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SUMMARY

Following the irradiation of thorium with 90 Mev. protons,
two new alpha activities of 0.57 ¥ 0.15 seconds and 2.0 ¥ 0.3 seconds
were observed, The 0.57 second activity has been assigned to a
neutron deficient isotope of thorium, 90Th22h. The presence of this
‘ :I.éotope had been previously established through 1ts appeerance in the
0228 geries. The half-1ife had not been measured.

On the basis of systematics, the 2.0 second period has been
asslgned to an lsotope of protact;tnium 9lPa225 . Thils isotope is a
member Sf a new alpha decay series, collateral to the in + 1 neptunium
series., The alpha particle energlies of the members of this chain have
been measured. The series is given as

pa225 6.3 220 7.6 217 8.3, ,.213 9.2 5.209
91 89 87 85 83

The oross sections for the production of these isotopes by

90 Mev, protons have been estimated as

o (Th22%) ~ 1 milli-barn

o (Pa®®®) 0.3 milli-barn.
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I. INTRODUCTION

General

During the past few years a large amount of information has
become available concerning the elements in the region of the periodic
table above lead. A sufficient number of new isotopes which decay by
alpha particle emission have been produced to permit the regularities
in behaviour to be tabulated. It was these regularities, as pointed
out by various workers, thet led to the present investigation into this
reglon by the author. As a result of this research, an empirical plot
has been mad_.e whereby the partial alphs half-life of an isotope decaying
by alpha particle emission may be predicted. The conclusions to be
drawn from this plot resulted in a search far protactinium mess number
225. This alpha emitting isotope has been produced by the proton beam
in the McGill Synchrocyclotron, and its half-life measured as 2,0 % 0.3
seconds, in good agreement with the predicted value. The assignment of
this period to Pa223 has been made on the basis of the systematics of
the alpha emitters., In addition, an alpha emitter with a half-life of
0.57 £ 0.15 seconds has been observed. This activity has been assigned

224
to 9 OTh .

Historical

The study of alpha particle emission has been of great interest
f1)

‘1
since 1t was first shown by Geiger and Nuttall that there exists an

empirical relation between the alpha particle range and the decay constent
for the naturally occurring alpha emitters. This relation was expressed

in the form
log A = a+DblogR P ¢

vhere )\ is the decay constant, R is the range of the alpha particle,

b is a constant for the three naturally occurring series, and a 1s a

constant for any one series but different for each of the three. This



-

discovery remained an empirical fact untll the advent of Quantum

Mechanics provided the method whereby a satlsfactory explanation for
2,3,4

this relationship could be obtained( »3; ). The application of a

quantum mechanical treatment to the process of alpha decay ylelded the

expregsion 1
2
log A = log v - 212762 +-(he) (2 zzmr) R ¢-3)
r fiv o
where A 18 the decay constant

v 1a the relative velocity of the alpha particle

r 1s the radlua of the nucleus formed in the disintegration

z 18 the charge of the alpha particle

Z is the charge of the daughter nucleus

e 1s the electronic charge

4 1s Planck's constant divided by 27T

m 18 the mass of the alpha particle.

This equation 1s equivalent to(;),provided the nuclear radius r

remalns constant., With the information available before 1939, this

appeared to be the case,

Systematics

The completion of high energy particle accelerators has made
posslble the production of a great many new radicactive isotopes that
decay by alpha particle emission. In the region above lead, more than
geventy-five alphs active isotopes have been dlacovered, in addition to
the natural decay chains. The availability of so much information in
this neighbourhood hes resulted in a study of the systematics of the
alpha emitters by various authors(5’6’7’8’9’lo’ll).

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

number of ways but probably the most useful is the method of Perlman(7).
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In this case the alpha disintegration energy* is plotted against mass
number, with the points of constant Z Joined together, From this plot

it is apperent that for any element, the lower the mass number, the
greater the disintegration energy, until isotopes containing 127 neutrons
are reached. At this point there is a sharp break, with the original
trend reappearing to a certein extent in isotopes containing 126 néutrona
or less. In the region above 127 neutrons, this representation results

in a family of nearly parallel lines, with the feature that disintegration
energies of as yet undiscovered isotopes may be estimated.

In addition to this method of indicating the general trends,
alpha half-life versus alphs disintegration energy for the various classes
of nuclei (even-even** , even-odd, odd-even, odd-odd) have been plotted.
From these dlagrams 1% 1s possible to observe definite regularities only
for the even-even alpha emitters., The remaining classes indicate half-
lives in excess of those predicted from the alphs disintegration energy
on the basis of the Geiger-Nuttall relation, The factor by which the
half-life exceeds the a'xj:ected. value shows no regularity for these three
classes, In fact it i1s thought that in many cases the ground state alpha
transition has not been observed, resulting in the departure factor belng

too low,

The usefulness of any of these plots 1s measured by the infor-
niation that may be obtained from them concerning as yet undiscovered
isotopes. Such quantities as half-life and alpha particle energy govern

the techniques whereby an isotope is investigated., Accordingly, in the

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

#* This term refers to the number of protons and neutrons in the nucleus.
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search for new isotopes, it is important to be able to predict within
an order of magnitude the half-life, and to within a few million electron

volts, the energy.

Predictions

In order to determine whether 1t 1s possible to predict alpha
particle half-lives, a plot was made of the logarithm of the alpha half-
life against the mess number., The value plotted here 1is the partisl .
elpha half-life. This gquantity is obtained by takling into account
brénching ratlos where they are known to occur. In the reglon under con=
sideration, the two competing modes of decay are alpha particle emission
and orbital electron capture or beta emission. Assuming that there are

two modes of decay, we have,

aN = -AN = - (A, + Ag)N

at
where A o 28nd F)\ p are the decay constants for alphs emission and orbltal

electron capture or hets emission respectively.

