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SUMMNARY

The Mass/Yield curve for the fiesion of natural
uranium by 1L4.7 MeV neutrons has been established by the
radiochemicel separation and counting of a number of fission
product isotopes. The familiar double peaked curve is
obtained with a peak to trough ratio of 410, peaks at 99 and
136 mass units and yields at the peaks of 6.5%. The number
of prompt neutrons emitted per fission; which gives the best
fit for "mirror - points", is 4.

A modification of the assoclated particle method has
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used Lo determine the cross - section of the Al

-

(n,c&)Na2u reaction for 13.5 MeV neutrons. A cross - section
value of 113.7 ¢ 10,1 mb has been obtained; this compares

favourably with values from other sources,
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PREFACE

With the ready availability of tritium in this
country, fast neutron sources based on the (D+T) reaction
offered a means of research to assist in the interpretation
of nuclear theories, The major advantages of this source
were the high energy of neutrons produced at comparatively
low bombarding energies (~ 100 KeV) and the very small
angular variation in energy, giving a source of virtually
monoenergetic neutrons. ~One obvious channel of investi-
gation was nuclear fission.

When this work started much information was available
on the fission of uranium by thermal neutrons (essentially
fission of U235) and the results have been summarised by
Steinberg and Glendenin (1). Very little had been reported,
however on fission by neutrons of higher energies (2,3)
and the work was mainly concerned with fission spectrum
neutrons. The study of the fission of natural uranium
by 14 MeV neutrons was therefore carried out to add further
information to assist in the interpretation of the theory
of nuclear fission, to add to the fund of experimental data
being accumulated and to obtain information of potential
practical importance to the design of nuclear reactors and
processing plantse.
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The mass/yield curve for thermal neutron fission
of U235 follows the now familiar shape of two peaks at
mass numbers 95 and 140 with & deep trough at mass number
148 (the peak to trough ratio is approximately 600).
Irregularities are found in the form of fine structure in

the region of the peaks which has been explained (L) by

- [l N .
.

the preferential Fformation of nuclel with closed shslls
of 50 or 82 neutrons. At very high energies, however,
the trough disappears and the yield curve consists of a
gingle peak; an example of this is the fission of B1209
with 190 MeV deuterons (5). At intermediate energies (e-.go
fission spectrum neutrons) a curve similar to that for
thermal neutron fission is found but with a reduced peak

to trough ratio (400-200). It was, therefore, expected
that the mass/yield curve for fission by 14 MeV neutrons
would exhibit dual peaks with a comparatively small peak

to trough ratio.

Information on the mass distribution of the fission
fragments has been obtained mainly in two ways (i) the
ionization chamber technique, which measures the freaguency
of various kinetic energy releases, from which data a mass/
yield curve can be deduced and (ii) radiochemical identi-

fication of the fission fragments. The latter method,
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which led to the discovery of nuclear fission (6) is more
sensitive and it is this procedure which has been adopted
for this investigation,

The two main fragments produced in fission have
approximately the same neutron to proton ratio as the
original nucleus, This ratio is too high for stability
of the nuclei produced, even after the emission of the
prompt fission neutrons and the nuclel attain stability
by a series of P ~decay processes. Isolation and
estimation of one of the isobhars in the decay chain enables
its fission yield to be calculated. A proportion of any
given isobar may have been produced directly from the
fission process and the proportion of such fissions to the
total number of fissions is the independent yield. The
independent yields of the later members of the decay chains
are small in comparison with the total chain yields and in
general there is little loss of accuracy in ignoring thems
Ternary fission occurs rarely rélative to binary fission
and for the purpose of establishing the mass/yield curve
may be ignored.

Part 1 of this thesis describes the irradistion of
natural uranium with 14.7 MeV neutrons, the subsequent
radiochemical separations and counting techniques involved

in constructing the mass/yield curve. The effect of the
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U235 present in the natural uranium in the proportion
1 in 140 may be ignored since the; fission cross-sections
of U235 and U238 are similar (7) and hence the mass/yield
curve 1s essentially that for the fission of U238°
The difficulties of measurement of the neutron flux
in all fast neutron irradiations are discussed more fully
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for the accurate determination of the 44 MeV neutron
. . 27 24
cross section for the reaction Al (n,a()Na o The
establishment of one accurate cross-section value offers
a ready means of neutron flux monitoring and for determining

other cross-section values by comparative methods.




PART I

THE ESTABLISHMXNT OF THE MASS/YIELD CURVE FOR THE
FISSION OF NATURAL URANIUM WITH 14.7 MeV NEUTRONS

1. INTRODUCTION

The net rate of production of a radioactive isotope
by fission of a heavy atom follows an exponential law,
A seturation sctivity 1s approuched at a rale dependent
on the half-life of the isotope, when the rate of pro-
duction from the fission process equals the rate of radio-
active decay. The value of this saturation activity
depends on the fission yield of the isotope, the neutron
flux, the fission cross-section and the mass of the target.
Due to inaccuracies in determining the fission rate,
it is convenient to calculate fission yields relative to
one isotope as unity and hence construct a relative mass/
yield curve, which can then he normalised to a total
fission yield of 200. It is often both uneconomical and
impracticable to irradiate samples for such a time as to
produce saturation activities for all isotopes under con-
sideration and it is more convenient therefore to calculate
the saturation activity from the length of the irradiation
and the activity at the end of the irradiation (&g5). A4,
is determined by extrapolating the decay curve back to the

time at the end of the irradiation (t = 0),
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The neutron fiux from the generator used for these
irradiations is never constant and decrease§ over the
length of the irradiation; corrections to the saturation
activity calculation are therefore necessary.

Activity produced is proportional to Ie"xt. I is
the number of neutrons emitted per unit time at time (t)
and A is the decay constant of the isotope produced.

The activity at the end of the irradiation 1s therefore
proportional to .fw;le-At dt, but it is more convenient

to use a summation (&):.

=\t ~At -At
E: = I1e 1 + Ize 2 + ,eee.0 Ie T

(t1,t2 etc are cealculated backwards from the end of the
irradiation).

During each irradiation, the comparative neutron
count is recorded at suitable intervals of time and the
summation‘(Z) is carried out for each isotope separated
and counted. The fission yield of a particular isotope
is therefore proportional to Ay X t% and the
proportionality constant is L the same for
all isotopes separated from one irradiation.

a

. Fission Yield (A) _ Bgp X By, x HEN
° * Pission Yield (B)

Aont%.szA

On account of the large number of isotopes of various
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half-lives requiring separation and counting, it is
necessary to carry out a number of irradiations varying
in length from 20 minutes up to a maximum of 4 hours.
The individual irradiations are compared by calculating
the fisslion yields relative to Ba139 as unity. (This
isotope was selected because of its high fission yield,
unambiguous chemical hehaviour, ease of separation, and
convenient half-life),

2, NIUTRON GENZRATOR

The generator consists of & Cockcroft = Walton type
voltage quadrupling circuit capable of producing up to
300 KV, D.C. potential, an ion source giving up to 500/ua
of deuterons and an accelerating tube in which the high
voltage is used to ilmpart a high energy to the ions. The
deuteron beam strikes a tritium target and neutrons are
emitted.

DZ + T2 ——s Hel + n) + 17.6 Mev,

2.1 Cockecroft ~ Walton Circuit and Measurement of Voltage

Power from the mains is applied to a Variac which
gsupplies a Ferranti transformer connected to give up to
100 KV peak output voltage.

The quadrupling circuit (Fig I) consists of a string
of four metal rectifiers and four 0.0B/ﬂF condensers, two

of which (C3 and Ch) serve to smooth the output voltage,

-9
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2.1 Contd.
The high voltage is measured by means of an oil = cooled

measuring resistance, across a fraction of which (=l_ )
200
a voltmeter (V,) 1s connectedo

2,2 Ion Source (Fig. 2)

The function of the ion source is to produce a stream

of DY ions for acceleration by high voltage,
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thimble from a heavy water electrolyser and fed into the
“ion source at a pressure of about 10’2 mms of mercury,.
Tonisation is produced by means of a high frequency elect-
rodeless discharge, which is maintained by means of an R.F,
oscillator giving approximately 4100 watts at about 20 -
30 megacycles. Power is fed by means of a coupling loop
of copper which encircles the ion source near its base and
is cooled by an air blower. The ion source is also
surrounded by a coll of copper tube which together with a
variable air condenser, forms a circuit which is tuned
to resonate with the oscillator.

Ions are extracted from the discharge through a
narrow aluminium canal by applying avoltage of a few KV
between the canal and the tungsten probe at the top of the

ion sourcee
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2.3 Accelerating Tube (Fig. 3)

The accelerating tube is composed of a series of three
accelerating gaps. The first of these is a focussing gap
to which is applied a variable voltage of about 4O XV and
the voltage from the quadrupling circuit is split equally
between the remaining two gaps. The system is enclosed in
12" Pyrex chemical pipe - line and is continuously pumped
by a 9" Edwards Diffusion Pump, backed by an Edwards
Rotary Pump; a Penning gauge records the pressure in the
system (‘N1O-5 mms of mercury pressure), The beam current
reaching the target chamber (unresolved) and the current
reaching the target block (resolved) are recorded.

2.4 Target Chamber (Fig. 4)

The target block is water - cooled and is attached
to a 2" pipe at the bottom of the target chamber. The
2" pipe is capable of isolation from the main vacuum
system for changing the target by means of a plate held in
position by Sylphon bellows, The target consists of
tritium absorbed into zirconium metal deposited onto a
copper backing, which is secured to the target block by
soldering with Wood's metal.

2.5 Estimation of Neutron Emission

Since relative neutron emissions only are required

-1~
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2.5 Contds
for calculation of the filssion yields, it is sufficient
to fix a neutron detector in the vicinity of the target
chamber., An organic phosphor is used to monitor the
emission; proton recoils are counted, through a photo-
multiplier, amplifier and scaler, hiased to reject recoils
from neutrons of lower energies (i.e. scattered from the
walls of the target chamber or from the D &+ D reaction)e
Calibration of this neutron detector nay be carried out
by irradiation of a weighed copper disc which is then
counted under standard conditicnse.

Some spread of neutron energies arises from energy
loss of the deuterons in the target thickness and from
the rather large angle subtended by the uranium sample
at the target; the mean effective neutron energy is
estimated at 14.7 MeV with limits of 1U4.9 MeV and 14.5 MeV,

2.6 Reasons for Reduction in Neutron Emission

The neutron emission was usually 109 - 10ﬂo

neutrons/
second and any reduction could be attributed to one or
more of the following conditions:—
1. Removal of tritium from the target by over-
heating or replacement by deuterium from the beam.
2. Deposition of pump - o6il vapour onto the target

surfacee

3, Movement'of the deuteron beam away from the terget.

-2«




2,6 Contd.

The life - time of a target was seldom more than
L. hours and throughout this time the neutron emission
decreased considerably. A record of the neutron emission
throughout a typical irradiation is given in PFig. 5.

3. RADIOCHEMICAL SEPARATIONS

The decay chains for the fission products expected
to be produced from the 14.7 MeV neutron fission of
natural uranium (see Appendix 1) were examined.

From this list, selection was made of elements for
chemical separation followed by a counting procedure,

The criteria for this selection were concerned with
providing a source from which absolute disintegration
rates could be assessed with confidence. The principal
considerations werez-

1. The element should be capable of easy and rapid

separation: from all other elerﬁents°

2, The isotope should belong to a mass chain having

a reasonably high expected fission yield (i.e.
greater than 0.6%, mass will lie between 83 and
153).

3. The isotope should have a half - life in the range

20 mins to 3 days.
L, The isotope should not be produced from a pre-

cursor of long half -~ life,

-13-
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3. Contdo.

5. The decay of the isotope should follow a simple
/3 -emission to an isotope of very long half -
life or to a stable isotope.

6. There should be no other isotopes of similar
half - life (or at least not more than two) due
to the difficulty of resolving decay curves.

On the basis ol Lhe abouve criieria the foliowing

isotopes were selected:-
]_31'_8’1 (31.8min.)'===>1(r8u(s)
sr! (9.7mr) —>v?1®(50.3min. )
-‘~““ﬁ>%91 (57d) —————> Zr91(s)
93 (10.0nr.) —> zr?3(1.1x10%r. ) —>Mp 3 (8)
M_o_9_9_ (67.0nr.) —> Tc99m(6.0hr.) —_— T099(2x105yr.)
Ru99(s)
Ru'93 (4.5hr.) —> B0 (45secs. )~ rn'103(36.5nr. )
§%105(s)

ag'13 (21.1min. )—> cal19™(y3a) —» 12?19, 5hr. )

I R A
> cq'? (53nr.) In115(6x101hyr-)

pa !9 (85min. ) ——+La139(5)
pa’™ (18min.) —> 1a'* (3.9nr.) —> ce'™*1(32.54)
ALLI

Ce“‘3 (33hr.) ——>Pr1“3(13.,8c1) —p Nd (s)

1l




3. Contd.
Brsu Sr91, Y93

?

