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The Study of '50Sm Through the Beta Decay of '50Pm, l5omEu and '50Eu

1. INTRODUCTION

1.1. The study of the nucleus

By mass, protons and neutrons make up more than 99.95% of matter on

Earth. Yet the detail and complexity of the nucleus are easily overlooked. Even in

describing atoms and molecules, very useful models can be developed only by consid-

ering the nucleus to be a positive point charge. However, much more can be gained

by examining the structure of the nucleus. Today's technology reflects the variety

of practical applications that involve nuclear interactions. For instance, properties

of the nucleus are used as the basis for a variety of medical imaging devices and

radioactive isotopes are commonly used in medical treatments and diagnoses. Ad-

ditionally, properties unique to each different type of nucleus provide a means of

elemental analysis, which has been used to study the composition of archaeological

artifacts, measure pollution levels, and even study other planets. A deep under-

standing of nuclei is required to help answer cosmological questions, and may aid in

the development of environmentally responsible and safe energy sources. Although

seemingly beyond our everyday ecperience, carefully constructed experiments can

help us to understand the protons and neutrons that form the core of the atom.

Studying the nucleus is challenging due to its small scale. Atomic interactions

tend to be dictated by an atom's electrons, which have an average orbital radius on

the order of nanometers. Individual atoms can now be resolved using techniques such

as scanning transmission electron microscopy and scanning tunneling microscopy.



Yet the nucleus is five orders of magnitude smaller, on the order of femtometers. In

terms of magnification, the feat of imaging a nucleus is like viewing a dust particle

on the moon from Earth. Thus the study of the nucleus is an indirect process.

Principally the nucleus is studied through its interactions with other particles and

the absorbtion and emission of electromagnetic radiation.

Great strides were made in physics through the twentieth century by studying

how electrons in atoms store and release quantized amounts of energy. The nucleus,

like an atom, also exhibits quantized excited states and quantum numbers that

describe those states. However, nuclear excited states tend to be on the order of

several hundred keV to a few MeV (compared to an atom, which tends to have

excited states of several eV to keV). The increased scale of the energy levels in the

nucleus complicates their experimental study. It is both more difficult to bring a

nucleus into an excited state and to detect and accurately measure the release of

this energy.

Study of these nuclear excited states has provided greater understanding of

nuclear structure. Each nuclide (a specific combination of protons and neutrons)

is observed to have different excited states. This property means each isotope will

have a "fingerprint" that can be used to identify it. Schemes of levels are found to

be similar for certain nuclei and vastly different for others. A number of models have

been developed to describe and predict nuclear levels. The shell model is by far the

most successful (a number of sources describe this model in great detail, including

an in-depth work by Bohr and Mottelson [1]). So successful is this description, that

strong efforts are made to find correspondence between different models (that bet-

ter describe a smaller range of nuclei) and the shell model. The energy of nuclear

levels and their quantum numbers of spin and parity (labelled J7) are important in

developing an understanding of the workings of the nucleus. (Note that although J
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is called "spin" it is the total angular momentum of the combination of all the nu-

cleons.) Models that currently exist often describe trends in spacing or approximate

energies of levels, but do not sufficiently describe a nucleus to accurately predict

these levels. Rather, nuclear models often make drastic simplifications in order to

provide a description of a given nucleus that may provide physical insight into the

very complicated system of nucleons.

1.2. Motivation

An area of particular interest is the study of N=88 and N=90 isotones (nuclei

with either 88 or 90 neutrons). Nuclei in this region undergo dramatic structural

variations with only slight changes in the number of neutrons. This sudden shift

occurs as the nucleus is thought to be changing from a spherical to a deformed

equilibrium shape with the addition of neutrons.

Because of the interest in this transition region, many different studies have

been performed on these nuclei. Most experiments were performed 30 to 40 years

ago. This corresponds to the time a dramatic change in experimental nuclear physics

was occurring: the development of the germanium detector (Ge detector). The

Ge detector revolutionized 'y-ray spectroscopy by dramatically improving energy

resolution. In turn, this allowed for much more accurate determination of nuclear

levels and their properties. Because of its relatively high cost, a single Ge detector

was often used to take 7-ray spectra. For some types of experiments, Ge detectors

were used in combination with a lower energy resolution sodium iodide detector

(NaT detector).

As technology has developed, the 7-ray detection efficiency of Ge detectors

has increased. Additionally, multiple Ge detectors began to be used together to
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simultaneously measure a source. Large detector arrays were built in response to

the demand for increasingly more difficult measurements that were to be made on

weaker sources, short-lived sources, and sources with very complicated decays.

A great deal could be learned by studying nuclei that were previously mea-

sured as germanium detectors were just coming into use. The material discussed in

this thesis represents a part of a series of studies in which a large detector array was

used in 12 /1 decay experiments. These experiments were performed to study five

different nuclei in the region of N=88 and N=90. Some extensive analysis has been

performed on the N=90 nuclei [2]. This series of experiments has providedmuch

more detail about these particular nuclei than were previously measured.

This thesis describes the set of three experiments to study 1Sm88 (62 pro-

tons, 88 neutrons, and 150 mass number). Previous measurements of this nucleus

were limited by the equipment available. This nucleus is particularly interesting

because N=88 nuclei are apparently just at the onset of deformation.
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2. THEORY AND PREVIOUS WORK

Two categories of relevant theories are important to the study of '50Sm:

those associated with experimental techniques and those that describe the nuclear

structure. A comprehensive explanation of either of these aspects will not be given.

Rather, enough information will be provided to describe how spin and parity can

be determined through observed 'y emission, as well as an understanding of some

possible ways these results can then be organized and interpreted.

2.1. Multipole description of the radiation field

A nuclear state's spin (the total angular momentum) aid parity are good

quantum numbers. Transitions between states conserve angular momentum and

parity. For this reason, it is extremely useful to describe emitted electromagnetic

radiation in terms of the multipole expansion. Take, for example, the radiation

emitted in the transition of the initial state J, to a final state Jj, which have the

respective angular momentum projections m and m1 on an arbitrary lab axis. (Just

as in atomic physics m is called the magnetic substate and has allowed values of

J, J + 1, . . . J.) The multipole radiation field connecting these states can have

an angular momentum L, only such that IL - L J + Jf, with a projection

Lm = m2 - m1.

The expansion of the radiation field consists of electric and magnetic mu!-

tipole terms (where 2" is the multipole order of the radiation field with angular

momentum L). An electric multipole radiation field with angular momentum L is

expressed as EL (where L = 1, 2, ...) and has (-1)" parity. A magnetic multipole

radiation field ML has (..i)L+1 parity.
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As a rule of thumb, increasing a multipole order of the same type of radia-

tion (electric or magnetic) reduces transition strength by about three to five orders

of magnitude for medium to heavy nuclei. The electric multipole type transition

is about two orders of magnitude stronger than the same order magnetic multi-

pole. Due to these factors, electric dipole (El), magnetic dipole (Mi) and electric

quadrupole (E2) are the only commonly observed modes of 'y radiation. Several of

their characteristics are summarized in Table 2.1.

TABLE 2.1. Characteristics of El, Mi and E2 transitions.

Electric Dipole El

Magnetic Dipole Mi

Possible LJ Parity Change Intensity Dependence

LJ = 0, 1

LIJ = 0,1

Electric Quadrupole E2 LJ = 0,1,2

lT 7U1 =-

7r = +

IoE3

IcKE3

IcE5

Although it is more favorable for a transition to be primarily the lowest

multipole order available, it is possible for mixing to be observed. As it turns out,

E2 transitions can be enhanced in many nuclei. Thus it is quite likely for Mi and

E2 to mix appreciably (in some cases E2 can even be much stronger than Mi).

This Mi + E2 mixing is an important point that will be discussed further in Section

2.2 and Section 2.3.

It is useful at times to calculate what is called the reduced transition prob-

ability, in which the energy dependence is removed from the transition intensity.

This could be accomplished for any type of transition, however, the E2 component
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plays a particularly important role in understanding nuclear structure so that will

be our focus. The reduced transition probability for electric quadrupole transitions

is labelled as B(E2). Quantum mechanically it is the squared transition matrix

element averagedover the initial states and summed over the final states:

1B(E2,J, _+J1)=
2J, + 1 :i: I(JimiI(E2,p)IJm)I2, (2.1)

m mj,i

where the (E2, i) is the electric quadrupole operator and p = 2. . . 2.

In terms of an initial state's half-life, the B(E2) value in units of e2b2 is

calculated for a transition by:

56.4
B(E2) Tf7;ttE5' (2.2)

where E is the energy of the transition in keV, and TtZ is the partial half-life

of the initial nuclear level in seconds [3]. The partial half-life can be calculated by

dividing the total half-life of an excited state by the ratio of a quadrupole transition

intensity to the total intensity from that particular level. It is important to note

that incorporated in the reduced transition probability is a J dependent factor, so

the B(E2, J -+ J1) for decay is related to the B(E2, J1 - J) for excitation by a

factor of

2J+1
B(E2, 2Jf +

1B(E2, J1 - J). (2.3)

So for a 2 to 0 transition, the excitation B(E2) is five times larger than the decay

B(E2). One must therefore be careful which reduced transition probability is being

specified.

Relatively few excited state half-life measurements have been made in the

150 mass region. Therefore the reduced transition probability cannot be calculated.

However, it is still useful to calculate relative B(E2)'s for each level, which is simply
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the electric quadrupole component of a particular 'y-ray divided by its E5 energy

dependence.

2.2. Angular correlation

Each radiation multipole (with angular momentum L and its projection m)

has a characteristic angular distribution. The angular dependence for dipole and

quadrupole radiation is given in Table 2.2 [4].

TABLE 2.2. Angular distribution of dipole and quadrupole radiation. The direc-
tional dependence for quadrupole and dipole radiation is proportional to the terms
below. There is a separate term associated with each %m quantum number.

Radiation L.m = 0 = ±1 = ±2

Dipole (L = 1) sin2 9 (1 + cos2 0)

Quadrupole (L = 2) 6sin20cos20 (1 3cos2O + 4cos4O) (1 cos49)

Transitions between two angular momentum states can occur through various

magnetic substates. The simplest example occurs in the transition from an initial

state with J = 1 to a final state with J = 0. Only dipole radiation (L = 1) can occur,

which is emitted with a distribution corresponding to the three possible substates

Lm = -1, 0, and 1. Although each of these three contributions exhibits a specific

angular distribution, an initial equal population of substates results in radiation

with no angular dependence. This isotropic emission is seen explicitly by combining

the three substate terms of the angular distribution, W(0):



W(9) (1 +cos2O) +sin29+ (1 +cos2O)

X (1 +cos2O+sin2O) X 1. (2.4)

For any 'y emission with equally populated substates, the same angle inde-

pendent result occurs. In order to observe an anisotropic angular distribution, the

substates must be unequally populated. A very convenient way to accomplish this is

to use a sequence of two 'y emissions. The direction of the first transition 'yi is cho-

sen as the z-axis which defines the magnetic substates. By choosing this z-axis, the

intermediate state (or oriented state) has unequal m-substate population because

we have forced 0 = 0 (the m = 0 substate of the oriented state is not populated be-

cause it has sin2 0 dependence). Now observing 'Y2, in reference to 'Yi, an anisotropic

distribution occurs. The 0-1-0 situation is shown in Figure 2.1.

m,=0 initial state

Y1/ V

,0= 1
m0=- 1 m0=O m0=+ 1 oriented state

T2\__/V

m,=O final state

FIGURE 2.1. Observed 0-1-0 substate transitions. The dotted transitions are not
observed when the direction 'y is chosen as the projection axis. The subsequent
radiation from 72 is emitted with an angular distribution proportional to 1+cos2 9,

where 0 is the angle between 'y and 72

In the 0-1-0 case, the transition from the oriented intermediate state J0 to

the final state has the angular distribution:

W(0)cx (1+cos29)+0+(1+cos2O)o((1+cos20). (2.5)



10

This expression differs from Equation 2.4 because the Lm = 0 term does not con-

tribute by measuring 0 in reference to the direction of 'yr.

This situation becomes more complicated with higher J values which have

more substates and many different possible transitions between substates. The

resulting angular distribution functions can be recast into the form:

W(0) cx 1 + a2P2(0) + a4P4(0), (2.6)

where P2 and P4 are the Legendre polynomials:

P2 = (3cos20_ 1),

P4 = (35 cos4 0 30 cos2 0 + 3). (2.7)

From the 0-1-0 cascade result from Equation 2.5, we can solve for the angular

correlation coefficients, and we find that a2 = and a4 = 0. (This is easily solved

by writing the three equations for the coefficients, and solving the three unknowns

of a2, a4 and a proportionality factor.)

In examining the 0-2-0 cascade, we observe that in addition to m0 = 0 not

being populated, the m0 = -2, 2 substates are also not populated in the oriented

state (because the quadrupole im = ±2 term is proportional to 1 - cos2 0). In the

same manner of recasting the angular distribution in terms of angular correlation

coefficients, it is found that a2 = and a4 = . The 0-2-0 cascade is particularly

important because it has by far the strongest a4 coefficient when considering dipole

and quadrupole emission, and the corresponding anisotropy provides a clear way to

identify a 0-2-0 spin sequence.

This recasting into Legendre polynomials is not strictly necessary, however,

it allows for the general case to be expressed more succinctly. (In the 0-1-0 and 0-2-0
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cases one could easily determine a2 and a4, but a general expression for any sequence

becomes quite cumbersome.) Additionally, from an experimental viewpoint, the in-

tensity of 7-rays is measured as a function of angle. The functional form of Equation

2.6 is then fit to these data. Legendre polynomials are frequently used, so routines

and methods for fitting these functions to data are widely available.

As was seen above, the angular correlation coefficients are dependent on the

spin of the initial, oriented, and final states. So, the experimental values of a2 and

a4 can be used to determine the spin of nuclear states. Additionally the angular

correlation coefficients depend on the multipolarity of the 'y-rays. (Usually, as in

the case of this experiment, observed radiation is assumed to be only of dipole,

quadrupole or a combination.) This can be used at times to help provide clues to

the parity of levels, but more importantly this information can be used to determine

mixing ratios.

The mixing ratio between E2 and Mi for a transition from J1 to J2 is defined

6 (J2ME2Ji) (2.8)
(J2IM1IJiY

The ratio of intensities E2:M1 is 62. Or, expressed in terms of percentage:

%E2 100% (2.9)
1 + 6

1
%M1 = . 100%. (2.10)

1 + 62

2.3. Angular correlation coefficients

In the previous section, the angular correlation coefficients were determined

for spin sequences of 0-1-0 and 0-2-0. This process would become somewhat tedious
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to determine for each spin. However, tables that allow for rapid calculation of a2

and a4 are available. In terms of tabulated F-coefficients [5] the angular correlation

coefficient are given by:

aA = BA('yI)AA(72) (2.11)

where A = 2 or 4. The B,,('y1) is a function of the first 'y-ray in the sequence, and

A,,, (72) is a function of the second. They are defined:

FA(L1L1J2J0) + (_i)LT+L 26iFA(LlL'JJ0) + 6?F(L'L'JJ0) (2.12)B.,,(71)= 1+6?

FA(L2L2JIJO) + 262FA(L2LJf J0) + 5?F(L'LJ1J0) (2.13)A(72)= 1-Fö?

For example, in the 0-2-0 case, the relevant values are F2(2202) = -0.5976 and

F4(2202) = -1.0690 (assuming only quadrupole radiation). The resulting angular

correlation coefficients are calculated to be a2 = 0.3571 and a4 = 1.1428, which are

equal to the previous fractions determined by matching coefficients in the previous

section.

This formulation is quite general, and multipole mixing can be occurring

in both ' (between multipole L1 and L) and 72 (between multipole L2 and L)

through 6 and 62 respectively.

2.4. Corrections of a2 and a4

The angular correlation theory developed in the last section was developed

for radiation emitted at specific angles. However, physical detectors actually cover a

range of angles. Thus, it is necessary to correct the experimental angular correlations

in order to arrive at theoretical angular correlation coefficients.
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Each of the pair of detectors used to measure 'Yl and 'Y2 has a smearing

out effect, but with axial symmetry, the shape of the angular distribution func-

tion remains the same. That is, a correction factor Q('y) can be applied to the

experimental determined at to arrive at aA:

QA is defined by:

expt
aAa), =

QA('Y1)Q('Y2)

(2.14)

QA('Y)
fP),(cos/3)x('y,!3)sin/3d/3fxsind , (2.15)

where P), is the Legendre polynomial, and x is the probability that radiation will be

absorbed in the 7-ray detector which is a function of angle, energy, and characteris-

tics of the detector [6]. (See Section 4.2.1 for how these corrections were determined

for the detector array used in these experiments.)

2.5. Internal conversion coefficients and EU transitions

Internal conversion competes with 'y emission. In this process the de-

excitation energy is given to an orbital electron, rather than emission of a photon. A

converted electron can come from various atomic shells, the most probable being the

innermost K-shell. In general internal conversion is much less likely than emission

but has increased probability with lower transition energies. Often the amount of

internal conversion is expressed as the ratio between conversion electron intensity

and the emitted 7-ray intensity, which is called the internal conversion coefficient c.

Just as in 'y emission, conversion electrons can be separated into multipole

components. The internal conversion coefficient's multipole components occur in

the same relative proportions as the emission multipolarity components. However,

conversion electrons, unlike 7-rays can also undergo EU transitions. In fact, an EU
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conversion electron is the only possible mode in the case of a 0+ 0+ or 0 * 0
transition. (A 'y-ray cannot be emitted because it is spin 1 and cannot connect J2

and Jj states with 0 angular momentum.)

Additionally E0 may compete with Mi and E2, i.e. there is possible E0 +

Mi + E2 mixing for J = Jj transitions. The E0 component can be extracted with

experimentally measured total conversion coefficient, cxv, and the mixing ratio ö.

In terms of the K-conversion electrons [3]:

exp_ EO 1 Mi E2K aK +12K +iö2K. (2.16)

In the above formula, 4!1 and 42 can be calculated theoretically because they

depend on the electronic wavefunctions, which are known to a much higher degree

of accuracy than nuclear wavefunctions. (Besides tables of these numbers, a "calcu-

lator" based on these tables are available through NIST [7].) Subtracting, one can

determine (40. The E0 transition is often expressed as the monopole strength, p2,

which is defined as:

ln(2) 1

TParti '

1/2

(2.17)

where the partial half-life, y;;t1a1, is determined by dividing the excited state's half-

life by the ratio of the E0 component to the total transition strength. Also included

in this equation is the electronic factor (non-nuclear), f, which depends on the

nucleus and the transition strength. Values for Il have been tabulated in various

sources [8]. Due to the monopole strength's relatively small size, this number is

frequently multiplied by 1000 and termed p2103.

The monopole operator is directly related to the mean-square radius of pro-

tons in the nucleus. Hence, the monopole strength can give information about the

shape of nuclei. In particular a strong monopole strength may be an indication of
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mixing of states with different deformations (i.e. states with different mean-square

charge radii) [9].

2.6. Nuclear Models

Many different models have been developed to explain observed phenomena

in the nucleus. By far the most successful is the shell model. Through many different

types of experiments it has been observed that nuclei exhibit shell structure (in much

the same way an atom has atomic shell structure, although the origin of the shell

structure is quite different). In particular a variety of experiments find that closed

shells occur at "magic numbers" of 2, 8, 20, 28, 50, 82, 126 protons or neutrons.

Near closed shells in either protons or neutrons, the structure is often dominated

by the properties of the additional or missing nucleons. Further away from these

nuclear shells, nuclei tend to behave in a collective manner.

The nucleus '50Sm is sufficiently far away from a closed shell that collective

models apply. Collective models describe a nucleus in terms of geometric or shape

degrees of freedom. The nuclear matter is described as being like a liquid drop.

The nuclear "liquid" is incompressible (a result of the Pauli exclusion principle) and

stores energy by changing its shape while conserving its volume.

A mathematic representation of this model is encompassed in an expression

of the nuclear surface, R(O, ):

R(O, q5) = Ravg{1 + 00Y00 + a211Y21(O, q5)}, (2.18)

where Ray9 is the average radius, and Y are spherical harmonics [9]. The above

expression includes only a Y21, quadrupole term, as well as a Y00 term included

to ensure that the nuclear volume is conserved. This expression in general could
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include higher multipole orders, but the quadrupole term is the most important in

this discussion.

Physical insight can be gained by examining two simplified cases of geometric

excitation: the harmonic quadrupole vibrator and the quadrupole deformed rotor.

2.6.1. Vibrational model

In the case of a vibrational excitation, the c21-coefficients in Equation 2.18

are time dependent. A monopole vibration corresponds to compression of the nuclear

matter which tends not to occur. A dipole vibration (which was not included in

Equation 2.18) would require motion of the center of mass which could not be a

means of excitation for a closed system of nucleons. The next observed multipole,

the quadrupole, is of importance in nuclear models. In a quadrupole vibration,

the nucleus oscillates between prolate and oblate ellipsoid forms with a spherical

equilibrium shape [10].

The energy eigenvalues for the quadrupole harmonic oscillator are given by:

Eb =wh(N+ (2.19)

The zero-point energy for a quadrupole vibration is hw (rather than a 3 dimensional

oscillator there are 5 degrees of freedom emerging from the 5 different m values in a

quadrupole vibration) and the quantum number N counts the number of phonons.

Each vibrational phonon adds 2 units of angular momentum. In an even-even

nucleus which possesses a 0+ ground state, the first vibrational state would have

J = 2+. A second vibration phonon adds a triplet of states at an energy twice

that of the first excited state. There is a triplet of states, because in adding angular

momentum, there are now states with angular momentum of 4+, 2+, and 0+. A

third vibrational phonon introduces 0+, 2+, 3+, 4+, and 6+ states. A convenient
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way to determine these states is through the rn-scheme, where one lists all possible

combinations of the phonon magnetic quantum number added together (each rang-

ing from -2 to 2). The resulting total projections can then be associated with a level

of a particular angular momentum.

An energy level diagram in Figure 2.2 shows quadrupole vibrational levels

in comparison to rotational energies which will be discussed in the next section.

Assuming the simplest form of the quadrupole operator, there exists a = ±1

selection rule, so for example a transition between the 4t and 2 would be forbidden.

(The subscript counts the number of times the same J' state has occurred starting

with the ground state at Ot.)

Although not included in Equation 2.18, octupole vibrations are also of im-

portance in nuclei. An octupole vibrational state has an angular momentum Jr = 3-

and tends to be higher in energy than quadrupole vibrations.

Energy

2A

A 2

0 0

Vibrational

Energy
72A 8

42A

20A 4+
6A t 2

0 0

Rotational

FIGURE 2.2. Rotational and vibrational energy levels. Of particular importance
is the energy spacing. The vibrational model has equal energy spacing, and the
ratio of the energy of the second excited state to the first excited state (relative to
the ground state) is found to be E/E" = 2.0. The rotational model has energy
spacing that follows the J(J + 1) sequence, and E0t/E0t = 3.33.
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2.6.2. Rotational model

In contrast to a quadrupole vibration, in which a nucleus alternates between

prolate and oblate configuration, a quadrupole rotational nucleus is frozen into a

deformed shape. The a2-coefficients in Equation 2.18 are non-zero and time in-

dependent. This prolate or oblate nucleus can now store energy through rotation.

The classical energy of a rotating object is 2, where is the moment of inertia.

This can be written in terms of angular momentum J, using J = 'w, as:

= (2.20)

The simplest quadrupole deformed shape has two equal moments of inertia that are

different than the third moment(i = 2 3). Rewriting the above expression,

1= + (-;2 2
(2.21)

The quantum mechanical analogue to this expression would result in the expression

for the eigenvalues:

h2 IJ(J+i)
2

(2.22)

where the quantum number K is the projection of the total angular momentum on

the symmetry axis (the axis that the deformed nucleus is stretched along) [11].

In the ground state, J = 0, so K = 0. The spacing of energy levels then

follows a J(J + 1) rule (see Figure 2.2). An important consequence of the reflection

symmetry of the system is only even J appear (0k, 2, 4, 6, . .). This holds true

only when K = 0.