Now = + _]:
tp

where t is the measured half-life of the decay and the subscripts refer

1
t

o=

to the two processes,

Also (%%l‘- c;glé
Au Ap
therefore , t|1 + dtlfi] crereneneaas(3)

cdt)

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

(‘1t 2 are known and hence the alpha half-life may be calculated. In

()
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many cases the branching ratios are not well known, but the estimates
are probebly good to within ten percent. The result of this plot is
shown in Plate I. By Joining points of the same mase type (even-even,
etc.), for any element, it is seen that a family of curves is obtained.
The general trends show up in the same manner as in the plote mentioned
above, but in this case & falr estimate is availeble of the half-life.
Exemination of this diagrem resulted in the prediction that
an isotope of protactinium, element number 91, containing 225 nucleons
should decay by alpha particle emission with & half-life of from two to
three seconds., Other predictions could be made but the decision to
gearch for this isotope was governed by the avallabllity of targets and
the maximum energy of the proton beam in the McGill Synchrocyclotron*.
In estimating the possibility of forming this nucleus, use
was made of the evaporation model of nuclear reactions(lz). This model
has been tested at lower energies in this region end found to be valid(l3).
The basic assumption is that the compound nucleus formed in a highly
excited state, evaporates neutrons having an average energy of 2 or 3
Mev. The emlission of a prbton is also possible but because of the
coulomb barrier, the probability 1s much less than for neutron emission.
The number of neutrons evaporated from any nucleus with a given excitatlon
energy depends upon the binding energy of the neutrons to that nucleus.

In the case of thorium, the binding energy of the last neutron in Th232

has been measured as 6.0 ¥ 0.05 Mev.(lu). Taking this value ss being
approximately the same for 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 1s 100 Mev., The term
synchrocyclotron will be replaced hereafter by cyclotron.
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between the proton and neutron binding energies., The fact that in
the lower meass numbers the neutron binding energy will increase slightly
would result in the threshold belng higher by a few Mev,. However,
from this model it was possible to say that the reaction would certainly
proceed at the proton energles available in the cyclotron.

It 1s important to note that all nuclel in this region are

energetically unstable to alpha particle emission to & greater or
21
Pa225 decays by alpha emission to A02 ,

91 89
217

vhich 1s iteelf unstable, decaying to 87Fr

alpha particle to reach At213 vhich finelly alphe decays to stable

85
20
83Bi 9. It can be saild with little likelihood of experimental con-

225

lesser extent, The isotope

which in turn emits an

tradiction, that the half-lives of the daughters of __Pa will de-~

91
crease with decreasing mass number and that the alpha particle energies
will increase in the same menner. The half-life of eny member of the
chain will be less than its parent by approximately a factor of ten.
As & result of this, there should be four alpha particle groups
decaying with the half-life of the parent nucleus Pa225. Of partic-
ular interest is the energy of the alpha perticle emitted by 85At213.
This isotope of astatine has 128 neutrons and it 1s expected that
the alpha particle emitted from this nucleus will be more energetic
than any presently known, with the exception of the long range parti-
cles emitted in small percentages by'RaC' and ThC’'. The velue for
the alpha disintegration energy has been predicted(s) as 9.2 Mev,
The alpha particle energy as measured in this experiment results in
an alpha disintegration energy in good agreement with the expected

value,



-7-

II. EXPERIMENTAL METHOD

General
The predicted value of two to three seconds for the half-
1ife of ..Pa°“? indicated that use should be made of the existing

91
rapid target extractor which has been described in detell previously

(15,16)_
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 measurement of the half-lives of alpha
emitting isotopes was the construction of an alpha particle detector

which would be insensitive to beta, gamms or X-rays. Such a detector

was constructed.

In order to measure the energy of the alpha particles, s
photographic plate technique employing nuclesr emulsions was adopted.
Thie method involved the registration of alpha tracks in type D-1 Ilford
emulslions and the subsequent track counting with histogram representetion.

The considerstions which led to the adoption of this method will be

discussed thelow.

Rapld Target Extractor

In the measurement of activities whose half-lives are of the
order of one second, it im not possible, with the exception of a few
cases, to undertake a chemical separation. The target is mounted on a
holder that runs on a track inside & stainless steel tube which is in-
serted into the ¥acuum chamber through the probe gate. The back end
of the holder is attached to a rod which runs 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 1s still in the main vacuum, in a time of the order

of one-fifth of a second. At the counting position there is a housing
into whlch the counter assembly is inserted. A vacuum seal is main-
tained by thls assembly at the housing so that all counting is carried
out without disturbing the vacuum system of the cyclotron.

The recording of half-lives 1s carried out at & location in
the tunnel well removed from the cyclotron itself, The signal is fed
up a coaxial line and into an Atomic Instruments Linear Amplifier.

The discriminator output 1s coupled to a counting rate meter and to a
Berkeley Model 2000 scaler. The output from the counting rate meter
is applied to the horizontal deflecting plates of a Dumont 241 oscil-
loscope fltted with a Fairchild Oscillo-Record cemera. A selected
linear sweep is applied to the vertical plates and brightening pulses
at & predetermined repetition rate are appliéd to the z-axis amplifier,.
This display is photographed during the decay and is analysed to
obtain the half-life. In order to provide an abciesa, a base line is
photographed on the same frame prior to each exposure. At the same time
that the output of the counting rate meter is being photographed, the
scaler is 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 five half-lives, the background counting
rate 1s recorded from the scaler. The cycle of operation lasts a few
minutes, and then may be repeated. A block dlagram of the apparatus

is shown in Figure 1.

In dealing with short lived activities, 1t 1s convenlent to
radiate the target only for a period equal to one or two half-lives.

If there are longer lived activities present, longer bombardments will



-9-

only serve to increase the smount of background. PFreclse and repro-
duclble raediations are obtained with the aid of the éyclotron osclllator
pulser(l7). The pulsed oscillator 1s set in operation and after a
desired length of time, 1s automatically shut off, At the same time,
the target is extracted to the counting position, When 1t arrives
there, the recording of the decay as described above is commenced.

After initiating the pulser, all operations are eutomatic until the
background is measured on the scaler. This arrangement removes the
element of human error as nearly as possible from the operation, and
allows for reproducibility which is lmportent when comparative results

are regquired.

Alpha Particle Detector

The two mein festures that should be incorporated into a
detector to register alpha particles are low sensitivity to other radi-
atlons and good counting geometry with respect to the target. Both
these requirements have been met with the use of a zinc sulphlide screen
vliewed through & short lucite light piper by a photomultiplier tube.

