DETATLED STUDIES OF ISOTOPES OF PRASEODYMIUM AND CERIUM OF MiSS 137
by

Gordon T. Danby, B.Sc.

A thesis submitted to the Faculty of
Graduate 3tudies and Research of MeGill
University in partial fulfilment of

the requirements for the desree of

Doctor of Philosophy

Radiation Laboratory
Department of Physics 4dpril, 1956




(1)

ACKNOWLEDGMENTS

The author wishes to express his appreciation for the encouragement
given and for the invaluable direction and originality of thought which
were provided at all times by Dr. J.S. Foster, F.R.S., Director of the
Radiation Laboratory.

He is also appreciative of the efforts of Dr. A.L. Thompson of the
Radiation Laboratory staff, who assisted in the direction of the project,
and whose interests ranged beyond the chemistry to all facits of the
work.

The author further wishes to express his gratitude to Dr. H.M.
Skarsgard for his advice in the use of y-ray spectrometers and help
in the measurement of coincidences, and to Dr. R.E. Bell and Dr. D.
Jackson for their advice on various problems of nuclear spectroscopy.
Thanks are also due to Mr. F., Carter who assisted in the experiments
on the multiple filament and resolution of the mss spectrometer, to
Mr. R.H. Mills for his cooperation in obtaining cyclotron bombardments,

and to Mr. S. Doig for the unlimited use of the machine shop facilities.




STMURY

Extensive modifications to a small mass separator, including a
nev radial lene system and collection mechanism, have improved the
purity and efficiency of separation.

Studies of mass separated isotopes have confirmed definitely the
existence of 1.5 hr Pri27 and 1.0 hr PrlBé. The brenching ratios and
characteristic v-rays of PrlBg, PrlBS, Pr137, and Pr136 were obtained.
The decay of Pri27 to a 9.0 hr state of Cel37 yag discovered.

4 new 3.4 hr isomeric state in Cel37 was Ciscovered, decaying by
a 25445 kev (%) transition to the 2.0 hr zround state. This decays
bir electron cepture to the ground state of La137, except for a 2%
branchine to 2 440 kev (E2) excited state. A very weak 0.6 branching

was found from the 3/.4 hr isomeric state directly to a complex series

—

of about 200 kev levels in La137. The lower linit for the half-life

of Lal37 vas increased to 1 x 106 years.
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INTRODUCTION

The mass separation of the radioactive isotopes of an element
is often an essential preparation for a study of the radiations. When
neighbouring isotopes have similar disintegration periods, the assign-
ment of observed radiations to a particular isotope is otherwise
difficult. Accurate yield curves, or cross bombardment with different
particles, can make assignments more probable. Careful "milking off™"
of daughter activities by chemical means may also be very helpful.
However, if an element is chemically separated from other elements,
and then separated into its various mass components on thin foil,
any observed properties of a single mass cut from the foil may be
definitely assigned to a particular isotope or its decay products.

The value of this technique may be reduced by certain limiting
factors. Obviously, the life of the active isotope must survive a
¢ omplex process of preparation and analysis. The need for pure elementary
sources of high specific activity often raises difficult chemical
problems, Moreover, the efficiency of ion production from the hot
filament source usually employed in mass spectrographs is commonly so
low that the surviving activity gives only the period of decay and a
few radiations under low resolution. Even so, this information may
prove essential to the assignment of high resolution data from relatively
strong sources of unseparated isotopes.

Thus owing to the importance of mass analysis, the first portion
of the present research was devoted to improvements in the efficiency
of a small mass spectrograph which had proved useful in earlier

investigations.




Since an investigation at Oak Ridge (Handley et al, 1954) failed
to confirm the discovery of Pr137 by Dahlstrom (1953) in this Laboratory,
the neutron deficient isotopes of Praseodymium were again mass separated
and studied with a y-ray spectrometer. This, in conjunction with high
resolution examinations of strong sources of chemically separated
Praseodymium gave much new information about these isotopes and their
cerium daughters and thus revealed an explanation of the apparent
contradiction in the decay of Pri37 o Cel?7. The crux of the matter
lies in the fact that the 254 kev y-ray - previously ascribed to the
ground state of cel37 - actually is emitted by a long lived isomeric
state, while P37 decays to a previously unknown ground state.

Thus Part 4 of this thesis describes experimenﬁs to improve the
mass spectrometer while Part B presents the new results of investiga-

tions of Praseodymium and Cerium - particularly those of mass 137.
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PART A: TIMPROVEMENTS IN THE MASS SPECTROGRAPH

l. The Main Features of the Mass Spectrograph

The mass spectrograph in the McGill Radiation Laboratory has been
described in detail by previous workers. (Dahlstrom 1953)( Maclure 1952)
(See Figs 1 and Fige 2). Its outstanding feature is the use of 10
wartime magnetron magnets to provide the deflecting field. This greatly
simplifies operation and removes the possibility of fluctuations in
the field. On the other hand, the voltage on the ions is the only
control on the mass selection,.

The instrument was adapted from a design of Graham, Harkness, and
Thode (1947) for a low cost mass spectrometer. It is a small Nier type
sector instrument employing 90 degree deflection (Nier 1940). The
analysing chamber is a 1.25 in. outside diameter copper tube 20 in.
long, with 1/32 in. walls, and is bent on a mean radius of 6 inches.

The section between the poles is flattened to 7/16 in. in depth. The
copper source and collector chambers are approximately 4 in. in diameter
and 4 in. in length. Brass plates press against O-rings to seal off

the two ends. By removing 4 bolts either chamber can be quickly opened
for loading and unloading. The ion collectér is insulated from the
chamber and is connected to the preamplifier input.

The preamplifier and amplifier were constructed from the design
given by Graham et al. (1947) and have a current sensitivity of 1 x 1071
amps, per mm, deflection on the galvanometer. This is more than adequate
for use as a small separator, but it is extremely useful for quantitative
monitoring of the ion current. If lines are swept across a fine exit
slit, an accurate measure of the dispersion and resolution can be

obtained,
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The pole pieces are identical to those of Graham et al. with a 1/2
inch gap. They are bolted onto two soft iron yokes which extend by one
gap width beyond the beam entrance and exit pole faces (see Fig. 2).
For an jon which approaches and leaves the pole faces perpendicularly,
the area of the yokes represents an idealized region of uniform magnetic
induction, dropping off discontinuously to zero outside (Nier 1940)
(Coggeshall 1947). This is a first order correction for the effect of
the fringing fields. The apex, O, for this type of instrument is
approximately colinear with the defining slit and the plane of focus,.
The yokes rest on ball bearings, so that the magnet can be moved with
respect to the fixed analysing tube. The magnets press firmly against
the yokes (Fige 1)« The magnet field intensity is only 3400 gauss.
This means the instrument must be used at unusually low accelerating
potentials for heavier masses. For example, at about mass 150, the
region of interest for Praseodymium studies, the accelerating voltage
is only 600 volts. As a result, the ions must be nearly monoenergetic.
The masg dispersion D between two adjacent isotopes of mass M and M+ 1

is given by

R
D = Ma.m.u.) ? (1)
where R is the radius of curvature. . For this instrument, D = lﬁg (mms.)
Since
dy = -dit , (2)
v M

the equivalent "voltage dispersion" between lines for M = 150, V = 600

volts, is only 4 volts.

The H.T. is provided by a commercial R.F. supply, variable from 500

to 2000 volts D.C., which can deliver up to 500 uA. Electrical connections




can be made to the various ion source electrodes through kovar seals.

Rapid pumping down is provided by two three-stage oil diffusion
pumps backed by a rotary forepump. Speed is needed, since with no
vacuum locks, it is necessary to open the entire system to the air to
load or unload the spectrograph. The system will pump to about
1 x 1072 mm of Hg in 1/2 hour,

The main improvements made in the spectrograph include (i) resolution
and in particular the contour of the mass lines were sharpened by
empirical adjustment of the magnet relative to the analyser tube; (ii)
radial focusing of ions with new lens system itrebled the transmission;
(iii) known masses are now collected on individual thin strips so that
the selected radioactivity may be examined immediately upon the completion
of the analysis.

The following sections describe the detailed experimental work

which led to the above improvements.

2. The Characteristics of the Ton Source

The most important factor in the efficiency of a separator is the
ion source, which converts the atoms or molecules of the sample into
ions by some means, and then, with the associated lens system, projects
as many as possible of the ions through the analyser.

The surface ionization source seems to be the only known ion source
which can be used with the very low acceleration voltages permitted. It
is monoenergetic except for the small voltage drop across the emitting
portion of the filament. This is normally less than 0.5 volts. (The

distribution due to thermal energies is a comparatively small effect.)
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Richardson (1916) found that for thermionic emission, the positive
ion current was similar to the electron current, and established an
equation for its temperature dependence,

J = AT1/2 exp._b/T, (3)
where J is the positive ion current density, T is the absolute temperature,
and A and b are constants for the material. The positive ion current
can result from the ions of the heated body itself; from an impurity
in the body which can diffuse to the surface and be ionized; or from
the ionization of a surface coating of certain substances.

Fowler (1936) derived a relation between positive ions and neutral
atoms at the surface of a hot Eody. For a filament with a surface

deposit, the efficiency of evaporation of the deposit as ions rather

than as atoms or molecules is given approximately by the equation

+ efg - I)
i" = eXp. KT (4)

where nt is the number of ions, n is the number of atoms or molecules,

k is the Boltzmann constant, T is the absolute temperature, e is the

electron charge, # is the work function at the evaporating surface, and

I is the ionization potential of the evaporating deposit. This equation

indicates that substances with ionization potentials less than the filament

work function should be very good emitters, such as the alkali metals.
Blewett and Jones (1936) obtained currents from a number of salts

of elemeﬁts of higher ionization potential than the work functions of

the filaments. Lewis and Hayden (1947), and Hayden (1947) obtained large

currents from some of the rare earths evaporated on to the filament as

nitrates, which decomposed to oxides upon heating. In general, for elements

of valence 1 or 2 the ions were of the form X*, while for valence 3 or 4

the ions were of the form XOT. (X+ denotes the singly charged element ion,

and X0% the singly charged monoxide ion.)




Hayden (1947) measured the ionization efficiencies for many elements
and compounds on a tungsten filament., The filament was mounted directly
behind the defining slit of a mass spectrometer. The ratio of the
c urrent passing through the analyser to the collector over the current
strilking the defining slit disc was measured. This ratio was taken as
the ion transmission efficiency (2%), and when multiplied by the ion-
ization efficiency should equal the overall efficiency of the spectro-
meter. The latter was measured by integrating the total current at the
collector from an aliquot containing a known number of atoms of the
element in question. This integrated current is easily converted to
the number of atoms collected, and the efficiency can then be determined.
The efficiencies were reproducible to within 20%, provided samples of
less than 100 pgms. were used, and the temperature of the filament had
been increased slowly. All values were taken with used filaments, since
after repeated emission the efficiency increased by as much as a factor
of two. The "memory" of a filament for the successive emission of the
same element was less than 5%.

A portion of these values is reproduced here.

TABLE I
Tonization Efficiencies
Compound Ion Type Efficiency ﬁ;—
La (N03) 4 La0t 16.0
Cep(N03) 3 ceOt 0.12
Pr,(N05)5 prot 12.0

Ndp(N04) 5 Nat( 1%) Naot( 99%) 1.0




3. Invegtigations of lens Systems
(a) The Potential Supplies. Both the H.T. load and the filament

heating supplies were redesigned to provide better performance and more
versatility. The H,T. load was altered to provide a variety of possible
electrode voltage arrangements. (See Fige 3)e The elements of the load
can be quickly rearranged into other sequences to provide any required
accelerating voltage from 200 to 2000 volts. Terminal H is the filament
HeTo supply; G and F are variable focusing supplies. I is connected to
the repeller and provides a variable positive voltage of from O to 120
volts above the filament H.T. terminal.

This repeller circuit was added for reasons of stability. In the
original circuit, the repeller voltage terminal was simply connected to
the H.T., load. This proved very unsatisfactory at high filament temper-
atures, where the electron current to the repeller can become greater
than 1 x 1074 anps. This large current flowing through part of the H,T.
load shifted the voltages §n the electrodes by an amount dependent on
the filament temperature.

The repeller supply was constructed completely separate from the
H.Te. loade It is encased in a lucite box for insulation., The 117 volt
A.C. input is taken from a 60 V.4, Sola constant voltage transformer
and applied through a 1 to 1 ratio isolation transformer to a selenium
rectifier. The rectifier is rated for 130 ma. maximum current drain.
The D,C. output is applied through a 7 filter to a 7.5 K. potentiometer.
The negative side of the output is tied to the filament H.T. terminal
and the centre tap is connected to the repeller. The regulation is
adeguate siﬁce the repeller voltage is an insensitive control on the

focusing.




The filament heating supply was rebuilt completely (see Fig. 4)e
As shown in Fig. 46, the forepump, diffusion pumps, and filament input
supply were so connected that they can only be switched on in that order.
This prevents a hot filament from being accidentally burned out by
exposure to air. The normal filament supply is shown in Fig. 4A.

From the secondary of a.high insulation transformer, O to 6.3 volts a.ce.
is applied to a 12 amp. full wave rectifier. The d.c. output is applied
across the filament, which is centre tapped to the H.,T. filament terminal,
The ammeter Ap is normelly connected across the shunt R3 and reads the
filament current. When the microswitch SA is held down, the meter reads
the voltage directly across the filament. Since the filament resistance
changes rapidly, an indication of power dissipation is necessary for

good temperature control.

