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OERERAL INTRODUCTIOR

The uuclei of many atoms which are isherently un-
stable disintegrate spontaneocusly to yield more stable
nuclear specles, This process known as radioactive decay
involves the release of energy by the ngmlai of isotopes
seeking & less energetic econfiguration., The disintegration
rate of a gliven radioactive nucleus is of fundamental impor-
tance to those who ihvaamigaﬁa the properties of the atom
both from experimental and theoretical points of view, It
has been found that the rate of decay of a radiclsotope can
not be materially influenced by changes in phyaiaai 0T~
ditions and 1t has been deduced that this rate ias directly
dependent on the number of atoms present, Mathematically
the exponential decay of radiolsotopes can be deseribed by
the following eguation. v

-dn/dt = n A\ [1]
where =-dn/dt is the disintegration rate

n is the number of atoms present

Ails the decay constant and equals 0,6932/half-life,
Consequently the rate of radicactive disintegration for a
glven isotope is uaually dasoribed in terms of its halfe
life, or the time required for one half of the atoms in a
glven sample to undergo deaay{

1.
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Although a great many methods of measuring the rate of
radioactive decay have been used, basically they are all var-
jations of two main approaches. In one method, the change in
the number of disintegrations ocecurringin a given sample is
measured over a period of time, preferably several half-lives.
The other method, applicable in the case of lsotopes which
decay more slowly, involves the measurement of the fraction
of the total number of atoms known to be present which dis=-
integrates in a given instant, In the caleculation of half=-
lives both approaches make use of some form of the above
equation.

It can be seen from oquation-[}]th&t the longer the
half-life, the larger the number of atoms necessary for a
given disintegration rate. This means that, while ordinary
gechniques can be used to weigh out suitable amounts of long=-

lived isotopes for counting rate determinations, less direct
methods must be used in the case of those with short half-
lives. For these radioisotopes the disintegration rate is

very large for & number of atoms which are wéighabla by stan-
| dard technigques. Thus for short-lived isotopes to which de~
cay with time studies are applicable, it is not necessary to
be able to determine the number of atoms involved. The proe=-
cision of the half-lives obtained in this manner is dependent
on the observed change in relation to the presicion of the
measurements. From the point of view of such measurements,

the longer the half-life, the poorer is the precision obtained.



There is a class of nuclides with intermediate half-
Jives which are difficult to determine by either of the two
methods described above., MNeasurements of these in-between
half=-lives have been made both with specific disintegration
rate and deecay with time approaches although in almost all
cagses modifications to the basle methods have been necessary,
For sxample, especially sensitive apparatus is essential if
decay with time measurements are to be applied to a radio-
isotope with a‘rifty year half-life because the change even in
five vears is slight. Specific disintegration rate astudies
would also require a special way of determining the number of
atoms since conventlonal technigues are not applicable to
such an isotope.

In the fiaslion process, two of the many radioactive
products formed, i-ﬁ-,5P90 and ¢sl97  pelong in the class of
nuclides with intermediate half~lives, MNost radiocactive
fission fragments decay quite rapidly so that after two or
three years almost all of the activity results from these two
isotopes. 8ince they are formed in high yield in fission,
large quantities of them are accumulating from the operation of
nuclear reactors,

This thesis reports the measurement of the half-lives
of 8r90 ana Ca137, both of which are difficult determinations
using conventional techniques. Freviocus values based on decay
with time studies have been relatively inaccurate because the

decay was not followed for a sufficient length of time,
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Application of the instantaneous disintegration rate method had
previously been hampered by lack of an accurate method for mea-
suring the submicrogram quantities of the isotopes which had to
be used. In the present work a brass 4m proportional counter
was designed and constructed to determine absolute disintegration
rates and the number of atoms was measured with a mass spectro-

meter using isotope dilution techniques,



HISTORICAL INTRODUCTION

The term radicactivity applies to the spontaneous
stabllization of the nuclel of the atoms of certain isotopes
called radiolsotopes, This stabiligzation process is known to
occur in many forms such as the emission of alphs, beta or
pamma radiations by the exclted nuclei. There are, therefore,
alpha, beta and gamma half-lives which, because of the different
transrqrmationa involved, must be measured with different tech-

niques. For example, beta half-lives range from & x 1014 years

ALH (1) to 0,022 seconds for B2 (2) (5). Bhort-lived

for In
nuclear isomers on the other hand often have gamma half-lives
of the order of 10~Y seconds while alpha half-lives wvary over
the widest range of all. The method used for determining
rates of disintegration will therefore depend on the type of
emission involved.
It should be pointed out tﬁat the rate of beta decay

depends on four variables (4)

(1) the energy involved in the transition

(11) the charge remaining on the nucleus after disinte-
gration has oceurred,

(111) the amount of angular momentum and spin carried away

by the electron and the neutrino,

(1v) whether the parity of the nucleus is reversed in

undergoing decay,
5.
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The influence of these factors manifests itself in the wide
range of beta half-lives observed, As a result, methods which
are adequate for measuring the beta half-lives of say Bl2 and

P92 are not applicable in the cases of MWE7 or 8137 pecause

the former decay so much more rapidly than the latter.

This situation of widely different rates of decay is
common to all three types of radlioactive emlssion and has
neesaniﬁatod a wide diverality in the methods used to measure

half-lives.

(A) #Hethods bf Determnining Half-Lives
Based on the Decay with Time Approach

(a) Isotopic ratios measured with a mass spectrometer

If a radiocactive isotope of an element is present
al ong with & stable isotope of the same element, the change
in the ratio of these two 1sotopes with time can be used to
establish the half-life of the radiolsotope. Thode and
Graham (5) made the first such meaaﬁrumonta with a mass spec~
trometer and found the half-life of Krt® o be ten years,
Later Wanless and Thode (6) published the value 10,.27%0,18
years after following the changes in the Kr¥®/xpB6 . :i.s
over a period of seven years, Macnamara, Collins and Thode
(7) established the half-life of Xel®® ag 5.27120,002 days by

comparing the change with time of the ratios of this isotope

and the stable Xel®l xgld2 154 136
i v, ST isotopes. By

following the inerease in the Csl¥3/0gld7 putio fop over



five years, Wiles and co-workers {(8) set a value of 335 * 2 years
for the half-1life of C8197, Karraker et al. (9) used the same
approach to measupe the half-lives of Eulb2 (15 2 2 years),
Bul®4 (1612 4 years) and 5m151 (73 * §§ vears).

