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Electron-capture and alpha-decay properties of Pu27?, Pu%5, and the new isotope Pu23 have been measured.
The over-all half-lives are 44-+2 days for Pu®?, 2622 minutes for Pu?®, and 2042 minutes for Pu?3, Two
alpha groups, one of 5.654-0.02 Mev and one of 5.36:£0.02 Mev, were detected in the decay of Pu®7, one
group of 5.854-0.02 Mev in the decay of Pu?¥%, and one of 6.3040.02 Mev in the decay of Pu2®, The partial
alpha half-lives corresponding to these alpha groups are, for Pu2’, (1.74-0.4) X 10¢ years and (4.6+0.6) X 103
years, respectively ; for Pu5, (1.740.4) years; and for Pu?®, 11-£4 days. On the basis of the experimental
data it has been possible to calculate hindrance factors for the alpha decay and log f# values for the electron-
capture decay of the three isotopes and to correlate their properties with the alpha and electron-capture

systematics.

I. INTRODUCTION

HE odd-mass neutron-deficient isotopes of plu-
tonium have received little investigation since
the initial discovery experiments; in fact, Pu*® was
heretofore undiscovered, although Pu*? and Pu®*
have been known for some time. Plutonium-235 was
first observed by Orth and Street,! who identified it as
an isotope decaying primarily by electron capture with
an over-all half-life of 26 minutes. Orth detected alpha
particles of 5.85-Mev energy which he attributed to the
alpha decay of Pu®5 and estimated a partial alpha
half-life of about two years.2 James, Florin, Hopkins,
and Ghiorso first identified Pu®’, which was found to
decay by electron capture with a half-life of about 40
days.® A study of the gamma spectrum and electron-
capture decay of Pu®” was'made by Hoff, who measured
a ratio of L- to K-electron capture of 0.88.* Kalkstein
has recently redetermined the L- to K-electron capture
ratio to be 1.2.5
In the present work, over-all half-lives, partial alpha
half-lives, and alpha-decay energies have been rede-
termined or determined for the first time for these three
isotopes. From these data it has been possible to
calculate approximate values of the departure,® or

t This work was performed under the auspices of the U. S.
Atomic Energy Commission. It is based in part on work done by
T. Darrah Thomas and Robert Vandenbosch in partial fulfillment
of the requirements for the Ph.D. degree at the University of
California.
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communication.

6 M. I. Kalkstein (private communication).

¢ Perlman, Ghiorso, and Seaborg, Phys. Rev. 77, 26 (1950).

hindrance,” factors for the alpha decay and log f?
values for the electron-capture decay of these nuclides,
and to correlate their properties with the alpha®? and
electron-capture® systematics.

II. EXPERIMENTAL PROCEDURES

The three isotopes studied were produced with
helium ions from the Crocker Laboratory 60-inch
cyclotron by the reactions:

U (o, 4n)Pu2®, U (o, 2) Pu®®,
U5, dn) Puzss,  U%5(q, 21)Pu,

The bombardments were carried out as part of a study
of the excitation functions for reactions induced by
helium ions in U%# and U2 which in turn is part of a
broad program of investigation of spallation-fission in
the heaviest elements.!®

For most of the experiments, uranium was electro-
deposited* on a dish-shaped aluminum backing plate,
and bombarded in a microtarget assembly,® which
served as a combined target holder and Faraday cup.
For the production of Pu®’ by the (a,4%) reaction on
U%5, a 3-mil uranium metal foil was bombarded in a
similar target assembly. The bombarded targets and
aluminum cover and backing foils were dissolved in
aqua regia and the plutonium was isolated by a pre-
cipitation and ion-exchange procedure.? The purified
plutonium was electrodeposited® on a 2-mil platinum

7I. Perlman and J. O. Rasmussen, Handbuch der Physik
[Springer-Verlag, Berlin (to be published)], Vol. 42; also Uni-
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June, 1956 (unpublished).
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Fi1c. 1. Pulse analysis showing alpha activity due to the decay of
Pu®? and of the products from the U3(w,xn) reactions.

plate and the radiations were counted in a standard
alpha-pulse-height analyzer. When the short-lived
isotopes, Pu®? and Pu®® were to be studied, the time
for the chemical operations was kept to between an
hour and an hour and a half.

