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ABSTRACT

The electron-capture decay of Yb169 to Tm169

and the
beta-decay of Yb175 to Lul75 have been studied using the
curved-crystal gamma-ray diffraction spectrometer, the
ring-focusing bveta-ray spectrometer, and the semicircular
hoﬁogeneous—field beta-ray spectrometer. The precision
169 175

energies and the multipolarities of Tm and Lu nuclear
transitions have been determined, and energies, spins and
parities of the nuclear levels are proposed. The principal
experimental technlques are re%iewed, and the results of
preliminary measurements of the curved-crystal spectrometer
reflection coefficient are indicated. The observed nuclear

169 175

levels and transitions in Tm and Lu are discussed on

the basis of the Bohr-Mottelson unified nuclear model.
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PART I

INTRODUCTION



INTRODUCTION

Interest in the study of nuclear spectra of heavy nuclel
has been greatly stimulated by recent advances in nuclear
theory. In particular, the Bohr-Mottelson unified model (1)(2)
has made possible predictions concerning the spectra of nuclei
in regions removed from closed shells. With the theoretical
prediction of the relative energy spacings of some of the ex-
cited states of these nuclei, the determination aﬁd precise
energy measurement of these exclted levels has become increas-
ingly interesting.

For isotopes lying in the regions 155 <A < 185 and A > 225,
which are removed from closed shells, the nuclel show large
deformations from spherical symmetry (2). According to the
Bohr-Mottelson unified model, for axially symmetric nuclei the
component of the total nuclear spin I along the symmetry axis
is quantized, the quantum number being denoted by K. K actu-
ally is a good guantum number only in the limit of extreme
deformations. FPor intermediate deformations K is only approxl-
mately a good gquantum number.

For odd A nuclel, rotational bands based on intrinsic
particle levels are composed of states having the same parity
as the intrinsic level and having spins I =K, K+ 1, K + 2,

The energy spacing of these levels is given by the expression
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2' . T+1
ot = B2 il (141) + 2(-1) ! (1+%) d
(1)
K+3
- [K(K+1) + a(-1) (K+%) J-K,%]}

whered is the moment of inertia of the nuclear deformation.
The decoupling parameter a depends on the intrinsic structure
of the nucleus and only enters into equation 1 when K = 1.
Since K is only approximately a good guantum number, the ex-
pression for the energy spacings actually will involve higher
order terms of Erot' to account for interactions of the rota-
tlonal motion with the intrinsic states., Transitions between

levels must obey the selection rules

-If| (LEI; + I Tryre = (-1

ks - Kol (T g e = (-1

where I represents the nuclear spin, Tr the parity, K the K
Quantum number of the levels, and L the multipole order of
the transition. EL and ML denote the electric and magnetic
multipolarity, respectively.

Recently Nilsson (3) has calculated nuclear independent
particle levels and wavefunctions assuming a spheroidal har-
monic potential with spin-orbit coupling. These calculations
enable the prediction of the spins and parities of some of
the groundstates and low lying excited states in odd A de-

formed nuclei (4). Nilsson's results have proved useful for
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identifying gome of the intrinsic levels in the nuclear level
schemes described in this thesis.
An experimental investigation of the spectra of two odd A

169 and Lu175 has been undertaken in order to obtain

nuclei, Tm
precise values for the observed energy levels, the spins and
parities of the levels, and the intensities of transitions
between levels. In the study of the spectra of these two
nuclei, rotational characteristics predicted by the unified
model have been observed.

69

The radiatlions from Tm1 and Lu175 have been studied

using the 2-meter curved-crystal gamma-ray diffraction spec-
trometer (5)(6), the homogeneous-field ring-focusing beta-ray
spectrometer (7)(8), and a semicircular homogeneous-field
beta-ray spectrometer (9).

Ytterbium as found in nature consists of seven stable

168 170 171 172 174 176

isotopes, YbiP%, vu170, vplTl, vul72, vul73, vv

(10). Of these isotopes, three, Ybio®, yplTh

and Yb

176

and Yb form

unstable isotopes following single neutron capture. By neu-

168 169
tron capture 70Yb98 forms_Yb99 which decays by electron

capture to Tml69, the only stable isotope of thulium.
69100

174 175 . ¢ s
7OYb104 forms 70Yb105 which decays6by beta-emission to the
. 175 17 177 .
stable isotope 71Lu104’ and TOYb106 forms 6OYb107 which decays

by beta-emission to 71Lu%gg, which in turn decays by beta-

emission to the stable isotope 72Hf%gg. The Yb177 decay was
not studied because of its short half-life (1.8 hours). The

6.8 day activity of a7’ produced by the decay of v 1 was



-
weak. It had been studied previously 1n this laboratory using
neutron irradiated lutecium (11). In the present experiments,

- only the two strongest lines at 112,97 and 208.36 kev could be

observed.

169

Following the electron capture from Yb s the Tm169

nucleus emits gamma-rays and internal conversion electrons as

it decays to its groundstate. Simllarly, part of the beta-

175

decay of Yb175 goes to excited states of Lu , and gamma-rays

and internal conversion electrons are emitted during the de-
excitation to the groundstate.

From measurements of The energles of the emitted gamma-
rays and from determinations of the multipolarities of the

observed transitions, precision energies of some of the low

169

lying energy levels of Tm and Lu175 have been determined.

This thesis describes the results from observations of
175

169

Tm and Lu nuclear spectra. The work begins with the

presentation and description of the experimental gamma-ray

and beta-ray spectrometer measurements in Parts II and IIT.

169 175

The analysis and interpretation of the Tm and Lu measure-

ments according to present theoretical ideas follow 1n Parts IV
and V. In the appendices are found technical data about the

radioactive sources, measurements obtained in the course of

the experiments which are not directly related to the Tml69

175

and Lu energy levels, and tables and data used in the

69

analysis of the Tml and Lu175 levels.
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GAMMA -RAY ENERGY AND INTENSITY MEASUREMENTS
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GAMMA-RAY ENERGY AND INTENSITY MEASUREMENTS

A TECHNIQUE

The energies and gamma-ray intensities of most of the ob-

169 175 were measured using the

served transitions in Tm and Lu
curved—crystal spectrometer. Recently some changes were made
in the detecting apparatus of the spectrometer in order to in-
crease the detecting efficiency and to reduce background. A
brief description of the present detector follows.

After passing through the collimator, the gamma-rays reach
a Nal crystal, three 1lnches in diameter and two inches thick,
mounted on the face of a DuMont 6364 photomultiplier. The
pulses from the photomultiplier are fed, after suitable ampli-
fication, to a single channel pulse-height analyzer which is
adjusted to the photopeak of the observed gamma-line. The out-
put pulses are elther registered directly by a scalar and a
printer, or are fed into a linear counting-rate meter and dis-
played on a chart recorder. The principal advantages of the
present detecting system are to provide a better signal-to-

noise ratio than that of the detector used earlier and to per-

mit a much more reliable interpretation of intensity data.

Energy Measurements

Each determination of a gamma-line energy was made by

matching the line profiles obtalned by reflection from opposite
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sides of the (310) planes of the curved quartz lamina. Usu-
ally the spectrometer 1is calibrated with the W KX lines
~emitted by a Ta182 source. For the present measurements,
however, an indirect calibration was more practical. Using

175 and Ta181,

a neutron irradiated Hf sample decaying into Lu
the wavelengths of the Lu K « lines were first measured (see
Appendix II) with the well known* Ta K & lines as a standard.
For all subsequent energy determinations, the Lu K & lines
could be used as a secondary standard. It is believed that
such a procedure does not introduce any serious lack of pre-
cision in the measured energies, and i1t has the advantage of
permitting all measurements without removing the radiocactive
source from the spectrometer.

The energy resolution, "EE » of the gamma-ray spectrom-

eter is given for the present measurements by é-E-= 0.3 x

E
1Q'4 E, where E 18 the energy in kev and AE is the line pro-
file width at half-maximum. Except for low intensity lines,
the absolute uncertainties assigned to the energy values cor-
respond to 1/20 of the width of the line profiles at half-

maximum, or 10 e.v,, whichever is larger.

¥*

The wavelengths given by Ingelstam (12) for the Ta K&
lines are 1n excellent agreement with the values obtained in
this laboratory by comparison gf the W KX lines and the
Ta K & lines emitted by a T4 18 source.
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Intensity Measurements

The relative intensities of the gamma-rays were obtained
- with the curved-crystal spectrometer in the following way.
The spectrometer was set at the Bragg angle corresponding to
the peak of the line being studied and the pulse height spec-
trum of the Nal detector was recorded. The total number of
counts recorded in the photopeak is proportional to the rela-
tive intensity of the gamma-line after the corrections for
self absorption in the source, detector efficiency and curved-
ecrystal reflectivity are applied. The total number of counts
in the photopeak, or the area under the photopeak curve has
to be used as a measure of the intensity rather than the maxi-
mum counting-rate of the photopeak because of the energy de-
pendence of the resolution of a scintillation spectrometer.
When the escape peak is resolved from the photopeak, its num-
ber of counts has to be added.

