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SUMMARY

The beta and gamma spectra of 6.9 day lutecium heve been
measured using a thin lens spectrometer. Gamma reys of everage energies
112.2+ 0.6 kev.. 206.3+1.0 kev., and 317.3+t1.5 kev., have been found,
the former two of comparable intensity and the latter much weaker.
Cheracteristic X-radiatiocn from Hf has also been observed. These energlee
sre computed from four conversion lines on the bete spectrum at 46.9+ 0.5
kev., 101.8%0.6 kev., 109.9 +0.6 kev., and 141.4+ 0.8 kev., 28 well as
from photoelectron lines using leed, gold, and tin radlators. Bets end
pointe based on a Kurie plot occur at 169+ 10 kev., 366 +25 kev., end
495+ 5 kev. A decay scheme is proposed consistent with these results.
The greet importaence of avoiding source charging has been demonstrated
by shifts of the conversion lines up to 20 kev. when a socurce mounting
of thin nylon wes used. Decay has been followed for L0OO hours and the

half period found to be 6.98+0.10 days.
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INTRODUCTION

1. Previous Work on 6 day Lutecium.

Hevesy and Levi( 1) first reported the lutecium activity under
investigation in this thesis. They assigned to it a period of 5 days which
they later corrected to 6 to 7 days( 2). They sttributed this sctivity to
Lu176, since their method of activation was neutron bombardment end Lul??
was the only stable isotope of lutecium known at that time. A second isotope,
Lul76 occurring in natursl lutecium with an abundance of 2.5% was discovered
in 1939 by Mattauch and Lichtblaul3 ). This isotope is naturslly radio-
active with a helf period of the order 1010 years(24).

In 1943 Flammerfeld snd Mattauch investigeted the beta radiation
of 6 day lutecium by absorption in sluminum and reported an end-point of
0.440 Mev§§)Later Atterling, Bohr and Sigurgeireson(es) made observations
with a cloud chamber and found the end point to be 0.47 Mev. Bothe(7 )
reported the maximum energy to be 0.52 Mev. for the beta rays, & result
also obtained by absorption in aluminum. He also found gamma radiation
of energy 0.2 Mev. and a soft component which he called ytterbium X-
radiation with an energy of about 60 Kev. He accounted for these X-rays
by asserting that the 6 day lutecium activity deceayed both by K capture
and by negatron emission.

Bothe's explenstion was plausible as long as the active isotope

176.

was assumed to be Lu Inghrem, Hayden and Hess(éa) showed conclusively

however thet this activity must be sssigned to Lulll

In the isotope tables of Seaborg and Perlman( 9 ), there is a
reference to unpublished data by Wilkineon and Hicks in which a weak
gamma ray of 1.3 Mev. is reported and the 0.2 Mev. gamms ray confirmed.

Their velue for the half 1life was 6.9 days to be compered with Bothe's
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value of 6.8 days end 6.6 days obtained by Atterling et 21(6) ana

Flammerfeld and Mattauch(5 ).

2. Beta Decay.

Early in the history of radioactivity beta rays were identified
as negative electrons. Studies of alpha active materials showed the
existence of sharply defined energy levels in the nucleus and accordingly
beta particles with definite energies were expected. In fact for some
time it was thought that this wes so until it wss shown that lines in the
beta ray spectrum are due to secondary electrons srising from gammas radiation.
In 81l cases studied up to the present the primary bete spectrum is a
continuum with a well defined upper limit.

The existence of this continuum presents a problem for which no
completely satisfactory solution is available even at the present time.
The difficulty arises from the fact that sll known beta active meterials
sre nuclei of a definite weight and in a definite energy state. This 1s
likewise true for the product nuclei. The transition must therefore involve
a definite energy loss and yet the experimental evidence points over-
wvhelmingly towards the beta particle carrying away an amount of energy
which varies from nucleus to nucleus. The difficulty cannot be asvoided
by erguing that the observed beta particles lost energy of varying amounts
before detection. The total amount of beta energy from a known number of
disintegrations when measured calorimetrieally turns out to give each bets
particle an average energy much closer to the average for the continuum
than to the upper 1im1t'(102 To postulate the non-conservation of energy
for an individual etomic process does not clear up the difficulty since

conservation of momentum and statistics likewise do not hold.

On the other hand for cases where the difference in energy
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between initial and finsl nuclei is known this agrees well with the energy
corresponding to the upper limit of the continuum. If as suggested by
Pauli an undetected particle (called a neutrinc is emitted with the beta
particle the energy carried away by the two particles ean for every process
equal the value required by the energy conservation law, Furthermore if
this new particle obeys Fermi statistics and has a spin % the remeining
difficulties are also removed. The neutrino cen have no charge and possibly
no magnetic moment.~ Calculations show that its rest mass must be only e

few percent of that of the electron. It is to be expected that such a perticle
would interact with matter only very slightly. Attempts to detect the
neutrino have usually involved the observations of recoils following orbital
electron capture. For these cases the neutrinos should be mono-energetic.
The difficulties involved in these end other neutrino experiments have been

recently reviewed by Crane(il),

3. Fermi Theory.

Fermi(mchveloped Pauli's neutrino hypothesis by adding an assumed
interaction term to the Hamiltonian for the nuclear system and making certsin
approximations. He arrived at the following distridbution function for the

electrons from a beta active nucleus:
G2 2 o)
P(W)aw = =y 'M' F (Z,W) pW (W, - W) aWw .....ovineenn.. (1)
2

where PAW == probability per unit time for the emission of a beta particle

in the energy range W to W+ 4w

Fermi constant of the order 10-1l to 10-12

G =
M = matrix element for the trensition
F = Fermi function

p = mummentum of the bete particle in units mc.

W = energy of the beta particle in units mc2 including the rest

energy.
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The function F(zy) expresses the effect of nuclear charge upon
the distribution. The atomic number Z is to be taken positive for negetive
beta particles (negatrons) and negetive for positrons. It has the effect
of increasing the relative number of slow negatrone and fast positrons.

Explicitly it is given as follows:

</T%s+1mmﬁb)’2

F(zW) = 4(2pR)25-2 T AZN/p e (2)
’r1(284-1)'2
with
R = nuclear radius
& = 1/137 (fine structure constent)

s = (1 -a2?)?

sz gemma function

Tables for F for both positive and negetive Z in intervals of
5 units and for eight appropriately spaced values of W have been published
by Flugge(ig).

In the distribution eq..(1) M is expected to be constant for e
restricted class of transitions called "allowed". For these AI = O

where I is the angular momentum. Otherwise the transition belongs to

one of the forbidden claesses,the order depending on the number of terms in
the expsnded wave functions which must be retained for M to be other than
ZEero.

For a more detailed account of the Fermi theory the reader is
referred to a review article by Kbnopinski(ls). In this peper s procedure
is given for assignment of the order of forbiddenness of a epedtrum through
an exsmination of the half_ life and the maximum beta energy.

Failure of an observed spectrum to agree with the distribution

(1) may be attributed to the presence of two or more distributions of which

only the sum can be observed. If one is assured that the fallure is not
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instrumental in origin then it is possible to analyse the observed spectrum
into its components. The specific procedure for doing this, first used by
Richardson and Paxton(lk) i1s outlined below. The present status of the
Ferwi theory however, is not sufficiently secure to be certain of complexity

on this besis alone(15).