This arrangement has several sdvantages over the use of a
proportional counter. Since the sources employed for the half-life
measurements were infinitely thick for alphe particles, the distribution
in energies would be from zero up to the maximum. In order to take ad-
vantage of as many disintegrations as possible, there should be the
minimum emount of absorbing material between the source and the detector,
In the case of the zinc sulphide detector, the only requirement is a
light shield to protect the photomultiplier tube, A proportional counter

on the other hand, requires a window which is much thicker, thus cutting
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down on the efficlency of detection. Another consideration is that
since the target remains in the vacuum throughout, the detector must
also extend onto the vacuum system. In order to maintain good counting
geometry with a proportionasl counter, 1.e., large window, it would be
necessary to employ a thick window to safeguard the vacuum, This un-
desirable featurs is removed by the present arrangement in which the
lucite rod acts as the vacuum seal.

The type of photomultiplier employed is the RCA 5819. This
tube has a large sensitive area which allows good counting geometry
without the necessity of employing a truncated cone, The spectral
response of the 5819 peaks at 4800 X with a range of maximum value
given by the msnufacturers from 4300 & to 5300 8. In choosing the type
of zinc sulphide to be employed, it is desirable to match as nearly as
possible the response of the phototube. The two types of zinc sulphide
avallable for use as scintillation detectors are zinc sulphide acti-
vated with copper, having an emission wavelength of 5200 X (28) and
silver activated zinc sulphide whose emission wavelength is 4500 X.

RCA 33-Z=-20A ZnS:Ag has been employed since 1ts emission time is con-
sideredbly less,

The zinc sulphide screen 1s'prepared by transferring the
adhesive part of scotch tape to a thin sheet of mica. This 1s accompli-
shed by placing scotch tape in a solution of petroleum ether for a few
seconds and then removing the adhesive material which diesolves to a
certain extent in this solvent, After spreading & uniform layer over
the mica, the ZnS:Ag 1s powdered on with a fine nylon brush and the
excess tapped off. The adhering layer is very firmly held and appears

to be quite uniform. This method is fairly reproducible, giving rise
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to a thickness of approximately 3.8 mg/cmz.

The lucite light piper is swrrounded with aluminum foil
to act as a reflector, outside of which is wrapped scotch tape with
the adhesive outwards. The mica screen is placed on one end of the
lucite rod and covered with five layers of beaten sluminum foll, the
total thickness being 0.9 mg/cm?. This foil is held in place by the
scotch tape and the whole nose 1s light tight. The opposite end of
the rod 1s flared, and rests agalnst an O-ring to provide a vacuum
seal, The surface of this end is shaped ss 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 concentric cylinders of soft iron tubing are placed around the tube
in addition bo the F.-metal shield that is used under normal clrcumstances.
This arrangement forme a vacuum tight unit which is inserted into the
housing of the rapld target extractor.

The preamplifier circult is bullt into the back end of the
shielding unit, The output pulse from the phototube is inverted and
pagsed through a cathode follower which feeds the one hundred feet of
coaxlal line between the cyclotron and the recording units., The cir-
cultes are based on those described elsewhere(l9). The time constants
of the input and output of the inverter have been made equal to the

20
decay constant of the phosphor, as has been suggested previously( ).

The entire unit is shown in Plate II.
The unit was tested to determine the effect of beta and
gamma background on the operation of the counter. In the presence of

up to 15 r/hr. of ionizing radiation originating from beta and gamma
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rays, there was no detectable count above ordinary tube nolse. At the
same time, the abllity of the counter to detect alpha particles was

not impaired.

Counting Losses

Since the decay time of the phosphor has been variously re-
ported(gl’ze) as 2-10 micro-seconds, the effect of resolving time on
the recorded counting rate becomes important.

The true counting rste N as a functlon of the recorded counting
rate R may be expressed in the form of a power series(23),

N=R + TR2 + VRS + ocew

The parameters { and y must be evaluated in order to determine the
true counting rate.

In the case whers the counting losses are not considerable,
i.e. roughly less than twenty percent, the second correction term may

be neglected. The first approximation is then

N=R +’C‘RE,

The actusl value of 7 may be obtained in the following way.
Two sources of approximately the same strength are counted separately

and together. If the recorded counting rates per second are Ra’ R-b

end R , then 1t follows that
a+b

T = Byt Ry -Ryp -D 56C/COUDt waeavaraosrss(l)

2 2 2
Rasb - Ra - Ry

where b 1s the background counting rate,
The values obtalned for T at different counting rates en-

compassing those encountered in practice are llsted in Table 1.
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Table 1
c/zzc. c/igc. c/iéZ? se:}c.
8506 3591 11328 17.9 x 1076
6031 2961 8520 17.3 x 2070
996 498 1481 17.1 x 207
5867 5595 10874 15.1 x 106

The average value obtained for T is 16.9 Yi.22x 10'6.

Nuclear Emulslon Technigue

The foremost consideration of any technique employed to
obtain alpha particle energies 1s that the source be thin, In cases
where chemistry is performed after bombardment, this condition is readily
fulfilled., In the present case, however, a chemical sepaeration is not
carried out, wilth the result that the target must also serve as a source.
Any source that 1s thin for alpha particles of the order of ten million
electron volts, 1s extremely thin to protons of from 50 to 100 Mev,
Under these circumstances the number of collisions made by the proton
beam will be small, resulting in a very low counting rate., As was
pointed out above, the measured half-life is that of an alpha emitting
perent which decays through three alpha emitting daughters to stable
bismuth., It is the energies of these four alpha particles that are to
be measured, and hence there will be a factor of four less than the
number available for half-life measurements.

The standard method of measuring alpha particle energiles is by
the use of a proportional counter or ionization chamber, Either of

these arrangements, coupled with a channel analyser, would give satis=-
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factory results under normel circumstances. In the case of low counting
rates such as those encountered in this experiment, the poor geometry
resulting after collimation of the alpha particles would leave too few
counts per channel to be of any significance. In the case of short
half.lives,. the use of a single channel analyser requires repeated bom-
bardments with the resulting increase in background from the other
alpha emitters present.

The use of ZnS:Ag as a means of measuring alpha particle

energies has been investigated by several workers(al’ze’ah)

, and the
author. In all reported cases the spread in pulse height of a mono-
chromatic alph§ beam was found to be too large to be of any uee. This
gpread in pulse height has been atiributed to scattering of the light
in the powder.