The electron-capture decay of Pu®’ and Pu®’ was
detected by counting the Auger and conversion elec-
trons accompanying the electron capture in a con-
tinuous-flow-methane proportional counter (“Nucle-
ometer,” Radiation Counter Laboratories, Inc., Skokie,
Illinois), a windowless counter particularly sensitive to
Auger electrons. The counting efficiency, or ratio of
number of counts to number of disintegrations, of this
instrument, which varies from nuclide to nuclide and
appears to depend on the decay scheme and decay
energy of the nuclide in question, has been a matter of
considerable uncertainty. The problems involved and
several determinations of the counting efficiency will
be presented by Glass, Carr, Gibson, and Cobble.”* In
the present experiments it was necessary to determine
the counting efficiency of the counter for each isotope
studied. In general, the most recently determined
values range from 60 to 959, although lower values
have been measured.’ It was not feasible to make
measurements on the electron-capture decay of Pu*?
because of the impossibility of resolving the activity
due to the decay of Pu®? from that due to the decay of
Pu®5, Pu®2 and Np*3 (the daughter of Pu??), all of
which have similar half-lives.

III. EXPERIMENTAL RESULTS
A. Plutonium-233

The alpha-energy spectrum of the plutonium fraction
isolated from U*3 bombarded with 46-Mev helium ions
showed a peak at the channels corresponding to 6.3

1956 (unpublished); also University of California Radiation Lab-
oratory Report UCRL-3322, June, 1956 (unpublished), p. 26.
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F1c. 2. Decay curve showing the decay of the pulse-
analysis peak corresponding to 6.3 Mev.

Mev, with an average on four experiments of 6.30
+0.02 Mev. One of the pulse analyses is shown in
Fig. 1. The peak labeled on the figure as Pu®® is due
to Pu® tracer which was added when the target was
dissolved to determine the chemical yield. The other
peaks are due either to plutonium activities produced
by the U%3(a,xn) reactions or the U?® produced by the
alpha decay of Pu*2. The peak corresponding to 6.3 Mev
disappeared in successive pulse analyses with a half-
life of about 20 minutes. Individual values ranged from
17.5 to 24.1 minutes to give an over-all half-life of 2042
minutes. A typical decay curve is shown in Fig. 2.

The possibility was investigated that the observed
activity might be due to contamination by Th?2%
which has an alpha-particle energy of 6.33 Mev and a
half-life of 31 minutes, and which is a member of the
Pu®t decay chain. However, a number of conclusive
experiments showed that the amount of Th?® produced
was not sufficient to account for the observed activity.

The assignment of this activity to the previously
unobserved nuclide Pu®? is based primarily on three
types of evidence: a rough excitation function, the
appearance in the pulse analyses of alpha particles
attributable to the U2 daughter of Pu®3, and the com-
patibility of the alpha half-life with the alpha decay
systematics.5?

Since it was not possible to measure the electron-
capture disintegration rate of Pu??® directly with the
windowless proportional counter, Np*% the electron-
capture daughter of Pu®, was separated from an
aliquot of the plutonium fraction by an extraction
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of neptunium-IV from aqueous solution into a benzene
solution of thenoyltrifluoroacetone. The activity due to
the electron capture of Np*? was measured in the
proportional counter, and from this measured activity
and an assumed counting efficiency of 809, for the
detection of electron-capture disintegrations of Np?*
the disintegration rate of Np?® was calculated. The
electron-capture disintegration rate of Pu®® was, in
turn, calculated from the disintegration rate of Np*3
and the extraction yield of Np*7 tracer added to the
plutonium before separation. The ratio of the alpha
disintegration rate to the total disintegration rate, or
alpha branching ratio, is (1.240.5)X107%, from which
is calculated a partial alpha half-life of 1124 days.

