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St.tMMA:RY 

Followine the 1rrad1ati?n of thorium. wi th 90 Mev. protons, 

two new alpha activitiee of 0.57 r 0.15 seconds and 2.0 r 0.3 seconde 

were observed. The 0.57 second activity bas been ase1gned to a 

neutron deficient isotope of thorium, 
90

Th224• The presence of this 

· isotope bad been previously established through i te appearence in the 

u-228 series. Thè half -life bad not been measured. 

On the beais of aystemetics, the 2.0 second period bas been 

asaigned to an isotope of protactinium 
91

Pa225. This isotope is a 

member ôf a new alpha decay series, collateral to the 4n + 1 neptunium 

seriee. The alpha particle energies of the m.embers of this chain have 

been measured. The series is given as 

The cross sections for the production of these isotopes by 

90 Mev. protons have been eati:mated as 

o- (Th224) ..-- 1 milli-barn 

cr {Pa225) ""'-" ~.3 1111111-barn. 
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I. INTRODUCTION 

General 

During the paat few y-eara a large amount of infor:tilation bas 

become evailable concerning the elements in the region of the periodic 

teble above lead. A aufficient number of new isotopes which decey- by­

elpha perticle emission have been produced to permit the regul.aritiee 

in behaviour to be tabulated. It wae these regularit1ee 1 as pointed 

out by- varioue workers, that led to the present investigation into this 

region by- the author. As a result of this reeearch, an empirical plot 

hae been made whereby- the partial alpha half-life of an isotope decay-ing 

by- elpha particle emission may- be predicted. The conclusions to be 

drawn from this plot resulted in a eearch for protectinium maas nu.mber 

225. This al.pha emitting isotope hae been produced by the proton beem 

in the McGill Synchrocyclotron, and ite half-l.ife m.eaeured as 2.0 .t 0.3 

seconda, in good agreement with the predicted value. The essigllllent of 

this period to Pa225 has been made on the basie of the ayetematice of 

the alpha emitters. In addition, en alpha emitter with a half-life of 

0.57 ! 0.15 seconda has been observed. This activity has been aasigned 

to 9l)Th224 • 

Historical 

The etudy of alpha particle emission has been of great interest 
(1) 

since it wes tiret shawn by Geiger and Nuttall that there exista an 

empiricel relation between the al.pha particle range and the decay constant 

for the œturally occurri:ng alpha emitters. This relation was ex:preseed 

in the for11 

log t. = a + b log R •••••••••••••• (1) 

where ~ is the decay constent, ~ is the range of the alpha particl.e, 

1 is a constant for the three naturally occurri:ng seriee 1 and .! is a 

constant for any one series but different for each of the three. This 
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diecovery remained an empirical fact until the advent of Quantum 

Mechanice provided the method whereby a satiefactory explanation for 
(2 3 4) 

this relationship could be obtained ' ' • The application of a 

quantum mechanical treatment to the proceas of alpha decay yielded the 

expression 

where 

log À • log! 
r 

2nzza2 
-fi v 

). ia the decay constant 

î 
+ (~) (2 zZmr) ••••••••••••• (2) 

v ia the relative velocity of the alpha particle 

r ia the radius of the nucleus form.ed in the disintegration 

z ia the charge of the alpha particle 

Z is the charge of the daughter nucleus 

e is the electronic charge 

11 ia Planck's constant divided by 2 l'l' 

m 1s the maas of the alpha particle. 

This equation ia equivalent to(~},provided the nuclear radius~ 

remains constant. With the information available before 1939, this 

appeared to be the case. 

SY!tematics 

The completion of high energy particle acceleratora hae made 

possible the production of a great ma~ new radioactive isotopes that 

decay by alpha particle emission. In the region above lead, more than 

aeventy-five alpha active isotopes have been discovered, in addition to 

the naturel decay chains. The availabili ty of so much information in 

this neighbourhood has reaulted in a study of the systematics of the 

alpha emittera by various authors(5, 6,7,B,9,lO,ll). 

The general trends have been shown up by theae authors in a 

number of ways but probably the most useful ia the method of Perlman(7). 
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In this case the alpha dieintegration energy* is plotted against maas 

n\Dlber, with the points of constant Z joined together. From this plot 

it is apparent that for any element, the lower the mase number, the 

greater the disintegration energy, until isotopes containing 127 neutrons 

are reached. At this point there 1a a sharp break, with the originel 

trend reappearing to a certain extent in isotopes conta1n1ng 126 neutrons 

or lese. In the region above 127 neutrons, this representation resulta 

in a family of nearly parallel lines, with the feature that dieintegration 

energies of as yet undiscovered isotopes may be eetimeted. 

In addition to this method of indicating the general trends, 

alpha halt -lite versus alpha dis integration energy for the various classes 

** of nuclei (even-even , even-odd, odd-even, odd-odd) have been plotted. 

From these diagrame it is possible to observe definite regul.erities on1y 

tor the even-even alpha emi tters. The remaining classes indice te helt-

lives in excess of those predicted from. the alpha disintegration energy 

on the basie of the Geiger-Nuttall relation. The factor by which the 

halt -life e:x:ceeds the ù:pected value shows no regul.eri ty for these tbree 

cl.essee. In tact it ia thougb.t that in many cases the ground atate alpha 

transition hes not been obaerved, reeulting in the departure factor being 

too low. 

The usefulness of any of these plots ie measured by the infor­

mation that may be obtained from. them concerning as yet undiscovered 

isotopes. Such qu.antities es halt-lif'e and alpha particle energy govern 

the techniques whereby an isotope 1s investigated. Accordingly 1 in the 

* Following the adopted practice, alpha disintegration energy is em;ployed 
to denote the total energy of the ground state transition, including the 
energy of the recoil nucleus. 

** This term. refera to the number of protons and neutrons in the nucleus. 
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aearch for ne~ isotopes, it is important to be able to predict w1th1n 

an arder of magnitude the half-11fe, and to ~ithin a few million electron 

volts, the energy. 

Predictions 

In arder to determine ~hether it ia possible to predict alpha 

particle half-lives, a plot ~as made of the logarithm of the alpha half-

life against the maas number. The value plotted here is the partial 

alpha half-life. This quantity is obtained by taking into account 

branching ratios where they are known to occur. In the region under con.-

sideration, the two competing modes of decay are alpha particle emission 

and orbital electron capture or beta emission. Assuming that there are 

t~o modes of decay, we have, 

dN = - AN • - ( ::\al + ';\,ta )N 
dt 

where A al and Àf2' are the decay constants for alpha emission and orbital 

electron capture or beta emission respectively. 

1 :;:; .! + .! 
t t<>l t/3 

Now 

where t 1s the meaeured half-11f'e of' the decay and the subsoripts refer 

to the t~o processes. 

A lao 

theref'ore •.•.•.•.•.•. ( 3) 

In this expression the half-life ! and the branching ratio 

are known and henoe the alpha half'-lif'e may be calculated. In 
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maey cases the branchi:cg ratios are not well known, but the estimatea 

are probably good to within ten percent. The result of this plot is 

shown in Plate I. By Joini:cg points of the seme mesa type (even-even, 

etc.), for any element, it ie eeen that a family of curvee ie obtained. 