In the nuclear emulsion technique employed in this experiment,
no attempt was made to measure half-lives in conjunction with alpha
particle énergies. The target was bombarded for a short period and then
rapidly placed next an Ilford type D-1 nuclear emulsion., Following a
short exposure to the photographic plate, the target was removed so that
no further alpha particles could reglster in the emulsion. This practice
was adopted to reduce to a minimum the tracks caused by longer lived
elpha activities which are present as a background. The tracks recorded
during the exposure were measured and the equlivalent energles calculated,
meking use of the range-energy relation for alpha particles in Ilford
emulsions as determined by Lattes et a1(25). A histogram plot was then
made to show the alpha particle groups of the new series,

Since the nuclear plate must remsin in the vacuum chamber

during the bombardment period, it was necessary to shield it very
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thoroughly from scattered protons. At the same time a channel had to
be avallable so that the target could be placed next the smulsion
directly the radiation was completed, The arrangement adopted and
found sultable 1s shown in Plate III.

The nuclear emulsion was enclosed in a container with walls
one-half inch thick, which is sufficlent to stop protons of 95 Mev.(26).
The channel was in the form of an arc of a clrcle, the entrance to which
was shielded from the protons scattered directly from the target. The
target itself was held on one end of a pisce of thin polystyrene, bent
in the form of an arc with the same radius of curveture as that of the
chennel, The other end of the polystyrene was attached to an arm which
permitted the target to be rotated through nearly 180° from the bom-
barding position up the channel to the nuclear emulsion. The rotation
of the target was accomplished by means of & flip coil connected to
the shaft that held the arm., By energlzing this coil, the target could
be swung around to the nuclear plate and by reversing the current in
the coil, returned to the original position.

This arrangement was satisfactory in that the scattered pro-
tons did not reach the nuclear plate., However, the small angle
scattering from the target resulted in & considerable portion of the
beeam striking the copper shielding after circling the centre of the
cyclotron. The energy of the protons was sufficient to cause reactions
of the type (p,xn) in the copper, with the result that some knock-on
protons were recorded in the emulsions. Since the track of a proton
éf two Mev., could be confused with that of an alpha particle of about

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

two types of track be definite., The types of emulsion tested were
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C-2, E-1, and D-1. Of thess, the D-1 contains the finest grain and

1s recommended by the manufacturers for the recording of fission frag-
ments, Only 1in this type of plate was 1t possible to dlstinguish
definltely between knock-on proton tracks and alphe particle tracks.

In spite of the fact that distinction could be made directly in a
majorlty of the cases, since the alphe tracks commence at the surface,
and most of the knock-on proton tracks occur within the emulsion, it was
considered advisable to teke as many precautions as possible. The use
of D-1 emulsions resulted in & much cleaner plate which facilitated the

track counting.

Target Prepasratlion

The targets employed for the half-life determinations required
that the maximum denslty of thorium itself be present. Since thorium
metal was not avallable, the targets were constructed using thorium oxide.
The powder form in which this material exists maede it necessary to employ
a rigld backing to which the thorium oxide could be attached. The first
procedure Tollowed was the fusion of ThO2 on a nickel foll with the aid
of KHSOM. This was superceded when it was discovered that the counting
rate could be increased considerably by applying the ThO, to the backing
materisl with the aid of the sdhesive part of scotch tape, as was des~
cribed above in the construction of the scintillation screen. The
backing material employed in these cases was silver.

In the case where the energies of the alphs particles were to
be measured, the procedure followed was the one reported by Kahn(27).
A solution containing Th(NO3)u and a small amount of K3Fe(CN)6 was
electrolysed. The deposit on the cathode which consisted of ThFe(CN)6,

was ignited to the oxides of thorium and iron and the latter leached out
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2
deposited was estimeted from the results of Kahn to be in the neigh-

with 12N HCl, leaving the ThO,, on the cathode. The amount of Th02

bourhood of 500 micro-grams per square centlimeter.

The energy loss of an slpha particle traversing this thickness
can be esatimated with the aid of the empirical rule formulated by Bragg
and Kleemanf28). This rule states that the stopping power of an atom
1s 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 1s

placed in the form

Rods _ Va PPN ).
sds “Ts

where R 1s the range, d is the density, and ﬁy is the permeability of

b

the substance to alpha particles. The subscripts & end s refer to air
and the substance respectively. Comparison of the calculated range
with values given by W. A. Aron<26) indicete that an eight Mev. alphs
particle would lose approximately 80 Kev. in traversing a thickness of
500,~gms/cm2 of thorium oxide.

That thls method may be open to large errors has been pointed
out by Wu(29). The fact thaet g known weight of a material has been
deposited 1s no guarantee that 1t is distributed evenly over the surface.

This observation hss been confirmed, as in some cases the alpha particle

spectrum waes flat with a tail extending down to 4 Mev.



III. RESULTS
General

The bombardment of thorium oxide produced two short-lived alpha
activities. The half-.llves of these isotopes have been determined as
0.57 ¥ 0.15 sec. and 2.0 ¥ 0.3 sec. The relative yield of the two acti-
vitles was such that the perlods could not be separated directly from one
decay curve. The process through which they were resolved will be described

below.
The periods have been assigned as follows. The 0.57 sec., activity

22t

1s presumed to belong to an isotope of thorium, , and the 2.0 sec.

activity to an isotope of protactinium, Pa“??, ‘The thorium isotope is a
(30)

member of an already established serles , 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 chaln have been measured during
this investigation.

Half-1life determinations

The results of the first series of bombardments are given in
Table II. All information pertinent to the succeeding discussion 1s listed
in thle and the following tebles. The target in this case consisted of

ThO,.. fused onto & nickel foil.