The corrections to be applied for the self absorption of
the cylindrical source have been given by Murray (13). The
Nal crystal photoelectric efficiency was calculated using the

method of Maeder, M#iller and Wintersteiger (14).

Curved-crystal Reflectivity

Lind (15) has measured the integrated reflection coeffi-
cient of a 1 mm thick curved quartz crystal cver the wave-
length range of 9 x.u. to 500 x.u. with the result that the

energy dependence for the coefficient was about 1/E2, where E



denotes'the gamma-ray energy. Also it has been found that
the»integrated reflection coefficient varies from a 1/E energy
- dependence for unstressed quartz lamina to the 1/'E2 dependence
for the stressed 1 mm thick lamina (16). The curved quartz
crystal used for the measurements presented here, however, was
2 mm thick, and since the stresses in the 2 mm thick curved
crystal are larger than those in the 1 mm thick curved crystal,
it seemed possible that the reflectivity of the 2 mm crystal
might have an energy dependence other than l/EE. Therefore

an attempt has been made to study the reflectivity energy de-
pendence by measuring the reflectivity of the 2 mm crystal at
a few gamma-ray energles.

For a few gamma-ray energies direct determinations of the
reflection coefficient were made. These determinations are
possible for gamma-rays whose photopeaks are resolved in the
direct beam NaI pulse-height spectrum. For example using the
‘I‘ml69 307.7 kev gamma-ray, the procedure was the following.
First the curved-crystal spectrometer was set at zero Bragg
angle so that the Nal crystal was detecting the direct beam
of gamma-rays, and the pulse-height spectrum was recorded.
The pulse-height spectrum shows a well resolved photopeak
due to the 307.7 kev line (fig. 4). Then the spectrometer
was set at the Bragg angle corresponding to the peak of the
reflected_line profile of the 307.7 kev gamma-ray and the
pulse height spectrum due to the reflected gamma-rays was

recorded. The total number of counts, Id, in the photopeak
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of the(307.7 kev gamma-ray in the direct beam spectrum, and

the total number of counts, I in the reflected 307.7 kev

2
photopeak were determined. The ratio Ir/id, is a measure of
the reflection coefficient at 307.7 kev. Corrections for
self-absorption and detector efficiency had not to be applied
since the same coefficients for these corrections would apply
to both the direct beam and the reflected beam measurements
and would cancel out in the ratio I /Ij. A similar pro-
cedure was carried out with the Tm169 177.24 and 197.97 kev
gamma-rays. In the case of these two gamma-rays, however,
their individual photopeaks 1n the direct beam spectrum were
not resolved. Therefore the total number of counts in thelr
common photopeak, which was resolved from the other photopeaks,
was distributed between them according to thelr relative in-
tensities as determined from the external conversion measure-
ments with the beta-ray spectrometer (see Part III).

The ratio II,/Id was determined at two more points using

170 81 26 wev gamma-ray from a radioactive Tl 0 source

175

the Yb

and the 343.4 kev gamma-ray from a radioactive Hf source.

The 84.26 kev gamma-ray is the only gamma-ray in the yu 170
spectrum, and its photopeak is resolved from the x-ray photo-
peak. It was possible to resolve completely the photopeak

of the 343.4 kev gamma-ray in the direct beam pulse-height
spectrum and to avold overloading the detector by placing a

1/8" lead absorber immediately in front of the Nal crystal

during the measurements of both Ir and Id.
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The Tm>'°

source had the same effective width as the
Ybl69 source so that the Ir/Id values from these two sources
corresponded. The Hf175 gsource, however, was 0,006" in

169

diameter while the Yb source was 0.008" in diameter (see
Appendix II) so that I4 for 343.4 kev was increased by the
factor 4/3 according to a result given by Lind (15) in order
that the Ir/Id value at 343.4 kev would correspond to that
from a 0.008" diameter source. The plot (fig. 1) of the vari-
ous experimentally obtained Ir/Id values shows an energy de-
pendence close to 1/E2.

As a rough check an ilndependent determination of the
relative intensities of some of the gamma-rays emitted by Tm169
was made with the beta-ray spectrometer using the photoelec-
trie effect in an external converter (see Part III). Let Ig
be the relative intensity of a gamma-line obtained by the
curved-crystal spectrometer, applying all corrections except
that for crystal reflectivity. If Ie is the relative inten-
sity of the same gamma-ray obtained from external conversion,
then the ratio Ig/Ie is proportional to the reflectilvity of
the 2 mm crystal. This ratio is plotted in fig. 2 for the
109.78, 130.53, 177.24, 197.97 and 307.7 kev gamma-rays from

Tml69.

Within the experimental uncertainties fig. 2 indicates
that the curved-crystal reflectivity varies more like l/'E2

than like 1/E or 1/ES.
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As'a result’of the precedling data, the coefficient used
to correct the measured felative intensities for the reflec-
ﬁivity of the curved crystal in the gamma-ray spectrometer
was 1/E2. As new sources are studied, additional points of
‘Ir/id will be determined to extend the range and the precision

of the experimentally determined reflection coefficilent.
B RESULTS

The results obtained with the curved-crystal spectrometer

are presented in Table 1 and Fig. 3.
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Energies and Relative Intensities of Gamma Rays
from Tm169 and Lu175

Eggggy Tziégtlve Inten31tiesLu175
A. 63.12 + 0.01 650.
B. 93.60 + 0.04 4h,
C. 109.78 + 0.02 220,
D. 113.81 + 0.02 310,
E. 118.20 + 0.03 26,
F. 130.53 + 0.03 150.
G. 137.65 + 0.05 22,
H. 144.85 + 0,03 59.
I. 177.24 + 0.05 310.
J. 197.97 + 0.06 510.
K. 240.4  + 0.7 11.
L. 251.3 + 0.5 38.
M. 261.0 + 0.5 82.
N. 282.57 + 0.13 620.
0. 307.7 + 0.5 180.
P. 396.1 + 0.3 1000.
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Table 1 contains measured energies and relative inten-

- g
sities of the observed gamma-ray transitions in Tm16’

Tut’o

and
. The gamma-ray energlies were measured with the curved-
crystal spectrometer.

All energles 1n Table 1 except K,were measured with a
resolution A%E-= 0.3 x Zl()_LL E where E is the energy in kev.
K,was measured with a 50 mg Yb source, the spectrum from
Whiéh is shown in fig. 3. The resolution obtained from this
source was 1%E- = 0.6 x lO"Ll E because of its larger geometri-
cal size in the direction of dispersion of the spectrometer.
Except for low intensity lines, the assigned energy uncer-

tainties are 1/20 of the line profile width at half-maximum

or 10 e.v., whichever 1s larger.

169 175

To account for the decay, the Tm and Lu relative
Intensities were normalized to measurements on a specific
date., The estimated uncertainties in the relative intensities
are + 15% of the value for intensities greater than 200, + 30%

otherwise.
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Figure 3 shows the complete gamma-ray spectrum as ob-
served with the curved-crystal spéctrometer. The source con-
sisted of 50 mg of Yb203 (see Appendix I), irradlated for 19
days at a flux of 5 x 1013 neutrons/cmg/éec in the Phillips
Petroleum Coﬁpany Materials Testing Reactor at Arco, Idaho.
When placed in the spectrometer, the Yb source had an activity
of approximately one curie.

In this figure the ordinate is proportional to the ob-
served counting rate, which was recorded by a chart recorder
from the output of a linear counting-rate meter. The wave-
length setting of the spectrometer was changed 0.04 x.u.
every 12 seconds. Approximately 20 hours were required to ex-
plore the region from 20 x.u. to 255 x.,u. Of course, the peaks
of the lines do not represent the actual relative intensities
of the gamma-ray transitions since no corrections have been
made for self-absorption 1n the source, curved crystal reflec-
tivity, detector efficiency, cor half-lives.

Each gamma-line is labeled wilith its energy in kev ob-
tained from matching line profiles. In addition to gamma-rays

169 175

from transitions in Tm and Lu and the accompanying x-rays,

the 112.97 and 208.36 kev gamma-lines from Hf177 are observed
along with the Hf Ka<l and K"<2 X-rays. The two gamma-lines
77 (11,

represent the two strongest transitions in Hf Since
the Yb source was 369.8% pure, containing no detectable amount
of Lu, the Hfl77 undoubtedly arises from the 1.8 hour beta-

decay of o177 into '’ followed by the 6.8 day beta-decay
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of Tul’,

s 7OYb, and
Lu can be noted. The group labeled YbJKQ also contains

71 351

The K K and K @ groups of x-rays from 69Tm

the Tm KQ:E line. Similarly the Lu KQ.S 1 &roup contains the
3

ol

Yb KQZ line. The Lu K0 » line 1s not resolved from the Tml6’

63.12 kev line in this figure. The Tm K x-rays arise follow-

ing both the K-capture of Yb169

and internal conversion in

the T™'®9 K-shell. Due to the K-capture and due to the fact
that several transitions in the Tm169 de-excltation are strongly
K converted, the Tm K x-rays are more lntense than any of the

169

gamma-lines in the Tm spectrum. The Lu K x-rays arise

175

almost entirely following K-conversion in Lu nuclear transi-
tions, while the ¥Yb K x-rays are due to electronic de-excitation
followlng lonization in the K-shell by gamma-rays or energetic
electrons.