The general trends show up in the seme manner as in the plots mentioned 

above, but in this case a fair estimate is available of the half-life. 

Examination of this diagram resulted in the prediction that 

an isotope of protactinium, element number 91, containing 225 nucleons 

should decay by alpha partiels emission with a half-life of from two to 

three seconde. Other predictions could be made but the decision to 

search for this isotope waa governed by the availability of targeta and 

the maximum energy of the proton beam in the McGill Synchrocyclotron*. 

In estimating the posaibility of forming this nucleus, use 

was made of the evaporation model of nuclear reactions(l2). This model 

has been tested at lower energies in this region and found to be valid{l3). 

The basic assumption ia that the compound nucleus formed in a highly 

excited etete, evaporates neutrons having an average energy of 2 or 3 

Mev. The emission of a proton ia aleo possible but becauae of the 

coulomb barrier, the probability is muoh lesa than for neutron emission. 

The number of neutrons evaparated from any nucleus with a given excitation 

energy depends upon the binding energy of the neutrons to that nucleus. 
232 In the case of thorium, the binding energy of the last neutron in Th 

has been measured as 6.0! 0.05 Mev.<14>. Taking this value as being 

approximately the seme far the binding energies of the neutrons to the 

compound nucleus Th232+ p, the threshold for evaporation of eight 

neutrons would be in the neighbourhood of 42 Mev.,plus the difference 

* The maximum energy of the proton beam ia lOO Mev. The term 
synchrocyclotron will be replaced hereafter by cyclotron. 
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between the proton and neutron binding energies. The fa ct that in 

the lower maas numbers the neutron binding -energy will increase slightly 

would result in the threshold being higher by a few Mev. Rowever, 

from this model it wss possible to say thst the reaction would certainly 

proceed at the proton energies availsble in the cyclotron. 

It is important to note that all nuclei in this region are 

energetically unstsble to alpha particle emission to a greater or 

lesser extent. The isotope 
91

Pa 225 decays by alpha emission to 89Ac
221

, 

217 
which is 1 tself unstable 1 decaying to 

87
Fr which in turn emi ta an 

alpha partiels to resch 
8 

At213 which finally alpha decays to stable 

209 
5 

8jBi • It can be said with little likelihood of experimental con-

tradiction, that the half-lives of the daughters of 
91

Pa225 will de­

cresse wi th decreasing maas number and that the alpha particle energies 

will increase in the seme manner. The half -life of any member of the 

chain will be lees than ita parent by appraximately a factor of ten. 

As a result of this, there should be four alp~ particle groups 

225 
decaying wi th the half -life of the parent nucleus Pa • Of partic-

213 ular interest is the energy of the alpha perticle emitted by 
85

At • 

This isotope of astatine hae 128 neutrons and it ie expected that 

the alpha partie le emi tted from this nucleus will be more energetic 

than any preeently k:nown, with the exception of the long range parti-
1 1 

cles emitted in small percentages by RaO and ThO • The value for 
(8) 

the alpha disintegration energy has been predicted as 9.2 Mev. 

The alpha partiels energy as meesured in this experiment resulta in 

an alpha disintegration energy in good agreement with the expected 

value. 
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II. EXPERIMENTAL MBI'IiOD 

General 

The predicted value of two to three seconds for the half­

life of 91Pa225 indicated that use ahould be made of the exiating 

rapid target extractor which has been deecribed in detail previoualy(l5,l6). 

This apparatus permits the study of isotopes whose half-lives extend 

down to about one-fifth of a second. The additional requirement to 

adapt this instrument to the meaaurement of the half-llves of alpha 

emitting isotopes was the construction of an alpha particle detector 

which would be insensitive to beta, gamma or X-raya. Such a detector 

was conetructed. 

In arder to measure the energy of the alpha partiales, a 

photographie plate technique employing nuclear emulsions was adopted. 

This method invol.ved the registretion of alpha tracks in type D-1 Ilford 

emulsions and the subsequent track counting with h1atogram representation. 

The considerations which le..d to the adoption of this method will be 

discuased below. 

Rapid Target EXtractor 

In the measurement of activit1es whoee half-livee are of the 

order of one second, it is not possible, with the exception of a few 

cases, to undertake a chemical separation. The target is mounted on a 

bolder that runa on a track ineide a atainleaa steel tube which is in-

serted into the vacuum chamber through the probe gate. The back end 

of the bolder is attached to a rod which rune through a vacuum seal. to 

a piston chamber. By the application of compressed air to the piston, 

the target may be withdrawn from the bombardment position to the counting 



-8-

position, which ia still in the main vacuum, in a time of the order 

of one-fifth of a second. At the counting position there ia a housing 

into which the counter assembly ia inserted. A vacuum aeal ia main­

tained by this aaeembly at the housing so that all counting is carried 

out without diaturbing the vacuum system of the cyclotron. 

The recording of half-lives is carried out at a location in 

the tunnel well removed from the cyclotron itself. The signal is fed 

up a coaxial line and into an A tomic Instruments Linear Amplifier. 

The diacriminator output 1s coupled to a counting rate meter and to a 

Berkeley Model 2000 ecaler. The output from the counting rate mater 

ia applied to the horizontal deflecting plates of a Dumont 241 oscil­

loscope fitted with a Fairchild Oscillo-Record camera. A selected 

linear sweep is applied to the vertical plates and brightening pulses 

at a predetermined repetition rate are applied to the z-axis amplifier. 

This display is photographed during the decay and is analyaed to 

obtain the half-life. In arder to prov1de an abcisaa, a base line is 

photographed on the seme frame prior to each exposure. At the same time 

that the output of the counting rate meter is being photographed, the 

ecaler ia in operation for a predetermined length of time, as a rule 

for a few half-lives. Following the display on the oscilloscope, 

which usually covers four or fi ve half -lives, the background counting 

rate is recorded from the ecaler. The cycle of operation lasts a few 

minutes, and then may be repeated. A block diagram of the apparatus 

is shown in Figure 1. 

In deal1ng with short lived activitiea, it is convenient to 

radiate the target only for a period equal to one or two half-lives. 

If there are longer lived act1vit1es present, longer bombardments will 
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only serve to increase the amou.nt of background. Precise and repro-

ducible radiations are obtained with the aid of the cyclotron oecillator 

pulser{l7). The pulsed oscillator is set in operation and after a 

desired length of time, 1s automatically ehut off. At the eame time, 

the target is extracted to the cou.nting position. When it arrives 

there, the recording of the decay as described above is commenced. 

After initiating the pulser, all operations are automatic until the 

background is measured on the ecaler. This arrangement removes the 

element of human error as nearly as possible from the operation, and 

allowe for reproducib111ty which 1s important when comparative resulte 

are reguired. 

Alpha Particle Detecter 

The two main featurea that ahould be incorporated into a 

detecter to register alpha particles are low aensitivity to other radi-

ationa and good counting geometry with respect to the target. Both 

theae requirements have been met w1th the use of a zinc sulphide ecreen 

viewed through a short lucite light piper by a photomultipl1er tube. 