2
Table II
Run Bombarding Proton Rate meter Time base Time Half-1ife Initial counting
No. time energy time const. speed pips rate
gecs, - Mev, milli-pecs. 8ecs. no/sec, 8ecs, c/BEC,
Th-1-3 2 80 LAl 5 2 1.3p 11%0
L o2 80 b 5 2 1.2, 2170
6 2 90 103 5 2 1.15 3600
7 3 90 103 5 2 1.2, 3900
8 10 90 103 ' 10 2 1.7y 1500
10 3 90 103 7 2 1.3¢ 722
11 3 90 103 7 2 1.y 2500
12 3 90 103 7 2 1.kg 2640
13 3 90 103 7 2 l.hh 2510
3 90 103 7 2 l.hy 1840
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From the above values 1t appeared that, with the exception
of number Th-1-8, a half-life of 1.33 * 0.08 seconds wes present. The
fact thet Th-1-8 indicated a longer half-life,at this time was attributed
to the longer bombardment perliod and that the large amount of background
actlvity present resulted in considerable uncertainty in plotting the
decay curve, In addition, time merker pips at the rate of two per second
were unsuitable, providing too few points for the curve on the shorter
time bases. At this time, marker pips were available at the rate of two,
twenty, and two hundred per second, the latter two rates being too high
for a half-1life of this value.

In order to obtain a more precise value for the half-life, a
scale of two was employed to reduce the twenty marker pips per second to

ten., The results of thls new series are given 1n Teble III.

Table IIL
Run Bombarding Proton Rate meter Time base Time Half-life Initisl
No. time energy time const. speed pips Counting Rat

secs, Mev. milli-secs., #mecs, no/sec, gecs, c/sec.

Th-3-3 2 90 103 5.4 10.08 0.9, 7110
5 2 90 41 5.4 10.08 1.07 12800

T 1.5 90 L1 5.4 10,08 1.1, 4860

9 1.5 90 41 5.h 10.08 1.0 3150

10 1.5 90 b 5.4 10.08 1., 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 sllver
backing, Since the ectivity was increased by a factor of at lesst two,

it was felt that these values might be more representative of the true
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half-life.
Accordingly, a third radiation was carried out. The conditions

of this bombardment and the resulting periods are listed in Table IV.

Table IV
Run Bombarding Proton Rate meter Time base Time Half-l1ife Initial
No. time energy time const. speed pips Counting Rat
gecs, Mev. milli-secs. secs, no/sec. secs, ¢c/sec.

Th-4-17 1.5 76 103 5 10,01 1.19 620

31 1.5 80 k1 3 10.01 0.7 1660

33 1.5 80 103 3 10.01 1.0, 1790

37 3 80 258 8 2 2.2, 1240

38 3 80 258 8 2 1.7y, 735

by 3 80 103 10 2 1.66 1040

21 1.5 85 103 5 10,01 1.2 1500

22 1.5 85 103 5 10.01 1.2 2030

i 1.5 90 103 6 10.01 1.13 2080

5 1.5 90 103 3 10.01 0.85 2720

6 1.5 90 L1 3 10.01 0.9¢ k740

8 1.5 90 bl 3 10.01 0.9g 2700

9 1.5 90 b1 3 10.01  0.8g 3790

23 1.5 90 103 5 10.01 1.2 2030

2h 1.5 90 103 5 10.01  1.0g 2010

25 1.5 95 103 5 10.01  0.9g 1700

26 1.5 95 103 5 10.01 1.0, 1310

27 1.5 95 103 3 10.01 1.0, 2630

28 1.5 95 L1 3 10,01 0.9, 2970

29 1.5 95 41 3 10.01 0.95 ' 3200

The spread in values obtained from this run was more than could

be expected on the basis of statistlice alone. A critical survey of the
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results indicated that although the effect might not appear large, a
longer integrating time constant in the counting rate meter resulted
in a slightly longer value for the half-1life, In addition to thils,
comparison with the results listed in Table IIT showed that other con-

ditions belng equal, a longer time base resulted in a longer measured

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-
stent of the counting rate meter, provided it 1s shorter by at least a
factor of ten than the period of the activity beilng measured. The
treatment of the problem of the response of the counting rate meter with
an RC time constant t2 to impulses originating from an exponential
decay with a time constant t,, is identical with the solution of perent
and daughter activities with half-lives tl and t2 respectively. In the
pregence of two decaylng activities, the use of a time constant in the
counting rate meter that is too long will tend to suppress the shorter
activity.

During the cycle of operation in the measurement of a half-
life with the rapld target extractor, there is a time delay at the
commencement of the recording, equal In length to one-sixth of the time
base, This delay 1s constant, depending only upon the rate of rotation
of a cam which governs the length of the time base., In the case of two
lsotopes decaying with short periods, the value obtained for the apparent
half-life would depend upon the time interval et which it was measured.

Ag a consequence of these considerations, 1t appeared that

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

for the half-lives too close together to permit them to be resolved
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directly on the decay ploﬁ. ,The possibility was present of considerably
enhancing one period over the other by varying the bombarding time and
the time base interval. This had, in fact, been demonstrated by
radiations Th-4-37, 38 and 39, the measured values for the decay being
much longer in these cases. It should be pointed out that in spite of
the long bombardment, the initial activity wae not great.

In arder to verify that the measured half-life did depend
upon bombarding time snd recording conditions, the radiations listed in

Table V were carried out.

Table ¥
Run Bombarding Proton Rate meter Time base Time Helf-life Initial
No. time energy time const. speed ‘pips Countling rate

S€C8. Mev. milli-geca. secs. no/sec. secs, c/sec.

Th-5-2 0.6 90 16 2 20.00 0.8y 1620
9 3 90 41 8.2 1.83 1.h3 1550

10 3 90 k1 8.2 1.83 1.29 1780

12 3 90 b1 8.2 1.83 1.3 1750

13 3 90 b 8.2 1.83 1.2¢ 1840

17 3 90 L1 8.2 1.83 1.86 ;9&0
Th-9-% 0.6 90 L1 2.35 20,00 0.8, 1520
5 0.6 90 L1 2.35 20.00 0.85 1370

8 0.6 90 Ly 2.35 20.00 0.88 1150

9 0.6 90 41 2.35  20.00 0.7, 1420

10 0.6 90 L1 2.35 20.00 0.88 1250

11 0.6 90 L1 2.35 20.00 0.8, 1280

12 0.6 90 41 2.35 20.00 0.85 1470

13 0.6 90 L1 2.35 20.00 0.79 1410

The range of values agreed falrly well when the bombarding time

and recording conditions remained constant, but the change 1in these con-
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ditions produced a considerably different set of measurements for the
helf-life. The only conclusion to be drawn from this behaviour was
that & mixture of activities was present, as was indlcated to some
extent previously. Approximate values for the half-lives of the
geparate activities may be obtslned as follows,

In the case where two activities are present,
%“7‘11‘71‘ A,

where dN is the counting rate, jl the decay constent, and N the number
dt
of radioactive atoms present. The subscripts refer to the two activities.

