ANGULAR DISTRIBUTION OF N13

If we assume that the neutron transfer takes place
at D, the distance of closest approach of the incoming
trajectory, and that D is the same for the smoothly
joined outgoing trajectory, the two orbits differ by 12
units of angular momentum at =60 deg (c.m.). These
twelve units of angular momentum cannot be accounted
for by the spin changes in the nuclei following the
reaction. Therefore, it may be concluded that smooth
joining of orbits at D is not a good description of the
trajectories.

The histogram in Fig. 3 must be regarded as a sum
of differential transfer cross sections leaving the residual

FROM N1¢ ON Mg?s 341
Mg? in various states of excitation. This experiment
should be repeated with greater energy and angular
resolution to determine the angular distributions of the

transfer reaction going to individual states of Mg?.
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The gamma rays and electrons of fission-product europium (Eu'®, Eu'®, and Eu'®®) have been studied,
and the results obtained for Eul® are presented. Gamma rays belonging to this isotope have been identified
at 0.1229 Mev (35%), 0.2480 Mev, 0.593; Mev (4%), 0.694; Mev (<£3.5%), 0.705s Mev (<3.5%), 0.724,
Mev (219%), 0.758, Mev (<3.5%), 0.875; Mev (13%), 0.998; Mev (14%), 1.007 Mev (17%), 1.277 Mev
(42%), and ~1.6 Mev (~3%,). Beta end points of Eu'® were measured at 1.85, 0.87, 0.59, and 0.25 Mev.
Multipolarities for most of the above gamma-ray transitions have been suggested on the basis of the meas-
ured K-shell conversion coefficients. The decay scheme of Eu'® has been deduced, and, in most respects,
the resulting levels of Gd'® conform well with the Bohr-Mottelson unified nuclear model and with other

even-even nuclei in the strong-coupling regions.

INTRODUCTION

UROPIUM-154 was first produced in 1938 by
Scheichenberger,! using a neutron-capture reaction

on natural europium. It decays principally by electron
emission, with a half-life given by Karraker ef al.? as
16-£4 years. A number of studies* ! have been made
of the gamma-ray and electron spectra of this isotope;
however, the results are rather confusing. This is
probably because Eu'® has been made together with
13-year Eu!® (natural europium is about an equal
mixture of Eu!® and Eu'®), and owing to similarity of

t This work was performed under the auspices of the U. S.
Atomic Energy Commission.
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the decay schemes and half-lives, it has been difficult
to assign transitions with certainty to either isotope.
As will be seen, this difficulty was not encountered in
the present study.

From the studies made of Eu'®, the following infor-
mation seems clearly established. A 123-kev gamma ray
has been observed both from the decay of Eu'®3* and
from Coulomb excitation of Gd!®.® Andersson® meas-
ured the energy of this gamma ray to be 123.54+0.09
kev, whereas Boehm and Hatch' reported this energy
to be 123.07 kev. Sunyar observed that the level
giving rise to this transition has a half-life of 1.2X10~®
second, which he used to classify the gamma ray as E2.
The transition probabilities calculated from Coulomb
excitation® and from Sunyar’s" lifetime measurements
agree within experimental accuracy. Huus ef al.> meas-
ured the K/L ratio for this transition to be 1.0. Many
higher energy gamma rays and beta end points have
been reported, but, as has been mentioned, the agree-
ment among these data has been poor. By observing
the microwave paramagnetic resonance hyperfine struc-
ture, Kedzie ef al.’? have recently determined the spin
of Eu'™ to be 3 and the magnetic moment to be 2 nm.

The europium used in this study was prepared by

12 Kedzie, Abraham, and Jeffries, Bull. Am. Phys. Soc. Ser. II,
1, 391 (1956).
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irradiating plutonium for about two years in the
Materials Testing Reactor at Arco, Idaho. In this
manner, Eu'® was produced principally from neutron-
capture reactions on the fission products and, because
of the absence of Eu'®, no Eu'® was made. In order to
separate europium from the plutonium and from the
many fission products, the following chemical procedure
was used. The sample, contained in an aluminum ring,
was dissolved in a NaOH—NaNO; solution. This
procedure left the actinides and lanthanides (and many
other fission products) as precipitates, but dissolved the
aluminum ring. The precipitate was then dissolved in
hydrochloric acid solution and the actinides and
lanthanides reprecipitated as fluorides, separating them
from most of the other fission products. The fluoride
precipitate was dissolved in boric acid, and the lantha-
nides and actinides reprecipitated with the addition of
hydroxide. This precipitate was treated with hydro-
chloric acid solution and evaporated almost to dryness.
A 10.5M solution of LiCl was used to dissolve the
residue, and the solution was passed through a column
of Dowex A-1 anion resin maintained at 80°C. The
lanthanides came through this column almost immedi-
ately, whereas the actinides were held up for some time.
The lithium was removed from the lanthanides by
precipitating the latter as hydroxides and then redis-
solving the precipitate in hydrochloric acid. To separate
the europium from the other lanthanide elements, the
material was placed on a column containing Dowex-50
cation resin and maintained at 80°C. The lanthanides

TasiE L. Electron lines from Eu'® decay.