19

2.6.3. Rotations and vibrations

A more realistic description is a combination of vibrations and rotations.

In terms of Equation 2.18, we could use o'-coefficients which have both a time

dependent and time independent piece. Thus, the nucleus can store energy through

both vibration and rotation.

From experiment, it is observed that rotations tend to have smaller energy

differences than vibrations. Thus, one can organize levels into sequences of rotations

built upon vibrations. Data for many different nuclei can be organized into these

vibrational bands. Figure 2.3 shows a schematic way the rotations and vibrations

can be combined.

A vibration that preserves the axial symmetry (so K = 0) is called a /3-

vibration. Its shape is like a football being squashed in and out at its ends. A

'y-vibration on the other hand can be pictured as pulling in and out the sides of

a football. This motion carries 2 units of angular momentum along the symmetry

axis (K = 2). (It is worth noting that there is a real question of whether true /3-

vibrations even occur [12], but for identification purposes the 0 state will be called

the fl-vibration.)

A selection rule strongly forbids a transition changing AK to proceed by

a multipolarity that is less than AK (for instance, if AK = 2 then the radiation

should be of quadrupole character or a higher multipole).

In a similar manner to the quadrupole vibration, which can have K=0 or

K=2 excitations upon which rotational bands are built, octupole vibrations can

excite the nucleus with K = 0, 1, 2, or 3. (As it turns out these bands become

somewhat more difficult to experimentally identify because of the significant mixing
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that can occur between /.K = + 1 states. This is the reason the main emphasis

has been on quadrupole vibrations.)

8
66

6 4+

_______2
4+ 0

3+
2 2

4+ 0

2
0

Ground State 13 7 3'

FIGURE 2.3. Rotational bands built on vibrations. Levels can be organized as
rotational excitations built on vibrational band-heads. These bands are commonly
referred to as the ground state band, /3-band and 'y-band. This figure also includes
a second /3-band.

2.7. Previous work

Several different types of experiments have been performed through the last

50 years to better understand 150Sm. These fall into a range of different types:

'y and conversion electron emission following /3 decay, neutron capture, Coulomb

excitation, and other particle reactions. This section will provide an overview of

some of the major experiments and results of these experiments. (The major focus

of the thesis is several /3 decay experiments. For the reader unfamiliar with this type

of experiment, greater detail of this type of experiment is provided in Section 3.1.)

2.7.1. Major /3 decay experiments

All three of the parent nuclei that can populate levels in '50Sm have been

previously studied. A schematic diagram of the energy levels of these nuclei is shown

in Figure 2.4. Note that 150Eu exists in two isomeric states, the ground state and
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a metastable state (a nuclear excited state that is much longer-lived than other

nuclear levels). Each of these i decay experiments has been previously performed.

The longer lived of these europium states with a half-life of 35.8 y, being slightly

lower in energy, will be termed the ground state throughout. The shorter lived

europium isomer with a half-life of 12.8 h will be referred to as the metastable state.

This point is emphasized because as these nuclei were being studied, this was not

always known, and in literature these labels have been reversed. Additionally, for

some time in the literature the half-life of the the long-lived isomer was thought to

be 5-6 y.

2.68h

'?Pm \

Q=3454keV 35.8 , 5 12.8 h

I 63'50Eu / 'Eu
EC/ 11%ECJ

Q=2303 keV
Q=2261 keV

Stable 0
'Sm

FIGURE 2.4. Populating '50Sm through fl-decay and electron capture. Each of
these decays populate levels in '50Sm to differing degrees.

2.7.1.1. l5OmEu decay studies

Perhaps the most straightforward parent to measure spectroscopically is

l5Om, because it contains the least number 'y-rays. However, of the three de-

cays it is the least well measured. The best of these experiments were performed
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by Guttman in 1965 (with a NaI detector) [13], Kugel in 1968 (with a Ge detector)

[14], and Hoshi in 1976 (with a Ge detector) [15]. Conversion electrons and 'y-rays

were measured by Passoja in 1985 [16].

Several experiments had been performed previous to Guttman, including one

by Ricci [17]. This experiment identified the half-life, and 12 7-rays were observed.

Guttman's subsequent measurement was quite good, despite also using a low res-

olution NaT detector. A total of 13 'y rays were identified, and angular correlation

measurements were performed on four different 7-ray cascades. The energies of these

transitions and levels were considerably improved by Guttman's measurement.

Kugel, using a Ge detector, identified even more accurate 'y-ray energies and

observed a total of 18 dy-rays. Some coincidence information was taken using a

combination of a Ge(Li) detector and NaT detector. Despite the higher resolution,

the appreciable contamination of 15O11, '48Eu, '48Pm, and 152Eu present in the

sample made this analysis somewhat more complicated. Indeed, several of these

observed 7-rays were apparently incorrectly identified with a contaminant.

In 1976 an experiment by Hoshi identified 22 'y-rays but no new transitions

were placed in the '50Sm level scheme. Spin and parity assignments were made based

on this experiment including, for the the first time, two questioned assignments.

These assignments were based on angular correlation measurements from six of

these transitions.

The work by Passoja in 1985 did not give comprehensive spectroscopic infor-

mation but rather focused on the properties of the Ot and O levels. This publication

also provided experimental values for the monopole moments of some of the low lying

states.
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From all these experiments a total of nine different levels were proposed with

spin and parity assignments (some tentative). Assignments were made based both

on 'y-ray transitions seen, angular correlations and other types of experiments.

2.7.1.2. '50Eu decay studies

The long-lived europium isomer '5°Eu is comparatively more difficult to

measure because it populates higher spin levels, and many more transitions are

observed. The two major publications on this decay were made by Singh in 1977

[18], and Guttman in 1965 who used a small Ge detector [13]. Additionally, Meyer

undertook a study, and unpublished results were compiled by Baglin and published

in the Nuclear Data sheets [19].

The earliest of these studies mentioned above was undertaken by Guttman,

who identified 16 moderately strong y-ray transitions, and an additional 15 weak

transitions that were considered probably to be associated with the '50Eu decay.

Measurements made prior to this were with NaT detectors, and contain little useful

information. Twelve levels were proposed, with spin and parity assignments given

to the lowest 4 levels, and suggestions given to the higher levels. Angular correlation

coefficients were determined for 4 of the strongest (isolated) 'y cascades.

Improvements in detector technology were occurring through this time pe-

nod. A little less than ten years later, Singh also measured this decay, with much

improved energy resolution. Singh identified 64 7-rays in a level scheme that in-

cluded 24 energy levels. Significant coincidence information was obtained viewing

coincidence with four key transitions. Just previous to this measurement, Meyer's

experiment in 1976 was of slightly higher sensitivity. From this experiment little

information other than the 7-ray intensities and level scheme is available. Singh's
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publication provides a review of the technique, coincidence information, and 'y-ray

spectra.

Of the three parent nuclei, this decay has the most complete information.

This is a result of the its longer half-life, which allowed much longer counting times.

A total of 135 transitions are identified in a consistent level scheme of 28 levels.

2.7.1.8. 150Pm decay studies

Being the highest in energy, '50Pm populates the greatest number of levels

and the most -y transitions can be observed from it. Experiments without the use

of a Ge detector proved very difficult for this decay. In 1962 such a measurement

was made by Gove and Kelly and 20 7-rays were identified [20]. In 1969 Barrette

and Barrette performed perhaps the best measurement on this decay and identified

140 'y-rays, 117 of which were placed in a level scheme with 34 levels [21]. In this

experiment, in addition to a more traditional Ge detector, a well detector was also

used. The well-type detector was designed to enhance the summing effect (when

two 'y-rays occur in coincidence, and the sum of these energies is what is detected).

With the careful energy and intensity measurements made with a Ge detector, this

well-type detector was then used to determine coincidence relationships. Although

the analysis is somewhat complicated, this method was actually quite successful.

In 1976 Hoshi performed another study of the promethium parent [22]. This

study was somewhat less sensitive than the study by Barrette and Barrette. However

this experiment included coincidence and anti-coincidence measurements. Addition-

ally, angular correlation coefficients were determined for 9 yy cascades.
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2.7.2. Neutron capture

Neutron capture also provides an excellent means of studying the spin and

parity of nuclear levels. In this process, high energy capture-states in '50Sm with

J"=4- and J=3- are populated. These spins are selected in '50Sm from combining

the angular momentum of the thermal neutrons with spin and '49Sm with

Decays are then observed to the lower energy states (below 2 or 3 MeV) which are of

primary physics interest. The most strongly populated levels (from El transitions)

are and 5, which would be populated in a ratio of 1:2:2:1. Addition-

ally negative parity states from J = 1 6 could be populated with E2 transitions

(which for this nucleus occurs about 10% of the time). Several measurements of

'50Sm were made: by Groshev in 1962 [23], Smither in 1966 [24], Buss and Smither

in 1970 [25], and Reddingius in 1969 [26].

Groshev measured the 'y-ray spectra as well as conversion electron spec-

troscopy. Smither provides 'y-'y angular correlation and 'y-'y coincidence data from

the (n,'y) reaction. These data were taken with a bent-crystal spectrometer which

allowed for relatively well measured 'y-ray energies. This paper also included a re-

view of conversion-electron intensities (including those measured by Groshev) and

calculated conversion coefficients based on their measured intensities and the pre-

viously measured conversion data. Coincidence and angular correlation work were

done with Nal detectors. Smither provided an independent check of spin and par-

ity assignments for 12 levels, and suggested 11 additional levels, five of which were

assigned spin and parity.

Buss and Smither performed an excellent experiment in which 47 levels from

0-2.5 MeV were identified. Spin and parity assignments were made in many cases,

based on the varying populations of spin states that occurs from having both 3
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and 4 capture-states. (Thus the average intensity provides a means of limiting the

spin, usually to two possibilites.) This work also provided a review and comparison

of previous experiments.

Reddingius and Postma measured angular distributions in a low temperature

nuclear orientation experiment in an (n,7) experiment and provided another means

to measure spins of the nuclear levels of '50Sm.

2.7.3. Coulomb excitation

In the process of Coulomb excitation, a nucleus can be brought into excited

states through inelastic Coulomb scattering. An experiment was carried out by

Hoshi that studied the first few low-lying excited states in '50Sm through excita-

tion with oxygen ions [27]. Although only the first few levels were populated, the

experimental B(E2) values were deduced for the first few excited states.

2.7.4. Other experiments

Several different types of reactions have been performed, many of which

are compiled in the Nuclear Data Sheets [19]. Many of these experiments provided

another means to populate excited states, and provide independent measurements of

the spin and parity of nuclear levels. Some of these experiments provide observations

of higher spin states (in the ground state band up to 2O in '50Nd(a, 4rvy), and the

octupole band up to 19-).

Of note was in a '52Sm(p,t) experiment [28] in which a 1603 level was reported

(see Section 5.1 level for the importance of this level that was also seen in this

experiment). This was the only experiment to report this level.
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3. EXPERIMENTAL METHOD

3.1. Introduction to /3 decay measurements

As discussed in Chapter 1, a nucleus possesses excited states. Though these

states are not normally occupied, they can be populated through several different

nuclear interactions. One such naturally occurring phenomenon is 3 decay. In this

process, a parent nucleus decays into a lower energy daughter nucleus. The term /3

decay is used to describe both fl decay, in which a neutron turns into a proton,

and 3+ decay, which results in the conversion of a proton into a neutron. Electron

capture competes with the process of /3+ decay, and also results in the conversion

of a proton into a neutron.

The parent nucleus can 3 decay into one of many different nuclear states.

These energy states typically have lifetimes on the order of picoseconds. The most

common mode of de-excitation is through the emission of 'y-rays. These photons

emitted from the nucleus typically have energies from 50 keV to several MeV. A

schematic representation of the process of populating energy levels and emission of

'y-rays is shown in Figure 3.1. From this figure, one can see that multiple 'y-rays of

various energies may be emitted from a single nucleus as it makes its way to the

ground state.

Properties of the nuclear levels can be determined through examining these

'y-rays emitted in a cascade. We term these 'y-rays that occur together "in coin-

cidence," meaning they happen at virtually the same time. (Lifetimes of nuclear

excited states are typically on the order of picoseconds.) Straightforward terminol-

ogy is given to different types of events: events that only occur by themselves within

a certain time window are termed "singles," or multiplicity one events. Two events
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FIGURE 3.1. Schematic of fi population and y-ray emission from the first few
levels of 150Sm. The percentages listed by the energy level represent a relative
probability for a decay from l5omEu to a particular level in '50Sm. Downward
arrows connecting levels represent 7-rays.

detected in this time window are called "doubles" or multiplicity two events, and so

forth.

A great deal of information is determined by examining coincidence events.

Especially if there are many 7-rays present in a particular decay, coincidence tech-

niques can be one of the most reliable ways to determine nuclear levels and 7-ray

transitions. In addition, there is angular dependence to 7 emissions occurring in a

nucleus as it de-excites in a cascade to the ground state.

Three distinct measurements were made from three different radioactive

sources, two of which were counted in November 1999 at Lawrence Berkeley Na-
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tional Lab and the third measurement was made at TRIUMF in Vancouver, B.C.,

in December 2002. Several changes, primarily in the measurement apparatus, were

made between these measurements. The differences are made clear throughout the

chapter. Additionally, a summary highlighting the differences between these exper-

imental setups is given in Section 3.7.

3.2. Radioactive sources

Three different populating decays were investigated:

= 2.68 h, Q = 3454 keV, J' = 1) -+'Sm88

15Om'
63 ius7(Ti,2 = 12.8 h, Q = 2303 keV, J = 0) -+'Sm88

'5Eu8r(Ti12 = 35.8 y, Q = 2261 keV, Jr 5) -+1Sm88,

where T112 is the half-life, the Q-value is the decay energy, and Jr is the nuclear

spin and parity of the parent nucleus.

3.2.1. Source preparation

The three parent nuclei were all produced at the 88" cyclotron located at

Lawrence Berkeley National Laboratory (LBNL). The two short-lived species were

divided into several sources, each of which had an approximate activity of 10 pCi

as they were counted. Each of the sources were counted for roughly one half-life.

Both the short-lived species were produced from rare-earth oxide powders that were

formed into an aqueous slurry and then dried onto Al foil. The '50Pm sources were

created by bombarding neodymium oxide (97.84% mass 150) with 10 MeV protons

(12 Me\T proton beam that went through Al degrader foils) in a '50Nd(p,n)150Pm

reaction. After bombardment, the powder was dissolved in HCI. Nine different
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150Pm sources were counted for a total of 24.8 h. The short-lived I5OmEu sources

were created by bombarding samarium oxide (99.93 percent mass 150) with 10 MeV

protons in a l5oSm(p,n)l5omEu reaction. Three different sources were counted for a

total of 26.6 h. These measurements were made in November 1999.

The longer lived source was produced by bombarding a 99.44% pure 152Sm

metal foil with 30 MeV protons in a '52Sm(p,3n)1509Eu reaction. The longer lived

europium isotope initially contained approximately 5 mCi of '49Eu(T112 = 93.1 d)

contamination. This source was cooled for three years, allowing the very strong '49Eu

contamination to decay away, reducing the overall source strength to approximately

20 uiCi. Before counting, this source was then cut into four separate samples with

activities varying from 6.8 tCi to 2.8 iCi. These four sources were then sealed

into plexiglass containers. Only the 6.8 iiCi source was counted. This source was

counted for a total of 175 h in December 2002 at TRIUMF in Vancouver, Canada.

3.2.2. Differences between sources

Although all three of the decay processes described in the previous section

decay to the same daughter nucleus, the information that each study provides is

somewhat different. In the process of /3 decay, a nucleus will tend to either decay

with LJ = 0 or 1 with no parity change (an allowed decay), or undergo a transition

with LJ = 0, 1, 2 and a change in parity (a first forbidden decay). This can be

seen in Figure 3.1 in which the 0 spin of the parent has a very low probability

of populating a 4 state. In fact, often the spin of the parent deduced from the

probability of decaying to various spin states. In these experiments, due to the

spins of the parents, the levels populated in the samarium daughter will tend to be
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of low spin for the two shorted lived species, and of higher spin from the longer-lived

europium parent.

The available decay energy, or Q-value, also corresponds to the highest energy

level that can be populated in the decay. Nuclear states become more closely spaced

with increasing energy, becoming particularly complicated above about 2 MeV in

this mass region. (Lower energy excitations seem to exhibit relatively clear collective

behavior based on a few rotational bands, but with sufficient energy many different

possible modes of excitations exist.) So, because the '50Pm decay populated many

more states with higher energy, the analysis of the y-rays emitted in de-excitation

was more complicated than the two europium decays.

3.3. The 8ir spectrometer

A detector array termed the 8ir [29] was used to measure the 'y-rays emitted

from the de-excitation of '50Sm. The 8ir spectrometer consists of 20 high-purity

germanium detectors, each of which has a corresponding bismuth germanate (BGO)

detector. The germanium detectors surround a central point, where the radioactive

source is to be located.

Germanium detectors are used to measure the energy of 7-rays. A germanium

detector works by absorbing the energy of a 7-ray in a germanium semiconductor

through the photoelectric effect. A photon may also deposit some of its energy by

Compton scattering, and may scatter several times in the crystal before being fully

absorbed. A signal related to the energy of the incident photon is then generated,

and sent to be processed by the electronics of the system.

One difficulty in measuring the 7-ray energies is the possibility that the 7-

ray will Compton scatter out of the crystal, depositing only part of its energy.
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Thus, in a typical energy spectrum, there is a Compton background associated with

each 'y-ray peak. This background is only lower in energy than the y-ray, and has a

distribution based on the probability of the competing events of Compton scattering

and the photoelectric effect. A powerful feature of the 8ir detector is its ability to

suppress these photons that Compton scatter out of the germanium crystal. This

is accomplished by vetoing events that are seen in the BGO detectors which are

positioned around the back and sides of the germanium detector. This Compton

suppression improves the peak to background ratio seen in the energy spectrum

from the germanium detectors. In fact, about half of all counts seen by the system

are vetoed because of this. It is important to note that the Compton background is

reduced, but not eliminated, because the BGO detectors do not completely surround

the germanium detector (for instance a photon that is backscattered out the front

of the detector could not be vetoed), and the BGO detectors are not 100% efficient.

The 8ir spectrometer was moved from LBNL (where it was located since

1996) to TRIUMF in Vancouver, B.C., in 2002. In relocating the detector array,

several changes were made to the array itself. The most notable changes were that

the detectors were moved closer, and the format of the data stream was changed.

Additionally an inner BGO ball was removed. (This inner ball was used for in-

beam experiments, and not used in any of these studies.) The geometry of the

inner-ball array in combination with the outer germanium detectors was the origin

of the array's name "8ir." (The two "spheres" of detectors encompass a total solid

angle of 8ir steradians.) The array continues to be called the 87r, although the inner

BGO ball is now completely removed. Even with the detectors moved closer, the

geometric solid angle covered by the detectors is closer to 0.64 ir steradians.
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A more detailed description of the 87r is given through this section, including

a description of the physical geometry of the detector array, and details of the

germanium detectors.

3.3.1. Physical configuration

The 20 Ge detectors are symmetrically arranged about a central point. At

LBNL the detectors were located 22 cm from the central point. When relocated to

TRIUMF the detectors were moved inward to a distance of 14 cm from the central

point. Moving the detectors closer allows for measurement of weaker sources, as the

intensity of radiation is reduced by the square of the distance. At the same time

however, the detectors and electronics require time to correctly identify events so

stronger sources are more difficult to measure.

The 20 detectors are identified by the numbers 0 through 19. A photograph,

with numbers superimposed on half of the array is shown in Figure 3.2. Their

locations are shown in Figure 3.3. Surprisingly, because of the symmetrical nature

of the construction, only five different angles are formed between any given two

detectors. The various angles made from detector pairs is shown in Table 3.1.

3.3.2. Germanium detectors

The 20 high purity germanium detectors, though similar, were not identical.

These detectors differed slightly in their crystal sizes, which ranged from 109 cm3 to

127 cm3. Through use, a germanium detector may acquire neutron damage to the

crystal, which affects its energy resolution. This effect appeared to have occurred in

differing amounts to the detectors. Also the settings on various electronics modules

associated with each detector may affect a detector's energy spectrum. As a result,
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TABLE 3.1. Angles formed between detector pairs. The number of detector pairs
for the angles 41.8°, 70.5°, 109.5°, 138.2°, 180.0° occur in the ratio of 3:6:6:3:1. This
ratio also corresponds to the number of times a particular detector is present in that
angle. For example, each detector forms a 70.5° angle with 6 other detectors.

angle detector pairs

41.80 0-1, 0-4, 0-5, 1-2, 1-6, 2-3, 2-7, 3-4, 3-8, 4-9, 5-10, 5-14, 6-10, 6-11,

7-11, 7-12, 8-12, 8-13, 9-13, 9-14, 10-15, 11-16, 12-17, 13-18, 14-19,

15-16, 15-19, 16-17, 17-18, 18-19

70.5° 0-2. 0-3, 0-6, 0-9, 0-10, 0-14, 1-3, 1-4, 1-5, 1-7, 1-10, 1-11, 2-4, 2-6,

2-8, 2-11, 2-12, 3-7, 3-9, 3-12, 3-13, 4-5, 4-8, 4-13, 4-14, 5-6, 5-9, 5-15,

5-19, 6-7, 6-15, 6-16, 7-8, 7-16, 7-17, 8-9, 8-17, 8-18, 9-18, 9-19, 10-11,

10-14, 10-16, 10-19, 11-12, 11-15, 11-17, 12-13, 12-16, 12-18, 13-14,

13-17, 13-19, 14-15, 14-18, 15-17, 15-18, 16-18, 16-19, 17-19

109.5° 0-7, 0-8, 0-11, 0-13, 0-15, 0-19, 1-8, 1-9, 1-12, 1-14, 1-15, 1-16, 2-5,

2-9, 2-10, 2-13, 2-16, 2-17, 3-5, 3-6, 3-11, 3-14, 3-17, 3-18, 4-6, 4-7,

4-10, 4-12, 4-18, 4-19. 5-11, 5-13, 5-16, 5-18, 642, 644; 6-17, 6-19,

7-10, 7-13, 7-15, 7-18, 8-11, 8-14, 8-16, 8-19, 9-10, 9-12, 9-15, 9-17,

10-17, 10-18, 11-18, 11-19, 12-15, 12-19, 13-15, 13-16, 14-16, 14-17

138.2° 0-12, 0-16, 0-18, 1-13, 1-17, 1-19, 2-14, 2-15, 2-18, 3-10, 3-16, 3-19,

4-11, 4-15, 4-17, 5-7, 5-8, 5-17, 6-8, 6-9, 6-18, 7-9, 7-19, 8-15, 9-16,

10-12, 10-13, 11-(3, 11-14, 12-14

180.0° 0-17, 1-18, 2-19, 3-15, 4-16, 5-12, 6-13, 7-14, 8-10, 9-11
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characteristics of the detectors were somewhat different, such as differences in their

efficiency (particularly at low energy) and energy resolution. A measure of the

energy resolution is a detector's full-width-half-max (FWHM) at a particular energy.

At LBNL the detectors varied in FWHM of 2.9 ke\T to 4.3 keV with an average of

3.5 keV at a 1223 keV peak. As the spectrometer was relocated, the crystals were

re-annealed, and also electronic components were carefully checked. In the new

configuration, the detectors varied in FWHM of 1.8 keV to 2.5 keV with an average

of 2.0 keV at a 1247 keV peak.

3.3.3. LBNL detector efficiency

Germanium detectors have a response that is highly energy dependent. The

efficiency of a detector, is defined in:

Area7
7- (3.1)

where 17 is the relative intensity of a particular 'y-ray, (usually normalized to the

strongest peak), and Area7 is the peak area in a 7-ray spectrum. The subscript on

the efficiency emphasizes that the efficiency is a function of energy.