This arrangement haa several advantages over the use of a 

proportional counter. Since the sources employed for the half-life 

meaaurements were infinitely thick far alpha particles, the distribution 

in energies would be from zero up to the maximum. In order to take ad-

ventage of as many disintegrations as possible, there ehould be the 

minimum amou.nt of absorbing materiel between the source and the detecter. 

In the case of the zinc sulphide detector, the only requirement ie a 

light shield to protect the photomultiplier tube. A proportional oounter 

on the other hand, reguires a window which ia much thioker, thua cutting 
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down on the ef'ficiency of' detection. Another consideration is that 

since the target remains in the vacuum. throughout, the detector muet 

aleo e.xtend onto the vacuum. system. In order to mintain good counting 

geometry wi th a proportions! counter, 1. e. large window, 1 t would be 

necessary to employ a thick window to saf'eguard the vacuum.. This un­

desirable feature is removed by the present arrangement in which the 

lucite rod acte as the vacuum eeal. 

The type of photomultiplier eçloyed is the RC.A 5819. This 

tube has a large sensitive area which allowe good counting geom.etry 

without the necessity of employins a truncated cone. The spectral 
0 

reaponse of' the 5819 peaks at 48oo A with a range of' maximum value 

given by the manuf'acturers from 4300 i to 5300 Î. In choosing the type 

of zinc sulph1de to be em;ployed, it is desirable to match as nearly as 

possible the response of the phototube. The two types of zinc sulphide 

available for use as scintillation detectors are zinc sulphide acti­
(18) 

vated with copper, havins an emission wavelength of 5200 Î and 
0 

silver activated zinc sulphide whose emission wavelength is 4500 A. 

RC.A 33-Z-20A ZnS:.Ag haa been employed eince ita emission time is con-

siderably lesa. 

The zinc sulphide screen is prepared by traneferring the 

adhesive part of scotch tape to a thin sheet of mica. This ie accompli-

shed by placing scotch tape in a solution of petroleUJt ether for a few 

seconds and then reJJ.OTing the adhesive materiel which dissolves to a 

certain e.:x:tent in this solvant. .After spreading a uniform layer over 

the mica, the ZnS:.Ag ie powdered on with a fine nylon brueh and the 

e.:x:cees tapped off. The adhering layer ie very firmly held and appeara 

to be guite uniform. This method is fairly reproducible, givins rise 
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to a thickness of approximately 3.8 ms/cm2• 

The lucite light piper is surrounded with aluminum foil 

to act as a reflector, outaide of which is wrapped scotch tape with 

the adhesiv-e outwards. The mica ecreep. is placed on one end of the 

lucite rod and covered wi th five layera of beaten aluminum foil, the 
2 

total thicknesa being 0.9 mg/cm • This foil is held in place by the 

scotch tape and the whole nose is light tight. The opposite end of 

the rod is flared, and reste against an 0-ring to provide a vacuum 

eeal. The surface of this end is shaped as nearly as possible to fit 

the glass envelope at the photo sensitive surface of the 5819. 

The effect of the magnetic field of the cyclotron on the 

operation of the phototube is overcome by means of magnetic shielding. 

Two concentr1c cylinders of soft iron tubing are placed around the tube 

in addition to the r -metal shield that is used under normal circumstances. 

This arrangement forme a vacuum tight unit which is inserted into the 

housing of the rapid target extractar. 

The preampl1fier circuit ia built into the back end of the 

shielding unit. The output pulse from the phototube is inverted and 

pasaed through a cathode follower which feeds the one hundred feet of 

coaxial line between the cycl.otron and the recording uni ts. The cir-
{19) 

cuits are baeed on those described elsewhere • The time constants 

of the input and output of the inverter have been made equal to the 
(20) 

decay constant of the phoaphor, as has been suggeated previoualy • 

The entire unit is shown in Plate II. 

The unit waa tested to determine the effect of beta and 

gamme background on the operation of the counter. In the presence of 

up to 15 r/hr. of ionizing radiation originat1ng from beta and gamma 
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rays, there was no detectable count above ordinary tube noise. At the 

same time, the ability of the counter to detect alpha particles was 

not 1mpa1red. 

Counting Losses 

Since the decay time of the phosphor has been variously re-
(21,22) . 

ported as 2-10 micro-seconds, the affect of resolving time on 

the recorded counting rate becom.ea important. 

The true counting rate N as a function of the recorded counting 

(23) 
rate R may be expreased in the form of a power series 1 

N • R + 1:' R2 + .v R3 +- ----

The parameters ...!. and .l:!.. must be evaluated in order to determine the 

true counting rate. 

In the case where the counting !osses are not considerable, 

i.e. roughly lesa than twenty percent, the second correction term. may 

be neglected. The first approximation is then 

The actual value of ..!_ may be obtained in the following way. 

Two sources of approximately the asme strength are counted separately 

and together. If the recorded counting ratee per second are Ra, Rb 

and Ra+b' then tt follows that 

t: • Ra +" Rb - Ra+b - b aec/count ••••••••••••• (4) 

2 2 2 
Rat-b - Ra - Rb 

where b is the background counting rate. 

The values obtained for J( at different counting rates en­

compaasing thoae encountered in practice are liated in Table 1. 
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Table 1 

R 1\ Ra+b 1:' a 
c/sec. c/sec. c/aec. sec/c. 

8506 3591 ll328 17.9 x 10 
-6 

6o31 2961 8520 17.3 x 10 
:..6 

996 498 1481 17.1 x 10 -6 

5867 5595 10874 15.1 x lo-6 

't' 6 -r -6 The average value obtained for ~ is 1 .9 - 1.22 x 10 • 

Nuclear Emulsion Technique 

The foremost consideration of any technique employed to 

obtain alpha partiale energies is that the source be thin. In cases 

where chem1etry ia performed after bombardment, this candi ti on is readily 

fulfilled. In the present case, however, a chem1cal separation is not 

carried out, with the result that the target must also serve as a source. 

Any source that is thin for alpha partiales of the arder of ten million 

electron volts, is extremely thin to protons of from 50 to lOO Mev. 

Under these circumstances the number of collisions made by the proton 

beam will be small, reeulting in a very law counting rate. As was 

pointed out above, the measured hal:f-life ie that of an al.pha emitting 

parent which decays through three al.pha emitting daughters to stable 

bismuth. It is the energies of these four alpha partiales that are to 

be measured, and hence there will be a factor of four lesa than the 

number available for half-life measurements. 

The standard method of meaauring alpha particle energies ia by 

the use of a proportional counter or ionization chamber. Either of 

theee arrangements, coupled with a channel aœlyser, would give satie-
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tac tory resulte under normal ciroumstances. In the case of low oounting 

rates auch as those encountered in this experiment, the poor geom.etry 

resulting atter collimation of the alpha particles would lesve too few 

counts par channel to be of any signi:fioance. In the case ot short 

half-lives,. the use of a single channel analyser requirea repeated bom-

bardm.ents wi th the resulting incree se in background from the other 

alpha emitters present. 

