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(ii) 

Extensive modifications to a s:m.all mass separator, includinc; a 

neu radial lem: s;,·stem und collection mechanism, have improved the 

purity and efficiency of separation. 

3tudies of !aass separated isotopes !1o.ve co:!'lfi:r:n.ed defini tely the 

existence of 1.5 hr Prl37 and 1.0 hr Prl36. The brc.rlching ratios and 

chara.cteristic y-rays of Prl39, rr133, :?rl37, and I'rl36 •-:ere obtained. 

The èecay of Pr137 to a 9.0 hr state of cel37 :ms discovereè. 

A ne· .. 1 34.1+ hr isœneric state ir. cel37 '.JaS è.iscovered, decayin~ by 

a .25/+• 5 !cev (1:!4.) transi ti on to the 9.0 hr c;round sb.te. This decays 

b:r electron capture to the ground state of La137, except for a z;t 
brat1chinc; to e. 4~0 !mv (E2) exci ted state. .rl. ver~' '.·Jea:r. 0.6% bra.Ylchinc; 

•..ras found fro:n the 3/,.l, hr ison!eric state directly to a co:nplex series 

of about 800 :œv levels in Lal37. The lower limi t i.'or the half-life 

of Lal37 ~-:as 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 w:ith 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 eut 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 

complex process of preparation and ànalysis. The need for pure elementary 

sources of high specifie 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 survi ving acti vi ty gi ves 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. 
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Since an investigation at Oak Ridge (Handley et al. 1954) failed 

to confirm the discovery of Pr137 by Dahlstrom (195.3) 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 Prl37 to Ce137. 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 isomerie 

state, while ~37 decays to a previously unknown ground state. 

Thus Part A of this the sis de seri bes experimenta 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: IHPROVEMENTS IN THE MASS SPECTROGRAPH 

1. The Main Features of the Mass Spectrograph 

The mass spectrograph in the McGill Radiation La.boratory has been 

described in detail by previous workers. (Dahlstrom 1953)( l~clure 1952) 

(See Fig. 1 and Fig. 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 à 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 0-rings to seal off 

the two ends. By removing 4 bolts ei ther chamber can be quickly opened 

for loading and unloading. The ion collector is insulated from the 

chrunber 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 l0-l3 

amps, per ~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 bearn entrance and exit pole faces (see Fig. 2). 

For an ion which approaches and leaves the pole faces perpendicularly, 

the area of the yokes representa an idealized region of uniform magnetic 

induction, dropping off discontinuously to zero outside (Nier 1940) 

(Coggeshall 1947). This is a first order c0rrection for the effect of 

the fringing fields. The apex, 0, 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 (Fig. 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 i ons must be nearly monoenergetic. 

The mass dispersion D between two adjacent isotopes of mass M and M + 1 

i s given by 

R 
D - -( ) - M a.m.u. ' (1) 

where R is the radius of curvature • . . For this instrument, D = 1~2 (mms.) 

Since 

dV = -dM, {2) 
V M 

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

volts, is only 4 volts. 

The H. T. i s provided by a commercial R.F. supply, variable f rom 500 

t o 2000 volts D.C., which can deliver up to 500 ~. Electri cal connections 
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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 10-5 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 trebled the transmission; 

(iii) known masses are now collected on individual thin strips so that 

the selected radioactivity may be examined irnmediately 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 Ion 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 sorne 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 dependance, 

J - A,Tl/2 -b/T 
- n. exp. ' (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 body. 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 

n+ _ e(~- I) 
--exp. kT 
no 

(4) 

where n+ 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 elements of higher ionization potential than the work functions of 

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

currents from sorne 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 t he f orm x+, while for valence 3 or 4 

the ions were of the form xo+. (x+ denotes the singly charged element ion, 

and xo+ the singly charged monoxide ion.) 
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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 

current passing through the analyser to the collector over the current 

striki.ng the defining sli t dise 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 t he 

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%, provtded samples of 

less than 100 ~gms. were used, and the temperature of the filament bad 

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 11memory11 of a filament for the successi ve emission of the 

same element was less than 5%. 

A portion of these values is reproduced here. 

TABLE I 

Ionization Efficiençie~ 

Compound Ion Type 
n+ 

Efficiency no 

La2(N03).3 Lao+ 16.0 

Ce2(N0.3).3 Ceo+ 0.12 

Pr2(NOJ)J PrO+ 12.0 

Nd2(NOJ)J Nd+( 1%) NdO+( 9% ) 1.0 



). Investigations 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 Fig. 3). The elements of the load 

can be quickly rearranged into ether sequences to provide any required 

accelerating voltage from 200 to 2000 volts. Terminal H is the filament 

H.T. supply; G and F are variable focusing supplies. I is connected to 

the repeller und provides a variable positive voltage of from 0 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 lo-4 amps. This large current flowing through part of the H.T. 

load shifted the voltages on the electrodes by an amount dependent on 

the filament temperature. 

The rapeller supply was constructed completely separate from the 

H.T. load. It is encased in a lucite box for insulation. The 117 volt 

A.C. input is taken from a 60 V.A. 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 rr 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 

adequat e since the r epeller voltage is an i nsensitive control on the 

focusing. 



The filament heating supply was rebuilt completely (see Fig. 4). 

As shown in Fig. 4G, 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, 0 to 6.3 volts a.c. 

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 A2 is normally connected across the shunt R3 and reads the 

filament current. When the microswitch s4 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 estimat ed 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) bad 

found it necessary to use a 0.015 in. slit to resolve Praseodymium isotopes, 

and estimated the transmission eff iciency as less than 1%. 
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A conventional type lens system had been used. Two horizontal 

deflecting plates F1 and F2 with a 1/8 in. separation were located 

1/4 in. behind the grounded slit s. (See Fig. 2). The filament 

electrode was essentially the same as that shown in Fig. 5A, 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. 

(c) The New Lens Components. Since the slit size cannot be 

increased, to improve the lens system more of the bearn 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 collecter 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 l ens, 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 dises wi th 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 bearn. 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 bearn through), and this plate is bolted rigidly into 

the front end of the ion source chamber (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 dise with four similarly placed holes fits 

snugly over the rods. lfhen machined teflon spacers suitable for thé 

chosen lens components are slid into position,. this back plate is brought 

up snugly against them wi th 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 should be noted 

that the machined teflon provided a more accurate alignment of lens 

components than could be realized with glass spacers. 

All focusing elements are made from 3 3/8 in. diameter stainless 

steel dises, 0.030 in. thick. Each dise wi th a trial sli t is fi tted· 

directly over the four metal rods. When pressed against the front plate, 

the sli t is in the proper position, and is grounded through the frame 

(s, Fig. 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 experimenta 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. 5A). 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 acros-s the two halves. 

A pair of semi-circular plates wi th 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 dises were made with various sizes of central circular 

apertures. The aperture edges were rounded to minimize polarization. 

Circular dises 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 dise wi th a fixed 0.015 in. wide sli t and another wi th a 

variable slit adjustable up to 1/16 in. wide were made. The slits 

were beveled to lmife edges; hence the penetra ting ions avoid a 11tunnel ", 

which can become polarized. 

Cleanliness of al l 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 boil ed in aqua r egia and 

rinsed with distilled water. 
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(d) Sorne Principles of Ion Optics. In the description of the 

lens systems certain principles of ion optics should be borne in mind: 

(i) 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 

focusing. 

(iii) 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 10-8 amps. (See Spangenberg (1948) or Pierce (1954)). 

(e) The New Lens System. A radial grid lens was finally used and 

consisted of two dises with circular apertures for focusing (See Fig. 6). 

The first dise, next to the filament, will be called the grid. In front 

of the grid is the second dise, which is always at ground potential. A 

plane ion repeller is inserted behind the filament. By varying the grid 

potential and the spacings and aperture sizes of the two dises, the 

focal length of the grid lens can be varied. The bearn normally converges 

to a "cross-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 dises with circular apertures. 
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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 bearn, 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 pararneters, all of the 

ion bearn 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 bearn 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 bearn. The entire region traversed is at 

ground potential, except inside a lens. A plane dise is mounted to 

measure the current at any desired point on the path of the bearn 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 bearn 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 bearn 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 collecter intercepts the bearn leaving the analyser under 

conditions similar to those which exist when a plane collecter inter­

cepts it at the exit from the ion source chamber. Therefore the 

efficiency of transmission tbrough the analysing tube is given by the 

ratio of these two currents. 

