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ABSTRACT

THE RADIOACTIVITIES OF Sm'*7 AND E*°

by George B. Beard

This thesls consists of two parts; a study of the alpha acti-
vity of the Smllw isotope and an investigation of the beta activity of Kl‘o.

The alpha activity of the Sml1P7 was measured using a proportional
counter having in geametry. The sources were prepared by evaporating
semarium chloride onto thin, aluminized zapon films with the total source
thicknesses varying from .06 to .24 milligrams per cm?. Both natural
samarium and #lectromagneticelly enriched samarium, which contained
78.35% Smll‘7 , were used. The amount of samarium present in each source
was determined by means of a spectroscopic analysis. The measured acti-
vity of T19 + 36 counts/sec-gm Sm*T corresponds to a half-life of
1.25 + .06 x 1011 years.

_The investigation of the energy spectrum of the alpha particles
was carried out by measuring the alpha tracks produced in an Eastman NTA
25 micron nuclear plate after it was placed in contact with a thin eva-
porated source of the enriched samarium. The resulting histogra.m showed
an energy spectrum that was nonoenergetic with an alpha particle energy
of 2.11 + .05 Mev.

This energy was used, along with an assumed nuclear radius
(obtained from the alpha decay data for Gdll"e) , to calculate the ex-

pected activity of the Sml)*7. The calculated activity was found to be
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less than the measured activity by a factor of about one hundred. VThis
difference cannot be readily explained. In order to get agreement be-
tween the two activities one would have to assume either a 6% increase
in the measured energy up to a value of around 2.24 Mev or a 17% increase
in the nuclear radius, or possibly some combination of smaller increases
in both. Since the uncertainties in the energy and radius are much
smaller than these values, it appears quite unlikely that they could.
account for all of the discrepancy between the activities.

As a possible explanation an approximate calculation was made
to see if some nuclear deformation (specifically, that corresponding to
a large positive quadrupole moment with a uniform muclear charge distri-
bution) could account for the difference. The results showed very
qualitatively that one might expect such a nuclear deformation to in-
crease the alpha activity to the right order of magnitude.

In the second part of the thesis the beta spectrum of K#O was
investigated with the aid of a scintillation spectrometer. By using a
comparitively large (31 grams) thallium activated KI crystal as the
scintillation element it was hoped that the beta spectrum could be ob-
tained free from distortion at low energies. Then the low energy region
could be used to distinguish experimentally between the unique second &nd
third-forbidden correction factors applied to the Fermi plot of the spectrum.

The observed beta spectrum was corrected for the following
effects:

1) background,

2) Kgo gamma rays,

3) resolution,

4) electron escape from the surface.

The correct$d spectrum was then used to make the Fermi plots. Although

the result was an improvement over previous work, it was found that both
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correction factors linearized the Fermi plot equally well down to an
energy of about 200 Kev. To distinguish between them one must find a
way of measuring the spectrum free from distortiom to even lower energies.
A As a check on the validity of the method the beta spectrum of

Kh 2 was measured in the region above 2Mev. When the unique first-forbidden
correction faqtor was applied to the Fermi plot it was made linear in
agreement with the theory and other experimental results.

By measuring the total activity of the KI crystael the beta ac-
tivity of K40 vas found to be 27.4 + .k particles per second per gram of

natural potassium. This result agrees well with other measurements using

a bx geometry.
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INTRODUCT ION

The decay of radiocactive nuclei can be classified into four
categories; alpha decay, beta decay, gamma emission and fission. PFis-
sion and alpha decay are closely related processes. In alpha decay
particles identical with bare helium neclei are emitted, while in
fission a nucleus will split into two more or less equal components.
Beta decay, on the other hand, is aomewhat more complex and can be
divided into three subclasses; negative electron (B~) decay, positive
electron, or positron (B*) decay, and K capture. As the names imply
beta particles are identical to the corresponding negative and posi-
tive electrons. In K capture one of the orbital atomic electrons is
captured by the nucleus and the name results from the fact that this
happens most frequently to electrons in the K shell because of their
greater proximity to the nucleus. Gamma emission takes place when a
nucleus goee from an excited state to one of lower energy with the
emission of a high energy photon. Usually a given isotope decays by
one or two of these processes, but it sometimes happens that both
alpha and beta decay as well as gamma emission take place.

Naturally occurring radioactive elements have long been known
to exist and over the period of the last half century every element has

been investigated for possible radiocactivity. Of the lighter elements
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with atomic number less than 80 only 10 have been shown to exhibit
ratural radiocactivity. These are listed in Table I.

In this thesis the radiocactivities of the naturally occurring

17

Sm and Kho isotopes are investigated.




Isotope
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19%
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115
l‘.9In

138
572
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60Nd
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TABLE I

Naturally Occurring Radiocactive Isotopes with Z < 80

Isotopic
Abundance(%)

.0119

27.85

95.8

.089

235.9

5.6

15.07

2.60

62.93

Type of
decay

Beta
Gamma

Beta

Beta

Beta

Gamma

Alpha

Beta

Alpha

Beta

Gamma

Alpha

Beta

E max
(Mev)

275

.63

.81
.5k

.270
.181
.089

.0L43
400

Half-1l1ife
(years)

1.29 x 10°

6.2 x 1olo

6 b 4 lOlh

~7 x 1010

V1.5 x 1070

>1012

1.25 x 100t

7.5 x 10%°

v6 x 108(calc)

L x 1012

Reference




CHAPTER I

THE ALPHA ACTIVITY OF Sml*7

1. HISTORY

Among the 10 elements listed in Table I only samarium, wol-
fram, and neodymium emit alpha particles. The neodymium and wolfram
activities have only recently been re:nrted(B’h) while the alpha ac-

tivity of samarium was discovered by Hevesy and Pahl<5) in 1932. It
was not until eighteen years later that the activity was established

ag being due to the Sml‘+7 isotope(6’7). Since the discovery, various
investigators have attempted to determine the half-l1ife and energy
spectrum of the emitted alphas. Table II summarizes their results
with the half-lifes being corrected for the proper isotopic abundance
of Smlu7.

In the early work by Hevesy, Pahl and Hosemann(8), Libby(g),
and Hosemann(lo), geiger counters were used to measure the activity.
They were handicapped by the lack of wodern electronic equipment and
counting techniques and as a result their work can be considered as
only approximately correct. Not only did they use poor gecmetry, but
their sources were not thin and hence had large self-absorption.

(11-14) lere carried out using nuclear

Later investigations
emulsions. In these cases a measured quantity of a samarium salt solu-

tion was absorbed by the emulsion of a nuclear plate and the subsequent
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alpha tracks were observed. There were several major sources of error
in this method. Probably the‘mosf important was the loss of some of
the tracks from those 'Smlh7 nuclel which were on or near the emul-
sion surface. Then there was the difficulty in defining the active
area as well as the chance of missing tracks while scanning the plate.
With track lengths of around 7 microns any tracks making angles of
over 75 degrees with the plane of the emulsion would be so short that
they might well be overlooked. Each of these errors would produce a
lower recorded activity and it is interesting to note that the ac-
tivity determinations by this methoa °ve lower than that measured in
the present experiment. The nuclear emulsion method does have the ad-
vantage, though, of showing directly whether there are any of the more
common longer range alpha emitters present as a source of contamination.

In view of the uncertainties in the previous investigations
and the discrepancies among the results it was felt worthwhile to in-
vestigate the half-life using improved techniques and source materials.
Both natural and electromagnetically enriched Sm were available.
The natural Sm with 15.07% Smlh7 (15) was about 98% pure Smy03 (16)
and the enriched Sm with 78.35% sm*7  was over 99.6% pure Sm,03 (17).
Agreement using these different sources as well as proof of the absence
of higher energy alpha particles due to contaminating elements would
constitute good evidence for the validity of the final results. There-
fore it was decided to make a new half-life determination and to in-

vestigate the energy spectrum using the enriched Sm.
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TABLE IT

Smlu7 Activity Measurements

Range
Particles (cm in air NTP Half-1l1ife

Observer Year Observed _A¢ in emulsion) (years)
Heve?g and 1932 1l alpha
Pan1(5)
Hevesy, fg?l and 1933 1 alpha 1l3 cm 1.8 x 1011
Hoseman: !
Mader(12) 1934 1 alpha i.;s cm 1.5,2 1011

1 prouon 1.37 cm
Libb§(9) 1934 1 alpha 1.23 cm (9.5+.8) x 1010
Hosemann(19) 1936 1 alpha 1.13 cm 1.5 x 101l
Taylor an? 1936 1 alpha 1.13 cm
Dabholker(11) 1 longer range ‘
_particle
Lattes and Cuer(1#) 1946 1 aipha 1.12+4.03 em  (1.7+.1) x 1011
Keller a 198 1 alpha  1.12 cm
Mather(zgg '
' Haenny, ?ad?r and 1949 1 alphe " T.06 4

Gailloud(2
Beste ner and 1949 1 alpha
Broda?gg}
Piccioto(13) 1949 1 alpha 7.84+.03 4 3.8+.2 x 1011
Jesse and 1950 1.11 cm
Sadauakis(Bl)
Stzeinsznaider(30) 1953 1 alpha v 7154

Waldron, S?hgltz, 1954 1 alpha T1H
and Kohman{3 .
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2. DESCRIPTION OF APPARATUS AND PROCEDURE

a. Proportional Counter

Since the alpha particles from Smlh'7 have such a short
range, it 1s necessary to use thin sources to minimize self-absorption.
Also, a large surface area is required to provide enough counts to
give good statistics within reasonable counting times. In order to
measure the counting rate directly and thus eliminage corrections due
to backscattering and other results of poor gecmetry one needs to use
a counter with 4 pi geometry. Such a counter, capable of using large,
thin sources, has been developed by Se-ryer and Wiedenbeck and described
in detail by Sawyer in his thesis(ls). A sketch of the general features
is given in Fig. 1. As can be seen from the figure it consists of
two pancake type counters placed above and below the source with an
arrangemcnt whereby a blank film can be made to replace the source
without disturbing the counter filling. In this way the background
count can be measured under the same conditions as the Sml’+7 activity.