The use of ZnS :Ag as a m.eana of measuring alpha particle 

energies bas been inveatigeted by severa! workera(2l, 22 , 24>, and the 

au thor. In ali reported casee the epread in pulse height of a mono­

chroma tic alpha beam. was :found to be too large to be of any use. This 

spread in pulse height bee been a~tributed to acattering of the light 

in the powder. 

In the nuclear emulsion technique employed in this ex:periment, 

no attempt was mde to measure half-lives in conjunction with alpha 

partiels energies. The terget was bombarded for a short period and then 

rapidly placed naxt an Ilford t1};le D-1 nucleer emulsion. Following a 

short exposure to the photographie plate, the target was removed so that 

no further alpha particles could regiater in the emu.lsion. This practice 

was adopted to reduce to a minimum the traclœ caueed by longer lived 

alpha activities which are present as a background. The traclœ recorded 

during the eJC_poaure were measured and the equivalent energies calculated, 

mking use of the range-energy relation :for alpha particles in Ilford 
(25) 

emu.leions as determined by Lattee et al • A histogram. plot wae then 

made to show the alpha particle groupe of the new seriee. 

Since the nuclear plate muet remain in the vecuUil chamber 

during the bombardment period, it wee neceeeery to ahield it very 
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thoroughly from acattered protons. At the eame time a channel had to 

be available eo that the target could be placed next the emulsion 

directly the radiation wae completed. The arrangement adopted and 

found suitable is shown in Plate III. 

The nuclear emulsion wae encloeed in a container with walla 
(26) 

one-half inch thick, which ia sufficient to stop protons of 95 Mev. • 

The channel wae in the form of an arc of a circle, the entrance to which 

was ahielded from the protons acattered directly from the target. The 

target itself waa held on one end of a piece of thin polystyrene, bent 

in the form of an arc with the aame radius of curvature as that of the 

chennel. The other end of the polystyrene wae attached to an arm which 

permitted the target ta be rotated through nearly 180° from. the bom-

barding position up the channel ta the nuclear emulsion. The rotation 

of the target waa accompliehed by meana of a flip coil connected ta 

the ahaft that held the arm. By energizing this coil, the target could 

be ewung around to the nuclear plate and by reveraing the current in 

the coil, returned ta the original position. 

This arrangement was satiafactory in that the scattered pro-

tons did not reach the nuclear plate. However, the amall angle 

acattering from the target resulted in a considerable portion of the 

beam atriking the copper shielding after circling the centre of the 

cyclotron. The energy of the protons waa sufficient ta cause reactions 

of the type (p,xn) in the copper, with the reault that aome knock-on 

protons were recorded in the emulsions. Since the track of a proton 

of two Mev. could be confused with that of an alpha particle of about 

eight Mev., it wae highly desirable that the distinction between the 

two typee of track be defini te. The types of emulsion tested were 
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C-2, E-1, and D-1. Of theae, the D-1 containa the fineat grain and 

ie recommended by the manufacturera for the recording of fission frag-

mente. Only in this type of plate waa it possible to distinguiah 

definitely between knock-on proton tracks and alpha particle tracks. 

In spite of the fact that distinction oould be made directly in a 

maJority of the cases, since the alpha tracke commence at the surface, 

and most of the knock-on proton tracks occur within the emulsion, it was 

conaidered advisable to take as many precautions as possible. The use 

of D-l emulsions resulted in a m.uch oleaner plate which facili tated the 

track counting. 

Target Preparation 

The targets employed for the half-life determinations required 

that the maximum denaity of thorium itself be present. Since thorium 

metal was not available, the targete were constructed using thorium oxide. 

The powder form in which this materiel existe made it necessary to employ 

a rigid backing to which the thorium oxide could be attached. The firat 

procedure followed was the fusion of Th02 on a nickel foil with the aid 

of KHSo4. This was superceded when it was discovered that the counting 

rate could be increased oonsiderably by applying the Th02 to the backing 

materiel with the aid of the adhesive part of scotch tape, as was dea-

cribed above in the construction of the scintillation screen. The 

backing materiel employed in theee cases was ailver. 

In the case where the energies of the alpha partiales were to 

be measured, the procedure followed was the one reported by Kahn(27). 

A solution containing Th(No3)4 and a amall amount of K3Fe(CN) 6 was 

electrolysed. The deposit on the cathode which consisted of ThFe(CN)6, 

waa igni ted to the oxides of thorium and iron and the latter leached out 



-17-

-with 12N HCl, leaving the Th02 on the cethode. The emount of Th02 

deposited -was estimated from the resulta of Kahn to be in the neigh-

bourhood of 500 micro-grams per square centimeter. 

The energy losa of an alpha particle travereing this thickneae 

can be eatimsted -with the aid of the empirical rule formulated by Bragg 

('28) and Kleeman· • This rule states that the stopping po-wer of an atom 

is proportional to the square root of the atomic weight. In arder to 

compare the range in the substance -with the range in air, the rule is 

placed in the farm 

.................... (5) 

where R is the range, d ia the denaity, and 'ljr ie the permeability of - -
the substance to alpha particles. The eubecripta! and! refer to air 

and the substance reepectively. Comparison of the calculated range 

with values given by W. A. Aron(26) indicate that an eight Mev. alpha 

particle would lose approximately 80 Kev. in traversing a thicknees of 

2 500,.gms/ cm of thorium oxide. 

That this method may be open to large errors has been pointed 
(29) 

out by Wu • The fact that a known weight of a materiel has been 

deposited ia no guarantee that it ia dietributed evenly over the surface. 

This observation haa been confirmed, as in aome cases the alpha particle 

epectrum was flat with a tail extending down to 4 Mev. 



III. Bl!5ULTS 

General 

The bombardment of thorium oxide produced two short-li ved alpha 

activitiea. The half-livea of theee isotopes have been determined as 

0.57 ±' 0.15 sec: and 2.0 ±' 0.3 sec. The relative yield of the two acti-

vities was auch that the periode could not be separated directly from one 

decay curve. The process through which they were resolved will be described 

below. 

The periode have been aesigned as follows. The 0.57 sec. activity 

ie presumed to belong to an isotope of thorium, Th224, and the 2.0 sec. 

activity to an isotope of protactinium, Pa225. :(he thorium isotope ie a 

memher of an already established series(3o), but the half-life had not been 

determined. The protactinium isotope is a member of a new 4n + 1 series. 

The alpha particle energies of this decay cha:tn have been measured during 

this investigation. 

Half-life determinations 

The resulta of the first series of bombard.m.ents are given in 

Table II. All information pertinent to the eucceeding discussion is listed 

in this and the following tables. The target in this case coneisted of 

Th02 fused onto a nickel foil. 
Table II 

Run Bombarding Proton Rate m.eter Time base Time Half-life Initial countill8 
No. time eners;r time conat. SJ2eed 1 8 rate 

secs. Mev. milli-eecs. secs. no sec, secs. c sec. 