4. Kurie Plot.

In most betas ray spectrometers the momentum interval observed 1is
proportional to the momentum itself so that a plot of counting rate N against
momentum p unduly emphasises the higher energies. This can be corrected by
plotting N/p in place of N. Observing the relations

p°+1 = We, pdp = Waw

and noting thet P(W)dW = P(p)dp one can re-write eq. (1) in the form

N
— =z -W) ... e teeeeaaa. e

where k 1s independent of W.

A plot of the left hand side against the kinetic energy of the
electrons should be g2 straight line intercepting the abscissa at the
meximum bete energy. Should this plot depart from straightness when
there is independent evidence for complexity one can obtain strdight lines
representing the other components by successive subtractions made in the

approprieate meanner. The intercepts of these represent the lower end points,

5. Methods of Messurements.

a) Beta Radlation.

If sufficiently high specific activity is availeble it 1s possible
to utilize an electric or magnetic field to focus the emitted electrons upon

a detector remote from the source. The focal point 1s different for electrons
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of different energles. The procedure is either to move the detector elong
the locus of focl and so obtain a curve of intensity ageinst energy or to
do this leaving the detector in a fixed position and focus electrons of
different energies upon it by varying the field strength. Since electric
focuseing fields have rarely been used only magnetic instruments will be
discussed.

In general, two geometric arrangements are possible. In the
so-called 180° type, for focussing purposes use is made of the fact that
circulsr electron trajectories of the same radius emanating from s common
point will come to an approximate focus if they do not make large angles
with esch other. Refinements(lé) of this esrly form of instrument have
permitted larger sngles of divergence from the source to be'used without
interfering with the sharpness of focus. Recently s modified form(18)
has been designed and put into service in which focussing occurs in two
dimensions. This has the advantage of incressing the effective solid
angle of the detected electrons subtended at the source. The second ar-
rangement utilizes the focuseing effectes of the field of 2 number of con-
centric turns of wire upon electrons from a source placed st s point on
the axis. The turns may be concentrated in s coil of relatively short
length or distributed in a solenoid over an extended region giving rise to
the names 'thin lens" and "thick lens" spectrometer, respectively. These
instrumente manifest a phenomenon analcgous to chromatic aberrstion in
an optical lens. In this case the locus of focal points for different
energies is a portion of the axis itself. It is usuelly more convenient
to vary the field strength than to move the detector in this type of in-
strument.

All magnetic spectrometers suffer the defect of utilizing only

e small solid angle of rediation from the source. Thelr greet advantege

is high accuracy snd good resolution. However for sources of low specific
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activity they cannot be used. In this csse the known menner in which
electrons of different energles sre absorbed by various materials (chiefly
aluminum) is of service. The procedure is to set up a detector near &
source and note the variation in detected radiation as thickness of absorber
is increesed. It 1s possible to analyse the curve so obtained and deduce
the maximum electron energy from it with fair eccuracy. Solid angles meny
timee lerger than are possible in & spectrometer cen be utilized.

Whatever experimental procedure 1s followed in obteining the beta
spectrum 1t is alweys highly desirable to reduce to the barest minimum the
amount of material plesced in the immediate vicinity of the source. COCne
elweys strives therefore to obtain the source materisl in as concentrated a
form as possible. The extent to which this is aschieved is usuelly expressed
by quoting the specific activity in millicuries per milligrem. The supporting
material or source becking must likewise be as light as possible. Plane
sources are usuelly used and the thickness of source and backing expressed
in weight per unit ares.

| The necessity for these precsutions arises from the fact that in
the low energy region the detector will alweys record electrons which have
suffered one or more scattering collisions with material in the vicinity
of their origin and have had their energy reduced to some extent. This
effect can ppoduce & more or less serious distortion of the lower part of
the spectrum which may be wrongly interpreted as either complexity of decay
or as failure of existing beta decay theory to epply to the nucleus being
studied. Recently several reports have appeared in which special sttention
has been paid to the low energy region(lg).

In reducing the source backing thickness to the extreme limit
that appears to be necessery another difficulty arises which cen produce

very large errors. This 1s the effect of source charging(zo) and arises

because the backing materials most suiteble in other respects are all very
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good electrical insulators. This matter is discussed further on Page 17.

b) Gemma Radiation.

Gemme ray energies are usually obtained by measuring the energles
of secondary electrons produced by them. These secondaries may asrise in the
seme atom as the gamma quantum itself. They appear then as internal con-
version lines superimposed on the continuous beta spectrum. Internal con-
version does not always occur and when it does one must decide what binding
energy must be added to the energy of the observed electron to obtain the
gamma ray energy. This cannot always be done with certeinty. It is desirable
therefore whenever source strength will permit, to perform supplementary
experiments,

In these experiments a thin metallic foil (radiator) of high atomic
number replaces the source in the spectrometer. Immediately behind this foil,
ag close to it &s possible is placed a2 thin walled capsule containing the
source material. The wall thickness must be Jjust enough to stop the most
energetic beta rays from the source. The gamme rays knock out photoelectrons
from the foil and these pass through the spectrometer in the usual manner,
The binding energies to be used are usually quite apparent from an inspection
of the spectrum, the intensity being greatest for K electrons. If the
intensity is sufficient an L line should follow each K line, sepsrated from
it by the known difference between the K and L binding energies for the
element used in the radiator. This serves as & check in the correctness
of identificetion. If embiguity still exists this cen nearly always be

removed by performing another experiment using a different element for a

radiator.

c) Decay Scheme.

After the beta and gamme spectra have been obtained an attempt is
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made to determine the energy levels in the parent and daughter nuclei between
which transitions occur. For this purpose a Kurie analysis of the continuous
beta spectrum is helpful. If beta endepoints are indicated whose differences
are equal to observed gamma ray energies a decay scheme can be tentatively
drswn-up. This, however, is subject to confirmstion by suitable coincidence
experiments. Instrumental effects such as scattering and absorption in the
source can produce -errors which taken with the uncertainty of the ap-
plicability of the Fermi theory, meke it unwise to rely too heavily upon the
Kurie Plot(is). The appropriete coincidence experiments to be performed
depend upon the particuler scheme proposed. Usually the /?_,y’ coincidence
rete is observed and the ratio of this to the beta counting rate plotted
against absorber thickness placed in front of the beta counter. If gamme
rays in cascade are indicated by the decay scheme, gemme-gamma colncidences
must be observed, taking into account the possible loss of observable gemms
rays through internsl conversion as indicated by the beta spectrum. The

coincidence method of analysis has been thoroughly discussed in numerous
papera(?D), (22),(23)

d) Detectors.

Geiger-Mueller counters are still the most widely used detectors.
Without exercising elabtorate precautions, reliable counters can be easily
constructed. In fact the highly stebilized voltage supplies which are now
available make it possible to use counters which e few years ago would heve
been useless. The criterion of excellence for a counter is the extent and
glope of a relatively flat portion of a plot of counting rete for a given
source and geometry against applied voltage.

When G.M, counters are used for beta detection they must be pro-

vided with an entrance window. If the source is placed in a region where
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the pressure and kind of gas 1s different from that used in the counter
(usually argon + 10% organic vapour, total pressure sbout 10 cm 383, the
window must be closed by a membrane. This membrane must have the following
characteristics: sufficient strength to withstand the pressure differencs,
impermeability to any ges in contact with it, stability in the presence

of these gases, sufficient thinness to transmit the lowest energy electrons
to be observed without less, uniform effective area for all electrons more
energetic than this. The last point applies especially to windows pro-
vided with a supporting member for very thin membrenes. This member must
not itself be penetrable by the most energetic electrons observed.