Mo99 Ru1@5, Ag115 Ba139, Ba‘”'H

14 5 2

(or La1u1) and Ce 143 had: quite straightforward decay
chains with the,g ~emitting daughters of sufficiently
long half lives to give negligible contribution to the

~particle counting. The radiochemical separations

139

of Ba were delayed 1% hours to allow its precursor
92

hr\\ ~ e =+ [ SRS, | .- ~ F -
ng,) to decay. OGiumilariy Sr (half =

1'\

half ~ life O

-
N

life 2.7 hr) and La (half - life 14 mins) were allowed
to decay before commencing the separations of strontium
aﬁd cerium respectively,

Murther points, however, were required to complete
an accurate mass/yield curve and relaxation of the

restrictions permitted the inclusion of the following

isotopes:~

Zr27(17.0nr, )—> b2 ™(60sec. ) —» Nb?7(72min)
No2 7 (8)

Corrections were applied for the presence of

Np2 m

and Nb97o

Pd109(j3o5hr.)-9 Ag109m(uh.38ec.) — Ag109 (s)

pal1?(2qnr. ) — ag""?Gunr.) ——> 0@ (s)

The decay was followed for a sufficient time to

exclude the efrect of Pd' 1! (half - 1life 5.5 hr.) and then




30 Contdo
the decay curve resolved into the Pd109 and Pd112 - ﬁg112

components; the latter was further corrected for the

presence of Ag112o
6u%
sp? (. 6nr.) —2p 1e'29(72min) —> 1129(1.6x107yr.)
36% ?
Te'2% (33d) xe'29 (a)
The count rate was corrected for the presence of Te129.
Ag“1 (7.5 days), 7131 (8.1 duys) and Ba“l'o (12,6 days)

were considered possible isotopes for separation and
counting, providing sufficiently high count rates were
obtained. Ag113 (5.3 hrs.) was also included, though a
correction for the decay of Ag113m (1.2min) direct to
Cd113 would have to be applied.

The procedure adopted for the determination of the
absolute disintegration rates of the isotopes was the
counting of so0lid sources separated from the irradiated
uranyl nitrate by chemical methods after the addition

of inactive carriers. The separation methods were chosen
for speed and effective decontamination from other elements
rather than a quantitetive yield and were mainly such

that only one separation was carried out on each aliquot.
Hence it was necessary at the commencement of the
separations to know the exact quantity of inactive carrier

added and to ensure that the inactive carrier and the

16~




3: CQntdn
radioactive isotope were present as the same ionic

speciés. The final stage in the separation was the
precipitation of the element in such a form that it could
be filtered readily and the exact weight of the element
present could be calculated from the weight of the pre-=
cipitate. Hence the chemical yield (the ratio of the
weight of the element in the final precipitate to that
originally present) was determined.

Rapid and effective chemical sepafations were therefor
required for silver, barium, strontium, molybdenum,
ruthenium, yttrium, palladium, iodine, bromine, antimony,
cerium and zirconium,

Due to the rapid decay of many of the radioactive
species involved, it was seldom possible for one person
to make measurements on more than a few elements at a
time. To make the best use of the irradiated material
Dr. D.J. Silvester (Research Student at this Laboratory)
carried out the barium, yttrium, iodine, bromine, antimony
and zirconium separations., For completeness, a brief
outline of all the separations is given below and more
detailed descriptions of the author's separations are

given in Appendix II.

-1 7=




3.1 Silver (8)

Silver chloride is precipitated from the solution
of irradiated uranyl nitrate with hydrochloric acid (the
supernate is retained for barium and strontium separations)
Purificatiion is effected by alternate ferric hydroxide

scavenges, to reduce the level of general contamination
and ailver sulohide precipitations to remove the h
contamination., The silver is finally precipitated as
silver chloride for weighing and counting,
3.2 Barium (9)

The supernate from thesilver separation is evaporated
to small bulk and three barium chloride precipitations
are carried out with ice = cold hydrochloric acid - ether
mixtures (the supernate from the first precipitation is
retained for strontium separation). The final barium
chloride precipitate is filtered and weighed, ready for

countinge.

3.3 Strontium (410)

Strontium nitrate is precipitated with fuming nitric
acid from the supernate from the barium separation. Two
ferric hydroxide scavenges are carried out, followed by
a further strontium nitrate precipitation. The strontium
is finally precipitated as the oxalate for weighing and

countinge

-18=




3.4 Molybdenum (11)

Molybdenum is precipitated from acid solution
containing oxalic acid (to complex the niobium) with an
alcoholic solution of & ~benzoinoxime. The precipitate
is dissolved in a perchloric acid - nitric acid mixture
and two ferric hydroxide scavenges are carried out. The

~benzoinoxime precipitation 1s sfepeated and the
molybdenum is finally precipitated as the oxime (12) from
an aeetate buffered solution for weighing and counting.

3.5 Ruthenium (13)

Ruthenium tetroxide is distilled into sodium hydroxide
solution from the irradiated uranyl nitrate solution
containing perchloric acid, sodium'ﬁismuthate (to oxidise
halogens to their highest oxidation state) and phosphoric
acid (to reduce the volatilization of molybdenum)., The
ruthenium is precipiftated hy reduction of the ruthenate to
lower oxides (Ru203 and Ru02) with ethanol (leaving
téchnstium in solution). The rﬁthenium oxide is dissolved
in hydrochloric acid and finally precipitated as the metal
for weighing and counting, by reduction with aluminium
powder., The msicl contaius a small, but constant amount
of oxide and the weight is 6% greater than the weight

obtained by ignition in hydrogen (13).

-t Q=




3.6 Yttrium (14, 15)

The solution of irradiated uranyl nitrate containing
yttrium, lanthanum, ceriumIII and zirconium carrier
solutions is treated with tri - butyl phosphate to remove
the uranium. Hydrofluoric acid is added to precipitate
the yttrium and the rare earth elements, leaving the
zirconium and any residual uranium in the supernate. The
fluorides are dissolved in boric acid - nitric acid
solution, reprecipitated and redissolved. The hydroxides
are precipitated leaving any barium and strontium con-
tamination in solution. The hydroxides are dissolved, the
cerium oxidised with potassium bromate to the tetravalent
state and extracted into tri - butyl phosphate (21). The
hydroxide precipitation and cerium extraction are repeateds
The rare - earths are removed by two precipitations of
potassium lanthanum carbonate and the yttrium is finally
precipitated as oxalate for weighing and counting.

3,7 Palladium (416)

Palladium is precipitated from dilute acid solution
with dimethyl glyoxime. Purification from possible
contaminants (selenium, silver and zirconium) i8 effected
by ferric hydroxide and silver iodide scavenges. The
palladium is finally reprecipitated as the dimethyl

glyoxime for weighing and counting.

=20 =



3.8 Iodine (17)

Interchange of tracer and garrier lodine and bromine
is effected by oxidation to periodate and bromate
respectively with sodium hypochlorite solution. The
periodate 1s reduced by hydroxylamine hydrochloride
solution to iodine which is extracted into carbon tetra-
chleoride, w 34 cminc ac bromi
aqueous layer, which is retained for the bromine separation
The iodine is back - extracted as iodide into sodium bisul-=
phite solution. The extraction cycle is repeated using
nitric acid ~ sodium nitrite mixture for the oxidation and
sodium bisulphite for the reduction. The iodine is finally
precipitated as silver iodide for weighing and counting.
3.9 Bromine (18)

The bromine from the aqueous layer in the iodine
separation is oxidlsed with potassium permanganate solution
eitracted into carbon tetrachloride and back - extracted
into hydroxylamine hydrochloride solution. The extraction
cycles are repeated twice, back - extracting into sodium

bisulphite solution. The bromine is finally precipitated

as silver bromide for weighing and counting.

-21=




3.10 Antimony (49)

AntimonyIV, produced by oxidation by potassium
permanganate solution, is extracted into ethyl acetate
as the oxalate -~ citrate complex. The ethyl acetate is
removed by evaporation, the residue dissolved in con-
centrated hydrochloric acid and antimony sulphide pre=-=
cipitated, The sulphide is dissolved in concentrated
hydrochloric acid. The antimony is reduced to the tri-
valent state with sulphurous acid and finally precipitated

as the pyrogallate(2o)

in the presence of tartrate ions
for weighing and counting.
3.11 Cerium (21)

The cerium is oxidised to the tetravalent state
with sodiuﬁ bismuthate, extracted into tri - butyl
phosphate and back - extracted into hydroxylamine hydro~
chloride solution. Cerium oxalate is finally precipitated

for weighing and counting,

3.12 Zirconium (22)

Zirconium is extracted into chloroform as the
cupferron complex from dilute sulphuric acid solutione
The chloroform is evaporated and the residue dissolved
in a sulphuric acid - nitric acid mixture. The hydroxide
is precipitated, dissolved in concentrated hydrochloric

acid and the zirconium is finally precipitated as the

—-PD =




3.12 Contd.

tetramandelate (23) for weighing and counting.

shows the chemical form of the

Table I

carrier solution and of

the final precipitate and the usual quantity of carrier

added,
TABLE (1
iChemical Form Weight Chemical form of
Element in carrier of carrier final precipitate
solution (mg of
; element)
'\ Br NaBrog 9.98 Ag Br
) Sr % Sr(N03)2 9.55 Sr oxalate
Y ?Z(NOB)3 10,0 Y oxalate
zr zr(NOB)h L.75 Zr tetramandelate
Mo Mo 05 24,3 Mo 8-hydroxy- §
guinolate
Ru RuCl3 10.0 Ru metal
' P P4Cl, 8,08 Pd dimethyl- '
i glyoxime
. Ag AgNO 9.65 Ag C1 5
i | )
. Sb . SbCl3 8.15 Sb pyrogallate ?
1 | KI 9.60 Ag I :
, Ba 1 Ba(N03)2 9.60 BaCl,.H,0
\
ce | Ce,»(1105) 5 14492 Ce oxalate

23w




4., COUNTING FROCEDURE

L.41 The '3 ~-Energies of the Isotopes

The P -energies of the isotopes examined are as

follows (24)s=
83

Br 0.94MeV

By O Lo TMeV(LOZ) . 3.56MeV(9%), 2.53MeV(16%)
1. 72MeV(35%

sp)? 2.67MeV526%g, 2.03MeV§M%;9 1 +36MeV(29%)
1.09MeV(33%), 0.62MeV(8%

y93 2.88MeV

zr’7 1.91MeV

Nbo ! 1.27MeV

Mo?? 1.18MeV(83%), 0.80MeV(3%), O.41MeV(1L%)

ru'103 1015MeV

pa109 1.,02MeV

ag'™ 1.04MeV(91%), 0.80MeV(1%), O.70MeV(8%)

pa'12 0.28MeV

aght? h.1MeV§25%g, 3, 5MeV(LO%), 2.TMeV(20%)
1.0Me V(1 5%

agt?d 2,0MeV

Ag115 2.9MeV

s, 129 1.87MeV

pe 29 1 46MeV(B80%), 1.01MeV(20%)

1131 0.815MeV(1%), 0,61MeV(86%), 0,335MeV(10%),
0.25MeV(3%)

—Dljm




Ba 129 2.38MeV(155), 2.23MeV(66%), 0.82MeV(19%)

Ba“‘"o 1.0MeV(75%), O.uMeV(25%)

1a 1l 2.20MeV210%g, 1.62Mevi1u%; 1»36MeV§30%39
10.15MeV(20%), 0.86MeV(12%), O.42MeV(1L%

Ba'4! 2,8MeV

a1 2,43MeV(95%), 0.9MeV(5%)

ce il3 1ohOMeV€37%g, 1.13MeV€u0%), 0. TUMeV(5%) »
0.50MeV(12%), 0.20MeV(6%).

4.2 Counting Equipment

In the selection of thc typc of counter for use in
determining the fg -activity of the isotopes separated
radiochemically, attention must be given to the following
pointst-

(1) High geometry.

(ii) Long - term stability (due to the fact that
counting from one run may last over a number of
days).

