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Abstract

The (p,t) reaction was used to identify new levels and γ-ray transitions in 150,152Sm

utilising the particle-γ and particle-γ-γ coincidence techniques. The experiment

was performed using the STARLiTeR array located at the Cyclotron Institute of

Texas A&M University. The relative partial cross sections for the observed levels,

angle averaged between 34 and 58 degrees, were measured. A narrow peak-like

structure was observed between 2.3-3.0 MeV excitation energy, in between the

region of strongly populated discrete states at low energy and the high energy

continuum region. In 150Sm, 39(4)% of the strength of the peak-like structure

could be accounted for by the observed discrete states, which compares to a value

of 93(15)% for 152Sm. The orbital angular-momentum transfer was probed by

comparison of the experimental angular distributions to those calculated using the

DWBA theory. The experimental angular distributions for the population of the

peak-like structures are very similar in the two reactions, and significantly different

to both the angular distribution of the background under the structures, and to

the distribution obtained from the nearby continuum region at higher excitation

energy. Post irradiation, the half-lives of isomeric states in 152Eu, populated in the

154Sm(p,3n) reaction, were obtained by measuring the decrease in intensity of the

γ rays emitted in the decay of these long lived levels. The half-life of the Jπ = 8−

isomer 152m2Eu was measured to be 95.8(4) min, which is a factor of 2.5 reduction

in uncertainty compared to the previous literature value of 96(1) min.
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Chapter 1

Introduction and Motivation

From the discoveries of radioactivity by Becquerel in 1896 [1] and the atomic

nucleus from the alpha-particle scattering experiments of Rutherford in 1906 [2],

the field of nuclear physics emerged. Atomic nuclei consist of Z positively charged

protons and N electrically neutral neutrons and exist on the scale of 10−15 m. The

characteristic energies of nuclear physics vary from keV to MeV, placing the field in

between atomic physics and particle physics in terms of both the length scales and

energies involved. Nuclei exist on the quantum scale and so a typical nucleus with

a few tens of protons and neutrons presents an extremely complicated quantum

many-body problem. For this reason, much of our insight comes from simplified

models of the nucleus and from observing systematic changes in the properties of

nuclei with varying proton and neutron number.

The samarium (Z=62) nuclei lie in a region of rapid nuclear shape change

from spherical to deformed with increasing neutron number [3]. This N=90 region

has been the focus of intense theoretical and experimental study, see for example

[4–9]. The region provides a challenging testing ground for models that attempt to
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describe transitional and deformed nuclei. In the present work, the nuclei 150,152Sm

are investigated using the (p,t) reaction and the particle-γ coincidence technique,

the motivation for which is outlined in the following sections.

1.1 Nuclear Structure in 150,152Sm via two-neutron

transfer reactions

In the early two-neutron transfer experiments by Maxwell et al. [10] and Bjerre-

gaard et al. [11], large cross sections for the direct population of excited Jπ = 0+

states relative to the ground state were observed in the 150Sm(t,p) and 152Sm(p,t)

reactions. This was interpreted in the same papers in terms of shape coexistence,

inviting further interest in the region. Two-neutron transfer reactions, such as the

(p,t) reaction, are able to probe states at low excitation energy formed from the

removal of pairs of correlated valence neutrons, as well as levels at higher excitation

energy formed by the removal of one or both neutrons from deep below the Fermi

surface. In the nearby Gd (Z=64) nuclei the (p,d) reaction has been employed [12]

in order to investigate low-spin states produced via the transfer of neutrons from

both near the Fermi surface, and from deeper lying orbitals below the proposed

N=64 gap [13–16].

Following the works of Maxwell and Bjerregarrd further Sm(p,t) experiments

were performed [17–26], greatly increasing the amount of experimental data avail-

able for these nuclei. However, no γ rays were measured in coincidence with the

tritons in these studies, making level assignments above approximately 2 MeV very

difficult due to the rapidly increasing level density. In the present work, 150,152Sm
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are studied for the first time using triton-γ coincidences. The spin and parity of a

level directly populated in the (p,t) reaction may be determined by comparison of

the experimental angular distributions of the outgoing tritons to calculated distri-

butions. In the study of the 156Gd(p,t) reaction by Riezebos et al. [27] this method

was used to measure integrated spectroscopic factors as a function of excitation

energy for the population of J=0+, 2+, 4+ and 6+ levels. It can be seen in Figure

3 of that paper that there is a rapid increase in 2+, 4+ and 6+ strength above ap-

proximately 2.2 MeV in excitation energy. However, there is an interesting lack of

monopole strength at high excitation energy; the vast majority of the L=0 transfer

strength is to the ground state. This lack of strength is difficult to explain [27],

and provides motivation to probe the L-transfer distributions at this excitation

energy in nearby nuclei, such as in the present work.

1.2 Quasi-discrete features

In 1981 Struble et al. [21] observed a large, broad enhancement of two neutron

transfer strength in the 148,150,152,154Sm(p,t) reactions. A narrower structure at

lower excitation energy was also observed in the 152,154Sm(p,t) reactions. In the

recent studies by T. J. Ross et al. [28] and J. M. Allmond et al. [29] a similar nar-

row structure was observed in the 154,156,158Gd(p,t) reactions between 2.2-3.2 MeV

excitation energy. The structure occurs at an intermediate excitation energy, in

between the region dominated by few, strongly populated discrete states at low ex-

citation energy and the continuum ‘background’ at high excitation energy. Similar

structures have been observed in the tin isotopes between 7-9 MeV excitation en-

ergy by Crawley et al. [30] in the 112,116,118,120,122,124Sn(p,t) reactions. It was shown
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by Nomura [31] that the energy systematics of these structures in the Sn isotopes

are well described by a valence-deep excitation, i.e. the transfer of one neutron

from near the Fermi surface and the other from a deep lying orbital below the ma-

jor shell closure. A study of the (p,t) reaction across a wide range of nuclei from

66Zn to 230Th by Nakagawa et al. [32] showed that these structures corresponding

to valence-deep excitations have been observed across a wide range of the nuclear

chart. In many of these nuclei, including 148Sm, a similar bump was seen at higher

excitation energy and corresponds to the deep-deep excitation; i.e. transferring

both neutrons from below the major shell closure. The triton-γ coincident tech-

nique employed in the present work is an excellent tool with which to study the

narrow structure as it allows both the identification of discrete states in this region

of high level density, and for the angular momentum transfer distributions to be

probed.
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Chapter 2

Theory

2.1 Nuclear Models

In this section the characteristics of some commonly encountered models of the

nucleus relevant to the present work are described.

