tig. 12. mhe results for the measuraments are Jiveu

in Table V.

(c) Antimony

7o determine tuc relaltive yield of uass nunver 12°
in the 3-iiev. neutron induced ficsio:x of taoriuw, 4£.5a
129

Sb was radiocuemically separated, purified aud

determined from the fission Droducts. The decay caain
of this mass number and tue experimental Diccedures

129 , :
have

relating to tiue separation and measurement of So
been described on page 70 while the detailed radiocuemical

procedure is given in the appendix.
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TABLL VI

Results for 4.6h
Wt. of Chem s°
® R obs
ppt. mg Yield
%

8,75 28.56 68
10.22 33456 e
10,72 34.99 38

Relative yield of 4.6h Sb

Sb129

238

216

109

129

S X

Moo 107
631 781
.628 691
.625 361

.030 4+ .001.

Rela-
tive
Yield

060

.028

032
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mhe results for tihe relative yield measurements are
given in Table XVI.  In calculcting the relative yield

values of AO S and Y\ g viere taken from Tavle VI

zr’ “zr
and the values of Vksb from Fig. 13.

.(d) Tellurium.
The relative fission yield for wass number 132 was
deternined by the radiochemical separation and determination

13 - . .
of 77 nours Te 2.. The decay chain for tihis mass number

is:-

132 132

2 132 32,300 IT9° —

9.9m Sni®? —3 2.1m SbT°P——3 77h Te

X6152 ( stable)

'Chemical pfocedures for the separation of tellurium
from irradiated samples viere not started until about
half-an-hour after the end of irradiation in order to allow
sufficient time for the decay of its precursors. The

separation chemistry started with & redox cycle as described
by Hoeringj‘o6 in order to ensure complete isotopic exchaige
petween the fission prodtuct tellurium and the added carrier.
Gross separation of tellurivm was performed by precivitating
it in the elemental form using stannous chloride as
suggested by Hagebo, Kejelberg and Pappas.99 , Further
radiochemical purification was done by repeated »drecipitation

and scavenging with ferric hydroxide. In the final step
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tellurium was precipitated with hydrazine and sulphur
dioxide for source preparation and counting. The full
.radiocheﬁical procedures are given in the appendix. Sources
prepared by this method containing fission-product tellurium

decayed with the 77h half-life of Tel52 after the initial

[»)
growing in of 1182,

The efficiency of the end-window proportional
counter was determined Ly Bayhurst's method as described
earlier and the calibration curves of the counter efficiency

fOP'T6152 and 1152 against source weights are given in

Fig. 19.

From the observed counting rate due to Telsz._. 1152

in transient equilibrium, disintegration rate due to
Te152 was calculated as follows:
Let A, N and € denote counting rate, disintegration

rate and counter efficiency respectively, then using the

subscripts 1 and 2 for T6152 and 1152 respectively, we have,
N oM
No }\2

Al = Ny &1 and A = 1\12‘62

= Ny &g + No &g
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G
(1))
()

Q

5 10 15 20 25
Source weight, mg.

13
F1g.19. Countingeftficiency curves for 77h Te e

and 2°’3h [~ as function of source weight.




TASLE XVIT

Results for 77h Te152

o] 0

No. ppt.mg. Yield Qf 105 tive

% vield

25 1.87" 18,97 62 327 1,721 1,091 « 520

26 6.28 63.74 260 408 1.894 965 .638

27 6.06 61.50 185 301 1.880 1,599 729
132

Relative Yield of 77h Te = .629 4+ .060.
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=N, &1 + N4 Ng _ A1 2

| 0.00502 i
=N, (&, + 500808 — 0.000TE €z )
=N, (€. + 1.0308 €, )

A
Or N, =
1 él + 1.0308 62
1

The 'effieiency factor!' €p = s Vas

€1+ 1.0308 €,

calculated for a particular source weight reading the
values of € | and (2 g from Fig. 19.

The results of the relative yield measurements of
this nuclide are givén in TableXVY4 The relative yield
was calculated by applying the relative yield equation

deduced e 25 and the values Far¥ A° an
as deduced on pag an e value or, Azr an 7o

were taken from Table VI ..

(e) Cerédum
mhe relative fission yield of mass number 143 in

the 3-Mev neutron fission of thorium was determined by

the radiochemical purification and determination of

33n cel4d, mpe decay chain for the mass number being
1sXe145——§(short Cs)—~%&5sBa14a——>1&ELa145——e55hce14a——9
143 143 stavie)

13.74 Pr-°__sNd
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143 143 the

To allow decay of the 18m La precursor of Ce

separation of the fission product cerium from irra@iated
thorium was not began until about two hours after the end
of an irradiation. Cerium and praseodymium we re

always sepa%atéd fpom the same irradiated sample. This
was done because it was found convenient to separate
cerium and praSeoéymium (together with other rare-earth

. fission products) as a group during the initial steps

of the separation procedufe. ter the gross separa-
tion and purification of fission product rare-earths™
as’ & groip, as mentioned earlier (see page 73) cerium
was oxidised to CeIVand extracted into hexone by the
method &escribed by Glendenin ana steinberg.107 A detail-
ed descripuion'of tne procedure is ziven in the appendix.
The cerium was finally precipitated as cerous oxalate for
source preparation and counting. After following the

~ decay of the sources for about three hundred hours,
theircpefium contents were determined by a back-titration
method with EDTA and Zinc, using Eriochrome Black T as.
an indicator. (see page 48). éoprces of fission product
cerium decayed with a ﬁalf-life of 33 hours with a long tail
due to the growing-in of 13.7d Prlég, The Gecay curves

could always be resolved without difficulty, hoviever.




TABLE XVITT

nesults for 33h Cej'45

un Wt. of Chem. Aobs A 8 x Rela-
No. ppt. mg. yield ‘nce 105 tive.

% yield
o8- 9.98 40.00 365 913 .370 1,420 1.284
29 3,94 15.79 84 531 .385 1,200 1.211

31 10.35 41.48 475 1,145 .370 2,593 1.269

Relative yield of B33h Celo° = 1.254 4 .021
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Calibration of the Proportional Counter for 33h 06145

A virtually carrier-free solution of cerium
activity was separated from pile-irradiated uranium by the
method of Glendenin and Steinberg reduced for working with
1 mg of added carrier and omitting the final precipitation
step. The disintegration rate of the solution was
determined by 4A counting of aliquot parts. Solid
sources containing known amounts of cerium activity were
prepared and counted lgng enough to enable their decay
curﬁes to be resolved. A calibration curve was drawn
for the efficiency of the proportiongl counter for
detecting 06145 in sources of different weights of
cerium oxalate. The calibration curve is given in Fig. 20,

The results of the yield measurement are giveh in Table

XVIIT.