The duplicate supply (Fig. 4B) was made for use with a multiple
filament to be described later. It is identical except for the output,
where a double-pole double throw switch permits the heating of either
one of two filaments. Both these filaments are centre tapped to the
H.T; filament terminal.

(b) The Original Lens System. Previous workers had estimated the
transmission efficiency of the spectrograph by measuring the quantity
of current collected from a known sample and combining this with Hayden's
values for the ionization efficiencies. Increasing the width of the
~ defining slit increases the transmission but decreases the resolution.
Maclure (1952) gave a value of about 1%, using a 0.024 in.wide defining
slit. Since the dispersion is only 0,040 in. per mass unit in the mass
150 region, the defining slit must be kept narrow. Dahlstrom (1953) had
found it necessary to use a 0,015 in. slit to resolve Praseodymium isotopes,

and estimated the transmission efficiency as less than 1%.
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A conventional type lens system had been used. Two horizontal
deflecting plates F7 and Fp with a 1/8 in. separation were located
1/L in. behind the grounded slit S. (See Fig. 2). The filament
electrode was essentially the same as that shown in Fig. 54, and was
located 1/8 in. behind the deflecting plates. A d.c. voltage applied
across the two halves heated the filament. A plane repeller R was
situated 1/8 in. further behind. Four brass mounting rods, closely
fitted with pyrex tubes, protruded from the front of the ion source
chamber. The electrodes slid over these insulated tubes and were
spaced with short lengths of larger pyrex tubing. The repeller and
deflecting plates focused the ions on the slit. The repeller operates
a few volts more positive than the filament. It collects the electron
current emitted from the hot filament, while repelling the positive
ions. The electrode potentials were tapped off from a chain of

resistors and potentiometers between the H.T. supply and ground.

(¢) The New Lens Components. Since the slit size cannot be
increased, to improve the lens system more of the beam must be focused
through it with small angles of divergence in both the horizontal and
vertical planes. The magnetic field provides horizontal focusing but
the line spread is proportional to the angle of divergence. The
vertical divergence is much more important. The clearance in the
analysing tube at the joint to the collector chamber is less than 5/16
in., and this is 20 in. from the slit. Thus a parallel beam is a
necessity for high transmission. The standard lens system, such as the

one described above, is a horizontally oriented cylindrical lens, and
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provides no direct control in the vertical plane. It was decided to
attempt to build a radial type of lens system, using discs with circular
apertures, which would give complete focusing along the beam axis. It
was hoped the ions would be focused to a small cross section and then

be transmitted down the analysing tube as a parallel beam. A close
approximation to this condition was realised (Sec. e).

The frame for the system consists initially of a 1/8 in. thick
circular brass plate, 3 3/8 in. in diameter, with a 3/4 in. central
hole (to let the beam through), and this plate is bolted rigidly into
the front end of the ion source chember (See Fig. 6). Four 1/8 in.
brass rods, symmetrically spaced 1 1/4 in. apart, protrude from this plate
back 3 1/2 in. into the chamber. The ends of these rods are threaded
and a plane stainless steel disc with four similarly placed holes fits
snugly over the rods. When machined teflon spacers suitable for the
chosen lens components are slid into position, this back plate is brought
up snugly against them with four brass nuts. This unit thus provides a
solid source holder for mounting elements of a gun, and is long enough
to permit a great variety of electrode arrangements. It éhould be noted
that the machined teflon provided a more accurate alignment of lens
components than could be realized with glass spacers.

A11 focusing elements are made from 3 3/8 in. diameter stainless
steel discs, 0,030 in, thicke BEach disc with a trial slit is fitted
directly over the four metal rods. When pressed against the front plate,
the slit is in the proper position, and is grounded through the frame
(S, Figs 6). All other electrodes have 3/16 in. holes which fit snugly
onto the teflon spacer shoulders. The front of the following spacer fits

over this shoulder and the electrode is thus held firmly in place (Fig. 7).
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Elements used in experiments with the lens system will now be
described, but the selection finally adopted appears later.

Several filament elements were constructed from semi-circular plates
spaced 1/8 in. apart (Fig. 54). The two halves were joined together
by insulating mica strips. Thin steel inserts between two mica layers
provide rigidity. The filament ribbon is spot welded under slight
tension between two tungsten wires. The filament is heated by applying
a voltage across the two halves,

A pair of semi-circular plates with a 1/8 in. spacing, exactly like
the separate halves of the filament elements, were used as horizontal
focusing plates. This is similar to the original focusing system.

A variety of discs were made with various sizes of central circular
apertures. The aperture edges were rounded to minimize polarization.
Circular discs with no apertures were also used to intercept the entire
ion current.

The above elements were joined by nickel wire to brass press seals.
These can be pressed onto any of the kovar connectors, providing the
potentials required.

One disc with a fixed 0.015 in. wide slit and another with a
variable slit adjustable up to 1/16 in, wide were made. The slits
were beveled to knife edges; hence the penetrating ions avoid a "tunnel",
thch can become polarized.

Cleanliness of all parts is essential to prevent disturbing charges
from building up on films. The metal parts were periodically boiled in
royalene or acetone. They were rubbed with very fine emery paper every
time they were used. The teflon spacers were boiled in aqua regia and

rinsed with distilled water.
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(d) Some Principles of Ion Optics. In the description of the
lens systems certain principles of ion optics should be borne in mind:

(1) The path of an ion in an electrostatic field is independent
of its mass.

(ii) The path of the ions depends only on the shape of the
field, or. the potential ratios. The absolute values do not affect the
focusinge

(i1ii) The final energy of the ions in the analyser is deter-
mined by the potential of the emitting filament only and is not altered
by any focusing potentials.

(iv) Space charge effects appear only for currents greater

than about 1 x 10~ amps. (See Spangenberg (1948) or Pierce (1954)).

(e) The New Lens System. 4 radial grid lens was finally used and
consisted of two discs with circular apertures for focusing (See Fig. 6).
The first disc, next to the filament, will be called the grid. In front
of the grid is the second disc, which is always at ground potential., A4
plane ion repeller is inserted behind the filament. By varying the grid
potentiél and the spacings and aperture sizes of the two discs, the
focal length of the grid lens can be varied. The beam normaelly converges
to a "ecross—over" and then diverges again, travelling out into the
electrostatic field free region. The focusing was found to be quite
insensitive to the position of the repeller so it was permanently located
1/8 in. behind the filament and its position will not be mentioned
further.

Incidentally, an Einzel or unipotential lens was first tried. It

consisted of three closely spaced discs with circular apertures.




The outer two were grounded and the inner one had a variable potential
applied to it. This gives a converging lens of variable focal length.
The purpose was to arrange the two lenses so that the Einzel would
produce a parallel beam, whose cross section would be a reduced image
of the source. (The source is that portion of the filament with the
emitting deposit on it. This is usually about 0,25 in. high, and is
0.030 in. wide). By suitable adjustment of the parameters, all of the
ion beam was projected through the source and into the analyser. However
only 7% appeared at the collector. The focusing effects of fringing
magnetic fields were assumed to have a detrimental effect on the low
energy ions. (Herzog 1953). To advance further it seemed necessary
to separate the two parameters.

If the ion beam could be controlled in a purely electrostatic
system, then the problem of superimposing the magnetic field could be
considered., However, because of the good results obtained with the
grid lens alone, the double lens system was not considered further.

To study the properties of lens systems it is necessary to be able
to follow the progress of the beam. The entire region traversed is at
ground potential, except inside a lens. A plane disc is mounted to
measure the current at any desired point on the path of the beam and
is grounded essentially through its connection to the d.c. amplifier.
Thus it will not alter the electrostatic conditions. Not only will the
current at the position of the monitor be obtained, but by observing
the ion stain produced on the electrode, the actual cross section of
the beam at that position is visible. Unfortunately the current cannot
be monitored in this way through the analysing tube. However by setting

up the lens near the back of the ion source holder, the ion beam can be
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studied over about the first two inches of its path. This is adequate
to establish its cross section and angles of convergence or divergence.
The final collector intercepts the beam leaving the analyser under
conditions similar to those which exist when a plane collector inter-
cepts it at the exit from the ion source chamber. Therefore the
efficiency of transmission through the analysing tube is given by the
ratio of these two currents.

As explained below the emission can be reset to a given value quite
accurately. This is necessary since after a current measurement has
been taken at any point, the machine must be shut down to move the
collector to a new position. Both the filament and grid are now set
to the arbitrary value of 200 volts positive. Then there is no attractive
field on the ions in the forward direction. The repeller is effectively
grounded by connecting it to the amplifier, The filament dissipation
is adjusted until the ion current to the repeller is the desired value.
For any particular filament loading (since the relative positions of
the filament and repeller remain unchanged), this current will represent
a constant fraction of the total emission. Then, leaving the emission
dissipation untouched, the electrodes are connected back to their normal
voltages. The emission varies with the electric field applied, and that
is why it must always be set up at the same potential. Similarly the
electric field gradient on the filament must be kept constant when
efficiencies are belng measured.

To measure the overall transmission efficiency, the lens is focused
to give the maximum current to the final plate collector. This current
and the electric field gradient on the filament are noted. Then a

plane collecting disc is inserted in front of the filament. The same
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total emission can be obtained by putting this collecting plate and
the filament both at 200 volts positive, and setting up on the ion
current to the repeller, as usual. Then the electrodes are hooked up
in the normal manner, putting the same electric field gradient on the
filament as in the first case. The current measured by the collecting
plate in front of the filament will be equal to the total current
emitteds It should be noted that in this case of direct col;ection
in front of the filament, the collecting plate is itself in the electric
field, However it will be shown in the following section that at the
low values of electric field used, the current registered is the true
ion current.

Indium ions were used throughout in the efficiency tests for two
reasonse.

(i) Indium is a very efficient emitter. A 100 ugm. loading on
tungsten will emit measurable currents for hours.

(ii) Even more important, Indium ions are produced at a sufficiently
low temperature that there is no background from the filament. At the
higher temperatures required for Praseodymium, for example, a large
background current is emitted, presumably from light alkali metals
diffusing to the surface. This is of no consequence when collecting
heavy ions through the analyser. However there is no mass discrimina-
tion in the source region, and so the ion current from the deposit is
masked by this background when collecting in the source chamber,

Tests showed that the grid lens alone, using two 1/4 in. aperture
discs, would transmit about 50% of the beam to the final collector.
This was without any defining slit, but showed that the lens made the

beam nearly parallel. The 0.015 in. defining slit next replaced the
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grounded aperture of the lens. After varying the grid aperture size
and the spacings, the transmission was found to be an optimum with a
1/4 in. aperture grid situated 1/4 in. behind the defining slit and
1/8 in. in front of the filament. This became the standard grid lens
and is illustrated in position in the holder by Fig. 6. Smaller grid
apertures increased the transmission beyond the lens, because of the
smaller beam cross section produced,but this was more than compensated
by the losses to the grid itself, unless the deposit was limited to a
small area. A normal deposit 1/4 to 5/16 in. in length on the filament
produced no losses to the 1/4 in. aperture grid. This length is needed
in practice to allow a certain leeway in loading the source on the
filament.,

A parallel plate deflector installed in the source holder in front
on the standard lens was used to determine the optimum source holder
alignment. Horizontal deflection showed a broad plateau of uniform
transmission efficiency. The verticzl aligmment is quite critical.
With the lens focused for optimum transmission, the beam was scanned
vertically across the collector. From the geometry of the tube, and
the deflection applied by the plates, it was found that the beam height
would be about 2/3 in. at the collector, if not for the confining walls
of the tube. Since the tube is 5/16 in., this would indicate about 65%
transmission, where scattering is ignored.

The transmission efficiency measured for the standard grid lens
system averages 15 to 18%. About 25% of the ions pass through the
defining slit and 60% of these are transmitted through the analyser.
This efficiency for the grid lens appears to be much better than the

estimates of less than 1% for the horizontal deflecting plates system.




However these old estimates were too low, since they were calculated
on the assumption that the ionization efficiency values of Hayden
applied in the present case. This is not so and will be dealt with
in the following section. Meantime, the efficiency of the old system
has been directly determined. The exact alignment obtainable with the
teflon spacers, however, improves the performance of all systems. The
two deflecting plates are always at equal potentials for maximum trans—
mission, showing the symmetry of the structure. The efficiency measured
for it ranged from about 4 to 8%. There is more variation with
individual loadings. Probably this is due to the lack of any vertical
convergence, so that the length of the deposit will determine the

efficiency directly.

Lo Studies of the Surface Tonization Effect,

- The ionization efficiencies given by Hayden (1947) combined with
the measured transmission for ions, would indicate an overall efficiency
of above 1% each for Praseodymium and Lanthanum. It was learned from the
quantitites of separated activities, and from monitoring stable samples,
that the efficiency is actually about a factor of ten lower. Since the
transmission efficiency had been measured repeatedly, the discrepancy
must be due to the ionization efficiency.