Use of a mass spectrometer to measure isotopic ratios
has not been restricted to decay with time studies, Strassman
and Walling (10) evaluated the half-1ife of R®7 in a lepido~-
lite sample in the following way. They determined the total
amounts of strontium and rubidivm by chemical means and mea~-
sured the ratios Sr®7/sr . . and ®O7/Ro, .., with a mass
spectrometer. By assuming a geological age for the mineral
they obtained the value 6.3 x 1010 years, An alpha half=
1ife of 8800 % 800 years was determined for Am24% (11) from

the mass spectrometric ratio of Am2‘3/Am341 and the ratio of

alpha activities measured with a differential pulse analyzer.

(b) Measurement of amount of product formed

Karly measurements of the h§1f~life of tritium were
made by counting the betas emitied from radioscale quantitles
of the isotope (12) while more recent measurements have in=-
volved following the decay of a larger sample with an ilon-
ization chamber (1l8), At the same time, Noviek (14) first
determined the half«-life by measuring the rate of formation
of 305, the product of the beta decay of T, In the most
recent determinatlion Jenks and his co-workers (15) achleved
greater accuracy with a modification of the latter method.

& pas density balance wus used Lo measure the quantity of
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tritium, and disintegration rates were determined by measuring

the rate at which le® was formed.

Inghram (16) used & similar approach to determine the
half-life of Fu%4°, i.0.,he used the growth of the uranium
daughters from & plutonium sample of known Pu259/Pu24° isotopiec
composition. The mass spectrometric ratio of the U285 gna the
U236 popmed from the alpha decay of the plutonium isotopes |

gives the relative half-life of Pu24Q from the relationship

T4 (Pu240) . moles of U285 x Woles of Pu240

Ty (Pu®89) moles of U236  moles of Pu?39

A great deal of work has been done on the determi-
nation of the specific alpha activity of radium since for many
years it was used as a reference mabterial for numerous mea~
surements in the field of radicactivity. The work has been
hampered by the presence of the short-lived descendants of

radium and by the fact that the hnlf-life is too long for
accurate decay with time studies. Consequently many different
approaches have been tried, one of the earliest being the
measurement of the rate of He evolution in Ra decay (17).

8ir James Dewar determined the amount of He formed in nine
months from a sample of RaCly in a sealed tube, obtaining a
value of 0,463 cu., mm, per gram of radium per day which

means a4 half-life of 1628 years,

{e) Delayed coincidence method

fihen one nucleus undergoes beta decay the product
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nucleus may be in an excited or nuclear isomeric state whereas
disintegration of another may lead directly to the stable ground
state. Such a situation is to be expected when the two lowest
' states of a nuclear system have similar energies but differ
considerably in angular momentum. The greater this difference
the longer will be the half-life of the nuclear lsomer [Phia
can range from 1071% geconds to a few months (18)] which can
de-excite by the emission of either & gamma-ray or an internal
conversion electron (19). The gamma half-lives of shorte
lived nuclear lsomers are usually measured by the delayed co-
ineidence method which utilizes an electronic apparatus capable
of recording very short time intervals. The sample 1s placed
between two countera, for example a gamma scintillation éounter
and a beta proportional counter. During the simultanesous stim=-
ulation of both counters, the delay time of one channel is
varied with respect to the other and the per cent coincidences
is plotted as & fune;ien of delay time, The identification
of lsomers is accomplished by searching for any asymmetry in
the usually symmetrical resolution curve obtained (20) since
this indicates an isomeric transition., The half~-life of the
nuclear isomer can then be caleculated from the slope of the
line obtained by plotting the logarithm of the coincidences
per minute versus the delay in microseconds.

The delayed coincidence method has been used (21) (22)
(23) for measurements of such isomers as Tul8l  e72 gna with

the development of scintillation counters of fast decay time,
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half-lives of the order of 10"11 seconde can be measured (24).
The equipment has been adapted, however, to measure half=-lives
of short-lived nuclides other than nuclear isomers. Using an
anthracene scintillation spectrometer with pulse height dis-
erimination and delaved cireuit timing egquipment, Kline and

Zafférano (258) measured the beta half-lives of Gaag, Lia’ H06
and 015 "

(d) Change in counting rate with time

Observation of the exponentlal decay of a radioisotope
over a period of time has been applied to a great many half-
life investigations, particularly to those in the range of
fractions of a second to one or two years, These measurements
often require the least complicated apparatus since there is
no need to know the amount of nuclide preseunt and oftan‘not
even the geometry of the counter or the efficiency of the
counting equipment. For example, Niday (26) observed over a
period of about 1156 days the docreaklng disintegration rate of
a sample of rubidium chemically separated and purified from
fission products. By absorbing the beta particles from na-
turally radioactive Rb®7 with aluminum he was able to measure

the half-life of Rb86 g5 18,64 % 0,04 days. The half-lives of

NaR4, 138 pp62 gng Te96, all in the 0.5 to 110-hour range,
were measured (27) with a 41 ionization chamber connected to
& recording potentiometer which continuously recorded the in~

stantaneous value of the activity as a function of time.
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Other varieties of apparatus have also been used for
decay with time studies. The half-lives of Cob0m gna A128
(28) were found to be 10.47 % 0,02 min. and 2.287 2 0,02 min,
respectively by means of measurements with a recording quartz
fiber electroscope. The electroscope reading was automatically
recorded at various intervals along with the time elapsed since
the start of the experiment. This was particularly advantageous