As explained below the emission can be re set to a ei ven value qui te 

accurately. This is necessary since after a current measurement has 

been taken at any point, the machine must be shut down to move the 

collecter 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 1-1hen 

efficiencies are being measured. 

To measure the overall transmission efficiency, the lens is focused 

to gi ve the maximum eurre nt to the final plate collecter. This eurre nt 

and the electric fi eld gr adient on the filament ar e noted. Then a 

plane collectine dise 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 bath 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 sarne 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 

emitted. It should be noted that in this case of direct collection 

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 

reasons. 

(i) Indium is a very efficient emitter. A 100 ~gm. 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 nass discrimina­

tion in the source region, and so the ion current from the deposit is 

masked by this background when collecting in the source charnber. 

Tests showed that the grid lens alone, using two 1/4 in. aperture 

dises, would transmit about 50% of the bearn to the final collecter. 

This was vdthout any defining slit, but showed that the lens made the 

bearn nearly parallel. The 0.015 in. defining slit next replaced the 



-17-

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 Qy Fig. 6. Smaller grid 

apertures increased the transmission beyond the lens, because of the 

smaller bearn cross section produced,but this was more than compensated 

by the losses ta 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 lasses 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 helder in front 

on the standard lens was used ta determine the optimum source helder 

alignment. Horizontal deflection showed a broad plateau of uniform 

transmission efficiency. The vertical alignment is quite critical. 

Hith the lens focused for optimum transmission, the bearn was scanned 

vertically across the collecter. From the geometry of the tube, and 

the deflection applied by the plates, it was found that the bearn height 

would be about 2/J in. at the collecter, 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 i gnored. 

The trans~~ssion effici ency 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. 
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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 i t ranged from about 4 to ~. There is more variation wi th 

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. 

4. Studies of the Surface Ionization 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. I t was l earned 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 repeatedl y, 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 act ivity seems to decrease somewhat 

with age of filament, and implies diffusion of the sample into the 

filament. The materi al probably di f f uses in until equilibrium is 

attained f or the par ticular fi lament t emperature . This would be i n 

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, ar is 

heated too violent~, sorne 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 

cannat 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 collecter gave an 

increase of current with increasing electric field gradient. Two 

possible effects could be at work here. 

(i) 1-iultiplication. Most of the secondary electrons emitted from 

the collecter 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 collecter and so the current registered should be 

essentially the impinging ion current. However, when the collecter is 

negative, and the electri c 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 collecter. 

(ii ) Field Emission. Another possibility is that the increased 

electric field can actually extract more ions from the evaporating 

surface. Since the temperature, and hence the evaporation rate, is fixed, 

this would be a net gain in efficiency. A simple calculation (Spangen­

berg 1948) shows t hat f or 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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v:ith small tempera ture incr~ases). Thus the current increase observed 

under high fields.:is due to fieJd emission rather·than from any space 

charge extraction. 

These ideas were tested in the following way. A plane collecter 

was set up 1/S in. in front of the filament electrode. The filament 

was heated to gi ve 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. S. 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 collecter. 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 collecter was in a field free 

region. The results are shown as Curve B, Fig. S, which is the same 

as Curve A up to about 6000 volts per in . Above this value, preswnably, 

multiplication influences the values in Curve A. 

The background emission at higher temperatures from the filament was 

measured at 1200 volts per in. and 14,000 volts per in. electric field 

gradients . This was done under both conditions 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 

IE AEl/2 
Io =exp.~ (5) 

derived (Spangenberg 1948); where IE is the~tted current in the field, 

I0 is the normal temperature limited current, Ais a canstant,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 ernitted 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, which 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 tmt 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 appe~ about twice 

too large. This would cause the transmission efficiency to be apparently 

one half its true value, 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 

efficienc.y, would not be altered. However, when applied to another 

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. 4, the higre r the tempera ture, 

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 wer e carried out on a multiple filament design 

modelled after that of Inghram and Chupka. An electrode dise was split 

into 4 sectors as illustrated in Fig. 5B. Then oompletely 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. 48) 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. The unheated sample filament will collect sorne of 

the atoms evolved from the heated deposit on the opposite filament. When 

emission is campleted 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 

0 baked to 1000 C. This produced qui te unifonn spacers. They must be 

used with more care than teflon, since the thin shoulders are quite 

brittle. 

Preliminary tests with Ce2(No3)3 deposits showed improved emission 

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 çuickly at the very high temperatures normal:cy employed (about 

2700°K). 

6. The Resolution 

Sorne ear~ 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 lOO% isotope Pr141, so 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 bread tail on the lower mass aide. 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 0 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 rragnet 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 measl.l['ed in the analyser tube. Inside 

the pole gap, the field was found to be extremely uniform. However, the 

fringing fields are large. At the posi tions of the defining slit and 

the collecter they are about 55 gauss. (See Fig. 9). 

To follow through with further studies of resolution, a new type 

of collecter was used. The collecting plate (Fig. lOA), slides snugly 

into a track in a frame. (Fig . lOC). This frame is fastened to the 

insulated amplifier input terminal. The collecter 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 collecter 

chamber. A r ectangular slotted plate (Fig. lOB) bolts into positi on 

above the collecter, as illustrated. It is held 0.030 in. away from the 

collecter by t eflon spacers. The slotted region is 9/16 in. high, 
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so the ion bearn may fall entire~ 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. lOD is an 

example, havi.ng 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 on~ ions passing through·:.the 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 45° to the axis of the collector 

cha.mber. 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 ove~ 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 slight~ 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 lOO% 

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 10-9 amps and 

corresponds to about . l x 10-S 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 figure for transmission could be increased by widening 

the slit, but the purity ,of separation of activities is more important 

than a slight gain in transmission. 

The resolution of the grid lens was also measured using the 1/16 in. 

wide exit slit. This slit actually do es not define the beam at all, 

and all of it passes through • . The electrod~ merely serves to establish 

the electrostatic lens 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 the 0.015 in. defining slit, except that the line was 

about three times as wide. While the latter condition is unsatisfactory 

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 for~dioactive isotopes, 

the activity has commonly been collected on a photographie 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 photographie pla te by a piece of 

dural or copper foil. In contrast to the photographie 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 eut up into thin strips for counting. 

This method was used for rouch of the work discussed in Part B. 

However, it was found to have many disadvantages. It takes sorne 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 collecter was therefore constructed which collects the isotopes 

on pre-eut dural strips, which can be taken out and counted immediate~ 

after the· separation. A slotted front plate (Fig. lOB) has a series of 

vertical bars spot welded to it. At normal incidence the dispersion 

for Pra seodymium 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. lOE). Stretched tightly on the face of the back collecter 

plate i s a sheet of 0.001 in. dural foil, which i s held by the two bars 

a-a and b-b shown in Fig. lOA. (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 centre (See Fig. lOE). This 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 brunediate 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 

collecti ng "blind" onto a plate, which can only be monitored for total 

current, t he 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 safety to eliminate slight overlaps. 

The strips must still be very carefully eut, but now this is done 

in advance. A jig was constructed to put t~e bars on the f ront plate 

and to eut up the foil. (Fig . llA). The front plate (Fig . l OB) 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 

\ielded in place, and the ends are trimmed off. 'rhe carriage is moved 

to the next position and the process is repeated. 

To eut up the collecting strips, the plane collecter plate is 

mounted in the jig carriage. The foil is stretched evenly over the 

collecter surface. The clamps for holding the chrome ribbon are replaced 

by the adjustable slit shown in Fig. llB. 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 

eut it for a length of about 3/4 inches. Then the carriage is moved 

a distance equal to the dispersion and the process repeated. In this 

manner, several collectors are pre-eut and stored ready for use. Fig. llC 

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 bearn both in the vertical and in the hori­

zontal plane. Thus sorne direct control is maintained on the vertical 

bearn 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. 

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

wide 'virtual' slit which provides the required grounded plane for the 

lens without definine the bearn. 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 bearn 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. 



-.31-

A new collector for radioactive isotopes was c0nstructed. The 

stable carrier is constantly monitored through a slit. Thus control of 

bath the focusing and the position of the isotopes is maintained throughout 

the separation. The ac~ive isotopes pass through other slits, spaced 

a distance equal to the dispersion r<: .. ,,, and then impinge upon pre-eut 

strips of foil. At the end of separation, the foils are quickly removed 

and are ready for individual monitoring. Furthermore, the opaque 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 lasses 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 sorne interesting 



-32-

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 that sorne field emission would be at work. 