The counter was originally developed and tested to be used in
the geiger region for the counting of beta particles from Kho . How-
ever, to count alpha particles one prefers to work in the proportional
region since this greatly reduces the background. Consequently, it
was necessary to establish that the counter would perform satisfactorily
in the proportional region also.

The range of the Sm*7 alphas is ebout 1.1 cm in air. To
insure that all the energy would be expended either in the source or
the counter gas the counter was filled with 20 cm of methane and 41 cm

of argon. Then, after replacing the 20 mil tungsten central wires by
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oneé of 4 mil diameter, it was found that the counter performed well
in the proportional region with the central wires at a potential of
about 2500 volts. TFigure 2 shows the result when a point source of
po210 alphas was moved across the counter along a diameter in one-half
inch steps. The drop in the counting rate at the center occurred
where the field became weaker(ls). The extent of the area of lower
efficiency was inversely proportional to the operating voltage. For
a further check the pulse height distribution of the polonium socurce
was observed at several different positions. As expected, the reso-
lution grew poorer when the point sourne was moved into the central
region, changing from 20% to about 30%. After comsidering the magni -
tude and relative areas of lowered efficiency in the center and along
the outside edge, the overall counter efficiency was taken to be 98%.

When the samarium sourcee were used the counter was stable

with a plateau of about 100 volts. Figure 3 shows typical counting rate

curves for a Sm source with the corresponding background.

b. Preparation of Sources

Two methods were tried for the preparation of thin sources.
First, a water suspension of finely ground samarium oxide was sprayed
onto an aluminized zapon film using a special atomizer which gave a
very fine spray. 8Since the chemical composition of the oxide is
fixed, this method had the advantage that the amount of Sm could be
determined by merely weighing the source. However, it also had two
me jor disadvantages which caused it to be.abandoned. Although the
oxide particles were fairly evenly dispersed, their size was still

appreciable in comparison to the range of the alphas and resulted in
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large self-absorption. Then, too, once dry the oxide particles did
not adhere well to the zapon film and even with careful handling some
would fall off making the amount of Sm change by as much as a few
percent while the source was being used. This had the double effect
of raising the background count as well as lowering the Smlh7 count -
ing rate.

The method chosen to overcome these difficulties was to pre-
pare a source by evaporation in a vacuum. After a series of tests
it was found that quite efficient evaporation could be achieved using
samarium chloride placed in a molybdcivm crucible. (Molybdenum was
used because samarium tends to form Intermetallic compounds with some
of the other more commonly used metals(l9).) Thus, by evaporating a
layer of aluminum onto a zapon film followed by a similarly deposited
layer of samarium chloride, a thin, microscopically uniform source
could be prepared. The samarium chloride was made by treating the
oxide with HC1l and then evaporating the solution to dryness in an
electric oven at about 60°C. Higher temperatures of around 100°C
cause the undesireable oxychloride to be formed.

In the half-life determination the total average source
thicknesses varied from .06 to .24k milligrems per cm®. Since the
samarium alpha particles have a range of 1.7 mg/cma, the sources would
not be expected to have a large self-absorption. This is substan-

tiated by the observation that an increase in the source thickness by

a factor of four only decreased the counting rate by about 15%.

c. Spectroscopic Analysis

Although the sources prepared in this manner were thin and

microscopically uniform, a major difficulty was introduced. It was due
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to the fact that when samarium chloride is evaporated there 1s some
question as to its final chemical compoaition.(l9’20) It is possible
that some of the samarium chloride, (SmClB), goes over into samarous
chloride, (SmCl,), or it may pick up waters of hydration to becomé
SmCls'6H20. Consequently, it was necessary to make a quantitativeAanal-
ysis for the amount of Sm present in each source. Considering
that only a few milligrams of samarium were to be measured in each
case, a quantitative chemical analysis would have been virtually im-
possible and so a spectroscopic analysis was decided upon.

In setting up the spectroscoric analysis a series of trial
runs showed that the Cu 1line at 2961.2 A°. could be used as an
internal control with the Sm 1line at 3216.8 A°. A large quantity
of 10% HC1 stock solution was prepared and enough copper sulphate
was added to make & Cu concentration of 2 mg/cc. Then several
standards were made with known concentrations of samarium. A quantity
of the Sm203 was weighed and dissolved in a measured volume of the
stock solution to make the most concentrated standard. The others
were then prepared by successive dilutions. Several independent
standards were also made as further checks. The unknown samples were
prepared by immersing the zapon films in a measured amount of stock
solution until both the aluminum and samarium chloride had completely
dissolved.

Each of the solutions was diluted by adding an equal volume
of concentrated sulfuric acid and & porus carbon cup was used to con-
trol the rate of flow of solution into the spark source of a large

Littrow prism spectrograph. The addition of the sulfuric acid, along
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with a 20 second pre-exposure time with the regular 4O second exposure
interval, helped to improve the reproducibility of the runs. At the
end of each run before being discarded the porus cup was examined to
gee that it had neither run dry nor boiled over. Any deviation from
the norm caused the run to be disregarded.

The spectra were recorded on a No. 33 photographic plate.
After development a microphotometer was used to compare the relative
densities of the two Cu and Sm 1lines in each spectrum. The spec-
trum of iron was also included on each plate and several of the iron
lines were used for calibration. ir. the analysis of each sample a
half dozen runs were recorded on the photographic plate along with
spectra from two of the standards. A good estimate of the amount of
Sm 1in a source could be obtained by weighing and by proper choices
of the amounts of stock solutions used the unknown concentrations
were kept between .125 and .250 mg/cc. This regior gave line densi-
ties well above the background while providing a fair emount of solu-
tion to be analyzed even when the amount of Sm on the source was as
little as a milligram. All quantities involved in making the standards
and unknown solutions were measured to an accuracy greater than 1%.

The avérage of the unknown runs was taken to be the amount
of Sm in the sample and the uncertainty was estimated from the re-
producibility of the separate runs. In some instances, where there
was enough of the unknown sample, two separate plates were run as
a further check on the accuracy. The accuracy of the best runs wae
Judged to be within 3% by comparison with similar trials uaing the

standards.
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This procedure worked well with the natural samarium oxide.
However, upon going to the enriched Sm it was discovered that the
Sm 1line became too weak to use. A detailed comparison with the
spectra of the possible contaminating elements revealed that the added
intensity of the Sm line was due to the yttrium line at 3216.7 A°.
From the data on the purity of the Sm203 and the relative intensities
of the two linee(al) such a large contribution from yttrium line was
unexpected. However, since the chemistry of the two elements 1s so

(20) it was concluded that the relative abundance of the

similar,
yttrium impurity would not be significantly changed during the evapora-
tion procedure and hence the spectroscopic analysis would be valid as
long as the standards and unknowns were made from the same source of
samarium.

The unexpectedly large contribution of the yttrium line indi-
cates that the claim of 98% purity for the natural Sm;03 may have
been a bit optimistic and this conclusion is strengthened by the ex-
perimental results. The counting rates for the natural samarium all
fell slightly below the corresponding values for the enriched Sm runs,
but the average difference lies well within the overall estimated ex-
perimental error and gives good evidence for the accuracy of both spec-
troscopic analysis procedures.

Since the line at 3216.8 A° was not suitable for use with
with the enriched Sm it was necessary to go to a new region of the
spectrum to find a stronger line. A suitable line was found at 3609 .5A°
and the 3602.0 A° Cu line was used as the control. A new quantity
of 10% HC1l solution was prepared with 15 mg/cc of Cu and new stan-

dards were made containing enriched samarium oxide which was weighed
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to an accuracy of better than 1% on a microbalance. Only one-third
as much concentrated sulfuric acid was added to the solutions and
the spectra were recorded on SA No. 1 photographic plates using a

different Littrow prism spectrograph, but the general procedure was
the same as had been carried out with the natural 8Sm. The somewhat
Jarger uncertainties in the results are predominately due to the lesser
guantities of the unknown solutions available which in turn were caused

by the smaller amounts of Sm in the sources.

d. Electronics

The circuitry involved in the operation of the counter was
straightforward. A Higgenbotham(za) type high voltage supply was
used to furnish the operating voltage. The output pulses from the
counter were fed through a standard cathode follower pre-amplifier
into a differential discriminator based on a design in Elmore and
Sande.(23) In the regular runs the integral out pulses from the dis-
criminator were used so that all pulses from the amplifier with an
amplitude greater than six volts were passed on into a Nuclear Instru-

ment Model 161 scalar with Mercury register.