Electron Intensity» Intensity Transition
energy (permanent (double Conv. E, energyb
(kev) magnet) focusing) shell (kev) (kev)

72.67 vvvs C 100 K 1229
114.52 vs c ) Ly 122.9
11510  vvs c 109 Lt 123.0 122.0
115.65 vvs C Linn 122.9
121.1 ms c 18.9 M 123.0
122.6 wm c s N 123.0.
197.7 wm c 3.1 K 2479 247.9
239.6 .. c 1.2 L1 248.0
543.1 d ms e K 593.3 593.3
643.6 d vvs 055 K 694.1 694.1
685.6 d vw o Ly 694.0
655.6 d vvw ce- K 705.8 705.8
697.4 d vvw e Ly 705.8
703.8 d vvw s M 705.7
674.7 d vs 0.31 K 7249 7249
716.4 d vvw e Ly 724.8
722.6 d VVW see M 724.5
708.7 d m 008 K 758.9 758.9
825.1 d ms 040 K 875.3 875.3
867.0 d <. - Ly 875.4
948.0 d ms 015 K 998.2 998.2
990.2 d se v Ly 998.6
956.7 d s 039 K 1006.9 1006.9
998.8 d e B Ly 1007.2
1226.5 d w 037 K 1276.7 1276.7
1268.4 d vvw oo Ly 1276.8

a vy =very, s =strong, m =moderate, w =weak.
b Errors estimated to be =+0.1%.

o Film too black to read.’

4 Film too light to read.

JULIANO AND F. S.

STEPHENS, JR.

were then eluted in an ammonium alpha-hydroxyiso-
butyrate solution, which brought them off the column
individually, in order of decreasing atomic number.
To insure complete separation, the europium fraction
was passed through a second “isobutyrate column.”
From the purified europium solution samples were
prepared for analysis of the electron spectrum by
electrodeposition onto a platinum wire of 0.010 inch
diameter. The samples for the gamma-ray studies were
evaporated to dryness on 0.006-inch-thick aluminum
plates.

Europium - samples from two separate plutonium
irradiations were used in this work. Both samples gave
the same results, with the exception that the low-energy
gamma rays of Eu'®® were found to be less intense in
the first sample, which had been out of the reactor for
three to four years. This is sufficient time for an
appreciable decay of two-year Eu'®® to occur. The
second sample was mass analyzed and the following
constituents reported: Eu!%®, 6.59,; Eu'*, 15.29,;
Eu'®, 78.9%,; Eu'®, <0.19%,. The Eu'® was below the
limit of detection of the mass analysis, and there was
no evidence for its presence in the gamma-ray or
electron data.

EXPERIMENTAL

The conversion-electron and beta-ray spectra of Eu!®
were studied on two types of instruments. The first of
these was four 180° permanent-magnet electron spectro-
graphs described previously by Smith and Hollander.!
These instruments were used principally to measure
the conversion-electron energies with high precision.
The conversion-electron lines were recorded photo-
graphically on glass-backed Eastman no-screen x-ray
plates having an emulsion thickness of 25 microns. The
resolution (full width of a peak at one-half its maximum
height) of these spectrographs in the present experi-
ments was about 0.19,. The lowest-energy transition
from the conversion electrons was measured on this
instrument to be 122.9 kev, compared to 123.07 kev
from the bent-crystal spectrometer measurements.'

Measurements of the electron spectrum of Eu'® were
also made, using a double-focusing semicircular mag-
netic beta-ray spectrometer having a radius of 25 cm.14:15
The focused electrons were detected by a thin-window
Geiger counter in this instrument with a resolution of
about 0.5%,. The relative intensities of the conversion
electrons were determined with considerably more
accuracy with this instrument than on the permanent
magnets, and it was also possible to investigate the
high-energy beta end points.