(iii) Low background,

(iv) Ease of operation,

It was decided from these conditions to use a Harwell
QTTF»-proportional counter type 12224 (Mg. 6) in con-
junction with an H.F, head amplifier (type 1008), a main
amplifier (type 1008) and a scaler (type 1009A), The

potential to the anode was supplied from a power unit

~25=
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4.2 Contd.
(type 20C) 2nd the pulses could be monitored on a cathode
ray oscilloscope (type 1000). To eliminate spurious
pulses, a 3-stage decoupling circuit was included in the
E.H.T. supplyo

The counting gas used was industrial methane purified
by passing over a heated platinum gauze (500°C) and then
through an Anhydrone drier. Changes in the gas flow rate
made little difference to the counting efficiency and a
constant rate of about 35 ccs per minute was used. To
reduce the background count, the counter was surrounded by
a lead shield (1.25 inches thick).
L.3 Stability

The counter was found to exhibit good plateau
characteristics, the length of the plateau belng about
300v. Typical values of counts/min. of a source against

anode potential are given in Table 2,

06




TABLE (2)

Anode Potential Counts/min
kV
2,60 6116
2,70 7866
2,80 9321
2,84 9790
2.88 9829
2,92 10011
2.96 10112
3,00 9956
3.04 10046
3,08 10207
3.12 10147
3,20 10606
3.30 11375

Typical values of counts/min. of a phosphorus - 32
source (E max. = 2.3 MeV) against discriminator biss

voltage are given in Table 3.



TABLE (3)

D.B.V. ] Counts/min,

560 4050

105 3716
10,0 3514
12.5 : 3347
15.0 é 3365
20,0 | 326l
25.0 é 3298
30.0 ? 3207
40.0 J 3159
50,0 | 3144

The ’8 =energy of phosphorus - 32 is about the mean
of the energies of the isotopes examined and so a
discriminaté®. bias voltage of 15.0v. and a counting
voltage of 2,96 KV would be selected from the above two
tables,

A number of 41 minute counts were recorded from a
source, The mean count rate was 8384 counts/min. with a
standard deviation of + 92 counts/min. which compared
very well with the theoretical standard deviation of + 91

counts/min. This indicated that the counter was operating

=28




h-os Cﬁntdo

satisfactorily and that no spurious counts were being
recorded,

To test the long - term stability of the counter,
five one minute counts were recorded once a day for five
days. The daily mean values were 410116, 40024, 9970,

10070, 9979 counts/min. The maximum spread was just over

a

]

1%, there was no obvious trend aué the calculated standard

1
[«

deviation (+ 110 counts/min.) was very close to the
theoretical standard deviation (+ 100 counts/min.).

It was, therefore, considered that the long ~ term
stability of the counter was satisfactorye.

L.4 Counter Flushing

One disadvantage of this type of counter was that
as the source was situated within the counting volume,
air was admitted to the counter on replacement of a source
and had to be flushed out with methane. To reduce the
volume of air admitted on changing sources, a cylindrical
block of aluminium (3/46" thick) was inserted into the
spare tray in the counter. A standard procedure was
adopted for rapid source changing. This involved changing
the source (% minute), flushing at about 250 ccs per
minute (1 minute), followed by normal flow (3% minutes);
by this time, the counter had settled down to a steady

count rate. This procedure enabled the large number of

-29-




sources produced after an irradiation to be counted at
such intervals as to enable satisfactory decay curves
to be constructed,

4.5 Counting Corrections

The absolute disinfegration rate of a source is given
by the expressiont-
Disintegration rate = Count rate x E x A x B x S
E is the counter factor.
A is the asbsorption factor.
B is the back - scatter factor,
S is the self - absorption factor.
The counter factor is constant (~2) but the other
factors are dependent on the F -energies of the isotopes
examined,

L.5.,1. Back -~ Scatter and-Self - Absorption Factors

Experimental data are available (25, 26) on the
back - scatter and self - absorption factors for a
number of isotopes examined under similar conditions
of 2'ﬂr counting and the factors for the remainder
were deduced from the same data.

L.5.2. Absorption Factor

To protect the sources during handling and
counting, they were covered with a layer of Sellotape
(one roll was reserved solely for this purpose). It
was not possible to determine the absorption factor

for all isotopes examined by ccunting the sources

~30-




L.5.2, Contd,

before and after covering with Sellotape, since a
number of sources did not decay with a unique half -
life on account of the presence of shorter or longer
lived isotopes or a disequilibrium between parent and
daughter activities. It was decided, therefore, to
determine the absorption coefficient of the Sellotape
and to apply a theoretical calculation to determine
the absorption factor to be applied for each isotope.
This factor would be checked for those isotopes fa
which a practical value could be obtained,.

The relative count rates of an iodine = 131
source covered by various thicknessesof sluminium foil
and a varying number of layers of Sellotape were
determined. It is seen from the results (Fig. 7)
that the equivalent thickness :of ons layer of
Sellotape is 10.26 mg,aluminium/cmzn

The abeorption ofﬁ -radiation may be approxi-
mately represented byc-

I = 1, e M

I transmitted radistions

I0 = incident radiation,

4

, s s 2 :
absorption coefficient (cm®/mg)

I

= absorber thickness (mg/ch).

-3 =




FIG. 7
RELATIVE ABSORPTION CURVE FOx SELLOTAPE AND ALUMINIUM
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L.5.,2. Contd,

If Dy is the absorption half - thickness, this
P

may be rewritten
EQ = e O°D %

I 3

Curie et al (27) have suggested an empirical

.

PSR B S . T Ry P -n b . I - ] [ 3 T Y - P | n -
e ha L Ll b'n.Ly VS LWwWeooell tlaJd )l == (ild ulxuc‘ =1~ I -7 § 18] /3 --(:;uurg,y
of the formi=

2

(B

E max. in MeV; D% in mg/cmz)

Since this equation is applicable to incident
radiation passing almost normally through the
absorber, a correction must be applied for the
la-particles entering the Sellotape through a solid
angle of 2T,

If 9 is the angle of incidence, the fraction

of particlestiﬁerging (P) is given by
fo sin @ o sec® 4

B rksin 9 al

Values of this integral have been tabulated (28)

and are shown graphically in Fig. 8,
Values of absorption factors for varying E max

values were calculated and are shown in Table 4 and
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'E mex | E max1°1h! D% F (28) Absorptio;
MeV mg/ct® | (0.693x10.26) Factor
Dy (4)
0.2 0,160 610 1,440 C.i265 : 7491
0.25 | 0.196 7.84 0.907 0.1706 | 5086
0.3 0.254 10,16 0. 700 0,235 L.26
Ouly 0,352 14,08 0,505 0.324 3,09
0.5 0,454 18.16 0392 0e395 2.53
0e75 | 0.722 . 28,88 0o 2U6 10.522 1.92
1,0 | 1,00 { 40.0 0,178 0,602 | 1066
1.5 1061 % 6L.4 0.110 0,705 % 142
2,0 | 2,21 88,4 0,080 o°f61 1431
3.0 3.50 1140.0 0,051 0.825 | 1021
4.0 4.85 194.0 0.037 0.862 1.16
5.0 6.27 251,0 0,028 0.888 1413

From Fig. 9, the absorption factors are calculated for

1131’

obtained (Table 5).

M099 Sr91

]

and Ba139 for which practical values had been
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TABLE (5)

Iéotope' E max { Proportion F P x ajWeighted |Absorption
(a) , F Factor
131 0,815 0.01 0,550} 0,006/ 0,438 2,28
I 0,610 0,86 0.465] 0,400
0,335 0,10 0.,265] 0,027
0.250 0,03 0.171 1 0,005
99 |1.18 | 0.83 |0.650| 0.539] 0.604 1066
Mo 0.80 | 0.035 |0.540] 0.015
Ool1 '} 0.1k On350 Q.0hLa
12.67 | 0,26 0.810} 0.211| 0,683 1,46
91 293 | 0o o4 0,765 | 0,031
Sr 11036 0,29 [0.,680} 0,197
1109 | 0033 } 0,630} 0,208
1062 0.08 {0,455 | 0,036 ,
139"?2.38 0.15 104790 | 0.119] 0,728 137 |
Ba l 2923 0066 0.780 ¥ 0050’-‘- X
Lo.82 0,19 0.550 t 0,105 R

The experimental values for the fractional transmission

(F) are compared with the calculated values in Table 6.

TABLE (6)
Isotope | Experimental Calculated Calculated
F F Experimental
1131 0.63L 0.438 0,690
Mo99 0,752 0.604 0.802
sp?? 0,823 0.683 0.830
Ba139 0.840 0.728 0.865 ‘

~3l-




4.5.2, Contd.

It is seen in Table 6 that calculation of the
absorption factor does not agree with the experimental
factor and that the lower the energy the larger is the
discrepancy. This may be due to the fact that absorption
of ﬁ ~particles is not strictly exponential and that
the softest particles are less readily absorbed than
theory would suggesto A plot of the calculated values
against the experimental values gives & smooth curve
(one of the points being a hypothetical P:remit:ter with
an absorption factor of unity both calculated and ex-~
perimental)j. From this curve (Fig. 10), it is possible
to correct all the calculated absorption factors to a more
accurate value, The absorption factors for all the
isotopes examined have been calculated and are listed in

Table 7.
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L.6 Eduilibrium Corrections

Corrections for transient and secular eqguilibrium
conditions (section 3) must he applied as follows:-

In the decay chain A the number

—=—3P B =—Pp C
AA A
of atoms of B present at time t is given by

-A b At
A (), B

_ ) (e - e )
B Ap ~Aa

The relative contributions to the disintegration rate

N

by parent and daughter are thus given by

Relative contribution of parent (A - NX)A
Relative contribution of daughter iBS - N_A

BB

for t » 1/AB this equeals XB -XA
xB

The corrections must be applied to the following decay
chains:t=-

zr?7(17.0nr. ) ———> W7 7(72min. )

pa'12(24nr.) — ag’'%(3.4n0r.)

56129 (4 6hr.) ——> Te!29(72min. )

a’49(12.8day) ——> La'*O(4onr,)

Table 8 shows the relative contributions to count

rate,




TABLE (8)

Chain Ay Ap A % from { % from
A - B hr~ nr=1 | TAG A B
zr2 ! - w27 | 0.0407 | 0.578 | 0.928 481 519
Pa''? - ag'?| 0.0330 | 0.204 | 0.837 4545 5o 5
sb'97 - 1129 0,165 | 0.578 | 0.715% | 5243 47.7
Ba’™0 - 151401} 5.00226 | 0.0172 | 0.866 464 53,6
= Only 64% of the Sb129 decays to Te129

becomes 0.E1§ i.ec 1:4919%
O, 64

Since a number of conversion electrons are emitted in the

case of Ba

calculation,

growth curve of Ba
the extrapolated activity and the initial Bas

factor will be used in the calculation of the sbsolute Ba

activitye.

In the case of Ba

140 _ Lamo

, hence 0,715

s 1t is not possible to use the above

Silvester (29) has determined experimentally the

140

139

- 1a140

activity,

and found a factor of 2.60 betwesn
140

This

140

s a correction is necessary due to the

significant half - life of 1ts precursor 03139 (9.5 min. ). The

correction factor is 85 ~ 9.5
5

The weighted correction F (Table 7) for Pd

ioec 00888.

A similar correction

112

is applied to Br .
a 112
- Ag

is

0.455 x 0,160 + 0,545 x 0,808 i.e. 0.513, giving an absorption
factor of 1.4l4.

~40=




5. EXPERIMENTAL DETAILS AND RESULTS

5.1 Procedure

Uranyl nitrate hexahydrate crystals were ground up
in a pestle and mortar, wrapped in an eavelope of filter =
paper and sealed with Sellotape. The exact weight of
uranium to be irradiated was not required to be known, but
the quantity depended on the number of isotopes to be
separated and it was usual to allow about 5g. uranyl nitrate
hexahydrate for each separation. The envelope was attached
to the bottom of the target chamber (Fig. 4) with Sellotape;
the neutron generator was prepared for irrediation and the
irradiation was commenced. The neutron count was recorded
every 5 or 10 minutes according to the length of the
irradiation.

At the end of the irradiation, the sample of uranyl
nitrate was allowed to "cool" for 41=-5 minutes, removed
from the target chamber and dissolved in 0.4M nitric acid
with appropriate carrier solutions to give a solution
containing approximately 250 mg U/ml,

Portions of the solution were removed for radiochemical
separations (Section 3). The final precipitates were
collected in a perspex filter stick (Fig. 11) onto weighed
filter paper discs, which had been washed and dried under
the same conditions as in the separation procedure. The
weighing of the filter paper discs was always carried out

in a glass weighing bottle to avoid pick -~ up of moisture,

-} -
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5.1 Contd.