Now - At
N = Noe s

where No is the number of radiocactive atoms present at time t = O.
The time t = O 18 teken at the end of bombardment, and at that

time T
NO=S(l-e ),

where 2 is the radiation time and S is the number of radloactive atoms

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

Thus,
- At - A4T - -Ae't - AT
QI_W--)\]_Sle l(l-e l)-7\282e (1L -¢ 27
dt
Also, an- = - )‘m(Nl + Nr,_;))
dt

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

two activities that are not resolved on the decay curve, the value of )

m
may be consldered to remain constant over approximetely one measured
half"lifeo

- 'Al‘t - At = }\Qt’ - )2&‘);
Hence, 7\m(Nl+ N)) = NSpe (1-¢ ) + AgSpe (1-e

- Aot

- ALt - T - AgT
e "1 - e l)(}\l-}\m)=82e (1-e )()\m-?\E)

or S
1

N ()
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from which
| | N o MT
lnSl-lnsg’ Alt M 2\"+ (J:_EI_‘)“’M( Al' Am>=0 eeee(T)
l-e ’Am- “2

Conslder the two cases in which the period of bombardment is
the same but the time after the end of the radiation when the value for
the measured half-life is taken, is different. There will be two
equations (7) involving ]l, ]2, }mq , A/\m,e , T, and Tg, vhere the

subscripts « and f_; refer to the two conditions. ZFrom these two equations,

one equatlion may be obtained.

In[tmd -t L s, -t = 0.693 (tl—te) ("(B “ Ty )eennas(8)

tmﬂ - % ts - tma ’t,lt2

In this equation, t and t o are the measured half-lives at Ty and g
m ot n

respectively. Thus, if tl is known, t2 may be evaluated.

The gross decay 1s shown schematically in the accompanylng

dlagram. The values of Ty and T4 are
obtained by employing two different
> .
time bases, and the actual time 1s given g :
by S 5 .
T = 1 time base + t : ;
3 = v ‘ !
o ! !
= : :
The assumption made is that the slope of the "ci %p

TIME
line joining two points on the composite decay curve ome half-1ife apart

is 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 constent, and hence
S

~l = constant = k
S
2
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Thus from (6)
- T - AT
k=e ’AQL(l-e 2) ()m- Ae) ...000-001000000.3000(9)

e” M- e M) (A - A)

Employing the values of }1 and %2 obtalned in the solution above, the
constant k may be evaluated with the use of a different set of values
for T, T, and %m.

It ie then possible to check this value of k with a third new
set of values for T, T, and Amf

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,

Table VI
Equetion | % t t T t |t. - T Reference
ml m2 m 2 1l
number gec. | 8ec., | Bec.| Sec. BecC. sec, bombardument
8 Oo9’+ 1'06 - 105 - O.Ll.é Th-3-7}9 Th""“"6’8,9
9 — | — l'3h 3.0 2.06 —_— Th-5-9,10,12,13.
9 — | — ] 0.8 | 0.6 0.8, —— Th-9-4,5,8,9,10,11,12,13.

Since the equations to be solved are transcendental, no direct
solution 1s possible., The method of solution involves a trial solution
with a t, and tl obtained from equation (8). The final values for these
periods are derived by successive approximetion until all conditions are

satisfied., The values obtalned by this method are

t

1 0.57 ¥ 0,15 sec. tesessannceessa.(10)

t h 2001'0-3 8SecC, oooo-ooo.ououo..(ll)

2
Four typical photographs obtained from the oscilloscope display

are shown in Plates IV, V, VI and VII.
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Production Crose 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 saturatlion activity is produced when the number of radlo-
active atoms formed in unit time is equal to the number of dlsintegrations
per unit time, The number of radioactive atoms produced is

an‘N,

where np is the number of protons impinging per second on a target con-
talning N atoms per cme. and ¢ 1s the croge section for the reaction.
The number of atoms decaying per second is AS, where A is the decay
constant and S is the number of radioactive atoms present at saturation.

Hence

In the present case,

P 11

and n.p GéN = )252.

TherEfOI'e ‘Alsl - ﬁ .-ooo-OOouao.oonbo(lg)
A5, %2

The value of the ratio S, is determined from equation (9) above, and
S
since the half-lives are also known, the ratio of the cross section is

obtained.

The value of k was 1.00, and thue the ratio of the cross sections

is given by
g -
__i -_12- X 1000 = 3.5 : l ...000000-00(13)
T2 !

From the above results it is poseible to place a lower limit
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on the absolute cross sections for the production of these imotopes.

The cross section ¢ 1is glven by

g = Number of transformations
Number of incident protoms x number of atoms present.

The sources employed were infinitely thick for aslpha particles
and thus all particles emerging from a depth equal to the range in the
gource would be recorded, provided the detector was unshielded. The
gluminum foll covering the ZnS screen was 0.9 mg/cme, which is sufficient
to stop alpha partiéles of 1 Mev., The aipha perticles must leasve the
source with at least this energy in order to reach the screen,

The range of an eight Mev. alpha particle in ThO, is approxi-
mately 34 mg/cme. Assuming that the effective source thickness 1s

30 mg/cm2 and the beam current at the outer radll is of the order of
l/20thuﬁam@, it is poesible to calculate the cross section. The cross
section calculated on the basis of the initlel counting rate will be too
high by & factor of four, owing to the fact that there are three daughter
activities which will be Incorporated in the total activity. Due to the
fact that the recording system employs a discriminstor, which is adjusted
to eliminate amplifier end photo-tube noise, a number of counts will be
lost., There is no manner in which the number of counts thus lost may be
estimated,
The estimated values for the production of the lsotopes is
6 (2.0 sec.) = 0.3 milli-barns
¢ (0.57 sec.) = 1.0 milli-barns.
No claim is made on these values other than that they are
probably within a factor of ten of the actual cross sections.
Yield Curve
The yleld curve for the composite activity wae determined. The

relative yield at different bombarding energies is given in Table VII.
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The resulting curve is shown in Figure 2. The corrected yield is
obtained by teking into consideration the fall off in proton beam
current with increasing radiuws, This variation of beam current with

energy of the proton beam is shown in Flgure 3.