The conversion-electron data taken on these instru-
ments are summarized in Table I. The energy measure-

13 W. G. Smith and J. M. Hollander, Phys. Rev. 101, 746 (1956).

1% G. D. O’Kelley, University of California Radiation Labora-
tory Report UCRL-1243, 1951 (unpublished).

15T, O. Passell, University of California Radiation Laboratory
Report UCRL-2528, 1954 (unpublished).
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TasLE II. Gamma-ray and coincidence abundances.

Rel. Rel. Abs. Abs.
abund. abund. abund. abund.
(coinci- (coinci- (coinci- (coinci-
dence ence dence dence
. with with with with
E., Rel. 0.123 0.73 1.0 1.28
(Mev) abund. Mev) Mev) Mev) Mev)
0.040 Y 0.20
0.123 (1.00) s s o 0.40
0.60 0.2 0.1 e 0.12b x°
0.75 0.70 0.29 s 0.34 x
0.88 0.39 0.35 0.37) x x
1.00 0.90 0.50 0.39 x x
1.28 1.20 (1.20) x x x
~1.6 0.09 cee cee cee
a ... indicates either no data or an ambiguous result.

b Absolute abundances given in photons per ‘‘gate’ photon.
¢ x indicates no coincidence.

ments are from the permanent-magnet spectrographs,
and the limit of error on these energies is expected to
be 0.1%. The qualitative relative-intensity data from
the permanent magnets are given in columns 2 and 3,
whereas the numerical values from the double-focusing
spectrometer are listed in column 4. The errors associ-
ated with the relative-intensity data taken on the
double-focusing spectrometer are estimated to be about
20%. The assignment of the lines in Table I is straight-
forward, and, as will be seen, is in good agreement with
the gamma-ray and coincidence data (Table IT).

In addition to the electron lines, it was possible to
determine beta end points at 1850, 870, 590, and 250
kev, although at the lower energies the resolution of the
Fermi-Kurie plot was not very good. The reason for
this is not clear; however, it might be at least partially
explained if the above beta groups had forbidden rather
than allowed shapes. It will be shown that the log ft
values for these transitions are all around 10 or larger.
Because of these uncertainties, and others which will
be discussed later, it was not possible to obtain reliable
relative intensities for any of the beta groups.

To study the gamma-ray spectrum of Eu'® a
NaI(TIl) crystal coupled to a 50-channel pulse-height
analyzer was used. A resolution (full width of a peak at
half-maximum, divided by the energy of the peak) of
about 89, was obtained for the 661-kev gamma ray of
Cs®%". For coincidence work the 50-channel analyzer
could be gated with the output of a single-channel
analyzer, which analyzed the spectrum of a second
NaI(Tl) crystal. A resolving time (27) of about two
microseconds was used in these experiments. This
equipment has been described in detail elsewhere.!
Counting-efficiency!” and escape-peak!® corrections for
the Nal crystal have been applied to all the gamma-ray
intensities considered.

16 F, S. Stephens, Jr., University of California Radiation
Laboratory Report UCRL-2970, 1955 (unpublished).

17 M. I. Kalkstein and J. M. Hollander, University of California
Radiation Laboratory Report UCRL-2764, 1954 (unpublished).

18 P, Axel, Brookhaven National Laboratory Report BNL-271,
1953 (unpublished).

343

A portion of the gamma-ray spectrum of Eu'® is
shown in Fig. 1(a). The resolution of this region into
five gamma rays is also indicated, and was made,
using the peak shapes measured for the following single
photopeaks: Cs®*7, 0.661 Mev; Mn*, 0.84 Mev; Bi?’,
1.063 Mev; Na?, 1.277 Mev. The resolution of the
gamma ray at 0.60 Mev is not very reliable, and its
relative intensity is particularly uncertain owing to the
low abundance of this peak and the large amount of
Compton radiation beneath it. There is a slight indi-
cation of a peak around 1.1 Mev; however, its intensity,
both in the gamma-ray spectrum and in the coincidence
work, was too low for careful study. Other gamma rays
in the sample at 0.12, 0.25, and ~1.6 Mev were ob-
served and assigned to Eu'®‘. The low-energy gamma
rays of Eu'®® were also present. Table II lists the best
energies and relative intensities of the Eu'® gamma rays.
An intensity of the 0.25-Mev gamma ray was not
obtained, owing to the fact that a backscattering peak
from the higher energy gamma rays is expected at
about this energy, and it was not certain how much of
this peak was caused by true nuclear 0.25-Mev photons.