Each of the detectors in the 8ir array did not have the same efficiencies

of detecting 7-rays. Separate efficiency curves were therefore made for each of the

twenty detectors for each of the different isotope decays studied. For the l5OEU and

150Pm decays efficiency curves were made using previous measurements of intensities

from these same isotopes, rather than a separate calibration isotope. In these decays

there were very few 7-rays that were below 200 keV (and all of these were very weak)

so the efficiency calibration went no lower than this. In this region, a germanium

detector's efficiency is approximately linear on a log efficiency - log energy plot. A

second degree polynomial was fit on a log efficiency-log energy plot. An example
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efficiency curve is shown in Figure 3.4. Also a relative efficiency calibration for

the combination of all detectors was made using the combined spectrum from all

detectors.

1.4

2.0 2.5

log Energy

3.5

FIGURE 3.4. LBNL detector efficiency. This particular plot is from the '50Eu
decay. The dotted line shows the log-log polynomial fit to relative efficiencies based
on previous measurements of this isotope.

3.3.4. TRIUMF detector efficiency

In the TRIUMF measurement, efficiencies were determined through normal-

izing to 152Eu contamination in the sample. 152Eu serves as an excellent calibration

source because it contains a number of peaks that are approximately equal in inten-

sity over a broad range of energies. Efficiency curves were fit to each detector, and

to the combination of all detectors. A 4th degree polynomial of log efficiency-log

energy was used (see Figure 3.5).
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FIGURE 3.5. TRIUMF detector efficiency. Notice that lower energy 'y than Fig-
ure 3.4 were used, this is why a higher degree polynomial was fit to the data points.

3.3.5. Scaled-down singles mode

Both coincidence and singles events were required for these experiments.

Singles data were used to determine the detector efficiency, which in turn was used

to determine the intensities of 'y-rays. In addition a singles spectrum allowed for

better measurement of transitions that occur weakly or not at all in coincidence.

However, most of the valuable information, particularly in terms of determining a

complicated decay scheme and resolving multiplets, came from coincidence data. It

was desired to have roughly the same number of coincidence and singles events from

these experiments. Singles events however, were much more likely to be recorded.

This was because the overall detector efficiency is on the order of about 2% (for

an average energy 'y-ray of about 500 keV). So, for a cascade of 2 'y-rays, a singles

event would be recorded about 50 times more often than both 7-rays in a coincidence

event.
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Therefore, all three experiments were run in a scaled down singles mode. In

this mode, only a set fraction of singles events were allowed through the electronics

to be recorded. This mode was more desirable than alternating between singles

and coincidence mode for three main reasons. First, efficiencies calculated from

the singles would be directly applicable to the coincidence data. For instance, if

a detector changed its response in any way or the source location was changed,

errors could result if one alternated between singles and coincidence mode. Second,

running in a non-scaled singles mode pushed the electronics to (and in some cases

above) the hardware limits. Third, little physics information is gained by having

significantly more singles data compared to the coincidence data.

3.3.6. Copper absorbers at TRIUMF

Relatively strong intensity x-rays occur from the process of electron capture

(which occurs in the europium decays). These x-rays were not of particular interest

in these experiments, and in fact could considerably complicate analysis because of

the possibility of sum peaks. Sum peaks occur when multiple photons are absorbed

in the same detector close enough in time the electronics record this event as a single

7-ray with an energy equal to the sum of the two photon energies. High intensity

x-rays introduce a number of sum peaks into the energy spectrum associated with

these x-rays and true 7-rays.

At the suggestion of Phil Walker, who was measuring another isotope on the

8ir, 0.5 mm copper absorbers were placed on the face of each of the 20 detectors

in the TRIUMF experiment. These absorbers significantly reduced the intensity of

photons below about 50 keV, and virtually eliminated sum peaks associated with

x-rays. Summing effects are increased as detectors are moved closer to a source, so
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this procedure was particularly important in TRIUMF detector configuration. In

retrospect, however, using absorbers would have also been helpful in the Berkeley

measurements.

3.4. 8r data stream

Although the formats of the data acquired from LBNL and TRIUMF were

somewhat different, the same basic information was gathered. Specifically, for a

given event, which may be a single 'y-ray or multiple 'y-rays detected in coincidence,

the following information is needed for each detector involved in the event: its iden-

tifying number (GelD), its energy (GeE), and timing information (GeT). Although

in principle this is straightforward, there are several complicating factors. In gen-

eral, the data collected at TRIUMF were more straightforward to understand. In

the this section, the data format for each setup will be given. Then the GelD, GeE,

and GeT parameters will be discussed in greater detail.

3.4.1. LBNL data format

Data was streamed from the detector electronics directly to an 8mm tape

storage device. The data format was written as two byte integers (a number between

0-65535) in the following format: three entries indicating the energy and hit-pattern

of the inner BGO ball (unused in this experiment), the multiplicity (GeM), which

was then followed by GelD, GeE, GeT repeated GeM number of times. In the case

of coincidence events, the lowest GelD gets written first. Lastly an end-of-event

(EOE = $FFFF) was written to tape. (The notation of a $ proceeding a number

will indicate a hexadecimal representation.)



In the analysis process of the data it became clear that data bits had beeii

dropped from the expected event format. For instance the EOE marker was in-

correctly written EOE=$FFFE. This dropped bit in the EOE occurred in varying

amounts between runs, averaging 30% of all events. This brought into serious ques-

tion the validity of the data that were being analyzed, and required a thorough

analysis to explore the possibility and consequences of these dropped bits in other

parameters. In all cases of dropped bits, it was found that only the least significant

bit was affected.

3.4.2. TRIUMF data format

At TRIUMF, the 8ir is interfaced to the user through MIDAS. This interface

has the distinct advantage of providing online monitoring and some online analysis,

and the recording of many other electronic diagnostics. The data format is somewhat

cumbersome because the data came straight out of the individual electronics modules

in an encoded CAMAC format. At the same time, however, more information is

provided to the user as compared to the LBNL configuration. This reflects the

philosophy that as much information as possible is provided to the user, and more

processing is to occur in software.

A code was developed by Carl Svensson to extract events from this data

stream. This data stream did contain some errors as well (such as missing module

information). If these events appeared to have the rest of the correct file structure

they were kept, if they did not they were entirely rejected. On average, approx-

imately 1 out of 106 events were totally rejected. Svensson's code was extended

to write out only the necessary information for this experiment. This served two

principal purposes: to format the data in a similar manner to the LBNL data for
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which analysis tools had already been developed, and secondly to reduce the data

size. At the time of the analysis, the size of the data set was an issue of both storage

and ease of analysis to be carried out at Oregon State. In MIDAS format, the data

rates were more than 1 Gigabyte per hour. A master copy of the experiment was

recorded on several DLT tapes (40 Gig storage media) in the MIDAS format, but

for analysis at Oregon State University, just the extracted information was recorded

on 8mm data tapes (5 Gig capacity storage media). The data stream was chosen

to be similar to the LBNL experiment. The TRIUMF data was written with GeM,

followed by the appropriate number of GelD, GeE, and GeT. In addition the first

bit (most significant bit) of the GeM was set to 1 if the trigger indicated a coinci-

dence or 0 if the event to follow is singles. The GeE most significant bit was set to

1 if pile-up trigger had been set, if so, an additional time for that detector GePT

followed the GeT. (Pile-up occurs when multiple 7-rays occur in the same detector

far enough apart in time that they can be distinguished, but too close in time to

extract correct energies for the events.) Lastly an EOE=$FFFF was written.

This format accomplished both the goal of having a very similar data format,

and reduced the file size to 15% of the MIDAS formatted data (which for analysis

and storage purposes was about right). This file format could be changed to reduce

the storage size even further. However, this would be accomplished at the expense

of making a more complicated format to read and write (by writing only the bits

required to represent the numbers, or removing the EOE markers).

In extracting events, several other steps took place: The detector's energy

and timing information were matched (these numbers were provided by separate

modules, and therefore were separate in the data stream). If a detector had multiple

times written, only the smallest time was written. If a time was written that did not

have an associated detector energy or a detector energy did not have an associated
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and the pile-up bit was set.

3.4.3. Detector number

The detector identification number was written as an integer between 0-19

indicating in which detector an event had occurred. As noted earlier, the angular

location of these detectors were the same for the Berkeley and TRIUMF. However

the locations of detectors 0 and 2 had their locations switched. (Table 3.1, Figure

3.2 and Figure 3.3 reflect the TRIUMF configuration.)

LBNL detector number

There was particular concern over bits lost in the detector number, because

this would affect the angular correlation analysis. (A miswritten detector number

may lead us to incorrectly determining the angle between coincidence events.) How-

ever, there was no evidence to indicate that any of the sorted events exhibited this

behavior. A dropped least significant bit would result in the behavior of more even

detectors being hit then odd. Although the hit patterns varied somewhat from de-

tector to detector, this seemed to be solely from the detector efficiencies. (Various

patterns of other dropped bits were also checked, such as dropping the second least

significant bit which would result in fewer hits for detectors 2, 6, 7, 10, 11, 15, 16,

18, 19 and increased hits in 0, 4, 8, 9, 12, 13, 16, 17.) In no cases were dropped bits

found in the detector number. (In a separate experiment also performed on the 8ir

dropped detector bits were occasionally observed [2].)
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3.4.3.2. TRIUMF detector number

As previously discussed, the detector ID also included a pile-up flag in the

first bit of a 2 byte integer. By performing a logical AND, following by bit shifting,

the pile-up bit was extracted (GePU=1 yes, GePU=0 no pile-up). Writing and

extracting this information in this manner saved space as compared to including

another 2-byte integer, at the expensive of making the writing and reading format

slightly more complicated.

3.4.4. Detector energy

The detector energy was recorded on an 8k channel scale (0-8191). These

channels were close to being linearly related to the 7-ray energy (for a more precise

energy calibration, higher order terms were introduced.) A scale for the '50Pm and

l5OmEu was set a 0.5 keV per channel corresponding to a 4 MeV full scale. As

described in the following section, these spectra were compressed to a 4k scale with

1 keV per channel. The long lived '50Eu scale was set to 0.333 keV per channel

corresponding to about a 2.7 MeV full scale.

3.4.4.1. LBNL energy

A significant occurrence of dropped-least-significant-bit events was seen in

the LBNL energy data. In fact this was the first indication that bits were being

dropped. The effect of dropping the least significant bit is an even-odd staggering

in the number of counts, giving the energy spectra a sawtooth effect. This occurred

to varying degrees between different detectors and different runs. One of the most

severe cases of dropped bits is shown in Figure 3.6.



The effect of dropped bits other than the least-significant-bit was not ob-

served. So, the data was reduced to a 4k scale (so channels 0 and 1 were summed,

and so forth). This eliminated the problem of dropped bits in the energy spectrum,

at the cost of reducing the resolution. With the scaling used, peaks were always

several channels wide, so this reduction was not critical. The only real difficulty

came when analyzing several peaks that are very close in energy.

A separate energy calibration was made for the two LBNL experiments using

the energy of several of the strongest peaks in the two decays. Although close to a

linear relationship, a third degree polynomial was used.
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FIGURE 3.6. Dropped bits in the energy spectrum. This histogram is a portion
of the '50Pm 8k channel energy spectrum for detector 9. Certain channels (always
odd number) are missing counts that appear in the channel below it, suggesting the
least-significant bit is dropped occasionally.
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3..2. TRIUMF energy

The TRIUMF singles and coincidence spectra were kept at 8k (there was no

need to reduce the resolution). A fourth degree polynomial energy calibration was

made using several 7-rays from 152Eu contamination in the the '50Eu sample. In

addition, 7-rays from naturally occurring 40K and 214Bi present in the background

were used for higher energy calibration (above the Q-value of 152Eu).

3.4.5. Timing

Timing information was used for two different purposes in this set of ex-

periments. First, timing was used to differentiate between singles and coincidence

events. (The electronics were set up so that singles events would have a different

timing signature than the coincidence events.) The primary use of the timing infor-

mation was to help distinguish true coincidence events occurring in a cascade from

accidental coincidence events (7-rays from different nuclei that happen to decay at

about the same time). This was accomplished by examining the time difference

between detectors in a coincidence event. A time difference spectrum is shown in

Figure 3.7. The peak in this spectrum is primarily composed of true coincidence

events. So, only events that exhibit a time difference within a given range are Se-

lected for analysis (which is referred to as setting a "time-gate"). Each of the 20

detectors had timing information offset from each other. So, before time difference

gates were taken, offsets were added to each detector. These offsets were verified by

checking that all twenty detectors have a maximum coincidence occurrence with a

time difference of zero.

Even after taking a time-gate, a certain percentage of these events are acci-

dental events. Increasing the width of the time-gate, or using a stronger radioactive



source results in a higher proportion of accidental to true events. The percentage of

accidental events can be determined through:

True 1 32
Accidentals Activity 5T'

where 6T is interval of the time-gate.

For these experiments accidental rates were on the order of about 2%, for the

time gate selected. A common means of accounting for the accidentals that occur in

the coincidence time gate is to subtract events from a background time gate. This

background gate should have the same time width, and must be sufficiently far away

from the coincidence time peak.
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FIGURE 3.7. Coincidence time-difference spectrum. This example was taken from
a segment of the TRIUMF data set before detector offsets were accounted for. The
coincidence timing peak is shown with the location of the time-gate. On the right
is a flat background which was subtracted to account for accidentals.
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S...L5.1. LBNL timing

Several factors complicated the analysis of the LBNL data. One of the prob-

lems was due to the electronics configuration, which only recorded double events if

they occurred within about 100 ns of each other. Significant differences in detector

offset (up to 20 ns) further reduced this time interval. This made it impossible to

subtract a background to account for accidentals.

Singles counts received a time stamp that was sufficiently separated from the

coincidence timing. A time gate (4 channels wide) was used to isolate singles counts

from other events that should be rejected, such as pile-up. Although most pile-up

events were rejected in hardware, coincidence events involving a pile-up event were

recorded as a singles event with the timing of a coincidence event. These recorded

pile-up events were then rejected through the singles time-gate (pile-up events would

tend to distort the spectrum, and these events were biased toward higher multiplicity

events so they were not included in a singles spectrum).

There did not appear to be any significant level of dropped bits that occurred

in the timing information. Even if there were dropped bits that did occur, there

would be little effect in the analysis procedure (because the timing gates are quite

wide).

3.4.5.2. TRIUMF timing

The TRIUMF timing data had a longer timing window of 2 /is, allowing for

a background of accidentals to be subtracted. The timing gate for doubles events

was set for 75 ns, as shown in Figure 3.7. The tail of this peak appeared to be

longer than might have been expected. However, this only minimally increases the

uncertainty, as a higher proportion of accidentals are included, and then subtracted.
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Again, like the LBNL experiments, a narrow time gate of a few channels was used

in distinguishing the singles events.

3.5. Data sorting

This section describes the specifics of how the raw data (described in the

previous section) was converted into a form ready for analysis. Several pieces of

code were written for the conversion and filtering processes. All code was written

in the programming language C++.

3.5.1. Sorting and filtering of LBNL data

Several different programs were developed in the analysis process of the LBNL

data set. The first piece of code separated out good singles and double (multiplicity

2) events from the rest of the data stream. These events were recorded into two

files. The singles file consisted of a list of GelD, GeE, and GeT for singles events.

The doubles file consisted of these same numbers for each of the two detectors in

the event. There were incidences of several different types of unexpected events that

occurred within the data stream. These errors were cataloged and categorized, but

not included in any further analysis (for example their were occurrences of missing

EQE flags, multiplicity 0 events, and numbers that were out of bounds). In this

initial sorting, the GeE was also compressed from 8k to 4k.

Next, the 20 detectors for each run were energy gain matched to each other,

and to themselves in subsequent runs. (The gain refers to the scaling of the energy

signal across its range of channels. Gain matching is the process of lining up peaks

in the energy spectra, so the spectra may be summed together.) Although the 8ir in
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general was found to have steady gains, occasionally a detector would drift several

channels, and this gain matching was found to be necessary.

A linear timing offset was determined and applied to each detector. In de-

tectors 16-19 the singles timing peak was also linearly offset, and corrected.

3.5.2. Sorting and filtering of TRIEUMF data

As mentioned in Section 3.4.2 the raw data was initially in a more complicated

format. The raw data was then processed by a code modified from that developed

by Carl Svensson. The output of this code was a compressed data format similar to

that of the LBNL data.

A new data file was recorded every 25 minutes. Each of these files were

then used to energy gain-match each of the 20 detectors. Timing offsets for the

coincidence data were also determined.

3.5.3. Building singles spectra

The singles spectrum is a histogram of the number of events that occur within

a given channel number (which corresponds to an energy). From this spectrum, the

efficiencies and intensities were determined. This spectrum should be proportional

to what a single germanium detector would see (without any coincidence information

recorded.)

Code was written that scanned through the sorted data, and built a histogram

of the number of occurrences of events that had a particular channel number. This

histogram was then written as a .spe file. This format is native to the spectroscopy

analysis program that was used.
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Typical singles spectra for the three experiments are shown in Figures 3.8-

2500 2700 2900 3100 3300

channel number 1 chn. - 1 keV

FIGURE 3.8. 150Pm singles spectrum.
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FIGURE 3.9. l5OmEu singles spectrum. Slight contamination of '50Eu (0.3%) con-
tamination is present in the sample
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FIGURE 3.10. '50Eu singles spectrum. Significant '52Eu contamination is also
present and can be seen in the singles spectrum.
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3.5.3.1. LBNL singles spectra

Building the singles spectra for the LBNL data was not as straightforward as

was hoped. The process of scaling down the singles introduced some unanticipated

consequences. There were two factors that together led to this complication.

The first of these factors was that every event incremented the scale-down

counter. To achieve the correct scale-down, coincidence events should only increment

the counter once. The LBNL experimental setup over-counted these events. (A

single detector would only count one event event if two 7-rays occurred at the same

time.) Thus, singles events were being written more often than the hardware scale-

down factor reflected (so the hardware scale-down was higher than what was being

recorded in the experiment).

This over-counting, by itself, was not a problem. However, as the scale-

down counter allowed an event to be recorded, only a true singles event was allowed

to be recorded. If a coincidence event occurred, the event was rejected entirely.

Thus, 7-rays recorded in the scaled-down singles mode would be biased toward lower

multiplicity events. To correct this problem, the singles events recorded were scaled

back up, and coincidence counts added to this spectrum. However, as described

above, the scaling-factor was not directly known because of the over-counting of

events.

A method was devised to compensate for both factors. The singles spectrum

was multiplied by an effective scaling factor that was calculated to account for

the miscounting that occurred. To this spectrum the coincidence spectrum was

added, and then the spectrum was re-scaled back down so correct statistics would

be reflected.
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A singles spectrum was made for each of the 20 detectors. A total singles

spectrum was produced from summing all the gained matched spectra. Detector

number 5 was not included in this sum because of its very poor resolution, and

constant gain shifting and drifting.

3.5.3.2. TRIUMF singles spectra

Motivated in part from the set of experiments run in scaled-down singles

mode at LBNL, the electronics were reconfigured at TRIUMF. The singles spectra

from the TRIUMF data required no such method. The scaled down singles spectra

contained no bias in intensities, and a singles spectrum was directly generated.

It was (as it should be) possible for a scaled-down singles event to be a

coincidence event. In this case, the information from only one of these detectors was

included in the singles spectrum. This event was also analyzed as a coincidence.

Singles spectra were made for each of the 20 detectors, as well as for a

combined total singles spectrum of all detectors after gain-matching.

3.5.4. Creating a combined coincidence matrix

For the purposes of coincidence analysis an energy-energy matrix was created.

For the LBNL data a 4kx4k matrix was created, and for the TRIUMF experiment

an 8kx8k matrix was created. Scanning through the data a count was added at

(GeE1, GeE2) and to (GeE2, GeE1). Incrementing both of these locations creates a

"symmetrized" matrix (a matrix symmetric about the diagonal). As with the singles

spectrum, events involving detector 5 from the LBNL experiments were rejected

because of its poor energy resolution.
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3.5.5. Creating coincidence gates

A coincidence spectrum was generated in a process called "pulling a gate."

In this process a projection of the range of channels on one axis of the matrix was

taken to form a coincidence spectrum (this is also called taking a "slice" from the

matrix). A background was then subtracted by taking a projection of surrounding

channels of equal width. (If a symmetrized matrix were not used then projections

from both axes would be taken and summed.) In Figure 3.11 the location of the

peak and background are shown on an overall projection of the coincidence matrix.

Occasionally, if other peaks were too close to the peak slice, backgrounds were taken

further away from the peak.

peak slice

FIGURE 3.11. Background gate placement. The background slices, whenever pos-
sible were located symmetrically around the peak, and have the same total width
of channels as the peak slice. The location of the peak and background gates were
located (as in the portion of a spectrum above) by looking at a total projection of
the coincidence matrix.

The 334 keV gate (the transition from the first excited state) is shown in

Figure 3.12. Looking at this figure emphasizes that point made in Section 3.2 that



I.

these different decays populate levels in differing amounts. This figure also gives a

rough idea of the quantity of coincidence data that were collected.

3.6. Angular correlation

The essential experimental component of the angular correlation analysis was

to determine the relative intensity for 'y coincidences at the various angles formed

by detectors in the 8ir. As described in Section 3.3.1 the 87r spectrometer consists

of 20 detectors forming 180 detector pair combinations with only 5 different angles

formed between these various pairs.

To determine the intensity of coincidences at these angles it was of consider-

able advantage to combine the information into five different energy-energy matrices,

one for each angle. If each angle pair were to be examined separately, the process

would require considerably more disk storage space (which was an issue on the com-

puter used for this analysis, with each matrix 64 megabytes in size.) Also, fitting

peaks from each of the separate detector pairs would be laborious and more difficult

(some fitting routines can arrive at poorer fits using spectra with low statistics.)

To create these five different angle matrices, different efficiencies for various

detector pairs were accounted for. The intensity for a particular detector pair a-b

is given:

Areaab 1 1
'ab

(3.3)
ab 1ab ab

where Areaab is the number of counts in a particular coincidence, and a and ô are

the energy dependent efficiencies for detector a and b. This equation is valid only if

the efficiency of a coincidence gamma is the product of the two detector efficiencies.

This was a reasonable assumption, but a bias in certain detector pairs could have
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FIGURE 3.12. 334 keV coincidence spectrum. A portion of the gated spectrum
(from 250 keV to 1000 keV) for the three populating parents are seen. The vertical
scales have their zeros have different vertical scales, and have their zeros suppressed
for better relative comparison and greater peak visibility.
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potentially existed, if for instance the timing information was not correct and certain

pairs were rejected more often.

The right hand side of Equation 3.3 indicates that each count could be scaled

by the efficiencies and then summed to get the overall intensity for that detector

pair. The overall intensity at a given angle was the sum of many detector pairs. This

is, however, just the sum of many different counts, each scaled by the efficiencies

of the detector pair. The five efficiency corrected angle matrices were created by

scanning through the coincidence file, sorting by angle, and adding a count scaled

by the two detector efficiencies to the appropriate spot in the energy-energy matrix.

This matrix was made symmetric as it was written for instance: two 7-rays of

energies E1 from detector a and E2 from detector b are a good coincidence so the

spot at row E1 and column E2 and at row E2 column E1 will be incremented by the

corrected efficiency count. The matrices that were created were of a double data

type (mathematically a decimal with the highest level precision of the native data

types). A separate slicing code was created that then generates a spectrum from

particular gates.