Thin mica has long been used as the materisl for the window
covering. It has the advantages of great strength, resistance to heat,
stability in the presence of organic vapours. With a little practice there
is no difficulty in obtaining membrenes 1 mg/cm2 thick which are satisfactory
for measurements above sbout 40 Kev. For lower energles various organic
meterials such as zapon, nylon, formvar, and collodion are being widely
used. These can be obtained thin enough to transmit 2 Kev. electrons.

For the 180° type of spectrometer the photographic method of de-
tection has proved very useful for observing weak conversion lines. It
is perhaps still the most precise way of obtaining conversion line energies.

Recently crystal counters used in conjunction with photomultiplier
tubes have been adopted. These have a much higher gemma ccounting efficiency

than G.M. counters. Very high counting rates cen be used with negligible loss.
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APPARATUS

1. §39ctrometer.

ok)
The McGill spectrometer has been described in detail previouely( .

For the sake of completeness the summary of the more important dimensions
will be repeated here.

The spectrometer i1s of the thin lens type(zs) and is shown
schematically in Fig. 1.

There are four sections to the magnet coil each consisting of
900 turns of No. 10 gauge double cotton-covered copper wire, sections belng
separated by +" copper cooling tubes.

The spectrometer tube about 40 inches in length and 8 inches in
diameter,is held in place by six set screws attached to the drum on which
the coil is wound. This allows flexibility for line-up and also permits
the magnification to be varied by sliding the tube through the coll along
its axis. The aluminum baffles can be interchenged to vary the transmission
zone. A cylinder of lead about six inches long and two inches In dlameter
is supported on the axis at the centre to reduce the gamma background in

the counter.

2. Current Regulator.

The power supply consists of a 20 horse power 220 volt, 3-phase,
1200 r.p.m. induction motor coupled directly to a 12 horse power D.C. motar
used as a generator. The output had previously been controlled through the
generator field entirely, a deviation of the current from the desired value
giving rise to a signal which produced a correcting change in the generator
field. Owing to the long time constants involved such an arrangement 1isg
very susceptible to sustained oscillations (hunting). Thpough certain

corrective measures which had been taken, a usable output had Previously

been obtained. However since a rough test later indicated thet fluctustiong as
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great as one in two hundred sometimes occurred and that the regulation
was even worse at high currents, the circuit previously ueed(éa) was
modified in some respects.

As a first step in reducing the delay time, the exciting
generators were replaced by a power supply consisting of s Hammond Type
722 trensformer with two Type 866 mercury vspour tubes connected as 8
full wave rectifier. The output of this supply wes well filtered by two
filter units each consisting of e 10 henry choke end 20 mfd. of capacity.
In series with this supply and the generator field coils a bank of five
6A3 triodes in parallel was inserted. The amplified error voltage applied
to the 6A3 grids changed the field current in a menner to correct the
error. This srrangement, while eliminating some mechanical trouble spots
did not show a marked lmprovement, indicating that most of the delay time
had its origin in the generator and not the exciters.

A second feedback loop was then added to the system. This
consisted of a bank of eight paralleled 6AS7 triodes in series with the
magnet coil.. The grids of these were supplied by the sesme voltage as that
on the 6A3 grids. Since the eight 6AST's could carry a maximum current of
two amperes, these were shunted by a variable resistance which could be
get at a sultable valuef The setting usually chosen in operation wes such
that the triodes carried their meximum current. When the output network
of the phase sensitive rectifier was chosen as shown this second loop was
fast enough in its action to reduce hunting to imperceptible proportions (Fig.3)
The percentage regulation can be estimated by observing the galvanometer.
During operation this mede slow random excursions seldom greater than
15 mm. which represents an error of 35 microvolts in amplitude across the.
standard resistance. The lowest voltage used in subsequent measurements

A circult similar to this had previously been used by Mr. D.A, Anderson
for his work with nuclear magnetic moments.
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corresponding to the lowest energy observed was 60 milivolts correspondiﬁg
to a regulation of about 0.6 per thousand. The gelvanometer fluctuations
were ususlly smaller for higher magnet currents resulting in considerably
better regulation. This discussion does not include slow drifte which
might have occurred if the system were left to itself. However, these were
easily eliminated by occasicnal menual operation of a "variac” on the
input of the No. 722 transformer. It can be said with certainty that
errors and fluctuations in the current were entirely negligible in comparison
with other errors.

In the present location of the instrument the earth's field has
shown no appreciable change in direction over a period of six months.
The current required in the system of compensating coils to minimize this
field appears not to have changed either. While there is no single set of
current values which will eliminate the earth's field entirely throughout
the length of the tube, calibration tests show that the residual field

cannot be very serious.

3. Detectors.

A Geiger-counter was used as g detector throughout. This tube
was a conventional point counter constructed as shown in Fig. 2(a). The
window wes 3/16 inch in diemeter, covered with a nylon membrane. These
were prepasred following closely the directions of Saxon et a1(26)

It should be noted that there are different types of nylon and that not
all of these are soluble in isobutyl alcohol. The nylon used in this work
was a sample supplied through the courtesy of Dr. Sexon.

A sheet of mica with a circular hole of a suitable size cut in
1t proved a very satisfactory frame for removing the films from the water

surface. There was no difficulty in making the layers adhere to each other



-1k-

and to the mica. After preparation the films were alwaye left on the

freme until used. The film was then carefully laid over the window which
was previously painted with & thin layer of collodion. After the collodion
had hardened the mica was cut off with a razor blade. In this way there

was no wrinkling and less chance for collodion to get on the part of the
film covering the window. Thinned collodion often ruptured the film.

After removing the mica, collodion was painted liberally over the edge

and top of the film up to the lip of the window. These operations nearly
always produced a gas-tight seal. When used in this way the window

could withstand the counter pressure for a few hours, but it stretched
8lowly and would usually be leaking when the counter was refilled for a
second run. To overcome this a brass supporting member as shown in Fig. 2(a)
was secured over the window with glyptal cement. After this was done windows
0.08 mg/cm® thick d1d not fall upon refilling the counter. A leaking

window seldom Incressed the gas pressure in the spectrometer appreciably

but a2 leak was slways revealed by a conmnter characteristic which shifted
continually towards lower voltages.

The counter filling consisted usually of 85% argon and 15%
ethylene with a totel pressure of 10 cm. to 12 cm. On two occassions when
an attempt was made to use ethyl alcohol as a quenching agent the window
ruptured shortly afterwards. The argon-ethylene mixture produced long
slowly rising plateaus unless contaminated with sair. However, even a poor
characteristic was quite usable with the high voltage supply which was used.
In any case during the course of all runs the counter was frequently checked

60

by placing a Co~~ source in a standard position and observing about 8000

counts.
The counter was connected directly to a Model-lGX)Berkeley Decimal

Scaler®. This instrument, which includes s high voltage supply,
to use and)in general,quite satisfactory.

was convenient

* Berkeley Scientific Company, Richmond, Californsa.
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L. Alignment.