The fllter paper discs containing the final precipitates
were covered on both sides with Sellotape for ease of
handling and to avoid loss of precipitate. The sources
were counted under standard conditions (Section 4), until
a sufficient number of points on the decay curve had been
obtained to determine the activity of the particular
isotope at the end of irradiastion (Ao)° The decay curves
were good straight lines or could be resolved into good
straight lines with the half - lives agreeing with
published values (24), with the exception of pal®9 _ pa?t2,
This curve (a typical plot is shown in PFig. 12) could not
be resolved in the normal way due to the similarity of

the two half -~ lives (13.5 hrs and 21 hrs).
=Mt -)ét

£t = A1e + 2e

Where At = Totel activity at time t.

A

A1A2 = Activity of species 1, 2 at time t = O,
A A, = Decay constants of species 1, 2.

This equation may be rewritten:-
Ayt

Ate = A1 + Aze
At (A, = At

£ against e will give

'0‘2 - At

A graph of A

an intercept of A1 and a gradient of A2. Resolution

109 _ pgl12

of Pd P

decay curve in this way is shown in

Figc 130
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5.2 Results

A number of preliminary irradiations were carried
out to assess the count rates to be expected from various
isotopes,; the efficiency of the radiochemical separations,
the counting procedures and the approximate fission yields,
These preliminary runs will not, therefore, be discussed,

0
-~ -

nor will thoss w or a variety of reasons were uot

Ak ad ' LJ.i C.I.L
successful,
The details of the successful irradiations are given

in Table 9.
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6. DISCUSSLIUN

The mean relative tission yielos (TablLe L0O) were
plottea agalnst mass number and the curve normalised to
L00% in each peak, In drawing this curve, conplemeuntary
("mirror - 1image') points were pLotted using a value ror
the mean numoer of secondary neutrons per rission (_\-’.) or
4 (c.t. Cuninghame (30), Flerov and Tamanov (3l), Flerov
and Talysin (52) and Biiliand (33) ),. A value ot 3 or 5
would certainly give a poorer t'it especialiy 1n the steeper
parts ot the curve which, slthough they contribute
relstively lLittle to the total ylieid, are very sensitive
to the vatue chosen rorY . A normalising tactor of 4,80
was obtained and the results for the normalised f'ission
yielas are seen in Table 10 ana Fig. 1l4. The sources of
error in f'ission yielda measurements and their significance
are discussed in Appendix III.

Two further points (133 and 135) were ootained by
8iilvester (29) by gas - counting the xenon memoers of the

decay chain and tnese are included,
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7ABLE (i0)

Fission Yield Results

Mass Number Fission Yield Normelised
Relative to Fiassgion Yield
Ba 139 %

83 0,117 + 0,007 0.56 + 0,03

8l 0.235 + 0,006 1243 + 0.03

91 i 0,94 + 0,11 Lol + 0,53

93 | 0.92 + 0,024 Lotz + 0.12
| 97 . 1.18 + 0,07 5.66 + 0.34 |
f 99 | 1034 3 0,07 } 6.43 + 0.3l |
F 105 i OoL11 + 0,027 § 1097  0.13 |
| 109 © 0.248 + 0,031 ; 1,19 + 0415 |
f 111 i 0,238 + 0,024 J 1014 + 0412 g
i 112 % 0.172 + 0.02Y4 | 0,82 £ 0,12 |
? 131 olie2 4+ 0,013 | 0.87 + 0.06 |
% 115 ? 0.138 + 0,021 é 0.66 + 0,10 %
é 129 3 0,240 + 0,003 f 1.15 + 0,01 |
: 131 , 1.0t 30,05 ! 485 + 0,27 ;
139 1 1.00 4,80 .
é 140 % 0,863 + 0,029 % b4e15 + Ooth g
} 143 © 0,747 + 0.150 .é 3.49 £ 0074 |
; 133 ' %1,061 + 0.016 § 6.95 + 0451 %
; 135 | %0,877 & 0,004 5.7% + 042 |

2 Yields relative to Mo99

(%) Since the branching ratio of Ag

113m

was not determined

and no information was available in the literature this
fission yield represents a minimum value,
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Also included in Fig. 14 are the results of

Cuninghame (30) which are in close agreement except for

10?? (5.58 & 0.28), which was the only point in the peak

regions (95 - 105 and 130 = 140). Much of Cuninghame's

results are in the region 140 to 156 and so may be con-

sidered to a large extent as complementary to this worke
The following parameters are deduced from the mass =

yield curve:-

Peek to trough ratio 10
Position of peaks 99 and 136 mass units
Yield at peak 605%

The peak to trough ratio is rather higher than that
deduced by Cuninghame (9.1) though this difference depends
almost entirely on the values obtained from M099.

It is possible that the fission yield values obtained
by Silvester (29) for the two masses 133 and 135 may be
less reliable, but the relative yields depend solely on
the analysis of the decay curve for the xenon sample. It
is reasonable to assume that in a gas -~ counting system
the efficiencies for the two p -emitting nuclides would
be identical and that the relative values are correct;
this constitutes some evidence for fine strucpure ih the

yield curve at this point.



There is ample evidence for similar fine structure
in this region in fission at lower energies (3L). At
14 MeV, Wahl (35) has reported yields of iodine isotopes
from U235 fission; but when corrected by adding a con-
tribution from the direct formation of chain members below
iodine, the total yields do not appear to show any fine
structure in this region., Richter and Coryell {(26), con
the other hand, found evidence for a subsidiary peak, at
mass 133 in the photofission of U238, induced by x-rays
of 9-14 MeV, It is certain that this is a point which will
bear further investigation and it may be observed that
measurements of the xenon members of the chain, although
in some respects more difficult, have the advantage that
the correction needed on account of direct formation of
lower members is much smaller than in the case of iodine.
This correction is especially hazardous in the immediate
neighbourhood of closed shells, as in this case.

It is thought possible that in high energy fission
there is a lessening of the influence of the closed shells
on the actual mode of fission and that this results in a
greater chance of symmetrical fission. If this is the
case, it is possible that the observed fine structure is

due to the emission of delayed neutrons from certain heavy

~56=




fragments after the actual fission event has taken place.
Since no experimental points lie in the region between
mass 99 and 105, it is not possible to confirm whether or
not fine structure is also present in the light peak., 1t
is suggested, however, that examination of the fission
yvields in this region could prove fruitful,

It can be concluded that this work shows that the
2358

mass = yield curve for the fission of U with 14.7 MeV

neutrons follows the general pattern of such curvese



PART II

A NEW METHOD FOR THE DETERMINATION OF THE CROSS SECTION
FOR THE REACTION Al n, FOR 14 MeV NEUTRONS

1. INTRODUCTION

Activation methods for the measurement of nuclear reaction
cross - sections require a knowledge of the absolute flux of
bombarding particles. In the cese of fast neutron induced
reactions, the "good geometry" condition implicit in most
methods of absolute flux measurement is frequently incompatible
with the production of a neutron intensity adequate for the
measurement of the smaller cross - section values. In these
circumstances, it is convenient to make meassurements by
comparison with activities induced in some reference substance
for which the reaction cross - section is already known,
Reactions frequently chosen for this purpose are Al27
(n,c()Nazu and Fed® (n,p)Mn56. The criteria governing the
selection of an element suitable for monitoring 14 MeV neutron
irradiations arei-

(a) induced activity has convenient half - life and

24

radiation characteristics (Na

56

, half = life 15.0 hrs,
P-—energy 1039 MeV; Mn-~, half - 1life 2.58 hrs,
B - energies 2.86 MeV (60%), 1.0l MeV (25%), 0,75 MeV

(155:)e



(b) cross = section values large enough for easy

measurement of induced activity.

(¢) effectively only one induced activity (all others

must be either very short or very long lived).

(d) easy availability of target material in adequate state

of purity.

An essential part of this procedure is the establishment
of an absolutely known cross - section and this work describes
the determination of the 3127 (n,O()Na2h cross = section by a
variation of the associated particle method.

One of the main difficulties of thls technigue, as normally
used with the H}(d,n)l-le)'L reaction is the large discrepancy
between the neutron flux needed to induce readily measurable
activities and the O -particle flux convenient for measurement
by proportional counting or other conventionsl methods. This
is usually resolved by accepting o -particles from only a very
small solid angle, but the overall result is, of course, very
sensitive to the exact basis of measurement of this parameter,
In this work, samples of aluminium are exposed to neutrons from
the D + T reaction and the e ~particles, collected simultaneousl;
from the target over the identical solid angle, are measured
in terms of the volume of helium found on dissolving the

"catcher" foil in which they have been brought to reste




Neutrons, ©{ -particles and He? - particles (from the
D + D reaction which inevitably follows the build - up of
deuterium in the target) are intercepted from the solid target
by a stack of three thin foils. The front foil is very thin
(1.5 mg/cmz) and its function is to stop the less energetic
He3 particles. The more energetic CX.=particles from the D+ T
reaction are brought to rest in the second foil (A7 mg/cmz)
and the third foll 1s subsequently dissolved for the absolute

measurement of the Nazl‘L

induced activity in a liquid counter
previously calibrated against ur countinge

Neutrons and oK -particles entering the same solid angle
cannot be "associated", but at the low bombarding energies used
in this work (Ed ~~120 keV), the differential yield of the
D + T reaction as a function of angle is well known and the
calculation presents little difficulty. Against this slight
disadvantage must be set the fact that the solid angles
subtended by the foils at the target are virtually the same
and the result 1s thus rather insensitive to errors in measur-
ing distances and to movement of the deuteron beam during the
course of the irradiation., Furthermore, since both neutrons
and O -particles are intercepted on the same side of the target,

errors due to lack of precise knowledge of the effective

deuteron energy tend to cancel rather than reinforcee.

~60=



2., IRRADIATION EQUIPMENT

The same neutron generator was used for the irradiations
as that described in Part I, but with a modified target
section (Fig. 15). It consisted of an accurately made support
for the three aluminium foils fixed in position above a raised
target. A shutter, operated by means of magnet, enabled the
beam to be focussed fairly accurately before commencement of
an irradiation. The exact dimensions of the foils relative
to the target were measured. The mean neutron energy was
estimated at 13.5 NeV,

3¢ SEPARATION AND MEASUREMENT OF HELIUM

3.1 The Helium Measuring Avparatus

The separation of helium from other gases and its
subsequent measurement have been the subject of a number
of papers (37, 38, 39, 4O). The present helium apparatus
owes much to the work of Gluckauf in the early 1940's
who in his paper (39) describes the theory, selection of
optimum conditions and design of apparatus for the micro-
analysis of the helium and neon contents of air. Modifi-
cations and refinements have obviously been carried out
over the last 20 years and the apparatus used in these
experiments resulted from a design by Chackett (4LO) with

later modifications by Hall (41).
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Fig 15

D = Deuteron beai

w= Water cooling
S = Shutter

F: Foil stack
T-Tritium target



3.1 Contde

The measuring apparatus was constructed from soda
glass since this is less permeable to atmospheric helium
than Pyrex, the only exceptions being the Pirani gauges
and the vacuum jacket of the palladium furnace used to
remove traces of hydrogen, Care was taken to ensure that
all tap keys were also made from soda glass, since it is
usual for some manufacturers to construct the tap barrel
in soda glass and the key in Pyrex.

The measguring apparatus (Pig. 16) may be divided irto
three sectionss=

(2) Circulating system,

(b) Fractionation column,

(¢) Measuring syetem,

The circulation system (Fig. 17) is required to
remove hydrogen from the gas mixtures (this with helium
and neon are the only gases not completely absorbed onto
charcoal at -195.8°C), The gases for separation, with
oxygen carrier gas, are pumped slowl& round a clgsed
circult over a heated palladium wire to convent hydrogen
to water, which is subsequently removed in'the'iiquid
nitrogen trap. The gases are finally absorbed onto the

charcoal trap cooled in liguid nitrogens
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CIRCULATING SYSTEM
F1G. 17




3.1 Conté.

The fractionation column (Fig. 18) is composed of
a series of fifteen adsorption units eéch consisting of
& bulb containing a quantity of solid adsorbent (charcoal)
connected to a glass bulb of known volume,

If S is the quantity of adsorbent, V is the volume
in contact with the adsorbent and & andp are the
respective adsorption coefficients of thé two gases (iaes
helium and neon) in the adsorbent, then the distribution

factors of the two gases may be written

il
Hl

1 y D 1
1+ & (5/v) 1+ p(s/w

X and F depend only on the temperature, hence

having selected the adsorbent and the lowest convenient
temperature, the efficiency of separation of the two
gases depends solely on the choice of the ratio S/V. For
the best separation (i.e. when a maximum proportion of
one of the substances would have to be transferred to the
other phase in order to produce equal ratios of the two

gases in both phases), a - b should be a maximum, thus

» the solution of which is
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3.1 Contd,

Estimation of the adsorption cocfficients can
therefore give the optimum value of S/V. 1 g. of hard
nut charcoal cooled in liquid nitrogen will take up
10.6c.c. of helium ©S) and 117 c.c. of neon (63) as

measured at 760 mm Hg pressure and 20°C (39)

V:J(«SPS) =j10,6x117 = 35,2 C.Cs

The gas spaces in the apparatus are smeller than
this (approximately 30 c.c.) and the distribution factors
had average values of a = O,74 and b = 0.20. The theory
offers formulae for the caiculation of the optimum
number of adsorption units and the number of fractionation
(operations) required for the best separation of helium
and neon, but it is better to use these values as a guide
and having selected the number of adsorption units, the
number of operations may be determined experimentally
(see section 3.3).