Detectors in the TRIUMF experiment were comparatively much closer in

efficiencies to each other, and this efficiency correction technique was not used in

building the angle matrices. It is important to note that an averaging effect occurs

because each individual detector occurs in each angle matrix the same number of

times. (This was not the case in the LBNL data when detector 5 was rejected.) As

it turns out, even if a single detector is quite different in efficiency this does not

significantly effect the relative number of counts included in each angle (though

if multiple detectors are very different in efficiency this can begin to effect the

measurement).
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3.7. Summary of the differences between LBNL and TRIUMF measure-
ments

The 87r array is a very powerful spectroscopy device. Several improvements

were made as it was moved to TRIUMF, as well as some changes in experimen-

tal technique. Table 3.2 summarizes the major differences. It is worth noting the

TRIUMF experiment was only the second measurement made since it was reconfig-

ured. The first measurement was made for two weeks up to the day this experiment

started. The major problems with the TRIUMF setup at the time of the experiment

were stability, and the need significant expert support to maintain operation of the

8ir. Additionally only partial analysis tools were well configured for use with the

MIDAS format. The data were also stored on DLT tape (which is not in common

use) and is somewhat expensive. Perhaps in the future this will be changed to R/W

DVD's, a user's external hard drive, or other storage media that is in more common

use by the public (and hence considerably more accessible and less expensive.)
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TABLE 3.2. Summary comparison of TRIUMF and LBNL configurations

Feature TRIUMF LBNL
Scale-down singles Scaled-down singles are a true Complicated procedure re-

singles spectrum quired to produce singles
specturm

Timing Now allows for a acciden- Several complications includ-
tal subtraction with a 2 is ing an effective time window
window of only about 80 ns for dou-

bles events
Dropped bits None Yes
Resolution 2.0 keV FWHM at 1247 keV 2.8 keV FWHM at 1233 keV
Gain-shifting Some gain shifting occurred Very stable, often very steady

for a week or more
Stability Fairly stable, but occasion- Quite stable, some problems

ally the software and hard- occurred in hardware such as
ware problems, often require a single detector going out
someone very familiar with
the system to provide fixes

Absorbers 0.5 Cu mm absorbers used Particularly for the l5omEu

to dramatically reduce x- source absorbers would have
rays, and prevent unneces- eased analysis
sary summing

Distance 14 cm distance. Allows for 22 cm, increased sensitivity
weaker sources to be mea- in angular correlation, and
sured than LBNL (about four allowed for measurement of
times counts for a given stronger sources
activity).

Data acquisition MIDAS format follows the Only necessary is provided to
philosophy to provide as the user. Works well, but
much information to the user when errors occur (as they
as possible, then sort out did) makes analysis much
what is needed in software more difficult

Data storage MIDAS files are size in- 8mm tape, worked well for
tensive, and current system storage size
writes data to DLT tape
drives
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4. EXPERIMENTAL RESULTS

4.1. Determination of 'y-ray intensities and placements

After completing data reduction, much of the analysis process was carried out

using RadWare, a package of programs developed by David Radford [30]. One of the

most powerful tools of this software package is the peak fitting routine included in the

program GF3. The fitting routine was designed specifically to analyze a germanium

detector 'y-ray spectrum. Areas were determined by fitting an analytical function to

a peak in the spectrum using a 2-minimization method. The fitted functional form

included a gaussian peak and a second degree polynomial background. Additionally,

the fitted form included a skewed gaussian (which accounts for the slight asymmetry

in the peak shape caused by defects within the germanium detector crystal) and

a step function (which accounts for the Compton background). After optimizing

fitting parameters for the detectors used in these experiments, this program worked

well to fit doublets and higher multiplets that were sufficiently resolvable.

Intensities of y-rays were determined, when possible, by fitting the area of

peaks from the combined singles spectrum. These areas were then corrected for the

efficiency of the total detector array to determine relative intensities. This procedure

worked well for peaks of moderate to strong intensity. In some cases, this procedure

was not sufficient because of a very weak peak-to-background ratio or the presence

of multiple peaks too close in energy to resolve. In these cases the intensities were

determined using coincidence data.

Coincidence spectra were generated from a matrix file (see Section 3.5.5). In

a few instances, spectra were generated channel by channel. These single-channel

gates were helpful in confirming the existence of doublets and were used to map out

more complicated multiplets.
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The procedure of determining a peak's intensity using coincidence informa-

tion was carried out by normalizing the coincidence rate to the singles rate. Two

different procedures were utilized to accomplish this. Most coincidence intensities

were determined by normalizing to another 7-ray with a known intensity (from the

singles spectra) that occurred directly above or below the gated 7-ray. (If the 7-ray

of unknown intensity occurs below the gated 7-ray then so must the 7-ray used for

normalization. Or, if the unknown 7-ray occurs directly above, so must the nor-

malizing 7-ray.) In a few instances, no normalizing 'y-ray was present in the gated

spectrum. In these cases, an overall normalizing rate was determined from several

gates with well measured intensities. This method of calculation also requires that

one know the ratio of the intensity of the gated 7-ray to the total de-population

intensity of that level.

Intensities from coincidence gates were determined for as many transitions

as possible. Comparing the intensity found from the coincidence gate to the singles

intensity provided a means of checking for the presence of multiplets. A sample sin-

gles spectrum to which a peak could not be fit in the singles spectrum (or practically

even identified) is compared to the gated spectrum in Figure 4.1. The intensity of

this peak was then determined using a normalization 7-ray.

Besides being used to determine intensities and the existence of multiplets,

coincidence information was vital in deducing the existence of nuclear states and

the placement of transitions between those states. Gates were "pulled" on virtually

all 7-ray transitions in each decay. The numerous individual gated spectra were

each compared to the overall spectrum. In many cases, peak areas from the gated

spectra were compared as a percentage of the overall number of coincidences for

that gamma transition. For some of the weakest peaks that were difficult to fit,

a qualitative comparison of spectra was used to differentiate between strong, mod-
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FIGURE 4.1. Weak peak identified using a coincidence gate. In the '50Eu decay, a
weak 776.7 keV peak (1=0.004) is identifiable only through coincidence gates. The
top spectrum shows the 1194 keV gate. Compare this to the same energy region in
the singles spectrum which is dominated by a 773.4 keV peak (I = 0.62) combined
with a sum peak and a near-by '52Eu peak.



erate, or no coincidence. In this manner, coincidence relationships between 7-rays

were established.

4.1.1. Gamma-ray intensities and uncertainties

The quantity of specific coincidence data is significant, so only the results of

the placements will be listed in the tables below. Each 7-ray's energy and intensity

are listed along with its level placement. An indication is given if this 7-ray 1S seen

from a gate below, a gate from above or both. In many cases, 7-rays were seen in

more than one gate from above or below. Experimental data are provided in Tables

4.1-4.3. Unplaced 7-rays are listed in Table 4.4.

The intensities were determined from both the singles and coincidence spectra

as described previously. Corrections for contamination and summing effects were

made. Additionally, for intensities determined from coincidence gates, a correction

was made for angular correlation effects. (These angular correlation effects usually

are not significant due to the averaging of several different angles. Corrections were

typically on the order of about 2% or less, but could be as large as 8% in a few

cases.)

In these tables the uncertainty in the last digit is shown in italics. Uncer-

tainties in the 7-ray energies came from the uncertainty in both the determination

of the peak-fit centroid and in the energy calibration. Additionally a small system-

atic error may exist. From these factors it was determined that 7-ray energies for

moderate and strong transitions were accurate to about 0.1 keV for the LBNL mea-

surements and about 0.05 keV for the TRIUMF measurement. Weak transitions, as

well as 7-rays that were part of a doublet, have higher uncertainties in their energy.
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Uncertainty in the intensity for moderate to high intensity 'y-rays originated

mainly from the uncertainty associated with the efficiency calibration. At weaker

intensities the statistical factor dominated. A small contribution to the uncertainty

also arose from the angular distribution correction. (The uncertainty associated

with the angular distribution correction could be up to several percent in some

transitions that were too weak to determine angular correlation information.)

TABLE 4.1. '50Pm 'y-ray intensities and placement. The
appearance of 'y-rays in coincidence is indicated for gates
above or below by a closed circle. Intensities from the
NDS are given for comparison. In the NDS data doublets
with only a measured combined are indicated with a
and parenthetical entries did not previously have these
level assignments.

E L1 exp. L NDS E-*E
90.21 15 0.08 4 1255.56-1165.72

120.35 50 0.008 2 ' 1165.72-+1046.13
148.18 50 0.008 4 S 1193.78-+1046.13'
153.88 20 0.011 3 1658.32-1504.53
162.33 20 0.007 2 S 1417.26-1255.56
209.52 15 0.10 1 0.09 2 1255.56-+1046.13
223.87 21 0.009 2 1417.26-1193.78
237.23 80 0.050 6 2070.19-*1833.32
241.18 18 0.007 1 02 1658.32-+1417.26
242.26 30 0.0054 8 1926.49-1684.21
251.74 15 0.28 3 0.26 4 1417.26-1165.72'
272.90 15 0.058 6 0.09 3 1046.13-773.30
276.44 15 0.15 2 (0.14 5 ) 2070.19-*1793.98
279.15 22 0.0051 16 1963.55-*1684.21
298.12 15 0.20 2 0.17 3 1071.42-773.30
305.76 15 0.19 2 0.16 3 1046.13-+740.39'
310.78 15 0.043 8 1504.53-1193.78
333.93 10 100. 100. 333.92-*0.00
345.98 15 0.66 7 0.64 7 1417.26-1071.42
356.99 15 0.021 3 2070.19-*1713.24
360.36 15 0.044 5 1963.55-1603.24
362.97 15 0.004 3 2367.40-2004.40

Continued on next page



TABLE 4.1 continued from previous page
L exp. L NDS E-+E1

371.22 15 0.12 1 0.13 2 1417.26-*1046.13'
375.97 19 0.010 3 2602.32-2226.47
385.93 15 0.0055 9 2070.19-+1684.21
406.48 10 8.9 8 8.2 5 740.39-333.92
409.81 30 0.013 4 1603.24-1193.78
411.76 15 0.09 1 2070.19-*1658.32
420.49 15 0.12 1 0.16 3 1193.78-773.30
425.37 15 0.76 8 0.71 8 1165.72-740.39
426.32 16 0.014 1 2259.84-+1833.32'
437.52 15 0.21 2 1603.24-1165.72
439.44 10 0.99 10 1.13 8 773.30-333.92
453.43 15 0.20 2 0.21 4 1193.78-*740.39
458.44 15 0.059 7 0.05 1 1504.53-1046.13
464.54 15 0.069 10 0.07 1 1658.32-+1193.78
492.69 15 0.57 7 0.50 6 1658.32-*1165.72
532.11 20 0.022 4 0.04 2 2602.32-*2070.19
545.18 15 0.023 5 2367.40-*1822.29
546.53 23 0.0037 9 2259.84-1713.24
547.59 15 0.046 5 0.06 2 1713.24-*1165.72'
557.32 18 0.016 3 1603.24-1046.13
565.69 10 2.0 2 1.93 14 2070.19-d504.53
586.99 10 2.0 2 1.97 14 1658.32-1071.42
600.10 15 0.023 6 (.02) 1793.98-1193.78
612.30 10 1.4 1 1.37 10 1658.32-1046.13'
620.71 15 0.22 2 0.18 3 1786.47-1165.72
628.34 15 0.060 8 ('.02) 1793.98-1165.72
632.98 15 0.14 1 0.10 2 2892.96-*2259.84
652.92 15 0.51 5 0.49 6 2070.19-*1417.26
656.72 15 0.015 3 2259.84-1603.24
667.16 15 0.25 3 0.23 4 1713.24-*1046.13
667.60 90 0.020 4 1833.32-1165.72
675.98 17 0.032 5 2936.20-*2259.84
683.08 20 0.008 2 2367.40-*1684.21
707.68 20 0.023 4 1963.55-+1255.56
709.15 20 0.033 10 2367.40-*1658.32
712.22 10 6.0 6 6.4 4 1046.13-333.92
722.49 15 0.030 4 1793.98-*1071.42
731.27 15 0.42 4 0.41 7 1504.53-773.30
737.49 10 3.1 8 3.31 23 1071.42-*333.92

Continued on next page
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E7 17 exp. 17 NDS E-*E1

740.54 30 0.06 1 2704.98-*1963.55
747.88 15 0.032 6 ' 1793.98-1046.13
760.81 15 0.08 1 (0.16 3 ) 1926.49-1165.72
762.09 15 0.024 3 1833.32-*1071.42
769.83 17 0.025 7 1963.55-*1193.78
790.24 25 0.013 3 2623.79-*1833.32
808.61 30 0.032 6 2812.92-2004.40
811.67 15 0.043 9 (0.14 3) 3071.40-*2259.84
831.82 10 17. 2 17.5 7 1165.72-*333.92
837.59 20 0.011 2 2550.55-*1713.24
842.51 15 0.72 7 0.60 7 2259.84-41417.26
855.09 15 0.11 1 1926.49-1071.42
859.89 10 4.9 5 5.0 3 1193.78-333.92
862.12 15 0.06 1 2812.92-195O.72
871.07 20 0.015 3 2529.35-1658.32'
876.40 15 11. 1 10.7 5 2070.19-1193.78
886.63 15 0.11 1 2812.92-1926.49'
889.04 15 0.19 2 0.21 4 2602.32-4713.24
892.22 15 0.047 5 1963.55-*1071.42
904.49 10 1.3 1 1.34 9 2070.19-1165.72
904.64 15 0.019 4 2909.12-2004.40'
910.88 15 0.054 6 0.10 2 1684.21-4773.30'
917.47 15 0.82 8 0.70 10 1963.55-1046.13
921.60 10 1.1 1 1.25 10 1255.56-*333.92
926.06 15 0.016 3 2529.35-1603.24
929.30 15 0.065 8 2892.96-*1963.55
968.83 15 0.034 6 2892.96-*1926.49'
972.77 15 0.15 2 0.14 2 1713.24-740.39'
982.67 24 0.044 6 2987.10-*2004.40'
990.37 30 0.002 1 2812.92-+1822.29
998.76 15 0.073 8 0.09 3 2070.19-+1071.42'

1004.22 10 1.3 1 1.18 8 2259.84-*1255.56
1020.54 15 0.022 4 2623.79-*1603.24'
1024.02 10 1.1 1 1.08 8 2070.19-1046.13
1030.80 15 0.016 4 2535.28-*1504.53
1032.69 15 0.027 5 2226.47-1193.78'
1036.23 15 0.028 6 2987.10-*1950.72
1046.09 15 0.54 5 0.52 6 1046.13-0.00
1048.85 17 0.018 2 1 1822.29-773.30

Continued on next page
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TABLE 4.1 continued from previous page
E I __L), exp. L1 NDS E-E1

1053.52 15 0.046 6 S 1793.98-*740.39'
1059.97 18 0.008 2 1833.32-+773.30'
1061.08 40 0.012 5 2226.47-*1165.72'
1065.89 15 0.68 7 0.66 7 2259.84-+1193.78
1083.37 15 0.23 2 0.26 4 ' 1417.26-333.92
1090.66 20 0.013 4 2507.86-*1417.26
1093.93 15 0.049 10 0.11 2 2259.84-+1165.72'
1101.75 15 0.012 2 2704.98-1603.24
1128.57 15 0.053 7 0.10 2 2812.92-*1684.21
1132.99 22 0.011 2 2550.55-1417.26
1153.49 15 0.020 3 1926.49-*773.30'
1154.54 15 0.68 7 1.00 7 2812.92-+1658.32'
1165.75 10 23. 2 23.3 9 1165.72-+0.00
1170.60 10 1.5 2 1.56 18 1504.53-*333.92'
1173.64 15 0.10 2 2367.40-1193.78
1177.41 15 0.054 6 1950.72-773.30'
1179.88 15 0.044 6 0.15 3 2892.96-*1713.24'
1180.24 15 0.11 1 2226.47-*1046.13'
1188.51 16 0.016 3 2259.84-1071.42'
1193.82 10 6.9 7 7.1 4 1193.78-0.00
1201.74 20 0.036 9 0.11 2 2367.40-*1165.72
1210.26 80 0.011 2 2892.96-*1684.21
1213.62 10 1.5 1 1.52 11 2259.84-*1046.13
1223.08 10 3.6 4 4.26 29 1963.55-+740.39
1230.33 20 0.027 5 2943.56-*1713.24
1251.82 15 0.024 5 2936.20-1684.21
1263.92 15 0.015 3 2004.40-4740.39'
1269.34 15 0.088 9 (0.10 2 ) 1603.24-333.92
1285.32 17 0.027 5 2943.56-*1658.32
1295.00 21 0.008 2 255O.55-1255.56
1296.03 15 0.077 9 2367.40-*1071.42
1308.34 40 0.015 3 2812.92-*1504.53'
1324.43 10 23. 2 25.7 10 1658.32-333.92'
1328.81 15 0.15 2 2987.10-1658.32
1339.74 30 0.027 7 0.08 2 2505.40-*1165.72
1341.40 15 0.06 1 2535.28-1193.78
1350.35 15 0.10 1 0.13 2 1684.21-4333.92
1358.19 15 0.055 8 (0.09 2 ) 3071.40-1713.24
1363.85 40 0.016 4 (0.03 1) 2529.35-*1165.72

Continued on next page
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TABLE 4.1 continued from previous page
E) L exp. L7 NDS E-E1

1379.30 10 4.1 4 4.63 32 1713.24-*333.92
1412.81 15 0.010 3 2607.10-*1193.78
1413.36 15 0.014 3 2459.44-1046.13
1417.06 40 0.008 6 1417.26-0.00
1436.52 15 0.36 5 (0.39 7 ) 2602.32-d165.72
1448.67 30 0.006 2 2704.98-*1255.56
1452.64 15 0.066 8 0.19 5 1786.47-*333.92
1455.37 30 0.003 2 3139.40-*1684.21
1457.67 50 0.009 6 2623.79-4165.72'
1460.09 15 0.022 5 S 1793.98-+333.92
1461.67 30 0.008 4 2507.86-1046.13
1489.21 30 0.012 2 2535.28-1046.13'
1499.59 15 0.057 9 (0.11 2 ) 1833.32-333.92
1504.59 30 0.009 2 2550.55-d046.13
1513.63 19 0.013 2 2286.96773.30
1519.36 15 0.43 4 0.39 7 2259.84-740.39'
1529.97 16 0.027 6 2723.75-*1193.78'
1561.30 17 0.013 3 2607.10-*1046.13'
1570.44 25 0.006 2 2987.10-+1417.26
1616.31 50 0.0040 8 1950.72-333.92'
1629.72 10 1.0 1 1.17 8 1963.55-333.92'
1634.89 20 0.018 4 3139.40-*1504.53
1639.41 30 0.017 4 2805.10-+1165.72
1647.22 15 0.33 4 0.37 6 2812.92-1165.72'
1658.22 18 0.046 5 1658.32-0.00
1670.51 15 0.11 1 (0.13 2 ) 2004.40-+333.92
1713.25 15 0.52 5 0.52 6 1713.24-40.00
1715.34 15 0.020 6 2909.12-+1193.78
1727.58 15 0.33 4 0.28 5 2892.96-1165.72'
1736.37 15 8.7 9 10.2 5 2070.19-333.92
1741.60 15 0.034 4 2812.92-1071.42'
1766.85 15 0.20 3 (0.28 5 ) 2812.92-*1046.13'
1770.27 20 0.038 7 2936.20-1165.72'
1788.94 15 0.028 3 0.02 1 2529.35-*740.39
1794.03 20 0.019 3 1793.98-*0.00
1810.13 15 0.065 7 0.06 2 2550.55-*740.39'
1833.73 15 0.026 3 (0.04 3 ) 1833.32-0.00
1849.18 20 0.015 3 (.-.-'.005 ) 2892.96-u1046.13
1864.83 15 0.049 7 (0.10 2 ) 2936.20-1071.42

Continued on next page
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TABLE 4.1 continued from previous page
17 exp. 17 NDS

1866.73 21 0.011 2 2607.10-*740.39'
1893.29 15 0.043 6 (0.07 2 ) 2939.39-*1046.13
1905.79 15 0.08 1 (0.11 2 ) 3071.40-1165.72
1915.81 15 0.077 9 (0.11 2 ) 2987.10-1071.42
1925.98 15 0.36 4 0.50 10 2259.84-333.92
1940.65 15 0.070 10 0.10 2 3106.40-+1165.72
1941.04 15 0.019 3 2987.10-1046.13
1963.71 15 2.3 2 2.16 15 1963.55-*0.00
1964.74 15 0.035 5 2704.98-740.39
1973.68 20 0.01 1 3139.40-1165.72
1989.51 17 0.016 3 3060.92-*1071.42
2004.32 .40 0.004 1 (0.04 2) 2004.40-0.00
2033.49 15 1.2 1 1.42 10 2367.40-333.92
2067.71 30 0.009 2 3139.40-1071.42'
2079.10 40 0.0040 10 3150.54-1071.42
2120.39 30 0.004 2 2892.96-*773.30
2154.38 30 0.005 1 2892.96-740.39
2173.86 15 0.057 6 0.08 3 2507.86-333.92
2195.45 15 0.10 1 0.13 3 2529.35-*333.92
2216.65 15 0.29 3 0.35 6 255O.55-333.92
2259.80 15 0.11 1 0.10 3 2259.84-*0.00
2273.10 15 0.015 .4 2607.10-333.92
2285.05 20 0.014 2 3025.20-*740.39'
2310.09 40 0.0040 10 3049.93-+740.39
2371.09 15 0.08 2 (0.11 3 ) 2704.98-333.92'
2452.84 15 0.030 6 (0.02 1 ) 2786.87-4333.92'
2459.36 40 0.010 2 2459.44-40.00
2478.87 15 0.37 7 0.55 6 2812.92-333.92
2507.73 15 0.085 9 0.08 3 2507.86-*0.00
2529.30 15 0.52 5 0.49 6 2529.35-40.00
2550.31 15 0.20 2 0.18 .4 2550.55-0.00
2560.47 30 0.012 3 2892.96-333.92
2601.69 50 0.006 2 2936.20-+333.92
2606.98 50 0.013 2 2607.10-+0.00
2614.46 17 0.027 3 2614.50-0.00
2624.05 24 0.034 7 (0.06 2 ) 2957.94-+333.92
2652.86 30 0.014 3 (0.03 1 ) 2987.10-*333.92
2680.25 15 0.05 1 0.07 29 3014.20-+333.92'
2691.35 30 0.009 2 0.01 5 3025.20-*333.92
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F-1 L1 exp. 17 NDS E1-E1

2700.61 15 0.084 9 (0.08 3 ) 2700.60-0.00
2704.55 15 0.034 7 (0.06 3 ) 3038.45-333.92
2716.26 23 0.011 3 0.010 4 3049.93-333.92
2726.99 15 0.004 1 3060.92-*333.92
2748.15 30 0.007 2 3081.19-+333.92
2759.73 20 0.004 1 3092.88-*333.92
2776.40 30 0.007 2 3110.32-*333.92
2805.39 15 0.038 8 0.07 3 3139.40-*333.92
2857.33 21 0.008 2 0.010 5 3190.10-*333.92
2884.14 22 0.016 4 0.04 2 3218.10-333.92
2894.84 30 0.30 3 0.31 5 2892.96-*0.00
3024.86 15 0.039 4 0.04 1 3025.20-0.00
3038.22 15 0.020 2 0.02 1 3038.45-0.00
3049.92 17 0.016 2 0.02 1 3049.93-0.00
3081.02 30 0.025 3 0.02 1 3081.19-+0.00
3092.40 30 0.011 1 -0.01 3092.88-0.00
3139.48 40 0.0047 8 '-0.003 3139.40-*0.00
3190.32 50 0.0030 5 (0.005) 3190.10-0.00

4.1.2. I5omEu 7-ray intensities

TABLE 4.2. l5omEu -ray intensities.