In order to realize the full resolving power of the instrument, the source
and counter window must both be accurately centred along the axis of magnetic field.
To do this an active deposit of RaTh was placed in the spectrometer as a source.
The approximate location of the intense F line was known from previous work with
this instrument. After aligning the tube visually as well as posseible a run was
taken on the F line. With the current in the coil set for the observed meximum
counting rate, slight adjustments were made until the counting rate at the peak
reached a maximum. This method of slignment gave & line width slightly less than
that reported by previous workers. Later a check was made by replacing the counter

by a plece of X-ray £11m’ Wo further adjustment was found to be necessary.

5. Calibretion.

Several ThB sources were prepared during a period of six weeks. The
location of the F line was observed with each of these and the pesk was always found
to be reproducible within less than 0.5%. The line width waé about 1.7% at half
maximum. After the technique of making nylon windows had been developed, the A
line (24.7 ng.) was also observed and 1ts energy based on the F line calibration
agreed with that given by Ellis(27) within 1%. .

To check the linearity of the instrument in the high energy region s
60

source of Co"”~ was prepared in a capsule covered with a 28 mg/cm2 lead radiator
and the photoelectron lines due to the two gamma rasys were observed. While their
energies are not known with high accurascy, the values obtained here agreed within
0.5% with those of Jensen et 81(28). This established the linearity of the in-
strument within 1% over the range from very low energies to about 1 Mev.

The final calibration of the spectrometer used for all measurements
reported here is based upon the value 1383.8 gaussscm, for the F line(@9) and
given by the equation p = 4762 V, where p is the momentum in gauss-cm, V the

potential drop across the stendard resistence S as read on the potentiometer
’

(see Fig. 3).

¥ This was suggested by Dr. J.L. Wolfson, Chalk River,
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MEASUREMENTS ON Lul!!

l. Source.

The lutecium oxide used in these experiments, obteined from
Johnson Matthey and Co., London, England wes claimed to be "of a very
high degree of purity". Thirty-five elements are listed for which no
spectrum lines were observed in their snalysis. These include ell the
rare esrth elements with the exception of ytterbium for which one line
at 3289.37 A.U. was "barely visible". Two or three lines from esch of
calcium, silver, snd copper are sasid to be "faintly" or "very faintly"
visible.

In attempting to decide whether any of the radiations observed
from this sample when activated by slow neutrons are in fact due to the
Impurities, & cereful exemination of tebles of 1sotopes(;9)’(3o):(3l) wes
made. Considerstion of activation cross sections, helf-lives, percentage
abundances meke it possible to dismiss all activities with the possible

exception of those shown in Teble I.

TABLE I
Energy of
Conteminent Thermal neutron Activity Half Radiation (Mev).
and abundance cross section Produced. Period
w17 (29.584) 50 wi75 h.2d. 0.5 0.35
Aglo9(h8.65%) 97 Agllo 225 4. 0.59 1.k ( 9%)
0.90 (47%)
0.66 (LL%)

In sddition one must consider the possibility that elementes with
a large thermal neutron cross section may be detected more sensitively by
gemma and beta ray spectroscopy of the activated ssmple than by opticsl

spectroscqpy.(32)
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Two semples of this lutecium oxide were irrsdiated separately.
The first (about half s milligrem) wese conteined in & cepsule of commercial
grede aluminum end sctivated to a specific activity of 20 mc./mg. Sources
for obtaining the beta spectrum were prepered from this. In order to avoid
contaminating the lutecium oxide with sluminum end rediosctive impurities
in the eluminum, a drop of distilled water was put into the cepsule and
agitated slightly with a small glass rod. A dropper terminated by & cepillary
tube was then used to transfer a minute drop to the source becking. When
this dried 2 slight stain having no visible irregularities sppeesred. Very
strong sources could be prepsred in this way. When hsndled cerefully the
activity appeered to be sufficiently adherent not to require costing. In
view of this snd uncertainty of the thickness of an applied layer of some
suitable material such as collodion, sources were used without further
treatment.

The details of the source mount are shown in Fig. 2(b). This
arrsngement sllows a free spece of two inches behind the source mounting.

2. Observations with Nylon Backing.

A source was prepered using as backing s 0.02 mg./cm2 nylon film
about half an inch in diameter, supported on a thin micas annulus (about
10 mg/cme). Using 8 centering jig this wss stuck with collodion to a second
piece of mice with & hslf inch hole in it and of external diameter suitable
for placing in the spectrometer. The beta spectrum was observed during sbout
seven hours, specing observations st currents corresponding to every 3 milli-
volts for the lower energies and every 5 millivolts for higher energiles.
Four conversion lines were found and the end point agreed approximetely with
that quoted in the litersture where absorption methods were used. The next
dey further observatione were mede in the vicinity of the conversion lines.
The pesks, psrticularly of the lowest energy line, appeared to have moved

slightly towerds lower energies. Since for the first run the statistics
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Were poor no very great importance was attached to the discrepancy. A

second source seversl times stronger than the firest wss prepered, like-

wise using 0.02 mg./cm? nylon backing. In view of a report on the effects

of source charging(ao) this nylon film had a thin layer of aluminum evaporated
upon it. The derkening was perceptible when viewed with trensmitted light
but the appearsnce was not metallic. No special precautions were taken to
assure electrical contact between the spectrometer tube and the aluminum film,
it being assumed that the mica would provide sufficient conductivity. The
spectrum obtained from this source showed the ssme four lines but all at
appreciably lower energies. A second run on the lowest energy line showed
that it had moved to even lower energies. It wee then quite apparent that

the source was cherging, end had reached a positive potentisl at leasst 10
kilovolts with respect to hhe spectrometer tube. The aluminum coating on

the nylon provided a wholly inadequate ccnducting path for the source strength
used. The rather short helf life of the source mede it inappropriate to
investigate further st this time suitable means of grounding a source mounted

on a thin nylon backing.

3. Sources Mounted on Aluminum.

Aluminum foil 3 mg/cm? vas available in the Laboratory and this
was used as backing for the next attempt. As a preliminary test a run was
taken on the lowest energy line and repeated 12 hours leter. The two runs
agreed remerkably well in the location of the peak and the shape of the
1ine. This agreement msde it quite safe to proceed. The whole spectrum
was then observed checking the counter st hourly intervals ageinst the
standard cobalt source. In order to minimize decay corrections the
observetions were completed in less than 24 hours. A careful search was

mede for other conversion lines but none was found. Repeated observations

at the peaks of the lines reveesled no sign of drift.
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Since & backing as heavy as 3 mg/cm2 can produce appreciable
distortion in the low energy region aluminum foil half this thickness was
procured commercially and etched to 0.5 mg/cm® chemically*. A somewhat
weaker source wes prepared with this ae backing and the spectrum observed.
The result is plotted in Fig. 5. In the same figure the spectrum cbtained
with the second source (nylon backed) is also shown. The two curves were
fitted at the high energy end. Of course, the curve obtained from the nylon
backed source, does not correspond to a specific instantof time. The points
were taken from left to right. The lowest energy line had certeinly shifted
even further to the left by the time the date for the highest energy line
was taken. A considersble reduction in the intensity of the low energy line
can be noted. This may be partially caused by a defocussing action of the
electric field produced by the charged source.

The line width at half meximum was about 2.2% for all four lines
in the spectrum using the 0.5 mg/cm2 aluminum backed source. The width was
greater by a small but perceptible amount when the 3.0 mg/cm2 source backing

was used.

k. Location and Origin of Conversion Lines.