10*

2

COUNTS PER CHANNEL

=

ZOCHAHNEL NUMBER

0T5Mev
UfOMw 1

0.88Mev 100Mev 1.28Mev

COINCIDENCES PER  CHANNEL

20
CHANNEL NUMBER

Fic. 1. (a). Gamma-ray spectrum of Eu!® in the region 0.5
to 1.4 Mev. (b). Spectrum in coincidence with the 0.12-Mev
photons of Eul®.
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Fic. 2. Gamma-ray spectrum in coincidence with the
1.28-Mev photons of Eu'.

The peak at ~1.6 Mev was probably not a single peak,
and the intensity listed is a maximum intensity for
radiation in this energy region. The relative intensities
listed are the average of four determinations, and from
the reproducibility of these results it is estimated that
they should be accurate within 10 to 159,

The gamma-ray spectrum in coincidence with the
0.12-Mev photons is shown in Fig. 1(b). Its resolution
is also indicated, and the relative abundances of the
peaks are given in Table II. The intensity of the
1.28-Mev peak has been normalized to the value from
the gamma-ray spectrum. The intensities listed are the
averages of two determinations, and again are expected
to be good to 10 to 159,. It should be added that in
these measurements the coincidence rate due to the
Compton-scattered radiation beneath the 0.12-Mev
peak was determined by setting the gate just above
this peak and running for an equal length of time.
This small contribution was then subtracted from the
total coincidence curve.

Coincidences among the higher energy gamma rays
were complicated by the fact that beneath each photo-
peak (except the one at 1.28 Mev) there is a large
amount of Compton-scattered radiation from the
gamma rays of still higher energy. For this reason,
some of the relative intensities measured were not
meaningful and, in a few cases, uncertainties arose as
to whether a coincidence did or did not exist. The
results of some of these measurements have been
included in Table II. Inconclusive measurements have
been indicated by three dots (---), whereas an x
indicates that there was definitely no coincidence. Only
relative intensities were obtained from the spectrum in
coincidence with the 0.73-Mev gamma ray, and in this
case the intensity of the 0.88-Mev peak was normalized
to the average intensity of this peak from the preceding
two columns.

From a knowledge of the ‘“gate’” counting rate and
the solid angle subtended by the “‘signal’”’ Nal crystal,
it was possible to obtain absolute intensities for. the
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radiations in coincidence with the 1.00- and 1.28-Mev
gamma rays. In the case of the 1.28-Mev gate, a
subsequent run was made with the gating energy just
above the 1.28-Mev peak, and both the coincidences
and the ‘“‘gates” from this run were subtracted from
those of the true 1.28-Mev coincidence measurement.
The resulting spectrum is shown in Fig. 2, and it is
seen that only the 0.12-Mev gamma ray and a peak at
0.04 Mev are present. The latter peak is almost un-
doubtedly gadolinium K x-rays. The intensities of
these two peaks per 1.28-Mev gate are given in Table
II. In order to obtain absolute intensities of the gamma
rays in coincidence with the 1.00-Mev photons, it was
necessary to subtract from the gate-counting rate those
counts that were due to Compton-scattered radiation
from the 1.28-Mev gamma ray. This was accomplished
by assuming the same ratio of Compton-scattered
radiation at 1.00 Mev to photopeak height at 1.28 Mev
for Eu'® as was measured by using a Na? source. Both
sources were on 0.006-inch aluminum plates and the
geometrical conditions were as nearly identical as
possible. Since the 1.28-Mev gamma ray of Eu!® was
found not to be in coincidence with any radiation
above 0.12 Mev, it was safe to assume that the Compton
radiation beneath the 1.0-Mev peak did not contribute
to the high-energy coincidence-counting rate.
Beta-gamma coincidences were measured also; how-
ever, owing to the many beta components present,
these measurements were not very helpful. It was
possible to show, however, that the very highest energy
beta particles were in coincidence with the 0.12-Mev
gamma ray in an intensity of about 0.4 per beta particle.

Decay Scheme

The level scheme of Gd'* is readily deduced from the
precise gamma-ray energies and the coincidence data.
It is shown in Fig. 3. The energy sums all agree to
within 0.19;. The gamma-ray and coincidence data
will presently be shown to be in good agreement
quantitatively with this decay scheme. Only two gamma
transitions seen on the permanent magnets have not
been placed in Fig. 3. These are the 0.694;-Mev and
the 0.705;-Mev gamma rays. It is interesting that their
sum is 1.3999 Mev, which is well within the limit of
error of the 1.400-Mev level; however, there does not
seem to be sufficient evidence to place them in the decay
scheme at present. It will be seen that there is no
evidence that an appreciable number of 0.694-Mev
photons are present in the gamma-ray spectrum, which,
considering the large electron intensity in Table I, is
somewhat surprising.