2.1.1 The Shell Model

A large amount of experimental evidence supports the existence of nuclear shell

closures at magic numbers of 2, 8, 28, 50, 82 and 126 [33, 34]. For example, the

deviation of proton and neutron separation energies from the predictions of the

semi-empirical mass formula show a smooth increase with nucleon number except

at the magic numbers, where sharp jumps occur. The shell model considers the

individual nucleons to be moving independently in a central potential produced

by the interaction with all the other nucleons. One might consider, for example,

an infinite square potential well as a simple choice. However, this potential would

require an infinite amount of energy to remove a particle from the well and a sharp
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edge in the potential, both of which are not physical. In addition, it does not

correctly reproduce the observed magic numbers. Another possible choice is the

simple harmonic oscillator potential. However, this also produces incorrect magic

numbers of 2, 8, 20, 40, 70, 112 and 168. A better, choice is the Woods-Saxon

potential, given by

V (r) =
−V0

1 + e(r−R)/a
(2.1)

where Vo is the depth of the potential well, R is the radius of the well and a

describes the sharpness of the edge of the well. This potential is a more physical

choice in that it does not require an infinite amount of energy to remove a nucleon

and better represents the diffuse nature of the nuclear surface observed in electron

scattering experiments. When combined with a spin-orbit correction, the Woods-

Saxon potential reproduces the experimentally observed shell closures.

A key assumption of the shell model is that the nucleons are moving indepen-

dently in the potential well. This is possible as although the density of the nucleus

is high, many of the collisions are forbidden due to the Pauli principle.

The spin and parity of the ground state of an odd-A nucleus can be predicted

by the shell model by considering only the valence nucleons. If only the single

unpaired nucleon is considered, in the extreme independent-particle model, the

spin and parity of the ground state is then determined by the orbital that the

unpaired nucleon lies in. In even-even nuclei, where all the nucleons are paired,

it is then clear that the ground state must be a 0+ state. The shell model is

particularly successful for stable and near-stable nuclei in the regions A<150 and

190<A<220 where it correctly predicts nearly all of the odd-A ground state spins

and parities [34].
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2.1.2 Collectivity

Vibrational Behaviour

As well as considering nuclear states in terms of individual orbitals, we may also

consider the collective motion of the nucleus as a whole. Firstly, we may consider

that the nucleus can vibrate about an equilibrium position by adding vibrational

phonons to the system. A dipole (L=1) phonon would correspond to an oscillation

in the centre of mass of the system, and therefore cannot result from the internal

nuclear forces. If we were to add the next highest angular momentum phonon,

a quadrupole (L=2) phonon , to the 0+ ground state of an even-even nucleus it

would result in a single excited 2+ state. Indeed, a 2+ state is observed as the first

excited state in nearly all even-even nuclei, although not all of these states are

vibrational in nature. Adding a second quadrupole phonon to the system would

produced a triplet of states (0+, 2+, 4+) at twice the energy of the first excited 2+

state. Therefore, in a vibrational nucleus we expect the ratio of the energies of the

first excited 4+ and 2+ states, R( 4
2

), to be equal to 2.

Deformation and Rotational Behaviour

In a non-spherical nucleus we may also consider rotational behaviour. We first

define a deformation parameter for an ellipsoidal nucleus,

β =
4

3

√
π

5

∆R

Rav

, (2.2)

where ∆R is the difference in length between the semiminor and semimajor axis,

and Rav is the average radius. β > 0 corresponds to a prolate (cigar shaped)
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nucleus whereas β < 0 corresponds to an oblate (pancake shaped) nucleus. The

intrinsic quadrupole moment of the nucleus, Q0, is related to the deformation by

Q0 =
3√
5π
R2
avZβ (1 + 0.16β) (2.3)

By measuring the quadrupole moment a value of β may therefore be obtained, after

correcting for the rotation of the nucleus in the laboratory frame of reference. For

deformed nuclei in the region 150 < A < 190, which includes the nuclei of interest

in the present work, β is found to have values around 0.29 [34]. The rotational

kinetic energy of a rigid rotor is given by

Erot =
~2

2I
· I (I + 1) (2.4)

where I is the moment of inertia and I is the total angular momentum of the

nucleus. Using this equation the value of R( 4
2

) is found to be 3.33̇. Many nuclei in

the 150 < A < 190 region are found to have R( 4
2

) close to this value. For example,

for 154Sm, R( 4
2

) = 3.25.

In Figure 2.1 R( 4
2

) is plotted against neutron number for the even samarium

isotopes, both stable and unstable, between N=70 and N=98. It can be seen from

this figure that the effect of the N=82 shell closure is dramatic. A rapid rise in the

value of R( 4
2

) occurs between 150Sm and 152Sm, the nuclei populated in the present

work in the (p,t) reaction.
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Figure 2.1: The ratio of the energy of the first excited 4+ and 2+ states, R( 4
2

), plot-
ted against neutron number for the samarium isotopes. The values for a spherical
vibrator (2) and a rigid rotor (3.33̇) are indicated by the horizontal lines. Data is
from the NNDC database [35].

2.1.3 The Nilsson Model

In order to accurately predict the spin, parity and energies of excited states, the

shell model must be modified to take account of nuclear deformation. When

the Schrödinger equation is solved with a non-spherical potential, the quantum

numbers l and j, which can be used to label states in the spherical case, are no

longer good quantum numbers. Now we must consider Ω, the value of j projected

on the symmetry axis of the nucleus. For prolate deformation, orbits with a small

value of Ω are, on average, closer to the bulk of the nuclear matter than orbits

with a large value of Ω. Therefore, they are lowered in energy and the degeneracy

in j is broken. Each orbital may now contain two nucleons, corresponding to ±Ω.

Plotting the energy of these Nilsson orbitals as a function of deformation results

in a plot known as the Nilsson diagram.
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Nilsson orbitals are labelled using the notation K[NnzΛ], where K is the pro-

jection of the total angular momentum onto the symmetry axis, N is the principal

quantum number, nz is the number of radial nodes in the z-direction and Λ is the

component of orbital angular momentum along the z-axis. A Nilsson diagram for

the N=82 region, from Reference [36], is shown in Figure 2.2.

Figure 2.2: Nilsson diagram showing the region around N=82, from Reference [36].

2.1.4 The Interacting Boson Model

The Interacting Boson Model (IBM) [37] is based on mathematical groups and al-

gebras. The IBA is particularly useful for the case of nuclei which are far from shell

closures as for these nuclei microscopic shell-model calculations become difficult

due to the very large number of degrees of freedom.

In the IBA, the valence nucleons are pairwise coupled to form bosons of spin 0
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and 2~ (s and d bosons). Bosons of other angular momenta can also be included.