E7 L1 exp. 17 NDS E2-E1
89.99 15 0.11 5 1255.56-1165.72

176.75 30 0.0039 8 1963.55-*1786.47'
209.36 15 0.55 4 0.55 8 1255.56-1046.13
223.77 15 0.005 2 1417.26-il193.78
250.54 20 0.0034 7 1963.55-1713.24
251.66 15 0.08 1 1417.26-1165.72
272.73 15 0.030 8 1046.13-773.32
279.23 15 0.0034 15 1963.55-1684.21
298.03 15 0.018 2 1071.42-773.32
305.20 15 0.008 2 1963.55-+1658.32
305.65 15 0.11 1 .'0.08 1046.13-*740.39
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E..), L exp. L NDS

333.90 10 100. 100. 8 333.92-*O.00
345.92 15 0.21 2 1417.26-*1071.42
360.40 15 0.049 4 1963.55-*1603.24
369.02 15 0.068 6 1786.47-1417.26
371.18 15 0.041 4 1417.26-*1046.13
406.45 10 74. 6 71. 6 740.39-*333.92
409.34 15 0.018 2 1603.24-1193.78'
420.18 20 0.0062 8 1193.78-+773.32
425.23 15 0.25 2 0.20 4 1165.72-740.39
437.34 15 0.69 6 1603.24-1165.72
439.31 15 0.05 2 773.32-333.92
453.41 15 0.018 2 1193.78-4740.39'
546.09 15 0.026 3 1963.55-1417.26
556.98 15 0.077 7 1 1603.24-1046.13
586.32 30 0.0033 7 1658.32-1071.42
592.47 20 0.007 2 1786.47-41193.78
599.92 40 0.0027 8 1793.98-*1193.78
620.69 15 0.79 7 0.80 12 1786.47-+1165.72
667.21 70 0.003 1 1713.24-1046.13'
707.74 15 0.024 5 1963.55-1255.56
712.15 10 3.1 2 1 1046.13-+333.92'
723.20 30 0.0022 6 1793.98-+1071.42
737.42 15 0.28 2 1071.42-*333.92'
740.27 15 0.020 3 1786.47-+1046.13
748.00 40 0.007 2 1793.98-+1046.13
769.56 15 0.044 5 1963.55-*1193.78
797.69 20 0.012 2 1963.55-*1165.72
831.75 10 5.1 4 5.0 4 1165.72-333.92
859.82 15 0.33 3 0.23 6 1193.78333.92'
876.39 15 0.012 2 2070.19-+1193.78'
891.92 15 0.073 7 1963.55-1071.42
917.34 10 1.13 9 1.1 2 1963.55-*1046.13
921.48 10 5.2 4 5.3 4 1255.56-333.92'

1024.33 30 0.0025 15 2070.19-+1046.13
1046.01 15 0.25 2 0.21 5 1046.13-*0.00
1053.14 40 0.008 3 1793.98-*740.39
1083.39 15 0.081 7 1417.26-333.92'
1165.63 15 6.6 5 6.5 6 1165.72-0.00
1193.74 15 0.44 4 0.46 10 1193.78-+0.00
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TABLE 4.2 continued from previous page
E7 L1 exp. 17 NDS E1-E1

1222.96 15 5.3 5.0 1963.55-740.39'
1269.15 15 0.27 2 1603.24-*333.92
1324.43 24 0.041 1658.32-333.92
1349.85 20 0.0010 3 1684.21-333.92
1379.15 29 0.008 3 S 1713.24-333.92
1452.48 10 0.24 2 0.37 13 1786.47-333.92
1629.60 10 1.4 1 1.45 19 1963.55-333.92
1736.30 15 0.010 1 2070.19-+333.92
1963.62 10 2.9 2 2.9 3 1963.55-0.00

4.1.3. '50Eu y-ray intensities

TABLE 4.3. '50Eu 'y-ray intensities.

E7 17 exp. L7 NDS E2-*E1
78.70 5 0.104 6 0.086 8 1357.59-1278.81

135.20 5 0.0074 5 0.013 3 1819.40-*1684.21
137.96 30 0.0006 2 1642.61-*1504.53
146.64 0 0.0024 5 2117.06-d970.50
158.95 1 0.0018 4 2194.20-2035.37
161.82 9 0.0073 5 1417.26-+1255.56
164.10 7 0.012 2 1822.29-*1658.32
191.16 18 0.0011 2 2024.59-*1833.32
202.24 30 0.0020 2024.59-+1822.29
205.24 5 0.038 8 0.031 2024.59-1819.40
223.47 7 0.0057 6 1417.26-*1193.78
223.93 50 0.0012 2 2194.20-*1970.50
225.48 28 0.0045 5 1642.61-1417.26
251.59 5 0.18 1 0.18 9 1417.26-1165.72
255.29 7 0.0041 1449.16-1193.78
272.78 6 0.029 6 0.024 8 2095.16-+1822.29
272.83 6 0.0107 9 0.016 6 1046.13-*773.30
275.71 30 0.008 1 2095.16-1819.40
283.81 60 0.036 3 2117.06-1833.32
285.06 5 0.17 1 0.17 8 1642.61-*1357.59
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L exp. L NDS E-E1

285.52 10 0.02 1 2107.46-*1821.84
286.25 5 0.25 2 0.103 14 1357.59-*1071.42'
286.29 30 0.0008 1 0.073 4 1970.50-+1684.21
295.24 20 0.002 1 2117.06-+1821.84'
298.01 5 0.66 4 0.67 15 1071.42-773.30
305.68 5 0.036 3 0.035 6 1046.13-*740.39
310.68 5 0.031 2 0.031 6 1504.53-1193.78
314.91 6 0.020 1 0.018 6 1819.40-*1504.53
317.78 31 0.0034 3 1822.29-*1504.53
333.89 5 100. 100. 333.92-0.00
340.31 5 0.122 7 0.16 14 2024.59-1684.21
342.57 5 0.22 1 0.18 14 2107.46-1764.79
345.75 5 0.44 3 0.41 14 1417.26-*1071.42'
351.18 18 0.0009 1 2035.37-+1684.21
360.87 22 0.0017 3 2194.20-1833.32'
363.65 14 0.0017 2 1642.61-1278.81
370.25 9 0.050 3 0.029 18 1819.40-1449.16
371.18 11 0.070 4 0.083 16 1417.26-1046.13
372.68 5 0.19 1 0.25 9 1821.84-1449.16'
374.64 24 0.0025 5 2194.20-1819.40
377.67 5 0.104 6 D-0.12 8 2020.30-1642.61
377.80 10 0.016 1 D-0.12 8 1449.16-*1071.42
381.91 5 0.111 7 0.12 8 2024.59-+1642.61
392.62 16 0.0031 4 2035.37-1642.61'
402.25 5 0.63 4 0.81 8 1819.40-*1417.26
402.95 5 0.31 2 0.25 10 1449.16-1046.13
406.55 5 0.065 4 0.15 14 740.39-333.92'
407.22 17 0.0080 8 1764.79-1357.59
420.57 23 0.013 2 0.014 6 1193.78-*773.30'
425.20 16 0.0039 3 1165.72-740.39
432.87 6 0.0062 5 2117.06-*1684.21
433.15 30 0.00043 6 1504.53-1071.42
435.31 40 0.00054 10 2119.70-+1684.21'
436.35 6 0.0044 3 2201.05-*1764.79
439.37 5 85. 5 84.0 16 773.30-333.92
448.79 5 0.25 2 0.27 10 1642.61-1193.78
452.49 19 0.0027 4 2095.16-.1642.61
453.36 5 0.025 2 0.027 5 1193.78-+740.39
458.43 5 0.048 3 0.046 5 1504.53-1046.13
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E.- L exp. I NDS E-*E1

461.35 8 0.018 1 2119.70-*1658.32
461.77 5 0.81 5 0.86 19 1819.40-+1357.59
464.15 9 0.16 1 1821.84-+1357.59
464.79 10 0.23 1 0.08 8 2107.46-1642.61
465.92 10 0.0042 6 1970.50-+1504.53
468.23 9 0.0035 4 2152.55-41684.21
474.52 5 0.145 9 0.15 7 2117.06-+1642.61
477.02 5 0.024 3 0.019 5 2119.70-*1642.61
485.95 5 0.154 9 0.17 7 1764.79-1278.81
505.55 5 5.0 3 5.0 10 1278.81-*773.30
509.82 17 0.0014 3 D-0.13 10 2152.55-d642.61
510.02 5 0.094 6 D-0.13 10 2194.20-+1684.21'
515.82 5 0.99 6 1.03 19 2020.30-1504.53
518.51 5 0.0008 1 1684.21-*1165.72
520.13 5 0.45 3 0.48 10 2024.59-1504.53'
521.33 7 0.0154 10 1970.50-+1449.16
540.60 5 0.085 5 0.090 7 1819.40-+1278.81
543.08 5 0.131 8 0.14 7 1821.84-1278.81
551.76 22 0.0008 1 2194.20-*1642.61
553.19 5 0.035 2 0.034 7 1970.50-1417.26
558.50 11 0.0052 7 2201.05-1642.61
571.24 5 0.064 4 2020.30-*1449.16
571.32 5 0.38 2 0.43 10 1642.61-1071.42
575.31 5 0.032 2 0.032 8 2024.59-*1449.16
581.26 18 0.0027 4 2223.80-1642.61
584.33 5 55. 3 55.0 14 1357.59-*773.30
590.81 5 0.038 2 0.033 5 2095.16-d504.53'
596.56 5 0.079 5 0.055 10 1642.61-+1046.13
607.36 5 0.17 1 0.17 5 2024.59-1417.26
612.69 5 0.089 5 0.097 6 2117.06-+1504.53
612.86 14 0.0040 4 0.097 6 1970.50-*1357.59
615.25 5 0.081 5 0.084 4 2119.70-+1504.53
625.65 5 0.31 2 0.32 7 1819.40-+1193.78
638.22 11 0.0112 7 0.015 7 1684.21-+1046.13
646.16 7 0.0051 9 2095.16-+1449.16
648.03 6 0.007 1 2152.55-*1504.53
653.89 30 0.00039 9 1819.40-+1165.72
658.34 5 0.050 8 0.055 5 2107.46-1449.16
662.74 11 0.018 1 0.016 4 2020.30-*1357.59
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TABLE 4.3 continued from previous page
E7 L1 exp. 17 NDS

667.11 5 0.26 2 0.27 10 2024.59-1357.59'
667.60 8 0.008 1 <0.26 1833.32-*1165.72
668.05 9 0.013 2 2117.06-*1449.16
670.63 '20 0.0055 9 2119.70-1449.16
675.85 5 0.53 3 0.53 10 1449.16-773.30'
677.72 24 0.0027 5 <0.019 2035.37-+1357.59
690.06 30 0.0006 2 2194.20-1504.53'
691.70 30 0.0016 2 1970.50-1278.81
699.89 29 0.0039 4 0.0063 4 2117.06-+1417.26'
712.25 5 1.12 7 1.1 3 1046.13-333.92
731.27 5 0.34 2 0.35 10 1504.53-*773.30
737.50 5 9.8 6 10.0 19 1071.42-+333.92
737.63 6 0.030 2 2095.16-+1357.59
741.53 5 0.82 5 0.89 10 2020.30-41278.81
748.14 5 5.6 3 5.4 10 1819.40-1071.42'
749.94 5 0.66 4 0.70 10 2107.46--1357.59
750.98 5 2.4 1 2.2 5 1822.29-1071.42
756.56 5 0.109 7 0.12 7 2035.37-*1278.81
759.59 5 0.074 5 0.080 7 2117.06-41357.59
761.92 19 0.0042 5 1833.32-*1071.42
762.11 5 0.027 2 0.029 5 2119.70-*1357.59
773.37 5 0.62 4 0.63 10 1819.40-1046.13'
776.66 16 0.0044 5 0.0073 3 1970.50-+1193.78
787.26 30 0.0006 1 0.0042 3 1833.32-*1046.13
795.07 11 0.0075 5 2152.55-*1357.59
816.43 5 0.046 3 0.051 5 2095.16-1278.81
828.62 5 0.58 4 0.61 19 2107.46-+1278.81
830.89 5 0.49 3 0.55 12 2024.59-1193.78'
831.86 8 0.082 5 0.070 19 1165.72-+333.92
836.65 8 0.29 2 0.32 10 2194.20-+1357.59
838.29 5 0.046 3 0.060 10 2117.06-+1278.81'
859.93 5 0.61 4 0.61 10 1193.78-333.92
869.32 5 1.9 1 1.9 19 1642.61-*773.30
873.88 14 0.0019 2 2152.55-41278.81
899.11 5 1.02 6 0.98 10 1970.50-+1071.42
910.93 5 0.086 5 0.090 10 1684.21-773.30
915.57 7 0.0136 8 0.017 7 2194.20-+1278.81
921.55 24 0.019 2 ' 1255.56-*333.92
922.25 5 0.0098 6 D-0.32 10 2201.05-*1278.81
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E, L exp. L NDS E-E

923.31 5 0.29 2 D-0.32 10 2117.06-1193.78
924.52 22 0.0012 1 1970.50-+1046.13
944.90 6 0.026 3 2223.80-41278.81
953.24 5 0.045 3 0.047 7 2024.59-*1071.42'
958.79 30 0.0016 2 2152.55-+1193.78
978.54 6 0.022 1 0.021 5 2024.59-+1046.13'

1000.29 13 0.0043 4 2194.20-1193.78'
1045.74 5 0.62 4 D-0.95 7 2117.06-d071.42'
1046.06 5 0.37 3 D-0.95 7 1819.40-773.30
1046.10 5 0.103 7 0.092 12 1046.13-40.00
1049.02 5 5.4 8 5.6 19 1822.29-+773.30'
1059.93 16 0.0013 1 1833.32-+773.30
1071.03 5 0.140 9 0.15 10 2117.06-1046.13
1081.25 5 0.047 3 0.030 10 2152.55-1071.42
1083.41 5 0.152 9 0.17 10 1417.26-333.92
1092.72 12 0.0020 2 1833.32-+740.39
1106.55 8 0.0062 4 2152.55-*1046.13
1115.20 6 0.027 2 0.016 6 1449.16-333.92
1122.84 5 0.35 2 0.35 10 2194.20-1071.42
1148.08 22 0.0054 4 2194.20-41046.13'
1165.69 5 0.107 6 0.11 10 1165.72-0.00
1170.53 5 1.32 8 1.4 19 1504.53-*333.92
1193.75 5 0.83 5 0.83 3 1193.78-0.00
1197.03 5 1.16 7 1.2 4 1970.50-4773.30'
1246.90 5 2.0 1 2.0 5 2020.30-773.30
1251.13 5 0.18 1 0.17 10 2024.59-4773.30'
1262.04 5 0.44 3 0.48 10 2035.37-773.30'
1308.60 5 0.91 5 0.93 19 1642.61-+333.92
1321.83 5 0.17 1 0.18 10 2095.16-773.30'
1324.35 10 0.0037 7 1658.32-+333.92
1333.99 5 0.43 3 0.43 10 2107.46-*773.30'
1343.70 5 2.5 2 2.7 7 2117.06-773.30'
1346.32 14 0.057 5 0.030 7 2119.70-773.30'
1350.21 5 0.18 1 0.18 10 1684.21-*333.92'
1379.12 5 0.039 3 0.041 5 2152.55-773.30'
1420.88 8 0.0083 6 0.0073 3 2194.20-*773.30'
1427.64 41 0.0005 1 2201.05-773.30
1450.27 40 0.0019 3 2223.80-*773.30'
1485.44 5 2.0 1 2.0 8 1819.40-333.92
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1488.30 6 0.044 3 1822.29333.92'
1499.40 6 0.0129 9 0.041 19 1833.32+333.92
1636.59 5 0.78 5 0.75 10 1970.50333.92
1690.77 7 0.111 7 0.16 5 2024.59*333.92'
1709.61 53 0.0008 1 0.00060 19 2043.66*333.92
1783.38 6 0.129 9 0.11 3 2117.06-333.92
1818.86 5 0.0046 3 0.0040 5 2152.55*333.92
1833.59 1f 0.0037 3 0.0027 5 1833.32+0.00
1860.33 65 0.0008 1 2194.20333.92

4.2. Angular correlation information

First the areas and uncertainties of the five different angle matrices were

found as described in Section 3.6. A fit was then made to these five data points

in MathCad f31j, using the functional form of a second and fourth degree Legendre

polynomial plus an offset. The two coefficients of the Legendre polynomial were then

corrected for the angular size of the detectors. The angular correlation coefficients

were determined for various cascades that contained sufficiently intense 'y-rays in

the three experiments.

Another correction to angular correlation measurements that is sometimes

required originates from the interaction of an oriented state with external electro-

magnetic fields (such as the field originating from the chemical environment). This

interaction can result in a diminishing of the observed anisotropy. This effect, how-

ever, is usually negligible for excited states with lifetimes of less than about 100 Ps.

[5]. Because the longest measured lifetime in '50Sm is 70 Ps [19], this correction was

not necessary.



E13J

TABLE 4.4. Unpiaced 'y-ray transitions. The transition energy is given in keV and
the relative intensities (normalized to 100.0 for the 333.92 keV transition in each
experiment) for the strongest of these are in parenthesis. Transitions are ordered
first by intensity, then placed in order of energy for 'y's where no intensity has been
assigned. The intensity of many of these transitions could not be determined because
they were seen in coincidence spectra (all with I 0.01). Many of these possible
'y-rays were on the detection limit and are questionable.

'50Pm

590.9 (0.073), 2880.8 (0.037), 536.1 (0.035), 2069.7 (0.031), 2065.3 (0.028),

2364.9 (0.023), 1819.6 (0.021), 418.0 (0.020), 1908.8 (0.016), 2018.6 (0.015),

1801.3 (0.014), 2384.8 (0.012), 472.9 (0.011), 1442.9 (0.011), 1860.1 (0.010),

2158.3 (0.010), 2415.2 (0.010), 2815.5 (0.007), 2932.5 (0.006), 2942.0 (0.003),

3216.7 (0.003), 3297.0 (0.002), 240.3, 245.3, 287.1, 340.1, 895.9, 1103.9, 1388.1,

1475.2, 1485.1, 1620.8, 1624.3, 1910.3, 1985.4, 2052.8, 2088.2, 2092.4, 2098.6,

2136.8, 2146.5, 2204.1, 2221.4, 2237.4, 2315.7, 2538.3, 2547.6, 2832.8, 2959.3,

2974.8, 3001.1, 3236.6

I5OmEu

354.6 (0.016), 1255.2 (0.012), 281.6 (0.011)
150g

878.4 (0.012), 429.36 (0.011), 479.1 (0.010), 876.8 (0.005), 1688.7 (0.005),

1233.1 (0.004), 1363.6 (0.004), 1632.2 (0.004), 1729.7 (0.001), 379.4, 746.0,

760.8, 812.0, 877.8, 917.8, 955.1, 1016.4, 1020.5, 1084.8, 1264.4, 1715.4, 1741.3,

1754.6, 1815.6, 1919.5, 1921.8, 1924.8, 1927.8



4.2.1. Finite detector size

The angular correlation coefficients were corrected for detector size. Most

angular correlation measurements have been made by varying the angle between a

single pair of detectors. However, in the 8ir detector array, there are many different

detectors that form particular fixed angles. As an approximation, each detector pair

was considered to be identical. In this way, the same correction technique developed

in literature could be used. The actual crystal sizes do vary slightly from detector

to detector, however this difference is small enough to not significantly impact the

correction factor.

To determine the correction factor, Q, it was necessary to compute the in-

tegral given in Equation 2.15. This integral was computed using a Monte Carlo

technique. As part of this technique, the probability of radiation being fully ab-

sorbed by the detector was determined. This was accomplished by simulating a

large number of photons interactions with the germanium crystal (as a function of

initial angle and energy.) The Monte Carlo simulation that was developed accounted

for photoelectric absorbtion and Compton scattering. (The cross section of pair-

production is non-zero above 1022 keV and at higher energies becomes important.

However, for the range of energies measured, and in light of other approximations

made, pair-production was not included in the absorbtion probability.)

The probability of a photoelectric event or Compton scattering event occur-

ring are dictated by their cross sections. Cross sections for the photoelectric effect

and Compton scattering were based on data from the XCOM program developed

by NIST [7J. A log-log plot of the energy and cross section was made for both the

photoelectric cross section and Compton scattering cross section, and a fourth order

polynomial fit was made. The cross sections were then calculated using these fits.



The Carson method was used to determine the energy of a photon after a Comp-

ton scattering event [32]. (The Carson method is an accurate fit to the inverted

probability distribution.)

Different simulations were run for the LBNL and TRIUMF configuration

of detectors, over a variety of energies. The energy dependence of the correction

factor could be neglected because it is relatively insensitive to range of energies

in this experiment (from around 100 keV - 2 MeV). The correction factors were

determined to be Q22 = 0.98 and = 0.94 for the LBNL experiment. Moving the

detectors closer increased the "smearing out" effect. For the TRIUMF configuration

the angular correction factors were found to be Q22 = 0.96 and Q = 0.89. These

correction factors include both detectors, i.e. Q22 = Q2('yl)Q2('y2).

4.2.2. Angular intensity determination

Just as in the coincidence spectra, a slicing code projected a coincidence

spectrum. A background was removed from this spectrum by subtracting slices

from energies just above or below the gated peak. Spectra were generated from

each of the five different angle matrices, and peak areas determined using GF3.

4.2.3. Uncertainty in angular intensity

It was straightforward to determine the coincidence intensity at a particular

angle using the method of combining many different detector pairs. However, as it

turns out, the uncertainty in this intensity was not as easy to determine. The area

from the spectrum peak was made up of many different contributions from different

detector pairs, each of which had its own uncertainty in efficiency. For the l5OmEu

and 150Pm experiments, a rigorous approach of tracing through the uncertainties



was followed. This technique, however, included several necessary assumptions.

This method included small corrections to the uncertainty that were probably over-

shadowed by systematic errors. For the '5O an approximate technique was used

that relied on combining an estimated statistical and systematic uncertainty. This

method incorporated a measure of systematic errors by examining the slight differ-

ences in intensities of peaks coming from the 42° and 138° slices, and between peaks

from the 71° and 1100 slices, which should have identical intensity.

Both the rigorous statistical treatment and approximate treatment of Un-

certainties were designed to provide an estimate of the uncertainty. The rigorous

technique required considerable effort to work through for each peak in each gate,

and perhaps included too careful a calculation based on assumptions which were

probably only approximately true. The second technique was considerably less

labor intensive, but perhaps slightly overestimates errors for very high statistics

measurements.

Confidence was gained in both of these means of estimation when the re-

sulting angular correlation coefficients and their uncertainties were found to agree

well within their uncertainties both to values that have been previous measured and

those that can be theoretically calculated.

4.2.4. Spin determination

The angular correlation coefficients were used to help determine the spin

of nuclear levels. Often a cascade of 'y-rays originated from a level of unknown or

questioned spin (for example X-2-0). A plot was made of each of the various possible

a2 and a4 values that correspond to the possible spin values (in the X-2-0 example,

possible values X = 0, 1, 2, 3, or 4 assuming dipole or quadrupole radiation.)



Figure 4.2 shows an example plot of possible a2 and a4 values. Of particular

note is the unique fingerprint of 0-2-0 angular correlation coefficients (which is off-

scale in Figure 4.2). There are no other spin sequences that are anywhere close to

these values, making angular correlation a powerful tool for finding spin 0 states.

In many cases the angular correlation coefficients only limited the possible

spin values, especially in weak transitions. However, in examining several different

'y-ray transitions from the same level, a unique spin was often able to be determined.

a2

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

2-2-0

0.50

I-.P.4;1

0 .

-0.25

-0.50

FIGURE 4.2. Determining spin from a2 and a4 values. The possible values of
angular correlation coefficient values for 1-2-0, 2-2-0, 3-2-0, and 4-2-0 are shown in
the plot above. The spin sequences 1-2-0, 2-2-0 and 3-2-0 trace out circles of possible
values (with different ö values). The sequence 4-2-0 has a single value of a2 = 0.102
and a4 = 0.009, and is indicated with a single dot. The sequence 0-2-0 is off-scale
with a single allowed value at a2=0.357 and a4=1.143. From the data for a 1171-334
cascade, the 1504 keV level is shown to be uniquely spin 3. Measuring the a2 and
a4 values in the 712-334 cascade indicates that 1046 keV level is spin 2.



4.2.5. Determination of the mixing ratio

From the angular correlation coefficients and known spins of levels, the mul-

tipole mixing ratio 6 was determined. This was accomplished using a x2 minimiza-

tion technique, as well as graphically confirming all calculations. An example plot

is shown in Figure 4.3.