3. ACTIVITY DETERMINATION

Using a blank film this arrangement gave a background count-
ing rate of about 0.16 counts per second while the counting rates of
all but the weakest sources were more than a factor of two greater.
The positions of the blank and sourcee were interchanged at times to

insure against spurious counts caused by possible contamination of one
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section of the sliding tréy and not the other. 8everal different
blanks were used in the course of the experiment.

During a run alternate readings were taken of the source and
background counting rates until the Sm counting rate could be deter;
mined with a standard error of less than 2% for those sources contain-
ing natural Sm and about 1% for those with the enriched Sm.

For the determination of the actual counting rate the re-
sults of five runs with natural Sm and six runs with enriched Sm
were used. Three other runs using a second supply of natural samarium
chloride as a starting material were fnund to give results consistently
about 25% too high. However, in the spectroecopic analysis the stan-
dards were those made using the natural Sm205 and, since the results
therefore depended on the relative amounts of yttrium Impurity present,
it is not surprising that consistent results were not obtained. In an
attempt to utilize thinner zapon films a thin wire was stretched across
the center of two source rings and blank, but these results were also
discarded when it became apparent that after the addition of a wire
the background counting rate increased significantly. It is not known
whether the increase in the background counting rate was actually
due to the addition of the wire or whether the rings had somehow be-
come contaminated. It was definitely established,  though, that the
rings gave a background counting rate which was about 30% above the
normal value.

Figure 4 shows a graph of the counting rate per gram of
8m1h7 plotted against the total source thickness with the flags re-
presenting a combination of the statietical counting errors and the
uncertainties in the analysis measurements. In most cases the count-

ing error forms a negligible fraction of the total.
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The best fit of a straight line(2%) vas made with the data,
assuming equal errors for all points. While the data do not actually
conform to this criterion the final result is surely well within the
estimated possible error and agrees well with the results obtained if
one makes & best fit drawn by eye. The intercept at zero source thick-
ness gives a counting rate of 705 counts per sec per gm of Smlh7.
After correcting for the counter inefficiency and including the ex-
rerimental uncertainties one obtains a counting rate of 719 + 36

counts/sec -gm Smlb"?°

L. HALF-LIFE CALCULATION

The rate at which a radiocactive isotope decays can be ex-

pressed as follows:

dn
at - -An
where: n = the number of radiocactive nuclei,
%% = number of disintegratione per second, and
A = a constant characteristic of the particular isotope in
question.
After integration one finds:
n = noe')‘t (1)
where: ng = number of nuclel present at t = O.

The half-life, ‘Z/ » is defined as the time necessary for

n = ny/2 . Using this definition and Eg. (1) we f£ind

o An2 695

A A
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To find A\ we take the experimentally obtained results for

dn/dt. The half-life is then given by:

= 1,25 x 1011 years

23
N~ .693n .693 x 6.023 x 10
L dn%dt 147 x 719 x 3.156 x 10'

or, including the error:

°7 - 1.25 + .06 x 101 years

5. ENERGY SFECTRUM

To investigate the energy spectrum 0.9 mg of enriched samarium
chloride was evaporated onto a thin zapon film giving an average source
thickness due to the samarium chloride of 0.008 mg/cmz. The zapon film
was then placed in contact with a fresh Eastman NTA 25 micron nuclear
plate. After three weeks the plate and a blank control were examined
using a microscope with the plate under o0il immereion. Over 200 tracks
were meagured, but when a shrinkage factor of 2 was applied,(25’26)
only 175 tracks were left which satisfied the criterion that their
original penetration angles be less than 37.5°. Under these condi-
tions an error of as much as 10% in the shrinkage factor would affect
the length measurements by a maximum of about 4%. No alpha tracks
were observed upon scanning a comparable area of the blank control
plate.

Figure 5 shows the variation of the number of tracks per .3
micron intervals with the total range. From the distribution it ap-
pears that at least the large majority of the alpha particles are emit-
ted at one energy. Thie is in agreement with the more recent recults,

(13,14,27-30) From the histogram one sees that the mean range is 7.0
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microns. It is rather difficult to assign an error to this type of
measurement, but one can probably safely list the range as 7.0 + .2
microns. If a range energy curve 1is drawn,(26) it can be seen that
this corresponds to an energy of 2.11 + .05 Mev.

Strictly speaking, this range-energy curve is based on data
from Ilford Bl emulsions and while the range characteristics of these
emulsions are very similar to the Kodak NTA emulsions they are not

(26)

In an effort to calibrate the curve more closely, several

210

identical.
drops of solution containing Po were allowed to dry on a zapon

film and then placed in contact witn ~mother Eastman NTA 25 micron
plate. The polonium alpha tracks were measured in the same way as

was done with the Sm tracks and a histogram was made of the results.
This is shown in Fig. 6.

The source was not microscopically uniform and a fair amount
of self-absorption took place, as the relatively large number of shorter
tracks indicates. But if one accepts these results then the peak in-
dicates a range of 22.7 microns. From the range-energy curve this
corresponds to an energy of 5.35 Mev. while other measurements using
spectrcmeters(l) have given an energy of 5.30 Mev. so that there is
failr agreement between the results of the two methods. This means
that any adjustment one might wish to make in the range-energy curve
to compensate for the difference in emulsions would undoubtedly have
no significant effect in the value obtained for the energy.

An alpha energy of 2.11 + .05 Mev. agrees well with a recent
detailed emulsion measurement by Stzeinsznaider(5o) who arrived at a
value of 2.12 + .03 Mev. This value is in disagreement with the re-

sults.of Jesse and Sadauskis(3l) who measured the ratio of the ioniza-

tions produced by samarium and polonium alphas in both argon and air.
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They concluded that the relationship in air is not linear at low ener-
glies and so the energy of 2.07 Mev obtained for air is too low. How-
ever, they do assume a linear relationship in argon and quote a value
of 2.18 + .02 Mev for the alpha energy. Various authors(32-35) have
questioned this assumption and there is now some doubt as to the validity
of the result using argon.

Because the exact energy is of great significance in deter-
mining whether the theoretically predicted half-life agrees with the
experimental value, it would be important to resolve the differences

in the values of the energy as obtai.~4 by the different methods.




CHAPTER IT
THEORY OF ALPHA DECAY

1l. GENERAL DESCRIPTION

Alpha spectra may be either simple or complex. In the case
of a simple spectrum only alpha particles of one well defined energy
are emitted while in a complex spect:'m alpha particles of two or more
different energies may be found. The existence of complex spectra
can be explained by assuming that the residual, or daughter muclei
can be formed in any one of several quantized levels. The highest
energy alpha particles are those emitted when the daughter~nuclei are
formed in the ground state and the lower energy alphas are those emit-
ted when the daughters are left in ‘the corresponding excited states.
(See Fig. 7.) This assumption is very well corrcobolated by measure-
ments of the energles of the gamma rays emitted when the daughter nuc-
lei decay from the excited states to their ground state.

‘There are,. however, at least two cases known (ThC' and RaC')
for which the above explanation does not hold. These nuclei emit a
very few alpha particles with energies much larger than the main group
and have lifetimes of less than a millisecond. The presence of the
long range alphas in each case can be accounted for by the assumption
that ThC' and RaC' nuclei are formed in excited states by beta
decay and that occasionally before these excited states decay by gamma

emission to the ground state they can decay directiy by emission of

2k
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an alpha particle to the daughter nucleus. In these cases the particles
will have an energy corresponding to the normal transition from the
ground state of the parent to the daughter plus the energy of the cor-
responding excited state of the parent. (See Fig. 8.) Because the
half-life for alpha decay i1s extremely energy dependent this extra
energy makes it possible for the alpha emission to compete with the

short lived gamme emission from the excited states.

2. ENERGY CONSIDERATIONS

If one considers the experimental results as well as semi-
classical concepts the Weizsacker semi-empirical atomic mass formula

can be set up. The formula can be written in the following form:(ss)

n(A,z) = 1.00813Z + 1.00898N - ajA + 52“‘2/3 + as . AQL-Z

2
z
+ .000627 75 + & (A,2)

where: 1.00813Z and 1.00898N represent the masses of the constituent
protons and neutrons when considered separately,

-ajA = volume energy correction; experimentally it is found
that the binding energy 1is roughly proportional to the mass
of the nucleus,

a2A2/5 = gurface effect; analogous to the surface tension in
a liquid,

az iﬂ[%:&l = term due to the "symmetry energy'; correction
for the number of unpaired nucleons,

2
Z
.00062 = energy due to coulomb repulsion, and
7;;75 &y P ’
& (A,Z) = correction term depending upon stability of nuclei

with respect to whether the number of Z and N 1is even or
odd.
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The values of the various constants, a), a5, etc., are chosen
to give results consistent with those obtained by experiment. These
results are necessarily crude since many of the refinements in nuclear
shell structure are not included. However, much useful information
can be obtained. For instance, 1f we consider the binding energy of

an alpha particle in a nucleus we find:
BE(Q) = M(A-4,Z-2) + 4.00390 - M(A,A)

The binding energy becomes negative in the middle of the
periodic table indicating instabilii, to alpha decay for the heavier
elements. According to Kbhman(37), who also considers some of the re-
finements to the theory, most nuclei with A > 140 are energetically
capable of emitting alpha particles and are only stabilized by the
nuclear potential barrier.