The width at half-maximum of the gamma-line profiles ob-
téined with the 50 mg Yb source was 0.75 x.u. The precision
values of the gamma-ray energies were obtained using a source
which provided line profiles having 0.35 x.u. width at half-
maximum, thus giving roughly two times better resolution.

Figure 4 shows a Nal pulse-height spectrum of gamma-

ray transitions from Tml69

compared with the curved-crystal
spectrum of flg. 3, replotted on the energy scale. Since
fhe widths at half-maximum of the line profiles are approxi-
mately cohstant on the wavelength scale when the spectrum

is plotted against the energy E, the widths of the profiles
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169

increase as E2. The Tm pulse-height spectrum was obtained
from the direct beam of the curved-crystal spectrometer by
éetting the spectrometer at zero Bragg angle and recording

the counting rate on a chart recorder as the base-line voltage
of the pulse-height analyzer was increased at a uniform rate.
It should be noted that the pulse-height spectrum contains

169

gamma-rays only from Tm » While the curved-crystal spectrum

shows lines from Tml69, Lul75, and Hf177.
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PART III

BETA-RAY SPECTROMETER MEASUREMENTS
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BETA-RAY SPECTROMETER MEASUREMENTS

A TECHNIQUE

The energles and relative intensities of internal con-

175 169

version electrons from transitions in Lu and Tm were
measured with beta-ray spectrometers., By utilizing the photo-
elecﬁric effect in external converters, 1t was also possible
to measure the relative intensities of some of the gamma-rays
emitted by the Tm169 nucleus.

Two beta-ray specfrometers were employed for observing
the internal conversion electrons. One, the ring-focusing
spectrometen is equipped with a Geiger-counter having a
0.7 mg/'cm2 mica window, which transmits electrons down to
about 25 kev. This instrument was used for observing the

Ybl75 175 conversion lines

beta spectrum and Tml69 and Lu
above 35 kev. The other, a semicircular homogeneouséfield
spectrometer, enabled the measurement of the Tml69 8.42 and
20.75 kev transitions, which were below the range of the other
instruments (the curved-crystal spectrometer range extends
from about 30 kev to 1.5 Mev, while the ring-focusing spec-
trometer range is from 25 kev to 5 Mev). The homogeneous
magnetic field of the semicircular spectrometer is produced

by a set of Helmholtz coils 67 cm in diameter. The radius

of the electron trajectories is 12 cm. The detector is a

Geiger counter with a thin formvar wihdow, usually 10 to
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20 miérograms/cm?. With a 10 microgram/em2 window, the

169 .
m 63.12 kev K-line was clearly detected at 3.76 kev

(fig. 5). Observations of Tm169 conversion lines from 3.7
to 110 kev were made with the semicircular spectrometer.
Momentum resolutions, A%E-, where p 1s the electron
momentum and Ap is the momentum width of the line profiles
at half-maximum of 0.65%, 0.35% and 0.15% were obtained with
the ring-focusing spectrometer. Low energy measurements
with the semicircular spectrometer were carried out with a
resolution of 0.75%. TFor this resolution, the source and

counter window had the dimensions ©.12 cm x 4 cm.

Internal Conversion Line Relative Intensities

The multipolarities of the nuclear transitions were de-
termined by their K shell and L sub-shell conversion coeffi-
cients. In evaluating relative intensities from the observed
conversion peaks, 1t was necessary to apply corrections for
abscrption by the 0.7 mg/cm2 mica window of the counter. For
this purpose the empirical curve obtained by Murray (13), of
transmission versus energy was used. In most cases the height
of the peak of the conversion line rather than the area was

taken to be proportional to the line intensity.

Gamma-ray Intensitles by External Conversion

169 109,78, 130.53,

The relative intensitlies of the Tm
177.24, 197.97.and the 307.7 kev gamma-rays were obtained

with lead and uranium photoconverters. The uranium LI’ LII
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and L shell photopeaks due to the 109,78, 130.53, and

11T
177 .24 kev gamma-rays were observed and their intensities com-
pared, while the lead K-shell photopeaks due to the 177.24,
197.97 and 307.7 kev gamma-rays were measured and thelr inten-
sities compared. The uranium converter was a small disc of
uranium metal 0.35 mg/cmg thick and 3.0 mm in diameter, ob-
tained by evaporation on an aluminum foll. The lead converter,
also prepared by evaporation on an aluminum backing, was 0.8
mg/em® thick and 3.0 mm in diameter. Momentum resolution of
0.65% was obtained for the external converslon measurements.

In addition to the corrections for absorption in the
counter window, corrections were applied for the gamma-ray
gself absorption in the source and for the variation of the
photoelectric absorption coefficient of the converter. The
self absorption correction was carried out in the same way as
for the curved-crystal spectrometer; namely, by considering the
photoelectric absorption by the source material at the particu-
lar gamma-ray energy in question. The external converter photo-
electric absorption coefficients in the case of the lead X-shell
were taken from curves by Stobbe (17), while for the uranium
L sub-shells the coefficients were computed from formulas de-
rived by Hall and by Stobbe (18) (see fig. 10, Appendix I).
Table 2 gives a comparison of the gamma-ray intensities obtained
from external conversion and those obtained from the gamma-ray
spectrometer. The two sets of relative intensity values are
normalized at 177.24 kev., The discrepancies are well within the

expected uncertainties of the external conversion measurements.
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Table 2. Comparison of Relative Intensities Obtained with
Curved-crystal Spectrometer and by External Conversion

with Ring-focusing Beta-ray Spectrometer

Gamma-ray Curved crystal External conversion
energy relative relative

kev intensities intensities
109.78 220 180
130.53 150 160
177 .24 310 310
197.97 510 570

307.7 180 160
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B RESULTS

Results obtained with the ring-focusing spectrometer
and the semlcircular spectrometer are presented in Table 3

and figures 5 and 6.
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Table 3. Internal Conversion Lines in Tm16o and Lu175
Electron Relative Identification
B energy intensi-
Gauss%cm - kev - ties Tm169 Lu175
* 207.3 3.76 (a) 63.12 K
*¥ 265,1 6.14 - 8.42 My
* o7h 4 6.58 - 8.42 My + Mppp
* 302.9 8.01 - 8.42 Ny
* 310.4 8.40 - 8.42 NIy -» O
* 349,5 10.63 - 20.75 Ly
* 357.6 11.13 - 20.75 LIt
* 373.2 12.11 - 20.75 LiT1
* U461.7 18.42 - 20.75 M
* 482.,1 20,05 - ' 20.75 N
* 6344 34,25 210. 93.60 K
* 775.2 50.37 930. 109,78 K
776.3 50.50 1000. 113.81 K
* 7964 53.03 120. 63.12 L1
*¥ 799.5 53.42 30. 63.12 LIt
* 807.6 54,46 40, 63.12 L1t
* 841.1 58.83 34, 118.20 K
* 859.8 61.33 38. 63.12 M
* 871.0 62.85 11, 63.12 N
* 030.1 71.13 160, 130.53 K
953.4 74.51 4u, 137.65 K
1000.0 81.45 12, 144 .85 K
¥1014.0 83.59 36. 93.60 L1
*1061.8 91.04 12, 03.60 M
¥1114.8 99.5G 150, 109.78 Ly
1136.5 103.18 240, 113.81 Ly
1138.5 103.51 61. 113.81 LI
1144.5 104,51 80, 113.81 LITT
*¥1161.1 107.30 (b) 109.78 M
*¥1165.4 108,02 - 118.20 L
*1174.3 109.53 - 109.78 N
1186.2 111.57 80, 113,81 M
1195,2 113.11 27. 113.81 N
1222.9 117.93 310. 177.24 K
1238.4 120.64 g2, 130.53 Ly + Ly
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Table 3. Continued

Electron Relative Identification

B energy intensi-
Gaussgcm - kev ties Tm169 Lu175
1244,.0 121.63 79. 130.53 Ly
1271.7 126,56 (p) 137.65 L;
1281.4 128.30 36. 130.53 M
1291.3 130,08 12. 130.53 N
1337.4 138.53 390. 197.97 K
1488.2 167.37 56. 177.24 L,
1526.6 174,99 16. 177.24 M
1589.3 187.67 70. 197.97 L
1631.1 196,26 18. 197.97 M
1659, 202, - 261.0 K
1743, 219.9 36. 282.57 K
1873. 248.,3 14, 307.7 K
1978. 271.8 6. 282.57 L
2004, 298.5 L, 307.7 L
2128, 306.3 1. 307.7 M
2240, 332.8 130, 396.1 K
2456, 385.3 U, 396.1 L
2490, 393.6 6. 396.1 M

8No relative intensity values were given for lines 63.12 K
through 20.75 N because of the uncertainty in the energy de-
pendence of the semicircular spectrometer counter window absorp-
tion, However, the relative intensity ratios of the 20.75 LI’
LII’ and LIII lines are:

XI. = 20325 :1

AL III

O(LI'

IT
The ratio of 20.75 M and N lines is:
O(M :D<N = 3.)'1' N

bNo relatlve intensity values are given for the 109.78 M,
118,20 L, 109.78 N, or 137.65 L lines since they were not suf-
ficlently resolved.
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Table 3 lists Be 1n gauss-cm, the energy in kev and
the measured relative intensities of the observed internal con-

169 and Lu175.

version electrons from nuclear transitions in Tm

The conversion lines marked with * were observed with
the semicircular beta-ray spectrometer. All conversion lines
above the 20.75 N line were observed with the ring-focusing
spectrometer. The assigned uncertainties to the measured
relative intensities are + 25% for lines with intensities
greater than 20, + 50% otherwise.