C,,

0.6

a2 theory (-s)

II

a4exp \
- = = = == =

0.2 / \II
---

C,

/ II

a4 theory I I

).2

a2 theory (+ö)
).4

II

exp 611

I I

'-'.0

0.01 0.1 1 JO

FIGURE 4.3. Determining 5 from a2 and a2. Experimental a2 and a2 values for the
712-334 keV (2-2-0) are indicated with their uncertainties shown with a dashed line.
The S value is found by locating where both the experimental value of a2 crosses
the a2 theory line (note there is a theory line for a positive S value and negative 6
value in the above plot) and where the experimental a2 crosses the a2 theory line.
In this case a 6 value of -4.53(32) was found and indicated by a vertical line.
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4.2.6. Experimental angular correlation coefficients for '50Sm

Many of the various possible angular correlation cascades were studied. The

main limitation was the intensity of the 'y-rays involved in the cascade. In Tables

4.5-4.6 the spins of levels were deduced from the combination of angular correlation

coefficients as well as the observed 'y-ray transitions (see Section 4.4 for more details

on the determination of Jr). The multipole mixing ratio is given for transitions that

have a combination of dipole and quadrupole character. In a few cases, there was

more than one possible 8-value allowed.

TABLE 4.5. '50Pm angular correlation. The angular cor-
relation coefficients a2 and a4 are listed along with mix-
ing ratios for most transitions that could have a mixture
of dipole and quadrupole character. These sequences of
transitions are ordered in energy by 'Y2, and then by J.

J(M)J(M)J a2 a4 8

407-334 0(E2)2(E2)0 0.336 21 1.116 30
922-334 0(E2)2(E2)0 0.307 21 1.128 34

1269-334 0(E2)2(E2)O 0.227 90 0.92 14

1453-334 0(E2)2(E2)O -0.025 82 1.13 12
832-334 1(E1 + M2)2(E2)0 -0.243 6 0.004 8 -0.0075 62

1379-334 1(E1 + M2)2(E2)0 -0.233 11 0.006 14 -0.016 11
1630-334 1(El + M2)2(E2)0 -0.227 20 -0.030 27 -0.016 20
1926-334 1(E1 + M2)2(E2)0 -0.327 36 -0.004 46 0.071 71
2174-334 1()(E1 + M2)2(E2)0 -0.424 81 -0.03 10 -0.73 9
2217-334 1(E1 + M2)2(E2)O 0.175 44 -0.192 60 -0.39 5
1324-334 2(E1 + M2)2(E2)0 0.229 8 0.010 12 0.027 3
1736-334 2(E1 + M2)2(E2)0 0.244 11 -0.016 17 0.009 9
2033-334 2(E1 + M2)2(E2)0 0.241 23 -0.001 33 0.012 12

712-334 2(M1 + E2)2(E2)0 0.096 9 0.308 13 -4.39 27
860-334 2(M1 + E2)2(E2)0 -0.294 9 0.270 12 2.17 19

1083-334 2(M1 + E2)2(E2)0 -0.230 40 0.426 55 >14.61

1670-334 2(M1 + E2)2(E2)O 0.269 71 0.07 10 -0.032 12
738-334 3(E1 + M2)2(E2)0 -0.082 11 0.013 14 -0.011 15

1350-334 3(E1 + M2)2(E2)0 -0.021 64 0.090 90 0.073 96
Continued on next page



.r.]

TABLE 4.5 continued from previous page
J(M)J(M)J a2 a4

1171-334 3(Ml + E2)2(E2)0 -0.123 16 -0.074 21 10.0 16
439-334 4(E2)2(E2)0 0.136 150.036 22
843-346 1(E1 + M2)2(El)3- 0.052 31 -0.032 42 -0.01 16
654-346 2(E1 + M2)2(E1)3 -0.078 34 -0.049 46 -0.3 21

273-439 2(E2)4(E2)2 0.259 69 0.199 95
420-439 2(E2)4(E2)2 0.257 51 0.099 73
298-439 3(E1 + M2)4(E2)2 -0.105 32 -0.049 43 -0.034 42
911-439 3(E1 + M2)4(E2)2 -0.257 93 0.09 12 0.11 12
731-439 3(M1 + E2)4(E2)2 -0.114 31 -0.167 41 6.5 14
209-712 0(E2)2(95%E2)2 -0.279 44 0.149 58
667-712 1(E1 + M2)2(95%E2)2 0.126 49 -0.041 69 -0.046 46
917-712 1(E1 + M2)2(95%E2)2 0.174 29 0.026 41 0.01 43

1214-712 1(E1 + M2)2(95%E2)2 0.141 23 0.006 32 -0.014 36
612-712 2(E1 + M2)2(95%E2)2 -0.123 18 -0.045 25 0.056 56

1024-712 2(E1 + M2)2(95%E2)2 -0.168 24 -0.024 32 -0.012 12
371-712 2(M1 + E2)2(95%E2)2 -0.182 58 0.186 78 -2.1 6

1767-712 (2+)(E2)2+(95%E2)2+ -0.114 71 0.001 99
1180-712 3(E1 + M2)2(95%E2)2 -0.115 97 -0.08 12 1.5 17
587-738 2(M1 + E2)3(E1)2 0.186 15 0.009 22 0.052 5
999-738 2(M1 + E2)3(E1)2 0.40 10 0.11 15 0.78 48

1296-738 2(M1 + E2)3(E1)2 0.34 10 0.03 14 1.28 98
346-738 2(E1 + M2)3(E1)2 0.116 22 0.069 31 -0.005 35

1916-738 (2)(E1 + M2)3(E1)2 0.20 11 -0.12 15 0.1 10
437-832 0(E1)1(E1)2 0.014 75-0.08 10
621-832 0(El)1(E1)2 0.024 73-0.09 10
905-832 2(M1 + E2)1(E1)2 0.052 34 -0.015 46 too weak
252-832 2(E1 + M2)1(E1)2 -0.025 44 -0.022 60 too weak

1214-1046 1(E1 + M2)2(E2)0 -0.201 86 -0.09 11 -0.032 83

612-1046 2(E1 + M2)2(E2)0 0.487 80 -0.18 11 -0.29 19
1024-1046 2(E1 + M2)2(E2)0 0.15 10 0.04 14 0.13 13

437-1166 0(E1)1(E1)0 0.563 74 -0.10 10
621-1166 0(E1)1(E1)0 0.593 77 -0.06 Ii
493-1166 2(M1 + E2)P(E1)0 0.505 43 0.052 64 -1.3 10
905-1166 2(M1 + E2)1(E1)0 0.210 33 -0.047 45 -0.23 2
252-1166 2(E1 + M2)1(E1)0 0.039 44 -0.034 60 0.021 74

628-1166 2(E1 + M2)1(E1)0 0.17 14 -0.15 20 too weak
1728-1166 2(E1 + M2)1(E1)0 0.318 78 0.18 10 too weak
1437-1166 (3j(E2)1(E1)0 0.486 76 0.16 10
1066-1194 1(E1 + M2)2(E2)0 -0.253 47 0.121 63 -0.01 5

Continued on next page



TABLE 4.5 continued from previous page
J(M)J(M)J a2 a4 6

876-1194 2(E1 + M2)2(E2)0 0.264 13 -0.035 19 -0.017 17

TABLE 4.6. l5omEu angular correlation

J(M)J(M)Y a2 a4 6

740 407-334 0(E2)2(E2)0 0.338 16 1.098 28
1255 922-334 0(E2)2(E2)0 0.343 16 1.114 28

1603 1269-334 0(E2)2(E2)0 0.320 44 1.176 70
1786 1453-334 0(E2)2(E2)0 0.275 46 1.027 72

1166 832-334 1(E1 + M2)2(E2)0 -0.244 110.002 14 -0.005 5
1963 1630-334 1(E1 + M2)2(E2)0 -0.251 20 -0.025 26 -0.390 6
1658 1324-334 2(E1 + M2)2(E2)0 0.249 98 0.04 14 0.00 14

1046 712-334 2(M1 + E2)2(E2)0 0.092 14 0.296 21 -4.45 43
1194 860-334 2(M1 + E2)2(E2)0 -0.220 31 0.308 42 4.3 16

1417 1083-334 2(M1 + E2)2(E2)0 0.023 68 0.237 95 >7.5
1071 738-334 3(E1 + M2)2(E2)0 -0.065 63 -0.045 78 -0.006 60
1255 209-712 0(E2)2(95%E2)2 -0.153 18 0.440 24
1603 557-712 0(E2)2(95%E2)2 -0.251 77 0.44 10
1963 917-712 1(E1 + M2)2(95%E2)2 0.46 10 -0.014 33 -0.53 11
1603 437-832 0(E1)1(E1)2 -0.01 10 -0.040 49
1786 621-832 0(E1)1(E1)2 -0.040 49 -0.057 55
1417 251-832 2(E1 + M2)1(E1)2 -0.014 33 -0.01 10 too weak

1255 209-1046 0(E2)2(E2)0 0.240 80 1.14 13
1603 437-1166 0(E1)1(E1)0 0.534 23 0.067 33
1786 621-1166 0(E1)1(E1)0 0.458 39 0.065 57
1417 252-1166 2(E1 + M2)1(E1)0 0.181 78 -0.15 10 -0.16 13

TABLE 4.7. 150Eu angular correlation

J(M)J(M)J a2 a4 6

748-298 4(E1+M2)3(E1)4 0.013 11 -0.010 14 0.047 47
6.2 34

516-311 5(E2)3(M1+E2)2 0.150 35 0.010 46 2.2 14
712-334 2(M1+E2)2(E2)0 0.099 8 0.315 10 -4.38 23

Continued on next page



TABLE 4.7 continued from previous page
a2 a4

860-334 2(M1+E2)2(E2)0 -0.277 9 0.278 12 2.58 20

1083-334 2(M1+E2)2(E2)0 -0.088 21 0.361 31 > 101

1500-334 2(Ml+E2)2(E2)0 0.375 76 0.11 11 -1.27 55

-0.223 2.2

738-334 3(E1+M2)2(E2)0 -0.069 6 0.001 7 0.004 8
1350-334 3(E1+M2)2(E2)0 -0.088 19 -0.002 26 -0.021 21

1171-334 3(M1+E2)2(E2)O -0.124 8 -0.082 9 9.8 10
439-334 4(E2)2(E2)0 0.106 6 0.010 7

1115-334 4(E2)2(E2)O 0.15 14 -0.20 22

1309-334 4(E2)2(E2)0 0.098 9 0.009 11
1485-334 4(E2)2(E2)0 0.105 7 0.008 9
1637-334 4(E2)2(E2)0 0.100 10 0.015 13

1691-334 4(E2)2(E2)0 0.105 21 -0.015 30
1783-334 4(E2)2+(E2)0 0.098 20 0.028 29

298-439 3(E1+M2)4(E2)2 -0.148 9 -0.001 10 0.009 11
911-439 3(E1+M2)4(E2)2 -0.154 22 -0.014 30 0.019 29

731-439 3(M1+E2)4(E2)2 -0.129 11 -0.199 15 5.49 .42

1049-439 4(E1+M2)4(E2)2 0.194 6 0.000 8 0.007 14

676-439 4(E2)4(E2)2 0.140 10 0.110 13 -1.33 81

869-439 4(E2)4(E2)2 -0.176 7 0.137 8 3.06 74
1046-439 4(E2)4(E2)2 0.018 11 0.034 15 0.487 49

1197-439 4(E2)4(E2)2 0.166 8 0.012 11 0.088 28
1251-439 4(E2)4(E2)2 -0.173 14 0.134 18 3.2 22

1344-439 4(E2)4(E2)2 0.227 7 0.053 10 -0.747 61
1379-439 4(E2)4(E2)2 0.253 34 0.062 51 -0.613 61
1262-439 5(E1+M2)4(E2)2 -0.080 11 0.013 15 -0.008 16

584-439 5(E1+M2)4(E2)2 -0.070 6 0.000 6 0.002 3
1247-439 5(M1+E2)4(E2)2 -0.006 7 -0.060 9 5.51 55
1322-439 5(M1+E2)4(E2)2 -0.405 17 -0.059 21 -1.72 24

506-439 6(E2)4(E2)2 0.106 6 0.014 7
1334-439 6(E2)4(E2)2 0.102 10 0.007 13

539-506 4(E2)6(E2)4 0.174 18 0.059 25

838-506 4(E2)6(E2)4 0.158 20 -0.001 29

916-506 4(E2)6(E2)4 0.142 44 0.078 65

757-506 5(E1+M2)6(E2)4 -0.119 17 -0.021 24 0.012 26

742-506 5(M1+E2)6(E2)4 -0.143 8 -0.092 10 5.91 43

816-506 5(M1+E2)6(E2)4 -0.245 20 -0.118 26 2.95 34

543-506 6(M1+E2)6(E2)4 0.177 15 0.041 21 -0.65 19

829-506 6(M1+E2)6(E2)4 -0.118 9 0.091 12 1.62 26
Continued on next page
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TABLE 4.7 continued from previous page
J(M)J(M)J a2 a4 6

922-506 6(M1+E2)6(E2)4 -0.134 46 0.011 63 0.8< 6 <5
485-506 7(E1+M2)6(E2)4 -0.084 13 -0.007 17 -0.022 22
285-584 4(E1+M2)5(E1)4 0.100 22 -0.016 31 0.02 2

5.6 19
461-584 4(E1+M2)5(E1)4 0.092 8 -0.012 10 0.005 5

6.13 66
759-584 4(E1+M2)5(E1)4 0.103 23 -0.049 33 0.017 47

5.7 21
762-584 4(E1+M2)5(E1)4 0.149 39 -0.107 55 0.087 84

4.0 20
836-584 4(E1+M2)5(E1)4 0.082 12 0.013 17 0.005 25

6.6 13
667-584 4(E1+M2)5(E1)4 0.085 12 0.014 17 0.01 2

6.3 12
662-584 5(E1+M2)5(E1)4 -0.123 38 -0.047 53 0.01 .40

465-584 6(E1+M2)5(E1)4 0.118 10 -0.006 14
749-584 6(E1+M2)5(E1)4 0.060 9 -0.008 12 -0.019 22
370-676 4(M1+E2)4(64% E2)4 0.041 23 0.112 33 0.82 13

-4.7 14

521-676 4(M1-i-E2)4(64% E2)4 -0.093 54 0.116 76 -1.47 72
575-676 4(M1+E2)4(64% E2)4 -0.211 30 0.142 42 -0.80 8
571-676 5(M1+E2)4(64% E2)4 0.267 26 -0.063 38 -2.54 67
372-676 6(E2)4(M1+E2)4 -0.087 14 0.018 18 -1.8 30
458-712 3(M1+E2)2(75% E2)2 0.092 28 -0.042 40 > 10

-0.09 7
403-712 4(E2)2(M1+E2)2 -5.0 29
597-712 4(E2)2(M1+E2)2 -0.070 24 0.026 33 -3.9 69
773-712 4(E2)2(M1+E2)2 -0.075 10 0.000 13 -3.0 12
979-712 4(E2)2(75% E2)2 -0.074 52 -0.110 71

1071-712 4(E2)2(M1+E2)2 -0.074 21 0.060 29 -3.9 25
516-730 5(E2)3(M1+E2)4 -0.111 14 0.013 18 -0.097 43

-2.87 35
346-738 2(E1+M2)3(E1)2 0.131 10 -0.003 13 0.015 15

3.79 28
751-738 4(M1+E2)3(E1)2 0.246 7 0.003 9 -0.45 5

-3.14 24
571-738 4(E1+M2)3(E1)2 0.041 13 0.014 17 0.014 29

7.8 22
748-738 4(E1+M2)3(E1)2 0.055 7 0.005 8 -0.014 14

Continued on next page
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TABLE 4.7 continued from previous page
J(M)J(M)J a2 a4 6

9.9 18
899-738 4(E1+M2)3(E1)2 0.059 9 -0.007 12 -0.015 15

10.0 26
953-738 4(E1+M2)3(E1)2 0.058 40 -0.044 56 0.039 39

95
1081-738 4(E1+M2)3(E1)2 0.058 41 0.013 59 -0.019 19

1123-738 4(E1+M2)3(E1)2 0.063 14 -0.012 20 -0.022 32
10.8 11

286-738 5(E2)3(E1)2 -0.086 13 0.018 17
205-748 4(M1+E2)4(E1)3 -0.114 49 0.071 69 0.44 25

-2.4 24
311-860 3(M1+E2)2(87% E2)2 0.067 50 0.020 71 0.3 29
449-860 4(E2)2(M1+E2)2 0.057 18 -0.004 25 2.75 63

-0.07 7
626-860 4(E2)2(M1+E2)2 0.077 19 -0.013 26 2.13 67

0.20 20
831-860 4(E2)2(M1+E2)2 0.070 17 0.022 24 2.22 47

0.004 90
922-860 4(E2)2(M1+E2)2 0.039 21 0.024 30 3.5 38
382-869 4(M1+E2)4(90% E2)4 0.006 22 0.200 31 > 2j

475-869 4(M1+E2)4(90% E2)4 0.037 19 0.007 26 -0.27 21
477-869 4(M1+E2)4(90% E2)4 -0.080 45 -0.009 62 0.13 13

403-1083 4(E2)2(M1+E2)2 -0.019 18 0.036 25 > 10

607-1083 4(E2)2(M1+E2)2 -0.028 41 0.046 58 > 8

315-1171 4(E2)3(99% E2)2 -0.174 59 0.061 82 -0.3 16
>5

516-1171 4(E2)3(99% E2)2 0.053 9 -0.010 12 0.225 22
519-1171 4(E2)3(99% E2)2 0.042 11 0.078 15 3.05 30
613-1171 4(E2)3(99% E2)2 0.048 25 0.052 36 2.89 83

0.25 9

615-1171 4(E2)3(99% E2)2 -0.034 26 0.004 36 0.024 24
311-1194 3(M1+E2)2(E2)0 0.056 46 -0.109 64 2.93 80
449-1194 4(E2)2(E2)0 0.104 19 0.032 28
626-1194 4(E2)2(E2)0 0.099 20 -0.045 28
832-1194 4(E2)2(E2)0 0.085 17 0.030 24
922-1194 4(E2)2(E2)0 0.097 22 0.028 32
382-1309 4(M1+E2)4(E2)2 -0.210 32 0.110 43 2.16 68
475-1309 4(M1+E2)4(E2)2 0.253 31 0.018 45 -0.34 16
378-1309 5(M1+E2)4(E2)2 0.077 34 -0.072 49 3.12 58

Continued on next page
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TABLE 4.7 continued from previous page
J(M)J(M)J a2 a4

646-1309
205-1486

6(E2)4(E2)2
4(M1+E2)4(E2)2

0.119 26
0.238 93

0.055 37

-0.23 13

3.12 58

2.5 19

4.3. Relative 7-ray intensities

The relative intensities of de-excitation of 7-rays from a given nuclear level

are the same no matter how they are populated. The three experiments can be

compared by normalizing to the strongest 7-ray emitted from each level. The results

are listed in Table 4.8.

TABLE 4.8. Relative intensities of 7-rays below 2.5 MeV.
Intensities for each of the three experiments are normal-
ized to the strongest transition.

Level Transition '50Pm I5OmEu

0

333.92 2 333.91 100. 100. 100.

740.39 4 406.49 100. 100. 100.

773.3 4 439.37 100. 100. 100.

1046.13 5 1046.07 8.9 9 8.2 7 9.2 6
712.21 100. 10 100. 8 100. 6
305.70 3.2 3 3.6 4 3.3 2
272.82 0.96 10 0.96 8 0.96 8

1071.42 5 737.47 100. 10 100. 18 100. 6

298.05 6.6 7 6.7 4

1165.72 4 1165.69 100. 10 100. 8 100. 6

831.81 75. 8 77. 6 77. 5

Continued on next page
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TABLE 4.8 continued from previous page
Level Transition '50Pm l5omEu

425.27 3.3 3 3.8 3 3.7 2
120.35 0.04 1

1193.78 4 1193.77 100. 10 100. 8 100. 6
859.88 71. 7 75. 6 74. 4

453.40 2.9 3 4.2 5 3.1 2
420.41 1.8 2 1.4 2 1.6 2
148.18 0.12 5

1255.56 5 921.54 100. 10 100. 8 100. 13

209.44 9.3 10 10.4 9
90.10 8. 4 2.0 10

1278.81 5 505.55 100. 6

1357.59 5 584.33 100. 6
286.25 0.46 3

78.70 0.19 1

1417.26 5 1417.06 1.2 9
1083.39 35. 4 38. 3 35. 2

371.19 18. 2 19. 2 16.0 10
345.88 100. 10 100. 8 100. 6
251.66 42. .4 38. 5 41. 2
223.70 1.3 .4

2.0 10 1.3 1

162.08 1.0 3 1.7 1

1449.16 5 1115.20 5.1 3
675.85 100. 6
402.95 59. 4

377.80 3.1 2
255.29 0.77 7

1504.53 5 1170.57 100. 10 100. 6
731.27 28. 3 25. 2
458.44 3.9 4 3.7 2
433.15 0.033 4

310.73 2.9 5 2.3 1

Continued on next page
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TABLE 4.8 continued from previous page
Level Transition '50Pm l5OmEU 15ogEu

1603.24 5 1269.25 43. 5 40. 3
557.15 8. 1 11. 1

437.43 100. 10 100. 8
409.58 6. 2 2.6 6

1642.61 5 1308.60 48. 3
869.32 100. 6
596.56 4.2 3
571.32 20. 1

448.79 13.3 8
363.65 0.09 1

285.06 9.1 6
225.48 0.24 2
137.96 0.03 1

1658.32 5 1658.22 0.20 2
1324.40 100. 10 100. 11 100. 20
612.30 6.1 6
586.66 8.6 9 8. 2
492.69 2.5 3
464.54 0.30
241.18 0.030 6
153.88 0.05 1

1684.21 5 1350.14 100. 10 100. 33 100. 6
910.91 54. 6 48. 3
638.22 6.2
518.51 0.47 6

1713.24 5 1713.25 13. 1

1379.23 100. 10 100. 36
972.77 3.7 4

667.19 6.0 6 40.
547.59 1.1 1

1764.79 10 485.95 100. 6
407.22 5.2 5

1786.47 10 1452.56 30. 30. 3
Continued on next page



TABLE 4.8 continued from previous page
Level Transition '50Pm l5omEu '50Eu

740.27 2.5 4
620.70 100. 11 100. 8
592.47 0.9 2
369.02 8.6 9

1793.98 10 1794.03 42. 8

1460.09 50. 10
1053.33 100. 12 100. 40
747.94 70. 11 90. 25
722.85 66. 9 28. 8

628.34 130. 20
600.01 50. 14 30. 10

1819.40 5 1485.44 36. 2
1046.06 6.6 5
773.37 11.1 7
748.14 100. 6
653.89 0.007 2
625.65 5.6 3
540.60 1.52 9
461.77 14.5 9
402.25 11.3 7
370.25 0.89 5
314.91 0.37 2
135.20 0.132 9

1821.84 10 543.08 70. 4

464.15 85. 8

372.68 100. 6

1822.29 10 1488.30 0.82 5
1048.94 100. 10 100. 6
750.98 43. 3
317.78 0.063 6
164.10 0.22 2

1833.32 10 1833.66 46. 6 29. 2
1499.50 100. 16 100. 7
1092.72 15. 1

Continued on next page
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TABLE 4.8 continued from previous page
Level Transition '50Prn l5omEu