(f) Praseodymium

The relative fission yield of mass number 145
was based on 5,96h Pr145. The decay chain of this mass number

has been ‘given on page 75. The experimental procedures

for the separation of praseodymium from fission products
of thorium and for the calibration of the proportional

counter were the same as those described in connection with

145 from the l4-llev.

the relative yield measurement of Pr




TABL# XIX

Results for 5.96h Pr:°

Hoo phamg. viea Covee A S TR
% : vield
28 7.56  30.42 . 1,075 3,534 .343 1,204 1,063
29 4.11  16.54 310 1,874 .344 1,116 .930
31 5.37  21.61 045 4,373 .344 2,431  1.005

Relative yield of 5.95h Pri%® - L0909 4 .038
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neutron induced fission of tunorium,
The relative fission yield was calculated by applying

the relative yield equation as deduced on page 25. A;r’

SZP and y\ZP values were taken from Table VI and the values

for nPr were obtained from Fig. 18. The results of

the relative yield measurements are given in Table XIX.
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CHAPTER IV

TRUATLZNT OF TS DATA, RUSULTS AND DISCUSSION

1. Géneral nreatment of the Results:

The method used in calculating the yleld of a
particular nuclide relative to one of the fission products
(in the present work 17h Zr97) has already been discussed in
chapter ii. Becaﬁse of the longer 'cooling' time required
131

to allow for the decay of precursers of 8,084 I , it was

found convenient to determine its fission yield relative

131 99

to 66h Mogg. The yield of I relative to Mo vas

multiplied by the yield of Mo99 relative to Zr97 to obtain
the yield of I‘151 relative to Zr97. The results of the
relative yield measurements are given in Table XXI. In

each case at least three measurements were made and each dGatum
in column 2 of Table XXI is the mean of such measurements

éhe error shown there is simply the standard error of the

mean of the réplicate experiments, It wag estimated that
the rélative errors were good to 4+ &) except for Tel52w.here
the higher error (about 1053) was probably partly due to
uncertainty in chemical composition and partly duve to low
counting rates. However,.for calculating the v vélues,

drawing the mass yield curves and determining the maxima

of the peaks, only the mean values were used.
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‘2. Correction for the Heasured Yields to Total Chain Yields:

It has been mentioned in chaptef IT that in
measuring radiochemically the relative fission/of any /yjeld
nuclide which is one or two /5 -isobars away from the
. stable end of the decay chain, one determines the cumulative
yieldhof the decay chain in question down to and including
the nuclide actually determined. To obtain the total
chain yield, therefore, an appropriate and necessary
correction sihould be applied. For low and moderately
energetic particles inducing fission in heavy elements,
the most plausible and widely used procedure by means of wvhich
the measured yields are adjusted to total chain yield is the

'equal charge displacement' hyvothesis as proposed by
Glendenin et al.115 This postulates that the most
‘probable mode of charge division leads to equal chain

length for the complementary fragments i.e.
Z -Z =ZA;::—ZP=:: ooco.oo.-.o'o-ooo'ooooo-.o (II)

where Z 1is the-mqst prdbable charge and ZA is the most
stable charge.for a chain of isobars. The masses A and

A* are related to the mass number Af of the fissioning
nucleus and v, the mean number of secondary neutrons emitted

by that particular fragment pair, by the following equation:

(111)

A + A.ﬂg = A‘f- v
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Apain, the conservation of charge for neutron

induced fission requires that:

ZP+ ZP* = Zf S0 0000 ss 000 ePePOBSOTS (IV)

where Z. is the charge of the fissioning nucleus. From
equations (II) and (IV), it follows by the elimination of

A that:

P

Z = ZA - '12_.! (ZA+ ZA::: - Zf) ®0 0SS 0080000060 COSSIS (V)

P

It also follows from equation (III) that:
A*:A_f—A—V .oo';.-loo-o-o-o-oco (VI)

The independent yield of the fission products of a
given A when plotted against their Z values follow a
Gaussian distribution; the Z at the peék of the curve is
referred to as ZP' vanl et al114 have shown that in
general a single Gaussian distribution curve fits the
independent sields fairly well for most of the chains produced
by nuclei undergoing fission at dlow and moderate energies.
Alexander and Coryellll5 have measured the independent
fission yields of a number of products in the fission of
thorium by fast neutrons and have found the results to be
consistent with the equal charge displacement hypothesis.
In the present work, therefore, this hypothesis. of equal

charge displacement was used for correeting the measured
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cumulative yields to total chain yields.

For calcﬁlating the ZP values in the present.
invest;gation; values of ZA and ZA* vere calculated as
suggested by corye11.116 7o obtain the A% value using equa-
tion (VI), it is necessary to know the values of v, the
number of secondary neutrons emitted by that particular
pair during fission. It is now well established that
there is a strong variation of neutron yieid with fracment
mass and it is desirable that in calculating.Aﬁ values,
appropriate v values should be used. Unforsunasely, no
such data are gvailable for Th252. In deed, one of the
purposes of the present work was to determine tie number of
secondary neutrons for a few fragment pairs in tne fast
neutron induced ifission of Th252. Hoviever, the contributiop

of the variation of the number of neutrons in calculating

ZP and hence the total chain yield is so small that the

use of a congtant ¥ value will not make much sisnificant
difference in the total chain yield values.
After calcul ating Zps using V values of 2.4 and 4.4
. . ] R - 002 48
respectively for 3- and 14-lLiev neutron fission of Th™ ",
7-7. values of the nuclides measured vwere optained anc t.e

independent yield of the successor(s) of the mass chaiu

concerned vere rend off from the conventional crar;e
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TABTLL 00T

Correction of measured ields to total chain yields:

Mass 75 Chain Total Energy of thp
KO lieasured yield measured Chain Yield neutron

85 0.5834 .023 100 0.5834 .023

84 0.831;y .013 100 | t 0.8314 .013

14-Mev -

o7 1.000 99 1.010

99 0.5774 .023 1100 0.677+ .023

129 0.3154 .01l 98.5 0.3204 .011

131 0.842; .045 100 0.8424 .045

145 0.821; .011 100 ~ 0.8214 .021

83 0.3994 .004 100 0.3994 .004 - i
84 | 0.6044 .01 100 0.604+ .013 ' ‘

- . - 3-Mev

o7 © 1,000 99.7 1.003

99 0.5624+ .016 100 0.5624 .016
129 " 0.0304+ 001" 99.7 0.0304 .001

132 0.629: .060" © 99.65 0.631y .060

143 " 1.254y .021 100 | 1.2544 .021
145 © 0.999; .038° 100 0.9994 .038
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. . . ) o 11 .
Gistribution vlot of ail et al. 4 m™is particular chzrge