In the same way it can be seen that nuclei of even lower
atomic number are unstable to fission. However, in this case the fis-
sion fragments have such large mass and charge that penetration of
the potential barrier is much more difficult. Consequently, spontan-
eous fission is rare compared to alpha decay.

The fact that natural alphe decay 1s observed in the rare

17 and l‘I‘dlh1+ is undoubtedly connected with the

earth region for Sm
extra stability of the n = 82 configuration predicted by shell
theory.(js) This extra stability affords an abnormally large amount of
energy for the alpha particle thus permitting the decay to take place
with observable life times. The work of Dunlavey and Seaborg(39) in

L6

detecting the alpha activity of artificially produced Sml is also

in agreement with this idea.
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3. THEORETICAL TREATMENT

Modern theoretical treatments of alpha decay stem directly
from the work of Gamow(uo) and Gurney and Condon(hl) who first intro-
.duced the concept of quantum mechanical penetration of the coulomb bar-
rier to explain the relationship between half-life and energy in alpha

emission.

a. One Body Model

The original theory is based on the one body model with the
alpha particle being assumed to exis* in the nucleus and to move in a
potential created by the nucleus. Inside the nucleus the potential
is assumed to have some constant value V. (Vb is not well defined,
but 1its exact value is not very important and in any cese it is less
than the energy which the alpha particle must have in order to pene-
trate the coulomdb barrier.) Outside the nucleus, beyond the range of
the nuclear forces, there is only the regular coulomb potential between

the daughter nucleus and the alpha particle. This potential is given

by:
2Ze°
c~ r
where: ze = charge of the alpha particle,
Ze = charge of the residual nucleus,
r = distance between centers of the alpha particle and

residual nucleus.

The potential reaches a maximum at r = R.

zZe2
vcmax = R
where: R = the sum of the nuclear radius and the effective radius

of the alpha particle.
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Figure 9 shows a plot of the potential with the further assumption
that the alpha particle is emitted in an & ({ =0) state. For a par-
ticle of energy E 1t can be divided into three regions.

1) inside the nucleus where r<R and ED>V(r) = Vg

2
2) the potential barrier region where R<r<z—§—e— and
V(r) >E
zZe2
3) outside the nucleus where ry =g — emd ED>V(r)

Classically, an alpha particle of energy lb.which is less
than the maximum of the coulomb barrier, would not be able to escape.
Everytime it came up against the bas:rier it would merely reverse di-
rections. However, according to quantum mechanics there 1s a finite
chance for the particle to penetrate the barrier and thus escape.

If we consider an alpha particle moving in the nucleus 1its

wave function WY satisfies the wave equation:

vy +£§2 (B-V(r))yp =0 (2)

M = reduced mass of the alpha particle.

E = energy of the alpha partfcle inside the nucleus
(= available nuclear decay energy).

V(r) = spherically symmetric potential.
The number of particles which leave the nucleus per unit

time is then:
N = hnrlv "W'a

where v is the velocity of the & particle in the nucleus.
In general the wave function can be expanded in a series of

~gubwaves of orbital angular momentum .

N @ =Y (0 = ) B v, (o) (3)
£=0
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Y{,O(Q) are spherical harmonica.(ya)

If we now assume that the alpha pafticle is moving in an s

state then
_Uo _ U
VY o===3 @ =0)
and . the wave equation becomes:
daﬂ . M. _ ¢ ’
3 + = (E-V)U = O | (4)

dr A

Thie equation is best solved using the WEKB approximation.

When this 1is done(hh)one obtains an exzpression for the activity of the

form:

A = fP = number of alpha particles emitted per second (5)

P is the famous penetrability factor.

r_- Ye
P=e2C ,S (zZe -’.!!:)1/2
A straightforward integration gives:
. 2MzZe[ 1/2 ( )1/2, _ER \1/2
zZe e

or

2
c = %%22_l[?oe'%Xl/eexl/z(lai}/z;] where X = 2R
v J

2232

The quantity f corresponds roughly to the frequency of the

periodic motion expected of any particle in a bound state.

b. Many Body Model

The one body theory of alpha decay is open to criticism on

the grounds that it assumes that the alpha particle exists as & unit
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moving freely inside the nucleus in a potential created by the residual
mucleus. Instead, one could just as well assume that in general the
components of the alpha particle would not be distinguishable from the
other nuclear particles, but that they Join together to become an alpha
particle just at the moment of emission. TFor a simplified discussion
one can say that the probability for alpha decay would be the product
of two factors:
1) The probability of finding the nucleus in a configuration
such that an alpha particle appears at the potential barrier.
2) The probability that iuc alpha particle will penetrate the
barrier and escape.

Following Blatt and Wbiskopf(h3)we can write:

A= Wl
\AJO = the\nnmber of attempts per second to penetrate the po-
tential barrier,
T = transmission coefficient of the barrier.

Now we know that the motion in a bound state has a periodic

character so it seems reasonable to identify Wp with the classical
period P. Then, going further, one can use a rough approximation be-
tween the classical period and the level distance, D , between levels
of the same parity and angular momentum.

=_1 D
\WJ =P Ve,
Y o 3

Then
D
AN R T
This result is the same as that obtained by a more rigorous

quantum mechanical treatment.(hj) The calculation of the transmission




-33-
coefficient 1s usually carried out by means of the WKB approximation
and one obtains the factor P, so that again the activity can be ex-
pressed in the form of Eq. (4), but here the f may have a very dif-
ferent value than the one obtained ﬁsing,the one body approach.‘ Por
instance; in the extremes of the one body and many body models de-

scribed by Bethe(hh), the values of f differ by a factor of 106.

c. PenetratianFuctor

It is the exponential nature of P <that makes the decay
rate for both models 80 sensitive ic changes in the nuclear variables
as exemplified by the fact that a change in the alpha particle energy
by a factor of about 2 can change the half-life by a factor of 102“.
The exponential 1is also very sensitive to the value of R. A varia-
tion in R of about 17% changes the theoretical value by a factor
of 100 for E = 2.2 Mev. Therefore, even though f 1is not well
known, the experimentally measured values of )\ and E can be used
to determine the value of R with fair accuracy.

From the calculated value of R ome would like to obtain
the corresponding value of the radius of the residual nucleus. How-
ever, here again there is some uncertainty. R 1is really a sort of
effective distance between the centers of the residual nucleus and
elpha particle since one would expect some coulomb repulsion effects
to be felt even before the alpha particle had fully left the nucleus.
Accordingly, R would not be equal to the sum of the radii of the
alpha particle and daughter nucleus but would equal a somewhat smaller

value. This means that in any given case we must set

R = Ry + j’a




=34
where: Ry = the nuclear radius of the daughter nucleus,

f o = the effective radius of the alpha particle and ia smaller
than the actual radius as determined by other means.

If a reasonable value for f «q 18 assumed, comsistent re-
sults for the various nuclear radii can be obtained. These radii will
differ, however, depending on what model 1is used to determine f. If
one considers the extremes previously mqntioned, when the experimental
measurements of decay rate and alpha energy are used to determine the
nuclear radius the value obtained using the many body model is always

about 40% greater than that obtained ueing the one body model.

d. g_\‘x_xgula.r M_cmentum of theAlph_a. Partic;l.e

So far no mention has been made of the possibility of a
change in the _nuclear spin during the disintegration although such a
change does sometimes occur. 8ince the spin of the alpha particle is
zero any nuclear spin change must result in a non-zero angular momen-
tum of the alpha particle. To see the effect of this we can substi-

tute Eq. (3) into the wave equation, Eq. (2) and find:

a?ly, oM L L+1 )82 } 4
d——;—af%-a- E-2Y2§_ -V(rﬂ U =0 (6)

Comparing Bqs. (4) and (6) we see that the inclusion of
alpha particles with angular momentum is equivalent to adding another
term to the potential barrier height, which taken by itself means
that the higher the value of £ +the lower the probability for decay

will be. The maximum of the potential barrier becomes:

2 2
zge + 1_(__._#_.2"’1' - M = angular momentum carried away
. 2M R by the alpha particle °
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The ratio of the angular momentum term at the maximum to the coulombd
term 1is:

2@+1) 2582

where R 18 in terms of 10-13cm. vm:_en r>R this ratio becomes even
gmeller. |

For the usual values of R and Z this term does not give
any appreciable contribution for low values of £ 1in comparison to
the uncertainty already existing in the choice of wvalues for f. Of
course one must take into account the comservation laws of angular
momentum and parity when considering pussible values for the 2. of the

emitted alpha particle.




CHAPTER IITI
COMPARISON OF THE EXPERIMENTAL RESULTS WITH THE THEORY

Rasmussen, Thompson, and Ghj.oreo("‘5 ) have calculated the decay
constant- of varioﬁe rare earth isotopes ueipg five different decay for-
mulae; These formulas all have the form A = fP , but they differ in
the formulation of f. The values 1sed for R were based on the ex-
perimental decay rate of Gdlhe. This isotope has an even-even nucleus
and presumably should undergo a parity-favored decay with the alpha par-
ticle being emitted in an s state, whereas a nucleus with an odd num-
ber of nucleons could have its decay hindered by various factors such
as a change in spin. In the calculations the reduced maas and total
nuclear decay energies were used.. The total nuclear decay energy can
be obtained froh the measured kinetic energy of the alpha particle by
adding the calculated nuclear recoil energy as well as a correction
term equal to the electrostatic potential energy of the alpha particle
at the nucleus due to the electron cloud. (45)

For'Snlh7, considering the alpha energy to be 2.18 Mev, they
obtained & half-life of 1.6 x 1012 years when using the formula by
Rasmussen. This is more than 10 times as long as the experimental
value of 1.25 x 10ll years.