Several general factors affecting surface ionization were observed.
Filaments are often strongly radioactive after they have ceased to emit
atoms of an active deposit. This activity seems to decrease somewhat
with age of filament, and implies diffusion of the sample into the
filament. The material probably diffuses in until equilibrium is
attained for the particular filament temperature. This would be in

line with the fact that used filaments become better emitters. The
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filament temperature must be increased very slowly, especially in the
region where the sample is outgassing. If the sample is large, or is
heated too violently, some of it flows down the filament to the lower
end. These factors are important, especially when dealing with activity,
where speed is a primary consideration., However they were all carefully
taken care of in Hayden's experiments on ionization efficiency and these
cannot explain the large discrepancies in ions produced.

Workers have generally applied Hayden's values to situations where
they do not apply. Thus it was found that measuring the emission from
a filament at fixed temperature directly to a plane collector gave an
increase of current with increasing electric field gradient. Two
possible effects could be at work here.

(i) Multiplication. Most of the secondary electrons emitted from
the collector bombarded with the positive ions are of quite low energy
(Spangenberg 1948). In an electrostatic field free region, particularly
with the fringing magnetic field present, the electrons will be largely
recaptured by the collector and so the current registered should be
essentially the impinging ion current., However, when the collector is
negative, and the electric field is increased, electrons eventually
escape from the collector and are drawn to the filament electrode. This
will appear as an increase in ion current to the collector.

(ii) Field Emission. Another possibility is that the increased
electric field can actually extract more ions from the evaporating
surface. Sinée the temperature, and hence the evaporation rate, is fixed,
this would be a net gain in efficiency. A simple calculation (Spangen-
berg 1948) shows that for any voltage beyond a few volts, the current
is strictly temperature limited for the small ion currents used. (This

is further borne out by the fact that the current very rapidly increases
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with small temperature increases). Thus the current increase observed
under high fields is due to field emission ratherthan from any space
charge extraction.

These ideas were tested in the following way. A plane collector
was set up 1/8 in. in front of the filament electrode. The filament
was heated to give a steady Indium ion current, and values of the current
as a function of the applied field were taken. This was repeated several
times and gave consistent results. The combined results are plotted as
Curve A in Fig. 8. The horizontal lower line at 1200 volts per in. field
gradient represents the field applied for Praseodymium separations in
the spectrograph. The upper horizontal line at 25,400 volts per in.
represents the much higher field strength used by Hayden for the experi-
ments in which he established the relatively high ionization efficiency
values,

Next a grounded electrode with a 1/16 in. wide slit replaced the
plane collector. The collector was put behind the slit. This slit was
large enough to pass the entire current. (This was proved by monitoring
it.) At the same time it presents essentially the same field conditions
to the filament as in the first case. The dependence of current on field
strength was repeated, but this time the collector was in a field free
region. The results are shown as Curve B, Fig. 8, which is the same
as Curve A up to about 6000 volts per in. Above this value, presumably,
multiplication influences the values in Curve A.

The background emission at higher temperatures from the filament was
measured at 1200 volts per in. and 14,800 wolts per in. electric field
gradients. This was done under both condi tions of collection. Curves

C and D were sketched through these points. Curve B represents true
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thermionic emission of positive ions from a surface deposit. Curve D
represents thermionic emission from the filament, Curves A and C give
the result of ion emission plus multiplication.

It was impossible to go above 14,800 volts per in. field without
extensive modification of the apparatus. However the curves illustrate
that there is an important field emission relationship involved, and
that the ionization efficiencies for a low voltage machine are inherently
low.

Thermionic field emission, or Schottky Effect, has been studied

extensively and a relation

I 1/2
T% = exp. AET—— (5)

derived (Spangenberg 1948); where IE is theémitted current in the field,
IO is the normal temperature limited current, A is a constant, E.is the
electric field gradient, and T the absolute temperature. If an equation
of this form applies to emission of a surface deposit, the variation of
current with electric field will be a function of the temperature.
Currents emitted at low temperatures would presumably increase more with
field than those emitted at higher temperatures. If this is true, for
the rare earths the increase of current with field would be less than
for Indium, wnich is a lower temperature emitter. In that case, the
relation describing the increase would lie between the extremes of
Curves B and D, In any event, it can be seen that the ionization
efficiencies will be lower than the values generally assumed.

Apart from this field emission effect, the values of the ionization
efficiencies were formerly estimated about twice their true values.
Hayden measured the transmission by comparing the current reaching the

collector with that measured at the defining slit. Since the slit
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electrode was in a field of 25,400 volts per in., the apparent current
was almost certainly too large due to secondary electron emission.

The ratio of secondaries to primaries for metals in this voltage range
is very nearly unity (Spangenberg 1948). At this high electric field
gradient the current at the slit electrode could well appear about twice
too large. This would cause the transmission efficiency to be apparently
one half its true vélue, and thus the estimated primary ionization
efficiency would be about twice its true value. Of course the product
of these two efficiencies, which is the actually measured overall
efficiency, would not be altered. However, when applied toranother
machine of known transmission efficiency, the resultant yield will be

lower than expected.

5. The Multiple Filament.

The useful range of application of the surface ionization source
has been greatly extended by Inghram and Chupka (1953) by the use of
multiple filaments. As is shown in Eqn. A,'the higher the temperature,
the greater the ionization efficiency; (except in the few cases where
the ionization potential is less than the filament work function. With
the multiple filament, the sample is evaporated at the appropriate
temperature from one filament and a portion of the gas evolved strikes a
nearby much hotter ionization filament.

Preliminary tests were carried out on a multiple filament design
modelled after that of Inghram and Chupka. An electrode disc was split
into 4 sectors as illustrated in Fig., 5B. Then completely separate left
and right sample filaments were constructed as shown., Using them in
conjunction with a third simple filament such as is illustrated in

Fig. 5A, a U-shaped trough was formed. This’is illustrated in Fig. 5C.
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The second filament voltage supply (Fig. 4B) was attached to the side
filaments., All three filaments are centre tapped to the filament H.T.
terminal, Either the left or right sample filament can be heated by a
throw of the switch. Thé unheated sample filament will collect some of
the atoms evolved from the heated deposit on the opposite filament. When
emission is completed from the loaded filament, by switching over and
heating the opposite one more ions should be produced.

Because of the high thermal dissipation, lavite spacers replaced
the teflon for the multiple filament. After machining, they were slowly
baked to 1000°C, This produced quite uniform spacers. They must be
used with more care than teflon, since the thin shoulders are quite
brittle.

Preliminary tests with Cez(NO deposits showed improved emission

3)3

over the single filament. However the vacuum would have to be considerably

improved, perhaps by using cold traps, before the full potential of the
multiple filament could be realized. The hot back filament at present
burns out quickly at the very high temperatures normally employed (about

2700°%K) .

6. The Resolution

Some early separations of active Praseodymium isotopes showed that
the resolution was initially inadequate and that there were large over-
laps of isotopes into their adjacent lower mass neighbours. Tests on
the resolution were therefore undertaken., Stable Praseodymium was used
for these tests. Not only is it in the mass region of interest, but it

is a 100% isotope ppihl

, S50 that only one line is produced. By variation
of accelerating voltage, the PrO’ ions were scanned over a 0.010 in,

exit slit in front of the collector, The 'line! was found to have a peak
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followed by a broad tail on the lower mass side. The tail was indeed even
longer with the former lens system, using deflecting plates.

The trouble was found to be in the relative placement of the
magnetic field. Previous workers had placed the magnet at its calculated
location. The apex O was colinear with the collecting plate and
defining slit, and equidistant from each of them (See Fig. 2.) The
resolution was improved by wrapping soft iron wire or permalloy strips
about the external parts of the analyser to shield it from fringing
fields.

Since, however, the magnet can be moved with respect to the fixed
analyser, it was decided to remove all shielding and empirically study
the resolution as the magnet was moved about. As illustrated in Fig. 1,
iron wedges were inserted between the four inner magnets and the yokes
to shift them farther from the analyser. The resolution was improved
slightly. The magnetic field was measwred in the analyser tube. Inside
the pole gap, the field was found to be extremely uniform. However, the
fringing fields are large. At the positions of the defining slit and
the collector they are about 55 gauss. (See Fig. 9).

To follow through with further studies of resolution, a new type
of collector was used. The collecting plate (Fig. 10A), slides snugly
into a track in a frame. (Fig. 10C). This frame is fastened to the
insulated amplifier input terminal, The collector and track may be
rotated about the central vertical axis. In addition, to catch the
focal plane, the track can be moved forwards or backwards in the collector
chamber. A rectangular slotted plate (Fig. 10B) bolts into position
above the collector, as illustrated. It is held 0.030 in. away from the

collector by teflon spacers. The slotted region is 9/16 in. high,
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s0 the ion beam may fall entirely through this slot over its entire
width of one inch. Any slit arrangement may now be made by welding thin
vertical strips over one of these slotted plates. Fig., 10D is an
example, having 3 slits. This slotted front plate is connected to a
ground point in the collector chamber by a wire and clip. The teflon
is such a good insulator that the amplifier sensitivity is not affected
by the grounded plate., Now only ions passing throughﬁthe slits are
monitored and a resolution curve for any slit can be measured by
scanning the line across it. To find the total current, the line is
shifted off the slotted plate until it strikes one of the wide ends of
the collecting plate.

A multiple slit was installed at h5° to the axis of the collector
chamber, This is the approximate plane of focus. The resolution was
recorded as the magnet was moved with respect to the X and Y axes (Fig. 2).
This was repeated for various positions of the collector along the axis
of the chamber. From this data, optimum positions for permanent location
of the magnet and the collector were arrived at. It was found that the
focal depth is so great that the collector can be installed normally
rather than at 45° to the axis. For Praseodymium, there is now no
appreciable defocusing over a central region equivalent to ten or twelve
mass units.

The analyser was cleaned to remove condensed oil and baked out under
vacuum for several hours. Dielectric layers on the walls can become
charged and cause the lines to broaden, particularly at the ends.

As a result of these steps, the resolution was considerably higher.
The tailing off on the inner side was largely removed. This tail is

actually due to line curvature. Flux leakage can result in slightly lower
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field intensities in the centre region of the gap than at the pole
faces. This causes the ions to be deflected more at top or bottom
than in the median plane. Any nearby iron, such as shielding, can
increase flux leakage and accentuate this curvature. The result appears
as poor resolution when monitoring through a slit.

The grid lens, using a 0,015 in. defining slit, gave a line 1003
of which passed through a 0,020 in. exit slit, and 80% through a 0.016
in. slit. (This was for a collected current of 1 X l0_9 amps and
corresponds to about‘l X lO—8 amps emission current. Space charge
spreading begins to appear at larger currents. This means that the
line width for an ion of mass about 150 is one half the dispersion.
The 15% efficiency figuré for transmission could be increased by widening
the slit? but the purity of separation of activities is more important
than a slight gain in trénsmission.

The resolution of the grid lens was also measured using the 1/16 in.
wide exit slit. This slit actually does not define the beam at all,
and all of it pmsses through. The electrode merely serves to establish
the electrostatic iens conditions by providing a surface at ground
potential. About 50% of the ions reached the collector. The resolution
was surprisingly good and there were no broad tails. The shape was the
same as with thé 0.015 in. defining slit, except that the line was
about three times as wide. While the latter condition is unsatisféctory
for analysis of heavy active isotopes, it may be used with lighter

elements to secure higher efficiencies.

7. The Collector.

With small spectrographs used as separators forradioactive isotopes,
the activity has commonly been collected on a photographic plate., This

plate can be passed under a lead slit and counter arrangement to monitor
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the lines., An easier, but still crude way is to use successive contact
exposures of the plate to X-ray film. The degree of blackening on the
films gives a measure of the decay period.

Gransden (1951) replaced the photographic plate by a piece of
dural or copper foil. In contrast to the photographic plate, this has
the advantage that defocusing charges cannot build up on its surface.
After the collecting foil . is removed from the instrument, a piece of
no-screen X-ray film is placed in contact with it for a time suitable
to produce line images. Pin holes are pushed through the film and foil
so that they can be exactly realigned later. After the film is developed
and dried it is realigned on the foil and the line positions are marked.
The foil is then cut up into thin strips for counting.

This method was used for much of the work discussed in Part B.
However, it was found to have many disadvantages. It takes some time
to complete the many steps required. There is also the possibility of
contaminating the isotopes by mechanical smearing when making contact
between the film and foil. The cutting up is difficult when the line
dispersion is so close to absolute requirements.

- A collector was therefore cbnstructed which collects the isotopes
on pre-cut dural strips, which can be taken out and counted immediately
after the separation. A slotted front plate (Fig. 10B) has a series of
vertical bars spot welded to it. At normal incidence the dispersion
for Praseodymium is 0,040 in. The strips used were nichrome ribbon
0.016 in. X 0.001 in. in cross section and were separated by 0.024 in.
(See Fig. 10E), Stretched tightly on the face of the back collector
plate is a sheet of 0,001 in. dural foil, which is held by the two bars
a~a and b-b shown in Fig, 10A. (The foil is marked on the back with

dye so that the exposed side can be identified.) This foil has been
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slit.. . previously with a razor blade to leave 0.040 in. wide vertical
strips in the region of collection. The bars on the front plate are

so positioned that they are centered over the strip edges. Thus the
centre 0.24 in, region of the strips is directly behind the transmitting
slots., Since the bars are grounded, as the voltage is varied on the
filament, the lines will be centered on the strips at positions of
maximum transmission. The front plate is opaque beyond 5 mass units

on the high mass side of the cemtre (See Fig., 10E)., Tnis ensures that
the active isotopes will be collected in the central region of optimum
focus. The acceleration voltage is varied until the stable line, which
is the only one giving a detectable current, is falling into the desired
slot with respect to the opaque end. Then the mass number of each strip
is known. At the completion of the run, the active strips are clipped
free at both ends, and are mounted for lmmediate counting with their
mass number already established.