(=]

distribution curve is baceld on tue indepenaent Tission rield
measurement of the majority of the isobars of sixz cueinc
and it is thoucht to be the best charge distribution curve

so far published. The results of jJue calculatvion of

z—zP values are Ziveon i Wable II7 i@ the vasuss of the

total chcin yield as ovtainet after ap.lying necessary
corrvection are miven in 7able [liI.
gome refinements of tae equal charge Gisolacement
hyoothesis of €i01deﬁ:n vias rr—*dequ Sapast ! taxins i
o v 2 6 X 7ad L ) e DJ e ap‘_')a.S ugn.{lllu 11.11;0
acccunt “he effect of the neutron ond Hroton siells
on stavilisy, in oprcer Lo explain some experimental :cstlis,

B ] -

especially fine structure in the mass yield curves. Accort-
ing to the nlencenin-Pappas egual charge Cisplacement
P

hypothesis,z of a particular nuclicde is expressed by the

relation:

_ 1 . -
Zp = ZA+n + 7 (zf_,__ﬁl_n + zA_n zf)

To use the above relation in calculating ZP anad Z - Z,

values, 1t ié esséntial to kndw the exact numﬁef of
secondary neutrons emitted in association with the product-
ion of complementary fiagment masses. Because of tne

. non-availability of such informatibn on the neutron fission

of Th252 it was found impracticable to use this metiod

in the present investigation.




2.
Determination of the ~umber of Secondary Weutrons in the

. .. .. 232
Fast Teutron Fission of 7h .

Having corrected.the measured relative yields to totél
chain yields, the number of secondary neutrons émitted by
a particular'fragment pair vias determined, The deternination
wWas made by-addiﬂg the masses of the com?lementary fragments
and subtracting the sum from the mass of the compound
nucleus. Thus, if v be the number of secondary neutrons,
and AL and AH’ the masses of *“he heavy and lighs fracments

respectively, then

Ve Aoy - Ay
where Af is the mass of the fissioning nucleus (233 for Th252).
The relation used for the.calculation of the mass
of the complementary fragment from measured relative yields
of the near compleméntary fragments.was derived in the
following way: |
Let Yc be the intergolated relative yield of mass

Zor

corresponding to G, which is the complementary ef mass
whose relative yield has been determined experimentally. Also
let Y, and Yy %22  the relative yields of masses 4 and B

which are nearly complementary to C'. From Pig. 22 mass

at C:OC

= 0B + BC
= Y -7
QB+ ° b XBA @000 0seevPOOCRELIOIOOOLEEES (VII)
Ya—'Y%
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In practise, the sign connecting the two terms in
equation-(VII) will, of course,'depend on the Dosition of
C' on the mass yield curve.

It should ve »nointed out here that the above
relation, or in cother words, the present metnod of
calculation of v is only valid under the following conditions:
(i) the measured relstive yield Y; is a sensitive function
of mass A;, (ii) the relative mass yield curve is itself
monotonic in the region considered, and (iii) the difference
between A and B is emall. The relative yield measurements
repéfted lere ful..fill all the above mentioned conditions.

For the precise drawing of a mass yield curve
(absolute or relative) one requires a large number of

experimental points. Alternatively, mirror points of




TARLE OUOT

Calculation of v values from measured

relative yields.

E Fragment| Rela- |liassesm Rela- [Liass Sun of |1ilo.
n mass tive | of the tive |of the |[the
“vield | near wvield |comple- | comple-| . ?f
comple- mentary [mentary | FEUtTORS
mentary frag- | frag-.
fracgments ments | ments
, _
C Y. g gg AL+AK
18 1 <0 842 i
_ (3.084)
14-Mev| 99 677 130.37 | 229.37 3.63
' (2.479) . 320
T |ae9 (1:172)
o 1.010
(3.699)
14-Mev | 131 842 98.01 229.01 3.99
(3.084) 677
99 (2.479)
% 84 - 8381
| (3.043)
14-Mev | 145 .821 83.96 228.96 4,04
. 583
83 (2.135)
132 .531
(3.501)
3-Mev | 99 . 562 15}.67 230,37 2.33
(3.113) |29 030 |
(.166) |




TABLS XXII (continued)

E  [|Fragment| Rela- |liasses Rela- |Liass sun of 0. of
mass tive | of tue tive of the |[tne neu-
yield |near yield |couple-| comple- | trons
comple~ mentary| mentary
mentary frag- frag-
fragments ments | ments.
97 1.003
3-Mev | 132 . .631 98.70 |230.70 |2.30
(3.501) 99 . .562 '
(3.113)
145 .999
(5.510)
3-Mev | 84 .604 146.62 |230.62 |2.38
(3.357) 147 «510
(4.731)(2)

(a) Bxtrapolated value.
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the experimental points could advantageously be used as
supplements. However, to obtéin the mirror poinis a
pre-determined value of v is necessary. Sufficient points
were not available from the present work for an accurate
mass yield curve to pe drawn and the use of the wmirror
points was excluded vecause &f the objective is to
determine v vaiues. The advantaze of the method followed
here is that it requires neither the precise drawing of the
mass yield_curve nor the absolute fission yield values.

+ However, the absolute fission yields, obtained as discussed
in the later section, corresponding to the relative yields
used in the calculation, are given in parenthesis for

the sake of comparison. The limitations of the method

are that it cannot distinguish between the pre-fission
neutron emission, the neutron emission that accompanies
fission and the delayed neutron, nor is it possible to

determine the individual contributions of the light and

heavy fragments to V.

The values for v cbtained for both the 3- and 14-
Mev neutron fission of Th252 are givén in Table ZUT. the
values obtained for mass number 145 in the l1l4-Lev neutron

fission and for mass number 84 in the 3-iiev neutron

fission of Th252 agree within experimental error with the

It may be pointed out however,

48
recent published values.
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232

that all the existing values for v for Th are the

computed average of the number of secondary fission neutrons
and are not specific to any particular fragment pair.

%2 ihat the fragments in the

MOPeover, it has been obsgrved
vicinity of any magic number have the tendency to emit

lesser numbers of neutrons than the average during fission,
Fragment masses iﬂ the presént investigation (excent Br84

and Pr145) are close to mass number 132 (mass 99 is a comple-
mentary frégment of this mass). The rather lower than

_the avérage values of the number of-secondary neutrons

for masses 99, 131 5@d-152 found here might bé aésociated vith
the mégic numﬁers Z ; 50 and N=-82. Such correlations

héve béen strengthened'by Terreﬂzz who showed fhat a

%ery similar effect applies to all fissioning species with

7z 92, | Cons;quently, the v values obtained here.were
used for drawing fhe mass yield curveé_ahd it was found

to give a nice Tit.