The decay rate 1s so dependent on the value of the decay en-

ergy that a difference of around 70 kev corresponds to a change in the

decay rate by a factor of ten. Consequently, a 3% increase in the

-%6-
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measured alpha energy would give approximate agreement between the mea-
sured and predicted half-lifes. However, as was noted previously, the
latest energy measurement using nuclear emulsions gives an energy of
2.12 mev which is 3% lower, and would predict a half-life about 100 times
as great as that observed. This difference is of all the moré interest
as it results from an observed activity which is greater than the pre-
‘dicted value and thus cannot be explained by assuming that the transi-
tion is hindered in some way because we are dealing with an odd nucleon
nucleus.

8ince the discrepancy betwcen the calculated and measured
activities 1s so large and contradictory to the theoretical predictions
it seems worthwhile to speculate about the situation to see whether
the difference perhaps has some fundamental significance or if it can
be explained by fairly elementary considerations.

Figure 10 shows a plot of log (1/\) against the total decay
energy'and Fig. 11 gives the variation of log (1/A) with the effective
nuclear radius, where A = the decay activity per second. The formula

employed for the calculations was one used by Biwas and Patro(h6) and

by Perlman and Ypsilantis(*7).

= =
N= R P

with v = the velocity of the alpha particle in the center of mags system

and R = the effective nuclear radius and was taken to be = 7.55 x_lel} cm
from the empirical results of Rasmuseen et al(hﬁ) for Gdlhs. P 1s the

penetration factor already introduced.

As can be seen from the figures in order to get agreement be-

tween the experimental and the theoretical values of log (1/x) one
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would need either to assume an increase in the radiue by 17% or the
energy by 6.4%. While there is still some uncertainty in the exact
value of the alpha decay energy as well as an estimated possible 5%
error in the nuclear radius, it appears quite unlikely that these errors
could account for all of the discrepancy between the decay rates.

Assuming the difference in the decay rates to be real, per-
haps some :unusual aspect of the nuclei involved might help give an ex-
planation. According to the table of nuclear moments 1n'Ramsey(h8) the
spin of the SmI*7 nucleus is 5/2 while that of Nal#3, the daughter
micleus, is given as 7/2. However, later work by Bogle and Scovil(h9)
ghows that the spin of Sm1%7 is really 7/2 also so that there is no
spin change in the alpha decay of Sm;h7 which helps make the transi-
tion more favored.

It was also noted that in this region various nuclei have ab-
normally large and positive quadrupole moments. Although the quadrupole
moments for Sm and N4 are not known it seems reasonable to suppose
that the value for Ndlhj might also be large and positive. In such
an event the charge distribution could be taken to be uniform and to
form an ellipsoid of revolution with the major axis along the direction
of spin. Then the coulomb barrier that the alpha particle must pene-
tratelmight be distorted in such a way as to allow the alpha particle
to escape more readily than from a purely spherical charge distribu-
tion. Or one could still assume a spherical nucleus and calculate the
effect of adding the quadrupole field to the usual monopole component.
To make the conclusions more quantitative an approximate calculation

was made.




41~

In general, assuming the alpha particle carries away zero angu-

lar momentum, we have from previous considerations that

P = &2
where / Ye
_ (oM 1/2 j 1/2
c = 3 v(r,0) - E dar
ey
and 2
V(r,Q) = % Zf An p Pn(cos@) = zge + @(r,Q)

'B

#-(r,0) = quadrupole potential with © being the angle with respect to

the z axis (which points along the spin axis).

Bo(r,0) = % (3cos20-1)

Wi

and for an ellipsoidal charge distribution

ra=d [ P el

By definition

Q = % = quadrupole moment

80
2
¢2(r,0)- - 2 (3cos ©-1) per unit charge

or for an alpha particle of charge ze
2

— (3cos=0-1)
Ir

_ (oM E Ji Qe; (3cos°0-1) _Ezl/redr

1/2

Lz_aﬁefﬂ_"’.“ r‘i , Wieobon) | m 1

- 1/2 - urlz zZe
Sy - 2] dr}

= 1o

¢2(r:°) =

Then
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where JO is the value of r beyond which the quadrupole term ceases
to make an effective contribution. TFor any given value of Q it can

readily be determined graphically. In the first integral where

F>r >R

Q(3cos 0-1) Er
4roz <2 and zZe? (1

one can expand the square root and get, keeping only significant terms,

A=J?—L 1. cos0-1) _Er °lfﬁzu
R T

S
(X7 -(=® 1 QX"(3cos ©-1) 1 1
AR AR i x> @m)’ "‘j

1 3/2 3/2, 1 5/2 5/2
L@e)?/? - @3 - Ly (xR ¢

E
zZea

where X =

If one chooses Q = 6 x lo-eucm?, f =35x 1013 cm for the case when

-1
E-2.20Mev, z =2, Z = 60 and R = 7.55 x 10" “em

2

1/ 2
PR =) -zvzi- 2.617 + .00h(3c0320-l)_z

1

An exact integration for A without the quadrupole term gives

-

1l/2 2
C LY = § apteaan 2_ () 2/21-3m) 2o 1n 7 ap) /2

. _ em-l(m)l/a j

1l/2 2
- @‘_5)—/— 2 (.618)
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The agreement 1s within the sliderule accuracy used and Justifies the
approximation in the expansion.

Since the total value for C using the exact expression 1is

Ya 2
c - {20= e (o5

we see that even under the most favorable conditions with 0O =

OV E

the quadrupole potential can have little effect on the activity if we
assume a spherical nucleus. However, 1f instead of a spherical nu-
cleus one assumes that the nucleus is elliptical in shape, then at the
ends along the 2z axis R increases and so the overall coulomb bar-
rier height might be expected to decrease.

For a uniform elliptical charge distribution a simple calcu-
lation gives an approximate relationship between the ratio of the axis

and the quadrupole mament

where d 18 defined by the relation a = b(1+d), a = major axis and

b = minor axis.

This compares with the 17% increase in the nuclear radius
needed to give agreement between the observed and calculated decay
rates for a spherical nucleus. To see the effect on P we can take

d = .20 and then R = 9.06 x 10 em

1/2 2

1/2 2
A - -@‘—}1— %— (565 + .003(3c08%6-1)) = ‘— Zg (.571)

for 6 =0 .
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The change in C = 5.03% and the activity increases by a factor of

e96.2 x .0503 _ 125
This, of course, has only the roughest sort of calculation
and ignores among other things the fact that the theory was developed
for a spherical nucleus with a spherically symmetric potential giving
a kx geometry for emission. However, it does give an indication that
perhaps some sort of abnormal nuclear deformation, under which the nu-
clear potential well is no longer completely spherically symmetric,
could explain the discrepancy between the two activities without the
necessity of a fundamental change in the present theory of alpha decay.
Until more information becomes availeble on the Sm and N4 nuclel

this is about all that one can say.




CHAPTER IV

BETA ACTIVITY oF KO amp x%2

1. HISTORY OF BETA SPECTRUM MEASUREMENTS OF K#o

The beta decay of -K&o takes place with a spin change of h.(ﬁo)

From this and other theoretical considerations Marehak(5l) and Greuling(52)
have predicted that the beta spectrus should be of the unique third-
forbidden type. Several attempts have been made in recent years to ob-
serve the spectrum to see if it agrees with the theoretical prediction.

Using a lene spectrometer Alhurger(55) at first found the Fermt
plot of the Kho beta spectrum to have an allowed shape above 500 kev,
but subsequent events showed that this result was undoubtedly due to
distortion introduced by the use of a non-uniform thick source. At a
later time Alburger(5h) reported an unallowed Fermi plot that could be
made linear'dbovg 500 kev by applying the appropriate correction factor.
However, he also found that the unique second-forbidden coyrectionhtace
tor could be used to make the Fermi plot linear in the same region.

Since these factors are very similar it is necessary to obtain the beta
spectrum in great detail, especially at low eﬁeréioa,in order to dis- -
tinguish between them.

Feldman and'wu(55) also used a beta spectrometer (solonoid
type) to measure the spectrum and obtained results in agreement with
those of Alburger. The corrected Fermi plot was linear above 500 kev
and they concluded that the deviation which occurred for lower energies
was very likely due to the source thickness.

-45-
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The problem was attacked somewhat differently by Bell, Weaver

and Caeaidy(56) who employed a scintillation spectrometer. The source

consisted of KCl1 mounted on polyethylene with an anthracene crystal
used as the scintillation phosphor. Their measurement gave a non-linear
Fermi plot that could be linearized above 700 kev.

Even though potassium sources of enriched K#o abundance were
available the problem of obtaining a sufficient activity necessitated
the use of relatively thick sources for all these investigations. Con-
sequently, large amounts of distortion were introduced into the spectrum
and the non-linearity of the correcciod Fermi plots at lower energies was
not surprising.