With this method, the stable.line is constantly being monitored
through a slit. Thus the lens grid can be set at optimum focus, When
collecting "blind' onto a plate, which can only be monitored for tétal
current, the optimum focus is assumed to be at optimum transmission. In
practice, the optimum focus is considerably sharper. In addition, slight
periodic positional drift can be compensated for by keeping the stable
line centered for maximum transmission. The 40% opaque region between
lines provides a margin of safely to eliminate slight overlaps.

The strips must still be very carefully cut, But now this is done
in advance. A jig was constructed to put the bars on the front plate
and to cut up the foil. (Fig. 11i). The front plate (Fig. 10B) bolts

securely into the jig carriage, which moves along a track. The carriage
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movement is controlled by a calibrated screw. A length of the nichrome
ribbon is stretched and held securely in fixed clamps, so that it is
flush with the plate and exactly normal to the long axis. It is spot
welded in place, and the ends are trimmed off. The carriage is moved
to the next position and the process is repeated.

To cut up the collecting strips, the plane collector plate is
mounted in the jig carriage. The foil is stretched evenly over the
collector surface. The clamps for holding the chrome ribbon are replaced
by the adjustable slit shown in Fig. 11B., This slit has two thick jaws,
one of which is fixed exactly normal to the long axis of the plate,

These jaws press down lightly on the foil., A razor blade is inserted
between the two jaws., The adjustable one is pressed against the blade
and tightened. The blade can be moved along the slit axis, but no
lateral motion is allowed. The blade is simply drawn over the foil to

cut it for a length of about 3/L inches. Then the carriage is moved

a distance equal to the dispersion and the process repeated. In this
manner, several collectors are pre-cut and stored ready for use. Fig. 11C

shows the front plate mounted on a collector installed in the frame,
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SUMMARY AND DISCUSSION

A lens system was constructed which employs several new features.

A radial lens replaced the usual horizontal focusing plates system.
This radial lens focuses the beam both in the vertical and in the hori-
zontal plane. Thus some direct control is maintained on the vertical
beam spread, which is otherwise an important limiting factor on the
transmission efficiency. The transmission efficiency for the entire
system as a result of the improvements was 15% with a 0.015 in. defining
slit. The width of this slit is dictated by the mass dispersion.

Where the dispersion permits, the defining slit can be replaced by a

wide tvirtual! slit which provides the required grounded plane for the

~ lens without defining the beam. The transmission is then 50%, and the
resolution is adequate for separating isotopes lighter than about mass 50.

The use of an independent circuit between the filament and repeller,
to dissipate the thermionic electron current, eliminated slight shifting
of the H.T. potentials as the filament temperature is changed. However,
the replacement of the present small R.F. unit by a more stable H.T.
supply would be desirable.

Machined teflon spacers provide exact alignment of the lens components.
The resulting structural rigidity allowed the source mount alignment to
be carefully adjusted - using horizontal and vertical beam deflection as
a guide - until the transmission was a maximum.

Empirical adjustments of the magnet position were used in conjunction
with a novel multiple exit slit to find the optimum resolution conditions.
The uniformity of the magnetic field.is attested to by the high resolution
of the instrument: the line width is 0.020 in. for a 0,015 in. defining

slit,.
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A new collector for radioactive isotopes was constructed. The
stable carrier is constantly monitored through a slit. Thus control of
both the focusing and the position of the isotopes is maintained throughout
the separation. The active isotopes pass through other slits, spaced
a distance equal to the dispersion n-:.»:, and then impinge upon pre-cut
strips of foil. At the end of separation, the foils are quickly removed
and are ready for individual monitoring. Furthermore, the opague region
between each slit increases the purity of the isotopes.

The radioactive separations carried out after all these features
were incorporated gave stronger yields of better separated isotopes.

The complex problem of ion source efficiency remains the limiting
factor in achieving strong sources of separated isotopes. Preliminary
tests were carried out on a multiple filament system. These tests
showed that the vacuum system needs improvement to permit the operation
of filaments at the high temperatures required. Heavier filament ribbon
for the hot ionization filament would also increase filament life., It
should be borne in mind that the multiple filament only improves markedly
the relative ion emission of elements which, because of their low
evaporation temperatures, are very poor emitters from a single filament.
For an element which is already an efficient emitter from a single
filament, the increased ionization efficiency for the gas striking the
hot filament is compensated for by the geometrical losses due to gas
escaping entirely. The multiple filament then is essentially limited
to the very useful purpose of making many poor emitters become fair
emitters.

The discrepancy between the low ionization efficiencies obtained

here and the high efficiencies measured by Hayden led to some interesting
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observations on the effect of electric fields on surface ionization.
From these it appears that the ionization efficiency of low voltage
machines is inherently low.

Unfortunately the experiments described were carried out just
previous to the completion of this project, so that it was impossible
to look further into the matter. Nevertheless the information given is
sufficient to show the importance of high electric fields on the
efficiency. It would be interesting to investigate, over a wide range
of electric fields, the field emission characteristics of a number of
elements which emit at widely different temperatures.

Since the ion currents are a form of temperature limited thermionic
emission, it is to be expected thét some field emission would be at work.
However it appears from the limited data obtained, that this factor may
be large for emission from a surface deposit. With evaporation of gas
and ions taking place from presumably a molten semi—cohducting layer
it would not be too surprising if the electric field gradient effects
the ionization at the surface to a greater extent than ét the surface
of a pure metal.

The possibility that field emission could be utilized to achieve
larger currents seems well worth considering. One obvious possibility
would be to place a highly negativé extracting electrode directly in
front of the filament, to provide a very strong extracting field. This
would be followed by a de-accelerating and focusing lens system., If such
a system were made workable, the extracting field could be controlled
independent of the actual positive filament voltage required for a given
mass. Then the field emission effect could be exploited to its full

advantage.
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PART B

A DETATILED STUDY OF ISOTOPES OF PRASEODYMIUM AND CERIUM OF MASS 137.

I. A Survey of Previous Work
Some information available at the beginning of this project on
the isotopes in the region under discussion is given in Table T,
TABLE I

Data on Half-lives and Percentage Abundances of Isotopes.

Mass Praseodymium Ceri Lanthanum

142 19,2 hr 11.1% 74m

141 100% 32 d 36 hr

140 3.5m 88.8% 40 hr

139 4e5 hr 140 d 99.91%

138 2.0 hr 0.25% 2 x 1011 yr
137 1.5 hr 36 hr 400 yr

136 1.1 hr 0.1% 9.5 m

135 22 m 22 hr 19 hr

134 72 hr 6.3 m

Stover (1951) studied neutron deficient praseodymium activities
produced by proton bombardment of cerium metal. At 10 Mev, (p,n)
reactions gave the previously known 19.5 hr Prl42 and 3.5 min. Pri40
(Dewire et al. 1942). At 20 Mev a 4.5 hr activity appeared which was
shown to be the parent of 140 d. Ce139. This isotope, Prl39, decayed
partly by positron emission, with a maximum energy of 1.0 Mev. The
K~capture to positron ratio was l: 0.06., At 32 Mev a 2.0 hr activity
appeared and was assigned to Prl38, 4 220 kev conversion electron was
associated with it, as well as 160 and 1300 kev y-rays. The positron
maximum energy was given as l.4 Mev, and the K-capture to positron ratio
as 100:13.

Dahlstrom (1953) bombarded cerium oxide at various energies with

protons and mass separated the resultant activities. These confirmed
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the 4.5 hr 2r139 and 2.0 hr Pr138 assignments. A new isotope appeared
at mass 137 with a 1.5 + 0.1 hr half-life. Its positron end point energy
was 1.8 * 0.1 Mev, as measured with a long-lens {}~ray spectrometer. No
activity was observed at mass 136, The y-rays of 300, 800, and 1050
kev observed showed a half-life assigning them to Pri38, The strong
300 kev transition gave strong K- and I-conversion electrons in the
ratio of about 3:1.
Handley and Olson (1954) bombarded both natural cerium and cerium

136 and Ce138

enriched in isotopes Ce with protons at various energies.
They studied the Y-ray spectra and the positron maximum energies of the
resultant activities. For Pri3? they found y-rays at 170, 1300, and
1600 kev, in addition to X-rays and positrons. The maximum energy of
the positron was measured as 1.0 + 0,1 Mev. The 2,0 hr Pr138 gave a
positron maximum energy of l.4 * 0.1 Mev. Both these end point energies
ggreed with the results of the previous workers. vy-rays at 300, 800, and
1050 kev were observed in Pr138, agreeing with the findings of Dahlstrom.

However, no activity was found due to Pri37, In addition the Ce137
daughter of Pr137 was searched for without success. The 250 kev y-ray
characteristic of 36 hr Ce137 was not present. It was calculated that
the half-life of Pri>7 must be less than 5 min. or greater than 1 yr.

A new 70 min. activity was assigned to Pr136, on the basis of yields,
with y-rays of 170, 800, and 1100 kev energy. Its maximum positron
energy was given as 2.0 + 0.1 Mev. An additional activity of 22 min, was

assigned to Prids, Y-rays of 80, 220, and 300 kev energy were found. Its

positron maximum energy was measured to be 2.5 + 0.1 Mev.
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For Ce137, Inghram and Hess (1948), using a mass separator, assigned
137

a half-life of less than 2 weeks. The upper limit for La was set at

30 yr. Chubbuck and Perlman (1948) gave a half-life of 36 hr to Cel37,

No positrons were observed, but a 280 kev y-ray was detected. The

upper limit for the half-life of Lal37 was raised to 400 yr. Stover (1951)
agreed with the 36 hr assignment, although the energy of the y-ray was
placed at 240 kev. Hill (1951) again agreed with the previous workers

but changed the energy of the transition to 257 kev. Keller and Cork
(1951) obtained a 180 degree beta-ray spectrograph plate showing three
conversion electron lines. These were fitted to a 253.4 kev transition

in La137, following electron capture from 36 hr Cel37, The K- to I-

conversion ratio was estimated as about 10:1.

II. The Irradiations and Chemical Separations.

(a) The Targetsﬁ

Both cerium oxide and cerium metal were used as targets for the
production of praseodymium isotopes. About 20 milligrams of the powder
was packed into a 1/8 in. diameter tube about 1/4 in. long, made from
0.0006 in. Al. foil. This tube was mounted in a2 dural clamp. When the
metal was used, a flattened piece was mounted uncovered directly in one
of the dural clamps. Tt was stored in C Cl, until the time of bombard-

ment, to prevent oxidation.

The cerium oxide was prepared by igniting ammonium hexsnitrate cerate
(GeFo Smith Chemical Co. Reference Purity) to about 2500 C. The
lanthanum oxide was Johnson and Matthey Spectroscopic Grade lot no.
6781l. High purity lanthanum and cerium metals were obtained from
the Ames Laboratory through Dr. F.H. Spedding.
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The dural block/gigmped onto the water cooled internal probe of
the McGill 82 in. synchro-cyclotron. _The proton beam used on the metal
was about one microamp. The cerium oxide powder had to be bombarded at
reduced beam intensity, since at high temperatures it changes into a
form which is hard to dissolve. After bombardment, the tube was torn
open and the powder poured out. When the metal was used, only about
the front 1/16 in. protruding into the beam was cut off and chemically
separated.

The lanthanum targets were prepared in the same manner as the cerium
targets. They were bombarded at about one microamp. proton current.

All the spectroscopically pure target materials contain less than
1 x 1074 parts of any other rare earths. The times of bombardment
varied from about two minutes to 4 hours, depending on the half-lives
involved and the type of source prepared.

(b) The Chemical Separations.

The chemical separation of the rare earths is normally very difficult
because of the similar electron configurations. ITon exchange columns
are usually used, but are rather slow, if pure separations are required.
Fortunately cerium can be oxidized to a +4 valenge state under conditions
in which lanthanum and praseodymium will remain in the normal +3 valence
state. This fact is the basis of the separations used.

(i) Lanthenum Targets

The La metal or oxide, contained in a 15 ml. centrifuge tube, is

dissolved in 1 ml. of concentrated nitric acid and is then cooled in

an ice bath.




About 10 mgms of solid potassium bromate (KBrO3) are dissolved in
the solution to oxidize the cerium to its +4 valence. Then 300 micro-
grams of zirconium (Zr) carrier are added. The addition of 2 mls of
saturated potassium iodate (KIO3) precipitates both the Ce and the Zr.
The solution is centrifuged, and the supernatant containing most of

the La target removed.

Three mls of a solution containing 1 part HN03 and two parts KIO3
are added to the precipitate, plus a little more KBr0O3 to ensure
continued oxidation., This solution is stirred and re-centrifuged.

The supernatant contains some more of the La target. Several of these
purification cycles are carried out until La is entirely removed. To
test the supernatant for La, ammonium hydroxide is added. An immediate

white precipitate indicates that La is still present.

Now the Ce must be reduced to the +3 valence to permit its removal
from the Zr carrier. The precipitate, which contains both the Ce and Zr,
is dissolved in a few drops of conc. HNO3. Three drops of HpOp are
added to reduce the Ce. The addition of 1 ml. of XKIO3 again precipitates
the Zr, but the +3 Ce remains in the supernatant. Two of these extraction

cycles remove almost all the Ce.