However it appears from the limited data obtained, that this factor may 

be large for emission frocr a surface deposi t. /li th evaporation of gas 

and ions taking place from presumably a molten semi-conducting layer 

it would not be too surprising if the electric field gradient effects 

the ionization at the surface to a greater extent than at 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 negative 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 wor~~ble, the extracting field could be controlled 

independent of the actual positive filament voltage required for a given 

mass. Then the field emission effect aould be exploited to its full 

advantage. 
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PART B 

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

I. A Survey of Previous \~or k. 

Sorne information available at the beginning of this project on 

the isotopes in the region under discussion is given in Table I. 

TABLE I 

Data on Half-Lives and Percentage Abundances of Isotopes. 

Mass Praseodymiwn Cerium Lanthanum 

142 19.2 hr 11.1% 74m 
141 lOO% 32 d 36 hr 
140 3.5m 88.8% 40 hr 
139 4.5 hr 140 d 99.91% 
138 2.0 hr 0.25% 2 x 1o11 yr 
137 1.5 hr 36 hr 400 yr 
136 1.1 hr 0.19% 9.5 m 
135 22 rn 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 Hev, (p,n) 

reactions gave the previous1y known 19.5 hr rr142 and 3.5 min. rr14° 

(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 ~v. The 

K-capture to positron ratio was 1: 0.06. At 32 V~v a 2.0 hr activity 

appeared and \.fas assigned to rrl38. A 220 kev conversion electron was 

associated with it, as well as 160 and 1300 kev y-rays. The positron 

maximum energy was given as 1.4 Mev, and the K-capture to positron ratio 

as 100:13. 

Dahlstrom (1953) oombarded cerium oxide at various energies wi th 

protons and mass separated the resultant activities. These confirmed 
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the 4.5 br Prl39 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 ?~v, as measured with a long-lens B-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 Pr138• The strong 

300 kev transition gave strong K- and L-conversion electrons in the 

ratio of about 3:1. 

Handley and Olson (1954) bombarded bath natural cerium and cerium 

enriched in isotopes ce136 and Ce138 with protons at various energies. 

They studied the y-ray spectra and the positron maximum energies of the 

resultant activities. For Prl39 they found y-rays at 170, 1300, and 

1600 kev, in addition toX-rays and positrons. The maxim~~ energy of 

the positron was measured as 1.0 ± 0.1 Mev. The 2.0 hr Pr138 gave a 

positron maximum energy of 1.4 ± 0.1 Mev. Bath these end point energies 

agreed with the results of the previous workers. y-rays at 300, 800, and 

1050 kev were observed in Pr138, agreeing with the findings of Dahlstrom. 

However, no activity was found due to Pr137. 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 ha1f-life of Pr137 must be less than 5 min. or greater than 1 yr. 

A new 70 min. activity was assigned to Prl36, 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 Pr135. y-rays of 80, 220, and 300 kev energy were found. Its 

positron maximum energy was measured to be 2.5 ± 0.1 V~v. 
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For Ce1J7, Inghram and Hess {1948), using a mass separator, assigned 

a half-life of less than 2 weeks. The upper limit for La137 was set at 

JO yr. Chubbuck and Perlman (1948) gave a half-life of )6 hr to Ce137. 

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 )6 br 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 LalJ7, following electron capture from )6 hr CelJ7. The K- to 1-

conversion ratio was estimated as about 10:1. 

II. The Irradiations and Chemica1 Separations. 

(a) The Targets~ 

Bath cerium oxide and cerium metal were used as targets for the 

production of praseodyrnilli~ 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 a dural clamp. When the 

metal was used, a flattened piece was mounted uncovered directly in one 

of the dural clamps. It was stored in C Cl4 until the time of bombard-

ment, to prevent oxidation. 

lt The cerium oxide was prepared by igrù ting ammorùum hexani trate cerate 
(G.F. Smith Chemical Co. Reference Puri ty) to about 2500 C. The 
lanthanum oxide was Johnson and Matthey Spectroscopie Grade lot no. 
6781. High puri ty lanthanum and cerium metals were obtained from 
the Ames Laboratory through Dr. F.H. Spedding. 



-37-

\.fUS 
The dural block/clamped 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 po~ed out. When the metal was used, only about 

the front 1/16 in. protruding into the beam was eut 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 10-4 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. Ion exchange col~~s 

are usually used, but are rather slow, if pure separations are required. 

Fortunately cerium can be oxidized to a +4 valence 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) Lanthanum 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. 
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About 10 mgms of solid potassium bromate (KBrOJ) are dissolved in 

the solution to oxidize the cerium toits +4 valence. Then JOO micro­

grams of zirconium (Zr) carrier are added. The addition of 2 mls of 

saturated potassium iodate (KI03) 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 KI03 

are added to the precipitate, plus a little more ~OJ to ensure 

continued oxidation. This solution is stirred and re-centrifuged. 

The supernatant contains sorne 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 innnediate 

white precipitate indicates that La is still present. 

Now the Ce must be reduced to the +J valence to permit its removal 

fro~ the Zr carrier. The precipitate, which contains both the Ce and Zr, 

is dissolved in a few drops of conc. HNOJ• Three drops of H202 are 

added to reduce the Ce. The addition of 1 ml. of KI03 again precipitates 

the Zr, but the +J 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 wi th NH40H 

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 mirùmum volume of 6N HCl. The 

iron is removed with about three ethyl ether extractions. The HCl 

contairùng the acti vi ty is boiled dom to one drop, ready for preparing 

a source. 
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The ether extraction is very efficient, and practically no lasses 

0f acti vi ty occur. 

Since the ceriu.'!l half-li ves i·Tere qui te long the che!T'.istry uas done 

very carefully over a period of about 2 hours, repeatinc such steps 

as proved necessary. As a result, about 35% of the ceriur.1 activity 

vms ex.tracted. This i-Jas carrier free except for the small amount of 

stable cerium present in the target. 

(ii) Cerillr.l Tarvets 

The early praseodymiu."!l separations '..:ere carrieè out usine a method 

in 11r..ich the valence +1+ ceri mn \·JaS precipi tated as a phosphate. 

(Dahlstrom 1953). Hm . .rever, after the development of the iodate separa­

tion for La targets this 1.:as also adopted for Pr, since the candi tians 

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 similarly ,,.Ji th respect to Ce. Houever, in this Pr separation 

i t is the ceriu.11 tarcet material rather than the produced acti vi ty '\hat 

is ini ti ally precipi tated. This means the volUilles deal t vii th are larcer. 

For that reason the Ce tarEets are kept as small as possible. 

~~ corr.plication arises in that the oxi.de and the metal are both 

insoluble in cane. H~I03. ':ihen the oxi.de is used, it is dissolved by 

heating in a beaker containinr; 1 ml. of m~o3 plus 1 ml. of H2o2• :~fter 

the pm·:der is dissolved, the solution must be boiled dovm until all 

H2o2 is removed, since this is a reducine agent. 

:;ben ceriu.rr.. netal is used, i t is dissolved in a beaker contoininr; 1 nù. 

of hot HCl. Then 1 !T'~. of HN03 is added and the solution boiled do1m to 

a small volu..'!le. .:~ain HN03 is added and the solution is once more boiled 

dot,..;n ta a s:nall volume. These steps replace the HCl Hith HN0
3

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

powder. 

Two mls. of HN03 are added and the solution cooled in an ice bath. 

About 50 mgms. of KBr03 are dissolved in the solution to oxidize the 

cerium. 

About 10 mls. of saturated KI93 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 KBr03 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 NH40H will precipitate 

the Pr. This is followed by washing with water and ether extraction of 

the iron. TheHCl solution containing the Pr can be ooiled down to a 

drop, ready for making either y- or B-ray spectrometer sources. 

However, for mass spectrograph use, the Pr must be applied as a 

nitrate. This requires boiling the 6N.HC1 solution to dryness, followed 

by the redis solving of the activity in a drop of HN03• The ether 

extraction, boiling dry, and redissolving, takes sorne time. In addition, 

a JOOd part of the activity adheres to the gl ass. 
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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 

wi th NH40H, wi thout the addition of any other carrier. The ammonium 

iodate separates out and itself serves to carry down the activity. There 

are always a few wicrograms of rare earth impurities remaining which 

also precipitate. After centrifuging, the activity and impurity stick 

to tre walls and the iodate salts can be carefully removed with about 

two 1,mter washings. Then the acti vi ty is dissolved in a feH drops of 

HN03, and is again precipitated with NH40H, to ensure complete removal 

of salts. The small precipitate of impurities carrying the activity is 

barely discernable as a thin fiL~ in the tip of the centrifuge tube. 