for disintesration rate studies of short-lived isotopes,

(B) HMethods Involving Absolute
Disintegration Rate Determinations

If the half-life being investigated is of such a length
that insufflcient disintegration of the radioisotope occurs to
glve aceurate decay with time studies, it is necessary to find
the absolutes rate of decay of a known amount of radloisoﬁope.
The following section illustrates some of the methods which

have been used.,

(a) The number of atoms debtermined by direct weighing

The half-1ife of a long~-lived beta emitter, Hbﬁv, has
been measured by two sets of workers using two quite stralghte
forward approaches, Curran and co-workers (29) weighed out
| tenth-gram samples with a semi-micro balance and measured their
8pecific disintegration rates with a large proportional tube
counter, MacOGregor and Wiedeubeck (30) vaporized FbCl on to
aluminized zapon films, welighed the sample and measured the

specific activity with a specially designed beta counter.
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An equally direct technique has been applied in the case
of T¢%? (31). The half-life of T¢¥¥, 2,12 x 10% years, was
measured by counting aliguots of solutions made by dlssolving
milligram quantities of NH TecO4 and technetium metal, The half~
life of & third long-lived beta emitter, C156 yas determined
in a simllar manner (42), Aliquots of HC1%® golution were
evaporated to dryness and weighed. The specific disintegration
rate of these samples was then messured with a standard mica-
window (.M. counter and the half-life was found to be
(0e44 2 0,08) x 10® yoars,

Application of such a method to relatively short-lived
AmP4l (490 2 Yo yvears) was possible however, only by using the
most sensitive of techniques (53), B. G, Harvey at Chalk
River used americium purified by chemical means and sho;n
spectrographically to contain less than 1 per cent impurity.

He was able to waigh five microgram samples of pure Am341 as
AmOg on a quartz torsion fiber ultrémiarobulanae and then
measure the alpha activity of these samples with a methane=-

filled proportional counter,

(b) The number of atoms determined by isotope dilution

That class of nuclides which have what have been
called intermedlate half~lives require techniques other than
direct weighing and counting which were successful with long-
lived 1§otopea. A weighable amount of radioisotopes with half-

lives lessa than about 200 years would have far too high a
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specific disintegration rate to be counted or handled conven=
iently. Therefore some way other than direct weighing must be
found for measuring the number of atoms in a more moderately
active sample,

Three separute determinations of the half-life of
75.6 year U292 pnave been reported, each one illustrating a
different approach, The first attempt (84) was an estimate
based on the growth of U292 galpha activity from its thirty
year beta emitting parent Pa®32, The half-life was also es=
timated from the growth of U%%2 from 1ts alpha emitting parent
Pu?38 (35) put by far the best value has been obtained by the
use of an entirely new technique., Sellers et al, (36) deter-
mined the specific actlvity of their samples by dilutioﬁ with
a large excess of U238 g4 ynat they might use conventional
welghing and counting methods., A mass spectrometer was used

p2ae

to measure the number of atoms relative to the number of

U238 gtoms which had been obtained directly from the weight.

(C) QOther Methods

Considerable inrenuity has been shown in many half-

1life determinations reported In the literature by experimenters

confronted with problems unique to a particular radioisotope.
They found 1t necessary to make use of particular facts and
unusual conditions, or to design apparatus of a very specific
nature because conventional instruments were inadeqguate. It
is of interest to see some Iindication of the diversity of

approach,
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It was mentioned in section (4) that the 0.022 sec.
half-1ife of Bl2 1a one of the shortest for beta decay.

Becker and Gaerttner (2) accomplished this determination by
neutron activation of & boric acid target supported on an
annular ring rotated at 1800 r.p.m. The half=life was mea~-
sured by observing, with Lauritsen electroscopes, the asctivity
as a funetion of the angular displacement from the point of
bombardment. This was, of course, just a special type of
decay~with=-time study.

Elchelberger et al, (37) utilized the fact that because
of its simple decay scheme Po2l0 makes an excellent heat source
for the testing of calorimeters., These workers followed the
decay of six polonium samples with four different steady-
state raaiataueanbridgo calorimeters and found the half-life
to be 138.4005 2 00,0081 days.

The two independent studies of the radiocactive decay
of the neutron are interesting particularly because of the
differences in method and apparatus and the close similarity
betweoen results. In both cases & neutron beam from the nu=-
clear reactor was sub jected to & high voltage such that pro=-
tons resulting from neutron degradation would fall on the
first plate of an electron multiplier. Robson at Chalk
River. (38% using the values for the number of protonsa soriking
the electron multipller, the afficlency of the collecting and

focusing system and the density of neutrons in the beam, set
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the half-life in the range nine to twenty-five minutes, He
later extended this method by including the measurement of

beta particles coincident with protons and obtained a value of
12.8 % 2,5 minutes (38). Snell and co-workers (40) used a sim~
ilar approach and thh corresponding measurements estimated a
half-1life of ten to thirty minutes,

One of the most intriguing half-life studies is that
made on gaseous products of uranium fission by Overstreet and
Jacobson (41). The method, called the charged wire technique,
was carried out‘as follows, The radioactive fission product
gas was made to flow down a tube, through the centre of which
stretched a negatively charged copper wire. The neutral gas
atoms disintegrated as they passed through the tube and the
resulting positively charged daughter atoms were deposited
on the wire within the immediate vieinity of their rorﬁation‘
Since the gas was flowing at a controlled rate, the distribution
of the radioactive decay products along the wire served as a
measure of the half-lives of their respective parents. Studlies

were carried out on short-lived xenon and kryton isotopes (41)

(42) as well as on Bald9 (43) .