4. The lLiass-yield Curves for the Fission of-Th252 vith

Fast Feutrons:

In order to draw the abs elute fission yield curves
and hence to obtain the absolute fission yield of a
particular fission fragment mass-chain, the measured

relative yields together with their mirror points were

o




TABLD XXTIT

Absolute mass-yidd for the 3~ and 14-}ev neutron Fission

of Th®o2,
Hass . Fission Yield, %
Number. 3-Mev 14-iev

83 2.218 ¢ .022 2.135 ¢ .084
-84 3.357 & .O72 3.043 ¢ ,047
o7 - 5.575 3.699

99 3.113 + .088 2.479 & .084
129 0.166 4+ .005 1.172 &+ .040
131 3.084 4+ .164
132 3,501 + .333

143 6..9'79 + 116

145 5,510 ¢ .211
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plotted as a fission yield curve. The mirror points
were obtained from the equation (VI) using v values as
determined in the previous section. \fnere such a v
value was not determined, published V values (2.4 and
4.4 respectively for 3- and 1l4-kev neutron fission) were
used, The pelative fission yield curves thus obtained
were normalized by imposing the condition that the sum
of all the fission products should be 200%, assuming that
cases of triple fission may be neglected. The absolute
yield of individual mass chains thus obtained is given
in Table XXIIT. Absolute mass distribution curves were
then drawn through the experimental points, their mirror
points and points supplemented from other measurements,
especially in the trou gh and peax region. Sucih absolute
fission yield curves are given in Fig. 23 (3-Liev fission)
and in Pig. 24 (14-Mev. fission).

A comparison of the curves shows the general effect
of the increase in the relative amount of symmetric fission
with an increase in the excitation energy by the bombarding
particle. The peak to valley ratio of about 5 for l4-liev.
neutron fission has increased to about 110 for 3-liev. neutron
fission. A possible explanation of the lack of symmetric

fission at lower excitation energies is given by Newson iis
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who considers mass number 132 ( SOSnégz 5 a doubly magic

nuclide as the-core of the heavy mass peak. At low
bombarding energy sufficient excitation is not available to
disrupt this core as a result of which asymmetric fission
predominates. This may also help to explain the fact

that in the fission of various heavy nuclides, the heavy
peak remains relatively constant, while the light peak
shifts as the mass of the fissioning nucleus changes.

An alternative explanation of this effect has recently

119

been given by Faisser et al based on the cluster model

of nuclear fission.

This general effect of symmetric fission becoming
more probable as the energy of .the bombarding particle
is increased also sugzeststwo separate and distinct mddes,

of fission -- symmetric and asymmetric. It has been

3

observed by Unik et a1%% that X -particle induced fission

of Bi209 ogives a typically single-numped mass yield curve,

Pission of U258 induced by alpha particles gives a'two

humped mass yield distribution, with the valley betuveen the
two peaks becoming shallowver with increasing excitation
o s . - ¢ s o a0 .
energy. Helium ion incduced fission of 2a rives a
three humned yield distribution. From the mass cisvribu-
.. W s s 1 008 AP
tion of the neutron induced Tission of Th at ciflearent

incident particle energies, indication of the »Hresence




TABLZ XXIV

values of Interpolated masses corresponding to identical

and peak maxima.

Energy- Light peak Centroid Heavy peak [Centroid
of masses (Peak masses (Peak
bombard- maxi- . maxi-
. outer | Inner Inner (Outer
ne%?%bn wing wing mum ) wing mum )
83.96 98.04 91.00 130.93| 145.00] 137.96
14-Hev
84.00 98.70 91.35 131.94| 146.62 139.28

S~-1eV
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of a third neak in the region of syimetric fission at
higher energices, is inconclusive, It apoears from tue
forezoing observations tuav between vismuth enc tuorium a
transformation from spnactric to asymietric fission is
taking »lace. It would be of interest to investi_ste
this transformation further as a function of atomic
number, méss ané cicitation enerzy of the com)ound nucleus.
Characterisation of the very broad valley in the hinh
energy fission mass yield curve of tuorium may throv
more light on thg syrmetric and asyumetric mode of fission.
After draving the avsolute fission jyield curves
for the %~ and 14-lev. neutron figsion of Th252, Tue
centroid or maximum of the peak was determined by crawving a
horizonial line taroush masses of identical yield. e
maximum of a peak was taken to pe the mean of the masses
at identical yield on either wings of the peaks. nne
results of such determinations are Ziven in mable XXW.
It will be observed from these results tuat on changing
the energy of the bompbarding pariicle from 14- to 3-i.ev,
the relative change of the light peak is 0.35 mass units
while that for the heavy peak is 1.32 mass units. The

238 £
235 and U258.;4

same effect has also been ovserved vith U
The effect of csreater relative shift of the heavy

peak with lower excitation energy can be explained, at
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least qua.litatively, in the following way: By applying
Swaitecki's asymmetry formula, it has been shown by
Talat-Trben et allgo that for some heavy nuclides a
neutron added to the fissile nucleus goes preferentially
(90%) into the héavy fragment.  For 292 in changing
the energy.of the bombarding neutron from 14- to 3-llev;
the emission of the number of secondary neéutrons
drops from about 4 to about 2. Or in other words, the
mass of. the compound nucleus undergoing fission during 3-iev
neutron excitation is sreater by about two mass units than
the mass of the comvound nucleus undergoing Tfission during
l4-tjev. neutron excitation. mie differente in the rvelative
shift of »neak »nositions with excitation enersy, is ticre-
fore, »rovably Gue to such a cifference of tuie mass of
the compound thorium nuclel unterz;oing ficsion at
different excitation cnerjies. As a coro-llar:y‘, the above

explanation sugiests that at tigher energles the emisscion

of secondary neutrons is o pre-Ifission phenomenon rathcr

than a nost-fission one.

&
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APPENDIX

1.  Initial purification of Thorium

Step 1. To a solution of about 3 gm. of thorium
nitrate in 15 ml of water 10 mg. of each of barium and
1eaq carrier were added. The solution was warmed and
0.5.ml. of BN sulphuric acid added dropwise with stirring,
to brecipitate barium and lead sulphates. The solution
was cooled and filtered through a tthatman No. 42 filter
paper., |

Step 2. Step 1 was repeated.

| stepls. 10 mg. of pismuth carrier were added to
the filtrate from step 2. Bismuth svlphide was precijitated
by passing hydrogen sulphide through the.solution. " The
precipitate was removed by filtration and discarded.
| Step 4, Step 3 was répeated.

Step 5. The filtrate from step 4 wvas made alkaline
with concentrated amwonia and dizested with ammonium
carbonate which converted thorium into a soluble cafbonate
complex. 10 mg. of lanthanum carrier vere added to
. precipitate lanthanum carbonate and the solution vas

stirred. The precipitate vas removed by filtration ana

discarded,
Step 6. Step b6 was repeated.

Step 7. The filtrate from step 6 was neutrelized
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with concenirated nitric acid and heated to boil orff ceroon
dioxide. Thorium was then precipsitated as hydroxide by
ammoni&a, centrifuged and taken into a suitable coﬁtainer
for irradiation.