It is possible to calculate a K-conversion coefficient
(ak) for the 0.12-Mev transition from the spectrum in
coincidence with the 1.28-Mev gamma ray, which is

shown in Fig. 2. If a K-fluorescence yield®® of 0.93 is

18 P, R. Gray, Phys. Rev. 101, 1306 (1956).
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used for gadolinium and if all the K x-rays in
Fig. 2 are assumed to arise from conversion of the 0.12-
Meyv transition, then ax may be calculated to be 0.54.
Also, since one would expect each 1.28-Mev gamma ray
to be followed by one 0.12-Mev transition, a total
conversion coefficient (ar) of 1.5 can be deduced for
the 0.12-Mev gamma ray. Hence, from the scintillation-
counter data alone the ratio ax/ar is determined to be
0.36. An independent value for this ratio may be
calculated from the electron data of Table I, if NV-shell
and higher level conversion are assumed to be negligible.
To within a very few percent, this assumption is almost
undoubtedly correct, and leads to a ratio, ax/ar, of
0.44 from the electron data. The agreement between
the two methods is seen to be reasonably good. Since
a K/L ratio of 0.9 is readily calculated from the electron
intensities, an absolute L-conversion coefficient of 0.60
is obtained by combining the electron and gamma-ray
data. Theoretical estimates of the K (Sliv®) and L
(Rose?) conversion coefficients for this energy and
atomic number for E1, E2, and M1 transitions are given
in Table ITI. The transition is clearly E2, in agreement
with Sunyar’s conclusion from the lifetime, and with
the qualitative L-subshell ratios from the permanent-
magnet spectrograph.

A comparison of the scintillation-counter intensities
(Table IT) with the decay scheme of Fig. 3 is now in
order. It can be seen from the decay scheme that, of
the gamma rays resolved in Fig. 1, three are expected
to decay essentially completely through the 0.12-Mev
level. These are at energies of 1.28, 0.88, and 0.60 Mev.
Because the intensity of the 1.28-Mev gamma ray is
the most precisely measured of these three, it was used
to normalize the gamma-ray and coincidence relative-
intensity data shown in Table II. When this was done,
it was noted that the two intensities measured for the
0.88-Mev gamma ray agreed to within about 10%,.
Because the intensities of the 0.60-Mev transitions are
considerably less accurately known, they are not con-
sidered to be in disagreement with each other. The
data, then, are consistent, with each of these three
gamma rays being completely in coincidence with the
0.12-Mev transition. We next consider the 1.00-Mev
peak. The electron spectrum shows two gamma rays
with energies of 1.007 and 0.998 Mev, and this peak is
expected to include both of them. Of these, the 1.007-
Mev gamma ray is expected to be in coincidence with

TaBLE III. Conversion coefficient of the 0.123-ev transition.

E1 E2 M1 Experimental
K 0.14 0.65 1.1 0.54
L 0.02 0.5 0.2 0.60
Total 0.17 1.5 1.4 1.5

2 1,, Sliv (privately circulated tables).
2 M. E. Rose (privately circulated tables).
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F16. 3. Decay scheme of Eu's.

the 0.12-Mev transition, whereas the 0.998-Mev gamma
ray is not. Thus, the 0.50 measured as the relative
intensity of the 1.0-Mev peak in the spectrum coinci-
dent with 0.12-Mev photons must be due to the 1.007-
Mev gamma ray; and the residual intensity of 0.40
should be attributed to the 0.998-Mev gamma ray.
This may be checked by considering the spectrum in
coincidence with the 0.73-Mev photons. This spectrum
should include the 0.875- and 0.998-Mev gamma rays
in their true relative intensity, and should include no
1.007-Mev photons. Accordingly, the intensity of the
0.88-Mev gamma ray in this spectrum (column 3,
Table II) was normalized to the average intensity of
this transition in the other two measurements, and an
intensity of 0.39 was obtained for the 0.998-Mev gamma
ray. This is in good agreement with the value of 0.40
arrived at independently above. Considering now the
0.725-Mev transition, we note that of the coincidences
with the 1.00-Mev peak, only the 0.998-Mev photons
are preceded by a 0.725-Mev gamma ray, while only
the 1.007-Mev photons are preceded by a 0.60-Mev
gamma ray. As the relative intensities of the two
components of the 1.0-Mev peak are now known, the
absolute-intensity data in Table II may be corrected
to the following: 789, of the 0.73-Mev photons per
0.998-Mev gate; and 219, of the 0.60-Mev photons per
1.007-Mev gate. The total intensity of the 0.725-Mev
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TaBLE IV. Gamma-ray and electron absolute abundances and multipolarity assignments.