(D) Prediction Prom Nuclear Theory

The prediction of alpha half-lives is based on the
relationship between the radioactive decay constant or half-
life of a radioelement and the range of the mono-snergetic

alpha particles emitted by it, Gelger and Huttall (44) found

S e S -

.
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experimentally that a straight line is obtalued for a plot of
log) against the logsritha of %he renge (log R) for a nuador of {ﬁ
alpha smitterss The raeleticnship i
log 2 % & ¢ log R
called the GeigereNuttall rule allows the caloulation of alpha
half-lives from the rﬁaaa of the respeative alpha porticles
since values of the comstaats (b and ¢) have alyeady heen ese
tahlished in the case of alpha snltters of known halfelife and
rangee

The predioction of “etn halfelives does not hanértt from

any such relationshilp and therefore has not “een nearly as
sucgessfuls Lifetime estimates ere veported in terms of 8%
valuess or couparative lifetimes where "$" is the ohserved h§1r-_f5
1ife and "f* {s the sheorstical fnetor whish corrects "t* fer
the offects of the nuclear charge and the energy of the Srane
sitione Agresment hatusen "{E" matiﬁ&t@a and experiment to
within a faetor of 100 in elthor directlon is considersd teo Me
satdlsraetory (45)e '

The pheacmsnon of nualsar isomerism, already wentioned
ia part (A) (¢) as the suhject of mueh nxperimsntal work, has
also been axtensively studied from the theorotical point of
viows It ocours whem, in spite of having idensical constitue
tion, two muolel decay with different halfelives and 1% is
ma0st prevalent among artificially produced nuclei (46)s lintaw
starle iscaers, hesides aaeuﬁ%iag i ¢ortein heta decny Provese ﬁﬁl
rays and hy athth:*

sos, have “eon produced hy ahsorption of gaman
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nuclear reactlions,

Comparisons of experimental lifetime values and estl-
mated theoretical lifetimes have been tabulated (18)(47) and
although there are often large discrepancies between them,
there is sufficient correspondence to strongly support the
theory. For the first exclted state of B0, the theoretical
value of 5 x 10710 geeonds is in excellent agreement with the
experimentally obtained value of (7 % 2) x 1010 ggconds (48).
In the case of 017 there is a discrepaney which the authors

have explained in terms of the phenomenon of core excitation.

(B) Previous Half-Life Determinations of 8r90 ang ¢slS7

Strontium~80 along with 1£s daughter yttrium-90 was
first reported by R. W, Nottorf (49) in 1943 and at that time
his decay with time studies indicated a half-l1ife of 23 % 3
years, (lendenin and Coryell on the basis of a smooth fission
yield curve set the value at twenty-five years (50). The
currently aacépted value of 19.9 % 0.3 years is the result of
decay studles over a period of seven years using a Lauritsen

electroscope (51).

The half-life of Csl37 was first estimated by Glendenin

and Metealf (5652) from fission yield data to be thirty-three
years and then by Engelkemeier to be thirty-seven years,(53).
The first accurate measurements were reported by Wiles, Smith,
Horsley and Thode (8) and were decay with time studies as

described in section (B)(a). The changes in Csld3/(gld7



wl&u, mm for pwtm up ‘to 5.4 years, were used to cal=
‘eulate a value of 53 % 2 years,




BEXPERIMENTAL

In this work the half-lives of Sr¥%0C and 0sld7 were
measured with a specific disintegration rate determination
method, one which involved the measurement of the fraction of
the total number of atoms known to be present which disinte~-
grated in a given instant, Absolute disintegration rates
were measured with a 4T counter designed to operate in the
proportional region, i.e.,the potential between electrodes is
such that the size of the pulses is proportional to the number
of ion palrs produced in the counter gas by the beta particles,
The determination of the number of atoms present was accom=
plished with a mass spectrometer using isotope dilution tech~
nigques., Isotope dilution is the measurement of the guanti-
tative effect on isotopic ratios caused by the addition of a
known guantity of' one of the isotopes (or of the same isotopes
in different relative amounts). Thé absolute amounts can then
be calculated from the relative mass spectrometric ratios, both
before and after the dilution, and ths‘amauut of each 1sotope

added.

(A) Absolute Disintegration RBabe Determinations

(a) 41 counter

The use of a conventional end-window (.M. counter for

19.
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the measurement of absolute disintegration rates involves so
many corrections that the results obtained in this manner are
of doubtful aceuracy. The counting rate actually observed
might well be less than 10 per cent of the absolute value
because of the corrections necessary for geometry, backscatter,
window and air absorption and self-absorption in the sample (54).
For this work, therefore, a cylindrical 4m proportional counter,
built to operate at one atmosphere of methane, was designed

and constructed., Its general proportions were substantially
the same as commercial models and others described in the litere
ature (55)., Details of the component parts can be seen in
Flgure 1. The upper and lower halves of the counter form a
eylinder when assembled for oparation. The anodaﬁ A which are
loops of tungsten wire (0.001 in.) are soldered into the ends

of copper wire 3(6.040 in.) which passes through luecite in-
sulators C. For efficient "sweepinpg-out" of the counting
volume, C.P, methane was allowed to\flcw ateadily into both
halves through threaded nozzles D and out fthrough similar
nozszles E, FRubber "O" rings, P and U, assure a gas-tight it
between the assembled parts while dowel pins H assure repro=-
duecible alignment between the two halves, Nichrome disk sample
holders J,which it in the small indentations K in the bottom
half, have eight small openings L around the central opening to
allow circulation of methane. The anode comnections are such
that the upper and lower halves can be operated independently

as well as simultaneously. A demountable clamp was used to
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hold the halves together in such a way that they could always
be placed in the same position with respect to each other. In
order to reduce spurious counts to & minimum all electrical
connections were shielded and all counting was carried out with

the counter inside a lead castle.

(b) Counting system

An R.C.L. Mark 15 Model 1 combined pulse amplifier and
high voltage supply was used to provide the electrode potential
and to amplify the pulses initiated within the counter by the
beta radiation., The voltage supply was continuously variable
between 2300 and 5000 volts and its rated stability was 0,02
per cent change in output at 4500 volts for a 10'per‘cont change
in the line voltuge. The amplifier gain was 1860, the rise time
was less than 0,5 microseconds and the decay time was less than
3.6 microseconds, The minimum input sensitivity was 2,8 milli-
volts and the nogative output pulse was variable from zero to
ten volts. The pulses after amplifieation were counted and
recorded using an Electronic Assoclates scaler.