Because of the rapid reapoearance of some of tae
dauchter activities it was found Gesiravle that taeir
femoval be éarried out inmediately before irradiation. The

reappearance of these activities also jrevented érying

the hydroxide precipitate before irradiation.

2. ZIRCONIUM

Prevnaration and stancardisation of carrier solution:

A carrier solution containing & mg. of zirconium per ml in 1 i
nitric acid was prepared ant standardised gravemetrically,

recipitating and weiching as zirconium tetramancelate
g S G ’

by the methdd described by Belcher, Sykes and Tatlow.lo8

3

Radiochemical Procedure:

Step 1. Irradiated thorium nitrate or hydrdxide was
dissolved in 3 ii hydrochloric acid and .2 ml. of zirconium
carrier together with carriers for other elements to be
separated. After taking steps to ensure isotopic exchange
between the added carriers the Tission products, 10 ml.
of saturated maﬁdelic acid solution were added and the
solﬁtion ﬁas digested for sbout 20 minutes to precipitate

zirconium tetramandelate. Thé precipitate was centrifuged

ved for the separation of

down and the supernate was LR
%\\“ ém:uc; », A
2 2 JUN1945
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other elements.

- Step 2. The precipitate was transferred into a
1ustérbid centrifuge?%&?dissolved in 60%'hy&rofluoric acid..
i ml. of lanthanum nitrate solution was added and the
solution stirred well with a polythene rod. Oon centrifuging,
the supernate was transferred to a second lusteroid tube
and the precipitate discarded.

Step 3. Step 2 was repeated.

Step 4. The supernate from step 3 was taken into
a third lusteroid tube and 2 ml of bariuwm nitrate solution
(containing 5 mg./ ml) were added to precipitate barium
zirconylfluoride and the solution was.stirred thoroughly. -
The precipitate was centrifuged down and the supernate -

discarded.

Step 5. The precipitate was dissolved in 2 ml
of saturated boric acid and 1 ml of concentrated nitric acid.
Zirconium was precipitated by adding 2 ml of barium nitrate .
solution and 1 ml of hydrofluoric acid. The precipitate
.was centrifuged down and the éupefnate discarded. ’

Step 6. Step 5 was repeated.

Step 7. The precipitate from step 6 was dissolved
in 5 ml of water, 2 ml of saturated boric acid solution
and-é ml of concentrated hydrochloric acid. The solution

was made alkaline with 6 WM sodium hydroxide to precipitate
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zirconium hydroxide. mhe precipitate was centrifuged down
and the supernate discarded. |

' Step 8. The precipitate vas dissolved in 2 ml
of concentrated hydrochloric¢ acid and transferred to a glass
céntpifuge tube with further rinses of water to make the
final volume gbout 8 ml. 10 ml of saturated mandelic acid
solution were added and the solution was digested in a
wa%éf bath for about 20 ninutes to precipitate zirconium
tetramandelaté.

Step 9. The.precipitate was filtered through a
tared glass-fibre disc fitted in a demountable filter-
stick, washed with 10 ml of a 5% mandelic acid - 2% hydro-
chlofic acid mixture, three 5 ml portions of ethanol and
finally with three 5 ml portions of ether. The solid
. source obtained és above was dried under vacuum desiccation
to a conétant weightlfor chemical yield determination and
mounted for counting.

3.  BROMINE:

Preparation and standardisation of carrier solution:

A carrier solution containing 5 mg. of bromine peb ml as
bromide was prepared by dissolving about 2 gm. of
analytical grade potassium bromide in 250 wl of water. The
soiution was standardised gravimetrically oy precipitating

and weighing the silver as-silver bromide by the method of

Glendenin and Metcalf.lo9




104,
83

(i) The Radiochemical Procedure For 2.4 h Br
| Step I. The irradiated thorium nitrate was
dissolved in 10 ml of 5 K nitric acid and 2 ml of each of
broﬁina and zirconium carriar vere added to the solution.
fhe solution was warmed and the bromide oxidized to
bromine with CéIv.

: Step 2. The solution was transferred to a separatory
funnel and the bromine extracted into carbon tetvrachloride.
The aqueous thase was reserved for the separation of
zirconium..

Step 3. Bromine from the carbon tetrachloride phase
was back—extracted into aqueous sodium thiosulphite as
bromide and the carbqn tetrachloride -phase discarded,

Step 4. The aqueous phase was acidified with nitric
acid anG a few milligrams of iodide carrier were added to it.
The iodide was oxidized to iodine with sodium nibrite.

Iodine was then extraéted into carbon tetrachloride and
the organic phase discarded. .
r 'Sté§.5. Step 4 was repeated.

_Step 6. The bromido in he agueous phase from
step.5 was ox1dlzed to bromine with potass1um permanganate
and extracted into carbon tetrachlorlde the agueous phase
being:discarded, |

': Step 7; fhe trpmine,frpm tue organic phase was

back-extracted into aqueoas sodium bisulphite. The solution
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was heated to hoil off sﬁl_p.hur dioxide,-a few drops of
dilute nitric acid were added to it and tﬁe bromide was
:pfecipitated by the addition of 2 ml of 0.1 K silver nitrate
with constant stirring. After digesting for a few minutes,
the precipitate was collected on a weighed glass~-fibre disc,
washed, dried and- weighed in the usual way for chemical

yield determination and counting.

: . i
(ii) The Procedure for 32 m Bro

Step 1. The irradiated sample of thorium nitrate
was placee in a 100 ml distiilation flask containing 2 ml edch
of bromiﬁe and‘zirconium.carrier in 25 ml of 3M nitric acid.

Step 2 2. The flask was warmed to accelerate the
dlssolutlon of thorium nitrate, and the bromlde carrler was

IV and the evolved cas swept

oxidized o bromlne with Ce
out by nltrogen 1nto a solution contalnlng freshly prepared
ferrous sulphate and a 11tt1e 1od1de carrier in-a separatory
funnel. The residue in the dlstlllatlon flask vwas reserved
for the separatlon of zirconium,

step 3. The iodide was oxidized to iodine with
exeess sodlum pltrlte and extracted 1nto carbon tetrachloride;
the organic phase was discarded.

step 4, Step 3 was reneated after further addition

off some 1od1de carrler.

step 5. To the aqueous phase contalnlng bromide
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2 ml of 0.1 i silver nitrate solution were added to
precipitate silver bromide. After digesting the suspension
for a few wminutes, the precipitate was collected on a tared
glass-fibre disc. The precipitate was washed, dried,
weighed and.mounted in the usual way for counting and
chemical yield determination,

In trial separations for both the methods in the

presence of Ilsl'tracer, the final silver bromide precipitate'

showed a decontamination factor of about 2 x 103 from this

isotope.

4. LIOLYBD=NUM:

Preparation and standardisation of carrier solution:

A carrier solution containing 5.0 mg of lNo per ml., vwas

prepared by dissolving about 2.3 gm. of (NH4)6M07024.4320 in

250 ml. of water. the sclution was standarédized gravimetric-

ally by precipitating and weighing as PbI;.‘:oo4 by the mctiod
110

described uy ‘Jeiser.