After washing, it is dissolved in one drop of HN03, and can be loaded 

on the filament. 

This extraction is considerably faster than the iron procedure. 

Since the amount of precipi tate is small, the lasses in washing are 

large. However, the Pr half-lives are short and efficiency of recovery 

nust be balanced against speed in the chemistry. The recovery of activity 

is about 50% in the overall Pr separation. 

III. Source ?reparations 

To prepare a source for the mass spectrocraph the fila~ent electrode 

was placed horizontally beneath a heat lamp. ~~en the filament was quite 

hot, the activity, contained in a drop of nitric acid, was carefully 

applied \o.'Î th a micro pipette to the central region. This dried quickly 

and was then installed in the spectrograph. 

For the Nai (Tl) spectrometers, the acti vi ty, in a drop of acid, \.faS 

applied ta the surface of thin teflon elath or scotch tape. The drop 

was dried and then a layer of scotch tape was applied over the surface . 
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The sources for the long-lens ~-ray spectrometer were mounted on 

thin film (approximately 20 micrograms per cm2), made fron V.Y.N.S. 

Resin obtained from the Department of Radio-Chemistry at t~Gill. 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 

-vrashed off wi th water and then the ac ti vi ty was applied to the spot. 

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 niobiQ~ foil. 

Preparing 180° P-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 ~~re 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 "physical 11 method was developeè which would 

apply equally \.J'ell to other elements. It is based on the preferential 

"wetting" of the wire compared w'i th 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 abandoneè, since it tends ta coat the wire surface 

and, furthermore, it cannat be heated to speed drying. 

Teflon was found to have the desired properties. It is non-wetting, 

inert to HCl or HN03, and is ~table up to high temperatures. A trough 

was eut aeras~ 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 sharp angled eut a few thousands of an inch deeper in the bottom 

of this trough. A 0. 002 in. wire fi ts snugly into this finer trough. 

The larger trough provides the holding capacity. 

A tantalum wire is fixed in the source helder of the instrument and 

is cleaned with acid. The teflon black, 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 helder 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 Praseodvmium Isotopes in the Hass 137 Region. 

(a) The ~~ss Separations 

(1) Separations and Detections 

The isotope Prl3? was re-investigated with the mass spectrograph 

and the contradictory evidence was resolved. Since the ce140(p,4n)Pr137 

cross section should peak in the vicinity of 40 Mev, irradiations were 

carried out at proton energies ranging from JO to 55 Mev. 

Fortunately, praseodymium is about 100 times as efficient an ion 

emitter as ceri~~. Thus the separated activity of given mass number 

is essentially all emitted from the filament as Pro+. 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. 
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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 Prl41 and 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 

1 x 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 quantities to 

give significant counting rates. 

The y-ray spectra of the separated ·_:tsotopes were studied wi th 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(Tl) 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 11kicksorter11 sorts and int egrates 

t he pulses of the energy spectrum, -vrhil e si mul t aneously displ aying t he 

output on an oscilloscope. After adequate counts are t aken for the 

required statistics, the counting is stopped and the y-ray spectrum is 

recorded by an Esterline-Angus recorder. The t ime at which t he count 

took place, and the time increment during which counts were integrated, 

are also recorded. Thus the counting rate at t he part icular time for 

the various y-rays can be easily calculated. 
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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 '1JI in the photo­

electric peak is divided by an efficiency factor 1 ~ 1 to 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. 

Each separated active foil was mounted between two layers of scotch 

tape, which were stretched over a lucite ring. To count an isotope, 

i t was set directly on the thin aluminum cover of the crystal. \fuen 

annihilation radiation was counted, ~ l/4 in. thick aluminum dise was 

placed on the foil, sandwiching it between the dise and the cover of the 

crystal to ensure complete annihilation. The annihilation rate (which 

is twice the positron counting rate), as well as the various y-rays 

and X-ray rates, was recorded for each active isotope. 

It is normally a 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 identification of the half-lives of the isotopes 

and their daughters was the purpose of the mass separation. Once the 

half-lives and characteristic y-rays have been assigned, strong un­

separated sources can give further quantitative information. 



-46-

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 ems and at the position used for the separated 

isotopes. A Ce139 standard provided the X-rays, and a Na22 standard, 

the annihilation radiation. Since the absolute efficiencies are known 

at 3 ems (Skarsgard 1955), the efficiencies were calculated for the 

conditions used in the experiments. 

In addition to the 11ld.cksorter11 spectrum analysis, another detecter 

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 "window11 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 suppleménted the energy spectrum 

analysi s gi ven by the 11 !de ksorter 11 • 

(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 

fiL~ to the collecting foil immediately after mas s separation showed 

four lines at the positions of these masses. After a 55 !~v bombardment 

and mass separation on a copper foil, a contact X-ray film exposure of 

several days 1 duration, commencing twelve hours after separation, showed 

lines at mass 139, 137, 135, and 134. 

While the de~ay of Pr137 was the problem which was primarily studied, 
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the information obtained on Prl39; Pr138, Prl36, and the lighter masses 

during the course of this study will also be presented. 

Prl37 

The existence of 1.5 hr Prl37 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 ± 0.1 hr, growing into 

9.0 ± 1 hr. (See Fig. 12). ENidently 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 detectable intensity. 

Fig. 13a shows the Pr137 spectrum in the region from 0 to 1 Mev. An 

upper limi t of about 10% of the annihilation intensi ty can be set on 

undetected y-rays. For high energy transitions, peaks smaller than this 

limit could probably be detected, but at law 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.) Fig. 13b shows a background 

count for the energy range 0 - 1 Mev. 

The K X-ray to positron ratio was calculated approximately by 

comparine 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. 
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The branching ratio is given by 
NK 

f = ÀK = 9\ 0K 
À..r N+ 

b+ 
NK is the intensi ty in the K X-ray peak 

N+ is the intensi ty in the annihilation peak, 

Cl1( is the fluorescent yield for K X-rays of 33 

~K is the counting efficiency for the K X-rays 

divided 

kev 

~+ is the counting efficiency for 511 kev y-rays. 

(1) 

by two 

The K X-ray correction results from competition fron K-Auger electrons. 

The K-fluorescent yield is defined as: 

:n., - XK - XK 
--!\. - VK - AK + XK (2) 

where XK is the number of K vacancies resulting in K X-rays, 

AK is the number of K vacancies resulting in K-Auger electrons, 

VK is the primary number of K shell vacancies. 

A plot of experimental values of XK 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 ŒK = 0.88. 

Of course, ÀK and À+ 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 

0.373. 

1 Average experimental values were NK = 14.0 ± 1 eps., and N+ = 2(5.8±l)cps. 

This gives 
f = 2.05 ± 0.2 for ?rl37. 
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The spectruin o~ ~-·5 ± 0.1 hr Prl39 was also studied. No y-rays 

were found of intensity greater.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 shawn in Fig. l4a and, although small, 

it appeared consistently. The 140 d. cel39 y-ray of 166 kev energy 

became weaY~y evident after the 4.5 hr parent had largely decayed. 

The ratio of K-capture to positron emission was 

f :: 11.3 ± 1.0 

Prl38 displayed a large number of y-rays, in addition to the 

annihilation radiation and X-rays. The half-life \·Tas 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. .~y 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 K X-ray to positron ratio was 

f = 4.5 ± 1.2. 

It should be noted that the K X-ray intensities include contri­

butions from K-conversion electrons. However, it will be sho'Nn in the 

follo~dng 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. 

A praseodymiUin 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-life, 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 backeround radiation 

plays a more significant role than with the other isotopes. This back­

ground is due to scattering and slight contamination from adjacent long 

lived components. 

However, this result provides a definite assignment to Pr136, 

confirming the previo~s 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 limi t of la% of the annihila­

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

Lighter Isotopes 

Wbile 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 acti vi ty. 

At mass 135 no short lived decay was observed, which indicates that 

Pr135 has 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 Lal35 (19 hr), or sorne 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 ionization efficiency of cerium. 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 La135 produced by the decay of cel35 during the 

process will not be large. At 50 Mev, the cel40 (p,2p4n) Lal35 cross 

section will be small compared with the (p,6n) cross section. 