The energies of the conversion lines and their origin sre shown in

Table II.
TABLE II
Conversion Lines of Lul77
Energy Electron Shell Gemma Energy

46.9 +0.4 K 112.1
101.8 +0.6 L 112.4
112.9 +0.6 M 112.4
141.4 £0.8 K 206.6

* This was done by Mr. John Freser.
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It is clear that within experimentel error the separation of the
first three lines indicate they arise from the seme gemma rey. The fourth
line may reasonably be assigned to a second gemma ray which is weakly con-
verted in the K shell. The last column is the sum of the first end the
corresponding binding energies of Hf*. The trestment of the lines as shown _
in Table II is to be regarded as tentative pending confirmation by later

examination of the gamma spectrum.

5. EKurie Plot.

Kurie plots (Fig. 6) were made using the data obtained from the
two aluminum backed sources” . It is to be noted that thetwo sets of data
agree well from the upper limit down to about 135 Kev. Below this point
the source on thicker backing showed appreciably more electrons as would
be expected. The curve is stralight from the end point down to a point some-
what over 100 Kev.below the end point. The departure from straightness for
lower energies can scarcely be ascribed to back scattering effects alone in
view of the relastively small effect of a factor 6 in the backing thickness.
Tentatively regarding the shape of the curve as an indication of complexity,
two subbrections were made yielding two lower end points. The residue after
the second subtraction still showed a curvature at the lower energy end.
However the data was so meagre and subject to such large errors that a third

gubtraction wes not warranted.

* The binding energies used here were obtained from Compton and Allison(33)
the M binding energy of Hf being an extrapoletion of those for OS and W.
The average of Ly, Lyr, and Lyyy wes used.

*¥%0uing to the lesser strength of the source mounted on 0.5 mg/cm2
aluminum, the data has been multiplied by the factor 1.k6.
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A third set of points shown in Fig. 6 was obtained from the
source with thinner backing. This date was taken with a view to improving
the accuracy of determination of the upper end point.

The energies corresponding to these three end points are 169+ 10
kev., 366+25 kev., and 495 +5 kev. The errors are obtained by considering
possidble varistions in the placing of the straight lines. The reality of
the lower end points is subject to confirmation by independent experimental
data. Such date in fact has already been provided by the conversion lines.
The sum of the gamma rays 1s equal to the difference between the extreme
end points; and the lower gamma energy is equal to the difference between
the two higher end points within experimental error. The possibility of
this agreemenﬁ being an acclident cannot be excluded in view of the relatively
large errors in the Kurie analysis. Appropriste coincident experiments could
very well provide the necessary edditional confirmation” .

Assuming the lower end points to be reesl, distribution curves can
be calculated from the straight lines by inverting the operations. These are
shown in Fig. 7. The areas under the curves have been measured with a plani-
meter yielding relative intensities 65%, 16.7%, 18.3% with errors of asbout 10%.
It is 8lso possible to obtain from these areas.the total number of electrons
recorded in a given time interval. For a single distribution the number is

given by

Pmax Pmax Vmax
N N 1

—dp= | —ap = = = 4v =
ap % Rp P R /v R
0 (o)

0
where p is momentum, R the resolving power (1.7%), N the recorded number
of counts at a point, Ap the momentum interval at the same point and V

the potentiometer voltage. Pefforming the operations the result 1500 electrons

* The only coincidence mixer available failed after the source arrived and
these important experiments could not be carried out.
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per second is obtained. These are emitted from the source into a trans-

mission zone subtending an angle 6.7 x 10-%of the total solid angle L,
Correcting for the reduction in counter window area due to the

supporting member, the figure 1500 should be increased to about 2000.

This corresponds to & source strength of ebout 80 microcuries for the stronger

source and 38 microcuries for the weaker. Considering the source area and

using the specific activity 20 mc/mg with a decey factor, source thicknesses

less than 0.1 mg/cm® are obtained.

6. Gemma Ray Measurements.

After the beta spectmmm had been observed an aluminum cup with
wall thickness 0.030" and 1" outside diasmeter was prepared and as much of
the remsining activity as possible transferred to it. The cup was cemented
in a central hole in a 1.25" aluminum disk and covered with an aluminum foll to
assure electrical contact. Over the capsule was placed a 14.7 mg/cm2 lead
radiator. The counting rate with this source was low but well above back-
ground. Distinct photoelectron lines appeared which were immediately
recognized as being due to the two gamma rays mentioned in Table II. This
provided a satisfactory confirmation of the identification of the conversion
lines.

The spectrum is shown in Fig. 8(a) and the K and L lines for each
gamma ray marked. The K line for the low energy gamma appears very weakly.
This is not surprising when one considers that these photoelectrons have an
energy of only about 25 kev. so that the effective radiastor thickness is
only an outer layer about 1 mg/cm® thick.

In sddition to the four lines mentioned above there appeared to be
two other pesks of low intensity. These are in the places where L photo-

electrons due to characteristic K radistion from the excited Hf atom should

appear. This point is discussed further later.
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In order to obtein better accuracy for the photoelectron energy,
to examine the structure of the peaks attributed to X-rays in more detail
as well as to ascertaln whether other gemma rays existed, a second sample
of L.u203 was prepared for irrsdiation. A capsule of 1S aluminum, " in
diemeter, was filled with 3 mg. of Lup03 and closed with a tapered plug.
Since this capsule was to be irradiated and placed directly in the spectro-
meter, a dummy of the same weight was cut from the same piece of stock
to be exposed with the capsule. The period of irradiation was two weeks
giving an activity of 33 mec.

After exposure the dummy was found to have a 20 hour gamma
activity about one-seventieth of that of the capsule as measured with
a Lauritsen Electroscope. Spectrometer observations began 24 hours later
end continued for five days. The consistency of the results as well as the
preferred geometric location of the Lul7? activity meke it unlikely that
any of the photoelectron lines subsequently observed arise from gammas
radistion of impurities.

A gold radiator (12 mg/cm®) wes used for the first run. The same
set of lines (fig.8(a)) appesred as with the first gamms source. Those that
had been identified as K lines were shifted asbout 7 Kev. towards higher
energies while those identified as L remained in nearly the same locations,
This is a satisfactory confirmation of the previous assignment.

In addition, there is some evidence for e weak additional line
beyond the higher energy L line. This region was therefore examined with
a 29 mg/cm2 lead rediator. At the time of this measurement the contaminating
gamma activity was estimated to be less than one four-hundredth of that due
to lutecium. The region was swept over ten times, 50 second counts being

taken at 14 appropriately spaced points. In this way the effect of instrumental

drifts is minimized. A plot of these points is shown inset in Fig. &(a)
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A line is clearly indicated, shifted from the sharp drop in this region
obtained with the gold radiator, as it should be if this is a K line. This
is attributed therefore to a third gamma ray. Careful examination of the
location of the line shows the gamma energy to agree remarkably well with
the sum of the other two gamma ray energies. This is sufficient evidence
for assigning it to lutecium.

In order to obtain further information about the X-ray lines as
vwell as to obtain an accurate value for the lower energy gamma based on a
K photoelectron line, the gamma spectrum was observed using a tin radistor
(11 mg/cm®). This spectrum (Fig.8(b) showed the K and L peaks for the two
more intense gamma rays. No counts were taken beyond the upper L line.

The X-rays are energetic enough to produce K electrons from tin
and these peaks were observed as well as the L peaks.