One half milligram of iron carrier is added to the combined super-
natants containing the Ce. This solution is rendered basic with NH,0H
and the iron precipitate carries the very small cerium hydroxide
precipitate with it. The precipitate is washed twice with water to
remove salts. It is then dissolved in a minimum volume of 6N HCl. The
iron is removed with about three ethyl ether extractions. The HClL

containing the activity is boiled down to one drop, ready for preparing

a source.
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The ether extraction is very efficient, and practically no losses
of activity occur.

Since the cefium half-lives were guite long the chemistry was done
very carefully over a period of about 2 hours, repeating such steps
as proved necessary. ais a result, about 85% of the cerium activity
was extracted. This was carrier free except for the small amount of
stable cerium present in the target.

(ii) Cerium Targets

The early praseodymium separations were carried out using a method
in which the valence +4 cerium was precipitated as a phosphate.
(Dahlstrom 1953). However, after the development of the iodate gepara-
tion for La targets this was also adopted for Pry since the conditions
seemed less critical for the iodate than for the phosphate precipitation.

The procedure is essentially the same as for La, since La and Pr
behave gimilarly with respect to Ce. However, in this Pr separation
it is the cerium target material rather than the produced activity that
is initially precipitated. This means the volumes dealt with are larger.

For that reason the Ce targets sre kept as small as possible.

A complication arises in that the oxide and the metal are both
insoluble in conc. HNO3. ‘Tihen the oxide is used, it is dissolved by
heating in a beaker containing 1 ml. of HNO3 plus 1 ml. of H50.. Aifter
the powder is dissolved, the solution must be boiled down until all

Hy0p is removed, since this is a reducing agent.

When cerium metal is used, it is dissolved in a beaker containing 1 ml.
of hot HCl., Then 1 ml. of HNO3 is added and the solution boiled dowm to
a small volume., .Jgain HN03 is added and the solution is once more bhoiled

down to a small volume. These steps replace the HCl with HNOB.




The separation can now go forward for either the metal or the

powder.

Two mls, of HNO3 are added and the solution cooled in an ice bath.
About 50 mgms. of KBrOj are dissolved in the solution to oxidize the

cerium,

About 10 mls. of saturated KIO3 precipitates the Ce target. The
solution is centrifuged in a 50 ml. centrifuge tube, the active Pr

remaining mostly in the supernatant.

The supernatant is transferred to a 15 ml. centrifuge tube. About
500 micrograms of Zr carrier are added, plus a little more KBrO3 and
KIO3, and the solution is again centrifuged. This step removes any Ce
that may not have precipitated the first time. The supernatant contains

the Pr activity in an iodate solution.

At this point, Pr can be freed from the solution in exactly the
same manner that was used for Ce. Iron carrier and NH,OH will precipitate
the Pr. This is followed by washing with water and ether extraction of
the iron. TheHCl solution containing the Pr can be oiled down to a
drop, ready for making either v- or R-ray spectrometer sources.

However, for mass spectrograph use, the Pr must be applied as a
nitrate. This requires boiling the 6N.HCl solution to drymess, followed
by the redissolving of the activity in a drop of HNO3. The ether
extraction, boiling dry, and redissolving, takes some time. In addition,

a zood part of the activity adheres to the glass.
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A simpler extraction was found for the preparation of mass separation
sources. The iodate solution containing the activity is rendered basic
with NH,OH, without the addition of any other carrier. The ammonium
iodate separates out and itself serves to carry down the activity. There
are always a few micrograms of rare earth impurities remaining which
also precipitate. After centrifuging, the activity and impurity stick
to the walls and the iodate salts can be carefully removed with about
two water washings. Then the activity is dissolved in a few drops of
HNOB, and is again precipitated with NHAOH, to ensure complete removal
of salts. The small precipitate of impurities carrying the activity is
barely discernable as a thin film in the tip of the centrifuge tube.
After washing, it is dissolved in one drop of HNO3, and can be loaded

on the filament.

This extraction is considerably faster than the iron procedure.
Since the amount of precipitate is small, the losses in washing are
large., However, the Pr half-lives are short and efficiency of recovery
rust be balanced against speed in the chemistry. The recovery of activity

is about 50% in the overall Pr separation.

ITI. Source arations

To prepare a source for the mass spectrograph the filament electrode
was placed horizontally beneath a heat lamp. When the filament was quite
hot, the activity, contained in a drop of nitric acid, was carefully
applied with a micro pipette to the central region. This dried quickly
and weas then installed in the spectrograph.

For the NaI(Tl) spectrometers, the activity, in a drop of acid, was

applied to the surface of thin teflon cloth or scotch tape. The drop

was dried and then a layer of scotch tape was applied over the surface.




The sources for the long-lens P-ray spectrometer were mounted on
thin film (approximately 20 micrograms per cm?), made from V.Y.N.S.
Resin obtained from the Department of Radio-Chemistry at McGill. These
were very lightly gold plated to ensure electrical grounding for the
source, The spot size was defined by a drop of insulin. This was
washed off with water and then the activity wes applied to the sbot.
Very gentle drying was required. On occasions where speed was essential,
the activity, contained in a drop of nitric acid, was simply dried on
a thin piece of niobium foil.

Preparing 180° J-ray spectrometer sources presented the most
difficulty. Here the source activity must be applied to the surface of
a thin wire, preferably as small as 0.002 in. in diameter. The usual
method, for suitable elements, is electro-chemical deposition, in
which the wire is made one of the electrodes in a solution of the
activity. The conditions required vary with the element and the
efficiency is normally low.

A simple and fast "physicel" method was developed which would
apply equally well to other elements. It is based on the preferential
"wetting" of the wire compared with certain other materials. If a wire
is laid in the bottom of a wax trough and a drop of solution applied,
the solute will dry preferentially on the metal surface. This was
tried but wax was abandoned, since it tends to coat the wire surface
and, furthermore, it cannot be heated to speed drying.

Teflon was found to have the desired properties. It is non-wetting,
inert to HCl or HNO3, and is stable up to high temperatures. 4 trough
was cut across a 1/2 in. wide piece of teflon, using a 30 degree milling

tool, to a depth of 1/8 in. Then, a fast rotating cutter blade made a
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smooth sherp angled cut a few thousands of an inch deeper in the bottom
of this trough. 4 0.002 in. wire fits snugly into this finer trough.
The larger trough provides the holding capacitye.

A tantalum wire is fixed in the source holder of the instrument and
is cleaned with acid. The teflon block, after being thoroughly cleaned,
is mounted in an adjustable clamp. It is then screwed into position
with the trough tight up against the wire. The drop containing the
activity is pipetted into the centre of the trough. Because of the non-
wetting of the teflon, surface tension holds the drop at the centre.

It is heated to dryness under a heat lamp. The source holder can then
be installed immediately in the spectrograph.

About 1/3 of the activity remains on the wire surface, confined to

a short region.

IV. Studies on Praseodymium Isotopes in the Mass 137 Region.

(a) The Mass Separations

(1) Separations and Detections

The isotope Pr137 was re-investigated with the mass spectrograph
and the contradictory evidence was resolved. Since the Cell*o(p,An)Pr137
cross section should peak in the viecinity of A0 Mev, irradiations were
carried out at proton energies ranging from 30 to 55 Mev.

Fortunately, praseodymium is about 100 times as efficient an ion
emitter as cerium. Thus the separated activity of given mass number
is essentially all emitted from the filament as Prot, This makes the
analysis of the decay of the parent to its cerium daughter much simpler

than if significant amounts of cerium activities were themselves emitted.




The cerium target, although spectroscopically pure, contains a
few micrograms of other rare earths. These small quantities in part
survive the chemical separation and are loaded on the filament with
the activity. The ion current produced from these stable components,
which is practically all from Pri4l ang Lal39, is essential to the
monitoring of the mass separation, (since the minute amounts of activity
produce no perceptible ion current). Unfortunately, even the small
quantities involved are more than sufficient, emitting a current of
1lx 10_8 amps. for about one hour. This fact, plus the variety of other
time consuming factors involved, means that half-lives much shorter than
one hour will not survive the separation in sufficient gquantities to
give significant counting rates.

The y-ray spectra of the separated 'isotopes were studied with a
28 channel pulse height analyser designed by Dr. R.E. Bell. (Skarsgard
1954). This instrument was ideal for the rapid recording of a maximum
of information obtained from the separated components in the limited
time permitted by their short half-lives.

The detector used employed a 1 in. x 1.5 in. NaI(T1l) crystal, in
contact with a Dumont 6292 photomultiplier tube. To keep the background
low, the detector unit was installed in a lead castle lined with iron.

The multi-channel analyser or "kicksorter" sorts and integrates
the pulsesof the energy spectrum, while simultaneously displaying the
output on an oscilloscope, After aaequate counts are taken for the
required statistics, the counting is stopped and the y-ray spectrum is
recorded by an Esterline-Angus recorder. The time at which the count
took place, and the time increment during which counts were integrated,
are also recorded. Thus the counting rate at the particular time for

the various y-rays can be easily calculated.




For one standard detector, the absolute counting rate for a y-ray
is known as a function of its energy, for certain fixed distances from
the crystal (Skarsgard 1955). The counting rate !M' in the photo-
electric peak is divided by an efficiency factor 1 4o give the absolute
counting rate. Thus, in addition to obtaining the half-lives, the
absolute intensities of the gamma rays (including the X-rays and
annihilation radiation) can be determined.

Bach separated active foil was mounted between two layers of scotch
tape, which were stretched over a lucite ring. To count an isotope,
it was set directly on the thin aluminum cover of the crystal. When
annihilation radiation was counted, g 1/4 in. thick aluminum disc was
placed on the folil, sandwiching it between the disc and the cover of the
crystal to ensure complete annihilation. The annihilation rate (which
is twice the positron counting rate), as ﬁell as the various y-rays
and X-ray rates, was recorded for each active isotope.

It is normally & bad practice to count an activity placed close
to the crystal detector. Anomalies can appear in the efficiency versus
energy relationship that are not present at larger distances. In addition,
the annihilation of positrons directly against the crystal cover may
permit some to penetrate into the crystal before annihilating, which
can produce pulses of other than 511 kev.

| In spite of this difficulty in obtaining absolute rates, counting at
small distances was necessary for these weak and short lived activities.
In any case, the direct ldentification of the half-lives of the isotopes
and their daughters was the purpose of the mass separation. Ohce the
half-lives and characteristic y-rays have been assigned, strong un-

separated sources can give further quantitative information.
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However, the X-rays and positrons are common to all the isotopes,
and thus the K-capture to positron branching ratios can only be properly
measured for the mass separated activities. For this reason the relative
efficiencies for 33 kev K X-rays and for annihilation radiation were
measured both at 3 cms and at the position used for the separated
isotopes. A cet?? standard provided the X-rays, and a Na?? standard,
the annihilation radiation. Since the absolute efficiencies are known
at 3 cms (Skarsgard 1955), the efficiencies were calculated for the
conditions used in the experiments.

In addition to the Y“kicksorter" spectrum analysis, another detector
and single channel pulse height analyser were used simultaneously. The
channel window was set on the 33 kev X-ray peak characteristic of the
elements involved. The width of the "window" was such that slight
drifting would not affect the counting of the whole peak, but still
kept the background count very low. The various isotopes were monitored
in rapid rotation for X-ray counting rates, so that good decay curves
were obtained, This information supplemented the energy spectrum

analysis given by the "kicksorter".

(2) The Results

Irradiations at 45 to 55 Mev'produced consistently four strong
activities, at mass 139, 138, 137, and 136. Short exposures of X-ray
film to the collecting foil immediately after mass separation showed
four lines at the positions of these masses. After a 55 Mev bombardment
and mass separation on a copper foil, a contact X-ray film exposure of
several days'duration, commencing twelve hours after separation, showed
lines at mass 139, 137, 135, and 134.

While the deéay of Pr137 was the problem which was primarily studied,
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the information obtained on Pr139, Pr138, Prl36, and the lighter masses

during the course of this study will also be presented.

Pr137

The existence of 1.5 hr Pri37 was confirmed. (Dahlstrom 1953).
The decay of the 511 kev annihilation radiation consistently gave the
1.5 + 0.1 hr value for the half-life.

However, the decay of the X~rays gave 1.5 + O.1 hr, growing into
9.0 + 1 hr. (See Fig. 12). Evidently the 1.5 hr transition goes to
a previously undetected state which decays by electron capture, with
a 9 hr half-life. A very weak 440 kev y-ray appeared in the spectrum,
after the 1.5 hr annihilation radiation had decayed to insignificance.
No activity which could be attributed to 36 hr Cel37 was found.

The 1.5 hr decay exhibited no y-rays of deﬁectable intensity.
Fig. 13a shows the Pr137 spectrum in the region from Q to 1 Mev. 4n
upper limit of about 10% of the annihilation intensity can be set on
undetected y-rays. For high energy transitions, peaks smaller than this
limit could probably be detected, but at low energies backscatter and
general background radiation make the detection of weak y-rays difficult.
(The upper limits quoted on unobserved y-rays throughout this work are
for the uncorrected photoelectric peaks.) TFig. 13b shows a background
count for the energy range 0 - 1 Mev,

The K X-ray to positron ratio was calculated approximately by
comparing the intensities of the 33 kev and the 511 kev peaks. In
arriving at this estimate, corrections were made for the X-ray intensity

from the 9 hr daughter as well as the general background.