The only consistent interpretation is that Prl35 is sufficiently 

long lived to partially survive the chemistry and mass separation, so 

that sorne Prl35 is emitted from the filament. Since the time lapse fro~ 

the beginning of emission of ions until the start of counting was of 

the arder of 1.5 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 Prl35. 

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). 

8) The Conversion Electron SDectrum 

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 ~-ray spectrometer of 2.1% resolution 

and 1.4% transmission. 

The spectrum revealed a large positron background and an Auger 

electron peak, bath of which gave a composite decay. 

.. ·~ 
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Only the K- ~nd 1- 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 __ K __ ratio 
L+M+ •• 

was 2.2 ± 0.1. ~leak 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 JOO kev 

conversion lines during the decay, and as a result can be assigned to 

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, cornes 

increasingly into the picture until finally it alone remains. 

The intensities of the K-conversion lines at 800 and 160 kev are 

®th about 3% to 5% of the 300 kev ~conversion line . 

lo/eak long li ved 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. 

:re2.c.ti 'rel~, é:Ü r10 !' r• :.'-~~u!'e , b'J.t, in particulur, hc.s cL:rified t :w st<.lndins 



l. 5 1rrs, c:>nfir:dnc earlier :!c:}::ll voJ.;.le 

"">·rl30. 1 0 + 0 1 r: ' ... .. , . . _ •-) ors. 

i::wto~es hns forcecl c. revisi::m of so:::e earlier ·.:or::. Drie:'l~r, t:1e 

res:..ùts are: 

rrl39; possible ';;ea:~ ::!..150 :œv; !10 ot~cers > 5~ of Qnnihilati~m 

radiation 

13 ·:' nr..c. -..... . ' 160 (ne~J), 300, 300, 1040 !:ev confir!:Ü l".~ Dnhlstrœ::, 

severcl less intœ:se ra~rs 

'-'rl37. . ' none ( \·JÏ tb intensi ty > 10;: of .::.n::'li hi l.s.ti on radiatioll) 

?rl36. ~-=me (· • .-1. th intensi t.y > 1 (""\··' of r,;mih.i1ation '. ~ . ) 
' -"-'t"' r8.Q1.3. ùl011 

Cl'v;i!l[ to the so::1ec:hr.t simi1c..r ha1f-li ves, the r.1ass separated 

S:.L"lples have proved po.rticu1ar c.dvantaceO'..l.S in the stuc1y of [/l!:"1n2 

r adiLJ.tions. ?h:1.s previous1y assicned l'Tl39 r~1:'s are c o.nce11ed. The 

lJ'~ 
300 ~cv r::.y of Pr~ "' hm> been nssisned to other i sotopes . Throuch 

-:-:rl38 r -exa::ÜnLJ.tion o: :::2.ss separated ... ~;:. ·.;e11 .::.s 2 2 .1 hr conversion 

electron dec2~r rL.te i t ic cleEr thnt the 3JO ::ev belon:s ~:xcl'lSi vely 

.ü tho·.1;::;h the 160 ~:ev za~na has be en él t tri buted to Prl3 6 by 

H:1.ndley et al (lc)51,)' evidence exact Ly paralle1 to the o.bove proves thd 

it te1on~s to 
13"' ?r~ ~ .. . 

'!'he 300 :œv. trund Hon is the on1y one thd. is str::m~l~r converted. 

~l3 f:X!Ü~.1C the cantri h.ttion of a11 she1ls beyonè. the 1 shel1 to be o.pprox-

i 1:w.t e1y l / ~- the L ::::hel1 contri bè1tion, the observed r:::.tio ... 
L + !-: + 

• r 

zi v es D. vù.ue Î = 
r~terpal~tiol: of t he tubu1o.ted CHlculations of Rose and Goertzel 

(lS'55 ) f or the intern:ü co!:.version coef ficie!1ts , in the case of ~ = 58 
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K 
(mc2), sho~·J 1 = 3.1 for an E3 trar..si ti:m. The 

anly other ~Hl tipolari t:r that cives a value close to the experi!llent al 

res,Jlt is an ?Y}, uhich should produce a lon: half-life for t his enerGY• 

Thu s E3 radi2.tion is favo:.1recl. 

The I\ conversion coefficient, fro::n. the int ernal conversion cc..lcula-

tians, for a 300 ~cev E3 transition is c.K = 0.125. Thus even for the 

extreme case in 1.-:hich lOo;: of the disinte~ra.tions pass thro'.lch the 300 

kev level, the v~tlue of the ::n.easured K X-ray intensi ty for Pr138 would 

be only about 10/; hicher th.::m the trae !\-capt ure intensity. Jince t he 

limit of error in the calculated brQnching r atio is about 25~, this 

contrib1-ltion is neglicible. 

N\1:nerical values have been tabulated for loe f as a function of the 

nuclear enercy difference ":J
0
", ~.d.th the ato.:ci.c ::nc.ss mmber Z as o. 

parœneter. (Feenbert: e:1d Trigg 1950). These values apply for alloued 

transitions. H.:mever, for /:.J = o, ± 1 transi ti ons, i.e. for all 

"allo<md shape" transitions, the 1f 1 vcl.ue is approximately the .sa'Tle 

(Brys:-:: and Rose 1955 ). 

For first forbidden (~J = ± 2) transitions, there is an ener~J 

dependent correction factor. The 1f 1 value is reduced by a factor of 

·.;0 - l 
" ("' +1) ~ ,. _._ 

0 

fron the alloHed value for the sa.--:1e enercy release. For higher 

orders of forbiddenness, the reduction in the bro.nchinz r atio is still 

creater . 

The positron n:axi::n,J.rr. enercies o btained by Dahlstrom (1953) and by 

Handley et al (1954) are listed i n colU!:m 1 of Table II. The n:-1clear 

energy differences 
2 = E (r:J.ev) + O. 511 (mc ) 

0. 511 
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calc~J.lo.ted from their values for "E, the maximu..'!l. enercies, are listed 

in Colur:: .. l1 2. ColU..I:m 3 cives the values of ~;0 ta&:e~ from the los f 

versus '.:0 C1lrves, for Z. = 59. These curves assu..-:J.e thot the transi tian 

is allm..red. 

Thus the re sul ts point to acree.m.ent · .. ri th the for::ner uorkers, and 

to "alloHed shape" transitions, althoueh the possible errors involved 

do not definitely exclude first forbidden transitio:::.s. 

HOi.rever, the branching ratio cives the positron partial half-life 

't+' in ter~s of the total half-life 1 t 1 • It is easily shown that 

t+ = (1 + f) t 

Colurrill 4 lists the locarith~s of the values for 't+' calculated from 

the 'f' ar.d 't' values observed in this v!ork. 

Feenberz and Triee (1950) have also tabulated values for log f(.J
0
,Z), 

the theoretical factor for positron emission, as a function of \~0 , vri th 

Z as a parœ~eter. (It should be noted that this 1f 1 factor refers to 

positron decay only. It is distinct from the X-capture to positron 

ratio factor 1f 1 .) 

';ihen multiplied by the positron partial half-life, the positron 'f' 

factor gives the comparative half-li f e f actor 1f t+'· 

Vc.lues for loG f ·.:ere interpolated for the values of .i0 obtained in 

Colurr.Il 3, \·rhich o..re supported by the inde pendent values in Column 2. 

The su..~ of 1loe f' + 'loc t+' is listed in ColQ~ 5. 

The se calculat i ons fi t Hell i.Ü th the values of l oc f t+ for allo·..;ed 

transi tians, '.·!hich ranze from 4.0 to 5. 7 for even mass nuclei, and from 

4.5 to 6.0 for odd mas J nuclei, 

Fro~ t he r esults of bath the f t + values and t he maxim~ positron 

enercy values, i t appears that the transi tians are allo'.·!ed. 
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T .ABlE II 

Eass E (observed I·fev) ''o (cale. ·~o (cale. log t+ log (ft)+ 
from E) fro::::t f) 

139 1.0 ± :û: 
O.lü 3.0 ± 0.2 3.2 ± 0.1 5.3 ± 0.1 5.6 ± 0.2 

138 1.4 ± 0.1 :û: 3.8 ± 0.3 3.8 ± 0.2 4.6 + 0.1 5-4 ± 0.2 
1.5 ± o.ln 

137 1.8 ± o.1w 1,.. 5 ± 0.2 4.4 ± 0.3 4.2 + 0.2 5.3 ± 0.3 

136 2.0 .± O.l:û: /+.9 ± 0.2 4.8 ± 0.3 4.0 ± 0.2 5.5 ± 0.3 

û - Ha..11dley et al (1955) 

lb! - Dahlstror:1 (1953). 