To circumvent this difficulty Good(57) obtained a thallium
activated KI crystal to act as the scintillation element of & scin-
tillation spectrometer. By measuring the activity of the K#O in the
crystal itself he was able to obtain a comparitively large activity
with an effective zero source thickness. However, he also was compelled
to make fairly large corrections to his data. Because a small crystal
welghing only 5.26 grams was used, a relatively large number of electrons
were able to reach the surface before expending all their energy in the
crystal. Although Good mentions no figures, an approximate calculation

shows that about 16% of the 1.2 mev electrons did not lose all their

energy within the crystal and gives an idea of the magnitude of the
overall correction.

Besides this a correction had to be made for the finite reso-
lution of the spectrometer as well as the fact that the KI crystal
absorbs some of its own gamma radiation. This latter correction 1is

quite small, but the resolution correction is by no means negligible
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especially at the high energy end of the spectrum. Finally, at the
low energy end of the spectrum he had to consider the background count
due predominantly to photomultiplier noise. The background becomes so
great that the spectrum cannot be measured below 100 kev.

In spite of these difficulties Good obtained a corrected Fermi
plot approximately linear down to 300 kev which was a distinct improve-
ment over previous results.

More recently'uarahall(58) has measured the spectrum ueing a
liquid argon ionization chamber. A very large amount of distortion was
introduced into the spectrum by the large backscattering of the beta
particles in the chamber. This was corrected for by observing the dis-
tortions of the spectra of Y91 anma P32 gue to backscattering and
noting the correction factors necessary to bring the distorted apectra
back to their known shapes. The Fermi plot was then linear above 500
kev when the unique third-forbidden correction factor was applied.

Since an appreciably larger KI crystal than that used by
Good was available it was decided to reinvestigate the Kho beta spec-
trum using a scintillation spectrometer. With the larger KI crystal
the surface correction term becomes smaller and there is an increase
in the measured activity which facilitates the collection of QQta.
Using this crystal with an improved spectrometer gilving better resolu-
tion it was hoped that the spectrum could be measured in sufficient

detail to distinguish between the various correction factors.
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2. SCINTILIATION SPECTROMETER

The scintillation spectrometer'was of conventional design.
The scintillation element consisted of the thallium activated KI
crystal. It weighed 30.96 grams and was cylindrical in shape. Good
optical contact with the Dumont 6292 photomultiplier tube was maintained
by using a thin layer of Dow Corning grease between one end of the
crystal and the cathode surface. Magnesium oxide powder was packed
around the crystal to minimize the light loss through the walls and
thereby improve the overall resolution. A simple high voltage supply
regulated by a string of ODC VR tubces furnished the operating potential.
The output of the photomultiplier was fed through a cathode follower
into a Model 204B Atomic Instrument Linear Amplifier. ¥From the ampli-
fier the pulses went to a pulse analyzer. The pulse analyzer consisted
of a single channel discriminator based on a design by Johnstone(59)
and modified by Lu.(6q) When first tested it was discovered that the
discriminator did not respond well to the comparitively slow rising
pulses ( ~ .6 8 ) from the amplifier, but after a minor change in
the circuit the trouble disappeared. The discriminator output pulses
were fed into a Nuclear Instrument Model 161 scalar with Mercury regis-
ter.

To compare the performance of the spectrometer with that of
similar types, a NaI crystal (3/4" by 1" dia.) was substituted for the
KI crystal and the gamma ray spectrum of 0060 was observed. TFigure 12
shows the result. The resolution of the 1.33 mev peak was T7-1/2%.

Using the KT crystal the linearity and resolution were checked

at 5 different energies with gamma rays from

,Zn§5 (1.12 Mev) 3t (.364 Mev)

Celhh

ceX>T (.661 Mev) (.134 Mev)

Aau98 (411 Mev)
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The gain of the amplifier was then decreased by a factor of two and the
points corresponding to the Celhh, 31 and 09157 gamma ray energies
were noted. The values were plotted against the discriminator pulse
height setting and, as Fig. 13 shows, they fell along a straight line

thereby demonstrating that the spectrometer had good linearity.

s, k*C BETA SPECTRUM

While measuring the beta spectrum the energy calibration was
checked at intervals using the Znﬁs gamma ray at 1.12 mav and the dis-
criminator pulse height reading for this peak was maintained to within
one per cent. A 25 kev channel width was used and sufficient data re-
corded such that the low energy points had standard deviations of around
1%. In the upper end of the spectrum the statistical uncertainties be-
came somewvhat greater and the standard deviations were about 1.5%. To
investigate the low energy end of the spectrum 1in more detail the ampli-
fier gain was increased by a factor of two using the 03157 peak for
calibration. Then to insure that no spurious counts were being recorded
.because of delayed multiple counts at low energies, various dead times -
were Introduced into the recording circuit using a univibrator arrange-
ment with a variable output pulse length. Figure 14 shows the close
agreement between the low energy points of the spectrum measured at twice
normal amplifier gain with a normal apparatus dead time of several micro-
seconds and those points recorded using a dead time of L4000 p6 and the”

same amplifier gain. Intermediate dead time values gave similar re-

sults.
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4, CORRECTIONS

The experimental data have to be corrected for four effects:
a) background
b) absorption of the K40 1.46 Mev gamma ray
¢c) finite resolution of the spectrometer
d) escape of electrons through the crystal surface

a. Backg;pund

The background correction was obtained by using the NaIl
crystal previously described. Considering the relative volumes and
densities of the Nal and KI crystals and assuming that the absorption
coefficients are quite eimilar(sl) it was estimated that the KI crystal
background would be aroung 70% of the measured background with the NaI.
At firet the gHO spectrum was measured using no shielding, but it was
later discovered that there was a surprisingly high background at low
energies present. Consequently, & second spectrum was obtained using
several inchee of gbpper and lead shielding which feduced the background
count by a factor éf 20. When the corresponding background was used for
each run the final spectra were in agreement, thus attesting to the
validity of the correction. The background with shielding 1is included

in Fig. 15 which also gives the experimentally obeserved distribution.

b. Gamma Ray Absorption
In the decay of Kﬁo gamme rays are emitted as well as beta .

particles. Since some of these gamma rays are internally absorbed by
the crystal an allowance must be made for their contribution to the
observed activity. It would be difficult to calculate this correction

in detail and fortunately this 1s not necessary because it amounts to

only a few per cent.
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By considering the absorption coefficient of KI and the
(62)

energy(l) and emission rate of the gamma rays, as well as the size
and geometry of the crystal, one can readily estimate the gamma ray
count to comprise about 2% of the total measured activity. The energy
distribution of these counts must also be ascertained. 8ince a source
of gamma rays of around 1.46 Mev wae not conveniently available the
distribution was estimated using the energy distributions of the gamma

rays from 03157, Zn.65

, and Na22(1.28 Mev). The values of the main fea-
tures were plotted against the energy and the curves extrapolated to
1.46 Mev. Then, with a channel width of 25 kev and a total gamma ray
count of 4 per second, the distribution of Fig. 16 results and must be

subtracted from the observed distribution of Fig. 15.

c. Resolution

The correction for the resolution was calculated using the
method of Owen and Primakoff.(65) In their work they assumed that the
resolution would have some constant value and that this value could
be determined experimentally for a given spectrometer arrangement. How-
ever, for the scintillation spectrometer the resolution 1s not indepen-
dent of the energy but is proportional tC)VGFiF where the resolution
is defined as the ratio of the full width of the peak at half maximum
to the energy E of the peak. This dependence of the resolutioﬁ on
theyv_ﬁ' is what one would expect from statistical considerations of
the variations in number of electrons liberated from the photocathode
surface by the photons produced upon the absorption of a particle with
given energy in the crystal. The experimental values of the resolution

at various energiles are in agreement.
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If the peaks are assumed to have a gaussian sﬁape then one
can write the following relationship between the observed distribution

n(E) and the true distribution N(E):

- PN
n(E) = j@N(‘E')\T&G"E (E'-E) -

=]

This equation can be solved using the Fourier Transform and one gets:

N(E) = n(E) - -E 42n(E)
ha?  am?

The value of the constant alpha has to be determined from the
observed resolutions. The average of the values from several different
peaks gave @& = .29 when E 1s in kev., This corresponds to a resolu-
tion of about 22% for the csl>T peak at .661 kev. Since the correction
term depends on the secpnd derivative and the energy it is small for

all points except those at the high energy end of the spectrum where the

slope changes rapidly.

d . Surface Effect

Mateosian and Smith(éh) have calculated the correction for ﬁpp
escape of electrons from the surface of a crystal using the simplifying
assumption "that the path of an individual electron is a straight line
in a crystal equal in length to its range,and that the density of light
along the path of an electron in a scintillation 1is constant." However,
i1f one considers electrons of an energy E , the assumption that the
path is & straight line equal to the range is not justified. In prac-
tice the electron will be scattered many times. Measurements of the

absorption of conversion electrons show that the number of electrons
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absorbed depends in an approximately linear fashion on the thickness

(65,66) Consequently, it would be better to assume that

of absorber.
the number of electrons traversing a distance § 1in the crystal goes
as (1 - §/R) where R = the electron range. If this is done one ob-
tains a correction term only half as great as that calculated by
Mateosian and Smith.