169 175

The Tm and Lu conversion line relative intensities
are normalized to correspond to measurements taken with the
Yb source at the same time as the corresponding gamma-ray
relative intensity measurements (Table 1), In order to cor-
relate intensities, the Lu'!> 137.65 and 144.85 kev and the
Tml69 130.53 kev gamma-rays were measured with the curved-
crystal spectrometer, while simultaneously the relative
ihtensities of the corresponding K-conversion lines were

measured with the ring-focusing beta-ray spectrometer.
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Figure 5 shows the Tml69

spectrum from 3 to 12.5 kev
as observed with the semicircular homogeneous-field beta-ray
lspectrometer. The unlabeled peaks are principally L-Auger
lines. To identify the Tm L-Auger lines in this spectrum,

an Independent study of the Lu L-Auger spectrum emitted by
a HFt7o

Lut?>

source has been undertaken. In the spectrum of
no conversion electrons at low energles are present.
The conversion lines from the Tml69 20.75 kev transi-

tion observed with the semiclircular spectrometer are shown

in Fig. 6.
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C COINCIDENCE MEASUREMENTS

Coincldences between conversion electrons and gamma-
rays weré recorded usilng the ring-focusing spectrometer with
a Nal scintillationhcrystal placed directly behind the
source disc. The ring-focusing spectrometer was set at the
peak of the Tm169 130.53 K-line and the coincidences were
recorded as a function of the scintillation spectrum settings.

169 127 o ey

The coincidences recorded showed that the Tm
transition is in coincidence with the 130.53 kev transition,
while the 197.97 and 307.7 kev transitionsare not, supporting

]
the proprosed level scheme for Tm‘69 (see Part IV).

D Yb175 CONTINUOUS BETA SPECTRUM

The end-point of the high energy component of the Yb175

beta-decay was determined to be 465 + 5 kev from a Kurile plot
of the spectrum. Thils value agrees closely with the value
468 + 5 kev obtained by Mize, et al. (19). Taking into ac-
count the 102 hour half-life of the decay, a log ft = 6.4

resulted (20).
E SEARCH FOR POSITRONS IN Ybl69 DECAY

An attempt to observe a posltron spectrum in the decay

169

of ¥b was carried out with the ring-focusing spectrometer.

No positrons were observed and an upper limit of 10“4 positron
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per decay could be set on the intensity of Yb169

positron
emission. From thils result an upper limit of ~ 1.3 Mev

can ve set for the electron capture disintegration energy.
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PART IV

LEVELS IN Tm°%



-36-

LEVELS IN Tm 0%

A SUMMARY OF RESULTS AND LEVEL SCHEME

The first observation of the electron-capture decay
of Yb169 was reported by Bothe in 1946 (21). Subsequent
investigations of the level scheme of Tml69 have been carried
out by Martin, et al. (22) and by Cork and coworkers (23)(24).
DeBenedetti and McGowan (25) have reported an isomeric transi-
tion in the de-excitation of the Tm169 nucleus. Measurements
by several investigators have indicated the lifetime of the
metastable state to be close to 0.7 microsecond (26)(27).

Recently -Johansson (28) has studied the Tm169 level
scheme by performing gamma-gamma coincidences with scintil-
lation spectrometers. Johansson found the 63.12 and $3.60
xev gamma-rays in prompt coincidence with the Tm x-rays and
all other gamma-rays in delayed colncidence with the x-rays.
He concluded that the 93,60 kev transition immediately pre-
cedes the 63.12 kev transition, which leads to the 0.7
microsecond metastable state.

Huus, et al. (29) have observed 110 and 120 kev transi-
tions following Coulomb excitation of Tm169. From a study
of the shape of the excitation of the 110 kev radiation,
they have pointed out the possibility of a first excited

state at around 10 kev.
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A complete level scheme gilving spins and parities of
all observed levels has not been proposed by the previous
investigators (22)(24)(28). From the present investigation
it is possible to establish a more complete level scheme of
Tml69 and to assign the spins and parities to all observed

levels.

The resultsof the present measurements are summarized

in Table 4,and the proposed level scheme is given in Figure 7.
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Table 4. Comparison of Experimental and_Theoretical Conversion Coefficients

Tm

169

O(L“[

Tnitial KK KLy LS Lp
e?,nd Energy Exp. Theo. Exp. Theo. Exp, Theo. Exp. Theo. Exp. Theo. Total I, Decay Multipole
final kev ' fraction assignment
levels El E2 M1 M2 % '
BA 8.ho - - - - (95) (M1)
DC 20.75 - - - - (13) (M1)
FE 63.12 - - 0.12 0.12 0.03 0.0k 1.0 650 90 EL
GF 93.60 2.4 go.se 1.4 3.65 27.5 o.42  “0.52 2.75 4L 11 ML(+E2)
0.33 1.16 3.2 27.0
CB 109.78 2.1 0.21 0.88 2.35 16.0 0.34 0.33 2,57 220 5 ML
0.22 0.83 2.0 15.0
CA 118.20 0.66 0.175 0.73 1.90 12.5 - 1.60 26 5 E2
0.18 0,70 1.60 11.5
DB 130.53 0.55 0.135 0.550 1.42 8.8 0.3L 0.29 0.27 0.21 1.25 150 23 2
0.4 0.543 1.23 8.2 .
ED 177.24 0.5L  0.063 0.23 0.62 3.05 0.09 0,08 0.62 310 35 ML
0.062 0.23 0.52 2.8
EC 197.97 0.40 0.0k7 0.17 0.4 2.1 0.07 0.06 0.48 510 51 ML
0.047 0.17 0.38 1.95
FD 2404 - - 0.03 11 1 (E1)
FC 261.0 - - 0.03 82 6 (EL)
EB 307.7 0.0k 0.015 ©.05 0.135 0.49 0.01 0.02 0.05 180 13 E2
0.015 ©0.05 0.115 0.4s5

Rose, et al. (30).

bThe lower value of theoretical Kk was obtained from tables by

Sliv

aThe upper value of theoretical &y was obtained from tables by

(31).

cTheoretical Ml coefficient.
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Table 4 gives converslion coefficient data, decay frac-
tions and multipole assignments for the Tm169 transitions
.observed in the present experiments. The energiles of all
observed transitions except BA and DC were measured with
the curved-crystal spectrometer. Transitions BA and DC were
observed with the semicircular spectrometer and thelr measured
conversion line energies (Table 3, Part III) agree well with
those obtained by taking fthe corresponding differences of
measured gamma-line energies. The value 8,42 + 0.05 kev was
obtained by subtracting CB from CA, while 20.75 + C.05 kev
was obtained by subtracting CB from DB (see Tm169 level scheme,
fig. 7).

The experimental conversion coefficient for a conversion
line resulted from dividing the relative intensity of the
conversion line (Table 2) by the relativerintensity of the
corresponding gamma-ray (Table 1). The ratios so obtained
were then normalized to the theoretical value (30)(31) for
the 130.53 kev K-conversion line. The 130.E3 kev transiftion
was chosen for normalizatlion because it was a pure E2 transi-
tioq.

Two sets of theoretical X-shell conversion coefficlents
are shown in Table 4. The upper value for each entry was
obtained from tables computed by Rose, et al. (30), while
the lower values were taken from tables computed by Sliv {31).
The values by Sliv take into account the finite extension

of the nucleus. It can be noted that the experimental coeffil-
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cients for the.lO9.78, 177.24, and 197.97 kev transitions
agree clesely with the theoretical Ml values of Sliv, which
.are of the order of 15% lower than the values of Rose., Simi-
lar results in other nuclei have been prevlously reported by
Wapstra and Nijgh (32).