The number of bosons for a given nucleus is fixed and in the IBA-1, where the

proton and neutron bosons are treated equally [38], is equal to half the sum of the

number of valence protons and neutrons. In the IBA it is useful to consider nuclei

in terms of the symmetry groups which describe their properties; for example

spherical, vibrational nuclei are described by the group U(5). The two other

particularly interesting symmetry groups in the context of nuclei are SU(3) and

O(6) which correspond to axially symmetric rotors and γ-soft rotors respectively,

where the term γ-soft describes nuclei that may undergo vibrations perpendicular

to the axis of symmetry.

2.2 Nuclear Reactions

In this section, some properties and classifications of nuclear reactions are outlined.

For the reaction A + B → C + D the notation A(B,C)D is used, where A is

the target nucleus, B is the beam particle, C is the outgoing particle and D is the

residual nucleus. A, B, C and D may be either nuclei, nucleons, γ rays or other

particles. The Q-value of a reaction indicates whether a reaction is energetically

favourable or not and is given by

Q = (Minit −Mfin) c2 (2.5)

where Minit and Mfin are the initial and final masses of the entire system respec-

tively. During the reaction, the total energy and linear momentum of the system

are conserved. If the energy of the incoming beam particle, the energy of the
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outgoing particle and the reaction Q-value are known the excitation energy of the

residual nucleus can be determined. From conservation of energy and linear mo-

mentum, it is clear that for Q < 0 there is an energy threshold below which the

reaction cannot take place. For Q > 0 there is no energy threshold. However, if

A and B are charged particles then the Coulomb barrier, Vc, must be overcome to

initiate the reaction. The value of Vc, in the centre of mass frame, can be estimated

using [39]

Vc = 1.44
Z1Z2

R0

(
A

1/3
1 + A

1/3
2

)
(fm)

(MeV) (2.6)

where A1,2 and Z1,2 are the mass numbers and charge numbers of the two colliding

particles respectively and R0 = 1.25 fm. For the case of protons incident upon a

152Sm target, the value of Vc is approximately 13.4 MeV.

2.2.1 Cross Sections

The probability of a specific nuclear reaction occurring is given by the cross-section

for that reaction, σ, which is defined as

σ =
Ib
IaN

(2.7)

where Ia is the number of incoming beam particles per unit time, Ib is the number

of reactions per unit time and N is the number of nuclei per unit area in the target.

Therefore, σ has the dimension of an area and the commonly used unit is the barn

(b), where 1b = 100 fm2. Since a detector will be positioned at a certain θ and φ,

the azimuthal and polar angles, with respect to the incident beam and will cover a

finite solid angle, the differential cross-section is sometimes a more useful quantity.
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This is defined as

dσ

dΩ
=
ω(θ, φ)

4πIaN
(2.8)

where ω(θ, φ) is the angular distribution of the outgoing particles. The total cross

section σ can be obtained from the differential cross section by integrating over all

possible θ and φ.

2.2.2 Direct and Compound Reactions

Direct reactions are fast, peripheral reactions that involve only a few nucleons and

that occur on a time scale comparable to, within an order or magnitude, the time

taken for the projectile to pass by the target [39]. They proceed via a single-step

process that may change only a single degree of freedom in the nucleus [40]. This

degree of freedom can be a single unpaired nucleon in an odd-even nucleus. Since

only a single degree of freedom can be changed, direct reactions tend to populate

states that are similar to the ground state of the target nucleus. The cross sections

are strongly dependent on the overlap of the wave functions of the initial and final

states. The angular distribution of the outgoing particle is often strongly forward

peaked and a function of the orbital angular momentum transfer.

In compound nuclear reactions, the incident beam particle interacts with a

relatively large number of nucleons, distributing its energy throughout the target

nucleus. This allows the population of states that have significantly different con-

figurations compared with that of the ground state. The compound nucleus has

a relatively long lifetime, compared to the time scale of direct reactions, as one

of the nucleons must randomly gain enough energy to be ejected in order for the

decay to proceed. Due to the randomness of the energy distribution in the com-
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pound nucleus, i.e. the non-selectiveness of the final state, this type of reaction is

more likely to populate levels at higher excitation energy due to the higher level

density in this region. The angular distributions of the outgoing particles in com-

pound reactions are broadly peaked, as opposed to the strongly forward-peaked

distributions characteristic of direct reactions.

Due to the randomness of the population of final states, the decay of a com-

pound nucleus can be assumed to be independent of the method of formation. This

is known as Bohr’s compound nucleus hypothesis and is an important assumption

in the surrogate reaction technique [41–43]. In this technique, a reaction is chosen

in order to produce the same compound nucleus as in a more difficult to perform

reaction, for example, reactions that would require a short-lived radioactive target.

The technique can be used to measure (n, γ) cross sections by measuring the γ-ray

decays of a compound nucleus produced via a different reaction. For example, in

the N=90 region, Scielzo et al. [44] compare 155,157Gd(n, γ) cross sections evaluated

using the surrogate reaction method to the directly measured cross sections.

2.2.3 DWBA Theory

The optical model, named for its similarity to the calculations for the scattering of

light from a semi-transparent sphere, is an extremely useful and well-established

model for calculating certain elastic-scattering observables such as the angular

distributions of the outgoing particles. In this model, potentials are chosen to

describe the state of the system before and after a collision. In the simplest

approximation, incident plane waves are chosen. The Schrödinger equation is

then solved for the chosen potentials, and the angular distribution of the outgoing
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particles can be extracted.

For inelastic scattering, the potential must consist of real, V (r), and imaginary,

W (r), components. The real component describes the elastic-scattering channel,

whereas the imaginary components describe the inelastic scattering. A common

choice for the real component, as in the shell model, is

V (r) =
−V0

1 + e(r−R)/a
, (2.9)

where the parameters V0, R and a are fitted to elastic scattering data. In practice,

these parameters are chosen from sets that have been evaluated over large ranges

of the nuclear chart, such as those found in References [45,46]. When considering

direct reactions, which are peripheral reactions involving only a few nucleons, W (r)

is often chosen so that it is large only near the surface. A spin-orbit component of

the potential, VSO, is usually added which is also large only near the surface.

In the simple plane-wave calculations, an assumption is that transfer can only

occur for r > R, and the actual radial distribution of the transferred particle is

not considered. The distorted wave Born approximation (DWBA) addresses these

issues and considers the incoming and outgoing waves to be distorted plane waves.

However, the DWBA theory still assumes that the reaction proceeds via a one-step

process, and the calculations are valid only when elastic scattering is the dominant

exit channel.