-8~

The branching ratio is given by
Ny
e =M = gphe (1)
A Ny
5+
where Ny is the intensity in the K X-ray peak
Ny is the intensity in the annihilation peak, divided by two
wg 1s the fluorescent yield for X X-rays of 33 kev
BK is the counting efficiency for the K X-rays
and >4 is the counting efficiency for 511 kev y-rays.

The K X~ray correction results from competition from K-iuger electrons.

The K-fluorescent yield is defined as:

X
. = KK = K 2
Dk VT{ ——AK T XK ( )

where Xg is the number of K vacancies resulting in K X-rays,
Ayg is the number of K vacancies resulting in K-Auger electrons,
Vx is the primary number of K shell vacancies.

A plot of experimental values of wy as a function of the atomic
number Z is given by Bergstrom (1955), (as reproduced in Siegbahn 1955),
For cerium (Z = 53), or praseodymium (Z = 59), the value is wyg = 0.88.

Of course, kK and M are the decay constants for K-capture and for
positron emission, and are directly proportional to their respective
disintegration rates.

- The ratio of the efficiencies, as measured directly on the crystal

cover, was

5+ 0,107 _
— = 2 b Oo -
. 0.287 dE

K
Average experimental values were Ny = 14.0 + 1 cps., and Ny = %(E.Sil)cps.

This gives
£ = 2,05 + 0.2 for Pri7,
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2139

The spectrum of 4.5 + 0.1 hr Pri39 yas also studied. Mo Y-rays
were found of intensity preater than 5% of the annihilation peak, with
the exception of a possible transition of about 3% of the annihilation
intensity at 1150 kev. This is shown in Fig. l4a and, although small,
it appeared consistently. The 140 d. Cel39 Y-ray of 166 kev energy
became weakly evident after the 4.5 hr parent had largely decayed.

The ratio of K-capture to positron emission was

£ = 11.3 + 1.0

pprl38

Pri38 displayed a large number of y-rays, in addition to the
annihilation radiation and X~rays. The half-life was 2.1 + 0.1 hr;
decaying to a stable daughter, Ce138. Intense y-rays were observed at
300 + 10, 800 *+ 10, and 1040 + 10 kev. (Fig. 15b). Less intense peaks
also appeared at 1295 + 15 and 1590 + 20 kev. Any still higher energy
Y-rays are less than 10% of the intensity of the 1590 kev transition,

A 160 kev y-ray was also tentatively assigned (Fig. 15a).

The X X-ray to positron ratio was

f =45 £ 1.2,

It should be noted that the K X-ray intensities include contri-
butions from K-conversion electrons. However, it will be shown in the
following section that the only intense conversion electrons are due
to the 300 kev transition in Pr138. Thus its measured apparent branching

ratio will be somewhat high due to this contribution.

Pr136
A praseodymium isotope of 1.0 + 0.15 hr half-life was found at

mass 136, Its annihilation radiation and K X-rays both showed this
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period, indicating decay to stable Ce136.

Because of its short half-1life, it was not obtained in as large
quantities as the longer lived components, and, as a result, its half-
life, which fitted 1.0 hr on several occasions, cannot be definitely
given to better than 15% accuracy. Fig. 16 shows a typical decay curve.
Because of the lower intensity obtained, the general background radiation
plays a more significant role than with the other isotopes. This back-
ground is due to scattering end slight contamination from adjacent long
lived components.

However, this result provides a definite assignment to Pr136,
confirming the previous results of Handley et al (1954) obtained on the
basis.of relative yields.

The K-capture to positron ratio was measured as

f=1.8+0.4
No y=-rays were observed, and an upper limit of 10% of the annihila-

tion intensity can be put on any that may be present. (Fig. 14b).

Iighter Isotopes
While no attempt was made to produce lighter isotopes by bombarding

at higher proton energies, still at 50 and 55 Mev there was evidence
for some activity.

At mass 135 no short lived decay was observed, which indicates that
Pr+25 nas a half-life considerably less than 1 hour unless, as seems
improbable, it is long lived.

The half-life of the activity observed was roughly 20 hours. Both

Cel35 (22 hr) and La'3% (19 hr), or some combination, are compatable
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with this within the accuracy of the result. However the yield was

too great to be attributed to direct emission of Cel35 ions from the
filament, because of the low ilonization efficiency of cefium. Because
of the high purity of the target cerium, the quantity of Lal35 produced
directly from other than (p,2pxn) reactions will be negligible. Further-
more, the quantity of Lal35 produced by the decay of Cel35 during the
process will not be large. At 50 Mev, the Cel40 (p,2p4in) Lal3> cross
section will be small compared with the (p,6n) cross section.

The only consistent interpretation is that Pri35 is sufficiently
long lived to partially survive the chemistry and mass separation, so
that some Pri3% is emitted from the filament. Since the time lapse from
the beginning of emisgion of ions until the start of counting was of
the order of l.5 hours, a short lived isotope would have time to decay
to insignificance. This is consistent with the Handley et al assignment
of 22 minutes to Pridd,

At 55 Mev a weak activity appeared at mass 134 with a half-life
considerably longer than that observed at mass 135, The yield was
small and all that could be concluded was that this is consistent with

the assignment of a 72 hour half-life to Cel34, (Hollander et al 1953).

The Conversion Electron Spectrum

Cerium was bombarded with 50 Mev protons and the resulting praseo-
dymium activity was separated chemically. The conversion electron
spectrum was studied in a thin~lens 2-ray spectrometer of 2.1% resolution
and l.4% transmission.

The spectrum revealed a large positron background and an Auger

electron peak, both of which gave a composite decay.
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Only the K~ ond L- conversion lines of a single transition were
prominent (Fig. 17). Its energy was measured as 300 * 5 kev. The half-
life is 2.1 + 0.05 hr, followed to zero intensity. The iTK_ ratio
was 2.2 + 0.1. Weak K-conversion lines due to 800 + 7 and 160 + 2 kev
transitions also were present with a 2.1 hour half-life. Their intensities
were small, but they maintained a constant porportion of the 300 kev
conversion lines during the decay, and as a result can be assigned to
Pri38, l

The 160 kev energy was found quite accurately by comparison with
the known 166 kev Cel39 transition (See Fig. 17). As the 2.1 hour
activity decays, the 166 kev conversion line, being 140 days, comes
inereasingly into the picture until finally it alone remains.

The intensities of the K-conversion lines at 800 and 160 xev are
mth about 3% to 5% of the 300 kev K-conversion line.

Weak long lived peaks eventually appeared due to 255 + 5 and
280 + 5 kev transition K-conversion lines.

A weak conversion due to a 440 + 5 kev transition was also evident,
with about a 10 hour half-life.

\ . A - .
(c) Conclugiong znd analvsis of Resullis

The nuny new fucte disclosed in this study of certain 11
of prugeodyalxs has not only corrected eurlier interpretctlons of o

relatively minor noture, but, in pariiculur, has clurified the standinc

.
of Pr*37
Bach mags sepurated isotope has heen exurined to determine its

e, The regults ure:

137 . : ; 34
Pr—B“; Zel F 2.85 hrg, = glicht increase over esarlier vulueg
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& hrg, confirming earlier Gill wvalue

A initial ewemingtion of camme rare from these 1ags geparsted

igotopes has forced 2 revision of gome earlier vori., Priefly, t
Q . ' , . . . .
PrlB'; pogsible wealk 1150 kev; no otrers » &7 of annihilation
radiation
132 - . .
Pr*B“; 160 (new), 320, 800, 1040 zev confirming Dahlstrom,
seversl less intense rays
Pri37; nore (with intensity > 107 of anvihilation radiation)
P - . - -t PR . N .
Prle; none (with intensity > 2C. of anrihilation radiation)
Owing to the somevhet similar helf-lives, the mass separated
sumples have proved particular advantageous in the study of garma
. . =0 : . . Q ]
radictions. Thue previously assigned prl3° rays are cancelled., The
: Fallh o 133 = 3 . . . )
300 «ev rey of Pr hue been assicned to other isotopes. Throurh
R P 2,138 A :
exariinution of mass egeparated Pr ze well as a 2.1 hr conversion
electron decay rate it is cleor that the 300 lrev roy belonrs exclusively
1

to Pr+’°, .lthouch the 160 kev gamaz hes been atlributed to Pr136 by

o
Uendley et al (1954)gevidence exactiy parallel to the above proves thet

. =138
it Telonzs to Pres°,

The 300 iev. trancition is the only one thcot is stroncly converted.

Azguming the contribution of all shells beyond the L shell to be approx-

imately 1/4 the L chell contribution, the observed ratio - +ﬂw — = 2.2
L Ly )

cives a velue T = 2.2

Interpolation of the tabulated calculations of Rose and Goertzel

1,
t

n the case of 4 = 58

[l

(1068) for ihe interncl conversion coefficients,
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= 3,1 for an E3 transition. The

(cerium) and & = 0,558 (me~), show T
only other multipolarity that gives a value close to the experimental
result is an %, uhich should produce a lons half-life for this energy.
Thus E3 radiation is favoured.

The X conversion coefficient, from the internal conversion calcula-

tions, for a 300 kev E3 transition is ¢, = 0.125., Thus even for the

K
extreme case in which 1007 of the disinterrations pass throuch the 300
kev level, the value of the measured K X-ray intensity for Pri38 ould
be only about 107 higher than the true X-capture intensity. 3ince the
limit- of error in the calculated branching ratio is about 257, this
contribution is nezli-ible.

Numerical values have been tabulated for log f as a function of the

nuclear energy difference i ", with the atomic mcss aumber Z4 zs o

)
parameter. (Feenberg and Trigg 1950). These vdlues apply for alloved
transitions. lowever, for AJ = 0, + 1 transitions, i.e. for all
"a1lowed shape" transitions, the 'f! velue is approximately the same
(Rrvsk and Rose 1955

For first forbidden (AT = + 2) transitions, there is an energy

dependent correction factor., The 'f! value is reduced by a factor of

g = 1 . .

o from the allowed value for the same energy release. For hicher
2 (.;o+1)
orders of forbiddenness, the reduction in the branching ratio is still
creater.

The positron maximum enersies obtained by Dahlstrom (1953) and by
Handley et al (1954) are listed in column 1 of Table II. The maclear

energy differences

= E(mev) + 0.511 (mcz)
0.511
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calculated from their values for %, the meximum energies, are listed
in Colurm Z., OColumm 3 5ivés the values of W, taxen from the log f
versus .y curves, for 4 = 59. These curves assume that the transition
ie allowed.

Thus the results point to agreement with the former workers, and
to "allowed shape" transitions, although the possible errors involved
do not definitely exclude first forbidden transitionrs.

However, the branching ratio gives the positron partial half-life
4! in terms of the total half-life 't ', Tt is easily shown that

t+¥ (1+£)t
Colurm /4 lists the logarithms of the values for 't;' calculated from
the '£! and 't!' values observed in this work.

Feenberg and Trigg (1950) have also tabulated values for log f(4,,3),
the theoretical factor for positron emission, as a function of i, with
Z as a parameter. (It should be noted that this 'f' factor refers to
positron decey only. It ig distinet from the X-capture to positron
ratio factor 'ft,)

When multiplied by the positron partial half-life, the positron 'f!
factor gives the comparative half-life factor 'f t,!.

Velues for log £ were internolated for the values of .. obtained in

o)
Column 3, which are supported by the independent values in Column 2.
The sum of 'log f' + 'log t,' is listed in Coluzm 5.

These calculations fit well with the values of log f t, for allowed
transitions, which range from 4.0 to 5.7 for even mass nuclei, and from
4e5 to 6.0 for odd mass nuclei,

From the results of both the f ity values and the maximum positron

enercy values, 1t appears that the transitions are allowed.
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TABLE IT
Vass E (observed Mev) iy (cale. g (calc. log t, log (ft)+
from E) from f)
139 1.0 # 0.1, 3.0+ 0.2 3.2+ 0.1 5.3 4 0.1 5.6+ 0.2
138 1.4 + 0.1% 3.8 + 0.3 3.8 + 0.2 4ob + 0.1 5.4 + 0.2
lo5 i O-ln
137 1.8 + Oelii Le5 + 0.2 Lele £ 0.3 A2 + 0.2 5.3 0.3
X

136 2.0 + 0.1° 4O + 0.2 Le8 £ 0.3 4.0+ 0.2 5.5+ 0.3
% - Handley et al (1955)

ik - Dahlstrom (1953).

A newly observed ground state of Cer37 of half-life about 9 hrs was
indicated in the decay of the 1.5 hr state in Pri2/. No evidence for

36 hr Cel37 yas found via 137,

V. Study of Cerium Formed from Praseodvmiun Decavy

(a) Gamme-ray Spectrum

Cerium was bombarded at 40 Mev and the praseodymium activity produced
was immediately separated chemically. Aifter z period of 6 hours, during
which most of the l.? hr. activity in ppi37 decayed, the daughter cerium
was extracted from the praseodymium parent. Fortunately, only cel37
and 140 a cet?? are produceC in appreciable guentities. The latter
exhibits only one v-ray, the 166 kev transition. Thus the y- and -ray
spectra of cel37 can be studied in detail with 2 minimum of contaminating
radiations.