Before starting & separation, the whole -column is
thoroughly degassed by pumping with the charcoal bulbs
held at 25000. The mercury 1s raised in the front and

back portions of the column (Fig. 18) to fill the bulbs

-6l



301 Contd.

(4, - A15) and (c1 - 015)° Gas from the circulating
system 1is transferred onto the charcoal in the first
adsorption bulb (B1) by means of the Toepler pump (T,

Fig. 17). The mercury in the front row of bulbs is lowered
to bring the gas adsorbed on the charcoal in contact with
the first gas buldb (A1). The mercury in the front row

of bulbs is raised, isolating the gas in bulb (A1). The
mercury in the back row of bulbs is lowered and the gas
from bulb (A,) expands into bulb (01) and into contact
with the charcoal in the next bulb (32). Raising the
mercury in the back row of bulbs and subsequent’ - lowering
of the mercury in the front row brings the gas adsorbed
on the charcoal in bulb (Bz) into contact with bulb (Az)o
At the same time, the gas adsorbed on the charcoal in
bulb_(B1), but not desorbed at the first operation now
comes into equilibrium with bulb (A1)° Thus, during
successive adsorption and desorption, a separation is
effected. Raising and lowering of the mercury is carried
out automatically by means of a timing unit and electro-
magnetically operated valves., A4n Edwards vacuum pump
evacuates the mercury reservolr to cause the mercury

in the column to be lowered and a carbon dioxide reservoir

supplies gas at atmospheric pressure to raise the mercury.

65



3.1 Contd.

Carbon dioxide and not air was chosen since this will
contain very little helium, in the event of gas being
entrained in the mercury and entering the column,

The first fifteen operations of the column result
only in the first fraction of helium reaching the last
adsorption bulb, hence no gas should be evolved from the
column during this period. 1In practice, however, a small
amount of gas is collected which is referred to as the
"fifteen operations blank" and is discussed later (section
3.2010)s The helium fractions are collected in the next
twenty one operations (i.e. after 36 operations total see
Section 3.3.), when the column is stopped for helium
measurement,

The measuring system (Fig 19) consists of two Pirani
gauges lmmersed in liquid nitrogen and a large glass
buldb (volume ~~1 litre) in which the gas from the separa-
tion column collects. The gas in this bulb is transferred
to one of the Pirani gauges (Fig. 20) by filling the
bulb with mercury from the reservoir below it. Another
similar gauge continuously pumped forms the fourth arm
of a Wheatstone Bridge network (Fig. 21) and helps to
reduce the dependence of the balance point on casual

fluctuations in operating conditions. Even so 3 - 6 hours
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3.1 Contd.
under liquid nitrogen is required to attain a stable
operating condition,

The Pirani gauges (Fig. 20) are used for measuring
the pressure of the separated helium and neon and consist
of a Pyrex glass tube enclosing a length of nickel tape
(0,003 mm thick x 0.05 mm wide) supported in the shape
of a W on a glass and tungsten frame (41). The nickel
tepe is soldered under a 10 g. tension onto the tungsten
hooks, which are previously copper plated. A piece of
gold foil is placed in the Pirani gauge connection tube
to absorb any mercury vapour and so prevent its attacking
the soldered connections. Charcoal is also included to
adsorb gases released into the system from tap graase.

R

The Pirani bridge circuit (P1, Py, R and R5)

17 72
for measuring the quantity of helium is shown in Figure 21,
R, is a variable resistance which is adjusted to give a
suitable reading on the galvanometer. R7 is varied to
maintain a 1 volt potential difference across the Pirani
gauge tape, the value of which can be checked via the

"1 volt check" terminals. Rg is a variable resistance

in order that the sensitivity of the bridge can be ad-

justed to varying amounts of helium. The secondary bridge
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3.1 Contd,
circuit (R%, Ry, Rz, Ry, Ry and R6) is included to
check for drifting in the circuit (by throwing switch S)
without having to disconnect the Pirani gauges from the
circuite

On introducing gas to the gauge, heat from the
tape is removed and conducted to the glass walls (main-
tained at =195.8°C). The temperature and therefore the
resistance of the tape is hereby reduced., The change in
resistance produces an out of halance condition in the
bridge circuit, observed by a deflection on the galvano-
meter. At low pressures, when the mean free path of the
gas molecules 1s greater than the physical dimensions of
the gauge, the thermal conductivity is proportional to
the pressure. It is, however, prudent to calibrate the
gauge each time it is used with an accurately known
guantity of helium, approximately the same as will
ultimately be measured after separation on the column.

The need for calibration demands a system for intro-=

4

ducing known small (as40 ' ccs) quantities of helium or
neon into the system (Fig. 22). This is supplied by
introducing a guantity of gas from a reservoir into a
calibrated Mcleod gauge, where its volume, pressure and

temperature are measured, This is expanded back into
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3.1 Contd.

the whole of the licLeod gauge and a small portion is

removed in the first gas pipette. The quantity in this

pipette is expanded in the next volume and a portion of
this removed in the second zas pinette. This portion is
transferred via the transfer bulb (Fig. 19) into the
irani gauge. Theu ovverall fuctor is 8.6565 x 10 °,

Having measured the helium by compressing

ot

he gas
into the Pirani gauge, the galvanometer deflection is
also observed when the gas is removed by pumping and a
mean value taken as the true deflectione The neon is now
collected. During the collection of helium, the liquid
nitrogen is removed from around the bulbs on the column
except bulb 1 to facilitate collection of the neon (i.e.
from bulbs 2, 3 and 4 after 25 operations; 5, 6, 7 and 8
after 29; 9, 10, 11 and 12 after 33; 13, 14 and 15 after
36 operations).

The gas is collected until 61 operations of the
column have been completed and the measurement is carried
out in the same manner as for helium, using neon for

calibration of Pirani gauges,



Stability of Pirani Gauges

3.2,1. 15 = Operations Blank

Llthough no gas should be collected after 15 -
operations, a small quantity is invariably found, due
to diffusion through the glass or outgassing even though
a thorough degassing procedure is carried out before
commencing the separetion,

The values of a number of 15 - operations blanks

were collected and are seen in Table 11.

TABLE 11

|

f Galvanometer Mean of each

| Reading pair

I cms

{

.5 O.74 0.57

; 0.40

ii 0.60 0.4 .
[ 0.22
,L 0.57 0.54 jz
!.‘ On51 .
: 0.65 0.45

; 0.25

I

t 0.65 0.68

l: O.?O ; I
| 0.38 !'. 0,40 ;
: 0.42 ! '

i 0,61 ; 0.57

L 0.53

Mean = 0,52 cms (i.e.005x10-9ccs He )

Standard deviation = + 0.10cms (i.e.nv10-9ccs He |
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3.2.2. Standard Deviation of Pirsni Gauge Readings

A volume of helium (~v2x10=7 ces) was introduced
into the measuring system (Fig. 19) and the mercury
in the transfer bulb was alternately raised and lowered.
The galvanometer readings were recorded each time and

are geen in Table 12,

TABLE 12
Galvanometer Mean of each
Readings pair
cm
20;15 ’ 19098
19,80
j 20,50 i 20,18
19.85
20,30 20,33
: 20,35
19.95 20,10 |
] 20,25 _ |
| l i
| 19.80 ; 19,85 |
i 19.90 , :
Mean = 20,09

Standard Deviation = + 0,18 cms
(i.e.~2x10-9 ccs He).

The standard deviation in measuring the pressure
of & sample of helium passed through the column is by
normsl combination of errors + 0,20 cms (i.e.Av2x1O-9ccs

He ).



3.3 Column Calibration

To check the correct operation of the separation column,
a quantity of helium was introduced to the apparatus. The
distribution of helium collected at the end of the column
was measured against the number of column operations. The
results are seen in Figure 23 (curve 1),

This experiment was repeated for neon and the results
are seen in Figure 23 (curve 2). These results agree with
other workers on this separation column (441, 42) and show
that the helium collection should be stopped after 36 operations
at which time 99.3% of the helium has been collected.

3.4 Efficiency Experiments

A number of portions of helium were taken from the second
pipette in the calibration system (Fig. 22). Alternate
portions were measured directly in the Pirani gauges and measu-
red after being passed through the separation column. The
latter portions were removed quantitatively from the cali-
bration system in bulb D (Fig. 24) in the gas transfer system
by means of the Toepler pump and connected on to the ges
sample tube in the circulating system (Fig. 17), Due to the
length of time required for this experiment, only 3 or 4

portions could be taken in one run and three runs were therefore
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3.4 Contd.
carried out (Table 13).

Volume of pipette (2)

3.28 cese

Volume of bulb etc,

166038 CCSoe

Hence Volume minus pipette 163.10 ceso

Hence percentage difference between successive portions

= 163010 x 100
166,38

i.e, 9800%

TABLE 13
Portion Deflection Deflection }? Normalised Percent
Number Direct thro' column | Recovery
(cms) (cms) i
1 - 34,28 é 33.59 9501
2 35-12 bnd { 35.12 find
3 - 32,71 ' 33.38 AU.5
4 3h.14 - + 35.53 -
1 | - 27.4L | 26,60 95
2 . 28416 - 28,16 -
3 : - | 26,34 | 26,88 95.5
' 1 i - i 22,39 { 24,52 95,2
o2 b - . 21,88 AR 9it.8
3 1 22,61 1 - 22,61 -

Mean is 94.9%
The efficiency of recovery of helium on passing through

the separation column is 94.9 + 0.16%.
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DISSOLUTION OF FOILS

4.1 Dissolver

The apparatus for the dissolution of the irradiated
aluminium foils (Fig. 25) consists of a 500 ml flask
containing an aqueous solution of potassium cupric
chloride; this solvent was selected to reduce the
quantity of hydrogen produced on dissolution. The
aluminium foil is placed in the closed tube inserted
into the side = arm of the flask; rotation of the tuhe
allows the foil %o fall into the solvent. A dip - tube
is used to bubble purified oxygen into the solution to
purge out air prior to dissolving and to remove all
the helium after dissolving. The helium is flushed
through the apparatus into the circulating system (Fig.
17) via a mercury non - return bubbler and the helium
is measured as described in section 3.1,

4,2 Purification of oxygen

The quantity of helium expected in the aluminium
catcher foil is approximately 10"7 ces and the qguantity
of oxygen used to sweep the gases out of the dissolver
is approximately 300 ccs. . The helium impurity content
in the oxygen must therefore be considerably less than

3 x 10-& P.DoMo

-t
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L.2 Contd.

Electrolytic oxygen was selected as the source of
gas, since this was considered the type of commercial
oxygen most likely to be free from helium, Oxygen from
the cylinder was passéd via a reducing valve into the

oxygen purification system (441) (PFig. 26). The apparatus

W

4t~
Cm vl

was pumped doym and the still wes i

[0]

clated fr
collection bulb and the gas entry point by closing a tap.

A Dewar flask of liqguid nitrogen was placed round the
collection bulb and oxygen gas was bupbled'through the
mercury in the gas entry point and into the apparatus. The
oxygen flow was kept Jjust greater than the rate of con-
densation so that the excess oxygen bubbled through the
mercury to atmosphere and so prevented any possible

ingress of air into the apparatus. This was continued
until the collection bulb was about three quarters full

of liquid oxygen. At this point, the vapour pressure of
the liquified gas in the collection bulb was about L5 cms
of mercury due to various impurities. An initial puri-
fication was performed by pumping out the gas in the free
space until the vapour pressure was reduced to approxi-
mately 15 cms of mercury (vapour pressure of oxygen at

-195,8°C is 15.2 cms of mercury).
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L.,2 Contd.