~\ ne\.Jly observed cround state of cel37 of half-life about 9 hrs was 

indicated in the decay of the l. 5 hr state in Pr137. Eo evidence for 

36 hr Cel37 ~!C.S found via Prl37 • 

V. Study of CeriW!l Fomed from Praseodymiu:n Decay 

(a) Gan::ta-ray Spectru.":l 

Cerium uas bombarded at L,O ~·1ev and the praseodymiu.rn. activi ty produced 

~ms i:nmediately separated chemically. .:î.fter a pe!'iod of 6 hours, durinc 

uhich most of the l. 5 hr. acti vi ty in Prl37 è.ecayed, the dauchter ceriœn 

h'B.S extracted fro:;J. the praseodymiuJn parent. Fortunately, only cel37 

and 140 d Ce139 are produceè. in appreciable qu~ntities. The latter 

exhi bits orüy one y-ra:.r, the 166 kev transi tian. 'l'hus the y- e.nd ~-ray 

spectre. of cel37 C<:'.n be ::otudied in detail >ri th a. ;-:ri.ninur.J. of conta.rninating 

racUn.tions. 

The ceriu.rn daachter, after repeated che:dccl purification cycles 

to remove ell traces of praseodymiu;n, revealed a y-ray transition at 

440 !ŒY and a very stronc X-ray pealc. In t~1e cerium so produced, no 

y-ray 1-ms observeè. in the 250 kev enerey recior... If present, i t was 
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less than JJ, c·:' the 440 kev peak intensi ty. No addi tional "{-rays \-.'ere 

found in Ce13 7, and an upper lini t of O. 255~ 0f the 41:0 kev peak intensi ty 

•...ras set for hit;her enerc;y tre.nsi ti ons. 

The half-life af the 41~0 kev transition vms neasured on t\-ro occasions 

as 9.0 ± 0.3 hr. (Fic . 13). The X-ray also deca:red Hi th a 9.0 J:"l.r period, 

until i t reached ab::ru.t 1% of i ts oriV.nnl value. Then a v:eak tail of 

predo::ninantly 140 d. Cel39 X-rays becaTTle prorninent. Since this bac:<:ground 

correction ·.ms so s!nall, the X-ray intensi ty Has r:-"easured qui te accurately. 

The direct mass separations had shoun that this 9 hr period '.ms 

characteristic of the decay in !:lass 137, and the cherrrl.cal yield has 

sho·.m in add.i tian that this acti vi ty nust be associated v..1. th the decay 

of cel37. !Jo evidence uas found for a further daughter ac ti vi ty, which 

supports the assir;ninent of this 9 hr period to the decay 0f Ce137 to 

lon~ lived Lal37. 
'"' 

I n a portion of tl1e oriGinal cerium target, ho'.tJever, a 255 kev peak 

of lo\·: intensi t;)' \ras observed. It \ms found to have approximately a 30 

hr half-life, Hhich supported i ts association v:i th the 250 !;;:ev y-ray 

observed by previO'.lS '.JOrkers in Cel37; but ShO\.ffi in this thesis to be 

an isomerie state. 

(b) The Conversion Electron Spectrlli~ 

A chemic e.ll:r extracted. ceriu.TU dauchter source, produced frorr.. a 50 

I-rev bombar d.:1ent, •.-ms studied in the thin lens spectrometer . 

The .i.uger electrons provided the only sicnificant pea :-:: . Houever, 

a careful rr..anual scan :ms made over the rr..onentu..'TI. rec;i on carrespondinc 

to about 4L:.O kev '.mconverted y-ray enerey. A very small intensi ty vtas 

observed at the appropriate position. 



-58-

(c) Calculations und Discussion 

The ne~·: 9 hr state in cel37 appears to decay by electron capture, 

as is indicuted by the laree X-ray intensi ty. It presu..rnu.bly coes b 

the ;:round state of long lived r.al37. There is a small branching to a 

440 kev level in Lal37. 

The absolute disintecration rate for the L,.l10 :œv y-ray is easiiy 

obtained frorr: the observed peak intensi ty and the efficiency of countine. 

Ho,_.:ever the absolute intensi ty for electron capture is ~ore difficult 

to find. The branchinc ratio to the 440 kev level can be deterrrined 

from these tuo quanti ties. Since the brancl:ünz is only a s:::tall part 

of the capture events, and since the 4l,O kev transi tien conversion \-JaS 

fmmd to be very small, K-conversion X-rays Hill be insicnificant. Thus 

the r.:.easured K X-ray intensi ty 'NK', corrected for the counter efficiency 

'~K' and the fluorescent yield 1C:..)( 1 gives the prima.ry nwnber of K shell 

vacancies 1vv 1 , due to K-capture. Then if the K- to total capture 
-~ 

ratio is kno·.m, the nu.rnber of capture events can be calculated. 

The theoretical transition probabilities for electron capture from 

the K and L shells have been studied by Brysk and Rose (1955), applyine 

corrections for the finite size of the nucleus and for screening. 

The disintecration enerc;y for electron capture is difficult to 

deterôine, but fortunately the K-capture fraction of the total capture 

varies sloul~r Hi th. the disinteeration energy, for all values considerably 

above the K-capture threshold. Furtherr.:.ore the 1r subshell contribution, 

uhich is responsi ble for most of the L shell contribution, is a ne arly 

constant fraction of the I~-capture, acain for energies considerably 

above the [-capture threshold. 
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The K- to total•capture ratio used in these calculat ions on Cel37 

was obtained from the above data by assuming a zero energy difference 

between Ce137 and La.137. The theoretica1 data is for an 11allowed11 

transition. 

Since a branching to a 440 kev state (k = ;!~ = 0.85) takes place, 

the nuclear energy difference 1W 1 cannot be less than W = 440-511 = -0.15. 
0 0 511 . 

Furthermore, since there is no positron emission, the energy difference 

cannot be much above 1.0. 

Fortunately, the 11 ratio varies very slowly in this region and as 
K 

a result the assumed value is not critical. For W = 0, the ratio 11 = 0.13, 
o K 

111 and K = 0.01. The 1111 contribution is negligible except for a first 

forbidden unique transition, where it is about 12% of the 11 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 1n 1 for the transition probability. In this 

manner a K- to total-capture ratio of 

K 1 
E.C. = 1.21 

was estimated. The accuracy of this ratio shou1d be sufficient for the 

calculations to be made. 

The absolute intensity of 440 kev y-rays 'I ' equals the number of 
y 

capture events to the excited state. The total number of capture events 

equa1s 1.21 times the total number of K-capture events. Thus the branching 

to the 440 kev leve1 is, (using 
Iy f ,. _ _,_....__ 

= 
1.21 xlt 

~ 

Eqn 2, p. 48) 

~ 
ô 

(3) 
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The observed peak counting rates at 3 ems were Ny = 140 eps and NK = 15400 

eps. 

A complication due to the detector itself arises in estimating the 

efficiency for K X-rays. An accurate value of 'ôK' is hard to determine, 

as explained below. 

For energies below lOO kev, the efficiencies given for the detector 

used (Skarsgard 1955) are the computed total counting efficiencies of 

McGowan ~1954). These computed efficiencies are approximate~ 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(Tl) 

crystal. For cerium or lanthanum X-rays, which are about 33 kev in 

energy, this 11 escape peak11 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(Tl) 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 sorne lasses 

will occur due to incomplete geometry, and to absorption in the aluminum 

covers. 

A sirnilar experiment was performed with tantalum X-rays, which are 

approximately 57 kev in energy. Here, both the 57-213 escape peak and the 

peak due to 28 kev iodine X-rays from the opposite detecter were observed. 

This showed that 60% of the escaped X-rays were detected in the opposite 

counter. 
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lüth a single counter, the escape peak for tantalum X-rays was 22% 

of the main peak at 0 cms,and 16.5% at 3 ems. 

Assuming that the efficiencies are about the same in both cases, this 

would indicate that 

12._ x lOO x 16.5 = 12.._ 
lOO 6o 22 100 

or 19% of the cerium X-rays. were not present in the photoelectric peak 

at 3 ems. This means that the 16K' 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-111) component is below the iodine K-edge in energy, 

and thus it contributes nothing to t he escape peak. 

The ratios of the intensi ti es of the K a.1:: K a.2: K~ are respecti v ely 

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 wK = 0.87 for lanthanum 

X-rays (Bergstrom 1955), gives the branching to the 440 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 t he excited 440 

kev l evel . 