Table VII
Proton bomberding Relative yield Relative yleld
energy uncorrected corrected
Mev. arbitrery units arbitrary units
63 55 55
67.5 136 166
71.5 130 487
76 384 534
80 558 798
85 1117 | 1700
90 1170 2150
95 875 3040

The energy of the bombarding protons was determined by the
radial position of the target, rather then by direct measurement, The
internal beam of the cyclotron has been studlied by W. H, Henry(3l), who
has found that radial oscillations exist which cause the beam to be
inhomogeneous in energy. The spread in proton energies at the radii
employed in this experiment has been estimeted by Henry to be of the
order of ten percent. This condition prevents any definite conclusions

to be drawn from the yield curve other than that the reacticn progresses

more favourably as the energy of the incident protone is increased.

Alpha Particle Energles

The histogram representation of the measured alpha particle

energies is ghown in Figure 4, A target prepared as described previously
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was bombarded for a period of three seconds and then placed near the
nuclear emulsion for a similar length of time. The resulting tracks
were counted and segregated into groups according to energy. The
relation employed to convert length of track into alpha perticle energy
was that glven by Yagoda(32), based on the results of Lattes et al(es).
In order to determine the resolution that might be expected,

2 collected from‘Th228 ag8 a standard

a test was carrled out using Pbel
gource. From this calibration platé, which ie shown in Figure 6, it
was apparent that the resolutlion was at best of the order of five per-
cent,

The fact that there are not four equal peaks in the dlstribution
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

21
alpha particle is assigned by systematics to 85At 3. The fact that

At213 is the fourth of & series of alpha emitters originating with
91P8225, indicates that thls isotope of protactinium haes been produced,
and also serves as & gulide in determining the ratio of the P8225 series
to the other alphs particle groups present in the histogram.

The hackground activity produced in a three second bomberdment
wag monitored separately for periods and relative sbundance. A number
of long half-lives were produced and it wes not possible to separate
them individuelly. The total number of disintegrations that took place
in & three second period dlrectly following the bombardment wes of the
order of 5% of the number of disintegrations due to the two short acti-

vities,
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Iv, INTERPRETATION OF RESULIS AND DISCUSSION

The results of the proton bombardment of thorium at 90 Mev,
indicate the presence of two new half-lives, namely,

1. t% = 0.57 ¥ 0.15 secs.

0.3 secs,

I+t

2. t. = 2,0

=

In order to make the correct assignment of these activities,
1t 1s necessaery to consider:-
1. The systematics of the alpha emitters in the region
above lead,
2. Thresholds and cross sections,
3. The spectrum of the emltted alpha particles as read

from the histogram.

1. It was pointed out in the introduction that the systematics
of the even-even alpha emitters are the most consistent, In view of
this, it might be expected that any predictions mede concerning the
properties of an even-even alphs emitter in the reglon above lead
should be quite accurate., On the other hand, predictions of the detail
properties of the other mass itypes are not, in general, considered to
be as reliable.

The systematica of the alpha emitters in this region are
sufficiently well established to permit two general rules to be stated.
These rules 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 less the mass number, the shorter
the alpha half-1ife.

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

the atomic number, the greater the alpha particle energy.
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Tt has been found that the cross section for the production
of the shorter activity 1s greater than that for the longer. The
possibility that the two half-lives are assoclated with the same element
is thus eliminated by rule 1. Also, from rule 2, the two activities
are not members of the same decay serles. It may be concluded then,
that the two periods produced belong to en isotope of thorium and a
new lsotope of protactinium. The most probable mess assignments are
22l |Pa 225

to 90Th and 9

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

« Of the short lived alpha activities that may

least emount of energy of the incident protons and, therefore, may be
expected to appear first as the energy of the bombarding particles 1s

increased.

k4

Predictions for the value of the half-life of Th22 heve been
made by two authors, Meinke(3o’33)and Kaplan(lo). The former has pre-
dicted the half-life as of the order of one second, and the latter as
0.6 second. The prediction drewn from Plste I agrees with that of

Kaplan., Meinke has predicted the half-life of Pa225

as roughly 10
seconds, while the plot of Plate I indicates perhaps 2-3 seconds,

The conclusions to be drawn from these predictions are that
the assignment of the 0.57 second activity should be made to Th22h’
and the 2,0 second period to Pa225_ Other considerations must be taken

into account before the assignment can be made Tinally.

2. The reactions involved in the production of these two isotopes

are
mh232(p, pn) T2

Th®32(p,8n) Pa®?d,
In addition to the half-lives, 1t has been shown that a value for the
ratio of the cross sections for producing these isotopes could bs

obtained from the evaluatlon of the composite decay. Egquation (13)
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gave ’
g (0.57 sec.) = 3.5%1
g (2.0 sec. )

The production of Th22h requires the emlssion of an additional
particle to that required to produce Pac2>, The thresholds for these
reactlons may be calculated making use of the messes of the heavy
isotopes as published by M. Stern(3h). The mase dlfference betwesn
Th22h and Page5 may be calculated from the difference between Pb208
end B1°09 by making use of the alpha disintegration energies of these
chaing, Although in the latter case these energles must be estlimated,
the estimates wlll not be In error by s much as 1 Mev,

The results of this calculation show that the threshold for
production of Thgeu is 47.1 Mev. and for Pa225, 45 Mev. These are
absolute thresholds and if the emitted particles are to have any kinetic
energy, the actual observed threshold will be considerably higher.