Th-1-3 2 80 41 5 2 L3o 1140 

4 2 80 41 5 2 1.22 2170 

6 2 90 103 5 2 1.15 3600 

7 3 90 103 5 2 1.24 3900 

8 10 90 103 10 2 1.71 1500 

10 3 90 103 7 2 1.36 722 

11 3 90 103 7 2 1.41 2500 
12 3 90 103 7 2 1.46 2640 
13 3 90 103 7 2 1.44 2510 

14 3 90 103 7 2 1.41 1840 
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From the above values it appeared that, with the exception 

of number Th-1-8, a half-life of 1.33 ± o.oB seconds waa present. The 

fact that Th-1-8 indicated a longer half-life, at this time was attributed 

to the longer bombardment period and that the large amount of background 

activity present resulted in considerable uncertainty in plotting the 

decay curve. In addition, time marker pipa at the rate of two per second 

were unauitable, providing tao few points for the curve on the shorter 

time bases. At this time, marker pipe were available at the rate of two, 

twenty, and two hundred per second, the latter two rates being tao high 

for a half-life of this value. 

In order to obtain a more precise value for the half-life, a 

ecale of two waa employed to reduce the twenty marker pipe per second to 

ten. The resulte of this new series are given in Table III. 

Table III 

Bun Bombarding Proton :Rate meter Time base Time llalf-life Initial 
No. ti me ener time conat. a eed pi s Counti 

secs. Mev. milli-eecs. secs. no seo. secs. 

Th-3-3 2 90 103 5.4 lO.o8 0.97 7110 

5 2 90 41 5.4 10.08 1.07 12800 

7 1.5 90 41 5.4 10.08 1.12 4860 

9 1.5 90 41 5.4 10.08 1.o0 3150 

10 1.5 90 41 5.4 lO.o8 1.11 2570 

The values of the half-life obtained from this radiation did 

not correspond to those listed in Table II. The type of target employed 

in this second run consisted of thorium oxide powder mounted on a silver 

backing. Since the activity was increased by a factor of at least two, 

1t was felt that these values might be more representative of the true 

:Rat~ 
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half-life • 

.Accordingly, a third radiation was carried out. The conditions 

of this bombardment and the reeulting periode are listed in Table IV. 

Table IV 

Run Bombarding Proton Rate meter Time base Time Balf-life Initial 
No. ti me ener ttme conat. Counti Rat1 

secs. Mev. milli-aecs. secs. 

Th-4-17 1.5 76 103 5 10.01 1.19 620 

31 1.5 80 41 3 10.01 0.75 1660 

33 1.5 80 103 3 10.01 1.04 1790 

37 3 80 258 8 2 2.20 1240 

38 3 80 258 8 2 1.74 735 

44 3 80 103 10 2 1.66 1040 

21 1.5 85 103 5 10.01 1.25 1500 

22 1.5 85 103 5 10.01 1.25 2030 

4 1.5 90 103 6 10.01 1.13 2o80 

5 1.5 90 103 3 10.01 o.8
5 

2720 

6 1.5 90 41 3 10.01 0.96 4740 

8 1.5 90 41 3 10.01 0.98 2700 

9 1.5 90 41 3 10.01 0.88 3790 

23 1.5 90 103 5 10.01 1.28 2030 

24 1.5 90 103 5 10.01 Los 2010 

25 1.5 95 103 5 10.01 0.98 1700 

26 1.5 95 :}.03 5 10.01 1.07 1310 

27 1.5 95 103 3 10.01 1.09 2630 

28 1.5 95 41 3 10.01 0.97 2970 

29 1.5 95 41 3 10.01 0.95 3200 

The apread in values obtained from this run wae more than could 

be expected on the basie of statiatica alone. A critical aurvey of the 
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resulta indicated that although the effect might not appear large, a 

longer integrating time constant in the counting rate meter reeulted 

in a sJ.ightly longer value for the half-11fe. In addition to this, 

comparison with the resulta listed in Table III showed that other con­

ditions being equal, a longer time base resulted in a l~er meaeured 

half-life. 

In the presence of only one decaying period, the value for 

the half-life should not be effected noticeably by varying the time con­

stant of the counting rate meter, provided it is sharter by at leest a 

factor of ten than the period of the activity being meaaured. The 

treatment of the problem of the responae of the counting rate meter with 

an RC time constant t 2 to impulses originating from an exponentiel 

decay with a time constant t 1, ia identical with the solution of parent 

and daughter activities with half-lives t
1 

and t
2 

respectively. In the 

presence of two decaying activities, the use of a time constant in the 

counting rate meter that is too long will tend to suppress the ahorter 

activity. 

During the cycle of operation in the measurement of a half­

life with the rapid target extractor, there is a time delay at the 

commencement of the record1ng1 egual in l.ength to one-sixth of the time 

base. This delay is constant, depending only upon the rate of rotation 

of a cam which governs the length of the time base. In the case of two 

isotopes decaying with short periode, the value obtained for the apparent 

half-life would depend upon the time interval at which it was measured. 

As a consequence of these considerations, it appeared that 

the activity measured was, in fact, a composite decay, with the values 

for the half-livea too close together to permit them to be resolved 
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directly on the decay plot. ,The posaibility wae present of considerably 

enhsncing one period over the other by varying the bombarding time and 

the tim.e base interval. This had, in fact, been demonatrated by 

radiations Th-4-37, 38 and 39, the measured values for the decay being 

much longer in theee cases. It should be pointed out that in apite of 

the long bombardment, the: initial activity was not great. 

In arder to verify that the measured half-life did depend 

upon bombarding time and re:cording conditions, the radiations listed in 

Table V were carried out. 

Table V 

Run Bombardins Proton Rate meter Time base Ti me Ralf-life Initial 
No. time ener ·· t1me conat. Counti rate 

secs. Mev. milli-secs. secs. 

Th-5-2 0.6 90 16 2 20.00 0.81 1620 

9 3 90 41 8.2 1.83 1.4~ 1550 
j 

10 3 90 41 8.2 1.83 1.29 1780 

12 3 90 41 8.2 1.83 1.36 1750 

13 3 90 41 8.2 1.83 1.26 1840 

17 3 90 41 8.2 1.83 1.86 1940 

Th-9-4 o.6 90 41 2.35 20.00 0.86 1520 

5 0.6 90 41 2.35 20.00 0.85 1370 

8 0.6 90 41 2.35 20.00 0.88 1150 

9 0.6 90 41 2.35 20.00 0.74 1420 

10 0.6 90 41 2.35 20.00 0.88 1250 

11 o.6 90 41 2.35 20.00 0.80 1280 

12 o.6 90 41 2.35 20.00 0.85 1470 

13 0.6 90 41 2.35 20.00 0.79 1410 

The range of values agreed fair1y we11 when the bombarding time 

and recording conditions remained constant, but the change in theae con-
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ditions produced a considerably different set of measurements for the 

half -li fe. The only conclusion to be drawn from this behaviour was 

that a mixture of activitiee was present, as was indicateët to some 

e:x:tent previously. .Approxima te values for the half -lives of the 

separate activitiee may be obte!ned as follows. 