In the present work, the computer program DWUCK4 [47] was used to perform

DWBA calculations for the 152,154Sm(p,t) reactions. The optical model parameters

used are listed in Table 2.1. The proton parameters were obtained from reference

[48]. The triton and neutron parameters are from reference [49]. The notation
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follows that of reference [48], where the potential is given by

U(r) = Vc(r)−Vr(r)f(xr)+

(
~
mπc

)2

VSO(s·l)1

r

d

dr
f(xso)−iWof(xiv)+iW

′ d

dris
f(xis)

(2.10)

where

f(xn) = 1/(1 + exn) (2.11)

and

xn = (r − rnA1/3)/an (2.12)

The parameters Rr, Ris, Riv and Rso are related to the reduced radius of the

real potential, imaginary surface potential, imaginary volume potential and spin

orbit potential, respectively. ar, ais, aiv and aso are the corresponding diffuseness

parameters, and nlc is the nonlocality parameter.

For the (p,t) reaction, the angular distribution of the outgoing tritons is char-

acteristic of the L transfer. Additionally, for reactions on an even-even nucleus

L = J , and so by comparing the experimental distributions to calculated curves,

the spin of a level may be determined.
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2.2.4 The (p,t) Reaction

In the (p,t) reaction, two neutrons are transferred from the target nucleus to the

incident proton. At the 25-MeV beam energy used in the present work, the process

is a direct reaction. A useful feature of this reaction with an even-even target is

that L = J . Therefore, as stated in the previous section, the spin of a level may be

determined by comparing experimental angular distributions to calculated DWBA

curves. Cross sections from the (p,t) reaction can provide information about the

correlation (spatial and momentum) of the neutron pairs in the ground state of

the target nucleus [50]. In the following section, the selection rules of the (p,t)

reaction, discussed in detail in reference [50], are outlined.

Selection Rules of the (p,t) Reaction

In the (p,t) reaction, an exact selection rule exists such that

|Ji − Jf | ≤ J ≤ (Ji + Jf ) (2.13)

where Ji and Jf are the initial and final total nuclear angular momentum, and the

pair of transferred neutrons is coupled to angular momentum J . Additionally,

∆π = (−1)l1+l2 = (−1)Λ+λ (2.14)

where l1 and l2 are the individual orbital angular momentum of the transferred

neutrons in the target nucleus, Λ is the angular momentum of the centre of mass

of the transferred pair and λ is the relative angular momentum of the pair. If the

pair of transferred neutrons is coupled to S = 0 in the triton, where S is the total
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spin angular momentum of the pair, then L = J . For the case of λ = 0,

∆π = (−1)L = (−1)J (2.15)

i.e, only states of natural parity may be populated.

Since the isospin of the transferred neutron pair is 1, it follows that

|Ti − Tf | ≤ 1 ≤ (Ti + Tf ) (2.16)

where Ti and Tf are the initial and final total isospins of the nucleus.

2.2.5 γ-ray Transition Selection Rules

Excited nuclear states may decay to a lower lying level via the emission of a high

energy photon in the process known as γ decay. A level may decay either directly

to the ground state of the nucleus, or via intermediate states resulting in a cascade

of γ rays. Measuring the γ ray energies allows us to determine the energies of the

excited states, with a typical accuracy of approximately 0.2 keV when measured

with a high purity germanium (HPGe) detector. The γ-ray intensities, angular

distributions and correlations also provide valuable information about the nature

of the levels.

This decay process must follow certain transition rules. Since angular momen-

tum must be conserved, it follows that

Ii = L + If (2.17)
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where Ii and If are the initial and final nuclear angular momentum, and L is the

angular momentum carried away by the outgoing photon. Since these are vector

quantities, the allowed values of L are

|Ii − If | ≤ L ≤ (Ii + If ) (2.18)

where L is an integer. A γ-ray transition may be labelled as either electric, E, or

magnetic, M , followed by the number of units of angular momentum. For example,

the label E2 refers to an electric quadrupole transition, that carries two units of

angular momentum. The change in parity, or lack thereof, between the excited

states determines whether even-L or odd-L electric or magnetic transitions are

allowed. If there is no change in parity then L must be even for electric transitions

and odd for magnetic transitions. If there is a change in parity, then L must be

odd for electric transitions and even for magnetic transitions. For example, for a

transition between an excited 4+ state and a 2+ state, the allowed transitions are

E2, M3, E4, M5 and E6. However, the lower multipole transitions have much

higher transition rates and dominate the decay process. Additionally, an electric

transition is more probable than a magnetic transition of the same L.

2.3 Detector Theory

In the present work, HPGe clover detectors and Si detectors are utilised in order

to detect γ rays and light charged particles respectively. Here, some principles

behind both charged particle and γ-ray detection are outlined.
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2.3.1 Semiconductor Detectors

Semiconductor detectors are based on electron-hole collection and provide excellent

energy resolution due to the very large number of charge carriers generated in an

event [51]. The Si detectors in the ∆E-E telescope and the HPGe detectors used

in the present work are semiconductor detectors.

In semiconductors, a band gap exists between a valence band and a conduction

band. The energy of this gap, Eg, is typically of the order of 1 eV. At a temperature

of 300 K, Eg=0.665 eV for Ge and Eg=1.115 eV for Si [51]. The higher band gap

for Si allows this material to be used in room temperature detectors. An electron

has a probability of crossing the band gap and forming an electron-hole pair given

by

p = CT 3/2exp

(
− Eg

2kT

)
(2.19)

where T is the absolute temperature, k is the Boltzmann constant, and C is a

constant dependent on the semiconductor material. If an external electric field is

applied, the electrons in the conduction band and holes in the valence band will

move, in opposite directions, at different drift velocities, vd. If the strength of the

electric field is increased then vd will increase until a saturation velocity is reached.

In room temperature Si, the saturation for electrons occurs at approximately 2·104

V cm−1 and results in an electron drift velocity of approximately 107 cm s−1 [51].

In Ge cooled to a temperature of 80 K, the saturation occurs at a field strength of

approximately 2 · 103 V cm−1 and vd is approximately 107 cm s−1.

An intrinsic semiconductor can be doped with impurities to form n-type and

p-type semiconductors. In an n-type semiconductor, the impurity results in donor

levels near the top the band gap. These levels lie very close to the conduction
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band and so the electrons are easily excited, resulting in more electrons in the

conduction band than holes in the valence band. In a p-type semiconductor the

impurity creates acceptor levels near the bottom of the band gap, which results in

holes in the valence band.

When n-type and p-type semiconductor material are placed in contact with

each other diffusion of the free electrons and holes will occur. This diffusion creates

immobile positive charge in the n-type region and immobile negative charge in the

p-type region, creating an electric field which inhibits further migration and a

depletion region is formed. The size of the depletion region can be increased by

applying a negative voltage to the p-type material and a positive votage to the n-

type material; this is known as reverse-biasing. Within the depletion region, charge

carriers can be easily collected and this region is known as the ‘active volume’ of

the detector. A large active volume is desirable since it allows for the detection

of radiation that may penetrate deep in to the material. The size of the depletion

region may be increased by lowering the concentration of impurities, such as in

the high-purity germanium detectors (HPGe) used in the present work.