In the case of charged particle emission from the compound
nucleus, the effect of the coulomb barrier is important, It has been
shown theoretically(35) that the evaporation model of nuclear reactions
introduces a prohibition factor for the emission of a proton in competi-

3¢

¥*
tion with a neutron, of e EB where EB is 0.72 times the barrier
T

height in Mev. end T is the nuclear temperature in Mev. The quantity T
1.h0

is given by T = QeoEp , Where e_.o = 1 and E 1s the
(a4 - %0)

excitation energy of the compound nucleus. In the present case, A = 233
and Ep = 90 Mev., and the prohibition factor is ~3., This aspect of
the model has not been verified at high bombarding energies and it is
only possible to conclude that the emission of a proton under these cir-

cumstances is not too improbable.
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When the compound nucleus has been formed, as successive
neutrons are evaporated, the binding energy per neutron will increase,
At the end of eight neutron evaporations, it 1s gquite probable that the
excitation energy of the compound nucleus will not permit a further
neutron to be emitted, but will be sufficient to allow a proton to
egcape with a few Mev, In competition with proton evaporation will
be gamms ray emission., FProvided the proton has sufficient energy to
penetrate through the barrier in e short time, this mode of decay will
be a large factor in the formation of the finsl nucleus.

The ratio of the cross sections 1s somewhat higher than might
be expected from the sbove discussion, but the fact that at 90 Mev. there
is more than enough energy to make the reaction take place in spite of
the barrier, is sufficient reason to accept this value for the ratio as
being close to the correct one,

Thet the evaporation model does not describe completely the
process of nuclear reactlons at high energies, has been pointed out by
Serber(36). In the case where the energy of the lncident particle is
of the order of 100 Mev. or greater, the compound nucleus may not be
formed in the same manner that 1t is et lower excitation energlies. At
this energy the mean free path of the entering nucleon in the nucleus
becomes important, and the probability of the transfer of a large
fraction of the energy of the Inclident particle to one nucleon alone,
the latter being ejected, is increased. The energy of the emitted
nucleon would vary from a few Mev,,perhaps,up to the maximum available,
and would leave the residual nucleus in a state of excitation similar
to that assumed in the compound nucleus theory. This residual nucleus

would then proceed to the final nucleus by evaporation.
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The interaction of high energy neutrons with heavy nuclel
has been investigated by Goldberger(37). The energy distribution of
particles emerging immedletely after the bombardment of & heavy nucleus,
shows a contlnuous distribution up to the maximum energy of the incident
neutron. The distribution decreases 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 1s epparent
from the results of Goldberger that the evaporation model does not
suffice entirely to interpret nuclear reactions at high energles,

A further reaction which has been observed by J. Hadley and

H, Ybrk(38)

during the bombardment of nuclel with high energy neutrons,
1s the emission of fast deuterons, The energy of the ejected deuterons
is, on the average, about one-half of the energy of the entering neutron.
Total cross sections for the production of these deuterons from carbon,
copper and lead are given. In the case of lead, which should correspond
roughly to thorium, the cross section is 23 milll-barns, Owing to the
fact that there are approximately two neutrons for every proton in a
heavy nucleus, it might be expected that in the case of 90 Mev. proton
bombardment, the cross section would be twice as great. The cross
section for the emission of a fast proton was found to be 100 milli-
barns for incident neutrons. On the same basls, the cross section for
fast neutron emission under proton bombardment should be 200 milli-
bearns.

The experiments of Goldberger and Hedley and York verify that
even in the heavy nuclei, the formation of the compound nucleus under

90 Mev, bombardment may not be considered as the only reaction process,
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At the moment there is not sufficlent experimental information avall-
able to estimate in what percentage of the reactions the compound
nucleus is formed directly.

The qualitative arguments given above serve only to indicate
that the (p,pxn) reaction could proceed equally as favourably as the
(p,xn) in this region and under these circumstances. The fact that
the cross section ratic favours the former is not too surprising.

3. The alpha perticle energles of the Thegu series have been

measured previopsly(33). The half-lives of the members of this group

have not been determined, but the existence of the chain is established
from measurements on the parent nucleus U228. The alphs particle decay

energies have been given(32) &8
. 216 8.01 212 8, 208
Tn_T.13, 220 T.43. g 216 O.01 o212 8.77

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

it is important to know the ratio of the number of Thzgh dlisintegrations

22
to the number of Ps 2 disintegrations that have taken place while the

source was next to the nuclear emulsion.,

21
The last peak in the distribution has been assigned to At 3

from systematics, From the number of particles in the peak immedlately

3, which corresponds in energy to Poelg, it is possible

212

preceding Atgl

to deduce that there are at least as many Po
213

alpha particles present

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

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

by ALt

- A1T -
Mo oS- MHa-e )
Np  Sp(l - e” Mal)(y . - A2ty

B ¢ 113

where Nl and N, are the number of Th22% and Pa225 tracks reapectively,
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and the remaining symbols are as defined above. Since both the bom-
barding time and the recording time were three seconds,

Ny = 841(1 - 9'3 §)l)2
3 20,2
s,(1 - 73 *2)

N
2

The value of the retio S; is obtained from equation (9), and

5o

insertion of the numerical values yields

M=o

N,

The ratio obteined in this manner is not inconsistent with
. that estimated from Figure k4.

The result of subtraction of the Th22u series from the total
number of alpha particles is shown in Figure 6., The alphe particle
energles of the members of thils new series are determined from this
corrected histogrem.

The new series collateral to the neptunium Un + 1 series is

assigned as
2% 6.9 222t 7.6 Fr217 8.3 At213 9.2 Bi209
91°° > 89 > 87 > > 83

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. protons results in the production of two alpha
active lsotopes decaying with half-lives of 0.57 ¥ 0.15 sec. and
2.0 £ 0,3 sec, From the systematics of the alpha emitters, the con-
sistency of which has been established in this region, it has been

posslible to assign these two periodas to 90Th22h and P8225 respec-

Sl
tively. The presence of the thorium lsotope has been established

(30)

previously , 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
bn + 1 series., The energy of the alpha particle emitted by this
isotope, together with the energies of the alphss from ita three
alphe emitting daughters, have been measured. The decay chain is
asgligned as follows.
pac? 69, P2 16, P17 8.3
91 89 87 85 83
5

213 9.2 209
At —_ Bi

The third daughter of Pa22 is astatine mass number 213,
Interest 1s centered in the energy of the alphe particle emitted from
this isotope owing to the fact that it conteins 128 neutrons, which
are two more than a closed shell. It had been estimated(B) thet the
alpha dlsintegration 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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