In the case where two activities are present, 

where dN is the counting rate, }_ the decay constant, and ! the number 
dt 

of radioactive atome present. The aubecripts refer to the two activities. 

New 

where N
0 

is the number of radioactive atome present at time t = O. 

time 

The time t • 0 is taken at the end of bombardment, and at that 

-ÂT 
N = S(l - e ), 

0 

where T ia the radiation time and S ia the number of radioactive atoma 

present when T becomes infinite, i.e. the number of atome at saturation. 

Thus, 

Also, 

dN .. 
dt 

where À is the measured value of the decay constant. In the case of 
m 

two activitiea that are not resolved on the decay curve, the value of À 
m 

may be conaidered to remain constant over appro:x:imately one measured 

half-life. 

Bence, 

or 

••••••••••••• ( 6) 
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from which 

.l;nS -lnS 
1 2 

Consider the two cases in which the period of bombardment ie 

the seme but the time after the end of the radiation when the value for 

the m.eaeured half'-life is taken, is different. There will be two 

enuations (7) involvina À
1

, À À À ~ and 'Lt:(, where the 
':1 *"0 2' m<t ' rn f!. ' at ' ,-

subscripte ~ and .1§_ refer to the two conditions. From. these two equations, 

one equation may be obtained. 

rnr~...;;m;;..;c(.;..__-_t_l_ 
L1mp - tl 

0.693 (tl - t2) 

tlt2 

c r13 - ld >·······<8> 

In this equation, t and t 
mot mta 

are the measured half' -li vea at re{ and 7:/3 

respectively. Thue, if t is known, t may be evaluated. 
1 2 

The gross decay is shown schematically in the accom:pa:nyins 

diagram. The values of 1:'"4 and 1:15 are 

obtained by employing two different 

time bases, and the actual time is given 

by 
1: :. 1 time base + ~ 

b 2 

>-
1-

> 
t­
l.,) 

< 

The assumption made is t.hat the slope of the 't'ci. 'tf& 
TIME 

line joining two points on the composite decay curve one half-life apart 

ia approximately equal to the tangent drawn to the curve at the mid point. 

If all measurements are carried out at the same bombarding 

energy, the ratio of the cross sections will remain constant, and hence 

= constant = k 
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Thus from (6) 
'L t' 

k = e- •wc: (1 
••••••••••••••••••••• (9) 

e- 'À1 'L (1 -

Employing the values of À and Â obtained in the solution above, the 
1 2 

cons~ant ! may be evaluated with the use of a different set of values 

for 't', T, and \n· 
It is then possible to check this value of k with a third new 

set of values for 't, T, and À • 
m 

In Table VI are listed the values of the parameters employed 

in the solution of the three equations, together with the bombardments 

from which they are taken. 

Equation t t~ tm 
number ml 

sec. sec. sec. 

a 0.94 1.06 -

9 -- -- 1.34 

9 - -- 0.83 

Table VI 

T 'C 
sec. aec. 

1.5 --

3.0 2.06 

0.6 0.82 

t -2 rl 
sec. 

0.46 

--

--

Reference 
bombardment 

Th-3-7,9 T h-4-6,8,9 

2,13. Th-5-9,10,1 

Th-9-4,5,8, 9,10,11,12,13. 

Since the equations to be solved are transcendantal, no direct 

solution te possible. The method of solution involves a trial solution 

with a t
2 

and t
1 

obtained from equation (8). The final values for these 

periode are derived by successive approximation until all conditions are 

satisfied. The values obtained by this method are 

t
1 

'= 0.57 :t 0,15 seo. 

t 2 = 2.0 Y 0.3 sec. 

• ••••••••••••••. (10) 

••••.•••••••••.• (11) 

Four typical photographe obtained from the oscilloscope dieplay 

are shown in Pla tee IV, V; VI and VII. 
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Production Cross Sections 

The ratio of the cross sections for the production of the two 

isotopes at a bombarding energy of 90 Mev. may be calculated with the 

aid of equation (9). 

The saturation activity is produced when the number of radio-

active atome formed in unit time is equal to the number of diaintegrationa 

per unit time. The number of radioactive atome :produced is 

n G"'N, :p 

where n is the number of protons impinging :per second on a target con­
p 

2 taining N atoms :per cm • and <T is the croas section for the re-action. 

The number of atome decaying per second ia Â S, where ~ ia the decay 

constant and S ia the number of radioactive atome present at saturation. 

Hence 

n <TN = ÀS. 
p 

In the present case, 
n a-N • ÀS 

:p 1 11 

and n a-N = t.l2· p 2 

Therefore = •••••••••••••••••• (12) 

"252 a-2 

The value of the ratio s
1 

ie determined from equation (9) above, and 

52 
einoe the half-lives are alao known, the ratio of the cross section is 

obtained. 

The value of k was 1.0 , and thus the ratio of the cross sections 
0 

is given by 

(j'l : t2 x 1.00 • 3.5 + 1 ............. (13) 
q-2 tl 

From the above resulta it is possible to place a lower limit 
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on the abeolute cross sections for the production of these isotopes. 

The cross section ~ ie given by 

a- = Number of transformations 
Number of incident protons x number of atome present. 

The sources employed were intinitely thick for alpha particlea 

and thue all partiales emerging from. a depth egual to the range in the 

source would be recorded, provided the detecter wae unshielded. The 

aluminum. foil covering the ZnS screen wae 0.9 mg/cm2 , which ie sutficient 

to stop alpha partièlee of 1 Mev. The alpha particlee must leave the 

source with at leest this energy in order to reach the ecreen. 

The range of an eight Mev. alpha partiale in Th02 is approxi-
2 mately 34 mg/cm • Aesuming that the effective source thiclmeee ie 

2 
30 mg/cm and the beam current at the outer radii ie of th~ order of 

l/20thfamp, it ia possible to calculate the cross section. The croas 

section calculated on the basie of the initial counting rate will·be too 

high by a factor of four, owing to the tact that there are three daughter 

activitiee which will be incorporated in the total activity. Due to the 

fa ct that the recording system employa a diacriminator, which ie adjuated 

to eliminate amplifier and photo-tube noise, a number of counts will be 

loat. There ia no manner in which the number of counte thus lost may be 

eatimated. 

The eetimated values for the production of the isotopes is 

(f' (2.0 sec.) = 0.3 milli-barna 

c;(0.57 sec.) • 1.0 milli-barns. 

No claim ie made on theae values other than that they are 

probably within a factor of ten of the actuel croas sections. 

Yield Curve 

The yield curve for the composite activity wae determined. The 

relative yield at different bombarding energies ie given in Table VII. 
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The resulting curve is shown in Figure 2. The corrected yield ie 

obtained by taking into consideration the fall off in proton beam 

current with increasing radius. This variation of beam current with 

energy of the proton beam ia shown in Figure 3. 

Proton bombarding 
energy 
Mev. 