Using four different scalers and several 5p90. y90

sources, the voltage plateau characteristics of the cqunting
system wore studied at various settings of the pulse helight
potentiometer of the linear amplifier. It was found that the
plateau showed no measurable slope between 3000 and 3250 volts
over a considerable pulse height setting range. On the basis

of the plateau shown in Figure 2, the counter was operated at
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3200 volts. The background, due mostly to cosmic rays, was of
the order of one pulse per second,

The dead time of the counting system was measured ex-
perimentally by means of a split source, one that could be used
with both halves together or each one separately. If C3; and Cg
are the counting rates for the two halves separately and 012
is the rate for the two halves measured together then the dead

time of system, t,, can be calculated (68) from the formula

+

1 - Gltr }. i cgtr l ol elgtr

01 . i 12 2]

Using a split source, Cj, Co, and C1p were found to be 122,8,
128.3 and 238.7 raapeotivély and from this a dead-time value

of 2.5 x 10™% gseconds was obtained., This is in perfect agree«=
ment with the value fixed by the RC input circuit of the linear

amplifier.

(c) Sample mounting

(1) Films

Disks (diameter 5.8 cm.) used for sample mounting were

made from 0,005 in. sheet nichrome with central openings 2.5
em., in diameter. It was necessary to make very thin plastic
fiima whiech could be fastened across these openings and on
which samples could be deposited. BMany techniques for pre=
paring thin films of such materials as polyethylene, zapon,

formvar and vinyl plastics were investigated. It was found,
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however, that V.Y,N.S, (polyvinylchloride~acetate copolymer)
plastic was most satisfactory. By "stretehing" & solution of
V.,Y.N.8. in cyelohexanone on the surface of wuater, according

to & technique developed by Pate and Yaffe (87), it was possible
to make films of uniform thickness 140 to 210 mp (i.e.,20 to

30 micrograms per 8q. om, superficial density). The film ade
hered securely to the disks when they were placed on top of

the sheet of plastic about ten minutes after it had been

stretched out on the surface of the water.

(2)_Sputtering

If a radiocactive scurce is placed on the surface of a
non=conducting film, small charges build up as the source de~-
cays. According to Hawkings et al, (55) this would reduce the
counting rate for a given source and result in the loss of
voltage plateau. Consequently the films were made conducting
by a process called sputtering using the apparatus shown in
Figure 3. Inside a vacuum desiccator A evacuated by an oil
pump through stopcock B the V. Y.N.8, films were sputtered with
gold at a pressure of about 1 x 10°% mm. and an electrode po-
tential of about 3000 volts A.C, The upper electrode C cone
sisted of a piece of 10K pgold (approx. 0.63 x 0,756 x 0.05 in,)
held in an aluminum frame while the lower one D was an alu=
minum disk. The nichrome disks F holding the thin {ilms were
supportes above electrode D on a glass ring, Films were
sputtered with gold on one side only to a thickness of & to

10 pagm. per sq, em. &t which point they were conducting.
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Thicknesses of both plastic and gold films were estimated by
means of interference patterns as described by Pate and Yaffe

(57).

(d) Counting corrections and ealibration of counter

In common with measurements of disintegration rates
by all types of counting equipment, those by 41 counters are
sub Jeet to corrections for background as well as coincidence
loss which is a function of the dead time. The only other
corrections which apply to 47 counting rate determinations
are those for absorption losses in the source mount and for

self-absorption in the source,

(1) Absorption in the source mount

Seliger and Cavallo (58) at the National Bureau of
Standards have shown that reduction of the counting rate due
to absorption in the source mount, if no allowance for back-

scatter is made, i8 given by

No = Nep/(1 - C/2) 18]
where N, ® the absolute counting rate
T = (Ng - Np)/(Ngp - Bp), i.e.,the fractional absorp-
tion in the film,

t and b refer to the upper and lower halves of the

countar,
Table I shows two typical sets of values obtailned

using Sr%0 . ¥90 5oupces for which equation [3] gives a cor-

rection of approximately 0.2 per cent.
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TABLE I

Source~mount Absorption Correction

Nt nb Mtb Correction

Count from Count from Count from Using Seliger's
Upper Half Lower Half Both Halves Formula (58)

¢ 141.6 141.8 288.4 0

II 128,.6 128.2 260.0 0.4

Hann and Seliger (59) have shown that neglect of back=-
scatter in the above relation introduces an uncertainty never
greater than 1,5 per cent. However, Pate and Yaffe deacribe
an absorption curve method which indicates an even smaller
correction in the case of the beta particles dealt with in
this work (1.e.,with maximum energles no lower than 0.5 Mev).
They maintain that both the N.B.8. method given above and the
sandwich method described by Hawkings and co-workers (55) for
determining the source-mount absorption correction give er-
roneous results. Consequently no adjusemnnt of the measured
disintegration rates was made because it would have had no
eignificance when compared to the limits imposed by sample

preparation.

(2) Self-absorption

- Self-absorption in the source material itself will
result in a reduction of the counting rate but this can be
kept to & negligible minimum by using submicrogram quantities

of carrler-free nuclides. Binee the quantity of strontium
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or cesium on any one film was of the order of 10712 gn. which
even with a microgram of inherent impurities would result in
negligible sgelf=-absorption, it was assumed that there was no
reduction in the counting rate as a result of finlte source

thickness.