The oxygean was transferred to the distillation
apparatus by surrounding it with ligquid nitrogen and
removing the liguid nitrogen from around the collection
bulb, The oxygen condensed in the condenser portion and
ran down the Dixon packing fractionation column into the
flask, gradually cooling it until all the oxygen had
collected in the flask. The heating coil was switched on
and fractionation was carried out for approximately 10
hours during which time about one third of the oxygen was
lost to the pumping system through the mercury bubbler.
The oxygen was returned to the collection bulb and stored
under liguid nitrogen,

T he helium content of the oxygen was determined in
an apparatus designed by Hall (L1) for the determination of
helium in beryllium metal (Fig. 27). Hydrogen produced
by dissolving magnesium metal in dilute sulphuric acid
was burned with oxygen from the liquid oxygen supply and
after condensation of the water produced, the evolved
gases were passed into the helium apparatus for helium
content measurement, This velue represented a maximum
since the helium content of the magnesium was unknown,
tl:ough it had been previously purified by vacuum sub-
limation (the maghesium was supplied by Magnesium Elektron

Ltd. ).
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L.2 Contdo

A piece of magnesium (approximately 9g) was degreased
in carbon tetrachloride, washed in acetone and water and
finally cleaned by immersion in 2M sulphuric acid for a
short time followed by washing with water and drying. The
magnesium was weighed and fixed into the platinum cage;
1000 mls of 1.5M sulphuric acid were poured into the
dissolver. The air was removed from the dissolver and the
sulphuric acid solution by flushing with oxygen and
pumping. The effectiveness of the flushing was checked
by bubbling approximately 100 ccs of oxygen through the
golution and measuring the helium content in the helium
apparatus. The helium content was found to be less than
10'8 ccae

The dissolver was finelly flushed out with oxygen
and the oxygen -~ hydrogen burner was degassed by switching
it on for 30 minutes followed by a further flushing out.
The cooling vessel was filled with water and ice added.
Ice was also added throughout the dissolving to keep the
temperature of the solvent well below 60°C, at which
temperature the vapour pressurc of water approaches that
of liquid oxygen at liquid nitrogen temperature and would
prevent oxygen entering the dissolver. The burner was
switched on -and the tap from the oxygen collection bulb

opened. The dissolving was commenced-by lowering the
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4.2 GContd.

magnesium into the sulphuric acid by moving the iron

bar up the long side ~ arm with a magnet. The hydrogen
evolved was burned with oxygen. Care was taken that the
pressure in the dissolver never exceeded the vapour
bregssure of liquid oxygen at liguid nitrogen temperature
i.e. there was always an excess of oxygen present,

When dissolving was complete, the evolved gases were
passed intc the helium apparatus via a liquid nitrogen
trap. Three flushings with oxygen were carried out to
ensure the last traces of gas were transferred to the
helium apparatus and the helium content determined.

The experiment was repeated and the results are seen

in Table 14.

TABLE 14
Run Number A 2
Weight of Magnesium 8.9¢g 9.4g
Volume of H, evolved 8.2 litres 8,8 litres
Volume of O, used L.1 litres L.4 litres
Volume of He measured ~<h¢6x10-80cs <h.2x10—8008
He content of O, <1.1x10-5p.p.m. <ﬂ.0x10-5p.p.mo%

This content represents not greater than 3% of the
helium expected in the aluminium foils and was considered

satisfactory.
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L.3 Determination of Helium content of the Foils

The aluminium foil was measured, weighed and placed
in the dissolver (section L4.1). Air was removed from the
dissolver and the potassium cupric chloride solution by
flushing with oxygen and pumping, The effectiveness
of the flushing was checked as in section 4.2. The helium
content of 100 cecs oxygen flush was found to be less than
1078 ces.

The tube containing the foil was rotated allowing
the foil to fall into the solution and dissolve. The
evolved gases were flushed out with oxygen (3 times) into
the hclium spparatus via a mercury bubbler non - return
valve. The hydrogen was removed in the circulating system
and the helium content was determined.

Three determinations were carried out on unirradiated
foils and two on irradiated foils (the aluminium foil
used was from the same source)s The results are shown

in Table 15,
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TABLE 15

Run Number ) Blank 1 |Blank 2 | Blank 3
Volume of Helium (ccs) 3,15x10=8 q3°28x10-8 . 3.581':10"'8
Mean Helium Blank : ‘3.3ux10-8f(30.12x10-8)
Run Nnmber : Irvadiation 1 Irradiation 2——
Wt. of Foil 96.76 mg o9L.71 mg
Volume of Helium (ccs) 6033x10-8 9099x10-8
Volume of Helium less blank 2099x10=8 6.653{10-8
Percentage recovery of Helium 94.9% 94, 9%
Net Vol., of Helium (ccs) 3.15x10™0 7.01x1078

L.h Nazu Counting

This part of the work was carried out by J.H.Davies
(43) and is therefore described only briefly,

After allowing about 90 minutes for Mg2! (t; 9.5 mins
to decay, the aluminium foil was dissolved in 5M hydro-
chloric acid containing a little sodium carrier. The
solution was diluted to 12 mls and 10 mls removed for
counting in a liquid counter, which had been calibrated

24

previously for Na by ufTT counting. Count rates were

recorded until sufficient results were available to

accurately extrapolate the decay curve back to the time
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at the end of the irradiation. The count rate at the
end of the irradiation was corrected for variations in
the neutron yield during the course of the irradiation
(see Part I, Section 1). The number of atoms of Nazu
produced during the irradiation was calculated. The
results were 1.87 x 1077 atoms (irradiation 1) and

atung {(irradiution 2).

5. RESULTS AND DISCUSSION

The formula for calculation of cross - section values

was applied to the results of the two irradiations as followss:-=

2L

o - Number of Na atoms produced

Number of Al atoms/cm2 X Number of He atoms produced

It was, however, necessary to apply two correctionssz=
(i) for the mean neutron path length 1 through the
activation foll of thickness d.
(i1i) for the slight difference between the neutron and
X -particle distributions in the laboratory co-
ordinate systems
The former correction is a function of effective deuteron
energy, which will depend on the target thickness, the distri-
bution of tritium within the target and the extent of build up
of any surface layer., The D + T reaction has a prominant

resonance (48) at about 110 keV deuteron energy and from the
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data of Gunnerson and James (44), it was estimated that this
energy would be reached by the deuterons after passing through
about one half of the target thickness. A value for 1/d of
1,217 was calculated, assuming this value for the deuteron
energy. The value of i/d is rather insensitive to the deuteror
energy, changing about 0,0001 per keV,

The iatter correction was simple since the distribution
of neutrons and c‘-particles is known to be 1sotropic about
the centre of mass co-ordinate system at the deuteron energy
employed (45, 46, L47) and a value of %ﬂ of 0.8778 was
calculated. This is also energy dependent and changes by
about 0.,13% per keV,

The values for the cross - section thus obtained were
114.2 and 1413.2 mb,

The greatest error in these experiments was the magnitude
of the helium found in the blank runs. It had been shown
previously that there was a substantial increase in the 15 =
operations blank and that the helium determined did not arise
from the aluminium. The cause of the high blanks was assumed
to be due to a certain permeability produced in the fractionat-
ing column by devitrification of the soda glass, since this
column had been in use for many years. Some confidence was
however, restored by the reproducibility of the helium blanks

(Table 15).
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The principal errors in this work were:-
(1) the estimaﬁion of the helium blank.
(1i) the determination of helium produced during the
irradiation.
(iii) the lack of knowledge of the effective dueteron

ener ciicrgy of + 20 keV

~xr { o e
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ULSror
represents a variation in the cross - section value

of 3.5%).

Other possible sources of error, which were in-
significant compared with the asbove, are however worthy
of inclusion:-

(i) the extrapolation of the I\Ia2)'L decay curve,
(ii) back - scatter of’Cieparticles from the target
material.
(1i1) helium from the Al (n,0o{) reaction.
(iv) contamination of the catcher foil with He3 from
tritium decay,
The total errors were estimated at + 3.9% to give a
value for the cross - section of the Al(n,oL) reaction for
13.5 MeV neutrons of 113.7 + 10.1 mb. Recent experiments on

the crosg -~ section for this reaction have been carried out

by a number of workers and their results are shown in Table 16,
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TABLE 16

% Neutron Cross ~ Section E Reference
) Energy mb
' MeV
14.8 92 + 15 L9 i
_ 1l 116 + 8 5C ?
5 13.0 139 1 51 ?
148 ’ 114+ 7 52
13.85 95 :‘19 53
14,76 117.0 Skt
13.5 : 13046 + 6.5 55
13.8 | 129 & 12 56 3
13.5 118.1 + 6.0 57

It is seen that there is considerable variation in the
reported results and that the value obtained in this work lies
in the middle of the range; it agrees very well with more
accurate results obtained later by the same method (57). 1t is,
therefore, concluded that this method of determining the cross:
section for the Al (n,C{) reaction enables many of the errors

apparent in other methods to be considerably reduced,
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APPENDIX I

The decay chains for the fission products expected
to be produced from the 14 MeV neutron fission of
natural uranium (24).

[

72, Zn(lohr,) ————3 Ga(14.3hr.) —3 Ge(s)
730 Ge(5.0hr, ) =———3 Ge(s)
Tho Ga(7.8min, ) ———3 Ge(s)

75a Ga(2min,) ————3 Ge(82min.) ——P As(s)
760 Ge(s)
77 Ge(Shsec, )

Ge(1103hr.) As(38.7hr,) =—> Se(s)

78, Ge(2.1hr.) —y» As(91min.) ——> Se(s)

79 As(9.0min,) =——Pp Sé(3.9min.) —% Se(6.5x10yr. )
Br(s)

80, As(15.3sec, ) ——> Se(s)

81. As(33sec.) =————> Se(56.8min,) —> ie(18.2min.)

Br(s)
82, Se(s)
83, Se(70sec.) ———=y Bp(2.3hr.) ——>P Kr(q4ihmin,)
d <10% J
Se (25mir, ) Kr(s)
8L, Se(3.3min.) ——3 Br(31.8min.) — Xr(s)
85, As(O.L4sec,) ———>» Se(l4Osec,) —> Br(3.0min,)
Kr(10.3yr.) €—=23%_
Ro(e) g Jge - S —==Kr(k.36hr.)
86. Kr(s)
87. Se(17sec, ) s=————3> Br(55.6sec.) —Pp %E(?;Smino)
Rb(s)

-89



88,

89.

90.

91

92,

93,

Si.

95

96,
97,

98,

Br(15.5sec. ) —>
Br(4.5sec.,) —
Br(4.4sec.) —>

zr(s) &E&———
Kr(9.8sec,) —

Kr‘(2°77h,r..) = Rb(17.8min. )
Sér(s)
Kr(3.2min. ) = Rb(15.4min. )
Y(s) — §l{~(5o,5d)
Kr(33sec.) =——> Rb(2.7min.)
Y(6lL.5hr. ) | —— 5Sr(27.7yr.)
Rb(14min,) ——>_Sr(9.7hr.)

\Rb(100

zr(s) -~
Kr(3.0sec.) —>

Kr(2.0sec,) —>
Nb(s) & ———————
Kr(1.4sec ) =D

Kr(short) —»
Nb(90hr,) &—
Nb(35d)

Mo(s)

Zr(s)

Kr(iseco) =P

Nb{(60sec, ) €&—
Nb( 72min, )

Mo (e)

Zr(1min,) ———»

o) |
v(574) &= v(50,3min. )

Rb(5.3secse) =3 Sr(2.7hr.)
Zzr(s) & ———— V(3.5hr,)
Rb(5.6secs) — Sr(7.5min, )

Zr(1°1x106

yr.) = Y(10,0hr. )
Rb(2.9sec. ) = Sr(1.3min. )
Zr(s) &——— Y(16.5min.)
Rb(2.5sec. ) —® Sr(l4Osec.)

zr(65d) & Y(10,5min,)

Rb(short) ——> Sr(short)
Zr(417.0hr.) €— Y(short)

Nb(51.5min, ) = Mo(s)
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99.

1C0,

1014

102.

1030

104,

105,

106,

107,

108,
109,

110,

111

112,

Zr(30sec, ) == ib(2.4min, ) ——> Mo (67.0hr,)
Ru(s) €————— Tc(2x105yr.) e 1\‘5(6.0hro)
Nb(3.0min, ) ———Yilo(s)

Nb(4.0min, ) ——> Mo(14.6min, ) ~———> Tc(14.Omin. )

Ru(s)

Mo(11.5min, ) ——> Tc(keimin. ) 7 Ru(s)
\TC(SSGC. )

Te{ 4. 2mife ) =———3> Ru{403) —e—=23 Rh{57min.)

