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TAsLE IV. Distance d=(E;-EI}/-(8E/Bx)Av is that
traveled in lead when a particle of mass 200m, and of an
initial kinetic energy E; loses by ionization an amount of
energy equal to X;—Xy, where Ey is the kinetic energy
which the particle possesses after having traversed d.
The average ionizatiog, loss per cm -(BB/Bx)Av is read from
the curves in Fig. . 3. The sum of the d's gives the range for
a given Es.
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mass M, where (ep)Av+(ep)Av=(8')Av and 8 is the total
scattering angle, and ai and ag are the scattering angles
projected in two perpendicular planes, each of which
contains the track of the incident particle. Neglecting the
energy loss by ionization in the scattering material, taking
into consideration shielding by electrons, and using a
finite nucleus with a radius of 10 " cm, %illiams obtains

the following expression:

gR

where 8' is the atomic weight, Z is the atomic number, t
is the thickness, and N is the number of atoms per cc of
the scattering material, and e is the electronic charge. The
values of ((ap}Av}& es. the kinetic energy for both mesotrons
and protons are plotted in Fig. 1.

It is now desired to calculate the corresponding values of
((ap)Av}& when the energy loss in the plate is taken into
account. Consider a particle of mass 200m, entering the
1.3-cm lead plate with a kinetic energy of 8X10' ev.
It will be seen from curve 5 of Fig. 3 that this particle will

emerge with a kinetic energy of 6.1X107 ev. For the aver-
age between the energies SX10~ and 6.1X107 ev, the
scattering angle ((ap)Av) & was read from the curve in Fig. 2.
If this value of ((a&')Av}& is now plotted against the incident
kinetic energy of SX10', we obtain a point on the curve for
({a1')Av'}&. For lower kinetic energies the averaging process
was made more precise by dividing the plate up into thin
sections, numbered e, b, c, -, and calculating the average
kinetic energy of the particle in each section and in turn
the resulting ((ap}Avi}& in each section. The total ((ap)Av'}&

for the 1.3 cm of lead is given by
((&1 )A } = $(M )Av+(b )Av+(M )Av+ ' ' ' j ~
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Radioactive Isotopes of Praseodymium

J. %. DE%IRK,* M. L. PooL, AND J. D. KURBATov
The Ohio State University, Columbus, Ohio

(Received March 3, 1942}

New nuclear reactions Pr'4'(dp}, Ce'~(pe}, and La"9(an} yielding radioactive isotope Pr'4'

have been observed. The decay curves obtained for Pr'" after chemical puri6cations showed a
half-life of 19.3+0.1 hours, a value considered to be more exact than that previously reported.
The negative beta-ray spectrum was measured with a recently constructed magnetic spec-
trometer of the 180' focusing type and was found to have an end point of 2.14+0.02 Mev. A
weak gamma-ray approximately 1.9 Mev was found associated with this period. The isotope
Pri4o has been formed by the reaction: Pr'4'(l, 2 n}. Its half-life was measured as 3.4+0.1 min-
utes. Cloud-chamber measurements yield an upper limit of 2.40+0.15 Mev for its positron
spectrum.

I. INTRODUCTION

HE study of radioactivity in praseodymium
began with the work of Fermi and co-

workers, who produced periods of 5 minutes and
l9 hours by bombarding praseodymium with
neutrons. ' They reported that the 19-hour
period was sensitive to water and found a half-
value thickness for its beta-rays of 0.12 g/cm' of
aluminum. Marsh and Sugden~ assigned the

* Now at Princeton University, Princeton, New Jersey.
~ E. Fermi @ el., Proc. Roy. Soc. 149, 522 (1935).

19-hour period to Pr'", and Pool and Quilia found
that the shorter period was a 3.5-minute positron
emitter and assigned it to Pr'4'. Recently these
assignments were conhrmed by Wu and Segrh, 4

who reported that the half-life of Pr'4' was 18.7
hours. They found that this isotope emitted only
electrons with a continuous spectrum having an
upper limit of 2 Mev.