With the exception of the LIII-shell coefficient,C(LIII,
the theoretical L-shell conversion coefficlents were taken
from tables by Rose (30) (Rose's tables forcXL were not

IIT
available at the time of these experiments). o<L theore-

tical coefficients were obtalned by interpolatioilgf the data
by Gellman, et al. (33).

q&otal denotes the total experlimental conversion coef-
ficient. Where the line intensities were too low, no experi-
mental conversion coefficients are given. In these cases
theoretical values for G<Tota1 were lnserted in Table 4.

The decay fractions were determined from (1 +q&otal)1¥
and normaliged per disintegration. Decay fractions listed
in parentheses were inferred from the level scheme (fig. 7).

The nmultipole assignments were cbtained by comparing
the experimentally determined ¥X-shell and L sub-shell conver-
gsion coefficients with the theoretical values. Multipole
assignments listed in parentheses were inferred from the level
scheme (fig. 7). However, only El multipole assignments for
the 240.4 and 261.0 kev transitions are consistent with the
extremely weak K-conversion peaks. From the observed gamma-
ray intensities (Table 1) of these transitions, readily ob-

servable K-conversion peaks would be expected for Ml or E2

multipolarity.
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In Flg. 7 the levels are labeled on the right with their
energies in kev, which have been determined by combining
those transition energies (Taple 1) which have the smallest
uncertaintiles.

Each level is labeled on the left with its spherical
limit according to Nilsson's (3) calculations (Table 7, Appen-
dix III), the K-quantum number, the spin and parity of the
level.

The spins and parities of the levels have been assigned

uslng the well known selection rules

I; - If;g}; <I; + I, g me = (-1

miTe

where L is the multipole order of the transition and T denotes
parity of the levels. EL and ML denote the multipolarity.

The level scheme can be oriented from the observation
of the 110 and 120 kev gamma-rays following Coulomb excltation
(22)(34).

The 93.60 kev transition was placed above the 63.12 kev
transition to agree with the coincidence measurement of
Johansson (28).

From the decay fractions (Table 4) for the 63.12 and
03.60 kev transitions, the electron capture to level F. was
determined to be 90%, with 10% to level G. The observed elec-

tron capture to other levels is less than 10% of total decay.
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The disintegration energy of the Ybl0Y

electron capture
has not.been determined, but a rough estimate can be ob-
‘talned from semi-empirical curves given by Way and Wood (35).
According to these curves, the disintegration energy toc the
Tml69 groundstate is ~ 1.1 Mev., From the proposed level
scheme (fig. 7), the disintegration energies to levels G. and
F. would then be ~ 630 kev and ~ 720 kev respectively. Taking
into account the half-life of 31.8 days, and assumling the
above disintegration energies and the experimentally determined
branching ratios, log ft values of ~8 and ~7 result for the
decay to levels G. and F. respectively., Because of the un-
certainty in the disintegration energy these log ft values

are approximate; however, they are in agreement with the

decay being first forbidden.
B DISCUSSION

Interpretation of Levels

Calculations by Nilsson of individual particle energy
levels in deformed nuclei enable the prediction of the spin
and parities of the groundstates of many odd A isotopes (3)(4).
The order of indlvidual particle levels between the closed
shells 2 = 50 and Z = 82 as given by Nilsson for certain odd
proton and odd neutron nuclei is shown in Tables 7 and 8
respectively (Appendix III).

The level ordering depends on the nuclear deformation,

which can be deduced from Coulomb excitation measurements. For
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Tml69

and Lul’® Mottelson and Nilsson (4) give a deformation
parameter d = 0.28, and Tables 7 and 8 give the level order
'corresponding to this deformation.

The groundstate spin and parity for an odd proton nucleus
1s obtained by filling the extra-closed shell protons pairwise
into the levels. The particle level occupied by the last odd
proton will then describe the groundstate. Where adjacent
particle levels in Table 7 or 8 are closely spaced, the order
of filling of the levels may be ambiguous. In the case of

g
o 109

with 1§ protons outside the closed shell at Z = 50, the
groundstate is predicted to be either (d3/2, 1/2) or (g7/2, 7/2).
Since the measured groundstate spin 1s 1/2 (36)(37), the ground-
state 1s assumed to be described by @3/?, 1/2).

Mottelson and Nllsson have interpreted levels A, B, C.
and D. (fig. 7) as belonging to a rotational band based on
the (d3/2, K = 1/2) groundstate (4)(38). From the spin and
parity assigned to level E.(fig. 7) by the present measure-
ments, this state can be Interpreted as being the (g7/?,
K = 7/2) particle excitation. Similarly, levels F. and G.can

be interpreted as belonging to the rotational band based on

the (h11/2’ K = 7/2) particle excitation.

Energy Spacing of the Rotational Levels
169

Since Tm lies in a region of strong nuclear deforma-
tion, accordlng to the Bohr-Mottelson unified model it should

exhibit low lylng rotational spectra (2). With the ground-



;45-

state having K = 1/2, the energy spacings of the rotational

levels should be given by the anomalous spectrum:

E

of=

(1) = E_E,SO) + EQ) {I(I+1) + g(—l)l+%(l+-§-)}

+ E§>{z(1+1) " g(—l)l+é'(1+%)} ;

where E%(I) denotes the energy above the groundstate of the
member of the K = 1/2 band having spin 1. Eéo) is chosen

so that the groundstate energy is zero. E%(l) is equal to
M?/Qé} , Where & 1s the moment of inertia of the nuclear
deformation, and E%(g) is the coefficient of a small second-
order correction term. The decoupling parameter is denoted
by a.

If one neglects the second order correction term in
equation 2 and determines a, Eéo) and Eél) by fitting the
formula to the measured energies of states A., B. and C.,
one finds a = -0.7733, Eéo) = -18.86 kev, and Eél) = 12,381
kev., With these values state D. with I = 7/2 is predicted
to have an energy of E%(T/Z) = 137.84 kev, which is of
the order of 1 kev below the measured value of 138.95 kev.
Thus it can be seen that a positive second-order correc-
tion term is required to fif the measured energies. Usu-
ally a negative second-order correction term is expected

(2), however a positive correction term can be possible

where there exist admixtures of states with different K num-
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bers (39).
Again fitting equation 2 to the measured energles of
states A, B, C, and D, while including the second-order

term, the following values were obtained:

a = -0.7680

p{9) - -18.247 kev
2

e{1) = 11.969 kev

L=
no

Njr~  Nj—~

il

+ 0.03389 kev.

These values resulted from solving the four simultaneous
equations obtained by equating the values 0, 8.42, 118.20
and 138.95 kev to the expressions for E(1/2), E(3/2), E(5/2),
and E(7/2) respectively. In solving the equations, several
values of a were assumed and the first three equations solved
for Eg i and E$ ). Then the value of a which gave
E(7/2 = 138.95 kev was determined graphically. Using the
above parameters E(9/2) = 351.65 kev and E(11/2) = 387.37
kev can be predicted for the energies of the levels in the
K = 1/2 band having I = 9/2 and I = 11/2. Transitions to or
from these levels have not been observed.

If we assume levels G. and F. to be members of a K = 7/2

rotational band and use the same moment of inertla term

(Eil) = 11.969 kev) obtained by fitting equation 2 to the
2 .
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K = 1/2 band, an energy spaclng between F. and G. of 107.72
kev is predicted by equation 1 (Part I). The difference
between the predicted value (107.72 kev) and the measured
value (93.60 kev) possibly can be accounted for by assuming
that the K = 7/2 band is associated with a larger moment of

inertia than the X = 1/2 band.

Transition Intensities

In order to compare the gamma-ray transition probabili-
ties between nuclear energy levels, it 1s useful to remove
the energy dependence and part of the multipole order depend-
ence of the gamma-ray transition probability by defining a
reduced transition probavility.

Such a reduced gamma-ray transition probability,

B(L, Ii-—elf), is defined by the equation ,
2L+1
a (W
v, (o) = SMI) i(—-) B(L, I, = 1,)  (3)
L[(2L+1 1] h \C

where TTQ.f(L) is the probabllity for a gamma-ray transition
of multipole order L and frequency  from state i1 to state f,
and Ii and If are the spins of the initial and final states
(1)(40). From the gamma-ray relative intensities (Table 1),
the following branching ratios of reduced transition proba-

bilities were computed using equaticn 3.
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B(63.12 kev) : B(240.4) : B(261.0)

3.2 x 103 : 1 : 6

= b 4

B(177.24 kev) :. B(197.97) : B(307.7) 2.5 x 10 : 3 x 10

B(109.78 kev) : B(118.20) = 4.5 x 10° : 1

it

The branching ratios for the 63.12, 240.4, and the 261.0 kev
transitions indicate that the 240.4 and the 261.0 kev gamma-
rays are strongly suppressed compared to the 63.12 kev gamma-
ray. Since all three of these transitions are most likely
E1l, suppression of the 240 4 and the 261.0 kev lines can be
explained as belng due to K forbiddeness. The fact that these
transitions occur indicates that K 1s not a rigid guantum
number and that the initial and final levels are mixed with
states having differing K numbers.