Radiochemical Procedure

Step 1: o the solution of irradiated thorium
nitrate in aoproxzimately 1I aitric acid 2 ml. of ilo carrier
together with carfiers for other elemenis to De seporaied ias
added. f4er alding 5 ml of a 2% solution of -Denzoin
oxime in ethanol, the mizture was stiired well and sel &glue

for about five minuites to allow the precipitate to coagulate.
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mThe precipitate was centrifuged dowm and washed vita 50 ml of
water, The supernate was set aside for the separation of
other elements.aslrequired.

Step 2. . The precipitéte was dissolved in 3 ml.
of fuming nitric acid, diluted.to 26 ml, with vater and
partially neutralized with cbncentrated ami.onia. After
cooling in an ice bath for a few minutes, Lio was Drecipi-
tated with 5 ml..of tue oxime reagent, stirred well and
centrifuged, The supernate vias discéréed and tne precini-
tate.was vvashed once with water.

Step 3. Step 2 was repeated.

Step 4. The precipitate from step 3 was aissolved
in 3 ml., of fuming nifric acic¢ and transferred to a huncred
ml conical flask together with the washing from the
centrifuge tube with about 3 ml of berchloric acid. * The
.solution was caufiously boiled almost to dryness to destroy
the organic reagent and then cooled.

Step 5. The molybdenum residue was dissolved in 4 ml of
water and one ml of concentrated ammonia. The solution was

transferred to a centrifuge tube and acidified with 6 L
nitric acid. 1 ml of ferric iron carrier was added and
the hydaroxide precipitated by making the solution
ammoﬁiacal with concentrated a.monia. The mixture vas

cenfrifuged and the supernate transferred to another_clean

tube.
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Step 6. The supernate from step 5 was made
acidic (red to:thymol blue) by dilute nitric acid.
1 ml of lead nitrate solution ( 100 mg. sz*/ml) vas
added to the solution and heated to boiling. . If 0
precipitate appeare&,-dilute ammonium hydrokide was adaed
drop—ﬁise until the precipitate just appeared. The mixture
was then boiled for a few minutes, and filtered viaile hot
through a weighed fibre-glass disc. The precipitate was
washed, in turn, with hot'uater, alcohol and ether, dried
under vacuum desiccation, weighed for chemical yiela
determination and mounted for counting.
O ANTIMONY

Preparation and standardisation of carrier solution:

A carrier'solution containing & mg of antimony per ml ag

Sb111 was prepared by dissolving‘an aporopriate quéntity of
antimony trichloride in water containing sufficient |
hydrochloric acid to prevent any hydrolysis of antimony.

The solution was standardised gravimetrically by precipitating
and weighing as antimony n-propyl gallate by the metuod

111

described by Wilson and Leﬁis.

Radiééheﬁicéi proéedure:

Step 1. The irradiated-thorium sample was dissolved

in 5'mi of concentrated hydrochloriclacid and 2 ml of

antimohy carrier plus carriers for other elements to be
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separated were added to the solution. To ensure complete

111 v

isotopic exchange gb was oxidised to Sb’ with bromine

and the excess bromine was expelled by boiling the
solution,

Step 2. .The soluticn was diluted, warmed and
éaturated with hydrogen sulphide gas until the precipitation
was'complete. Tha precipitate was centrifuged down and
washed with water while the supernate_was reserved for the
separétion of other elements as required.

Step 3 The precipitate was dissolved in 5 ml
of concentrated hydrochloric acid and the solution was boiled
down to about 1 ml, cooled and diluted to 10 ml with
concentrated hydrochlorie'acid.

Step 4.-- The solution was tranferred to a sepératory
funﬁel containing 10 ml of di-isopropyl ether previously
equilibrated with an equal volume of benzene and a little
bromine, The funnel was shaken for abou% fen seconds, the
équeous phase discarded and the organic phase washed with
10 ml-of é I hydrocihloric acid.

Step 6. The organic phase was.transferred to
anofher separatory funnel containing 10 ml of 7 I ammonium
thiocyaﬁéte solution; 0.5 i in hydrochloric acid and

containing a little hydrazine. - The funnel was shaken for

about a minute, the organic phase ‘discarded and the aqueous
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phase washed with 10 ml of di-isopropyl ether containing
a little ammonium thiocyanate solution.

Step 6. The aqueous phase was transferred to a
eentrifuge tube and a few drops of tellurium carrier

solution were added to it. Elemental tellurium was

precipitated and boiling the solution in the presence of
hydrazine. The precipitate was centrifuged down and
diécarded. |

Step 7. Antimony vas precipitated from the supernate
with n-propyl gallate in the usual way; the precipitate was
washed thréedtimes with 5 ml portions of 0.5 I hyGrochloric
acid, thfee times with & ﬁl portions of ethanol and finally

with ether, dried,-weighed for chemical yield determination

and mounted for counting.

6. IODINE

‘Preparation and standardization of Carrier solution:

A carrier solution containing 5 mg of iodine per ml as
iodide was prepared by dissolving about 1.8 gm. of reagent
grade potassium iodide in 2560 ml of water. The solution
was standardized gravimetrically by precipitating and

weighing the silver as Agl by a method described by Glendenin

and Metcalf.lo9

Radiochemical Procedure:

Sfep 1. The irrédiated sample of thorium nitrate vas




111.

dissolved in 10 ml of dilute -hydrochloric acid and 2 ml of
iodine carrier together with carrier solutions for other
elements tq bé separated were added to it. The solution
was made alkaline with ammonia and sufficient saturated
sodium carbonate solution added to dissolve thoriuﬁ as

the basic carbonate.

Step 2. 2 ml of 2.5% sodium hypochlorite solution
were added to oxidise I' to IO& and heated. The solution
was made acidic with concentrated niiric acid and transferred
to a 250 ml separatory. funnel. 3 ml of 1 M hydroxylamine
hydrochloride solution were a@ded to reduce IO& to'12. The
iodine was extracted into 10 ml .of carbon tetrachloride and
the'équeous phase retained for the separation of other
elements. |

Step 3. The caroon tetrachloride phase was shaken
with 10 ml of water containing a few drops of sodium thio-
sulphate ﬁntillbéth the 9ﬁaééé-weré’éo15urless. . The
carbon'tetrachloride phase was discarded.