2.3.2 Interactions of Charged Particles with Matter

Charged particles interact with detector material via the Coulomb interaction.

The key interactions are those that occur between the incident particle and the

negatively-charged atomic electrons in the detector material. Interactions with

the positively-charged nuclei of the detector material are also possible but have

negligible effect on the response of the detector [51]. Due to conservation of energy

and momentum, only a small amount of energy can be imparted to an electron in
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a single collision. Therefore, many interactions between the incident particle and

the electrons occur before the full energy of the particle is deposited in the detector

material. Each interaction may either cause an electron to be excited to a higher

lying shell or, if the transferred energy is large enough, removed from the parent

atom in the process known as ionisation. The ionised electrons can then be swept

out of the material in the form of an electronic pulse by applying a voltage across

the detector. The amplitude, shape and timing of this pulse provides information

about the energy and type of particle that entered the detector.

An important quantity to consider is the range of a particle in the detector

material. In the present work, a silicon ∆E-E telescope is used and the particles of

interest must be able to pass through the ∆E detector and then fully stop in the

E detector. If the particle cannot pass through the ∆E detector then the trigger

condition for the data acquisition will not be met. The rate of energy loss of a

charged particle in matter is given by the Bethe formula [51]

−dE
dx

=
4πe4z2

mev2
NZ

[
ln

2mev
2

I
− ln

(
1− v2

c2

)
− v2

c2

]
, (2.20)

where v is the velocity of the particle, z is the charge number and me is the electron

rest mass. I, N and Z are the ionization potential, number density and atomic

number of the detector material respectively. From this equation, it can be seen

that incident particles with a greater charge will lose their energy at a greater rate,

and that the rate of energy loss increases for slower particles (i.e particles that have

less kinetic energy). It must be noted however that Equation 2.20 breaks down at

low energies where the particle may gain electrons from the detector material and

therefore decrease it’s net charge.
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2.3.3 Interactions of γ Rays with Matter

A γ ray may interact with detector material via one of several competing processes:

mainly photo-electric absorption, Compton scattering or pair production. For low-

energy γ rays, less than approximately 200 keV in germanium [34], photoelectric

absorption is most likely to occur. In this process, an atom in the detector material

absorbs the γ ray and subsequently ejects an electron. The probability of this

process occurring is approximately proportional to Z4 [34], where Z is the atomic

number of the absorbing material. Therefore, it is desirable that the detector

material has a large Z in order to increase the detection efficiency. The probability

for photo-electric absorption decreases as a function of γ-ray energy except for

sharp enhancements where the ionisation of electrons in the next shell becomes

available.

At intermediate γ-ray energies, between approximately 200 keV and 8 MeV in

germanium, Compton scattering is dominant. In this process, an incident γ ray

scatters from an atomic electron, transferring some of its energy and momentum.

The energy of the scattered photon as a function of scattering angle is given by

E ′γ =
Eγ

1 + (Eγ/mc2)(1− cos θ)
(2.21)

and is plotted in Figure 2.3 for incident γ-ray energies of 200 keV, 500 keV and

2000 keV. The Klein-Nishina formula, given by [34]

dσ

dΩ
=

e2

4πε0mc2

[
1

1 + α(1− cos θ)

]2 [
1 + cos2 θ

2

]
×
[
1 +

α2(1− cos θ)2

(1 + cos2 θ) [1 + α(1− cos θ)]

]
(2.22)
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Figure 2.3: Compton scattered γ-ray energy as a function of scattering angle for
initial γ-ray energies of 200 keV (blue), 500 keV (red) and 2000 keV (black),
calculated using equation 2.21.
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Figure 2.4: A polar plot (degrees) of the cross section for Compton scattering, cal-
culated using equation 2.22, for incident photon energies of 10 keV (blue), 200 keV
(red) and 5000 keV (black).

provides the differential cross section for Compton scattering as a function of

scattering angle, where θ is the scattering angle and α is the incident γ-ray energy

in units of the electron rest energy. This function is plotted in polar form in Figure

2.4 for incident γ-ray energies of 10 keV, 200 keV and 5000 keV.

In a HPGe detector, events in which a γ ray interacts via Compton scattering

but leaves the detector material before depositing its full energy lead to a Compton

continuum in the γ-ray energy spectrum. This background can be reduced by

surrounding the HPGe detector with additional high-efficiency detector material.
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When the outgoing Compton scattered γ ray is detected in the high-efficiency

material, the signal from the HPGe detector is rejected. Bismuth-Germante (BGO)

is commonly used for this purpose, as in the present work.

At high γ-ray energies pair production is the dominant process. This is the

process in which an electron-positron pair is created. The energy threshold for

this process is 1.022 MeV since at least twice the rest mass energy of the electron

is required. The residual energy is shared equally as kinetic energy between the

electron and positron. Both the electron and positron are unlikely to escape the

detector material as they will have already lost most of their kinetic energy after

a few millimetres [51]. Once stopped, the positron will annihilate with an electron

from the detector material producing two 511-keV γ rays. If the energy of both

of these γ rays is fully absorbed by the detector material, the full energy of the

original incident γ ray will have been deposited. If one, or both, of the 511 keV

γ rays escape the detector material without depositing their energy then single-

and double-escape peaks, at 511 keV and 1022 keV below the photopeak, will be

observed in the spectrum.
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Chapter 3

Experimental Arrangement

Isotopically-enriched 152Sm and 154Sm targets, of 98% and 99% purity respectively,

were bombarded with 25-MeV protons from the K-150 cyclotron at the Cyclotron

Institute of Texas A&M University. The thickness of the targets was approximately

1 mg/cm2. The 152Sm target was bombarded for 42 hours and the 154Sm target

for 35 hours with average beam currents of 1.4 nA and 1.2 nA respectively. The

live time was 68% for the 152Sm target runs and 66% for the 154Sm target runs.

The outgoing light ions and γ rays were detected using the STARLiTeR array, as

described in the following sections.