1059.95 15. 3 10. 1

787.26 5.0 1

762.01 42. 5 32. 4

667.60 34. 15 60. 4

1926.49 10 1153.49 19. 3
855.09 100. 10
760.81 70. 10
242.26 5.1 7

1950.72 10 1616.31 7. 1

1177.41 100. 11

1963.55 10 1963.67 63. 6 56. 4

1629.66 29. 3 27.
1223.02 100. 10 100. 8
917.41 23. 2 22. 2
892.07 1.3 2 1.4 1

797.69 0.23 4

769.70 0.7 2 0.83 10
707.71 0.6 1 0.45 9
546.09 0.50 5

360.38 1.2 1 0.93 9
305.20 0.16 3
279.19 0.14 4 0.06 2
250.54 0.06 1

176.75 0.07 1

1970.5 10 1636.59 67. 4

1197.03 100. 6
924.52 0.10 1

899.11 88. 5

776.66 0.38 4

691.70 0.13 2
612.86 0.35 3

553.19 3.1 2
521.33 1.33 9
465.92 0.36 3

286.29 0.07 .1

Continued on next page



TABLE 4.8 continued from previous page
Level Transition '50Pm l5Om11 '50Eu

2004.4 20 2004.32 4. 1

1670.51 100. 11
1263.92 14. 2

2020.3 10 1246.90 100. 6
741.53 42. 3
662.74 0.94 6
571.24 3.3 2
515.82 51. 3
377.67 5.3 3

2024.59 10 1690.77 23. 1

1251.13 37. 2
978.54 4.5 3
953.24 9.1 6
830.89 100. 6
667.11 54. 3
607.36 35. 2
575.31 6.6 4

520.13 92. 6
381.91 23. 1

340.31 25. 2
205.24 7.9 5
202.24 0.40 4

191.16 0.22 2

2035.37 10 1262.04 100. 6
756.56 25. 1

677.72 0.6 1

392.62 0.69 9
351.18 0.20 3

2043.66 20 1709.61 100. 1

2070.19 10 1736.34 82. 8 80. 12
1024.18 10. 1 21. 12
998.76 0.69 8
904.49 12. 1

Continued on next page



TABLE 4.8 continued from previous page
Level Transition '50Pm l5UmEu '50Eu

876.40 100. 10 100. 19
652.92 4.8 5
565.69 19. 2
411.76 0.8 1

385.93 0.052 8
356.99 0.20 S
276.44 1.4 1

237.23 0.47 5

2095.16 10 1321.83 100. 6
816.43 27. 2
737.63 17. 1

646.16 2.9 5
590.81 22. 1

452.49 1.6 3
275.71 4.9 6
272.78 17. 2

2107.46 10 1333.99 65. 4

828.62 88. 5
749.94 100. 6
658.34 8. 1

464.79 35. 2
342.57 33. 2
285.52 0.3 2

2117.06 10 1783.38 5.1 4

1343.70 100. 6
1071.03 5.6 3
1045.74 25. 2
923.31 11.5 7
838.29 1.8 1

759.59 3.0 2
699.89 0.16 2
668.05 0.50 8
612.69 3.5 2
474.52 5.8 3
432.87 0.25 2
295.24 0.07 4

Continued on next page
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TABLE 4.8 continued from previous page
Level Transition 150Pm l5omEu

283.81 1.4 1

146.64 0.10 2

2119.7 10 1346.32 70. 6
762.11 33. 2
670.63 7. 1

615.25 100. 6
477.02 30. 3
461.35 22. 2
435.31 0.7 1

2152.55 10 1818.86 9.7 7
1379.12 83. 5
1106.55 13.2 9
1081.25 100. 7
958.79 3.3 4

873.88 4.0 3
795.07 16. 1

648.03 15. 1

509.82 3.1 5

468.23 7.4 9

2194.2 10 1860.33 0.24 3
1420.88 2.4 2
1148.08 1.6 1

1122.84 100. 6
1000.29 1.2 1

915.57 3.9 2
836.65 85. 5

690.06 0.17 3
551.76 0.24 3
510.02 27. .2

374.64 0.7 1

360.87 0.50 5

223.93 0.35 3
158.95 0.5 1

2201.05 10 1427.64 5. 1

922.25 100. 6
Continued on next page
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TABLE 4.8 continued from previous page
Level Transition '50Pm 150Eu '50Eu

558.50 53. 7
436.35 45. 3

2223.8 10 1450.27 7.

944.90 100. 7
581.26 10.

2226.47 10 1180.24 100. 11
1061.08 11. 5

1032.69 25. 5

2259.84 10 2259.80 7.3 7
1925.98 24. 3
1519.36 29. 3
1213.62 100. 10
1188.51 1.1 2
1093.93 3.3 6
1065.89 45. 5

1004.22 90. 9
842.51 48. 5

656.72 1.0 2
546.53 0.25 6
426.32 0.96 10

2367.4 20 2033.49 100. 10
1296.03 6.5 7
1201.74 3.0 7
1173.64 8. 1

709.15 2.8 7
683.08 0.7 1

545.18 1.9
362.97 0.3 2

2459.44 20 2459.36 70. 10
1413.36 100. 20
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4.4. Nuclear Levels

Particular values of the angular correlation coefficient limited and often pin-

pointed the spin of a level. Several angular correlation coefficients originating from

the same level were used in in combination to gain more confidence about a spin

assignment. Angular correlation coefficients are not directly sensitive to parity.

However, at times the multipole mixing ratio can help one deduce parity because

M2 is unlikely to mix with El to the same degree E2 can mix with Mi.

More often the parity of a level was inferred from the the observed 7-ray

transitions. The observed 7-ray transitions limit the spin and parity assignments

of nuclear levels. In most cases, using the angular correlation information in com-

bination with the observed 7-ray transitions allowed for a unique spin and parity

assignment. A list of levels of '50Sm determined from the three experiments is pro-

vided in Table 4.9. Also, for completeness the higher nuclear levels assigned only on

the basis of the '50Pm decay are listed in Table 4.10. Most of these levels were much

more difficult to assign spin and parity to with any confidence. (Fortunately, these

levels are of little theoretical interest, and their primary importance is to help ensure

the proper assignments of the many 7-rays that occur from the decay of '50Pm.)

The degree to which a level is populated from the /3 decay can be expressed

as a log ft value. These values allow for comparison between different /3 transitions

by correcting for differences in atomic number and decay energy in the log f part

of the term. The log t comes from the partial half-life of the decay to a particular

level. The resulting values can provide rough guidelines for determining the change

of spin and parity between the parent and the populated level.

These values were not used directly in the determination of any spin assign-

ments, though they appear consistent with these assignments. For both the '50Pm
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and l5OmEu experiments it was necessary to use previous measurements for the per-

cent population of the ground state (which cannot be measured from y emissions)

to determine log ft values. The ground state population intensities were taken to

be 10% and 6.7% of the total number of j9 decays for '50Pm and l5OmEu respectively

[19]. The log ft values in Table 4.11 were calculated using an online resource [33].

TABLE 4.9. Identified levels of '50Sm below 2.5 MeV.
Reasoning behind the assignments are given for each
level.

Level J Comments
0.00 0+ even-even nucleus, 0+ground state

333.92 2 J=2 from 0-2-0 77(9)
740.39 0 J=0 from 0-2-0 'y'y(9)
773.30 4+ J=4 (possible J=2) from 'y'y(0), 'y's indicate 4

1046.13 2 J=2 from 'yy(9), 'y's to 0and 4 indicate 2
1071.42 3 J=3 from yy(9), 7's to 2and 4, no 0 supports 3
1165.72 1- J=1 or 3 from y'y(6), 's indicate 1
1193.78 2 J=2 from 'y'y(9), 's to 0and 4
1255.56 0 J=0 from 0-2-0 'y7(9), 7's support 0
1278.81 6 J=6 or 4 from 77(0), 7's indicate 6
1357.59 5 J=3 or 5 from 77(0), 7'S indicate 5
1417.26 2 J=2 from -y'y(0), gamma support 2(although no transition

to 4+ and perhaps a very weak transition to the g.s.)
1449.16 4 J=4 likely from 77(0), 7'S indicate 4
1504.53 3+ J=3 from 7'y(0), y's support 3
1603.24 0 J=0 from 0-2-0 77(0), 7's support 0
1642.61 4 J=4 from 'yy(0), 7'S indicate 3 or 4
1658.32 2- J=2 likely from 'y'y0, 7's indicate 2
1684.21 3 J=3 from 77(0), 7's indicate 3
1713.24 1- J=1 or 3 from 77(0), transitions to 0indicate 1
1764.79 7 J=5 or 7 from 77(9), 7's support 7
1786.47 0 J=0 from 0-2-0 77(8), 7'S support 0
1793.98 2 J=2 likely from 7'y(0) though J=1 is possible, 7's support

2or 1
1819.40 4 J=4 from 77(9), 7'S indicate 4
1821.84 6 J=4,6 likely from 77(0), 7's support 6
1822.29 4 J=4 likely 77(0), 7'S support 4 and El to 4
1833.32 2 7's indicate 2

Continued on next page
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TABLE 4.9 continued from previous page
Level J Comments

1926.49 2 's indicate 3
1950.72 3 'y's indicate possible 3
1963.55 1 J=1 or 3 from yy(0), 'y's indicate 1
1970.50 4 J=4 from yy(0), 'y's to 2and 6indicate 4
2004.40 2 J=2 or 3 from 'y'y(0), 'y's indicate likely 2
2020.30 5 J=5 from 'yy(0), E2 to 4level and 'y's support 5
2024.59 4 J=4 from 'y'y(6), 'y's indicate 4
2035.37 5 'y's indicate probable 5
2043.66 (4k) only transition to 2, assigned possible 4
2070.19 2 J=2 or possibly3 from 'y'y(0), y's indicate 2- or 3
2095.16 5 J=5 from 77(0), E2 to 4ievel and 's support 5
2107.46 6 J=6 from 'y'y(0), 'y's indicate 6
2117.06 4 J=4 from yy(0), 'y's indicate 4
2119.70 (4) J=4 likely from yy(0), 's support 4
2152.55 4 J=4 likely from 7'y(0), transition to 2 indicates 4
2194.20 4 's to 2and 6indicate 4
2201.05 (6k) 'y's to 4and 6, possible 6
2223.80 (6k) 'y's to 4and 6, possible 6
2226.47 (3j possible 3 from 's only to 2+ and 1-
2259.84 (1-) J=1, (possibly J=3) from 'yy(0), ny's support 1
2286.96 (4,5,6) seen only in '50Eu decay, only one y to 4
2367.40 2 J=2 likely from 'y'y(0), 's indicate 2
2459.44 (1,2k) 's to Oand 2

TABLE 4.10. Higher energy levels in '50Sm. These levels
were seen only in '50Pm. The number of 's seen from
each level is given. Levels with one or two 'y-rays are
questionable. In most cases little information of J could
be determined.

Level J y's from level Comments
(2505.40 20) <2 1 only one 'y to 0

2507.86 20 1(t) 4 7's to 0 and 2, 'y'y(0) indicates J=1
or 3, appears to be M1+E2 mixing to
2 state

2529.35 10 (lj 6 's to 0 1 and 2
2535.28 20 <3 3 's to 2 and 3, possibly J=1 or 3 from

77(0)
Continued on next page
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TABLE 4.10 continued from previous page
Level J 's from level Comments

2550.55 10 <2 7 's to 0 1 and 2
2602.32 20 (3j 4 'y's to 1 and 3
2607.10 40 <2 5 'y's to 0 and 2

(2614.50 100) <2 1 only one 'y to 0
2623.79 100 <2 3 y's to
(2700.60 40) <2 1 only one 'y to 0

2704.98 20 <2 5 'y's to 0, 1
(2723.75 40) 3 1 only one 'y to 2
(2786.87 40) <3 1 only one 'y to 2
(2805.10 40) <3 1 only one to 1

2812.92 10 <3 11 dy's to 1, 2, 3-, 3
2892.96 20 2 11 -y's to
2909.12 40 <3 2 -y's only to 2
2936.20 40 <3 6 'y's to 1, 2, 3

(2939.39 20) <3 1 only one -y to 2
2943.56 40 <3 2 'y's to 2

(2957.94 20) <3 1 only one 'y to 2
2987.10 40 <3 7 y's to 2,2,3

(3014.2J 200) <3 2 only one 'y to 2
3025.20 100 <2 3 'y's to 0 and 2
3038.45 200 <2 2 y's to 0 and 2
3049.93 200 2 3 y's to 0 and 2
3060.92 100 3 2 7's to 2, 3

3071.40 60 3 3 'y's to 1, 2
3081.19 200 <2 2 y's to 0, 2
3092.88 200 2 2 'y's to 0, 2
(3106.4 100) 1 only 1 'y to 1

(3110.32 100) 3 1 only 1 'y to 2
3139.40 100 <3 6 7's to

(3150.54 200) 3 1 only I 'y to 3
3190.10 200 <2 2 7's to 0 and 2
(3218.1 200) <3 1 only 1 'y to 2
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TABLE 4.11. Experimental log ft values. Values are
shown for levels less than 2.5 MeV from the 3 experi-
ments. The ground state populations for the low spin
parents were taken from previous experiments [19].

Level '50Pm (1-) lsOmEu (0-) 'SO (5-)
0 0 8.78 10 7.47 1

333.92 2 8.34 23 9.63 38
740.39 0 8.84 11 7.5
7733 4+ 11.29 26

1046.13 2 9.17 27 9.71 8
1071.42 3
1165.72 1 7.53 5 8.05 3
1193.78 2 9.53 17 9.2 3
1255.56 0 8.21 3
1278.81 6 11.41 47
1357.59 5 10.07 3
1417.26 2 10.06 80 9.76 3
1449.16 4 12.03
1504.53 3 12.39 27
1603.24 0 8.61 3
1642.61 4 10.96 2
1658.32 2 7.26 10.03 8
1684.21 3 10.06 18 12.79 22
1713.24 1 7.95 5 10.55 15
1764.79 7
1786.47 0 8.29 3
1793.98 2 9.98 7

1819.4 4 10.93 3
1821.84 6 11.46 3
1822.29 4 10.23 3
1833.32 2 9.76 10
1926.49 2 9.60 16
1950.72 3
1963.55 1 7.47 3 6.89 3
1970.5 4 10.37 3
2004.4 2 9.75 19
2020.3 5 9.93 4

2024.59 4 10.2 3
2035.37 5 10.72 4

2043.66 (4k)
Continued on next page
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TABLE 4.11 continued from previous page
Level '50Pm (1) l5OmEu (0) 150Eu (5)

2070.19 2 6.85 3

2095.16 5 10.61 5

2107.46 6 9.7 6

2117.06 4 9.35 6

2119.7 (4) 10.61 6

2152.55 4 10.54 10

2194.2 4 8.99 20

2201.05 (6k) 10.4 21

2223.8 (6k) 9.63

2226.47 (3j 8.91 5

2259.84 (1-) 7.30 3

2286.96 (4,5,6) 9.83 8

2367.4 2 7.68 5

2459.44 (1,2k) 9.34 7



5. DISCUSSION

5.1. 1603.24 keV 0 level

One of the most significant finds from these three experiments was the exis-

tence of a 1603.24 keV 0 level. A level at 1603 ± 4 keV was previously suggested,

without a Jr assignment, from a 152Sm(p,t)'50Sm reaction [28]. However, since there

was no other apparent evidence for this level, and it was only very weakly populated

in the experiment, it was not adopted in the Nuclear Data Sheets or included in the

Table of the Isotopes.

The 1603.24 keV level was identified in both the l5omEu and 150Pm exper-

iments in which the same four depopulating 'y-rays were observed in each decay.

This level was populated to a greater degree in the l5omEu decay (as were other 0+

states). Coincidence gates strongly supported all of the 'y placements, and two of

these 'y emissions were clearly seen in the singles spectrum.

There is some question of why this level was not previously identified in /3

decay experiments. The strongest de-populating 7-ray of 437.4 keV had a relative

intensity of 0.69 and 0.20 in the l5omEu and '50Pm decays respectively. In previous

l5OmEu experiments, this transition appeared to have been identified as contamina-

tion. In previous 150Pm experiments, the 439.4 keV transition from the strongly

populated 4 level perhaps masked this much weaker transition. Figure 5.1 shows

coincidence gates that resolve the 439.4 keV and 437.4 keV levels. (In addition

439.4 keV and 437.4 keV gates were made which support their placements in the

level scheme.)

The 1269.3 keV transition, with a little less than half the intensity of the

437.4 keV 7-ray, was previously seen but not placed in a decay scheme. (In Hoshi's

1976 study this peak was seen even in coincidence with the 333.9 keV transition,
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but no comment of it was made in their paper. [15]) The other two depopulating

transitions were somewhat weaker, but were seen clearly through coincidence gates.

55000

35000

15000

2200

ID
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350

150

425 435 445 455 465

channel number

FIGURE 5.1. Coincidence resolving of 437.4 keV transition. The top plot shows
an overall projection of the coincidence matrix from the '50Pm decay. The 298 keV
gate is in direct coincidence with the 439.4 keV transition, and virtually no intensity
from the 437.4 keV is seen. From the 1166 gate, the 437.4 keV pe!k is clearly
resolved.

The clear 0-2-0 angular correlation in both l5OmEu and '50Pm strongly mdi-

cated a spin 0 assignment (see Figure 5.2). Additionally, 0-1-0 angular correlations
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were seen in both decays further supporting a spin 0 assignment. Transitions to and

from only 2+ and 1 levels support a positive parity and thus a 0+ assignment.
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00 45 0 10
y-y angle (degrees)

FIGURE 5.2. Experimental data for 0-2-0 transition from 1603 level. The curve is
the theoretical line for a 0-2-0 transition (with Q corrections). The data points are
taken from the lsOmEu experiment. Overlayed are the data points for the 407-334

-> 2j oj cascade in closed circles and the 1269-334 Ot - 2t Ot keV
cascade plotted with open circles. They are seen to be nearly identical. The factor
of 3 difference between minimum and maximum intensity is considerably different
from any other spin sequence.

5.2. Other new levels

A 2201.05 keV level was seen only in the 'S° decay. Four depopulating

7-rays were identified, all of which were weak and observed only through coincidence

gates. Depopulating 7-rays were too low in intensity for angular correlation analysis.
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Transitions to 4 and 6 states suggest a possible spin of 5 or 6. (Assuming dipole

or quadrupole transitions other possible assignments may be 4+, 5+, although these

assignments are less likely because transitions were not observed to either 2+ or 3+

states.)

In the '50Pm decay, a 2226.47 keV level was observed. Three depopulating

7-rays were seen from this level as well as one feeding 7-ray. Transitions were seen

only to 2+ and 1 states. No angular correlation was possible. A very tentative

assignment of 3 is suggested, though 0+, 1, 2-, and 2+ assignments are also

possible.

Also observed in the '50Pm decay was an apparent level at 2459.44 keV. Only

two 7-rays were observed from the 24549.44 keV level in the '50Pm decay: one to

the ground state and the other to the 1046.13 keV 2 level. Therefore, this level

is only tentatively proposed. A possible 1 or 2 assignment is plausible based on

these transitions.

Several other new levels were suggested above 2.5 MeV. Some of these levels

only had one or two 7-rays observed de-populating the state, while others had several

more 7-ray transitions. All the levels are listed in Table 4.10. New levels with three

or more observed de-populating transitions are suggested to be at: 2535.3 keV,

2607.1 keV, 2705.0 keV, 2936.2 keV, 2987.1 keY, 3025.2 keV, and 3071.4 keV.

5.3. Previously proposed levels that were not observed.

There are several levels in the adopted levels of the Nuclear Data sheets that

based on their energy and J most likely should have been populated by decay

[19]. Several of these levels were only seen in one previous experiment. The existence

of some of these levels (or their spin and parity assignments) should be questioned.
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Additionally a 1883.3 keV level listed in the adopted levels in the NDS originated

from a typographical error that appeared in a publication.

5.3.1. 1672.2 level

Two possible levels were proposed only from '49Sm(n,-y) data at this same

energy. One level is suggested at 2- or 5 and the other 4. A 2 level should

have been populated in the '50Pm decay, and a 4+ state should have been observed

from the '5O decay. Possible 'y emissions from this level were 168, 223, 394, 626

and 899 keV. The 4 strongest 'y's seen in the '50Eu decay were located elsewhere in

the decay scheme through coincidence gating. The 168 keV 7-ray was not observed.

Particularly in light of these levels not having been seen in any other experiment,

these levels are very questionable.

5.3.2. 1773.3 keY level

This level was seen only in 149Sm(n,y), and in this experiment it was seen

only very weakly. Suggested spins range from 2 to 5, with negative parity. This

range of spin and parity at this energy would have probably been populated in either

the '50Pm or l5OmEu decays.

5.3.3. 1883.3 keV level

This erroneous level was pointed out by John Wood in a private communica-

tion. This level entered literature based on a typographical error that appeared in a

Table II of Buss and Smither's neutron capture publication [25]. This level should

read 1833.3 keV in the table (as it appeared elsewhere in the article and is seen in
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the presented data). This was the only experiment that this level was reported to

have been seen, and should be removed from the adopted levels of '50Sm.

5.3.4. 1979.3 keY level

This is a questionable level, seen only weakly in '49Sm(n,'y) with a suggested

assignment of 3 or 4. It seems likely that this level would have been seen in the

3 decay experiments.

5.3.5. 2054 keY level

This level was seen only in '49Sm(n,y) as a 2+ or 5+ The 2+ would probably

have been seen in '50Pm and a 5+ state would have been seen in in the 150Eu. This

level seems very questionable.

5.4. Closely spaced 1819.40, 1821.84, and 1822.29 keV levels

Most of the levels below 2 MeV with J < 5 were sufficiently far apart that

they could be easily distinguished from one another. One exception was the triplet

of states around 1820 keV. The three levels at 1819.40, 1821.84, and 1822.29 keV

were previously assigned jir 4+, JIr = (4+), J = (3j respectively (with uncertain

assignments of the two higher energy states). Each of these levels were seen to be

populated only in the '50Eu decay.

The 1819.40 keV level could be easily distinguished from the more closely

spaced doublet of states. When transitions occurred to the same level from 1819.40

keV level and either of the other two levels, 7-rays from the 1819.40 could be easily

resolved. Additionally, a gate on the 205.24 keV populating 7 provided an easy



114

means to conform these 7-rays. The J7 4+ assignment made in this experiment

from angular correlation and observed 7-ray transitions agrees with the previous

assignment.

The energy resolution and calibration were just sufficient to differentiate 's

originating from the 1821.84 keV level and those originating from the 1822.29 level.

The 1821.84 keV level was weakly fed by transitions from the 2107.46 keV 6 and

2117.06 keV 4 levels, which were seen in gates of the 's depopulating this level.

(A few 7-ray doublets unrelated to this level did somewhat hinder this process.)

Angular correlations involving the 543.1 and 372.68 keV transitions both indicated

either a spin 4 or spin 6 level. Transitions only to states with spin 4 or above,

suggested a 6+ assignment. Additionally it would be somewhat unusual to have two

4 states separated by only 2 keV.

The 1822.29 keV level was observed to have five depopulating 'y's to 4, 3,

2, 3, and 2 levels. It was weakly fed from 2095.16 keV (5k) and 2024.59 keV

(4) levels. These feeding 'y's were seen in gates pulled on the three strongest de-

populating 7's. Angular correlation indicated uniquely a spin 4 state. A moderately

strong transition (given its small energy) was seen to the 2- level at 1658.32 indi-

cating the negative parity. (The very weak 1488.30 keV transition to the 2 level is

apparently M2.)

5.5. Other suggested changes in J't

Several levels had questionable, or possibly incorrect J assignments. Pro-

posed assignments based on the present experiments are given below.

The 1786.47 keV level had been previously been identified as a 0 level

by Hoshi in 1976 [151, but is currently listed in the Nuclear Data Sheets [19] as
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J < 3. The 0+ assignment was confirmed from the angular correlations in l5OmEu

and 150Pm decays. Transitions from this level only to 2+ and 1 levels support the

0+ assignment. The a2 value in the '50Pm decay seems considerably off (more than

4 standard deviations off), however, the a4 has its signature 0-2-0 value (thus the

individual data points are closer to 2 standard deviations off of the cure (see Figure

5.3). It is unclear why this deviation occurred (perhaps mixing with an unobserved

doublet or contamination though both of these explanations seem unlikely from

the coincidence information. The 0-2-0 angular correlation from l5OEU, which

had higher statistics, more clearly supports the spin zero assignment. Like other

0+ states, this level was most populated in the l5OmEu decay. Both decays also

had an observed 0-1-0 angular correlation which supported a spin zero assignment.