vy ray K electron Probable

E, abs. abun. abs. abun. ak (Exp.) ag(El)a ax (E2) ag (M1) ag(M2) multipolarity

0.123 0.35 (0.19) (0.54) See Table III E2

0.593 0.04 ]

0.694 <0.035 1.0X1073 >2.9X1072 . M2 or higher

0.706 <0.03;5 s s 1.9X1073 4.9X%X107* 9 X103 2.4X1072 e

0.725 0.21 5.9X10~* 2.8X1073 El, E2

0759 <003  1.6X10~%  >5 X107 J M1, E2, or higher

0.875 0.13 7.6X10™ 5.8X 18‘3\ 1.4X1073 3.3X1073 5.8X10-® 1.5X1072 M1

0.998 0.14 2.9X10™* 2.1X1073 3 3 - o E2

1.007 017 7.4 104 4.4%X1073f 1.1X10 2.4X10 4.2X10 1.0X10 M1

1.277 0.42 7.0X10~* 1.7X1073 7 X107 1.5X1073 2.4X1073 5.7X103 M1, E2, M1—E2
~1.6 0.03

a Theoretical K-conversion coefficients of Sliv, reference 20.
b From K/L conversion-electron ratio.

gamma ray is then expected to be 789 of the combined
intensity of the 0.88- and 0.998-Mev transitions, or,
relative to the numbers in Table II, 0.60. An inde-
pendent maximum intensity for the 0.725-Mev tran-
sition may be obtained from the intensity of the 0.73-
Mev peak in coincidence with the 0.12-Mev photons.
This peak will contain at least the 0.725- and the
0.759-Mev gamma rays, but by considering the 0.759-
Mev intensity to be negligible, we may calculate a
maximum intensity for the 0.725-Mev gamma ray. It
is necessary to increase the relative intensity of 0.29
from Table II by the ratio of total radiation from the
0.998-Mev level to 0.88-Mev radiation, since only the
fraction of the 0.73-Mev photons which are followed
by the 0.88-Mev gamma rays are subsequently followed
by a 0.12-Mev transition. This ratio has been deter-
mined to be 2.1, giving a total maximum intensity of
0.60 for the 0.725-Mev gamma ray. A second upper
limit on the intensity of the 0.73-Mev gamma ray is
the total intensity of radiation in this energy region
observed in the gamma-ray spectrum. From Table II,
this upper limit is 0.70. Thus, a measured value and
two upper limits on the intensity of the 0.725-Mev
gamma ray have been determined to be 0.60, 0.60, and
0.70, respectively. Within the limits of error of the
measurements, these numbers probably do not differ.
This is taken to indicate that the gamma rays of 0.705,
0.694, and 0.759 Mev are all weak compared to the
0.725-Mev transition, the abundance of which, relative
to the numbers in Table II, is about 0.6. In addition
to the two values for the relative intensity of the
0.60-Mev gamma ray listed in Table II, a third and
probably more accurate value may be calculated by
using the result that the 1.007-Mev transition is pre-
ceded by a 0.60-Mev photon 219, of the time. Consider-
ing that the 0.759-Mev transition is of negligible
intensity compared to the one at 1.007 Mev, an abun-
dance of 0.11 is obtained for the 0.60-Mev transition.
This is in reasonable agreement with the 0.1 and 0.2
listed in Table II for this transition.