3.1 The STARLiTeR Array

The STARLiTeR array was utilised at the Cyclotron Institute of Texas A&M Uni-

versity and consists of STARS (Silicon Telescope Array for Reaction Studies) and

LiTeR (Livermore Texas Richmond). LiTeR is an array of six Compton suppressed

HPGe clover detectors. A schematic diagram of the experimental arrangement is
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shown in Figure 3.1. An aluminium target chamber housed STARS and the target

wheel as shown in the photograph in Figure 3.2. The side of the chamber was

4 mm thick and the diameter of the chamber was 25.1 cm. The dimensions of the

chamber are described in detail in reference [52]. An aluminium δ-shield was posi-

tioned between the target position and STARS in order to shield the silicon from

secondary electrons. An aluminium tube passed through the center of STARS in

order to shield the inner rings of the telescope from scattered beam particles. The

six BGO shielded HPGe clover detectors were positioned in pairs at angles of 47◦,

90◦ and 133◦ with respect to the incident proton beam at a distance of 13 cm from

the target position.

3.2 STARS

STARS is a highly segmented silicon telescope for the detection of charged particles

which can be assembled in a ∆E-E1 or ∆E-E1-E2 configuration. In the present

work, the ∆E-E1 configuration was used. The distance between the target and the

∆E detector was 18 mm and the distance between the ∆E detector and the E1

detector was 5 mm. The S2 detectors manufactured by Micron were used. These

are annular detectors segmented into 48 rings and 16 sectors. Each ring has a

width of 0.5 mm. The distance from the centre of the detector to the inner edge

of the active material was 11 mm and the distance from the centre to the outer

edge of the active material was 35 mm. In the present work, the outputs of pairs

adjacent of rings and sectors were combined to form 24 ring outputs and 8 sector

outputs. The active area was 35 cm2. A 0.14 mm thick ∆E detector and 1 mm

thick E1 detector were used. A dead layer of 1000 Å of aluminium was on the ring
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Figure 3.1: A schematic diagram of the STARLiTeR array which consists of the
STARS silicon telescope and the LiTeR array of six BGO shielded HPGe clover
detectors. This figure is a modified version of Fig. 1 from reference [53].
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Figure 3.2: Photograph of the aluminium chamber containing the target wheel
and STARS in the ∆E-E1-E2 configuration. The aluminium δ-shield positioned
in front of STARS can be seen. The beam is incident from the lower right corner
of the image.
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side of the detector and a 3000 Å layer of gold was on the sector side. The angular

coverage of the detector was from 34 to 58 degrees.

3.2.1 STARS Energy Calibration

The energy deposited in the Si detectors may be read from either the ring or

sector outputs. In the present work, the energies were obtained from the ring

side as this provided the best resolution. The energy deposited in adjacent rings

was summed within a single detector event, and the angle for these events was

calculated using the ring with the largest recorded energy. The telescope was

calibrated first using a 226Ra source, which provides α-particles at energies of 4601,

4784, 5304, 5490, 6002 and 7687 keV. An energy spectrum from the ∆E detector

produced using the 226Ra source is shown in Figure 3.3. In beam, a natural carbon

target was used to produce a 12C(p,p’) excitation energy spectrum, shown in Figure

3.4, which provided 9 additional calibration points between 4439 and 16106 keV.

Finally, well known levels at low excitation energy populated in the 152,154Sm(p,d)

and 152,154Sm(p,t) reactions were used. The energy losses for protons, deuterons

and tritons passing through the Al and Ag dead layers were calculated using the

ELAST (Energy Loss And Straggling Tool) program [54]. The induced noise in

neighbouring rings produced in multi-ring events was corrected for.

The excitation energy, E∗, of the residual nucleus is given by

E∗ = Eb +Q− Et − Er (3.1)

where Q is the Q-value of the reaction, Et is the energy of the outgoing particle

measured in STARS, Eb is the incident beam energy and Er is the recoil energy.
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Figure 3.3: Energy spectrum of α-particles emitted from a 226Ra source, measured
using the ∆E detector.

The reaction Q-values from the NNDC database [35] were used. A final energy

resolution (FWHM) of 130 keV was obtained for the ground state of 150Sm in the

152Sm(p,t) reaction.

3.2.2 Particle Identification

The outgoing light ions (protons, deuterons and tritons) were identified according

to their mass and charge by plotting the energy deposited in the ∆E detector

against that deposited in the E1 detector, as shown in Figure 3.5. For two particles

of identical kinetic energy the heavier particle will have the lower velocity and will

therefore deposit more energy in the ∆E detector according to Equation 2.20. The
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Figure 3.4: 12C(p,p’) excitation energy spectrum produced using a natural carbon
target. Below an excitation energy of 4 MeV the spectrum is cut off due to the
protons not stopping in the E1 detector (lower excitation energies correspond to
higher particle energies). The peaks correspond to states of known energy in the
NNDC database [35] and are labelled in keV.
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Figure 3.5: Particle identification plot produced using the STARS telescope for
the 152Sm(p,t) reaction. Bands corresponding to protons, deuterons and tritons
are labelled. The back-bending in the proton curve is due to protons not stopping
in the E1 detector.

back-bend in the proton curve is due to protons punching through the E1 detector.

In this case the energy deposited in the E1 detector decreases with particle energy

due to the increasing particle velocity.

3.2.3 Ray-trace

In order to reduce the background caused by scattered particles that do not origi-

nate from the target, the events in the STARS silicon telescope are ray-traced back

to the target position. A plot of the intensity in the ∆E detector rings against

the intensity in the E1 detector rings is shown in Figure 3.6. For each ∆E ring a
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Figure 3.6: A ray-trace diagram (Log scale on the z-axis). Each ring is labelled
with an integer, starting from 1 for the innermost ring and increasing to 24 for
the outermost ring. The most intense line in the figure corresponds to particles
that originated from the target position. The weaker line with a steeper gradient
corresponds to particles scattered from an upstream collimator. Ring 23 of the
∆E detector was not used as event times from this ring were not available.

range of rings in the E1 detector is specified for which events are accepted. The

most intense line with the shallower gradient in Figure 3.6 is consistent with the

measured ∆E-E1 distance of 5 mm and the target-∆E distance of 18 mm. A gate

was placed on these events. The second most intense line corresponds to particles

travelling almost parallel to the beam line and is partly due to scattering from an

upstream collimator.
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3.2.4 Off-Centred beam

A two-dimensional plot of the intensity of the outgoing light ions observed in the

∆E detector rings and sectors is shown in Figure 3.7. The non-uniform distribution

of counts in the sectors shows that the beam spot was off-centre with respect to

the telescope. This was accounted for when measuring the angular distributions

of the outgoing light ions and determining the energy losses in the dead layers.

The displacement of the beam spot from the centre was determined by matching

ring-sector pixels of the same intensity. Perpendicular bisectors can then be drawn

between each pair and the point at which the lines intersect provides an estimate

of the beam spot position. Using this method, the beam spot was calculated to

be 1.2(3) mm displaced from the centre in the direction of Sector 7.