. K. Marsh and S. Sugden, Nature 136, 102 (1935).
. L. Pool and L. L. Quill, Phys. Rev. 53, 437 (1938).

~

~

~ ~' C. S. Wu and E. Segre, Phys. Rev. 61, 203 (1942).
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In this study, other possible methods of
formation of these two isotopes have been inves-
tigated. The electron spectrum of Pr"' has been
measured by a magnetic spectrometer, the
positron spectrum of Pr'~ by a Wilson cloud
chamber. A weak gamma-ray has been found
associated with Pr'"; its energy has been meas-
ured by absorption in lead.
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FIc. 1. Isotopic chart of praseodymium region.

Figure 1 shows an isotopic chart of the region
studied. The stable isotopes are represented by
rectangles, the unstable isotopes by ovals. The
reactions which were studied in this work are
shown lay the heavy arrows. The values found
for the radiations from Pr'~ and Pr'4' are given
in heavy print.

The 19.3-hour period was formed by the
action of deuterons and neutrons on praseo-
dymium, protons on cerium, and alpha-particles
on lanthanum. Hilger H.S. brand oxides were
used in all the bombardments. A spectroscopic
study, delivered by Hilger, revealed the following
impurities in these materials:

Praseodymium oxide, Lab. No. 6782—Mg, 0.1 percent;
Dy, 0.02 percent.

Cerium oxide, Lab. No. 6401—traces of Mg and Gd.
Lanthanum oxide, Lab. No. 6404—very slight traces of

Na, Mg, Ca, Bi, Sm; Gd, 0.015 percent; Nd, O. i
percent.
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FIG. 2. Decay curve for Pr+d.

A study of the distribution of the stable iso-
topes in the praseodymium region leads to the
conclusion that the reactions forming the 19.3-
hour period assign the period to Pr'4'. The
chemical procedures of purification were arranged
to remove all active impurities other than the
rare earths, which might originate either from
the target material or the bombarded sample.
The same procedures were followed in all the
bombardments leading to the 19.3-hour period.
The bombarded sample was first dissolved in
nitric acid and evaporated to dryness, the
process being repeated several times to drive oR
all volatile active substances. Then the residue
was again dissolved in nitric acid and filtered to
remove any insoluble activity from the platinum
target. After filtration, carriers were added, such
as Cu, Ni, Co, Na, K, Cs, Ca, Ba, and Sr. The
filtrate was then neutralized with ammonium
hydroxide added in excess. This precipitated the
rare earths and left the above shown impurities
in solution. The rare-earths' precipitate was
filtered, and afterward was redissolved in nitric
acid. Other carriers such as Fe, Al, Cr, Ti, etc. ,
were added, and the rare earths were precipitated
by oxalic acid and filtered oR. In case any of the
filtrates showed activity when measured with an
immersion type G-M tube, carriers were again
added and the rare earths precipitated once
more. The oxalates of the rare earths were
finally converted to the oxides, whose activity
was followed.

The activities were measured by an ionization
chamber containing Freon at a pressure of'two
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FIG. 3. Momentum distribution of the Pr~~ electrons.

atmospheres and a %ulf unifilar electrometer.
The sensitivity of this arrangement was deter-
mined for each point on the curves by a uranium
standard.

Praseodymium oxide bombarded with 10-Mev
deuterons yielded a strong rare-earth activity,
whose intensity was followed from 200,000 times
background to one-tenth background. This decay
curve is shown in Fig. 2. From it the half-life was
determined to be 19.3+0.1 hours.

The rare-earth fraction from the bombardment
of lanthanum oxide with 20-Mev alpha-particles
gave an activity, which was followed for 10 half-
lives and gave a half-life of 19.2 hours. If any
longer period was present, its initial intensity
was less than 0.1 percent of the 19-hour period.

Cerium oxide was bombarded with 10-Mev
deuterons and 5-Mev protons. From the deuteron
bombardment no 19-hour period was found, but
from the proton bombardment a 19.3-hour
activity was derived. *This decay curve was fol-
lowed for 12 half-lives. Longer periods, if present,
had an initial relative intensity of less than 1 part
in 1000.