The relative intensities in Table IT and those derived

in the preceding discussion may be converted into
absolute intensities in the following manner. The beta-
gamma coincidence measurements showed that the
very highest energy beta particles were in coincidence
with about 0.4 of the 0.12-Mev photons. Using the
conversion coefficient of 1.5 determined for the 0.12-
Mev transition, this result indicates that the highest
energy beta particles measured are all in coincidence
with the 0.12-Mev transition. Direct beta population
of the ground state is thus shown to be small compared
with population to the 0.12-Mev level, which, itself,
will presently be shown to be only around 59,. From
the decay scheme in Fig. 3, it is seen that only two
gamma transitions terminate at the ground state. These
are at energies of 0.998 and 0.123 Mev, and together
must carry all the beta decay, since there is no appreci-
able direct beta population of the ground state. Using
the sum of these transition intensities to determine the
beta-decay rate, the absolute gamma-ray intensities
listed in Table IV were calculated. The limits on the
0.694-, 0.705-, and 0.756-Mev gamma rays were ob-
tained by concluding from the discussion of the pre-
ceding paragraph that none of these is over 159 as
large as the 0.725-Mev gamma ray. From the measured
K-conversion coefficient of 0.54 for the 0.12-Mev
transition, the absolute electron intensities can also be
calculated, and these are listed in column 3 of Table IV.
The resulting K-conversion coefficients, together with
the theoretical values of Sliv and the probable multi-
polarity of the gamma rays, are also included in Table
IV. The limits of error on the conversion coefficients are
expected to be about 20 to 309,. Because a 509 error
would be sufficient to change the multipolarity assign-
ment in many cases, the assignments made in Table IV
should be considered somewhat tentative. However,
for the inost part the agreement with the theoretical
values is good, and there is no evidence to indicate
that any assignment is incorrect.

From the gamma-ray intensities in Table IV and
the decay scheme shown in Fig. 3, it is possible to
reconstruct the beta spectrum. The population to the
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1.724-Mev level is simply the sum of the intensities of
the 0.60-, 0.725-, and 1.6-Mev gamma rays, or about
289%. Similarly, the population to the 1.400-Mev level
is just equal to the intensity of the 1.277-Mev transition,
or 42%,. For the 1.130- and 0.998-Mev levels, it is
necessary to add together the intensities of the gamma
rays de-exciting each of these levels and subtract from
this sum the intensity of the photons populating the
level. The difference must be accounted for as direct
beta population, and turns out to be 13 and 69,
respectively, for these levels. In this calculation the
0.759-Mev gamma ray has not been included, because
its measured intensity is only an upper limit. It should
be pointed out that the low-intensity beta groups, both
those mentioned above and those which will be men-
tioned below, result from differences between rather
large gamma-ray intensities, and hence have large
limits of error associated with them. If the intensities
of all the gamma rays populating any of the three
lowest levels are summed, a total of about 889 of the
beta transitions is accounted for. This implies that
around 129, of the beta population goes directly to the
three lowest levels. It has already been shown that the
ground state receives essentially no direct population,
so that the 129, must be divided between the 0.123-
and 0.371-Mev levels. There are not sufficient data to
determine unambiguously how this 129 is distributed;
however, the following argument may be made. The
0.248-Mev gamma ray is very likely electric quadrupole,
in agreement with the rotational model of Bohr and
Mottelson.?? If this is so, one may calculate from the
intensity of the K electrons of this transition and the
theoretical K-conversion coefficients of Sliv?® that the
gamma ray should have an abundance of 8 or 99,.
Somewhere between 1 and 39, of this probably comes
from gamma-ray rather than direct beta population of
the 0.371-Mev level. This leaves 5 to 89, for direct
beta population, which in turn leaves 4 to 79, for
direct population to the 0.123-Mev level. The highest
energy portion of the beta spectrum was re-examined
to see whether the Fermi-Kurie plot was’ consistent
with the above conclusions, and it was found that the
population to the 0.371-Mev level could be anywhere
from zero to almost equal the amount going to the
0.123-Mev level. Thus, there is no inconsistency, with
the highest energy beta groups populating the 0.123-
and 0.371-Mev levels almost equally. Table V summar-
izes the beta groups and lists the logft value for each
group. The total beta-decay energy of 1.99 Mev was
obtained from the 0.59- and 0.25-Mev beta groups and
the levels which they populate at 1.400 and 1.723 Mev,
respectively.

The spin and parity assignments shown in Fig. 3 are
rather easily deduced. The parity of all the states
except the one at 1.723 Mev must be even (), since

2 A, Bohr and B. R. Mottelson, Kgl. Danske Videnskab.
Selskab, Mat.-fys. Medd. 27, No. 16 (1953).
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TasLE V. Beta groups of Eu'® (indirect).

Energy (Mev) Abundance (%) logft
0.25 28+5 9.0
0.59 4245 10.0

(0.86) 1345 11.0
(0.99) 645 11.6
(1.62) 65 12.5
(1.87) 65 12.9

the transitions are all either M1 or E2. Since it was not
possible to decide between E1 and E2 for the 0.725-Mev
gamma ray, the 1.723-Mev level could have either even
or odd parity. The spin of the 0.123-Mev level is cer-
tainly two, since the 0.123-Mev transition has been
shown to be E2. The spin and parity of the 0.371-Mev
level are only tentative, but are assigned on the basis
of the Bohr-Mottelson rotational theory? and the
absence of the crossover transition to the ground state.
The E2 character of the 0.998-Mev gamma ray fixes
the spin of the 0.998-Mev level at two. The suggested
spin of the 1.130-Mev level will be considered in the
following section.