B. Plutonium-235

The values determined by Orth!? of 2622 minutes
for the over-all half-life and 5.8540.03 Mev for the
alpha energy have been confirmed by the present work.
A revised alpha branching ratio of (3.040.6)>X10~® has
been calculated using an electron-capture counting
efficiency of 70%. The figure 709, is based on an
absolute disintegration rate determined by counting
the K x-rays accompanying the electron capture with
a 50-channel pulse-height analyzer, using a thallium-
activated sodium iodide crystal coupled to a photo-
multiplier tube as a detector. The number of K-electron
capture events per minute was determined from the K
x-ray counting rate, the known geometry and counting
efficiency of the counter, and a K fluorescence yield
(i.e., the ratio of the number of vacancies in the K shell
to the number of K x-rays emitted) of 0.97, which is
the value determined by Gray'® for uranium. To cal-
culate the total number of disintegrations per minute
it was necessary to know what fraction of the electrons
captured were from the L or higher shells. On the basis
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Fic. 3. Pulse analysis showing alpha activity due to the decay of
Pu®? and of the products from the U%5(a,xn) reactions.

1P. R. Gray, Ph.D. thesis, University of California, 1955
(unpublished) ; also University of California Report UCRL- 3104,
August, 1955 (unpubhshed) Phys. Rev. 101, 1306 (1956).
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of the theoretical work of Brysk and Rose!” the
L-electron capture to K-electron capture ratio was
estimated to be 0.23. It was assumed that capture from
the M and higher shells is negligible. This counting
efficiency is consistent with one which can be estimated
from the amount of Np*’ activity® produced from the
electron-capture decay of Pu®® (No reliable value was
obtained by the second method because of the ex-
tremely low counting rates of the Np¥®.) The partial
alpha half-life calculated from the above branching
ratio is 1.74£0.4 years.

C. Plutonium-237

In the early experiments on Pu®’, James, Florin,
Hopkins, and Ghiorso,® Hyde, Studier, and Ghiorso,!®
and James, Thompson, and Hopkins® reported only
an approximate half-life of 40 days, and detected no
alpha particles which could be attributed to this
isotope. The over-all half-life has been more accurately
determined in the present experiments to be 44-4-2
days. Furthermore, low-intensity alpha activity de-
caying with this half-life has been observed in pulse
analyses, appearing at the channels corresponding to
5.6540.02 Mev and 5.3620.02 Mev (see Fig. 3). The
peak attributed to Pu® is due to Pu?® tracer, and the
peaks attributed to Pu®® and Pu®® are due to the
products of the U%5(a,n) and U®5(w,3n) reactions, re-
spectively. The 5.65-Mev group accounts for 21+4
percent of the alpha activity and the 5.36-Mev group
for 7948%. The fact that the energies of the two
alpha groups are separated by 300 kev suggests that
the lower-energy group is populating a 300-kev level
in the daughter, U?%. A level of this energy has also
been observed in U3 from the beta decay of Pa®3.®

The counting efficiency of the proportional counter
for Pu®’ was determined by two methods: by x-ray
counting, giving a value of 779, and by a mass spec-
trometric technique, giving 819,. The x-ray counting
experiment was similar to that on Pu®® The K x-rays
following the electron capture were counted and the
disintegration rate was calculated from the K x-ray
counting rate, the known geometry and counting
efficiency of the counter, a K-fluorescence yield of 0.97,
and the estimated contribution of electron capture
from the L and higher shells. Kalkstein’s® value of 1.2
for the L- to K-electron capture ratio was used, and

17H. Brysk and M. E. Rose, Oak Ridge National Laboratory
Report ORNL-1830, 1955 (unpubhshed)

18 Hyde, Studier, and Ghiorso, The Transuranium Elements:
Research Papers, edited by Seaborg, Katz and Manning (McGraw-
Hill Book Company, Inc., New York, 1949), Paper No. 22.15,
National Nuclear Energy Series, Plutonium Project Record, Vol.
14B, Div. IV, p. 1622.