Step 4. To the aqueous phase 1 ml of § L nitric
acid and a few drops of 1 II socium nitrité solution irere
added to oxidise I' to Ige The iodine was extracted into
cafﬁon tetracﬁloride and the aqueous »hase Giscarded,

Sﬁeé 5. Sten 3 was repéated. |

Step 6. After adding 1 ml of 6M nitric acic to

the agueous vhase it was heated to boiling before the iodine
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vas precipitated by the addition of 2 ml of 0.1 I silver
nitrate solution. After cigesting the Drecijitate for

a feﬁlminutes it was transferred to a weighed. glass-Tibre disc
by meaﬁs of filter-stick, washed three times witn 5 ml of
water, three times with 5 ml of ethanol and finally three
times with 5 ml of éther. "he precipitate was Cried in

the usual vay, veighed Tfor ciaemical yield determination and

mounted for counting.

7. Standardisation and preparation of carrier solution:

A carrier solution containiﬁg 5 mg. of teilurium per ml
was prepared by dissolving the appropriate guantity of
telluric acid in wéter. T7he solution was sténdardised
gravimetrically by precipitating elementary tellurium

' 112

with hycCrazine and sulphur dioxide.

Radiocuemical procedure

gtep 1. Irradiated sample of thorium nitrate vas
dissolved in dilute nitric acid and carrier solution (2 ml)
for each of tellurium, zirconium and other elements to be
separated were added to the solution. To racilitate
complete isotopic exchange between the Tission product
tellurium and theladded éérrier tellurium was oxidised

by potassium permanganate solution. The excess permapganate

was removed'by adding hydrogen peroxide, Tellurium was
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then precipitated in the cold by adding with vigorous
stirring sbout 0.5 ml of stannous chloride sblutien
(containing 50 mg of snt¥ per ml). After about a minute the
precipitate wag centrifuged down and the supernate reserved
for the sevaration of other elements.,

Step 2. The metallic tellurium precipitate was
washed with hot water and dissolved in nitric acid. The
solution was heated to dryness. The residue was dissolved
in hot dilute hydrochloric acid and tellurium was .
precipitated by hydrazine and sulphur dioxide. The
preéipitate was centrifuged down and the supernate discarded.

Step 3. . The tellurium was dissolved in concentrated
nitric acid and evaporéted down with hjdrochloric acid as
in step 2. The residue was dissolved in hot dilute
hydrochloric acid. The solution was madé alkaline and scavanged
twice with preqipitation of ferric hydroxide; the ferric
hydroxide beiné discarded on each occasion. The solution
was made 3 M in hydrochloric acid and tellurium was
precipitated.with hydrazine and sulphur dioxide. The

precipitate was centrifuged dovmn and_the éupernate

discarded.

Step 4. The tellurium from step 3 was redissolved

and preéipitated as in step 2. The precipitate was

fransferred to a weighed glass-fibre disc through a filter—
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stick, washed with alcohol and ebher and dried under
vacuum for chemical yield determination and counting,

8.  CERIUM

Preparation and standardisation of carrier solution:

A carrier sclution containing 5 mg. of ceriumIII.per ml

was prepared by dissolving 5 g: of analytical-grade ammonium
nitratocerate iﬁ water, reducing with hydroxylamine hydro-
chloride and diluting to 250 ml with water and a little
nitric acid.. It was standardised by titration at a

PH between 5.8 and 6.2 with EDTA using Xylenol orange

as indicator. (see page 35).

Radiochemical procedure

Step 1 to 11. were the same as those for the initial

separation of fission-product rare-earths given in detail
in the procedure for praéeodymium on page except that
a redox cycle was introduced for the complete exchanée
between the active fission product Ce and the added carrier.
The following procedure commences with the precipitate
of the rare-earth hydroxides from step 11.

Step 12. The rare-earth hydroxides were dissolved
in 5 ml of 10 ¥ nitric acid and approximately 2 ml of 2 M
sodium bromate solﬁtion were added to oxidise CeIII to CeIV.

The solution remains a slight amber in colour showing the

oxidation of cerium.

Step 13. The ceIV was extracted into a volume of
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methyl iso-butyl ketone(hexone) equal to ten times the
volume of the aqueous phase. The hexone was previously
equilibrated with an equal volume of 10 M nitric acid
containing about 4 ml of 2 M sodium bromate, The agueous
phase was separated, made alkaline with ammonium hydroxide
and reserved for the separation of praseodymium, The
organic phase was washed with 10 ml of nitric acid - sodium
bromate solution and the washing discarded.

Step 14, The cerium was back-extracted into 10 ml
of 10% hydrogen peroxide and the hexone phase discarded.
The solution was transferred to a centrifuge tube and made
glkaline-with_ammqnium hdroxide to precipitate cerium
hydroxide, Tne precigitate was centrifuged down and the
superngte discarded,

Step 15. mhe hydroxide precipitate was dissolved
in 1 ml of concentrated hydrochloric acid, diluted to 15 ml
and 10 ml of saturated ammonium oxalate solution were added
to the hot solution with constant stirring to precipitate
cerium oxalate, The precipitate was filtered on to a
glass-fibre disc, washed with water, alcohol and epher;

dried in a vacuum desiccator and mounted for counting.

9.  PRASEODYMIUN

Carrier. A carrier solution of Pr containing

b mg. of the element per ml. was prepared by weighing out
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an appropriate quantity of trioxide and dissolving it in the
minimum of hydrochloric acid. It was standardised by
titration with EDTA using Xylenol orangé.as indicator at
PH 6. (see page 35 ). |

Resing Zeo-Karb--225, 100-200 mesh, 4-5§ cross-
linked, was used after grading. The grading of the resin
- was done on the difference of their settling time in
distilled watef. commercial resin was introduced in
the form of slurry in water at the top of a long tube held in
‘a vertical posit'ion and Pilled with Gistilled vater. Purtions
of the resin which settled dowm beiween 1--1,5 cm/ min.
vere collected and subjected to the following chemical
treatment before putting.into the column, -

Puiting the gsraded resin into a column of = size
vaich allow adequate stock of resin to be drocessed, it was
- washed with 6 i ammonium thiocyanate until the red ferric
thiocyanate colour was.né longer visible. It was then
vvashed twice, in turn, with distilled water and 6L aycro-
chloric acid. Tinally the resin was washed with sufficieat
distilled water to free it from chloride and converted
into the ammoniﬁm form with 1 I ammonium lactate solution
of pH 5.2 and stored in distilled water until loacded into
.fﬁe column.,

Tluant: The eluting solution was a miiture of 1M

They were

ammohium lactate solutions of pH 3.2 and 7.0.
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prepared from 88% lactic acid of AR-grade. Before
using the acid for the preparation of solutions, it was
refluxed for about . hours in 0.1 M bydrochloric acid to
énsure the hydrolysis of any anhydride present in the acig.
The pH's of the solution-were adjusted with concentrated
ammonium hydroxide and measured on a »H meter. The
solution was also made about 0.0015 in phenol to prevent
any deterioration of the lactate on long storing.