3.3 LiTeR

The γ-ray detection array LiTeR consists of six BGO-shielded HPGe clover detec-

tors. Each detector consists of four high-purity germanium crystals arranged in the

shape of a four-leaf clover. The energy deposited in adjacent crystals was summed

in the process known as add-back. The detectors were positioned in pairs at angles

of 47◦, 90◦ and 133◦ with respect to the incident proton beam at a distance of 13

cm from the target position.

3.3.1 LiTeR Energy Calibration

The HPGe clover detectors were calibrated using the standard γ-ray calibration

sources 22Na, 54Mn, 57Co, 60Co, 109Cd, 133Ba, 137Cs and 152Eu. A final energy
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Figure 3.7: The distribution of counts in the ∆E detector rings and sectors.
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Figure 3.8: γ-ray energy spectrum produced using a 60Co source.

resolution of 2.6 keV and 3.5 keV (FWHM) was obtained at 122 keV and 963 keV

respectively. A γ-ray energy spectrum, Compton suppressed and with leaf add-

back, produced using the 60Co source is shown in Figure 3.8.

3.3.2 LiTeR Efficiency Calibration

A measurement of the γ-ray photopeak detection efficiency is required in order to

extract few nucleon transfer cross-sections using the particle-γ coincidence tech-

nique. An efficiency calibration was obtained using 22Na, 57Co, 60Co, 133Ba, 137Cs

and 152Eu γ-ray sources of known intensity. The efficiency curve for the entire

array, with leaf add-back and Compton suppression, is shown in Figure 3.9. The
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Figure 3.9: The absolute photopeak efficiency of the LiTeR array, plotted as a
function of γ-ray energy, with leaf add-back and Compton suppression enabled.
The line shows the function given by Equation 3.2 fitted to the data.

branching ratios were obtained from the NNDC database [35]. The dead time of

each calibration run and sum-peak effects were accounted for. The function

ε(x) =

(
Ax+

B

x

)
exp

(
Cx+

D

x

)
, (3.2)

where A, B, C and D are constants, was fitted to the data and reproduces the

expected decrease in efficiency at the lowest and highest γ-ray energies.
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Figure 3.10: The clover-BGO time differences. The events between the two blue
lines were rejected as Compton scattering events.

3.3.3 Compton Suppression

When a γ ray was detected in a BGO shield any coincident signal from the cor-

responding clover detector was vetoed in order to suppress Compton scattering

events. The time differences between the BGO signals and the signals from the

clover detectors are shown in Figure 3.10 where the gate for event rejection is

indicated by the blue lines.
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Figure 3.11: Schematic diagram of the STARLiTeR electronics used during the
experiment. The DE-E1 trigger provides the start signal for the TDCs during
in-beam measurements.

3.4 Electronics

A schematic diagram of the STARLiTeR electronics is shown in Figure 3.11. The

γ-singles trigger was used during the γ-ray energy and efficiency calibrations, and

also during out-of-beam measurements of the activated targets. The ∆E-E1 trigger

was used for the in-beam data. The particle spectra obtained with the ∆E-E1

trigger, such as those shown later in Figure 4.1, are referred to as particle singles

spectra.

3.5 Particle-γ Coincidences

Particle-γ coincidences are a powerful spectroscopic tool, see for example Reference

[36] in which a similar setup to that used in the present work is used to identify
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Figure 3.12: The time differences between the particle and γ-ray events. The
telescope time was obtained from the ring in the ∆E detector with the highest
energy. The clover time was obtained from the leaf with the highest energy. The
events between the two blue lines were accepted as particle-γ coincidences.

new levels and γ-ray transitions in 155Gd using the (p,d-γ) reaction. The time

differences between the particle and γ-ray events are plotted in Figure 3.12 where

the gate defining the particle-γ coincidence condition is indicated by the blue

lines. A triton-γ matrix from the 152Sm(p,t) reaction is shown in Figure 3.13. The

horizontal lines in this figure correspond to γ rays from states that are strongly

fed by a large number of levels spanning a wide range of excitation energies.
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Figure 3.13: A triton-γ coincidence matrix from the 152Sm(p,t) reaction. The
intense horizontal line at approximately 40 keV corresponds to Sm X-rays. The
line at a γ-ray energy of 334 keV is the transition from the 2+

1 level in 150Sm to
the ground state.
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Chapter 4

Results and Discussion

4.1 Triton singles spectra and triton-γ matrices

The triton singles spectra from the 152,154Sm(p,t) reactions are shown in Figure 4.1.

At low excitation energy, below approximately 2.5 MeV in 150Sm and 2 MeV in

152Sm, the region of strongly populated discrete states can be seen. The three

largest peaks at low excitation energy in the 150Sm spectrum correspond to the

population of the ground state and the first two excited 0+ states. At approxi-

mately 3 MeV in 150Sm and 2.3 MeV in 152Sm the peak-like structure (PLS) can

be observed, immediately prior to the smooth continuum region at higher excita-

tion energy. In Figure 4.2 the triton projections from the t-γ matrices from the

152,154Sm(p,t) and the 154,156,158Gd(p,t) reactions are shown. The Gd data is from

the studies by Ross et al. [28] and Allmond et al. [29]. The dashed lines indicate

the single neutron separation energies. The data from Ross and Allmond were

obtained using a similar experimental arrangement to that used in the present

work. It can be seen that the resolution of the tritons is much improved for the
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Sm data. The triton energy resolution (FWHM) was 380 keV for the 156Gd(p,t)

reaction, which compares to the value of 130 keV obtained in the present work. It

can be seen in the figure that the PLS is also present in all three Gd nuclei.

The method for identifying discrete states is provided in Section 4.2, and com-

ments on the observed levels and γ-ray transition are provided in Sections 4.4 and

4.5. The angular distributions for the observed discrete states and the PLS are

presented in Section 4.6 and the measured relative partial cross sections are dis-

cussed in Section 4.7. The PLS is discussed in detail in Section 4.8. The levels

and γ-ray transitions identified in the present work have been published in Phys-

ical Review C [55], where the PLS is also discussed. A measurement of isomeric

lifetimes in 152Eu, produced via the (p, 3n) reaction, obtained by measuring the

activated target out-of-beam is discussed in Section 4.9 and has been published in

Physical Review C [56].
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Figure 4.1: The triton singles spectra from the (a) 152Sm(p,t) and (b) 154Sm(p,t)
reactions. The discrete states at low excitation energy and the high energy con-
tinuum region can be seen. The PLS is indicated by an asterisk.

59



F
ig

u
re

4.
2:

T
ri

to
n

p
ro

je
ct

io
n
s

of
th

e
(t

-γ
)

m
at

ri
ce

s
fr

om
th

e
(a

)
1
5
4
G

d
(p

,t
),

(b
)

1
5
6
G

d
(p

,t
),

(c
)

1
5
8
G

d
(p

,t
),

(d
)

1
5
2
S
m

(p
,t

)
an

d
(e

)
1
5
4
S
m

(p
,t

)
re

ac
ti

on
s.