9 Tames, Thompson, and Hopkins, The Transuranium Ele-
ments: Research Papers, edited by Seaborg, Katz, and Manning,
(McGraw-Hill Book Company, Inc., New York, 1949), Paper No.
22.16, National Nuclear Energy Series, Plutonium Project
Record Vol. 14B, Div. IV, p. 1634.

20W. D. Brodle, Proc. Phys Soc. (London) 67A 397 (1954);
Ong Ping Hok and P. Kramer, Physica 21, 676 (1955).
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TABLE I. Summary of results.
Alpha decay Electron capture decay
Hindrance Calculated»
Partial alpha Alpha energy factor electron capture
Isotope Over-all half-life half-life Mev) F decay energy (Mev) Logf
Pu2s 2042 min. 1144 day 6.30+=0.02 31 2.08 5.6
Pu2s 2642 min. 1.7:£04 yr 5.85-0.02 1.2 1.17 5.2
Pu®? 4442 day (1.740.4) X10* yr 5.65+0.02 1.1X103 0.22 6.5
(4.62£0.6) X103 yr 5.3640.02 7.0

a The methods of reference 22 together with data given in reference 21 and the energies given in the present work were used to calculate the electron-

capture decay energies.

the contribution of electron capture from the M and
higher shells was assumed to be negligible. In the mass-
analysis experiment, a portion of a sample containing
both Pu®¢ and Pu®’ was mass analyzed to determine
the ratio of the number of Pu*®7 atoms to the number
of Pu®® atoms. The activity from another portion of
the same sample was measured in the proportional
counter, in an ionization chamber with a known
efficiency for the detection of alpha disintegrations,
and in an alpha-pulse-height analyzer. The fraction of
the alpha activity which was due to Pu®® was deter-
mined from the pulse analysis. From this fraction, the
alpha-disintegration rate, and the half-life of Pu®S,
the number of atoms of Pu®¢ was calculated, and, from
this figure and the atom ratio of Pu®7 to Pu®¢ in the
sample, the number of atoms of Pu®’. The electron-
capture disintegration rate of Pu®’ was, in turn,
calculated on the basis of the number of atoms and
half-life of Pu®'. Finally, the counting efficiency is
equal to the ratio of the proportional-counter activity
to the disintegration rate. Calculation of the alpha
branching ratios for the two observed alpha groups,
using 799, for the electron-capture counting efficiency
of the proportional counter, gives (2.6=£0.3)X107° for
the 5.36-Mev group and (7.14=1.5)X10~¢ for the 5.65-
Mev group. These values correspond to partial alpha
half-lives of (4.640.6)X10? years and (1.74-0.4)X10*
years, respectively.

The results for the three isotopes have been sum-
marized in Table I.

IV. ALPHA AND ELECTRON CAPTURE
SYSTEMATICS

In comparing partial alpha half-lives, it is informative
to calculate hindrance factors,” F, for the alpha decay.
The results of such calculations for Pu®3, Pu®5 and
Pu®? are given in Table I. A comparison of these
hindrance factors with those of other odd-mass plu-
tonium isotopes’ shows that the hindrance factors for
the most abundant alpha transition in these isotopes
are all of the same order of magnitude. For Pu®!, F is
3.2, and for Pu® F is 2.9.

On a plot of alpha-particle energy versus mass
number, the alpha energies” of the most abundant
transitions of the odd-mass plutonium isotopes fall low

relative to the line joining the points corresponding to
the energies of their even-mass neighbors. (See Fig. 4.)
If one plots, instead of the energy of the most abundant
transition, the energy of what is presumed to be the
ground-state transition for Pu®? and Pu?, the resulting
points lie on the line joining the energies of the even-
mass isotopes. On the possibility that those isotopes
whose highest known energy transition falls on the
lower line have a higher energy transition, an experi-
ment was performed to look for a possible higher energy
alpha group in Pu®5. No such group was seen and it was
possible to set an upper limit of 59, for the abundance
of any alpha group in the energy range 5.5 to 6.5 Mev.
The electron-capture half-lives of Pu®® and Pu®’
have previously been correlated with other electron-
capture half-lives by Hoff and Thompson,® who calcu-
lated log ft values of 5.1 for Pu®® and 6.8 for Pu®?,
using the assumption that the electron-capture transi-
tions were ground-state transitions. From closed energy
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cycles?®»? and the measured alpha-decay energy for
Pu®3 one can calculate an electron-capture decay energy
of 2.08 Mev for Pu®?. If the assumption that most of
the electron-capture events in Pu®?® proceed to the
ground state is valid, the 2.08-Mev decay energy and
20-minute half-life correspond to a logft value of
5.6, indicating that the transition is allowed. The
half-life and decay energy correlate well with the half-
lives and decay energies of similar transitions® in other
heavy elements. Using the values for the electron-
capture decay energies of Pu®® and Pu®’, calculated
from their alpha-decay energies by the method of
closed cycles, the above values for the hali-lives, and