Apparatus: The Gradient-Elution equipment showm

105 .o

in Fig. is similar to that dGescribed by Nervik.
ion-exchange bed had a dimension of 60 cm x 7 mm (internal
diameter). The column was surrounded by a 7 cm. glass tube
serving as reservolr for water for uniformly heating the

column. An electrothermal heating tape was wound round the
outer jacket tube. The temperature controlled by means

of a "simmerstat" within 4 3°c.  since the operating temperature
of the column was about 9000, a small water cooled

condenser was fitted into the reservoir at the top to

minimise loss of water due to evaporation.

The eluting agent system consisted of two 500 ml. )
flasks fitted one above the other. . The lower flask contained
the solution of lower pH and the upper one that having'
the highér,pH. The flow rate of the solution from the |

upper to the lower flask was controlled by means of a stop- |

For applying a positive pressure both the flasks vere

S

cocke.
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connected to a nitrogen cylinder by PVC tubing. To attain
the required flow rate of eluant, the pressure of nitrdgen
from the cylinder-was controlled with a pressure regulator.
In 6rd§r t0 ensure continuous.aﬁd complete mixing of
soiutibns in the lower flask, a small magnetic stirring
device waé kept in operation during elution. The eluting
solution was pre-heated by passing through a glass tube
of 2 mm, i.d. fitted inside the reservoir as siaown in the
£igure. |
. The fraction collector consisted of a turn—fable
carrying 50 polythene test-tubes, arranged so that each tube
collected a pre-selected number of drops of the eluant
before the next tube was moved into position by an aqtomatic
defice.' |
| procedure: The irradiated thorium hydroxide was
diséolved in 15 ml, of:6 M hydrochloric acid and 10 mg.
each of zr, Pr and Ce carriers were added. Half an hour
after'the irradiation, Zr was precipitated by'adding 15 ml.
of saturated mandelic acid solution and dipesting for about
half an hour. The precipitate was ﬁentrifuged dowmn and

set aside for the isolation of Zr.

Step 2. The supernate from step 1 was made alkaline with
concentrated ammonium hydroxide to precipitate Th, Pr and

Ce as hydroxides. The precipitéte was centrifuged down

and the supernate discarded.
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Step 3. The hydroxides were dissolved in nitric

acid and Th was extracted twice in.zo% TBP solution 6 M
Kerosene, using 50 mi. of TBP solution each time,

Step 4. The aqueous phase waé made alkaline,
centfifuged and the supernate discarded. The precipitate
was dissolved in 10 ml. of concentrated nitric acid and
the last traces of Th was precipitated with 2 i iodic acid

| solubion. After centrifuging the supernate vas used for
rare—eérth separation and the precinitate was discarded.

Step 5. The supernate was made alkaline ﬁith
sodium hydroxide solution,“centrifuged and the remaining
supernate discéfded.

Step é. The precipitate was dissolved in 20 nl. of
5 M hydrochloric acid and 6 drops of Zr carrier (containing
5 mg./ml.) added. After adding 5 drops of concentrated
pﬂosphoric acid, the solution was digested for a few minutes
and centrifuged.

Step 7. The supefnaté from step 6 was taken
in a nitroceliulose (lusteroid) centrifuge tube and 2ml
of 1.5 M chromate and 0.5 ml concentrated hydrofluoric acid
were ;daed. After digestion for about 5 minutes in a hot
bath, the precipitate.was centrifuged down and washed once
with 20 ml. of 0.1 1i hyarofluoric acid.

Step 8. step.7 was repeateq.
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Step 9.  The rare-earth fluorides were dissolved
in 3 ml. of saturated voric acid solution and 2 ml. concentrated
nitric acid.' To ensure complete dissolution the solution
was heated and:stirred well. After addins 5 Grops of Ba
carrier sn® 1 mi. of 6 WM sulphuric acid, the solution was
diluted to 20 ml. and digested for 5 minutes in a hot bath.
The barium sulphate precipitate was centrifuged dovmn and
Ciscarded.

gtep 10. The supernate was made alka:ine with
concentrated. amunonium hydroxide and digested for a few
minutes., The rare-carth hydroxides were centrifuged dowm
and washed once with dilute ammonia,

Step 11l. The precibritate was dissolved in 4 ml. of
concentrated hydroculoric acid.. The solution was passed
through an anion-exchange column (6 mm i.d. x 10 cm.)
containing De-Acedite FF, previously equilibrated with
concentrated hydrochloric acid. The tube was rinsed with
% ml. of concentrated hydrocnloric acid and the wash solu-
tion was passed through the column. The column was
finally washed with 2 ml of concentrated hydrochloric acid.
A1l of the eluant and wash solution was collecged.

Step 12. The eluate including the rinse and wash
solution of step 11 was made alkaline with concentrated
ammonium hydroxide. The rare-earth hydroxides viere

centrifuged down and washed once with dilute ammonia.
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- The precipitate was dissolved in 10 ml., of 10 I nitric

acid and a few drops of sodium borate solution were added
to oxidise CeIII to ceIV. Ce was then extracted into
'hexone' previously equilibrated with nitric acid-sodium
borate solution.

Step 13. The aqueous phase was made alkaline with
ammonium hydroxide, the precipitate centrifuged dowm and
washed witu dilute ammonia.

Step 14. The precipitate wag dissolved in a few
. drops of concentrated hydrochloric acid and the solution
diluted to about 20 ml. About 1 ml. of the resin of
the same batch that was to be used for cation separation
was added to the solution and digested for about ten minutes.
The resin.was then centrifuged down and ready to be put
into the column,

Step 15. For the separation of Pr from other rare-

earth activities: The apparatus described earlier, vas

aséembled as shown in Fig. 21 . The temperature of the water
reservoir was raised to 90°c and the column filled with the
processed resin in the form of a slurry in boiling water to
prevent the formation of air bubbles insiGe the column,

About 100 ml. of 1 I lactic acié solution of pH 3.2 and
nre-heated to about 90°C by passing through the inlet tube
fitted inside the reservoir, were passed through the..column

at a rate of 4 drops per minute. Just before starting tue
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separation, the volume of lactic acid sclutions in each of
the flasks was 60 nl. Rcre-earth activities adsorved on
the resin was transferred on the coiurmn vnite hot and
elution -started. By reculating the pressure from the
nitrogen cylinder and conirolling the pinch~coecx at tae
outlet of the lover Ilask, the rate of flow of the

eluant was adjusted %o about 4 drops per.minuto. hen tac
column has run for half an‘hour, the »ninch~-cocll besicen tae
two flasks was opened and so adjusted to allow -8 Crops of zsoulu-
tion to run into the lower flask per minute and the magnetic
stirrer vas started. - 30 drops of eluant were collectec

in each fraction. THe Pr break-tarouzh occurred about
seven houvrs after the elution was started and it was

located in the collecting subes by adding saturated

ammonium oxalate sclution. when all the Pr had been eluted,
the preciyitate -in the 5 to 4 middle fractions was collected
together for source preparation, counting and chemical

yield determination.,
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