Tc(18min, ) ——» Ru(s)

 Mo(¢2min, ) —> Tc(10min, ) ————> Ru(4.Shr,)

Pd(s) <€——Rh(36.5nr.) € Rh(L5sec.)
Ru(41.0yre) ——> Rh(2.2hr,) —>_ Pd(s)
\\) Rh(30sec. ) /
Te (1. 5min,. ) —> Ru(4.8min, ) =———> Rh(24min, )
Ag(s) <= ig(lli.3sec,) &— Pd(7x106yr.)
Ruf~4min. ) ——> Rh(18sec,) =———> Pd(s)
Rh(30sec, ) ——> Pd(4.7min,) =———py Fd(13.5hr.)
Ag(s) & 4g(bl.3sec. )
Rh(v3sec, ) ——> Pd(s)
Pd(22min, ) ——> Ag(7hsecs)
Ca(s) 4——— Ca(L8.6min,)—=> Ag(7.5d)
Pd(21hr, ) ——3 Ag(3.4hr,) —> Cd(s)
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113, Pd(1.4min. ) ——> Ag(1.2min. ) =——> A,(5.3hr.)
Ca(s) &——— 515(5 1yrs)

mainly
In(s) €———— In(104min,)
114, Pd(2.4min, ) ——> Ag(5sec.) —> Cd(s)
115, Pd(45sec.) =——3 Ag(21.1min.)
LERL 9%
Cda(53hr. ) ca(L3a)

| =< e
In(L. 580, ) -79 In(6x10 4yr. )

Lon =

Sn(s)

— - 1716, ~— Ag(2.5min. ) =P Cd(s)
117, Ag(1.1min, ) =——3 Ca(3.0hr, )
' Cd(50m1n.)

In(1.1hr, n(1 9hr. )

3%
sn(m.oa) b

Sn(s)
118, Cd(50min, ) > In(5.5sec.) —> Sn(s)

119,  CA(10min, ) ———3, In(17.5min. ) =——p Sp(s)
ca(z.M'

120, In(55sec. ) % Sn(s)

121, Sn(27.5hr. ) Sh(s)
sn(>5 yr. )

122, sn(s)

123, Sn(41min, ) =——P.5b(s)

Sn(125d)/
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124, Sn(s)
125. 8n(9.5min, ) ——p 5p(2:6yre) — 3 Te(584)
4
sn(9.44) 7 Te(s)
1260 Sn(105yr.) ——3 Sp(18.8mine) ey Te(s)
Sb(11d) -
127, sn(2.6hr, ) ——-—)Sb(jfjhr.) %) Te(9.4hr. )
16% g
Te(105d{ l
3 1(s)
128, Sn(57mine ) ———3 8b(9.6hre) — - Te(s)
\ Sp(19. Tmin, ) /
129,  Sb(L.6hr,) —t4% 3 Te(72mine) ——y Zi(1o6x197yro)
S Te (334) Xe(s)
130, - Sn(2.6min,) ——3 SbH(7.1min,) ——) Te(s)
1314 sn(3.4min.) ——35p(23.1min. ) — —»Te(2ks8min. )
. o
2
Te (30hr. ) ,
. {
78z I(8.44)
Xe (12d) AP 99%
+
\ Xe(s)
132,

sn(2.2min. ) ——2u, Sb(2.1mins ) ——-}5e(77o7hr.)
Xe(s) &————— 1I(2.26hr.)



133,

134,

1350

136,

137,

138

139

140,

101,

142,

Sy (4.4min, ) =——— ‘T(GBmiﬂI(ZO.Bhro )
13%

Te(2mino') ) 20’4%

Cs(s) € Xe(5.34d) 4——;&2,3@)

Sb(0.8min, ) =—y Te(4Ymin, ) = I(52, 5min, )
Xe(s)

Te(€2min, ) ———> I(6.7hrs) —22%—3 Xe(45.6min. )
0%
~ Xe(9.13n7.)

C6(2.0x10%r, ) —3Ba(s)
I(83sec,) ———p Xe(s)

I(22sec.) ==-—=-=-) Xe(3.9min, ) ——=3Cs(30yr.)
Ba(s) <& ——— Ba(2.6min.)
I(6sec,) ——b Xe(17min.,) =P Cs(32.2min.)
) Ba(s)
I(2.7sec, ) ——> Xe(41seco) ——> Cs(9°5miﬁo)
La(s) <&———— Ba(85min.)
Xe(16seco, ) ———>» Cs(b66sec,) —— Ba(12.84)
Ce(s) €————— La(L4O.2hr,)
Xe(41o.7secy) === Cs(short) —> Ba(18min.)
Pr(s) &———— Ce(32.5d) < ZLa(3.9hr.)
Cs(~imin,) ——> Ba(11min.,) ——>» La(92min.)
e(s)
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U3,

b0

145,
146,
147,

148,

149,
150,
151,

152,
1534
15
1554
156.
157
158.

159
160,

164,

Xe(1.0sec, ) =9 Cs(short) ———y
Pr(13.84) 4—— 0Ce(33hr.) &———
Nd(s)

Xe(1secs) e————» OUs(short) —————p
Pr(17.3min, ) €—— Ce(284d) &—
Nd(s)

Ce(3.0min,) ——> Pr(5.9hr,) —>
Ce(13.9min, ) =—» Pr(24.4min, ) ——
Ce(1.2min, ) —» Pr(12min,) ——p
Pr(2min. ) —3 Nd(s)
Nd(1.8hr.) ——> Pm(53hr.) —_—
Nd(s)

Nd(412min.) ~—3% Pm(28.4hr,) —>

Pr(6min. ) —> Sn(s)

Sm(47a1hre) —> Eyu(s)

Pr(2.5min, ) = Sp(s)

Sm(23.5min. ) =2 Eu(1.7yr.) ——>
Sm(9+1hr.) ——> Eu(15.4d) —>
Sm(30sece) —P Eu(415.4hr.) —>
Eu(60min.) =—> gd(s)

Eu(20min,) ——»Gd(18.5hr.) —>
Ga(s)

@d(3.6min,) —% Th(7.24) —

-9 5~

Ba(13sec.)
La(14min. )

Ba(short)
La(short)

Nd(s)
Nd(s)
Na(11.44d)
Pm(2.6Lyr. )

Sm(s)

Sm(93yr.)

Bu(s)

Gd(s)
Gd(s)
ad(s)

T™o(s)

Dy(s)



APPENDIX IT

The radiochemical separations carried out by the

author are described in further detailo.

Silver (8)

The irradiated uranyl nitrate solution is warmed on
& water - bath and 5 mls of 2M hydrochloric acid are added.
The solution is centrifuged and the supernate collected for

barium and strontium determinations. The precipitate is

washed twice with water and dissolved in 1 ml. of con-

centrated ammonia solution. The solution is diluted to Hmls.
with water and two ferric hydroxide scavenges are carried
out. Hydrogen sulphide gas is passed through the solution
and the silver sulphide is centrifuged down and washed
twice with water, The precipitate is dissolved in 2 mls
of concentrated nitric acid and boiled to remove any
sulphur, which may have been precipitated with the sulphide,
The solution is diluted to 10 mls. with water, 5 mls. of
2M hydrochloric acid added and the solution warmed on a
water - bathe The silver chloride is filtered onto a tared
filter - paper, washed with O.5M hydrochloric acid, water,
alochol and ether, dried in a vacuum desiccator and welghed.
The carrier solution is prepared by dissolving an
accurately weighed amount of silver nitrate (1.520g) in

Oe¢1M nitric acid and diluting to 100 mls. The concentration
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of the carrier solution is 9.65 mg Ag/ml,
Strontium (10)

The supernate from the barium separation (section 3.2)
is almost 11M in h&drochloric acid and of large volume
( 30 mls.). This solution is evaporated to small bulk with
nitric acid to remove the hydrochloric acid. The solution
is cooled and transferred to an ice-bath. 25 mls. of fuming
nitric acid are added and the solution allowed to stand
for % hour., The precipitated strontium nitrate is cen-

trifuged down, dissolved in water and the solution made

alkaline by the addltlon of a few drops of concentrated

ammonia solution. Two ferric hydroxide scavenges are
carried out and the solution again reduced to small bulk,
cooled in an ice -~ bath and 25 mls of fuming nitric acid
added. The solution is allowed to stand for % hour and
the precipitated strontium nitrate centrifuged down. The
precipitate is dissolved in the minimum quantity of water,
made just alkaline with ammonia solution and 5 mls of
saturated oxalic acid solution added. The strontium
oxalate is filtered onto a tared filter - paper, washed
with water, alcohol and ether, dried in a vacuum desiccator
and weighed.

The strontium carrier solution is an aqueous solution

of strontium nitrate standardised by oxalate precipitation
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and ignition to oxide. The concentration of the strontium
carrier solution is 9.55 mg/ml.

Molybdenum (11)

The solution of irradiated uranyl nitrate is treated
with 4 ml of saturated oxalic acid solution and 5 mls of

o -benzoin oxime solution (27 in ethyl alcohol). The solution

.
4
e

n

allcwzd to octand for 2 mimutes, Lhe preuipliate cegtrifuged
down and washed twice with water. The precipitate is boiled

with 2 mls of concentrated nitric acid and 4 ml of concentrated

perchloric acid to destroy the O{-benzoin oxime, the solution
is allowed to cool and made alkaline by the addition of
ammonia solution. Two ferric hydroxide scavenges are carried
out and the O -benzoin oxime complex is agsain precipitated

by acidifying the solution to approximately 1M in nitrié acid
and adding 5 mls of o{ ~benzoin oxime solution, The precipitate
is centrifuged down, washed twice with water and dissolved by
boiling with 2 mls of concentrated nitric acid and 1 ml of
concentrated perchloric acid. The solution is made neutral by
the addition of ammonium hydroxide and then acidified with a
few drops of 2N sulphuric acid. 5 mls of 2M ammonium acetate
solution are added, the solution heated to boiling and 5 mls

of oxime solution (5% in 10% acetic acid) added. The precipit~
ate is filtered onto a tared filter paper, washed with hot

water, alcohol and ether and sucked dry. The precipitate is
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allowed to dry in a vacuum desiccator and weighed as
M°02(C6H6ON)2“

The molybdenum carrier solution (concentration 24.3 mg
Mo/ml) is an accurate solution of molybdenum trioxide in 6M
ammonium hydroxide, diluted to 100 mls with water.

Ruthenium (413)

The solution of irradiated uranyl nitrate is added to
the distillation flask together with 1g sodium bismuthate,

1ml of phosphoric acid, and 410 mls of concentrated perchloric

acid. The flask ié heated éﬁd after distillation of the excess
water, ruthenium tetroxide distills over and is collected in
the receiver, which contains 10 mls of 6M sodium hydroxide
solution. The ruthenate solution is transferred to a
centrifuge tube, 3 mls of ethyl alcohol added and the solution
heated on a water bath. Ruthenium oxide is precipitated,
centrifuged down and washed twice with 2M sodium hydroxide
gsolution. The oxide is dissolved in 2 mls of 6M hydrochloric
acid and diluted to 10 mls with water. Excess (0.2g) of
aluminium powder is added to the solution to precipitate
ruthenium metal and 5 mls of 2M hydrochloric acid is added to
dissolve any residual aluminium powder., The ruthenium metal
is filtered onto a tared filter - paper, washed with 2M hydro-
chloric acid, water, alcohol and ether, dried in a vacuum
desiccator and weighed., The ruthenium metal contains a small,

but constant, amount of oxide and is 94.3% ruthenium,
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The ruthenium carrier solution is prepared by dissolving
an accurately weighed amount of ruthenium chloride (2.049g)
in O.1M hydrochloric acid and diluting the solution to 100 mls
with water., The concentration of the carrier solution is
10,01 mg Ru/ml,
Palladium (416)

1 ml of 2M hydrochloric acid and 5 mls of dimethyl
glyoxime solution (1< in alcohol) are added to the solution
of irradiated uranyl nitrate. The solution is allowed to

stand for 5 minutes and centrifuged; the preclpitate is washed

twice with water and dissolved by boiling with 1 ml of con-
centrated nitric acid. The solution is made alkaline with
ammonia solution and two ferric hydroxide and two silver

lodide scavenges are cérried out. The solution is made O.4M
with respect to hydrochloric acid and the excess silver
separated off as silver chloride by centrifuging. The super-—
nate is treated with 5 mls of dimethyl glyoxime solution.

The precipitate is filtered onto a tared filter -~ paper, washed
with water, alcohol and ether, dried in a vacuum desliccator

and weighed.