B. Beta-Ray Spectrum

The beta-ray spectrum of Pr'4' was measured
by a newly constructed magnetic spectrometer of
the 180 focusing type, having a radius of cur-
vature of 16 cm. The source holder is similar to
that described by Lawson and Tyler. ' The

*¹Qadded ie proof: The reaction Ce~@(d, 2'}Pr'~ has
recently been obtained with deuteron bombardment of
cerium. The 19.3-hour period was established after re-
peated chemical separations of praseodymium from cerium.

~ J. L. Lawson and A. %. Tyler, Rev. Sci. Inst. 11, 6
{1940).
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FIG. 4. Fermi plot of Pr~~ electrons.

geometry is determined by three defining slits
and an exit slit (3X19 mm), which leads into a
Geiger tube filled with hydrogen to a pressure of
8 cm of Hg. The magnetic field is determined by
measuring the voltage developed by a small coil
rotating at 1800 r.p.m. in the field. ' The coil is
driven by a synchronous motor and is connected
through a two-segment commutator to a poten-
tiometer. This method has proved reliable in
many calibration tests made on the spectrometer.
The magnetizing current is supplied by storage
batteries and requires only an occasional adjust-
ment to keep it constant to within 1 part in
1000. The calibration of the field has been
checked by measuring the P'~ electron spectrum
and the Cu~ electron and positron spectra.
These measurements are in excellent agreement
with those reported by previous workers.

Figure 3 shows the momentum distribution of
the Pr'4' electrons as found by the magnetic
spectrometer. The source was a sample of praseo-
dymium oxide bombarded with deuterons. Im-
purities other than the rare earths were removed
chemically, and a part of the rare-earth precipi-
tate was spread in a thin layer on a strip of thin
paper (1 mg/cm') mounted on the source holder.
Counting rates were corrected for counting
losses, background counts, the variable II
increments, and absorption and scattering by the
counter window. Curve (A) shows the entire
spectrum plotted from measurements taken
thirty-two hours after bombardment. In this
case, the maximum counting rate was about 700

~ R. H. Cole, Rev. Sci. Inst. 9, 215 (1938).
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counts per minute. From the two curves, an
end point of 2.14~0.02 Mev was found as com-
pared with 2 Mev recently reported. 4

This value was substantiated by the Fermi
plot of curve (8) shown in Fig. 4. The points
show a definite deviation from a straight line.
A consideration of the half-life and the energy
on the basis of the Fermi theory shows that the
transition (Pr'"—+Nd'42) is first forbidden.

One gamma-ray was emitted for about every
twenty-five beta-rays. This disagrees with the
findings of Wu and Segrh, 4 who reported no
gamma-rays associated with this period. The lead
absorption coefficient for this gamma-radiation
was 0.51 cm ', corresponding to an energy of 1.9
Mev. The decay curve for the gamma-rays gave
a half-life of about 19 hours.
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FIo. 5. Decay curve for Pr+fast n.

III. THE 3.4-MINUTE PEMOD

Praseodymium oxide bombarded with fast
neutrons (Li+d) gave an activity whose decay
curve is shown in Fig. 5. Subtraction of the
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FIG. 6. Momentum distribution of the Pr"' positrons.

19.3-hour period, which was due to slow neutrons
behind the lithium target, gave a half-life of
3.4+0.1 minutes. No chemical purification was
done on this sample. The only positrons obtained
from the fast neutrom bombardment were the
positrons associated with 3.4-minute period, the
19.3-hour period being an electron emitter. Thus
sources were prepared by fast neutron bombard-
ment for a cloud-chamber study of the Pr'"
positrons.

Figure 6 gives the momentum distribution for
the positrons, derived from 713 measured tracks.
The end point from this plot was found to be
2.40~0.15 Mev. From the consideration of this
value and the half-life, it is probable that
(Pr'~-+Ce'") is an allowed transition.
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