(3) Conversion of counting rates to disintegration rates

Sr90 decays by the emission of a single beta particle
to Y90 with which 1t is in equilibrium so that every time a
8r%0 pueleus expels an electron an YY0 nueleus also expels an
electron, This means that only half a measured counting rate
is due to the disintegration of S5r90and hence all such mea=
auromenﬁa mist be corrected for this effect,

In the case of cesium, however, the more complicated
decay scheme necessitutes additional corrections, The gamma
radiation from the lsomeric state of Bal37 (2.6 min. half-
life) is not in coincidence with the beta emission, Hence
the observed counting rutes were corrected for the contrie
bution of conversion electrons and for secondary electrons
produced by the gamma radiation, The correction for the con-
version electrons was made assuming 92 per cent decay tormota#
stable Bal37 (80) and an internal conversion coefficient of
0.118 (61)., In order to correct for secondary electrons the
gamma rgdiatiau efficiency of the proportional counter was
estimated using aluminum sandwich techniques (62) and found
to be less than 0.27 per cent. This compares reasonably well

with the 0.15 per cent value obtained from the data of Bradt

i

=



30,

et al. (63). A wvalue of 0.2 per cent has been used to correct
the observed counting rate and, since the correction is itself
small, an uncertainty in the value has l1little influence on the
probable error of the measured disintegration rate.

The fission product Csld7 yged in the half-1life deter-
wination was contaminated by Csld4 formed by an (n,Y) reaction
with 0818, It was therefore necessary to subtract, from each
sample counted, the contribution of Csl®4 to the observed
counting rate. Two sodium ilodide scintillation spectrometers
were used to determine this correction., With these spectro-
meters the coincidence rate due to the 0,606~ and 0,796-kev
cascade gamma rays of Csl®% was compared under conditions of
known geometry with the single~channel counting rate due to
the 0,68l-Mev gamma ray of CslS7, The ratio of these rates
was 1/1204 and the relationship between this and the relative
contributions to the measured disintegration rate is given by

the equation

count rate of Csld4 corrected coincidence rate

count rate of Cald7 corrected single-channel rate

X relative - peometry [?]

efficiencies =X factor

Correction of the coincidence and single channel rates for the
various modes of decay was made on the basis of the latest
decay schemes (61)(64). The relative efficiencies of the

Nal (T1l) erystals was caleulated as 1.06 on the basis of gamma
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ray ensrgles from detas in the Hand%ook of Chemistry and Flhysies, |
(B8rd #de ). The geoamstry factor wns needed to adjust the coe |
incidenca rate with rmwp@ét %o the singleeghannel rate sinee L;
the forary dependad on the relative positions of “oth scine ﬁ
tillavion spactromsters and that of the sources The shsolute i
hate disintegration rate of the scurce as meccsured “y a Golds b
endewindow countver divided %y the single channel counting ;
rate Leoe, 7400 x 109/3.48 x 10% 15 the geouetry foctor that |
was useds Substitution of the above volues in equation [4] ?
rosulted in a 3 per ¢ont correction %o the ohassrved heta é
activity with aa sstimated precision of 2 0.8 per cente This j
agrees with the value of 3 per cent hased on mAss SPAELro= W
metric values of the ﬁa;ﬂﬁ/ﬂsla"rutia in the sems sample J
moasurad during the latter purt of 1952. ﬁ

begause the officiensy of the counter is directly dee fj
ﬁ@n&wnﬂ on its geometry the sample mounting disks were designed .ﬁE
80 that, allowing for the size of the centrel hole, the metal | F
of the d1sk would subtend u solid angle of less than 1 per cen$

|

of 41 steradians.s The effective geomntry of the sountsr for

the hotas which strike the source mount would he sxpeoctsd %o
triggar the counting circuit.

Hawkings et al. {55) heve shown how sample nesitian
affeats tha'affiaignay of the counters Thelr data for a
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methane=filled counter indicates that if the sample were placed
within & cirele of 1 em, radius at the centre of the film, effi-
ciency would be better than 99 per cent, BSinece in this work

the sctual deposits of carrier-free activity never covered an
area more than 0.5 em. in diameter, no correction for this effect
was made. }

The absolute efficiency of the counter was tested by
means of P92 and AulY® ggandard solutions obtained from the
National Bureau of Standards, The results of a comparison be-
tween the observed disintegration rates for these radioactive
solutiona and the rates obtained previously at the N.B.S, are
shown in Table II., The deviations from the average reported
for this work represent uncertalnties in the sampling technique
since each count corresponds to a separate dilution from the
standard solutions, There is also, however, further source of
error resulting from the uncertainty of the half-lives since
the standards were fairly old and the half-lives are short,
14,60 days for P52 (g5) and 2.69 days for Aul98 (gg), Counts
were taken through two half-lives of P92 gpna through eight halfe
lives of Aul®_  op the basis of these measurements the counter

was assumed to be more than 99 per cent efficient for beta

particles in this energy range.
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Calibration of Counter with Solution Standards
TABLE II(a)
p32
Corrected
Observed Time Elapsed Disintegrations
Disintegrations in Hours Since per second
Sample per second Standardization per ml. x 10%6
| 76.2 247.0 159
2 75.2 264,23 169
&) 71.7 290,56 163
4 l4.4 798.0 160
5 12,9 852,56 1680
6 9.8 867.5 157
Average 160 * 1%
H.B.S.Va?no 160 # 2%

B e e e e e A S+ SN e o bt e

TABLE n'(b)

Aulst
Corrected
Observed Time Elapsed Disintegrations
Sample Disintegrations in Hours Since per second
per second Standardization per ml, x 10=6
 § 17.6 209,0 3.80
2 14,5 228,56 3,856
3 128,.2 468,0 5490
4 97,0 402,3 5,82
& 86,3 529,85 3.90
6 64.9 530.2 35.85
Average 3.85 2 29