In a recent table of isotopes by Seaborg and Perlman(9 ), a weak
gamma energy of 1.3 Mev. is reported,observed by sbsorption in lead. To
check this an absorption experiment was performed in which a half inch
thickness of lead was placed between counter and source and the counting
rate observed as additional layers of lead (4.2 g/cme) were added. The
counting rates indicated a weak high energy component which might have
arisen from the contaminating activity in the sluminum. The aluminum dummy
was then used in place of the capsule and the absorption experiment repeated.
Subtraction of the corresponding counting rates revealed some evidence for
a very vweak gemma ray with energy of the order 1 Mev. It was estimated
this gamma ray would produce & counting rate with a naked source well under
a two-thousandth of the total gamma activity. Considering the greater

effieiency of a gemma counter (copper cathode) for high energy gamma rays the

ratio of intensities is even greater.
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TABLE III

Absorption of Gemma Rays

Absorber

Thickness Net Counts in 500 Seconds

Szcmg Source Dummy Difference
0 837 516 321
k.2 639 428 211
8.5 543 3k 202
12.8 397 239 158
17.0 348 194 15k
21.3 262 168 9k

The geometricel arrangement used for this experiment is shown in
Fig. 2(4).

7. Half-Life.

A source was prepared by rubbing a dry glass rod against the
inner wall of the capsule contsining the first activated sample. This
rod was then touched lightly against a piece of mica tsped to the tray
under a Lauritsen Electroscope (Fred C. Henson Co.). The electroscope
window was covered with a 0.35 mg/cm” formvar film. The time of discharge
between the same two scale points was observed at intervals over a period
of 40O hours. A plot of the natural logarithm of a number inversely
proportional to the time of discharge, (corrected for background) against
time is shown 1n Fig. 10. There is no evidence for any contaminating activity.
The half life found from the slope of this curve is 6.9810.10 deys the error

being obteined by drawing other straight lines through the points, differing

slightly in slope.
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DISCUSSION

The most clear cut part of this work is the determination of the
gamma ray energies. This seems to leave little to be desired. Table IV
summarizes the energy values obtained from the various lines for the three
gamma rays. In averaging the results only velues from K photoelectron lines
have been used since the K asbsorption edge is esingle whereas L edges are
triple. T addition the K lines are much more intense except where they

occur at very low energies. The latter have not been used in the averaging

process.
TABLE IV
Energy of Gamma Rays
Location Added Binding Energy

Line (Kev) . Energy (Kev) (Kev)
Conversion 46.9 65.2 (K) 112.1 Y,
Conversion 101.8 10.6 (L) 112.k Y1
Conversion 109.9 2.5 (M) 112.4 Y1
Conversion 141.4 65.2. (K) 206.6 ‘A
Photoelectron (Au radiator) 125.3 80.9 (K) 206.2 L L
Photoelectron (Au radiator) 31.7 80.9 (K) (112.6) v,
Photoelectron (Pb radiator) 229.1 88.2 (K) 317.3 y'3
Photoelectron (Sn radiator) 82.6 29.2 (K) 111.8 Yl
Photoelectron (Sn radiator) 176.5 29.2 (K) 205.7 )22
Photoelectron (Pb radiator) 118.5 88.2 (K) 206.7 1

The shapes of most of the photoelectron lines show that the
radiators cannot be regarded as thin. The best energy value does not correspond
to the peak of the line but is always greater than this. The effect of

radiator thickness has recently been discussed in & paper byJensen, Laslett ang

pratt(efb, Curves are presented showing the errors that can arise from thick
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radistors if corrections are not applied. Perhesps the simplest way of
applying a correction® is to consider the line width as observed with a
ThB Source. It is assumed then that the high energy side of a photo-
electron line is uneffected 5y radiator thickness except near the peak.

The true peak is taken as the half width (0.85%) measured in from the high
energy side. This method of loceting the peak has been used for all photo-
electron lines. Strictly speaking a correction should also be applied to
the conversion line peaks. However, these lines are not much wider than
the ThF line end the correction is small.

The beta end pointah95 Kev.,1lies midway between the value 470 Kev.,
reported by Atterling, Bohr and Sigurgeirson( 67) and 520 Kev. reported by
Bothe(17). Flammerrfeld and Mattaucih(S ) obtained the value 440 Kev. The
gamma energy 0.2 Mev. reported by Bothe('7) is in agreement with the value
206.3 Kev. obteined in this work.

The ft values(13) for the three components indicated by the Kurie
anelysis have been calculated and are shown in Table V. The partisl half-

lives depend on the relative intensities.

TARLE V.
Partial
End Point Relative half-life
(Kev) Intensity t (sec) £ ft Group Order
169 18.3 32.6x 105 0.23 7.5 x 109 1B 1st Forbidden
366 16.7 35.7 x 105 2.5 8.8 x 106 1B lst Forbidden
495 65 9.62 x 10° 6.50  6.25x 10° 1B 18t Forbidden

The beta end points and gamme energies are consistent with the
decay scheme shown in Fig. 10. There is no reasonable place on this diagram
to put a very wesk 1.3 Mev. gemma ray. If the lowest level shown is not in
fact the ground state of Hf177 one would expect to observe an additionsl 1 Mey.

of gemme rediation as intense as the 206 Kev. gamma ray. A search was made with

¥ This method was suggested to the author by Dr. J.L. Wolfson, Chalk
River.
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the spectrometer (1sing 12 mg/cm® gold as e radistor) and no other peak as
Intense as that of the 318 Kev. gemma ray wes found corresponding to gemma
energles up to 550 Kev. On the basis of this snd sbsorption experiments of
others - ( /i1t 1s feirly certain thet this sdditionsl gemma rediation does
not exist. In fect essuming Fig. 10 not to be correct and that the two
gemma rays actuslly follow the high energy Betes a total decay energy of
1.32 Mev. including the rest energy of the electron is obtained. It is
scarcely possible to fit into this en alternative decay process involving
a 1.3 Mev. gamma ray. It is therefore strongly suggested that this kigh
energy gamme rayjin view of its very low intensity)arises from traces of
impurities. In the sample used here 1t may have originated from the silver
known to be present.

X-radiation is to be expected following orbital electron capture
and following internal conversion of gamme rays. In the former case the X-
rays should be characteristic of an atomic number Z-1, in the latter of Z
or Z+ 1 depending on whether the gamme ray precedes or follows the beta
decay. Z is the atomic number of the radioactive nucleus. It is interesting
in the present case to see whether the resolution is sufficient to distinguish
between the X rays of ytterbium, lutecium, and hafnium, Table VI shows the
K lines for these three elements caslculated from wevelengths given in Compton
and Allison(33). The lines fall into two groups corresponding to the I, to K
transitions and the M and N to K trensitions respectively. Two rather brosd
photoelectron lines should be expected especially if arising from the multiple
I, shell of the radiator unless the resolution is adequate to resolve the fine
gtructure. Of course with the radiator thickness used, broad photoelectron

lines are to be expected even without fine structure.
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TABLE VI
Energy of Characteristic K lines (Kev.) Calculated from Wavelengths given in

Coggpon and Allison(33)

Transition )¢} Lu Hf

K-Liq 51 .4k 53.07 5k.72
K-Lyrq 52.46 54.17 55.90
K-Mp, 59.26 61.20 63.29
KM r 59.49 61.45 63.52
K-Nry, Npqp 60.99 63.08 65.09

When lead and gold were used as rsdiators two peaks sppesred which
have energies corresponding respectively to the asverage of each of the two
groups, diminished by the binding energy of the L shell (Fig. 8(e)). K
electrons from gold and lead with binding energies & over 80 Kev. would not
be expected to appear. It is not possible to state with certainty the
origin of these x-rays on the basls of these spectra alcne.