Discussion

Gd'*, with 90 neutrons, lies just within the region of
the rare earth elements where the Bohr-Mottelson®
collective nuclear model is applicable. It has been
shown that a rather sudden change from the transition
region into the strong-coupling region occurs between
neutron numbers 88 and 90.22% This shift is readily
observed in the first excited-state energies of Gd'®? and
Gd'*, which are 344 kev?® and 123 kev,* respectively.
Because Gd' is at the very edge of the strong-coupling
region, it would not be surprising to find deviations
from the rotational formulas of Bohr and Mottelson,?
and such deviations are easily noticeable. For example,
using the formula

E=(#/29)I(I+1),

which gives the energy, E, of a rotational state as a
function of the spin of the state, I, we may use the
energy of the 24 state to fix the value of the moment
of inertia, 9, and then calculate the energy of the 4+
state to be 412 kev. This is about 119, larger than the
experimental value. For nuclei in a comparable position
in the strong-coupling region of the heavy elements,
these corrections run as high as 239%,.25 The above value
of 119, therefore, is not particularly disturbing,

The levels at 0.998 and 1.130 Mev are quite inter-
esting. The spin of the 0.998-Mev level is very likely
2+, as has been discussed. If the moment of inertia
were the same as for the ground-state rotational band,
the 3+ member of the rotational band based on this

2 G, Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212
(1955).

2 (. Nathan and M. A. Waggoner, Nuclear Phys. 2, 548
(1956/57).

25 F, Asaro and I. Perlman, Phys. Rev. 104, 91 (1956).
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level would be expected to be about 124 kev higher in
energy. The 1.130-Mev level is 131 kev higher in
energy, and, furthermore, the decay of this level to the
2+ and 4+ members of the ground-state band is
consistent with its having a spin of 34-. For these
reasons the two levels at 0.998 and 1.130 Mev are
tentatively considered to be members of a rotational
band with spins 24 and 3+, respectively. This situ-
ation appears to be very similar to the levels in Pu238
populated by the beta decay of Np?8.26.27 In this case
two levels about 1 Mev above the ground state were
observed, and were assigned spins 24 and 34. From
the radiations from these levels in Pu®# (which are all
E2) it was possible to deduce that K, the projection of
the spin on the nuclear symmetry axis, was two for
these levels. This, in turn, led to the suggestion that
this rotational band might represent the gamma vibra-
tional band predicted by Bohr and Mottelson to have
these properties. The present case differs from Pu?® in
that all the radiations from these levels do not seem to
be E2. This could perhaps be due to the fact that Gd5
is on the very edge of the strong-coupling region,
whereas Pu®3 is well within this region in the heavy
elements. Another possibility which should not be
entirely discounted is that the multipolarity assign-
ments are not correct. As was mentioned, the limits of
error are sufficiently large that the assignments are
considered to be only probable and not certain. How-
ever, the similarity of the two bands, and the obser-

26 Rasmussen, Slitis, and Passell, Phys. Rev. 99, 42 (1955).
" Rasmussen, Stephens, Strominger, and Astrom, Phys. Rev.
99, 47 (1955).
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vation of apparently analogous levels in other heavy
element and rare-earth even-even nuclei suggest that
such bands may occur systematically throughout both
strong-coupling regions. .

One rather puzzling aspect of the Eu'®* decay scheme
shown in Fig. 3 is that of the large logft values calcu-
lated for the beta transitions. The transitions to the
ground-state rotational band of Gd!* have logft values
between 12 and 13; this is perhaps understandable in
that, while A7 is only one, AK is quite likely three for
these transitions. Hence, insofar as K is a good quantum
number, these transitions would be second or higher
forbidden. For the beta transitions leading to the 0.998-
and 1.130-Mev levels, however, no such reason is
evident. Here AJ is probably one and zero respectively,
and AK is probably one for both transitions. Depending
on the parity of Eu'*, these should be allowed, or first
forbidden, transitions, and yet the logft values are
around 11. Since the spins of the other levels in Gd'*
are not known, expected logft values cannot be esti-
mated ; however, with a spin of Eu'® as low as 3, it is a
little surprising that the smallest logj value observed
is 9.
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