N.B.S,Value 8.84 ¢ 3¢




(B) Mass Spectrometry and Isotope Dilution

The concentration determinations were carried out by
isotope dilution techniques using a 90 degree sector mass
spectrometer with magnetic scanning and a hot filament ion
source. The filaments, made from 0,030 inch tungsten ribbon,
were platinum-plated and then heated for approximately one
hour under vacuum at about 2000 degrees C, Sample solutions
were evaporated in & teflon dish under a heat lamp to & volume
of approximately 30‘,1, then transferred and evaporated on to

the filament.
The isotope dilution method for finding isotope con=

centrations was carried out as follows, In the case of Sr90,

the ratio of 8r88 ;, 8,00 in the solution was measured; a
known amount of Sr88 (about 0.125 mgm,) was added to 1 gm of
solution and the ratio was measured again. These mass specw
trometric ratios and the welght of added 8r88 were then utile
ized to obtain the amount of Sp¥0 §or unit weight of solution.
The same procedure was used to obtain the amount of Cald7
except that in this case stable 8197 was used as the 1sotope

diluting sagent,

(C) _Solution Handling

The Sr9%0 for both the counting and mass spectrometry
came from a solution containing about 0.1‘rgm. per gm.,of

fission product Sr90, Since the sample was over three years



“old, the BB-dny O originally present would have decayed %o the

extent that 1ts contri“ution to the activity was less than Ol
per cent of the total. The Us37 yged for the half«life deters
mination hed heen isolatad carrierefree from fission products

by fon axchonge techniquess The age of the fission products

was such (over three years) that %hm contribution to the counting
rate hy 2s¢Beyesr C81®4 yus small but measurchle. For doth halt.

life determinetions ona gron of solution was welghed outb ﬁxrmatlyA

for the mass spectromatry dut more dilute solutions were negos
sary ino order th:t a measurable veolume could bde used for counte
ings The radiocactive purity of the aalﬂ&iana'uw@é was found to
be greater than 99 per cent hy determining the aluminum ahsorpe
tion curve for representative sliquotss An "Fe{CH)g" scavenge
earried out on the 0s®7 solution indiaatad the preseanes of
nothing »ut alkall metal radicactivity.

Allquots of l00xls or less were measured with a
Giluont ultramloroburette which, on recalihbration using a
soninicere halance, wos ywﬂvéd to hmvu a roprodusinvility of
1)d. Adsorption losses of the ¢arrierefres radiolsotopes
from the dilute scolutions used could have led to serious
errorse To minimize Shese losses, all glassware was ¢oated
with "desicote” and all solutions were kept aclidic. In order
to test for fractionation in the strontium work, yitriuam
garrier was added to some soluticns used for counting, strone
tium carrier wos sdded to oth@rs¢ This 414 not change the ohe

served counting rates so 1t was ¢concluded that adsorption




losses were negligible. Further tests were carried out by
using Sr88 golutions of widely differing concentrations for
isotope dilution and again no change could be detected, Sime
ilar experiments using cgld3 indicated that there were no ap-

preciable adsorption losses in the cesium determination,



RESULTS AKD DISCUSSION

Caleulation of Half-Lives

gaz Disintegration rate determinations

Table III shows the activity of the solution containing
8r% and Y90 in equilibrium propértinnn. The values for sam-
ples 1, 2 and & are equilibrium counting rates obtained 300
hours after sample preparation., A c¢hange in count with time
for these samples showed that Ygo, adsorbed during sample pre=
paration, was regaining 1ts equilibrium concentration., Sample
4 was taken from & solution to which yttrium carrier had been
added and sample 5 contained both strontium and yttrium carriers

these showed no change In counting rate with time,

TABLE IXI

Activity of Solution Containing 5r90 and Y90 14 Eouilibrium

Pisintegrations
Disintegrations per second
per second per ml., of SpfP0.ys0
Sample on film* Equilibrium Sol'n x 10-6
1 57 .20 1,527
2 67 .56 1,381
& 56,81 1,580
4 61,54 1.354
5 51.30 1,332

Average 1,529 % 0,006

#
Corrected for coineidence loss and background but not for
aliquot sige.

37
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Table IV shows the corresponding results for the cesium
disintegration rate determinations. ¢al®® garpior was added to
the last two samples as & test for adsorption losses, Any ade

sorption whiech did take place appears to have been negligible,

TABLE IV

Activity of C8lS7 Solution

Plsintegrations
Disintegrations per second
per second per ml. of Gnlaﬁ;
Sample on film Solution x 10-5 ;
] 51,27 1,208
e 31,35 : 1,306
3 31,38 1,307 .
4 31.25 1,207
5 51338 1,308
6 81,30 1.300
7 31,40 1.508

Average 1,305 % 0,004
Corrected for
internal conversion
electrons and for /
secondery electrons 1,174 £.0,004

Corrected for 0:154
contribution 1.189 % 0.004

*‘Gerracbod for coineidence loss and background

(b) Isotope dilution

The agreement between the concentration values obe
tained for the 5r% gsolution in this investigation (numbers 1,
2, and 3) and those obtained by other experimenters in the

same laboratory (numbers 4 and 5) 4s shown in Table V.
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Values 1 and 2 were obtained using a solution contalining
llpgm. per ml, of 8r88 por isotope dilution whereas 3, 4 and
5 were obtained using 5r88 golution of eoncentration O.%’gm.

per ml,

Concentrat
licrograms
of 5r¥0 paer mil.
Sample of Solution
1 0.127
2 0.124
S 0.125
4 '0.125
5 0.123

Average 0.124 % 0,002

In Table VI, the concentration of the CslS7 golution
is reported. Two c8l33 golutions with different concentrations
were used for isotope dilution, one for the firat three sam=-
ples and the other for samples 4 and 6., This had no apparent

effect on the concentration value obtained.
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TABLE VI

Coneentration of sl Solution

Micrograms
of 08ld7per ml,

Sample of Solution
1 0,0310
2 0.,0315
3 0.0320
4 0.0311
6 0.0314

Average 0.0314 % 0,0004

The 1imits of error shown in Tables III to VI are the
standard deviations of the independently determined values in
sach table and are considered to represent limits imposed by
the measurement of small volumes of solution.