Transitions to 2 and 1 states indicated a positive parity state.

The 2095.16 keV level had a suggested range of spin assignments from 3 to

5, with positive parity. In this experiment, angular correlation uniquely identified a

spin 5 assignment, and 7-rays indicate a 5+ assignment.

This experiment confirms a questioned 6+ assignment of the 2107.46 level.

Angular correlation uniquely identified a J = 6 state, while -y transitions indicate

positive parity.

A suggested assignment of 3+ for the 2367.4 level comes from nuclear ori-

entation experiment [26] and '49Sm(n,'y). Angular correlation from '50Pm uniquely

indicates spin 2. Transitions to only 3, 1, and 2+ states support a 2 assignment.

5.6. Reduced transition rates

Relative B(E2)'s of selected positive parity states below 2.3 MeV are listed in

Table 5.1. The transitions were generally normalized to the strongest known B(E2)
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FIGURE 5.3. Experimental data for 0-2-0 transition from 1786 keV level. The
curve is the theoretical line for a 0-2-0 transition (with Q corrections). Overlayed
are the data points for the 1453-334 keV 'y 'y cascades from the l5OmEu and '50Pm.
The '50Pm data points have larger uncertainties (because of lower statistics) and
are the points further from the theory line at each measurement. The a2 coefficient
from the '50Pm data was observed to deviate from theory (see text), though the
signature of 0-2-0 transition is still evident. The '50Eu data more closely match the
theoretical 0-2-0 values.
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from a given level. The relative reduced transition probabilities were calculated

using a weighted average of ô values from the three experiments as well as weighted

averages of the relative intensities.

TABLE 5.1. Relative B(E2) values of selected levels.
The BE(2) values for various levels are normalized to
the strongest BE(2) value. In some cases if the mixing
ratio is unknown, the values are normalized instead to
the next strongest BE(2).

Leve1 -* Level1 J2-J7 %E2 B(E2)
1046.13 0.00 2-2 1046.07 100.0% 0.56 3

333.92 2-2 712.21 95.1% 41 2
740.39 2-*O 305.70 100.0% 100 5

773.30 2-*4 272.82 100.0% 50 3

1193.78 0.00 2-+0 1193.77 100.0% 25 1

333.92 2-+2 859.88 84.1% 79 4
740.39 2-0 453.40 100.0% 100 5

773.30 2-4 420.41 100.0% 73 5
1046.13 2-2 148.18 ? <iO3 4

1255.56 333.92 0-2 921.54 100.0% 0.61 3
1046.13 0-2 209.44 100.0% 100 6

1417.26 0.00 2-*0 1417.06 100% 0.001 1

333.92 2-*2 1083.39 99% <0.16 1

1046.13 2-*2 371.19 81.5% 13.5 6
1193.78 2-2 223.70 ? <16.0 15
1255.56 2-*0 162.08 100.0% 100 7

1449.16 333.92 4-2 1115.20 100.0% 0.053 3
773.30 4-4 675.85 64.0% 8.18 61

1046.13 4-2 402.95 100.0% 100 6
1193.78 4-*2 255.29 100.0% 12.8 12

1504.53 333.92 3-*2 1170.57 99.0% 6.22 32
773.30 731.27 96.9% 16.42 86

1046.13 3-*2 458.44 100.0% 25.5 14

1193.78 3-2 310.73 89.6% 100 8
Continued on next page
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TABLE 5.1 continued from previous page
Level1

J
LeveiF J2lr*J7 %E2 B(E2)

1603.24 333.92 0-2 1269.25 100.0% 5.4 3
1046.13 0-*2 557.15 100.0% 79.2 6(
1193.78 0-2 409.58 100.0% 100 12

1642.61 333.92 4-*2 1308.60 100.0% 1.71 10
773.30 869.32 90.3% 24.9 19

1046.13 4-2 596.56 100.0% 7.61 46
1193.78 4-*2 448.79 100.0% 100 6
1278.81 4-*6 363.65 100.0% 1.94 27
1417.26 4-*2 225.48 100.0% 56.4 58
1504.53 137.96 ? <82 28

1786.47 333.92 0-2 1452.56 100.0% 0.37 3
1046.13 0-+2 740.27 100.0% 0.89 Lj
1193.78 0-*2 592.47 100.0% 0.98 23
1417.26 0-*2 369.02 100.0% 100 9

1793.98 0.00 2-0 1794.03 100.0% 0.48 9
333.92 2-2 1460.09 ? <1.59 35
740.39 2-*0 1053.33 100.0% 16.3 20

1046.13 2-2 747.94 ? <67 10
1193.78 2-*2 600.01 ? <100 22

1819.40 333.92 4-*2 1485.44 100.0% 0.46 3
773.30 1046.06 19.2% 0.09 2

1046.13 4-2 773.37 100.0% 3.7 2
1193.78 4-2 625.65 100.0% 5.4 3
1278.81 4-6 540.60 100.0% 3.1 2
1417.26 4-*2 402.25 100.0% 100 6
1449.16 370.25 < 95.7% <11.4 8
1504.53 4+3+ 314.91 <96.2% <10.7 8

1821.84 1278.81 6-6 543.08 29.7% 3.16 90
1449.16 6-*4 372.68 100.0% 100 6

1833.32 0.00 2-0 1833.66 100.0% 15.40 93
333.92 2-*2 1499.50 <61.7% <84 29
740.39 2-*0 1092.72 100.0% 100 10

Continued on next page
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TABLE 5.1 continued from previous page
Level1

J
LeveiF J-9J7 %E2 B(E2)
773.30 2-4 1059.95 100.0% 83 8

1046.13 2-*2 787.26 ? <172 36

1970.50 333.92 4-*2 1636.59 100.0% 9.5 6
773.30 4-+4 1197.03 0.8% 0.5 3

1046.13 4-*2 924.52 100.0% 0.25 3
1193.78 4-2 776.66 100.0% 2.2 2
1278.81 4-6 691.70 100.0% 1.4 2
1417.26 4-*2 553.19 100.0% 100 6
1449.16 521.33 68.3% 39 12
1504.53 465.92 ? <27

2004.40 0.00 2-*O 2004.32 100.0% 2.8 9
333.92 2-+2 1670.51 0.1% 0.2 t4
740.39 2-+0 1263.92 100.0% 100 17

2020.30 773.30 5-+4 1246.90 96.8% 2.30 1

1278.81 5-6 741.53 97.2% 13.0 8
1449.16 571.24 86.6% 3.36 31
1504.53 5-*3 515.82 100.0% 100 6
1642.61 377.67 90.7% 45 3

2024.59 333.92 4-2 1690.77 100.0% 0.035 3
773.30 1251.13 91.2% 0.23 3

1046.13 4-2 978.54 100.0% 0.11 1

1193.78 4-2 830.89 100.0% 5.3 3
1417.26 4-*2 607.36 100.0% 8.9 5
1449.16 4-*4 575.31 39.1% 0.86 12
1504.53 520.13 68.3% 35 11
1642.61 381.91 99.0% 59 4

1819.40 205.24 22.0% <100 72
1833.32 4-2 191.16 100.0% 18.1 36

2095.16 773.30 1321.83 74.8% 6.07 56
1278.81 5-+6 816.43 89.7% 21.8 Lç

1449.16 646.16 ? <8.4 15
1504.53 590.81 100.0% 100 6
1642.61 452.49 ? <27.6 4
1819.40 275.71 ? <iO 1

Continued on next page
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TABLE 5.1 continued from previous page
Level1 LeveiF %E2 B(E2)

2107.46 773.30 6-4 1333.99 100.0% 0.95 6
1278.81 6-*6 828.62 72.3% 10.1 11

1449.16 6-4 658.34 100.0% 4.0 6
1642.61 6-+4 464.79 100.0% 100 6

2117.06 333.92 4-*2 1783.38 100.0% 0.037 3
773.30 4-4 1343.70 35.8% 1.08 13

1046.13 4-*2 1071.03 100.0% 0.52 3
1193.78 4-*2 923.31 100.0% 2.25 14

1278.81 4-+6 838.29 100.0% 0.57 4
1417.26 4-2 699.89 100.0% 0.13 1

1449.16 668.05 ? <0.49 8
1504.53 612.69 <89.3% <4.76 41
1642.61 474.52 6.8% 2.2 31

1833.32 4-2 283.81 100.0% 100 9
1970.50 4-4 146.64 ? <194 38

2152.55 333.92 4-2 1818.86 100.0% 0.37 3
773.30 1379.12 27.3% 3.5 5

1046.13 4-2 1106.55 100.0% 6.1 4
1193.78 4-*2 958.79 100.0% 3.1 4
1278.81 4-6 873.88 100.0% 6.0 5
1504.53 4-*3 648.03 100.0% <100 17
1642.61 509.82 ? <69 12

2194.20 333.92 4-*2 1860.33 100.0% 0.013 2
773.30 4-4 1420.88 100.0% <0.51 4

1046.13 4-2 1148.08 100.0% 0.98 7
1193.78 4-2 1000.29 100.0% 1.47 14

1278.81 4-6 915.57 100.0% 7.42 46
1504.53 690.06 ? <1.3 4
1642.61 4+4+ 551.76 ? <5.7 10
1819.40 374.64 100.0% <116 24

1833.32 4-2 360.87 100.0% 100 20
1970.50 223.93 ? <761 150

2201.05 773.30 6-+4 1427.64 100.0% 0.09 .2

1278.81 6-6 922.25 < 95.0% <15 1

Continued on next page
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TABLE 5.1 continued from previous page
Level1 LeveiF J-J7 %E2 B(E2)

1642.61 6-*4 558.50 100.0% 100 13

2223.80 773.30 6-4 1450.27 100.0% 0.72 11
1278.81 6-6 944.90 ? <88 11
1642.61 6-*4 581.26 100.0% 100 1

5.7. EO admixtures, and monopole strengths

Table 5.7 shows a list of transitions for which the £0 component of the

transition was calculated. For a few of the lowest lying levels (where the half-life

of excited states have been measured), the monopole strength can be calculated.

These values are listed in Table 5.7.

5.8. Level scheme

Selected nuclear levels are shown separated into bands in Figure 5.4. Place-

ment of bands was based primarily on relative B(E2) 's, as well as spins and energy

differences. Only selected 'y transitions are included in this diagram. Other levels

below 2.2 MeV are shown in Figure 5.5. There are a number of levels that are some-

what difficult to fit into the proposed bands shown in Figure 5.4. The 6t at 2107.46

keV may belong to the 'y-band based on a strong transition to the 1642.6 keV level

(though so does a 2201.05 keV 6t level). It was difficult to determine a rotational

band based on either the 1603.24 or 1786.47 0 levels. The 2 states of either

1793.98 or 1833.32 keV are likely candidates for the first excited rotational state

based on the Ot 1603.24 keV level (though no intraband transitions were observed.)

And perhaps either the 1926.49 or 2004.4 keV 2 levels are in a band based on the
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TABLE 5.2. E0 admixtures. Various E0 components are calculated based on the
previous conversion electron data combined with the intensities and mixing ratios
measured the three decay experiments. Experimental conversion coefficients were
taken from the NDS [34], while theoretical a and c' were calculated using the
XCOM code [7].

E-*E1 jirjir P103 41103 21O3 8 %E0

1046.13-333.92 2-2 7.8 8 7.75 4.44 -4.39 16 0.317 89

1193.78-333.92 2-2 5.9 18 4.90 2.91 2.38 1 0.267 134

1417.26-*333.92 2-2 13.2 13 2.84 1.79 > 10 1.124 116

1449.16-773.30 14.5 14 8.82 5.01 -1.363 90 0.805 119

1642.61-773.30 4+4+ 3.47 34 4.78 2.85 2.93 66 0.042 59

1970.50-773.30 2.24 23 2.25 1.46 0.105 43 0.000 48

2024.59-*773.30 4+4 2.23 27 2.03 1.34 3.2 21 0.083 52

2117.06-773.30 4+4+ 1.51 14 1.72 1.16 -0.755 68 -0.001 89
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TABLE 5.3. Monopole strengths. For a few of the lowest lying states in '50Sm,
which have measured lifetimes, the monopole strength can be calculated. For the
1255.56 keV level, because the half-life has not been measured, only the ratio was
calculated. The E0 strength to the 0 is found to be 29 times stronger than to the
ground state. The electronic factor K was determined from published tables by
Bell [8].

E-E1 J*J7 T2 (ps) E0 ratio p2103

740.39-*0.00 0-0 19.7 19 1.23 x i0 2.45 x 1010 18 3

1046.13-333.92 2-+2 0.86 31 6.70 x 10_2 2.36 x 1010 90 40

1193.78-333.92 2-2 1.3 3 5.50 x iO 2.83 x 1010 21 10

1255.56-740.39 O+*0+ 2.82 x iO3 1.79 x 1010

1255.56-+O.O0 0-0 1.11 x iO 4.26 x 1010 1:29 5

1786.47 0 level, but again there is little experimental evidence. Around 2 MeV

and higher it became more difficult determine nuclear levels and their properties

due to the increased number of levels, combined with the decreased data from these

experiments (with energy close to and higher than the Q-value of the europium iso-

mers). Additionally because of the preference for higher energy transitions to occur,

intraband transitions can become relatively weak.
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FIGURE 5.4. Partial level scheme of '50Sm. Several of the low lying positive
parity levels are separated into proposed rotational bands. The relative B(E2) of

transitions are shown (these values are normalized separately for each level).
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FIGURE 5.5. Many additional levels under 2.2 MeV in '50Sm not included in Figure
5.4 are shown above. See Table 5.1 for a complete listing of calculated positive parity
B(E2) 's.
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6. COMPARISON WITH THEORY AND NEIGHBORING NUCLEI

6.1. Comparison with theory

Due to the complexity of this transitional region, existing nuclear models

are unlikely to be able to describe '50Sm in detail. Geometric models (as well as

algebraic models and group theory formulations) have thus far failed to provide a

satisfactory description of this nucleus. It is, however, possible to gain some physical

insight by examining the ways the nuclear structure of '50Sm is described by simple

geometric models, and where these models break down in describing this nucleus.

The ratio of energies between the 4 and 2t levels (called R4) is calculated to

be 2.32. This leads one to examine the possible application of a spherical vibrational

picture (R4 = 2.0 for a spherical vibrator and R4 = 3.33 for a rigid rotor). The

possible application of this model is immediately brought into question when exam-

ining the structure past 2 level (which is present in all even-even collective nuclei).

At the region of a possible 2 phonon excitation there is only an apparent doublet

of 4 and 0. One encounters difficulty in determining a possible 2+ member of

the expected triplet of states. After the first excited state, the lowest lying 2 is at

1046.13 keV. It seems unlikely that this level is part of a N 2 excitation because

it has strong transitions to the 4t and 2t which are forbidden by the AN = ±1

rule. Another possible candidate, although much higher up in energy is the 1417.26

keV 2 which has no transitions either to the ground state or the 4j and 2 state,

satisfying the AN = ±1 rule. A three phonon state then might be associated with

the 1255.56, 1193.78, 1504.53, 1449.16, and 1278.81 keV levels, which also appear to

moderately follow the AN = ±1 with the exception of the 1193.78 keV level which

exhibits a moderately strong transition to both the ground state and 2t. Given the

wide range of energy of these states, the approximate validity ofAN = ±1 rule may
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just be a manifestation of another structure that happens to have these transition

rates.

Alternatively, this nucleus may (perhaps more naturally) be viewed as a ro-

tating deformed nucleus. A rotor possesses vibrational states upon which rotational

states are built. In a symmetric deformed nucleus, ratios of relative B(E2) values

can be roughly predicted by the Alaga rules [35]. These predicted values are found

to be only approximately correct even in well deformed nuclei, in some cases differ-

ing by a factor of 3 or 4. In a well deformed rotor, these deviations may occur from

the quantum mechanical mixing of levels. (States are then not pure K states, an

assumption that is made in the Alaga rules.) However, a correction to the Alaga

predictions can be made if mixing is occurring. Two-state mixing between bands

(between the 'y band and ground state band, for example) can be described by a sin-

gle parameter. Various B(E2) ratios from the 'y band and the ground state band are

shown in Table 6.1. Deviations from the Alaga rules seem particularly large, and no

constant parameter of two-state mixing was found. Perhaps the failure of the Alaga

rules is not surprising in this transition region and indicates that the nucleus is not

sufficiently deformed to be described in this manner. Also included on this table

are a few of the predicted B(E2) ratios based on the asymmetric rotor, which do

appear somewhat closer. Additionally the somewhat unusual paired spacing in the

7-band are reminiscent of Wilets-Jean picture of the asymmetric rotor [35]. Various

models do seem to work to some extent, but no one model seems to consistently

describe the low lying levels of this nucleus.

A strong selection rule for nuclei with a good K quantum number is that

LK L (where L is the angular momentum of the radiation field). From the

mixing ratios between the 7-band, all transitions that can mix Mi and E2 are

primarily E2, although in some cases the Mi mixing is appreciable.
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TABLE 6.1. Comparison of ratios of relative B(E2) ratios with Alaga rules. In-
cluded with the experimental data from this experiment are data from '52Sm [37]
as well as a few values predicted by the Davydov asymmetric model with a 'y = 15°
[36].

ratio Alaga

'y-band

Davydov 152Sm 150Smexp

fl-band and fl'-band

ratio Alaga 150Smexp
B(E2:2-*O) 0.70 0.37 0.378 2 0.31 2 B(E2:23O)

0.70 0.014 1B(E2:24-2) B(E2:2-*2)
B(E2:2t-*4)
B(E2:2t-*2) 0.05 0.083 7 0.92 7 B(E2:2-4)

B(E2:2-*2) 1.80 1.22 8
B(E2:3-+2) 2.50 0.73 0.90 19 0.38 3 B(E2:4-+2)

1.10 0.006 1B(E2:3-34) B(E2:4-+4)
B(E2:4t-2)
B(E2:4-4) 0.34 0.05 0.10 4 0.07 1

B(E2:4,-*2)
B(E2:4, -*4) 1.10 4.9 9

B(E2:4-*6)
0.09 0.22 10 0.08 1

B(E2:4-2)
1.10 0.33 3B(E2:4-+4) B(E2:4,-4)

0.57 0.66 40 5.67 48
B(E2:4 -6)
B(E2:4,-*4) 1.75 33 6B(E2:5-*4)
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Another interesting feature is the dramatically different character of the 13'

band built on the 1255.56 keV level. Compared to the ground state band and /3

vibrational band, the /3' band built on the 1255.56 keV level is considerably more

deformed (R4= 3.49, which is even greater than the maximum predicted by the

rigid rotator).

Using previously measured half-lives of the first two excited states in the

ground state band [19] in Equation 2.2 the ratio of absolute BE(2)'s between 4jf

* 2 and 2j 0j is found to be 1.9 + 0.3. Theoretical values are 1.43 for the

rotational model, 2.0 for the vibrational model and 1.9 for the Davydov model [27].

This ratio may indicate '50Sm is behaving as a spherical vibrator or asymmetric

rotor.

Several different nuclei have been seen to have co-existing spherical vibra-

tional states and deformed rotor states. The monopole strength is proportional to

the mixing amplitudes and to differences in mean-square radii. Thus, if both mix-

ing is occurring and levels exist with very different deformation parameters (e.g.

spherical and deformed rotor shapes co-existing) then a large monopole strength is

expected [38]. The monopole strengths (see Table 5.7) are appreciable, and may

indicate mixing in coexisting shapes.

6.2. Systematics

To better understand the nuclear structure of 150Sm, which no one simple

theory adequately describes, it is very helpful to compare nuclei that might be

expected to have a similar structure. Often even qualitative, or semi-quantitative

similarities and differences can provide physical insight into nuclear structure.
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6.2.1. Comparison with other samarium isotopes

The transitional nature of '50Sm nucleus becomes clear when compared with

other even-neutron samarium isotopes. Figure 6.1 shows the energies of the several

of the lowest lying excited states for a range of samarium isotopes. In particular,

the spacing of A < 150 isotopes tend to have vibrational-like spacing (equal energy

spacing). The spacing of A > 150 samarium isotopes becomes rotational, more

closely following the J(J+i) energy spacing rule.

It is also useful to examine the change in 24 state. In the lower mass isotopes,

initially it starts out in the region of the 4 and 6 state (perhaps the 2 phonon

spherical vibration.) With increasing neutrons, the 24 slightly decreases in energy

through mass 150, but is becoming higher in energy than the 4 state which with

increasing mass is forming a more defined rotational band. Changes in the 2 state

may be associated with a transition from axial asymmetric rotor to a symmetric

rotor [35].

6.2.2. Comparison with other N=88 isotones

Nuclei with the same number of neutrons, and slightly different number of

protons are expected to have similar structure. It is therefore useful to compare

'50Sm to '52Gd, '54Dy and '48Nd. Figure 6.2 shows low lying positive parity states

identified with vibrational bands.

The '52Gd isotone perhaps provides the best comparison because of its rel-

ative completeness, and similarity in structure. One question that remains is the

possible existence of the analogous 0 states to 1603.24 and 1786.47 keV that are

seen in samarium. A study on '52Gd is under analysis, and it will be interesting to

see if analogous levels are observed.
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6.2.3. Other comparisons

As was discussed in the comparison to theory, the mixing ratios between the

'y-band and ground state band are somewhat lower than might be expected for a well

deformed rotor. A comparison with a few the lowest spin states in the 3-band and

'y-band Table 6.2. Additionally EO conversion coefficients possibly suggest shape

co-existence.

TABLE 6.2. Comparison of mixing ratios and EO component conversion coefficient.
Data other than '50Sm is taken from the Nuclear Data Sheets.

transition '50Sm

(E2)

'52Gd '48Sm '52Sm '50Sm

EOi3KiU

152Gd '52Sm

2 -+ 2 -4.39 16 -4.9 12 -0.57 2 19 5 3.2 9 13 1 32 1

4 -* 4 -1.33 8 2.1 3 8.1 8 0 66 4

2 -* 2 2.38 14 3.6 6 2.32 10 -9.3 6 2.7 9 O 0.09 9

34 -+ 2 9.89 86 '- 20 8.2 12 -8.7 6

4 - 4 3.05 73 -0.4 10 -3.1 2 0.4 4

2 -+ 2 > 10 0.58 7 11.3 11 3.9 20
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7. CONCLUSIONS

7.1. Implications of Results

These three experiments provided a wealth of coincidence and angular corre-

lation information for the 'y emissions in '50Sm. The '5O experiment also provided

a test of the newly configured 8ir detector at TRIUMF.

Perhaps of greatest importance from the results of these experiments was the

observation of a 0+ level at 1603.24 keV, as well as verification of a 0+ assignment

of the 1786.47 keV level. These 0 levels may provide restrictions on what theories

are applicable to this nucleus. Despite the greatly improved experimental data, un-

derstanding of the nuclear structure may only be possible as analysis of neighboring

nuclei are carried out.

7.2. Further investigations

Although these three /3 decay experiments provided extensive information on

'50Sm, additional experiments may be useful. Electron detectors have been added

to the 8ir spectrometer since the '50Eu measurement. Measuring the intensity of

conversion electrons may provide additional information such as more accurate E0

measurements, as well as another method to pinpoint mixing ratios. The possibility

for coincidence between 7'S and e may also prove useful particularly in the many

cases of doublets. This measurement could easily be performed on the long-lived

source.

Additionally, a new generation of Coulomb excitation experiments has begun

for nuclei in this mass region. Using a large detector array in these experiments,

coincidence techniques can be used to map out nuclei at unprecedented levels of



135

precision. Analysis for a study on N=90 nucleus is underway, and such a study may

be warranted for N=88 nuclei as well.

Perhaps most important is to develop as complete information as possible

over several different nuclei that span this transition region. In particular '52Gd

will provide an excellent comparison. Analysis on this nuclei is currently underway.

With complete information N = 88 and N = 90 isotones together it is hoped a

much better picture of nuclei in this region can be developed.
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