Since the calculation 1s carried out the same as theirs, ex-
cept for the inclusion of the additional factor (1 - 5 /R), only the
results will be given here. They are:

1. The fraction of the electrons of energy E which escape
from the crystal is equal to 1/8 the volume made by the
surface area times the electron range.

2. The energy lost in the crystal by an escaping electron of
original energy E has.an equal probability of being
anywhere in the range from O to B.

The rai:ge of the electrons was obtained using an empirical
range-energy curve(65) for beta particles in Al. A slight adjustment
in these values was made since the beta particles were moving in a
KT crystal and not in Al. Beta particles lose their energy and are
stopped by collisions with the electrons of the absorbing mgterial.
Therefore, the stopping power depends on the density of electrons in
the absorbing material and is proportional to the Z/A ratio in the
absorber. By considering the Z/A ratio for Al and the effective “Z/A
ratio for the KI crystal one would expect the range in the KI crystal
to be about 8% greater than the corresponding range in Al.

Using these results one can make a graphical solution to esti- _

mate the correction to be made for each point. First the number of
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electrons of original energy E which strike the crystal surface was
calculated. This was used as one point on an electron loss versus ori-
ginal energy curve. After enough points had been located, a smooth
curve was drawn and used to obtain the electron count lost at the energy
of each data point. Next the electron count lost at any one energy was
assumed to be divided equally among all the lower energy channels, each
channel being 25 kev wide. fhe total of these contributions from the
higher channels was subtracted from the electron loss calculated for
that channel at the energy of the datg point in question. The net re- -
sult was added to the value of each point on the experimental beta
spectrum. The correction terms were positive in the high energy region
and negative in the low energy region of the spectrum.

Table TII shaQa the original data point values, each of the
corrections, and the final value for each of the points. .The estimated
uncertainty is also given for each point. It is obtained by taking the
statistical standard deviation and estimating the possible per cent

error in each of the correction terms:

Correction term Per cent error
background 10%
gemma ray 40%

" resolution Lo%
electron escape 20%

The corrected data points with the estimated errors are

plotted in Fig. 17 which is then the true N(E) spectrum for K+0,
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TABLE III
DATA FOR KO

Discrim- Surface Resolu-

inator Back- Correc- tion N(E)

Setting N(E) ground X Ray tion Corr. net Error
060 L .58 -.18 -.05 -.18 L.17 +.07
080 L ..k -.27 -.05 -.17 3.95 .06
100 4.51 -.25 -.05 -.16 4.05 .06
120 k.53 -.20 - .05 -.15 h.13 .06
160 4 .85 -.13 -.05 -.13 L. sk .06
200 L .98 -.08 -.05 -.10 L.75 .06
240 5.21 -.03 -.05 -.07 5.06 .06
260 5.21 -.05 - .06 .02 5.12 .06
280 5 .29 -.05 - .0k .02 5.22 .05
320 5 .uh - .05 .00 5.39 .05
360. 5.30 -.05 +.03 .05 5.33 .06
400 5.13 -.05 +.06 .Ob 5.18 ok4
440 4.97 -.05 +.09 5.01 .05
L80 4 .58 -.05 +.11 .03 4.67 .06
520 4 .20 -.05 +.12 .03 L.29 .06
560 3.75 - .05 +.13 .02 3.85 .06
600 3.23 -.05 +.13 . .Ok 3.35 .05
640 2.59 -.05 +.12 o't 2.70 .05
680 1.86 - .0k +.08 '1.90 Ok
720 1.21 -.03 +.07 -.12 1.13 .05
750 .Th -.03 +.03 -.20 .54 .08
780 RIS -.02 +.01 -.2h .16 .10
800 .28 -.02 .00 -.21 .05 .08

820 21 -.02 .00 -.12 .07 .10
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5. MEASUREMENT OF THE TOTAL K&o BETA ACTIVITY

To measure the total beta activity of the KI crystal the
integral count was recorded for various input pulse height settings on
the discriminator. As Fig. 18 shows, the resulting integral count
curve behaved well down to an energy of about 100 Kev. In this region
the curvature changed suddenly. fﬁe sudden change was not unexpected
as it is in this region that the photomultiplier tube noise becomes
noticeable. Thg data points below 100 Kev were accordingly discarded
and the normal curve was extrapolated to zero energy. As can be seen
from the figure the activity added by this extrapolation amounted to
only about 5% of the total and so the uncertainty in the extrapolation
has small effect on the total measured activity. The corresponding
background count is also included in the figure and was estimated in
the same manner as the background for the differential count.

When the background and total 330 gamme ray counts were
subtracted an activity of 200 + 3 counts per second remained. The error
was estimated. by considering the uncertainties in the extrapolation;
background correction and the total gamma ray activity. This value 1s
equivalent to an activity of 27.4 + .4 beta particles per second per
gram of natural potassium and agrees well with other measurements ueing
by geometry.(57’67)

Taking the relative abundance of K&o in natural potassium to
be 1.19 + .01 x 10-24 as determined. by Nier(se), the measured activity

corresponds to a K40 half-1ife of 1.7 + .02 x 109 years. The numbers

involved in the calculation are given below.

-4
T 693 693 x 6.023 x 100 x 1.19 x 107* _ | )0, 109ycare

A 39.01 x 27.k x 3.16 x 107
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The half-life calculated above 1s uncorrected for the competing electron

(62)

capture decay process. If we use Sawyer's result that only 88% of
the decaying K#O nucleil decay by beta emission then the half-life due

to both beta decay and electron capture is 1.29 x 109 years.

6. BETA SPECTRUM OF K2

Another isotope of potassium (K#E) also undergoes beta decay
and its spectrum should be of the unique first-forbidden type according
to Shull and Feenberg(69) who analyzed data taken by Siegbahn(7o) and
found agreement with the theoretical prediction. Therefore it seemed
worthwhile to observe the high energy end of the K#a spectrum to see
that the scintillation spectrometer gave agreement with the other
method as a further check on its reliability.

The radiocactive Kha was obtained by placing the KI crystal
in the neutron flux near the‘University of Michigan cyclotron. About
8 inches of paraffin wax was placed in front of the crystal so that
neutrons reaching the crystal would have low energies. Then, since
natural potassium contains about 6.9$.K&1, a fair Kka activity was pro-
duced by slow neutron capture when the crystal was irradiated for some

28

10 hours. An even larger beta activity due to the Il isotope was
produced, but since its half-l1ife is 25 minutes as compared to the

14 hour half-life of the K#a, the 1126 activity died away to negligible

value in several hours. After that the only activities of any conse-
quence in the crystal were due to the decay of KMO and th_

The decay of K%a is complex. Its decay scheme 1is as follows:(l)
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From the decay scheme one can see that a measurement of beta particles
emitted with an energy above 2 Mev should give the high energy end of
the 3.6 Mev beta spectrum and it is thies spectrum which has been pre-
dicted to be of the unique first-forbidden type.

The spectrum of the beta particles with energies above 2 Mev
was obtained and corrected for the resolution and electron escape through
the surface as already described for the Kﬁo spectrum. In this energy
region the background is negligible and no correction is necessary for

the self-absorption of gamma rays.




CHAPTER V

THEORY OF BETA DECAY

The present theory of beta decay was introduced by Fermi in
l93h.(71) Since that time many authors have discussed and extended
the original theory in detail, covering all phases of the problem of
beta decay.
In general there are three types of beta decay:
electron emission (B~) NP + B~ + v
positron emission (B*) P N + p* +V
orbital electron capture P + €N+ V
N = neutron, P = proton,‘v = neutrino, and v = antineutrino.
In this theéia only a summary will be given of that part of the theory
pertinent to the PB~ decay of K#o along with a discussion of the agree-
ment between the experimental results and the theoretical predictions.
Fermi proposed a theory analogous to the Dirac theory of the
emission of light using Pauli's neutrino hypothesis that, during beta
decay, an additional particle called a neutrino 1s emitted with the
beta particle and that the neutrino and beta particle between them carry
away the energy released during the nuclear transition. There are two
poesible descriptions of the nature of the neutrino. One, in analogy
to the Dirac electron-pasitron theory, assumes that there should be
distinguishable neutrino and antineutrino particles. The other ie a

proposal by MhJorana(72) that all neutrinos are indistinguishable. Tt

-66-
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is extremely difficult to verify the validity of either assumption ex-
perimentally. At present the indirect experimental evidence obtained
from double beta decay processes seems to favor the neutrino-antineutrino
picture.
The general expression for the decay rate can be written in

the form:

2
a = 7§ 'Hifl _F (E) = number of transitione per sec.

the number of final states per unit range of energy re-

vhere: f (E)
lease,

Hyp = the transition matrix element.

For P~ decay the final states are assumed to be characterized
by electrons of total energy Ee and momentum p and by neutrinos of
total energy E, and momentum q where in each case conservation of

energy 1is maintained. (i.e., B0 = Ee + By = total disintegration energy.)

Then if one further assumes that all possible divisions of the energy

are equally probable, P (E) can be written as follows:(75)

£ (®) 1;%?3 Pg (Bo - Ee)2 dp,

or
. w12
P(Bg)dE, = C'EgP{Ey-Ey) dEg
P(Ee) = energy distribution of the emitted electrons due to
the "statistical”™ factor.
and

an =C IHifI 2 'Eel’(EO"Ee)2 dE

VvV = volume of an imaginary box inclosing the system and has merely
a formal significance in the calculation,
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V2

Ct = ;;3;755 = a constant

The Hif matrix element contains the wave functions of the

four particles involved in the interaction.
*
Hy, = z. _{'F(rn) (8, K 8,) aT

where 'F(r,) depends on the wave functions of the electron and neutrino

at the position of the nth

nucleon in the nucleus which is the one con-
sidered to be undergoing beta decay.