85 

90 

95 

Table VII 

Rela~ive yield 
llllcorrected 

arbitrery unite 

55 

136 

130 

384 

558 

1117 

1170 

875 

Relative yield 
co:rrected 

arbitrary unite 

55 

166 

487 

534 

798 

1700 

2150 

3040 

The energy of the bombarding protons wae determined by the 

radial position of the target, rather than by direct meaaurement. The 
(31) 

interna! beam of the cyclotron ha a been atudied by W. H. Henry , who 

haa found that radial oscillations exiet which cause the beam to be 

inhomogeneous in energy. The spread in proton energies at the radii 

employed in this experiment has been eatimated by Henry to be of the 

order of ten percent. This condition prevente any definite conclusions 

to be drawn from. the yield curve other than that the reaction progresses 

mare favourably ae the energy of the incident protons ia increaeed. 

Alpha Particle Energies 

The hietogram. representation of the meaaured alpha particle 

energies is ahown in Figure 4. A tar·get prepared as deecribed previouely 
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was bombarded for a period of three seconds and then placed near the 

nuclear emulsion for a similar length of tim.e.. The resultiDE; tracks 

were counted and segregated into groupa according to energy. The 

relation employed to oonvert length of track into alpha particle energy 

was that given by Yagoda(32
), based on the resulte of Lattes et al(25). 

In arder to determine the resolution that mi~1t be expected, 

a test wae carried out using Pb212 collected from Th228 as a standard 

source. F.rom this calibration plate, which is shawn in Figure 6, it 

waa apparent that the resolution was at beat of the order of five per-

cent. 

The fact that there are not four egual peaks in the distribution 

indicates that there is a mixture of alpha particle groups present. At 

the high energy end of the histogram there is a peak at 9.2 Mev. This 
213 

alpha partiole is assi~ed by eystematics to 85At • The fact that 

At213 is the fourth of a seriee of alpha emittere originating with 
225 

91
Pa , indicates that this isotope of protactinium. has been produoed, 

and also serves as a guide in determining the ratio of the Pa 225 series 

to the other alpha partiale groups present in the histogram. 

The background activity produced in a three second bombardment 

was monitored se:parately for periode and relative abundanoe. A number 

of long half-lives were produced and it was not possible to separate 

them individually. The total number of disintegrations that took place 

in a three second period directly following the bombardment wae of the 

arder of 5% of the number of disintegrationa due to the two short acti-

vitiea. 
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IV. INTEBPREI'ATION OF REBULTS AND DISCUSSION 

The resulte of the proton bombardment of thorium at 90 Mev. 

indicate the presence of two new half-livea, namely, 

1. t1 • 0.57 Z 0.15 secs. 
2 

2. + = 2.0 - 0.3 secs. 

In arder t~make the correct asaignment of these activities, 

it ia necessary to consider:-

1. The eyatematica of the alpha emi ttera in the region 

above lead. 

2. Threshold.a and croas sections. 

3. The apectrum of the emitted alpha particlea as read 

from the histogram. 

1. It waa pointed out in the introduction that the ayatematica 

of the even-even alpha emitters are the most consistent. In view of 

this, i t might be e:x:pected that any predictions made concerning the 

propertiea of an even-even alpha emitter in the region above lead 

should be quite accurate. On the ether hand, predictions of the detail 

properties of the ether maas types are not, in general, considered to 

be as reliable. 

The systematics of the alpha emitters in this region are 

sufficiently well established to permit two general rules to be etated. 

These rulea are considered to apply only to alpha emitting isotopes, 

either natural or artificially produced, which contain 128 or more 

neutrons. 

1. In any element, the lesa the maas number, the shorter 

the alpha half -life. 

2. In the region below uranium., for constant A - 2Z, the lese 

the atomic number, the greater the alpha particle energy. 
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It has been found that the cross section for the production 

of the ahorter activity is greater than that for the longer. The 

poasibility that the two half-lives are asaociated with the aame element 

is thua eliminated by rule 1. Also, from rule 2, the two activities 

are not members of the seme decay series. It may be concluded then, 

that the two periode produced belong to an isotope of thorium and a 

new isotope of protactinium. The most probable maas assignments are 

224 225 to 
90

Th and 91Pa • Of the short lived alpha activities that may 

be expected by the proton bombardment of thorium, these two require the 

leest amount of energy of the incident protons ·and, therefore, may be 

expected to appear first as the energy of the bombarding particles ia 

increased. 

Predictions for the value of the half-life of Th224 have been 

made by two authors, Meinke(30,33)and Kaplan(lO). The former has pre-

dicted the half-life as of the arder of one second, and the latter as 

0.6 second. The prediction drawn from Plate I agrees with that of 

Kaplan. 225 Meinke has predicted the half-life of Pa as roughly 10 

seconda, while the plot of Plate I indicatea perhaps 2-3 seconde. 

The conclusions to be drawn from theae predictions are that 

224 the aeeignment of the 0.57 second activity should be made to Th , 

and the 2.0 second period to Pa225. Other considerations must be taken 

into account before the aasignment can be made finally. 

2. 

are 

The reactions involved in the production of these two isotopes 

Th232(p,p8n) Th224 

Th232(p,8n) Pa225. 

In addition to the half-11ves, it haa been shown that a value for the 

ratio of the croas sections for producing theae isotopes could be 

obtained from the evaluation of the composite decay. Equation (13) 
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cr(0.57 sec.) = 3.5 t 1 
<r (2.0 sec. ) 

224 The production of Th requires the emission of an additional 

particle to that required to produce Pa225. The thresholda for theee 

reactions may be calculated making use of the masses of the heavy 

isotopes as published by M. Stern(34). The mesa difference between 

Th224 and Pa225 may be calculated from the difference between Pb208 

and Bi209 by making use of the alpha disintegration energies of theee 

chaine. Although in the latter case these energies must be estimated, 

the eatimates will not be in errer by as much as 1 Mev. 

The resulte of this calculation show that the threshold for 

production of Th224 is 47.1 Mev. and for Pa225, 45 Mev. Theee are 

abeolute thresholda and if the emitted particles are to have any kinetic 

energy, the actuel observed threshold will be considerably higher. 

In the case of charged particle emission from the compound 

nucleus, the affect of the coulomb barrier is important. It has been 

shown theoretically(35) that the evaporation modal of nuclear reactions 

introduces a prohibition factor for the emission of a proton in compati­

* tien with a neutron, of e ~ 
T 

* where E_s is 0.72 times the barrier 

height in Mev. and ! 1e the nuclear temperature in Mev. The quanti ty ! 

i b T ,r::-:;;;-~ h 1.40 d E i th s given y : 'f e0~ , w ere €. = .1.
2 

an s e 
0 p 

(A - 40) 

excitation energy of the compound nucleus. In the present case, A • 233 

and E • 90 Mev., and the prohibition factor is ,...._3. This aspect of 
p 

the model has not been verified at high bombarding energies and it ie 

only possible to conclude that the emission of a proton under theee cir-

cumetances is not too improbable. 
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When the compound nucleus bas been formed, as successive 

neutrons are evaporated, the binding energy per neutron will increaee. 