However the K binding energy for tin is only 29.2 Kev. making it
possible for both K and L electrons to srise from each X-ray line. 1In
addition the K photoelectron peak of the lowest gamma ray should be removed
entirely from this region. The removal of this K photoelectron line and
the greater complexity of the X-reay photoelectron lines is immedlately
evident in Fig. 8(b). Three pesks with possibly a fourth are visible. On
the high energy edge of the lowest energy line a satellite (celled Aj) cen
be seen. Cslling these lines A, B, C, and D in incressing order of energy,

Table VII shows their energies end the corresponding X-ray energies.
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TABLE VII
Line EEEEéZ BingéngnEnergy X-Ray Energy
A 25.9 29.2 (K) 54.1
A 2k.9 29.2 ( K) 55.2
B 33.7 29.2 (k) 62.9
C 49.9 b.2 (L) 5k.1
D 58.5 4.2 (L) 62.7

Associating the lines A and Aj with the two trensitions K-Lyy end

K -Lyyy respectively the best fit occurs if these sre Hf X-rays. The other
lines rule out Yb but a choice cannot be made between Hf and Lu.

If the binding energies of lutecium are added to the conversion
line energies one obtains the values 110.4 Kev., 112.0 Kev., 112.3 Kev.,
204.9 Kev. for the gamma energies. The first three sre not so self con-
sistent as the values stated in Table IV and the agreement with the values
obtained from the photoelectrons 1s clearly worse. This indicates that the
gamme rays follow the beta rays as_in facy,usually is the csese.

Bothe(‘7) refers to a softer gemma component of about 60 Kev.
which he ettributes to Yb X-rays following K capture. As stated above there
is good evidence that these are not Yb X-rays. Of course, Bothe was incorrect
in the mess identification of the 6.9 day lutecium activity, sttridbuting it to
LulT6. (Seaborg classifies this activity among the "isotope certain" group. )
176 is stable but Ybl77 1s not. It is quite safe to assert that K capture
does not occur. Bothe makes no mention of a gamme ray of the order 112 Kev,.
It apparently could not be resolved from the X-redistion. He reports co-
incidence experiments in which the softer component is coupled with the 0.2 Mev.
gamma ray but not with the beta rays. This may be considered as consistent

with the decay scheme (Fig. 10) suggested here wvhen it is recalled thsat
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according to it most of the Lul!' nuclel decey directly to the ground state

of BFLTT ana that the soft gamme rey 1s in cascade with the 0.2 Mev. gamma

rey. The X-rays should also be coupled with the herder gamme ray since

they follow internsl conversion of the softer component.
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SUMMARY AND CONCLUSIONS

l. The current regulator for the McGill spectrometer has been
Improved by the insertion of control tubes in series with the coil of
the magnet. Operation is now entirely setisfactory. The linearity of
the spectrometer has been demonstrated by observation of a conversion
line at 25 Kev. and photoelectron lines in the one Mev. region to be
within 1%.

2. Thin nylon windows for the beta counter have been prepared end
the low energy cut off for the spectrometer considersbly reduced thereby.

3. The large errors that can be introduced by source charging have
been demonstrated.

4., The gemme spectrum of Lul7T hes been observed through & study with
the spectrometer of the photoelectrons ejected from lead, gold, and tin
rediators. Three gemma rays have been found of energies 112.2+0.6 Kev.,
206.3+1.0 Kev., 317.3£1.5 Kev. The former two are of compersble intensity,
the latter much weaker.

5. X-rays from the source have been observed and their energlies asgree
well with energies of characteristic K X-rays from Hf, not so well with
those from Lu, end are clearly greater than those from Yb.

6. The beta spectrum has been studied with the same spectrometer and
four conversion lines have been found with energies 46.91+0.4 Kev.,
101.84+0.6 Kev., 109.9+0.6 Kev., end 141.4 +£0.8 Kev. The first three
arise from the 112.2 Kev. gemme ray, the latter from the 206.3 gamme ray.
There are clear indications that the geamme rays follow the beta rays.

7. A Kurie plot has been mede and end-points et 495+5 kev.,

366 +25 Kev., 169 +10 Kev. obtained corresponding to three beta groups of
relastive intensity 65%, 16.7% end 18.3% respectively. Evidence for the

reality of the two lower energy groups is the agreement between the sum of
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the two m&e intemse gemme rays and the difference between the extreme
end-points as well as the agreement between the difference between the
two higher end points and the lowest energy gemme ray. This requires that
these two gamme rays be in cascade. Strong evidence that this is so is
provided by the existence of the third gemme ray of energy equsl to their
sum. If the decay scheme is assumed to be correct a more accurate
estimetion of the lower end points mesy be obtained by subtrecting the
appropriste gamms ray energy from the upper end point. The results are
177+ 6 Kev. and 383+ 6 Kev.

8. An energy dliagram has been proposed consistent with these findi ngs
and apperently with coincidence measurements reported by Bothe(7( ).

9. The half life of Lul77 has been measured by following the decay
of a source for 400 hours. The value 6.98+ 0.10 days has been obtained,
somewhat higher than the values reported by Bothe(7 ) , Flammerfeld and
Bfia’ot;em.ch(5 ), eand Atterling et al(é ), but substentislly in agreement with
the value obtained by Wilkinson end Hicks(g ).

10. An absorption experiment provides evidence for a very wesk high
energy gemme ray. Arguments are advanced to show that this gamma ray arises

from @ contaminating activity.



-3k

BIBLIOGRAPHY

(1) G. Hevesy and H. Levi, Nature 136, 103 (1935).

~~
n

”
Q

. Hevesy and HE. Levl, Kgl. Danske Vid. Sels,

Mat.-Fys. Medd. 14, No. 5 (1936).

(3) J. Matteuch and H. Lichtblau, Zeits. f. Physik 111, 514 (1939).
(4) M. Heyden and W. Wefelmeier, Naturwiss. 26, 612 (1938).

(5) A. Flammersfeld end J. Mattauch, Naturwiss. 31, 66 (1943).

(6) H. Atterling, E. Bohr, and T. Sigurgeirsson, Arkiv. Mat.

Astron. Fys. 32A, No. 2 (1946).
(7) W. Bothe, Zeits. Naturforsch. 1, 173 (1946).
(8) M.G. Inghram, R.J. Hayden and D.C. Hess, Jrd., Phys. Rev. 71, 270 (1947).
(9) G.T. Seaborg and I. Perlman, Rev.Mod. Phys. 20, 585 (1948).
(10) C.D. Ellis end W.A. Wooster, Proc. Roy. Soc., All7, 109 (1927).
(11) H.R. Crane, Rev. Mod. Phys., 20, 278 (1948).
(12) C. Flugge and S. Flugge, Zeit. Naturforsch 2a, 6 (1947).
(13) E.J. Konopinski, Rev. Mod. Phys., 15, 209 (19k43).
(1) EKurie, Richardson and Paxton, Phys. Rev., 49, 368 (1936).
(15) F.N.D. Kurie, Phys. Rev., 73, 1207 (1948).
(16) L.M. Langer and C.S. Cook, Rev. Sci. Imst., 19, 257 (1948).
(17) E. Fermi, Zeits. f. Physik, 88, 161 (1934).
(18) F.B. Shull, Phys. Rev. Tk, 917 (1948).
(19) C.S. Cook and L.M, Langer, Phys. Rev. 73, 601 (1948).
(20) C.H. Braden, G.E. Owen, J. Townsend, C.S. Cook aend F.B. Shull,
Phys. Rev., Tk, 1539 (1948).
(21) A.C.G. Mitchell, Rev. Mod. Phys., 20, 296 (1948).
(22) J.V. Dunworth, Rev. Sci. Inst. 11, 167 (1940).
(23) C.E. Mandeville and M.V, Scherb, Nucleonics, 3, 2 (1948).