2E. K. Hyde and G. T. Seaborg, Handbuch der Physik
[Springer-Verlag, Berlin (to be published)], Vol. 39; also Uni-
versity of California Radiation Laboratory Report UCRL-3312,
February, 1956 (unpublished).
( 22 G)lass, Thompson, and Seaborg, J. Inorg. Nuclear Chem. 1, 3
1955).

23 R, W. Hoff and J. O. Rasmussen, Phys. Rev. 101, 280 (1956).
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the assumption of ground-state transitions, log f¢ values
of 5.2 for Pu®5 and 6.5 for Pu®7 have been calculated.

It is interesting to note that the electron-capture
decay of Pu®’ is first forbidden, and that the alpha-
decay hindrance factor for what is presumed to be the
ground-state transition is relatively very high. On the
other hand, in the case of both Pu®® and Pu®’ the
electron-capture decay is allowed, and the hindrance
factors are low.
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Some New Isomeric Transitions in Rare Earth Nuclei*
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The following isomeric transitions have been observed in neutron-deficient rare earth isotopes: Th!%™
(5.5 hr) 88.2 kev (E3); Hot®m (5.0 hr) 60.1 kev (E3); Erl67™ (2.5 sec) 208 kev (E3); Erl®#m (1077 sec);
and Yb!t= (Ty?) 75.8 kev (E3). All the E3 transitions may proceed between levels predicted by Mottelson

and Nilsson.

I. INTRODUCTION

SYSTEMATIC investigation of the nuclear levels
of neutron-deficient rare earth isotopes is being
made. Some of the results have been reported! and a
fuller account is being prepared for publication.
During the course of this work, we have established
the existence of several new isomeric levels and have
obtained data on one which has been known to exist
(Er'¢7m) 23 Tt is the purpose of this paper to present

* The work at Notre Dame was partially supported by the
U. S. Atomic Energy Commission.

T Part of this work was begun while one of us (J.W.M.) was
a summer participant at Oak Ridge National Laboratory.

} Operated for the U. S. Atomic Energy Commission by
Union Carbide Nuclear Company.

1 Mihelich, Harmatz, Handley, and Pinajian, Bull. Am. Phys.
Soc. Ser. I1, 1, 330 (1956), and to be published.

2 E. der Mateosian and M. Goldhaber, Phys. Rev. 76, 187 (A)
(1949); M. Goodrich, Oak Ridge National Laboratory Report
ORNL-940, 1951 (unpublished). Campbell, Kahn, and Goodrich,

our results which may be of interest to others working
in this field.

The radioactive sources were prepared by proton
irradiation in the ORNL 86-inch cyclotron. Ion
exchange separations were performed and the spectro-
graph sources were made by electrolysis. The spectro-
graphs were 180-deg photographic recording instru-
ments. Delayed coincidence experiments were done at
Notre Dame. -

An important part of our data consists of the L
conversion ratios of these highly converted transitions.
Figure 1 displays the appropriate portions of a typical
conversion line spectra, including the L pattern for a
known E2 transition, in order to show the efficacy of
our line separations.

Oak Ridge National Laboratory Report ORNL-1164, 1951 (un-
published).

3 Stewart, Bureau, and Hammer, Bull. Am. Phys. Soc. Ser. II,

1, 206 (1956). C. L. Hammer and M. Stewart (private
communication).