The theoretical branching ratios of the reduced transi-
tion probabilities for gamma-radiation of multipole order L
from an initial state with spin Ii to different members of a

rotational band having spins If and I,.' is given by

£
2
B(L, I~ If) (Ii L K, Ke=K; | I, T Ip Kf,> (1)
- 2
B(L, I Ip,) {I; LKy KoKy | I, T Io, Kp)

where Ki and Kf denote the K gquantum numbers of the initial

and final states respectively (40). The bracketed terms on

the right are Clebsch-Gordon coefficients. Using equation U4
and evaluating the Clebsch-Gordon coefficients (41), the

theoretical branching ratio for E2 radiation from level C,
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(fig. 7) to levels B. and A. can be computed to be

B(2, 5/233/2) _(5/221/2015/2 23/ /% _, .
5(2, 5/2 >1/2) <5/22 1/2 0l 5/2 2 1/2 1/2>°

From this value and from the 105,78 and 118.20 kev measured
gamma-ray intensities (Table 1), the 109.78 kev transition 1is
predicted to be 98% M1 + 2% E2, in agreement with the conver-
sion coefficients given in Table 4. Similarly, from the
measured gamma-ray intensities of the 177.24, 197.97 and
307.7 kev transitions, the 177.24 and 197.97 kev transitions
are found also to be predominately M1, in agreement with the
observed conversion coefficients in Table 4.

Alaga (42) has studied the limiting case of very large
nuclear deformations and has given the set of quantum numbers
(N, i, A, Q ) for the classification of states. N 1s the
principal guantum number of the oscilllator, «, the guantum
number for oscillations along the asymmetry axis, A the com-
ponent of the particle orbital angular momentum along fthe
symmetry axis, and Q (= K) the component of the total particle
angular momentum along the symmetry axis. Alaga has also
given selection rules for beta transitions.

Tables § and 10 (Appendix III) give the N, sy, A, L
guantum numbers for the odd-proton and odd-neutron states
listed by Mottelson and Nilsson. The selection rules given

by Alaga (42) for allowed and first-forbidden beta transi-
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tions are listed in Table 11 (Appendix III).

According to the (N, /uz,/\,ll ) description of states,
levels A., B., C., and D. are described by (4, 1, 1, 1/2),
level E. by (4, 0, 4, 7/2) and levels F. and G. by
(5, 2, 3, 7/2). The (113/2, 7/2) groundstate (Table 8,

Appendix III) of Ybl®9

would be given by (6, 3, 3, 7/2).
Beta transitions which obey the selection rules for I
and () but which violate the selection rules for N,/ulor-ﬂ
are designated by Alaga as hindered, while transitions which
obey all selection rules are classed as unhindered. Accord-
ing to these selection rules, the electron-capture transi-
tions from the (6, 3, 3, 7/2) ¥bi09 groundstate to Tm:09
levels G. and F., which have (5, 2, 3, 7/2),are first-
forbidden and unhindered with aN = -1, Ay = -1,
AA= 0, 4Q=0, yes. An allowed transition from the Ybi09
groundstate to Tm169 level E. is hindered by aN = -2,
A uy = -3, and AA= 1, The observed decay fractions
(Table 4) indicate the electron capture to level E. to be
not more than 10% of the total decay. Similarly, allowed
transitions from the Yb 09 groundstate to the K = 1/2
rotational band, which has (4, 1, 1, 1/2), besides being‘K
forbidden, are hindered by having AN = -2,44= -2 and

AA = -2, An upper limit for the electron capture to the

K

1/2 band can be given as 10% of the total decay.

The gamma-ray selection rules (Table 11, Appendix III)
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may exﬁlain the lack of an observed crossover transition
‘between levels G. and E. since for this transition A/Qz -2,
Similarly, the 63.12 kev transition is hindered by'A/Q= -2
which may explain the successful competition of the K-forbidden
240.4 and 261.0 kev transitions with the 63.12 kev transition.
That level E. is a metastable state, as determined by
Johansson (28), would be expected since M1l and E2 transitions
from this level to the K = 1/2 band are K-forbidden. 1In
addition M1 transitions to the K = 1/2 band from level E.

are hindered by 4= 1 and a/\= -3,
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PART V

LEVELS IN Lut’?
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LEVELS IN Lull?
A SUMMARY OF RESULTS AND LEVEL SCHEME

The decay of YOYb%gg by beta-emission to 71Luigi was
first reported by Atterling and collaborators in 1945 (43),.
The half-life of the beta-decay is 102 hours (10). The
spectrum from the nuclear de-excilitation of Lu175 following
the decay from Yb175 has been extensively investigated. Cork
and collaborators (23)(24), Marty (44), H. de Waard (45),
Akerlind,et al. (46), and J. P. Mize and coworkers (19), have

published measurements of the Lul75

spectrum.

The results of the present investigation are summarized
in Table 5 and Figure 8.

The energies listed for the transitions were obtained
from curved-crystal spectrometer measurements.

Each conversion coefficlent was obtained by taking the
ratio of the conversion line intensity (Table 3) to the cor-
respondlng gamma-ray 1lntensilty (Table 1). Since in the Lu175
spectrum there was no pure multipole transition suitable for
normalizing the experimental ratios to the theoretical con-
version coefficient, the Tm169 130.53 kev K-conversion
coefficient was used for this purpose. Gamma-ray intensities
of the Lu'’® 137.65, 144.85 and the ™09 130.53 kev transi-

tions were measured with the curved-crystal spectrometer,

while simultaneously the relative intensities of the corre-
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sponding K-converslon lines were measured with the ring-
focusing beta-ray spectrometer. The ratios of the conver-
.sion line intensities to the gamma-ray intensities for the
Lu175 transitions were then normalized to the theoretical

E2 converslon coefficient for the K-line of the Tm169 130.53
kev transition.

The theoretical K-shell conversion coefficients were
interpolated from the tables by Sliv (31), while the theo-
retical L sub-shell coefficients were obtained from tables by
Rose, et al. (30) and by Gellman, et al. (33), as in the case

of Tm169 (

Table 4).
According to the data in Table 5, the following approxi-

mate multipole admixture percentages are obtained:

Energy

kev Admixtures
113.81 80% M1 + 20% E2
137.65 70% M1 + 30% E2
282,57 08% E1 + 2% M2
306.1 80% E1 + 20% M2

Within experimental errors, these results are in agreement

with similar data obtained by Mize, et al. (19).
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175

Tﬁe observed. levels in Lu are shown in fig. 8. The

notations and the procedure in establishing this level scheme

169

are the same as 1n the case of Tm (fig. 7). The level scheme

on the left represents the observed levels from measurements

175

of transitions in Lut!? following beta-decay from Yb—' 2, while

the level scheme on the rilght represents the levels in Lu175
observed from measurements of transitions followlng electron
capture from Hrlf> (47).

Mize,et al. (19) have determined that the high energy
component of the Yb175 beta decay goes to the groundstate,
level A. Prom the present measurements of the end-point
energy of the decay to level A, and of the energies of levels
B. and E., taking into account the decay fractions into and

out of each level, the following energies and log ft values

of the three components of the Ybl75 beta decay were obtalned:

Eax
kev log ft
To level A. 465 + 5 6.4
2

B. 351 + 5 7.
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B DISCUSSION

The (g7/2, K = 7/2) groundstate predicted from Nilsson's
calculations of individual particle levels 1in deformed
nucleil (3)(4) (see Table 7, Appendix III) is in agreement
with the measured groundstate spin of 7/2 (48).

Measurements of gamma-rays following the Coulomb excita-
tion of Lul’® have shown that the 113.81 and 250.5 kev gamma-
rays arise from transitions from the first and second rotational

states above the (g , K = 7/2) groundstate (34) (49).
7/2

Energy Spacing of the Rotational Levels

Lu175, like Tm169, lies in a region of large nuclear
deformations, and according to the unified model (2), the
Lu175 spectrum should exhibit rotational characteristics.

That the 113.81 and 251.5 kev levels are rotational in charac-
ter is evident from how closely the levels fit the predicted
rotational spectrum, which according to the unified model

is given by

B p(1) = Eé?% + Eé}% I(I+1) + Eé?% 12(1+1)° (5)

where E(O) is chosen to give the groundstate zero energy,
and E(l) eguals hg/eé-,élbeing the moment of inertia of the

nuclear deformation. The Eé?%Ig {1 + 1)2 is a fairly small,

usually negative, correction term.