( d ) Conclusions 

A pr eviously unknown 9 hr state has been definitely assigned to 

cerium by chemical yields , and to mass 137 by i sotope s eparat i on. 

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

by Brosi and Ketelle (1955). The connection with Prl37 is not disclosed 

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

evidence for the 250 kev 36 hr y-ray attributed to Ce137, 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 Cel37, 

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 Ce135, the 

only other cerium activity produced besides the Lal39(p,3n)Cel37 reaction, 

is a relatively small amount of Cel39. This facilitates the stuQy of 

the y-radiation associated with Ce137. 

The y-ray spectrum revealed very intense X-rays. Strong 255 and 

440 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 shm'fed a composite decay. 

After an initial short life which was fitted to 9 hrs, they a lso decay 

with a 34.4 hr period. No activity which co1.Üd be attributed to the 

decay of La137 was found. 

No positrons were observed. The upper limit on unobserved hieh energy 

y-rays can be set at 0.5/~ of the 800 kev transition. An unsuccessful 

search was also made for lo>'f 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 

equilibrium was reached with the 34.4 hr half-life. The ratio averaged 

over several runs of the X-ray: 255y : 440y : SlOy was 1.00 : O.OSl : 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 lO;.b. For the weaker SlO kev transition, the accuracy should be 

better than 20~L 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 Lal37 daughter of 

Cel37. 

A 4 hour bombardment of La produced very intense Ce137 activity. 

The decay of a small aliquot of the separated cerium was follm·~ed. After 

5.5 days, >•rhen the Ce137 fraction had decayed to about 5% of its initial 

value, the La137 daughter for.med was separated 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 Cel37 immediately present after bombardment was 

calculated to be about 7 x 107 counts per sec. Thus a weak transition 

with a one week half-life must be interpreted as due to sorne extraneous 

activity. 

No X-rays or positrons were observed, indicatinc; th2.t the decay of 

La137 to stable Ba137 is extremely lons lived. 

Assumi:1z lasses of 25% in the chemical extractions, and a lm1er li.rnit 

of 0 .1 eps for t he detection of 33 kev X-ra:rs or annihilo.tion radiation, 

both of uhich are conserv:::tive estim?.tes, zives the 10\·Ter .l imit for the 
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( b) The Conversion Electron Spe ctrum 

yrs. 

(l) The t!1jn-lens spectrometer remüts. 

Sources of Ce137 produced by JO Uev bombardi-:-ents on lanthanum 1vere 

scanned in the thin lens spectrometer. Extremely strons conversion 

electron peaks due to the 255 kev transition ivere observed. The half-

lives ivere 34.4 ~ 0.3 hrs. Fig. 19 illustrates the decay of the K-conver-

sion peak. The K/L+H+ ••• ratio 1vas measured as 2.3 ~ 0.1. Fig. 20 shoNs 

a typical conversion spectrum for the 255 kev transition. 

The comparatively weak conversion electron peaks for the 440 ~ 5 kev 

y-ray are illustrated in Fis. 21. The K/L+H+ ••• ratio was 5.0 + 0.5. 

The veF-J 1veak 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 tha.t there were 

actually a group of several close~v 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. Hovœver, for the stroneest component, the K/L+H+... re.tio 

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, 440, and 812 kev respectively 

averaged 1:5.35 x 10-4:2 x 10-5• These ratios shou1d be accurate to 

wi th in 107b • 
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A manual scan showed no low energy conversion peaks above 10 kev 

(ether than those due to t he Auger electrons) which were detectable above 

the 200 cpm background. This was for a source giving 2 x 106 cpm in the 

255 y-ray K-conversion peak, and thus the limits on low energy conversions 

can be made very small. 

A possible transition from sorne of the 812 kev group to the 440 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 t han 

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 t he 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 f or t he conversion coefficient 

N 6 
a - .JS. - 1.51 x 10 cpm x lOO 4 8 

K - N - 3.18 x 107 cpm = • • 
y 

This value is accurate to within 30%. 

Comparison with the K-conversion coefficients for 2 = 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° Spectrogr aph Conversion Results 

I t has been found t hat the decay of Prl37 gives r ise only t o the 

9 hr decay in Ce137, while Cel3? produced directly by proton bombardrnent 

of lanthanum eJC~ibits a 34.4 hr period in addi tion. The 440 kev y-ray 

is present i n both cases, whereas the 255 kev y-ray is character istic 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 La137, following electron 

capture in Ce137, and suggest its assignrnent to a long lived isomerie 

state in Ce137• 

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 corresponding 

electron binding energy differences in the two elements. 

These measurements were obtained with a high resolution (0.2%) 

sernicircular spectrograph. The source was prepared by the novel teflon 

trough method described earlier. 

The instrument was calibrated with the standard F, I, 1, lines in 

the thorium (B + C + c11) spectrum. The energies of the conversion lines 

were then calculated from the measured radii of curvature and the calibrated 

magnetic field. 

The K, 11, 111, 1111, H and N shell conversion lines of the 255 kev 

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

Table III. 

TABLE III 

Line K N 

Energy (kev) 214.02 253.33 254.41 

These energies are accurate to about + 0.2 kev. 

In Table IV the energy differences are compared with the electron 

binding energy differences in cerium and lanthanum. 
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TABLE IV 

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

(kev) 

K - 11 34.11 33.87 32.66 

K - 111 34.44 34.26 33.02 

K-1111 34-90 34.70 33-43 

K-M 39.31 .39.2 37.8 

K-N 40 • .39 40 .2 .38.7 

111-11 0.3.3 0 • .39 0 • .36 

1111-11 0.79 0.8.3 0.77 

1111-111 0.46 0.44 0.41 

On the basis of the com:t:arison, especially of t he 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 Ce1.37. 

For t he 254.5 kev conversion electron plate obtained, estimat es 

were made of the intensity ratios for t he 1 lines by visua1 examination 

of the plate itself, and by measurements on t he peak hei ghts obtained on 

a rnicrophotometer trace. (Fi g . 2.3). 

Table V lists t he estimated L conversion coefficient rat ios, t he K/L 

r atio measured in the thin-lens spectrometer, and for comparison, the 

values of the se r atios for MJ, M4, and 115 transitions for Z = 58 f rom 

t he theoretical values of Rose et al (1955). 

TABLE V 

Ratio Measured Cal culated Calculated Calculated 
and estimated M3 M4 M5 

K/L 2.9t 4-4 .3.0 1.8 

11 
.3 to 6 

Lu 
5.7 4.3 .3.5 

11 
1.5 

1111 
4.1 1.75 1.0 

111 0 . 25 to 0 . 5 0 .7 0 . 41 0.3 
1111 
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ù 
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 srnallness of the 111 contribution. A 

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 }~ transition. 

This result is consistent with the result obtained earlier for the 

calculation of the K-conversion coefficient. 

VII. Investigation of Coincidences 

A study was made of the coïncidence relationship of the 440 and 255 

kev y-rays to the X-rays. The block diagram in Fig. 24 illustrates the 

11 fast-slow11 coincidence circuit employed. 

The lead baffle prevents the occurrence of false coincidences due 

to radiation scattered from one detecter to the other. The detectors, 

which are approximately identical, are placed equidistant from the source. 

The output of detecter 1 is amplified and fed into the final gating 

circuit. The output of detecter 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 l~ich, by the use of a delay line and diode detecter, 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 

detecter 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 detecter 1 are let through and are recorded as events. The resolving 

time was set at 50 x 10-9 sec. 

By introducing a large delay into the output of the fast coincidence 

unit, true coincidences can be prevented, and the chance rate 'Nch' 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 1N2
1 of all pulses from detecter 1 was 

2.68 x 105 cpm at a standard time used in the calculations. The channel 

singles counting rate 1N1
1 of all pulses passing through the window was 

2400 cpm. The measured coïncidence rate (true plus chance) was 

~g6 = 3.4 cpm. By introducing 0.4 x 10-6 sec de~ to the fast coincidence 

output, true coincidences are eliminated and only the chance rate is 

obtained. This gave ~ = 0.6 cpm. This is consistent with the calculated 

rate_, 

Nch == G' N1N2 = 50 x 10-9 x 2.68 x 105 x~ ,= 0.55 cpm. 

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 

Ne = N ô2 ô1 

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

ô2 is the efficiency of detector 2 for the y-ray 

ô1 is the efficiency of detecter 1 for X-rqys. 
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Now N b 2 = 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 measurernents. 