§; and @ are the wave functions of the initial and final
states of the nucleus and Kp 1s an operator connected with the beta

h th

nucleon. It can change the n"“" nucleon from a proton

decay of the n®
into a neutron or vice versa.

T can be written in the bilinear form:
I *
B(r) = {05 (en)s 883 ()3

provided the operator A does not contain any derivatives, an assump-

tion made for reasons of simplicity but which appears to be borne out
by experiment. The operator A 1in this case is & 4 x L4 matrix. The
complex conjugates of the neutrino and electron wave functions are used
because they belong to the final state of the system and one always
takes the complex conjugate of the final state so that the square of
the matrix element will yield a real number for the probability.

If the effect of the coulomb field on the electron 1is neglect-

ed we can consider the space part of the neutrino and electron wave
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functions as being plane waves and put

Be(r) = 7'1/2 'Uee,“‘ip'r = electron wave function
gy(r) = ‘V'l/a U\,e%q'r = neutrino wave function

where Ue is the Dirac spinor wave function with four components for
the electron and Uy 1s similarly defined for the neutrino.
In general the effect of the coulomb field on the electron is

1/2 in

not negligible and so one must include a factor of EF(Z,E)]
the matrix element to account for this effect. F(2,E) 1s difficult
to calculate explicitly, but various approximate expresgsions have been

derived(75) and tables are now available. (74) Non-relativistically one

2
F(z,E) = ML.

’ ¢e(o)I2 free

When these quantities are substituted for F we see that

can consider

A '
Hyp A E’(Z,Eﬂl/a eh(P*'Q) r

For all practical cases p and q are 8o small that as long as r 1is
of nuclear dimensions the quantity (p+q)er/i 221/10 and an expansion
of the exponential term is feasible. For any given transition matrix
element one thén has a series of terms of decreasing magnitude. Only
the first term for which the matrix element has a non-vaqiahi.ng.value
is of importance in the transition. The value of the"exponent L 1n
each of the series terms designates the order of the transition as
well as determining the orbital angular momentum carried away by the
beta particle and the neutrino. In an allowed transition L = 0, while

for the third-forbidden transition predicted for Kuo 1 = 3.
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So fa£ nothing has been sald about the type of interaction
term necessary in the matrix element to describe a beta transition.
Since we are dealing with a phenomenon of nature, it seems reasonable
to require that the transformation matrix be invariant under rotations,
inversions, and proper Lorentz transformations. If this is done then
the number of permissible choices for the interaction having the proper

form is sharply curtailed. Pauli(75) has shown that there can be only

five different expressions, each with an appropriate choice of A and
the corresponding Kp. The five interactions are named; scalar, vector,
tensor, axial vector, and pseudoscalar. Bach name 1s a consequence of
the nature of the integrand in the equation for Hjif. For instance,
the vector interaction has an integrand that consists of the scalar
product of two four-vectors. Since the detailed expressions for these
interactions are readily available(73) and are not of importance in
this discussion, they are not given here.

To sum up the results so far we may say that the decay rate

can be expressed as follows:

1 .
a = c,u o A(pra)r EF(Z,E)(Ee-l)l/e(Eo-Ee)edEe

where M can be the matrix element of any of the five interactions
(after the substitution of plane waves for the space parts of ¢e and
¢~g) or any linear combination of them. Since the proper cholice of

M cannot be obtained from the theory one must use the results of ex-
periment for its determination. Recent experimental evidence indicates
quite clearly that the correct beta coupling must be some linear combina-

tion of the scalar and tensor interactions.
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1. SELECTION RULES

Depending on the choice of M there are certain selection
rules which must be obeyed for any given transition in order to have a
non-vanishing matrix element. There are two kinds of these selection
rules; Fermi selection rules which characterize transitions with scalar
and vector interactions, and Gamow-Teller rules characterizing transi-
tions with tensor and axial vector interactions. In any given order
the spin changes (AI) permitted by the Gamow-Teller rules are one unit
greater than those permitted by the Ferml selection rules. Thus for
allowed (£ = O) transitions AI=0 under Fermi rules and AI = O #+ 3
(not 0= 0) under the Gamow-Teller rules with no parity change in -

either case.

2. SHAPE OF THE BETA SPECTRUM

Letting N(E) be the number of electrons emitted per unit
energy range one gets the energy spectrum of the emitted beta particles
of energy E

—%(P"’Q)' r

2
N(E)dE = c'ne ’E F(Z,E) (Ez-l)l/e(Eo-'E)adE

1
#(pta)r
If one now considers allowed transitions where e =1

and 'Mla = a constant then:

N(E)dE = ca?r(z,E) (22-1) V2 (Bo-E)24E

G = the interaction strength constant.
By plotting [m(-];:)/:[*'(z,m)(»12-1)1/5231/2 against E a
straight line results which intersects the abscissa at E = Ej. This

called either a "Kurie" or "Fermi" plot.
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For the unallowed (£ # O) transitions a shape correction

factor must be included because of the presence of the nth term in the

expansion of the exponential.

In the general case more than one matrix element can make an
appreciable contribution to the transition, but the discussion here will
be limited to the unique forbidden transitions. They correspond to the
physical situation in which the electron and neutrino are emitted with
their epins in the same direction and also parallel to the orbital angu-
lar momentum. In this case |AI| = £ + 1 with the Gemow-Teller selec-
tion rules applying so that the interaction type can be either tensor or
axial vector or both. The dominant contribution comes from only one

nuclear matrix element and the n#h

term gives a probability proportional
to |p+q|2n. When this is averaged over all directions of the electron
and neutrino momenta, p and q, one obtains the shape correction

factor:(76)

N,
o (2n+1): p2lg2(n-1)
%(E) = zo (21+1) ! (2n-21+1) ! (7)

The shape correction factor can be used along with usual ﬁon-
relativistic expressions for F(Z,B) to give a good relativistic ap-
proximation as long as Z/137 << 1. It should also perhaps be noted
that the factor favors those transitions in which either the electron
or the neutrino gets most of the available energy.

Then if one plots

__N(B) 1/2 |
a_(E)F(Z,E)(E2-1)1/2¢ against E

a straight line should also be obtained for unique forbidden transitions.




CHAPTER VI

AFPPLICATION OF TEEQRY TO EXPERIMENTAL RESULTS

1. FERMI PLOT oF k°

As was mentioned earlier the KAO nucleus has been found to
have a spin of 4. TUsing the shell theory its parity is predicted to

be odd.(77) The daughter nucleus Caho, being an even-even nucleus,
should have zero spin and an even parity.(hj) Under these conditions

the transition should be of the uhique third-forbidden type(51’52) and
the allowed Fermi plot non-linear. Figure 19 shows the allowed Fermi
plot for K“O and it 1is non-linear. From Eq.(7) which gives the shape

correction factors we see that for n = 3:

as = o + 7p*a? + 7pPa* + °
Applying this correction factor a straight line plot is obtained down
to about 200 kev. (See Fig. 19). This indicates that the measured
spectrum agrees with the theoretical predictions. However, as pointed
out by Alburger(5h), it is difficult to distinguish between the effects
of using either the unique second or third-forbidden correction factors

and as a test n was chosen = 2 also.

ap = p* + 10/3 pPa® + ¥

When a, was applied to the spectrum an equally good linear Fermi plot

resulted which appears linear down to an energy of around 200 kev.
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(See Fig. 20.) For a further test the unique first-forbidden correc-

2 2
tion factor (a] = p~ + q°) was applied. The Fermi plot is also shown

in Fig. 20. The maximum beta energies taken from the second and third-
forbidden Fermi plots differ by about 1-1/2%. Using the as correction

factor Eg = 1.33 Mev while the a, factor givee Ep= 1.35 Mév. If one

assumes that a3 1s really the correct factor to be employed in accord
with the theory then Eo = 1.33 + .01 Mev. This value agrees well
with the results of Feldman and Wu'?), but is slightly higher than the
maximum energy obtained by Good.(57)

On all of the curves the flags indicate the total uncasrtainty
in the pointe. From the figure one can see that the first-forbidden
factor causes a definite deviation from linearity at higher energies
than the first two. Thus one can say that the experimentally observed
shape definitely favors a unique second or third-forbidden transition,
but does not distinguish between the two. In order tod¢’this ‘same.
method must be obtained for observing: the low energy fééioﬁ'df”tpe

spectrum in greater detail.

o. FERMI PLOT OF K*2

Figure 21 shows the allowed Fermi plot of the observed Khe
B~ spectrum in the energy region from 2 to 3.6 Mev together with the
results of applying the unique first-forbidden correction factor. The
allowed plot is non-linear While the corrected plot is linear. Since
this is in good agreement with the work of Shull and Feenberg(67), it
it adds evidence for the reliability of the method used to determine the
Kho spectrum. The fact that the maximum beta energy of 3.73 Mev was
about 3% higher than previous results is not regarded as being particu-

larly significant because there was a few per cent uncertainty 1in the
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energy calibration during the measurement.
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