(2) (2 2 (0)
If the E7/2 I°(I + 1)° term is neglected and E7/2 and
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Eé}? are determined by fitting equation 5 to the measured
0) (1)

. f . . (¢ = -100,17 k =
.energies of states A. and B., E7/2 99,17 kev and E7/2
12.646 kev are obtained.  From these values level C. is
predicted to have an energy ET/?(ll/é) = 252.G1 kev, which
can be compared with the measured value of 251.46 kev. When
the measured energies of E7/2(7/2) = 0 kev, E7/2(9/?) =
113.81 kev and E7/2(11/2) = 251.46 kev are fitted to equation

5, including the second-order correction term, we obtain

( _ ,
o) = - 20174 ke
Eé}% = 12.913 kev
g{?) - _ 0.006595 kev

7/2 . Y .

From these values a level at E7/b(13/?) = 412,08 kev is pre-
dicted. ©No transitions to or from this level have been

obgerved.,

Interpretation of Levels

An analysis of the nuclear levels in Lul75

using the
data obtained by Mize, RBunker and Starner (1G) has been made
by Chase and Wilets (50). Following the results of Nilsson's
calculations of individual particle levels (3)(4) (see

Table 7,'Appendix IIT), Chase and Wilets interpret level E.

to be the (hll/E’ K = ¢/2) particle excitation.
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Méasurements of transitions from levels excited in
Lu175 by electron capture from Hf175 have been carried out
with neutron irradiated Hf sources which had been previously
enriched in Hf‘174 (19)(47)(51). The transitions observed
from the measurements in this laboratory (47) are shown in
the level scheme on the right-hand side of fig. 8. The only
transition common to both level schemes is the one at 113.81
kev. The levels D. and F. are interpreted as belonging to
the rotational band based on the (d5/?, 5/2) single particle
excitation (50) (Assuming the rotational splitting constant
Eé}% = 12,913 kev, obtained by fitting equation 5 to levels
A,, B., and C., neglecting the second order correction,
the energy of the transition between levels F. and D. is
predicted to be 90.39 kev, which compares closely with the
measured value of 89.36 kev).

From Table 8, Appendix III, the groundstate of Ypi7>

1s designated by (I, 7/2) and the HFL7® groundstate by
(h9/2: 5/2)-

Transition Intensitiles

According to the (N’,AL’AA , O ) (42) description for
states, from Tables O and 10, Appendix III, the Lul!> states
A., B., and C. are described by (4, 0, 4, 7/2), states D. and
F. by (4, 0, 2, 5/2), and level E. by (5, 1, 4, 9/2). The
groundstate of vb17° should correspond to (5, 1, 4, 7/2),

while the groundstate of Hr179 should be described by
(5, 1, 2, 5/2).
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The first-forbidden beta-decay transitions from the Yb175
groundstate to levels A. and B. (log ft = 6.4 and 7.2, respec-
tively) are unhindered by Alaga's selection rules (Table 11,
Appendix III) with AN = -1, 4g4= -1, aA=0, aQ=0,
ves (42). The allowed beta decay from vb172 to level E.

(log ft = 4.5) is also unhindered by the selection rules

with AN = 0, Au= 0, AA=0, aQ=1, no. Yb ' first-
forbidden decay to Lu175 levels D. and F. was not observed.
Observation of this decay would not seem likely since it
would be in competition with the allowed decay to level E.
and the more energetic first-forbldden decay to A. and B.

In addition this decay would be hindered by 4 A= -2,
Similarly, no electron capture from Hf175 to Lul75 level E.
was observed, and the transition would be unlikely because of
spln change AI = 2,

The observed electron capture from Hf175 to Lu175 levels
D. and F. has been discussed by Alaga {(42). The fact that
electron capture from Hf175 to levels D. and F, competes
successfully with the more energetic transition to the Lu175
groundstate is attributed to the latter transition being
hindered by AN = 2,

No gamma-ray tranSitions between levels F. and E., E. and
D., or D. and C. have been observed. The El1 transition rate
between F. and E., should be reduced because of K-forbiddeness,

and M2 transitions between F. and E. would not be likely in
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competition with the-89,36 M1 + E2 transition to level D.

An M2 transitilon between levels E. and D. would not ve likely
in competition with lower multipole transitions to the K =
7/2 band, An E2 transition from level F. to level C. would
he expected to be below the level of observation in competi-
tion with the more energetic, but comparatively weak (47)
318.9 kev (Ml) transition. The fact that the 318.2 and
132.8 kev transitions are less intense than the 89.36 kev
transition (47) may be due to the former two transitions
being hindered by A/ = 2 (see Table 11, Appendix III),
while the latter transition is unhindered.

The theoretical branching ratlo of the reduced transition
probabilities for gamma-radiation from some initlal state to
two different members of a rotational band was given by equa-
tion 4 (Part IV). If it is assumed that the 144,85, 282,57,
and 396.1 kev transitions are principally El, the theoretical
and experimental branching ratios can be compared. The experi-
mental ratios can be obtalned from the gamma-ray intensities
(Table 1) using equation 3 (Part IV), while the theoretical
ratios can be computed with equation 4. The experimental
branching ratios for the 144.85, 282.57, and 396.1 kev gamma-

rays obtained using equation 3 are:

B(144.85 kev) : B(282.57) : B(396.1) =7 : 10 : 6
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The corresponding theoretical ratios are:

B(1, 9/2>11/2) : B(1, ¢/2~29/2) : B(1, 9/2>7/2) =

1 : 10 : 44

The dilscrepancy between the theory and experiment may be

due to mixing of states from different rotational bands.

Conclusion

The results of the present investigations have verifiled
several features of the unified model of the nucleus. In

169 and Lu175, the energy spacings in

the case of both Tm
rotatiogal bands according tc this model agree with the pre-
cision measurements to within one per cent, In addition,
the spin and parity assignments to the low lying intrinsic
excltations appear to be in good agreement with the calcu-
lations of individual particle levels.

It will be of interest to extend such investigations to

other deformed nucleili and to search for additional regularities

in the patterns of their excited states.
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APPENDICES
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APPENDIX T

Curved-crystal Spectrometer and Beta-ray

Spectrometer Sources

0f the seven stable isotopes of ytterbium, only Yb168,

174 o 176 . . . . .
Yb , and Yb form radioactive isotopres following neutron
capture. Some of the propertilies of these three isotopes are

listed below.
Neutron Radio- Mode of

Isotopic capt. active decay and
abun= cross iso- half-
Isotope dance {10) sect.(52) tope 1ife(10)  Daughter
% barns
C )
vol6®  o.am0  1L,0043,000 ¥biP9  e-capt. 31.8  mml®®
ypi T 31,81 60410 O o 102 h  Iut/?
wi7® 12,73 7+2 ventil e 1.8n '’

The radiocactive ytterbium sources were prepared from
ngo3 powder purchased from Research Chemicals, Inc., Burbank,
California (Lot #452). The manufacturer stated the purity
of the Y‘ogo3 to be 06.8% with contaminations < 0.1% Tm, and
traces of Eu and Sm. There were no observavle traces of Iu.

Yb203 powder was neutron irradiated 1in the Phillips
Petroleum Company Materials Testing Reactor at Arco, Idaho
on two separate occasions. During the first irradiation,
which took place in April 1¢55, 10 mgs ~f ngo3 was irradi-
14

ated for 11 days at an average neutron flux of 1.5 x 10

2 . s .
neutrons/cm”/sec. The second irradiation was secured in
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order to obtain a stronger curved-crystal spectrometer source

9

to search for weak gamma-lines ih the Tml spectrum. In
.November 1955, 50 mgs of Yb203 was Ilrradiated for 19 days
at an average neutron flux of 5 x 1013 neutrons/cmg/sec.

The curved-crystal spectrometer source from the 50 mgs of

ngo3 had an intensity of approximately one curie when

placed in the spectrometer.

Curved—crystal Spectrometer Sources

Two types of Yb sources were employed for the curved-
crystal spectrometer measurements. One type, which was
used for the relative intensity and precision energy measure-
ments, consisted of a small quartz capillary tube having
an outside dlameter of about 0.100" and a capillary diameter
of 0,008", filled with 6 mgs of szo3 to a depth of 2 cm.
The tube was sealed off at the bottom and had a small conical
funnel ground into the top to facilitate filling. After
the capillary was filled and the top sealed off, it was
ready for irradiation. The guartz capillary being a line
source of gamma-rays, was placed in a lucite holder which
positioned the capillary by means of a V-shaped groove
machined in one surface (fig. 9).

The second type of curved-crystal spectrometer Yb
source was obtained by depositing 50 mgsof radioactlve Yb203
into a depression 1 em x 2 cm x 0.080", machined into a

lucite holder. The Yb was sealed inside the depression by



-67-~

/////,LUCWE HOLDER

SOURCE
/

N

TO CRYSTAL

ASSEMBLY FOR SOURCE SEALED IN QUARTZ
CAPILLARY.

— LUCITE GUIDE

’////’

SOURCE
COVER
N __— LUCITE HOLDER
SOURCE \\\
TO CRYSTAL

ASSEMBLY FOR 50 MG. Yb SQURCE,

Figure 9. Source assembly for curved-crystal
spectrometer,
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by a lucite cap. The effective width of thls source on
the spectrometer focal circle was 0.020"., The lucite

source holder was positioned in the spectrometer with a

lucite guide and wag held in place with rubber bands (fig. 9).