The cerium daughter, after repeated chemicel purification cycles
to remove =11 traces of praseodymium, revealed a y-ray transition at
L0 kev and a very strong X-ray peak. In the cerium so produced, no

Y-ray was observed in the 250 kev energy region. If present, it was




less than 1 of the 440 kev peak intensity. Yo additioral vy-rays were

found in Ce137, and an upper limit of 0.25% of the 440 kev peak intensity
was sel for higher enersy transitions.,

The half-l1ife of the 440 kev transition was measured on two occasions
as 9.0 + 0.3 hr. (Fig. 18). The X-ray also decayred with a 9,0 hr period,
until it reached about 19 of its original value. Then a weak tail of
nredominantly 140 d cel3® X-rays became prominent. Since this beckground
correction was so small, the X-ray intensity was measured guite accurately.

The direct mass separations had shoun that this 9 hr period was
characteristic of the decay in mass 137, and the chemical yield has
shown in addition that this activity must be associated with the decay
of Cet37, Mo evidence vas found for a further daughter activity, which
supports the assignment of this 9 hr period lo the decay of Ce137 to
long lived Lal?7,

In a portion of the oripinal cerium targei, however, a 255 kev peax
of low intensity was observed. It was found to have approximately a 30
hr half-1ife, which supported its association with the 250 kev y-ray
observed by previous workers in Ce137; but showm in this thesis to be
an isomeric state.

(b) The Conversion Flectron Epectrum

A chemiczlly extracted cerium daurhter source, produced from a 50
Hev bombardment, was studied in the thin lens spectrometer.,

The .uger electrons provided the only significant peak. However,
a careful manual scan was made over the momentum rezion corresponding
to about 440 kev unconverted vy-ray energy. 4 very small intensity was

observed at the appropriate position.
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(¢) Calculations and Discussion

The new O hr state in Cel37 appears to decay by electron capture,
as is indicated by the large X-ray intensity. It presumably goes to
the ground state of long lived Ial37, There is o small branching to a
440 kev level in Lal37,

The absolute disintegration rate for the 440 kev y-ray is easily
obtained from the observed pesk intensity and the efficiency of counting.

Hovever the absolute intensity for electron capture is more difficult
to find. The branching ratio to the 440 kev level can be determined
from these two quantities. J5ince the branching is only a small part
of the capture events, and since the 440 kev transition conversion was
found to be very small, K-conversion X-rays will be insignificant. Thus
the neasured K X-ray intensity 'Np', corrected for the counter efficiency
'SK' and the fluorescent yield 'cy!' gives the primery number of X shell
vacancies 'vy', due to K-capture. Then if the X- to total capture
ratio is known, the number of capture events can be calculated,

The theoretical transition prébabilities for electron capture from
the X and L shells have been studied by Brysk and Rose (1955), applying
corrections for the finite size of the nucleus and for screening.

The disintegration energy for electron capture is difficult to
determine, but fortunately the Z-capture fraction of the total capture
varies slowly with the disintegration energy, for all values considerably
above the X-capture threshold. Furthermore the Ly subshell contribution,
which is responsible for most of the L shell contribution, is a nearly
constant fraction of the K-capture, again for energies considerably

above the I-capture threshold.
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The K- to total=capture ratio used in these calculat ions on Ce
was obtained from the above data by assuming a zero energy difference
between Ce137 and La137. The theoretical data is for an "allowed"
transition.

Since a branching to a 440 kev state (k = %%% = 0.85) takes place,
the nuclear energy difference 'Wb' cannot be less than Wb = ggogiil = <0,15.
Furthermore, since there is no positron emission, the energy difference
cannot be much above 1,0,

Fortunately, the %l ratio varies very slowly in this region and as
a result the assuﬁed value is not critical. For Wo = 0, the ratio %l = 0,13,
and E%l = 0,01, The Llll contribution is negligible except for a first
forbidden unique transition, where it is about 12% of the Ll value.,

For the higher shells, an estimate of about 7% of the K shell contri-
bution was made, assuming a simple variation as the inverse cube of the

principal quantum number 'n! for the transition probability. In this

manner a K- to total-capture ratio of

i S
E.C. 1,21

was estimated. The accuracy of this ratio should be sufficient for the
calculations to be made.

The absolute intensity of 44O kev y-rays 'IY' equals the number of
capture events to the excited state, The total number of capture events
equals 1,21 times the total number of K-capture events. Thus the branching

to the 440 kev level is, (using Eqn 2, p. 48)

I
f = S = E'I. (3)
1.21 Xg Oy
= N
wg 1,21 K

WK 5K
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The observed peak counting rates at 3 cms were NY = 140 cps and NK = 15400
cps.

A complication due to the detector itself arises in estimating the
efficiency for K X-rays. An accurate value of '6K' is hard to determine,
as explained below.

For energies below 100 kev, the efficiencies given for the detector
used (Skarsgard 1955) are the computed total counting efficiencies of
McGowan €1954). These computed efficiencies are approximately equal to
the photoelectric efficiencies at low energies. However, the photoelectric
effect gives rise to both the main peak and to the peak which occurs at
28 kev lower energy, due to the escape of iodine X-rays from the NaI(T1)
erystal. For cerium or lanthanum X-rays, which are about 33 kev in
energy, this "escape peak'" cannot be observed, since its energy is too
low to be detected above the amplifier noise. This unknown part of the
total intensity is not detected.

An experiment was performed in which a source of cerium X-rays was
pressed tightly between two identical 1.5 in. X 1 in. NaI(T1l) detector
units placed end to end. The combined outputs were 15% greater than the
sum of the two counter rates when apart. This indicated that 15% of the
total main peak intensity was escaping into the opposite crystal. This,
however, does not represent the entire escape peak, since some losses
will occur due to incomplete geometry, and to absorption in the aluminum
covers,

A similar experiment was performed with tantalum X-rays, which are
approximately 57 kev in energy. Here, both the57-28 escape peak and the
peak due to 28 kev iodine X-rays from the opposite detector were observed.
This showed that 60% of the escaped X~-rays were detected in the opposite

counter.
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With a single counter, the escape peak for tantalum X-rays was 22%
of the main peak at O cms,and 16.5% at 3 cms.
Assuming that the efficiencies are about the same in both cases, this

would indicate that

15, 100 , 16.5 _ 19
100 ~ 60 22 ~ 100

or 19% of the cerium X-rays. were not present in the photoelectric peak
at 3 ems. This means that the '6K' should be reduced by 19% from the
total counting efficiencies.

A further complication arises from the fact that while cerium X-ray
components are all above the iodine K-edge, lanthanum components are not.
The La Ka2 (i.e. K-Lll) component is below the iodine K-edge in energy,
and thus it contributes nothing to the escape peak.

The ratios of the intensities of the K K K oy K8 are respectively
about 2:1:1. (Richtmeyer and Kennard). Thus only 3/4 of the lanthanum
X-rays contribute to the escape peak and as a result the efficiencies for
lanthanum X-rays should be approximately (3/4 X 19 = 15%) too high.

Correcting for this factor and applying W = 0.87 for lanthanum
X-rays (Bergstrom 1955), gives the branching to the L4O kev level

f = 0,031

On another occasion a value of f = 0,029 was obtained.

Thus about 3% of the total capture events are to the excited 440
kev level,

() Sonclusions

A previously unknown 9 hr state has been definitely assigned to
cerium by chemical yields, and to mass 137 by isotope separation.

A part of the work on Ce137 described herein has been done independently

by Brosi and Ketelle (1955). The connection with Pr137 is not disclosed

by these authors, and their evidence is in other respects somewhat limited.
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In a well-separated praseodymium sample of any age there was no

137

evidence for the 250 kev 36 hr y-ray attributed to Ce™ ', and for which

a formidable array of evidence exists.

However, in the original target‘a.weak 255 kev y-ray with about the
required period indicated that if this y-ray was associated with Ce137,
it must have been produced by (p,pxn) reactions rather than as a result

of the decay of Pr137.

VI. Study of Cerium 137 Produced by Proton Reactions on Lanthanum

(a) The y-ray Spectrum,

The y~ray spectrum of the cerium activity extracted from lanthanum
bombarded with 30 Mev protons was studied on several occasions., At this
bombardment energy, which is well below the threshold for CelBE, the
only other cerium activity produced besides the La139(p,3n)0e137 feaction,
is a relatively small amount of Ce139. This facilitates the study of
the y-radiation associated with Ce137.

The y-ray spectrum revealed very intense X-rays. Strong 255 and
WO kev y-rays were observed, as well as a weaker intensity peak at about
810 kev.

The half~life for the 255 kev y~ray was measured over 5 half-lives,
giving a 34.4 * 0.3 hr period. The 800 kev transition displayed the same
half-life. The X-rays and 440 kev y-ray peaks showed a composite decay.
After an initial short life which was fitted to 9 hrs, they also decay
with a 34.4 hr period. No activity which could be attributed to the
137

decay of La was found.
No positrons were observed. The upper limit on unobserved high energy
y-rays can be set at 0,5% of the 800 kev transition. An unsuccessful

search was also made for low energy y-rays down to the limits of detection

(about 10 kev).
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The ratios of the various absolute intensities were calculated after
equllibrium was reached with the 34.4 hr half-life, The ratio averaged
over several runs of the X-ray: 255y : 44Oy : 810y was 1,00 : 0.081 : 0,020 :
0.0045. The accuracy of the intensities for the X~rays, 255 and 440
y-rays, should be equal to the accuracy of the efficiency values, or
about 10%. For the weaker 810 kev transition, the accuracy should be
better than 20%. The total photoelectric efficiency for the X-rays has
been corrected for the escape peak factor discussed in an earlier section.

An attempt was made to observe activity due to the La137 daughter of
Ce137

137

A L, hour bombardment of lLa produced very intense Ce activity.

The decay of a smail aliguot of the separated cerium was followed. After
5.5 days, when the 06137 fraction had decayed to about 5% of its initial
value, the La137 daughter formed was separatgd out chemically and subjected
to repeated purification cycles to eliminate all the cerium activity.

Apart from a very weak 490 kev y-ray, which decayed with a relatively

short half life of about one week, no activity was observed.

The activity due to 08137 immediately present after bombardment was
calculated to be about 7 X 107 counts per sec. Thus g weak transition
with a one week half-life must be interpreted as due to some extraneous
activity.

No X-rays or vositrons were observed, indicating that the decay of
La137 to stable Ba137 is extremely long lived,

Assuming losses of 25% in the chemical extractions, and a lower limit

of 0.1 cps for the detection of 33 kev X-rars or annihilation radiation,

both of which are conservative estimztes, gives the lower limit for the




half=life »f La137 to be about

24,1, 6
% Ao > % 5
%) 220 1 X 107 yrs.

(b) The Conversion Electron Spectrum

(1) The thin-lens spectrometer results.

Sources of Ce137 produced by 30 Mev bombardments on lanthanum were
scanned in the thin lens spectrometer. Txtremely strong conversion
electron peaks due to tne 255 kev transition were observed. The half-
lives were 34.4 + 0.3 hrs. Fig. 19 illustrates the decay of the K-conver-
 sion peak. The K/L+M+... ratio was measured as 2.3 + 0.1l. [ig. 20 shows
a typical conversion spectrum for the 255 kev transition.

The comparatively weak conversion electron peaks for the 44O + 5 kev
y-ray are illustrated in Fig. 21. The K/L+M+... ratio was 5.0 + 0.5.

The very weak conversion peaks due to the 800 kev transition were
counted manually over several days, from a very strong source, and the
results were then corrected to one standard time. Fig. 22 shows the con-
version spectrum. -~This conversion spectrum revealed that there were
actually a group of several closely‘spaced weak transitions present. The
strongest component is due to a 812 + 7 kev transition., As illustrated
in the figure, the overlapping of lines makes the assignment of K/L ratios
difficult. However, for the strongest component, the K/L+M+... ratio
appeared to be 6,3 + 1.2,

The intensity of the group at about 800 kev is very low. The ratios
of the K-conversion intensities of the 255, L0, and 812 kev respectively
averaged 1:5.35 X lO-h:2 X 10-5. These ratios should be accurate to

within 107%.
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A manual scan showed no low energy conversion peaks above 10 kev
(other than those due to the Auger electrons) which were detectable above
the 200 cpm background. This was for a source giving 2 X lO6 cpm in the
255 y=ray K-conversion peak, and thus the limits on low energy conversions
can be madé very small, |

A possible transition from some of the 812 kev group to the L0 level
were searched for. No conversion electrons of the appropriate energy were
found, and the upper limit for such a transition can be set at less than
1% of the 440 kev K-conversion intensity.

By comparing the intensities of K-conversion peaks to the absolute
y-ray intensities, the K-conversion coefficient can be derived, if the
transmission efficiency of the thin-lens spectrometer is known, This
efficiency for the instrument used is about 1% for a normal sized source.

Applying a 1% transmission efficiency to the intensity of the K-
conversion of the 255 kev y~ray gave for the conversion coefficient

_ 1,51 x lO6 cpm

~ 3,18 X 107 cpm

Ny
=N X 100 = L.8.

Y
This value is accurate to within 30%.

Ok

Comparison with the K-conversion coefficients for Z = 58 and k = 0.5
for various multipolarities indicates that only an M4 transition is con-
sistent with this result. (Rose and Goertzel 1955).