For a distance of about 13 ems from the detectors to the source, 

the X-ray efficiency of detector 1 was estimated to be about 0.004· 

This gi. ves N = 951 x .004 Y' 4.0 cpm colllp3.red with the observed c 

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). Gare was 

taken to exclude the 166 kev Cel39 y-ray from the window region. 

The true plus chance rate obtained from a 10.8 hr count 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 coïncidence rate 

would be N = 12010 x 0.005 = 60 cpm. This showed that, except for a c 

small component, there were no coincidences with the 255 kev y-ray. 

In partial explanation of the above apparent coincidences, the 

Compton continuum. of t he 440 kev y-ray in the energy range of t he window 

will be in coincidence 1-r.ith 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 r ate. 
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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 peak, 

plus sorne 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 1-rith themselves. 

(c) 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-rqys, as is to be expected. 

The 255 kev y-ray resulting from the isomerie transition in Cel37 

did not produce coincidences with X-ra:ys, 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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VIII. :~ Proposed Decœr 3che:ne for the :.fu.ss 137 Chain 

It has been shot-m that l. 5 hr PrlJ? decay~ by ~=>.n allo•ded transi ti on 

to a C).O hr cro•md state in Ce137. This state then predo:rninantly decays 

to the cround state of Lal37, wi th a small branchine; to a lt/ .. 0 !cev exci ted 

state. ~b ether y-rays Here found associe.ted v!i th this r.lechB.nism. 

Since the ratio of the 255 kev to 440 :-::ev K-conversion peak is 

e:xceptionally hich in the cerium from a lanthanum tareet, this ratio 

may serve as a very sensitive detector of any branching fro:n Pr137 to 

Ce137n. ~~hen this test 1.-ras made on the ceritun produced fro:!l decay of 

Prl37, the ratio fell ta the trace value of 0.8% - a value Hhich indeed 

:T.ay re?resent only chemical impurity due to cel37r.l produceè. by (p,pxn) 

reactions. Thus the val'le 0. 8% represents only an upper lirni t for · 

brancbinr ta cel37n. 

137 'The various exreri:nents conducted on t:'. ~ce70 :produced fro!:l 1anth<J.mL'n. 
/ ~ ,1 

bo:1bard~e~ts cll S!.tp?o!'t the iso:neric t ransition assi:n!!lent. This re:::ult 

ü : consistent '.·ri th predicti ons based on the 1:eho.vionr of other isotopes 

Hith odd values of 1 JI~ 1 'c!hich lie ~ust beloH ":::::J.;::ic mL":lbers ". These 

"islc.nds of isœnerisr1.11 cive ri se to lon;: li ved EJ ::>r )·~- iso::ners, for 

odù ' -~ 1 i soto:::'es . (G:üdhe.ber and Hill 1952) • 

-~ss,_L':Jir.c the 255 ::ev tr[lnsition h~.s an lU,. :::~u1tiro1arit~r, and '.ldn~ 

th;::: ·.:-cor:;;ersi.on coefficient aK = 5. 63 obtnned fro~:~ the vulues of Rose 

et c.1 (195~ ), the J:-coYlverdon coefficient f or the 41/J :ce.v t!'.?.nsi tion 

r:2o.y n -::>H be obtrùned c:t.!i te o.ccurEJ.tely . 

The r :::.ti::>s of tl:e y-re.~' :_l:l.d :-r:q :pec.:-::s for :,he L40 ::ev o.nè. 255 ::ev 

tr[:nsiti0!1s , co::bined ';Jith :-':!~ = 5. 63 for the 255 tr3.nsiti ·::>n , cive 

G.;( = 0.012 ± 0 . 002 :f'or the ~//J kev transition . Th~ ap:[)ropri ate inter-

~o1o.ted theoreticul v~l~les are 0.K = 0.010 for ~2, c.nà c.rc = o. 017 for ).';]_. 
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:·;o other nul ti IJolo.ri ti es êli'e close to the experiDentr:.l values. 

The :YL ratio excludes an ;.::J._ in favour of on E2 transi ti on. "."h8 

theoretico.l vr•.l:1es c.re K/L = 6.0 for E2, and :tVL = 8.1 for :!1. The 

experi'::ent:ü vr:.1ue, ~.ssu.TJlJ.n: o. 25~~ :-:+... con~ .. ri h.ltion 1 cives IVL = 6. 27. 

This excbcles r. IJredo!':".inantly :t·:l transi tian, but a sillall acl'lixture e>f ~:L 

to the -s;:: tr:::.nsi tio:-1 uould be possible. 

For the :1ot :r~;soJved, so t::n.t 

estir:l~"'.tes of tho ::C-converdon coefficients of the co:J.p0nents cannat be 

c ul8.ted fro.~1 the rel& ti ve intensi ti es of i ts y-rrè:,r to that o.f t'he 255 

keY transi tirm. 

The total disintegration rate 1I1
1 of the Ce137m state is 

where eJ.r is the total conversion coefficier~t 

:~ev 'b,r::-~.!c'_-,~ ':".u-. • -ontr;b·ut .: "'~) , ;..'.é' r,_,. •..; _._ J..L.w.'.! o 

~:.:ti on af t'w ~12 ::cr ,::;ro,.rp is o.co.in i;:nored). r::'he vd..1e :or the GL2 
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The branching to the 440 :-::ev level can be obtained in an analos ous 

:nanner. In this case, hov1ever, the disintecration r &.te I? of the ground 

5:2 
state, in equili briu:n ui th the 34.4 hr period, is I'? = , Il 

'- ;,2 - }.1 
·.vhere > ... 2 and ),1 are the appropriate ground state and isomerie state 

decay constants respectively. 

~~ppl;yinc the raeasured values of t he 255 and !~ 0 y-ray i ntensi t ies 

the value of the 440 branchi~e ratio is 

f = 2.0% (4) 

This r es:.ùt assu:nes, apart from the N4 K-conversion coefficient, 

only the Y/1+ ••• ratio, the h:üf-lives, and the y-ray intensities. 

The 440 branching ratio can be obtained inderenden:tly in terms 

of t he X-ray int e:::si t ies, wi t hout nald.ne any a ssu.111pt i on concerning an 

114 transi t ian. !~nin 

arr 
Il = Iy (1 + Œtr) = Iy + a~ I:'=l/u:K 

\lhere I ,_ is t he Cel3?::J.. K X-ray intens i t y, and <:Jr.:'" is the fluorescent <•1 !>. 

;yi eld. The t ot al nu."!lber of capture events t o Lal37 i s I 2 = 1. 21 r,,.. / :.;:.,, 
··2 .. 

vihere I ,, is t he Lal37 K X-ray intensity and 1. 21 is t he total to K-capture 
:~'"\ 

.:. 

r atio. 

I cnoring t he snall 'Sx and ~\ differer:r.~ es bet Heen cerium and l anthanwn, 

the X-rays can be added indiscrirninatel~r· From t he r atio of t he tate~ K 

+ r ,,. to ry, the branchinr: ratio can he obtni.ned 
"2 L 

èy sol vi ng t he equ ations above, 13i vine 

(5) 

T~1e val'J.es ohta.ined for 1 f 1 by t v!O i ndependent CŒ!lpL~t c.tions 

i nvolvi n;:; the X-ray efficiencies are 3.1;-'; f or the c;round state onl~r, 

(:::e;. 1n 3) nnd 3.~ f or t he case of the cround sta te in eq'Jilibriw:: Hith 

the i somerie t r e.:'"lsi t ion (E'c.~ l n 5). 
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ve:J: .. te of z:_. obt<lir:eè. ln E'ir... (~. ), a.SS'.l.:::ins ~n :.:;.,. t:!:'~:nsi tian. The la.tter 

vcl'.le is probt:'.bly t!1e most accur~te, since i t involves r:o approY..i::w.tians 

concerni:.-J.S the X-r::~r efficie!lcies. 

J':18 slicht discrepe.ncy is proba.bly due to too lo·.1 ar.. !:'!stinate of 

the In <.'.dè.i tian, the vulic~i ty of the Eenc;rr..lly 

c.sst'.::ted v:ùues for 1 ... he fluoresce:1t yielc1 h:.:~ve bgen suestioned (Prnet~ 

In <.my event the discrepQncy is c. ~nor one • 

• 1. tent:::.ti ve deco.~' sche.::::.e is ill'J.st:!:'ated ill 27. 
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