Beta-ray Spectromefer Sources

Internal conversion sources for the ring-focusing
spectrometer were provided by evaporating radiocactive
Yb203 upon a thin sheet of mica and subsequently punching
small discs from the mica. To obtain 0.35% momentum resolu-
tion, discs 1.5 mm in diameter were employed.

| The internal converslon source for the semlcircular
spectrometer consisted of a strip of mica .12 cm x 4 cem with
an invisible layer of radioactive Yb203 evaporated on 1it.

In the case of the disc sources, a very thin coating
of aluminum was evaporated over the source to aveold an
electrical charging effect. The strip sources were grounded
using Aquadag.

The gamma-ray source for measuring the relative inten-
sities of Tm169 gamma-rays by means of the photoelectric
effect in an external converter, was 3 mgs of radloactive
ngo3 inserted into a beta-ray absorving copper capsule.

The photo effect took place in the lead or uranium converter
on the aluminum cover which was inserted over the source

containing capsule.
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Figure 10 shows the energy dependence of the photo-
electric absorption coefficients of uranium L-shells computed

from formulas derived by Hall and by Stobbe (18).
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APPENDIX II
ADDITIONAL CURVED-CRYSTAL SPECTROMETER MEASUREMENTS

Table 6 lists curved-crystal spectrometer measurements
of K« 1 and K < » X-rays from Tm, Yb, Lu , Hf, and Ta.
Tm KX, Yb K<, and Lu K< x-rays were emitted by the Yb
'source, while thé Lu KX, Hf KX, and the Ta K« x-rays
were emitted from a neutron irradiated Hf source. The

170 gamma-ray emitted from a neutron

energy of the Yb
irradiated Tm sample is also listed,
The well known Ta K'<l line from the Hf source was the

standard for all measurements.
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Tadle 6. Curved—crystal Spectrometer Measurements
>\(x.u.) E(kev)
69Tm K, 248.60 + 0.02 4o.7T7 + 0.01
69Tm Kﬁfl 243.86 + 0.02 50.74 + 0.01
70YD K 240,94 + 0.02 51.35 + 0.01
70Yb K’<l 236.19 + 0.02 52.38 + 0.01
71Lu KP<2 233.61 + 0.02 52.96 + 0.01
71Lu KAy 228.83 + 0.02 54.07 + 0.01
7pHf Ky 226.61 + 0.02 54.60 + 0.01
72Hf K’il 221.81 + 0.02 55.78 + 0.01
73Ta Ket 5 219.85 + 0.02 56.28 + 0.01
73Ta Ky 215,050+ 0.015 57.53 + 0.01 standard
Ybl70 Gamma-ray
146,84 + 0.03 84.26 + 0.02
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APPENDIX TIII
. TABLES T7-11

Tables 7 and 8 represent the order of individual particle
levels between closed shells given by Mottelson and Nilsson (4)
for odd proton and odd neutron nucleil corresponding to de-
formation parameter § = 0.28.

Each level is labeled on the left with its corresponding
single particle orblt for a spherical nucleus (e.g., g7/2),
which represents the limiting state as the deformation tends
to zero, and with its spin and parity; and on the right with
the orblt number used by Nilsson.

For Table 7 the Z = 49 shown on the lower right of the
table indicates that orbit 30 contains the last odd proton
when Z = 49, 8imilarly, orbit 28 contains the last odd proton
when Z = 81. The same interpretation applies to N = 81 and
N = 125 for odd neutron nuclei in Table 8.

These tables are, of course, dlagrammatic, and no energy
scale 1s attached to the level spacings. However, the levels
which are shown as more closely spaced are those for which
the ordering may be foftuitous.

Tables 9 and 10 give the N, 4, /A and Q) guantum
numbers (42) corresponding to the individual particle levels
listed in tables 7 and 8 respectively. The author wishes to

thank Dr. S. A. Moszkowski for providing tables 9 and 10.
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Table 7. States Listed by Mottelson and Nilsson for

Z odd, 4 = 0.28, in Order of Increasing Energy

11/2, - 28 z = 81

h s

silg? 1/2, + 51
d3/2, 3/2, + ke
h s 9/2, - 32
d%lg? 5/2, + 31
g'r/g: 7/2: + 25
ds sms 1/2, + 43

2

h%{/g: 7/2: - 35
d , 3/2, + 33
825, 5/2, + 27
hll/g’ 5/2; - 36
h 3 3 2: - 37
ss 5 9/2, + 18
g 3 3/23 + 29
dg?g, 1/2, + 30
hi /05 1/2, - 38
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Tabvle 8. States Listed by Mottelson and Nilsson for

N odd, dJ = 0.28, in Order of Increasing Energy

pl/g: 1/2: T AN

= 125
, s 5/2 - 61
1,3/?, 13/2 + 39
- 4o
//P’ {i 2+ 4
s 5
1}/? 7/2/_ 48
2 3/2 - 62
%;g: /2 - 71
nl/22 4 50

9/2

s 7 54
%32? 1// - 53
hi1%,, 11/2 - 8
, 5/2 - uh
hg?p 3/ 52
13/2: 5/2 + 55
i13/2: 3/2 + 57
, 3/2 - L6
3?32’ 1/0 + 60
9/2: 1/2 = 53

£7 o5 1/2 - - L7 N = 81




Table 9.

States Listed in Table 7

;76_

N, ue > /A , and O for

Z odd Orbit No., {} T™r Sph. limit N S A
49 30 /2 + &7 /o b 3 1
51 38 /2 - hyy /o 5 5 0
53 34 1/2 + d5/2 b 2 0
55 29 3/2  + 87 /2 4 2 2
57 18 9/2  + 89 /2 4 0 4
59 37 3/2 - hyy /o 5 h 1
61 36 5/2 - hyy /o 5 3 2
63 27 5/2  + &7 /2 ! 1 3
65 33 3/2  + dg /5 4 1 1
67 35 /2 - hiy /0 5 2 3
69 43 /2 + d3 /o 4 1 1
71 25 7/2 o+ &7 /o 4 0 4
73 31 5/2  + d5/? I 0 5
75 32 9/2 - hyy /o 5 1 i
77 4o 3/2 o+ d3 /5 4 0 2
75 51 /2  + 51/ I 0 0
81 28 11/2 - hyy /o 5 0 5
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Table 10. N, iz s /A 5 and Q for

States Listed in Table 8

N odd®  Orbit No. & W Sph. limit N e A
81 L7 1/2 - f7/? 5 4 1
83 53 /2 - hg/é 5 3 0
85 60 1/2  + 113/2 6 6 0
87 46 3/2 - f7/2 5 3 2
89 57 3/2  + i13/0 6 5 1
91 55 5/2 4+ 113/? 6 4 2
93 52 3/2 - h9/2 5 2 1
95 Ll 5/2 - f7/2 5 2 3
97 28 11/2 - hll/? 5 0 5
99 63 1/2 - P3 /o 5 2 1

101 54 7/2  + 1130 6 3 3
103 50 5/2 - h9/2 5 1 2
105 41 7/2 - f7/2 5 1 i
107 hg 9/2  + 113/2 6 2 4
109 71 1/2 - f5/2 5 1 0
111 62 3/2 - P3 /o 5 1 2
113 48 7/2 - h9/2 5 0 3
115 45 11/2 + 113/2 6 1 5
117 4o g/2 - h9/2 5 0 5
119 39 13/2 + 113/? 6 0 6
121 70 3/2 - £ /o 5 0 1
123 61 5/2 - f5/2 5 0 3
125 A. 1/2 - Py /o 5 0 1

" _
N° denotes number of neutrons.



_78<

Table 11. N, /u25/M11, Selection Rules for Beta- and
Gamma-ray Transitions

Selection rules for allowed beta-decay transitions

Operators Selection rules
1 AN=0, Aie=0, AA=Q, AQ =0, No
o AN=0, Au=0, AA=0, AQ=0,+1 No

Selection rules for first forbidden beta-decay transitions

6°r A/az=i_1 AA:O
AN=+1 AQ =0 Yes
6.V D=0,  AN=+1
A/k=i‘l R AN :O, AQ =0
r AN=+1 Yes
Bu=0, AA=+1  AQ=+1
AN=+1 Yes
6x V A/u2= 2 A./\=i'1, AQ:O:i'l
A/Il:fl, AA =0, AQ=0,+1
BU AN=+1 Yes
Bu,=0, AA=+1, A0=0,+1,+2
Selection rules for El and M1l gamma-ray transitions
A N=+1 Yes
Dy =0, AA=F1 Aﬂ=fl
M1 A N=0, Ap=0, AA=0, AQ=0,+1 No

The selection rules for the bveta-ray transitions were
given by Alaga (42). The E1 and M1 gamma-ray selection
rules are the same as for the F and & operators for beta decay

respectively.
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