The palladium carrier solution is prepared by dissolving
palladium chloride (approximately 103g) in 0,1M hydrochloric
acid and diluting to 400 mls. The solution is standardised
by dimethyl glyoxime precipitation; the concentration 1is

8,08 mng Pd/mlo
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Cerium (21)

The solution of irradiated uranyl nitrate is boiled in
a beaker with 5 mls of concentrated nitric acid and 2g'sodium
nitrate; 0.5g sodium bismuthate are added gradually. The
solution is cooled and cerium extracted in 10 mls of tributyl
phosphate. The solvent layer is separated and treated with
a mixture of 5 mls of 2M nitric acid and 5 mls of hydroxyl-
amine hydrochloride solution (6% in water). The cerium is
precipitated as hydroxide with ammonia solution, washed twice

—with—watery;—4issolved -in 4+-—ml—of 2M hydrochloriceacid-and—

finally precipitated by addition of 15 mls of saturated oxalic
acid solution. The precipitate is filtered oﬁto a tared
filter - paper, washed with a minimum of water, and acetone,
dried in vacuum desiccator and weighed,

The cerium carrier solution is an aqueous solution of
cerium nitrate, standardised by oxalate precipitation and
ignition to oxide. The concentration of the carrier solution

is Ll-092 mg/mlo
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APPENDIA IIT
Discugsiun of gources Of error ain
measurcments and tieir significsnce.
The errors cuoted in Table LO (page b4) are the
stanaara deviations of the determinations for any particular
t'ission yield eand therefore give no indication of the

nvarslil errors, Qinrne mnst of the errorg ariein

]

in thic
work are likely to be assoclated with the estimation of the

fission yield rrom Ag, it 1s vertinent to discuss the erltect

ot these errors., The prood le sources of error arei-—

(i) 1leex of interchange between carrier and tracer.
This 1s unlikely i1n cases wnere the chemistry
is unambiguous ana when 1t camn possibly occur,
oxidation - reduction reactiong have been carried
out to eusure compiete interchange (e.g. in the
promine and l1odine separations).

(1i) absorption of water onto, or inconplete remov d
of water from, the separated precipitates,
Although precaqtions were taken to avoid this,
it could cause an overestimate in the chemic al
yield giving a low fission yield resuit. It
would be expectea to affect the standard deviation

as well as the overall error, since the water
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(11)

(ii1i)

content would almost certainly be variabie, and
the retatively small standard deviations suggest
that this is not a large ettect,

lack of accurate xnowledge of the haif - LlLives,
This afiects alli three tactors in the fission
yiela catcutation., (See page 8). The error in
the extrapolation of the decay curve wili depend
on the extent of the extrapoiation, but an

increase of 10% in the half - Life resutt s in a

simitar decrease in the Ao value tor an extra-
polation over one hali - lite, so that the
art'ference in Ap X t% 1s very smail. The error
in the calculation of the summation E: tor a
10% error in half - lir'e 1s less than one or two
percent, hence, provided the extrapoiation is
over about one half -~ lLite, errors of LO% in the
value of the hait - Lite can be accoumovdated
without mueh efrect on the fission yield calcul-
ation. In tact, uncertainties of as much as 1F
in the hait - Lives concerned are extremely

inprobable,
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(v)

rather poor agreement between tneory and
experiment o1 the 8Belilovtape apbsorption factor
(see Section 4,5,3), The possible error in the
apsorption factor will pecome greater, the more
the ractor deviates rrom unity ana i1s thus
grcatest rer tho
energy. 1t i1s estimated that Ior those isotopes
witn an absorption ractor of iess thag 1,3, the
error 18 untlkely t0 ve more than 5%,

lack of accurate Knowliedge of the energetics of
the radioactive aecays. This 18 linkea with the
previous possipoie source of eriur iun that the
exact decay Schnemes anu thne euergies ol uvhe /3 -
particies are Less accuravtely Kuowa IOr taese
SNOry — i1ived rissiva prouuctsS. Generally, the
shorter - lived products nave the highnest
energies, and the correctiovii ractor (and its lack
of precision) are correspouuingly sumall, The
possivie preseunce of couversion eiectrous 1s one
compiication, put since most of these are of low
energy ana will be absorveda 1n the Seliotape

covering, they may pe ignored. 1In the case of
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(v)

(vi)

Contd,
Bal4o - bal4o, wnere the energy of the couversion
electrouns is higher,; the correction factor has
peen determued in a separate experiment {(page 40),
errors in ignoring the indeveuaent yielas of

later mempers ot the decay cnain. An examinatloi
or the problem using Glendenin andad Coryelli's

theory ot ecual charge aistrioution (58) shows

e . o L4
that—the morst—Iikety sources ol —error are arg
and Sblzg ana these will ve examined 11 greater
detail.

The enuation tor the most provanle charge (Zp) is

f
Zp = Zp - Zp + 2y - 2t
2

where Z4A ana ZA’ are the most stabple cnarges

of the rission rragmeants and Zf is the charge of
the tissioning isotope,

Using Glendenin ana Coryell's continuous Zp values,
whicn ao not take 1nto accouut the cLosea shell

errects, cumiative yields of greater than 99, 0%
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€ e1rg
are found ror Sblag and ftor ng(, assuming a \Y,
ot 4 (the vaiue used in piotting the mirror points
in Fig, 14)s A Y of 3 will increase the

cumiiative yielas ana a V of b gives 99, 5% and

98, 0% for the cuwmlative yieias of Sblzg and ngq.

Using the Zp values of Pappas (59) who taxes

account of the closed shell efitect, cumitative

yields of greater than 99, 0% for Sbj'g9 and erw

are obtained,
Wahl's empirical resuits (60) of Zp from thermal

. 235
neutron trission of U

fur masses 14 The region
or 10b and 130 show a deviation from the values
ontained in the apove calculations. For exannple
Zp (A = 129) is 49,9 by caiculation (GLendenin and
Coryelil)s but is 50,3 from Wahl’s results. This
results in a decrease trrom 99,0% to ¥3. 3% in the
cumulative yield for Sblggo Wahl in his work on

14 MeV neutron rission of USS0

(35) showed that
the Z - Zp correlation could be taxen as the samne
ag that tor Low energy fission oy assuming a VY

ot apout b (which is not unreasonabk), but he

~106-




considered that there was i1nsufficient evidence
that the nuclear charge distribution pattern
remained the same, Alexander and Couryell (61)
found reasonable agreement with the eoual charge
distribution postulate in tneir work on U258 and
Th232 1 praniated by 13, & MeV dsutercns and tast
neutrons, but poor agreement with the unchanged
charge distribution theory. The latter, which

"~ "~ postiLates that The most propable charge to mass
ratio 1n a rission Iragment is the same as i1n the
t1ssioning nucleus resuit s 1n cumuiative yields of
greater than Yv.9% for ngv (tor ¥V = 3, 4 or 5)
and 93, 3%, 89,% and uv4d,t% (tor Y = 3,4, and d)

9 .
tor Sblz « Thus, whatever basis ot iunterpretation

is taken, it apnears that S’tul“?'9 is the only nuclilae
likely to pbe artected, and the error even in that
case 18 likely to pe less than L0%, and possibly
compietely negligible,
Most of the points on the mass/yield plot (Fig. 14)
lie within 10% of the smooth curve and this gives confidence

in the curve as drawn, even though a numper of standard
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deviations of indiviadual yieLds are greater than X 10%,
Five points (masses 84, Yl, 105, Lil and 129) lie greater
than L0% from the curve and 1t is necessary to consider
these in aetail with respect to the poussiblie sources of
error listed above,

In the case of Br84

s any possible errors arising from

the chemical separation can be ignored, since they would
4R

apply eouvally to Br°®, fThe Sellotape apsorption factor is

low (1.,14) and is lixely to pe one of_ the more accurate

values, The most likely source of error propaply invoives
the resolution of the Brd3/Brd4 decay curve, The Latter
has a naif - 1life of 31,8 minutes and the extrapoliation
after resoilution was normalLly over at Least two halt - Llives.
Any error here would pe expected to show up as a high
stanaard deviation; this was not the case, however. (0"t 3%),
In the case of Srgl, the halt - life is well estaplished
and the Sellotape apsorption tractor was determined experi-
mentaily. No possible deviation tf'rom stoichiometry in the
oxailate monohydrate precipitate could explain the observed
aiscrepancy between the yietd (4.5%) and the value taken

t'rom the smooth curve (3, 0%),
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The low RuJ'Ob yield (2,U compared with 3.5 trom the
curve) is very aifficult to explain, For example, even
1f the tinal precipitate was all Ru02 (and this is very
unlikely), the chemicel yields would have been overestimated
by about 20%, Simiiarly, the absorption ractor wouild need
to pe increased to an avsurd extent to account for the
ditterence. It may pe notea that the mass/yiela curve is
very steep at this point, anda a reilatively small aisplacement

~along the mass axis would produce a very marked error in —
the yield value,

Mags Iil relies on resuits trom a short - lived 1sotope
and a lLong - lived 1sotone, both of which have their qis-
advantages. The tormer (Pdlil) has a large possiole error
Trom a resoiution and an extrapolation over gvout 3 hait -
lives, whlle the latter (Aglll) hada very low count rates.
Witn the neutron intensities availapnile, a more precise
resutlt could not be obtained,

Sb129 has atlready been considered in reiation to the
cumulative t'ission yirerd. Hageoo et al. (62) has shown
the presence of a Long - lived precursor of Sblgg, namely
Snj'g9 (halt - life L.0 nhr). He estimates, however, that

129

the ratio of the short - lived Sn (8.8 minutes) to the
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129 in thermal fission of U255 is about

long - lived Sn
10:1, However, calculations show that the dift'erence in
fission yield 1n assuming that all the 8bl29 is derived
¥rom the 1 hour halt - lit'e precursor is only abpbout LO%,

The calculation is vaged onh a 4 hour irradiastion toliowed
by a 2 hour period pet'ore pbeginning the antimony separation,

The remark relating to RuJ‘Ob

apprlies with eaual force 1n
this case,

The cholce of thé exact position. .of tne. ecurve in the— - —
trough region is very difficult in view of the faect that
masses 106 (mirror point of 129), 10Y and L1l all have
approximately the same yield and are allL, t0o some degree,
more prone to error tnan most of the other points. There

29 09

were oniy two determinations of the Sbl Yield, the Pdl

results include the mathematical resglution of the
Pdlog/Pdllz decay curve and 1-\.g‘l'J'J'/'.l?c3.J'“"'L nas been aiscussed
apbove, Redrawing the curve to pass through the SDJ'29 point
would alilso inciude the Rulob point in whose accuracy there
1s more conilidence than the points for masses 129, L0OY and
L1ll,

In drawing the mass/yield curve assumptions have to

be made apout the numoer of secondary neutrons, and it 1s
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conventional to assume that the mean value (i; ) can ve
apnlied over the whole range of wmass ratios. PFarrar and
Tomiinson (6:3) have, 1in fact,; shown thst i1n thermal neutron
induced fiesion, the tutai nuwver ol secoadary ueutrous

18 sensibly indepeuwdaent of the mags ratio or the I'ragments,
although the aistripution between light and heavy fragments
showed a strong dependence uvpon the mass ratioc. Their
experiments would not have shown up any aetaiiea rine -~
structure in the secondary neutron yield pattern, and it is
not-at aiti ceyond the boundsof possivitity -that—some—of—the —
anomalies apparent 11 the preseut curve {(as iu tnosce fuvuua
Lil Previuus Wurk) arisSe ITOM Local variatlous iu The
gecoucary ueutrou/fragnent mass relatliounsnip. 1t the "two -
moae" concept of fission introauced by Turkevich ana Niday
(64) is accepteda, then it must pe remarked that the results
of Farrar anc Tomlinson apply to thermal neutron inouced
t'1ssion, where only the asymunetric mode 1s assumed to be
ettective, whereas the preseut dilscrepancies itie 1in the
trougn region, wnere, at L4 meV, the alternative, essentially
symnetrical, wo0e 1§ auminanty aua I'vr which tue secuundary
ueutrun alsterivution pattern way welli not show the 'saw

tootn" shape Touna by Farrar and Tomlinsorn,
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in the present work 1t nas not peea possibie, with
tne neutron intensities avaisaole, 1O e asure iudeveanaentLy
tne yirerdas of i1sometric pairs of products. Such information
vrould pe of consiceraple interest in reitation to thne
possivie 1utervretations of the “two moae" hyputnesisy; out
t'rom the vresent evidence no turther clear conclusions on

this subject can be drawn.
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