Substitution of the absolute disintegration rate (cor-
rected for Y90 gontribution) from Table III and the number of
atoms present from Table V into equation [i] gives a half=-
life of 27.7 * 0.4 years for sr90, Similarly the average values
from Tables IV and VI give a half-life for Csld7 of 26,6 ¢ 0.4
years, The precision given in both cases is the standard de-
viation ealculated on the basis of the precision reported for

the average concentrations and disintegration rates,
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(B) Comparison with Currently Accepted Half-Lives
ggz Strontium 90

Powers and Volgt (51) followed the decay of a Spr90
sample for a period of seven years with a Lauritsen electro-
scope. They obtained the currently accepted value of 19,9 20,5
years for the half-life, a value considerably lower than the
27,7% 0.4 year value resulting from this work.

Fission yield studies of uess provide evidence for
choosing between the 19.9 year value and the 27.7 year value,
It follows from equation [}]that the fission yield of Spr90
may be evaluated from a determination of the Sr% disinte-
gration rate corresponding to a given amount of U235 fiasions.
Glendenin's value of 25 years (50) for the half=life of 8p®0
assumed the ylield of this isotopa to be on a smooth ission
yield curve. The 19,9 year half=-life would lead to g‘fiasion
vield some 20 per cent lower whereas the 27.7 yaar.balr-lifo
would correspond to & value about 11 per cent above the smooth
yield curve. Investigations in this laboratory (67) show that
the fission yleld of 8p90 is high and that the corresponding
fission fragment of mass 144 has a yleld about 7 per cent
above the smooth fission yield curve. These data tend to

support the value of 27.720,4 years for the half-life of 8r90,

In a private commmnication, Clendenin and Steinberg (68)
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reported a value of 28,8 years for the half-life of Sr% py
using the same method euwployed in this investigation. They
have not, however, indicated any precision for thelr result,
In additlion Dr., Voigt has expressed the opinion (69) that
there may have been loss of sample during the course of ﬁha
change=in=-counting=-rate-with~time studies leading to the 10.9
year valﬁa (51)., This would have resulted in too rapid a
change in the counting rate and consequently too short a halfe

life.

(b) Cesium 137
Recently, workers at Harwell reported 30,0 2 8:§ years

as the half-life of Csd%7 (70). Their experiments were based
on the same approach that was used in this work, i.e,,an ab=
solute disintegration rate determination and isotope diluﬁion
along with the mass spectrometer, lHowever they used, as sample
mounts, films with superficlal dons;tias ag high as 850"gm.
per square om. and yet the correction they applied for absorp-
tion in the source mount was only 1 per cent. Any of the three
methods mentioned in part (A)(d)(1l) of the experimental section
(N.,B.8.,, sandwich or absorption curve) would predict a larger
correction. MNevertheless this discrepancy is not of sufficient
magnitude to account for & difference of 3.4 years in halfe-
life results,

The currently accepted value of 33 2 2 years (8) for

the half-l;fa of 08l¥7 was caloulated from changes in the mass
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spacirometric raties of Qalﬁalbalav for fission products dife
fering up to 8e¢4 years in age. lore receant studirs of similar
retios have heen made in this lsbdoratory with flssion products
differing up to 843 years in age and these results, shown in
Table VII, give a half«life of 26.56 L 2 yoars (71)s Any varie
ation in the relsative yields of the sauples compared in this
maaner would msterially affect the calouleted halfelils, pare
tlculerly since the change in the aalﬂa/aalﬁ? ratio, aven in 8
yeors, is smalle 3Doth the 206.06~ and G3eyoar volues were QObe
tained by comparison of different fission product sauples and
hence depend on the assumption that changes in the relative
fission ylelds due to different irradiation conditions are
smalle In addition, 1t should he noted that all the holfe
lives in Tahle VII depend on the ¢,13?/¢,155 ratio of one same
ple at two different ages. If this had “een contaminated, all

the celoulated halfelives would be lower than the reoal value.
Hevertheless, 1t 1s falt thet the 20.6-ycar velue hased on
gompletely independent measurements doss support the Z6.8-year
half-life found in this investization.
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TABLE VII

Half-Life Values from Changes in the Cs1%7/cel®3 patio with Time

Time Since

Age
Difference
in Years

Irradiation with respect

Age

Difference  Cs397/0cgl33  pHaip-1ife Half-life
in Years determined in years in years
with respect with a mass from from

to Sample 7® spectrometer Sample 7 Sampls7¥®

Sample in Years to Sample 7

2 l.282 6,628 8,554 0.9074 26.2 27.3

2 1.470 €.440 8,166 0.9058 25.7 26,9

& 1.767 6,143 7.869 0.925 25.0 26.5

“@ 1.9156 5.995 7.721 0.8929 26.0 27 .4

é 2.360 5.5560 7.276 , 0.8757 27.5 28,5

7 7.810 : Average 26 % 1.5

7® 9.636 Average 27.5 3.6

Overall Average 26.5 * 2

7 and 7%are the same sample at two different ages.
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(C) Indications of Future Hesearch

8r90 and C8l87 gre most important because they are
relatively long-lived and plentiful in fisasion products, MNea~-
surement of these two half-lives was therefore of considerable
interest but the method reported in this thesis is by no means

1imited %o two isotopes. The same techniques could be applied

to fission product Sml®l as well as to many other radioisotopes
with similar half-lives, For example, any half-life between
that of 2.3-year C81%¢ gna 400 year-Lald7 gould be measured
this way. Depending on improvements in counters and counting
techniqgues, the range could be extended much farther., Alpha
emitters would be easler to work with than beta emitters

since the former involve mono~energetic radiation and abso=-
lute disintegration rate determinations would be correspon~
dingly simplified.

The scope of the isotope dilution method could ine
clude the determination of half-lives from the rate of product
formation., For example, in the determination of the half-
life of tritium (section (A) (b), Historiecal Introduction)
iaébape dilution could be used to measure very small amounts
of He formed. Clearly, the method is applicable to a wide
range of alpha, beta or gamma half-lives of both solid and

gaseous radioisotopes.
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