At the end of eight neutron evaporations, it is guite probable tbat the 

excitation energy of the compound nucleus will not permit a further 

neutron to be e·mitted, but will be sufficient to allow a proton to 

escape wi th a few Mev. In competition wi th proton evaporation will 

be gamma ray emission.. Provided the proton bas eufficient energy to 

penetra te through the barrier in a short tim.e, this mode of decay will 

be a large factor in the formation of the final nucleus. 

The ratio of the croas sections ia somewhat higher thau might 

be expected from the above discussion, but the fact that at 90 Mev. there 

is more tban enough energy to make the reaction take place in epite of 

the barrier, is aufficient reaaon to accept this value for the ratio as 

being close to the correct one. 

That the evaporation model does not describe completely the 

procesa of nuclear reactions at high energies, haa been pointed out by 
(36) 

Serber In the case where the energy of the incident particle is 

of the order of lOO Mev. or greater, the compound nucleus may not be 

formed in the same manner tbat it :ta at lower excitation energies. At 

this energy the mean f:ree path of the entering nucleon in the nucleus 

becomee important, and the probabil.ity of the tranafer of a large 

fraction of the energy of the incident particle to one nucleon alone, 

the latter being ejected, ia increaaed. The energy of the emitted 

nucleon would vary from a few Mev.,perbapa,up to the maximum available, 

and would leave the reeidual nucleus in a atate of excitation aimilar 

to that aesumed in the compound nucleus theory. This reaidual nucleus 

wo·J.ld then proceed to the final nucleus by evaporation. 
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The interaction of high energy neutrons with heavy nuclei 

has been investigated by Goldberger{37). The energy distribution of 

particles emerging immediately after the bombardment of a heavy nucleus, 

shows a continuoua distribution up to the maximum energy of the incident 

neutron. The distribution decreaaes regularly with increasing energy 

of emitted particle except near the maximum of the incident particle, 

where there 1s an increase. Since the interaction of protons of high 

energy with a heavy nucleus should not be too different, it ia apparent 

from the resulte of Goldberger that the evaporation model doea not 

suftice entirely to interpret nucleer reactions at high energies. 

A turther reaction which has been observed by J. Hadley and 
(38) 

B. York during the bombardment of nuclei with high energy neutrons, 

is the emission of fast deuterons. The energy of the ejected deuterons 

is, on the average, about one-half ot the energy of the entering neutron. 

Total cross sections tor the production of these deuterons from carbon, 

copper and lead are given. In the case of lead, which ehould correspond 

roughly to thorillll, the cross section is 23 milli-barns. Owing to the 

fact that there are approximetely two neutrons for every proton in a 

heavy nucleus, 1 t might be e.xpected that in the case of 90 Mev. proton 

bombardllent, the cross section would be twice as great. The cross 

section for the emssion of a fast proton was found to be 100 mill!-

barns for incident neutrons. On the seme basie, the cross section for 

fast neutron emission under proton bombardment should be 200 mil.li-

barns. 

The experimente of Goldberger and Hadley and York verity that 

even in the heavy nuclei, the formation of the compound nucl.eue under 

90 Mev. bombardment mey not be considered as the only reaction process. 
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At the moment there ie not suffioient experimental information avail-

able to estimate in what peroentage of the reactions the compound 

nucleus is formed direotly. 

The qualitative argumente given above serve only to indicate 

that the (p,p:.m) reaction oould prooeed equally as favourably as the 

(p,xn) in this region and under these ciroumstanoea. The fact that 

the croas section ratio favoure the form.er is not too aurprising. 

3. The alpha partiole energies of the Th224 series have been 

measured previouely(33). The half-lives of the membera of this group 

have not been determined, but the existence of the ohain is established 

from measurements on the parent nucleus u228. 

energies have been given(32) as 

The alpha partiole decay 

Th224 7.13 > Ra220 7 .43) Em216 8.01 208 
Pb 

If this series is present as a contamination in the energy histogram, 

224 it is important to know the ratio of the number of Th disintegrations 
225 

to the number of Pa disintegrations that have taken place while the 

source was next to the nuolear emulsion. 

213 The last peak in the distribution has been aesigned to At 

from syetematios. F.rom the number of partioles in the peak immediately 
213 . 212 preceding At , whioh corresponds in energy to Po , it is possible 

to deduce that there are at leest as many Po212 alpha partioles present 

as At213, with a good probability that the ratio should be two. 

Now the ratio of the number of tracks on the plate is given 

by 
••••••••••••••••• (14) 

where N
1 

and N2 are the number of Th224 and Pa225 tracks respectively, 
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and the remaining symbole are as defined above. Since both the bom-

barding time and the recording time were three seconds, 

-3 ~ 2 
e ) 

- e -3 À2)2 

The value of the ratio s1 is obtained from equation (9), and 

82 

insertion of the numerical values yields 

: 2.3 

The ratio obtained in this manner is not inconsistent wi th 

that estimated from Figure 4. 
224 

The result of subtraction of the Th series from the total 

number of alpha particles is shown in Figure 6. The alpha particle 

energies of the members of this new series are determined from this 

corrected histogram. 

The new series collateral to the neptunium 4n + 1 series is 

assigned as 

Plate VIII shows the table of the isotopes in this region 

with the new additions included. 
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V. CONCLUSIONS 

It hes been found experimentally that the bombardment of 

thorium with 90 Mev. rrotons resulte in the production of two alpha 

active isotopes decaying with half-lives of 0.57 :t 0.15 sec. and 

2.0 ± 0.3 sec. From the aystematica of the alpha emitters, the con-

sistency of which has been establiahed in this region, it has been 

. 224 225 possible to asaign these two perlods to Th and Pa respec-
90 91 

tively. The preaence.of the thorium isotope haa been established 

previously(30), but no half-life determinations have been reported. 

The protactinium isotope is a member of a new chain of 

alpha emitters, collateral to the artificially produced neptunium 

4n + l series. The energy of the alpha partiale emit ted by this 

isotope, together with the energies of the alphas from its three 

alpha emitting daughters, have been measured. The decay chain ie 

assigned as follows. 

225 6.9 
Pa -------+ 

91 

221 7.6 
Ac 

89 87 

217 8.3 
Fr --+ 

85 

213 9.2 
At ----4-

83 

The third daughter of Pa
22

5 is astatine maas number 213. 

209 
Bi 

Interest ia centered in the energy of the alpha partiale emitted from 

this isotope owing to the fact that it contains 128 neutrons, which 

are two more than a closed shell. It had been estimated(8) that the 

alpha disintegration energy of this nucleus would be 9.2 Mev. The 

energy obtained from this experiment is 9.3 Mev., which is in good 

agreement with the predicted value. 
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Th-4-4 . Time base speed 6 secs . 
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Th-4-37 . Time base speed 8 secs . 
2 marker pi pa per second. 
Half-1ife 2 . 20 secs . 

PLATE VII 

Th-5 -12. Time base epeed 8 . 2 secs . 
1 . 8

3 
marker pipa per second. 

Half-11fe 1 . 36 secs . 
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