(2) The 180° Spectrograph Conversion Results

It has been found that the decay of PI'J'BI7 gives rise only to the
9 hr decay in Ce137, while Ce137 produced directly by proton bombardment
of lanthanum exhibits a 34.4 hr period in addition. The 440 kev y-ray
is present in both cases, whereas the 255 kev y~ray is characteristic of

the simple 34.4 hr decay.
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These facts throw some doubt on the validity of the previous assign-
ment of the 255 kev y-ray to an excited state in Lal37, following electron
capture in 06137

137

state in Ce .

, and suggest its assignment to a long lived isomeric

The most direct method of identifying in which element the 255 kev
transition exists is to make accurate measurements of the conversion
electron energy differences and compare these with the corresvonding
electron binding energy differences in the two elements.,

These measurements were obtained with a high resolution (0.2%)
semicircular spectrograph. The source was prepared by the novel teflon
trough method described earlier.

The instrument was calibrated with the standard F, I, L, lines in
the thorium (B + C + Cll) spectrum. The energies of the conversion lines
were then calculated from the measured radii of curvature and the calibrated
magnetic field.,

The K, Ll’ Lll’ Llll’ M and N shell conversion lines of the 255 kev

y-ray were obtained. The energies obtained for these lines are given in

Table IIT.
TABLE III
Line K Ll Lll Llll M N

Energy (kev) 214.02 248,13 248.46 248,92  253.33 254 41
These energies are accurate to about + 0.2 kev.
In Table IV the energy dif ferences are compared with the electron

binding energy differences in cerium and lanthanum.




TABIE IV
Shells Measured Electron energy differences
involved differences Ce (kev) La (kev)
(kev)

K - Ll 34.11 33.87 32.66
K - Lll b bl 34.26 33.02
K-L1q4 34.90 34.70 33.43
K-M 39.31 39.2 37.8
K-N 40.39 40,2 38.7
Lyq-Ly 0.33 0.39 0.36
Llll—Ll 0.79 0.83 0.77
Llll—Lll 0.46 OWLly 041

On the basis of the comparison, especially of the K-M and K-N
differences which are close to the total K binding energies in value,'
the 254.5 kev y-ray is converted in Ce137.

For the 254.5 kev conversion electron plate obtained, estimates
were made of the intensity ratios for the L lines by visual examination
of the plate itself, and by measurements on the peak heights obtained on
a microphotometer trace. (Fig. 23). |

Table V lists the estimated L conversion coefficient ratios, the K/L
ratio measured in the thin-lens spectrometer, and for comparison, the

values of these ratios for M3, M4, and M5 transitions for 4 = 58 from

the theoretical values of Rose et al (1955).

TABIE V

Ratio Measured Calculated Calculated Calculated

and estimated M3 M4 M5
K/L 2.9% o 3.0 1.8
Ly
EI; 3 to 6 5.7 L3 3.5
Ly
———— 105 1+ol 1075 l.O
Linn
L11 0.25 to 0.5 0.7 0.41 0.3
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I
The K/L = 2.3 value obtained from the thin-lens spectrometer results,

corrected for a 25% M+... contribution to the L intensity.
The low order multipoles of either character are eliminated on the
basis of the long half-life involved. The higher electric multipoles

are eliminated by the relative smallness of the L., contribution. A

11
comparison of the measured with the calculated ratios, particularly the
K/L ratio which can be measured quite accurately, indicates that the 255
kev y-ray is a M4 transition.,

This result is consistent with the result obtained earlier for the

calculation of the K~conversion coefficient.

VIT. Investigation of Coincidences

A study was made of the coincidence relationship of the 440 and 255
kev y-rays to the X-rays. The block diagram in Fig. 24 illustrates the
"fast~slow" coincidence circuit employed, |

The lead baffle prevents the occurrence of false coincidences due
to radiation scattered from one detector to the other. The detectors,
which are approximately identical, are placed equidistant from the source.
The output of detector 1l is amplified and fed into the final gating
circuit. The output of detector 2 is fed through a single channel pulse
height analyser to a slow coincidence circuit.

The pulses from both detectors are sampled in the fast coincidence
circuit which, by the use of a delay line and diode detector, presents
a very short resolving time. When pulses from the two detectors are
coincident within the limits of this short resolving time, a triggering
pulse is fed to the slow coincidence unit. This permits the pulse from
detector 2 to pass through the slow coincidence unit, provided it is of

the proper energy to go through the single channel window. Coincident
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pulses entering the gating circuit from the slow coincidence output and
from detector 1 are let through and are recorded as events. The resolving
time was set at 50 X lO-9 sec,

By introducing a large delay into the output of the fast coincidence
unit, true coincidences can be prevented, and the chance rate 'Néh' can
thus be obtained,

The events were counted on a scalar, and also were fed into the

kicksorter to obtain the energy distribution.

(a) The 440 kev y-ray

The single channel window was set on the 440 kev y-ray peak (Fig. 25).
The singles counting rate 'NZ' of all pulses from detector 1 was
2.68 leos cpm at a standard time used in the calculations. The channel
singles counting rate 'Nl' of all pulses passing through the window was
2400 cpm. The measured coincidence rate (true plus chance) was

%%é = 3,4 cpm. By introducing 0.4 X 10~6

sec delay to the fast coincidence
output, true coincidences are eliminated and only the chance rate is
obtained. This gave 2% = 0,6 cpm. This is consistent with the calculated
rate,

N, = ’K N.N, = 50 X 1077 x 2,68 x 10° X 2400 = O 55 cpm

en = T Ml : 2400 - 0.5 epm.

The result indicated that 2.8 cpm true coincidences occurred.

Consider the case of coincidences between the 440 kev y-ray and
X~rays. The coincidence rate is

Nc =N 62 61

where N is the absolute intensity of the 440 kev y-ray

62 is the efficiency of detector 2 for the y-ray
61 is the efficiency of detector 1 for X-rays.
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Now N b 5 = NY’ the y-ray photoelectric peak intensity in detector 2,
which will be approximately the same as that in detector 1. The photo-
electric peak intensities measured in detector 1 for the 440, 255, and
the X-ray respectively, were 951, 9080, and 152,000 cpm, when corrected
to the standard time taken for these measurements,

For a distance of about 13 cms from the detectors to the source,
the X-ray efficiency of detector 1 was estimated to be about 0.004.

This gives NC = 951 X ,004 ¥ 4,0 cpm commred with the observed
rate of 2.8 cpm. Considering the inaccuracies involved, and the fact that
the fast circuit discriminates somewhat against the low amplitude X-ray
pulses, this result indicates that the 440 kev y-rays are coincident with
the X—rays.

(b) The 255 Kev y-ray

The "window" was set for the 255 kev peak (Fig. 25). Care was
taken to exclude the 166 kev Ce139 y-ray from the window region.

The true plus chance rate obtained from a 10,8 hr Pount gave 10,32
cpm. With the delay inserted, the chance rate was measured for 42
minutes, giving 5.12 cpm., This indicated that 5.2 cpm from true coin-
cidences were occurring,

The singles counting rate through the window was 12,010 cpm. If
the 255 transition were in coincidence with X-rays, the coincidence rate
would be Nc = 12010 X 0,005 = 60 cpm., This showed that, except for a
small component, there were no coincidences with the 255 kev y-ray.

In partial explanation of the above apparent coincidences, the
Compton continuum of the 44O kev vy=-ray in the energy range of the window
will be in coincidence with the X-rays. Estimating this portion of the

continuum as about 75% of the photoelectric peak intensity accounts for

at least 1/2 of the observed rate.




(e)
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Fig. 26 shows the energy distribution of the coincidences taken for
the 10.8 hr count. The first two channels, containing the X-ray peek,
plus some noise in channel 1, have been reduced in scale by a factor of
ten. The distribution of the increase over chance under the whole window
illustrates the effect of the Compton continuum, since the 255 kev y-rays

cannot be in coincidence with themselves.

Conclusions

The results of the 440 Kev y-ray coincidence experiment, as well as
the effect of its continuum in the 255 kev window, both show that the
440 kev transition is coincident with X-rays, as is to be expected.

The 255 kev y-ray resulting from the isomeric transition in Ce137
did not produce coincidences with X—:ays, which again is to be expected.

A small effect was observed at least half of which is explained by the

Compton continuum.,
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It has been shown that 1.5 hr pri37 decays by an allowed transition
to a 9,0 hr cround state in cel®7, This state then predominantly decays
to the sround state of L3137, with a small branching to a 440 kev excited
state. No other y-rays were found associated with this mechanism.

Since the ratio of the 255 kev to 440 kev X-conversion peak is
exceptionally hich in the cerium from a lanthanum target, this ratio
may serve as a very sensitive detector of any branching from Pr137 to
Cel3, then this test was made on the cerium produced from decay of
Pr137, the ratio fell to the trace value of 0.3% - a value which indeed
may represent only chemical impurity due 1o celd7nm produced by (p,pxn)
reactions. Thus the value 0.8% represents only an upper limit for
branching to Cell7®,

The various experiments conducted on 5306%37 produced from lanthanum
bombardments 211 supnort the isomeric transition assirnment. This result
is consistent with predictions based on the tehzviour of other isotopes
with odd values of W' which lie just below "nasic numbers". These
"islands of icomeriesm" give rise to long lived T3 or M, isomers, for
odd 1A' isotopes. (Goldhaber and Hill 1952).

assuming the 255 ev transition has an M4 multipolarity, and using
the ~conversion coefficient ayg = 5,63 obtained from the values of Rose
et al (195%), the K-convercion coefficient for the 440 tev transition
may row be obltained ¢uite accurately.

The ratios of ithe v=rey and f—ray peais for the 440 lzev and 255 vev
trensitions, combined with oy = 5.63 for the 255 tronsition, give
S = 0,012 & 0,002 for the 440 kev transition. The apnropriate inter-

nolated theoretical values are ay = 0.010 for E2, and cr = 0,017 for M.
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Yo other multinolaritiesg are close to the experinentesl values.

The ¥X/L ratio excludeg an X1 in favour of an ER traongition., The
theoretical values are /L = 6,0 for B2, and X/L = 8.1 for 1. The
experimentsl value, ascuming o 259 #... coniribation, pives K/L = 6,25,
Thig exclrdes o nredominantly Ml transition, hut a gmall admizture of 1
to the T2 traneition would be possible.

A o~

For the 212 'ev sroun, the vy-ray spectrin is not resolved, so that
ectinates of the ¥-conversion coefficients of the components cannot be
made nrorerly, The I/L ratio of 7.9 + 1.5 for the moin 212 kev comnonent

nne sach Torge limites of error that a multipolariily cannot be assigned

[0

The branching to the 212 ltev groun os a winle car be e:¢ily cal-

culated fron the relative intensities of its y-ray to that of the 255
kev transitinn.

The total disintegration rate 'Il' of the Cel®™ state is
1+ I
(1 +0op) L,

where O is the total conversion coeffiecient

T.,1is the 200 ev v-ruy intensity.

This Lrnores the nesli

xible 312 kev branchins contributicn).

.
Lheee )y, oy which is coleilated from the conversion

iy regulis and oo = E0D,

-

™ the neceured Intensity ratio of the 255 kev and I1Z kev vy-ruys,

the brenshins ig ohtained. (The very wenk comversion elesiron coniri-

eale)

Wition of the C1Z ev sroup is ezain iznored).  The value Sfor the 212

[Sag

sev croup hranehing as o vhole

(&)

[ rad

- N L
f(:_\‘!r\ - Je'd.

e
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The branching to the 440 xev level can be obtained in an analogous

manner. In this case, however, the disintegration rzte T of the ground
state, in eguilibrium with the 34.4 hr period, is 12 = $-—-—if I
o= A
where kz and Ay are the appropriate ground state and isomeric state
decay constants respectively.
Applying the measured values of the 255 and 440 y-ray intensities
the value of the 440 branching ratio is
£ = 2.0 (4)
This result assumes, apart from the M, K-conversion coefficient,
only the K/L+... ratio, the half-lives, and the v-ray intensities.
The 440 branching ratio can be obtained indeyendently in terms
of the X-ray intensities, without making any assumption concerning an
Y4 transition. Again
ar
I = I, (L +ap) =TI, + Ikl/ouK

q g
where I&l is the Cel’ T,

K X-ray intensity, and «y is the fluorescent
vield. The total number of capture events to Lat37 is Io=1.21 Ikz/hﬁi
where qu is the Latd7 x Z-ray intensity and 1.21 is the total to K-capture
ratio. i

Irnoring the small %K and wy differerces between cerium and lanthanum,

the &rays can be added indiscriminately,From the ratio of the totel K

£

f-ray intengity I, = L. + Ikz to IY’ the branching ratio can be obtained
ty solving the eguationg above, giving
= 3.07% (5)
The values ohtained for 'f' by two independent computestions
involving the X-ray efficlencies are 3.17 for the rround state only,
(Tgtn 3) and 3.07 for the case of the ground state in equilibriw: with

the iscmeric trensition (Fy'n 5).




This illustrates the inlernal self concistency of the assuned

scheme.

Roth the X-ray ccleulutione give a 1 larcer branching than the

de

value of 27 obtaired in Byn (4), assuming an ¥, transition. The latter

F

velue is probobly the most accurate, since it involves ro approximations
concerninc the X-roy efficiencies.
The glicsht discrepancy is probably due to too low an estimate of
tion, the vulidity of the generally

csawed values for the fluorescent vield hove been questioned (Pruett
o '

and .illdngon 1954). In any event the discrepancy is o minor one.
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FIGURE 10, Components of the Isotope Collector
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