(24) J.L. Wolfson, Thesis (1948).

(25) M. Deutsch, L.G. Elliott and R.D., Evans, Rev. Sci. Inst. 15, 178 (19h4k4).



(26)

(27)
(28)
(29)
(30)
(31)

(32)
(33)

-35-

J. Brown, F., Felber, J. Richardson and D. Saxon, Rev. Sci. Inst.,
19, 817 (1948).

C.D. Ellis, Proc. Roy. Soc. 143, 350 (193Y4).

E.N. Jensen, L.J. Laslett, W.W. Pratt, Phys. Rev. 75, 458 (1948).

K. Siegbahn, Ark. Mat. Astr. Fys. 30A, (Paper 20) (19Lk).

L. Seren, H.N. Friedlander and S.H. Turkel, Phys. Rev. 72, 888 (1947).

"Table of Radioactive Isotopes Arranged According to Half-Lives"
W.W. Jones and H,M. Clark. A.E.C., Oak Ridge.

J.M. Cork, Nucleonics 4, 24 (1949).

A.H. Compton and S.XK. Allison, "X-rays in Theory and Experiment"”

D. Van Nostrand Co. Inc.



1 34N91 4

...........

s3ani
oz:ooo ........... mJ—oo

&-37144v8 ¥3ILNNOD

308N0S . N ONINI430

TS

o
|
1

S3HIONI

4313IN0YLO3dS 40 NOILD3IS SSOHO



BETA COUNTER DETAIL OF SOURGE
/W ARRANGEMENT
ﬂ | |
. p=
O}
\ rzh ALUMINUM
WINDOW WITH =] BRASS
SUPPORTING MEMBER EEE "APIEZON" Q
FIG. 2 a FIG. 2b
ABSORPTION EXPERIMENT
~ ® SOURCE
MICA | |
EALUMINUM
| FOIL
d RADIATOR |
- CAPSULE 3
COUNTER
B LEAD
SOURCE FOR GAMMA
SPECTRUM (SCHEMATIC) Y
FIG. 2¢ ' _




Lw

GENE RATOR {

®

POT.

AMP

IGOO MFD.

COIL

MAGNETé

POWER
SUPPLY

LAANAAANA—
EIGHT
15 K 6AST7' S /_
—
SKS D QV e
K 6A3" S

25 MFD. =

]

CIRCUIT DIAGRAM

FOR GCURRENT REGULATOR

FIG. 3




CALIBRATION
TH-B F LINE
ﬂ FIG. 4
7500
COGO
PHOTOELECTRON SPECTRUM
240
W
» s
o
© ;
5000 ) < 1L
o n
W 160 —&j
o , o
«» |TH-B A LINE f ©
|_
z % W |
- a L
O
O ) 7]
|._
2500 S 8o
©)
J (&
A
(o)
1 | | |
&L I | 1.0 N 1.2
0.10 o.|2'\©.27 0.30

POTENTIOMETER VOLTS




S "9l

"WO-SSNVY  NNLN3INOW

0082 0092 oove 0022 0002 008l 0091 oov!| 0ozi 0001 008 009 (014

000!

—

. ——— e — -

——mEry
03S 00l ¥3d SLINNOD

002

ONIMOVE 3IDHNOS NOTAN ;WO /OW 200 ————~

ONIMOVE 30HNOS TV MO/ OW SO
,uN7 40 WNYLO3dS vL38

: 00t
_




23 00+ . 00¢ m:o>o._§ooN . .
/ .Q.u.@ o
_ AN ,
Omvmvomvo ° . — mu
eoooo o ) W
mo%o , 3
% _u
foop o 0
ﬂm? Bl
o ° IA
ooo/
[ S ) _
N Ol
\
N\
RN c
° pd
M 00 o l
. ) o\ wn
9 9l o
%
ONINOVE ,NO/9W G0 = . .
ONIXOVE _WO/9W O°'E o K °
21 AWNIS23 1N ; ]
LO0O1d 318N ,oao
(o)
@%o
(o]
_ : : _ _ * 02




000  WO-SSNVO  44co 0002

006! 000l 006 0

, 914
‘0'g'v vlol
LaN7 ¥O4
1014 31¥NY 3IHL WOY¥4 d3LvINd Vo3
S3AYND NOILNEI¥1s1d

SLINN AYVHLI8YY



‘WO -SSNv9o

000 06/ 00S

000!
O
(@]
C
<
-
wn
0002

N %2 m
20

¥OLVIavY ﬁ

av3i

©89Ol4

*03s ool 8
(@]
(\2]

(304N0S 1S¥Iid) HOLVIQVY Qv31-2 3IAHND

=—000%
(304N0S AQNOD3S) HOLVIAVYH Q109 -1 3A¥ND

L1 WNIS3LNT 40
WNY1D03dS NOYLO3TN30.L0Hd

l | | | | L looog




o

1

006!

(1R

. ogzy NO-SSNVO o,

0G6L

006

L

o

(M'g

4OL1lvidvyd NIl
L1 WNIo3LNT

WNYL193dS NOY¥L103130L0Hd
98 Ol4

-

ON'2

00¢

*03S 00! § 4Y3d SLNNOD

006Gl

00072



FIG. 9

LU 177 HFI??

PROPOSED DECAY

KEV.

500+

400 —

300 —

200—Wl

100 —

i SCHEME FOR LU'TT



00l

Ol 914

,,N7 3AYND AVO3Q

ob -
0¢'-
02 -
ol-
000
0l
02
o¢
ot
oS
09
0L
08’
06
00'l
ol
032l
o
o

ALIAILOV N7



: nﬂl'if

CONTROL PANEL

FIG. 1l



¥4313NW0Y¥LO3dS ¢l "Old







McGILL UNIVERSITY LIBRARY

| Ly ADT. 1949

b ¢
UNACC.

A — ; = ot <l
L , 3 i T -
TR 5 &
AR Y S R
A u.,‘ 4 .54 . -‘," —fd | g |
) o i TR R
PP .y- d Eat Bl DS { :
M § gk I -+
L g 'S o
Py " :’ * 4'1 ! » 1
7 v .
TR : ] P , s
. A 7
- i Ay Y il
i puth it e ! :
2rA TN 7 1 B -
£l
- X ‘
iz <
' 7
L v t
s %
o
L .
I
\
-
J -
" l
‘
. \
\
Ly
2Ly
L
“ :
3 =
p & :
-
# )
1 i ' s
. 5
4 i)
A LY
L} |}
Ld
i
Jl \ .
’ ¥ T
i s
i \ A
{ v
p %
A’ J
!
¥ L 2
. ] y
. ] J
; l.‘" '.' " g ¥