T
h
e

d
as

h
ed

li
n
es

in
d
ic

at
e

th
e

si
n
gl

e
n
eu

tr
on

se
p
ar

at
io

n
en

er
gi

es
.

T
h
e

G
d

d
at

a
is

fr
om

th
e

st
u
d
ie

s
b
y

R
os

s
et

al
.

[2
8]

an
d

A
ll
m

on
d
et

al
.

[2
9]

.

60



4.2 Method for identifying discrete states

In this section, the method used to identify discrete states in 150,152Sm using the

triton-γ coincidence technique is outlined. In the present work, assignments can-

not be made solely using the triton singles spectra due to the relatively low energy

resolution and the rapidly increasing level density above approximately 2 MeV in

excitation energy. Triton-γ coincidences provide a powerful tool with which to

identify new levels and γ-ray transitions. Firstly, a gate is placed on the exci-

tation energy range of interest on the triton projection from the t-γ coincidence

matrix. The triton projections are shown in Panels (d) and (e) of Figure 4.2 for

the 152,154Sm(p,t) reactions. The resultant γ-ray energy spectrum contains only γ

rays that are emitted from levels at or below the energy of the gate. This pro-

cess often reveals low intensity transitions that are obscured in the total γ-ray

projection. Back-gating on a γ ray of interest yields a triton energy spectrum

that typically consists of a narrow peak at low excitation energy, corresponding

to the direct population of the γ-ray emitting level, and counts at higher excita-

tion energy which correspond to states feeding that level. By fitting the energy

of the triton peak corresponding to direct population the approximate excitation

energy of the level can be determined, with a typical uncertainty of approximately

10 keV. The energy of the γ ray may then be subtracted from the triton peak

energy and often reveals the level that is being fed by the transition. However, the

transition may only be placed unambiguously when either there are multiple ob-

served γ rays depopulating the level, when the placement can be confirmed using

γ-γ coincidences, or when there is only one possible level that may be fed within

the experimental uncertainty. By summing the γ-ray energy with the well-known
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energy of the level that is being fed, the precise energy of the γ-ray emitting level

may be determined with a typical uncertainty of 0.2 keV.

As an example, the level at 3037.8(9) keV in 150Sm is considered. It can be

seen in Table 4.1 that γ-ray transitions were observed at energies of 2702.9(13) keV

and 3038.5(12) keV. As shown in Figure 4.3, a gate placed on the 2702.9(13) keV

transition produces a triton energy spectrum with a peak corresponding to an

excitation energy of 3042(8) keV. Subtracting the γ-ray energy from the triton peak

energy gives a value of 339(8) keV for the energy of the level that is being fed. If the

transition is a primary γ ray from the level at 3042(8) keV, then there is only one

possible final level within the experimental uncertainty, the 2+ state at 334 keV.

The γ-ray energy from the present work may then be summed with the precise

energy level energy of 334.955(10) keV from the NNDC database [35] resulting in

a level energy of 3036.9(13) keV. Similarly, the 3038.5(12) keV transition may be

subtracted from the energy of the coincident triton peak of 3060(18) keV, resulting

in an energy of 22(18) keV for the final state. It is clear that this is a transition

to the ground state, and so the energy of the level is simply the energy of the

γ-ray transition. The final level energy of 3037.8(9) keV is the weighted average

of the level energies of 3036.9(13) keV and 3038.5(12) keV determined from the

individual γ-rays. The NNDC database lists a level at 3038.2(4) keV with γ-

ray transitions at 2704.6(7) keV and 3037.8( keV), which are consistent with the

energies measured in the present work. The relative γ-ray branching intensities

measured in the present work are also consistent with the NNDC values, within

the experimental uncertainty.
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Figure 4.3: Triton energy spectrum in coincidence with the 2702.9(13) keV tran-
sition from the level at 3037.8(9) keV in 150Sm.

4.3 Individual Levels and γ-ray transitions

In the following sections the individual levels in 150Sm and 152Sm, observed in

the 152Sm(p,t) and 154Sm(p,t) reactions respectively, are discussed. The full list of

observed levels is given in Tables 4.1 and 4.2. In the first column, the energy of the

level evaluated in the present work is given. In the second and third columns, the γ-

ray energy and relative γ-ray branching is listed. The γ-ray branching intensities

are given relative to the strongest transition from each level and the strongest

transition has been scaled to 100. In the fourth column, the energy of the triton

peak corresponding to the direct population of the level in coincidence with the γ

ray from the same row is listed. In the fifth column, the γ-ray energy is subtracted

from the triton peak energy which can be compared to the NNDC level energy in

the sixth column. The energies in the fifth and sixth columns must be consistent
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within the experimental uncertainty. A dash in columns 4 and 5 indicates that the

triton peak corresponding to the direct population of the level was not measured

in coincidence with the γ ray in the same row. This can occur when a level is

strongly fed by higher-lying states. In the seventh column, the γ-ray energy from

the present work is summed with the NNDC energy of the level that is being fed

in order to determine the precise level energy. In the following four columns the

NNDC spin and parity, level energy, γ-ray energy and relative γ-ray branching

intensities are listed in order to compare to those obtained in the present work. In

the final column, the relative partial cross section, angle averaged over the angular

range of the telescope of 34◦-58◦, is given. The cross sections are relative to that

of the 2+
1 state in the same nucleus, which has been scaled to 100. These relative

cross sections are discussed in detail in Section 4.7. In Sections 4.4 and 4.5, only

states for which additional comments are required in order to fully interpret the

data in the Tables 4.1 and 4.2 are discussed.

In Figures 4.4 and 4.5, excitation energy is plotted against spin for levels ob-

served to be directly populated in the present work. Newly-observed levels are

plotted in red, and the horizontal bars show the possible range of spins for a level.

This range of spins was taken from the literature where available, or estimated by

using the observed γ-ray decays by assuming that the spin of a level was within two

units of angular momentum from the levels it was observed to feed. It can be seen

in these figures that the majority of the directly populated levels lie between 0-6~

units of angular momentum. The selectivity of the reaction to states of relatively

low angular momentum at relatively high excitation energy is clearly apparent.
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Figure 4.4: Excitation energy plotted against spin for levels observed to be directly
populated in 150Sm. The dashed lines indicate the region of the PLS. The black
crosses correspond to states for which the spin was previously known. The black
horizontal lines correspond to states that had been previously observed but for
which the spin was unknown or uncertain. The length of the line corresponds
to the possible range of spins for that level, which was either obtained from the
literature, or estimated by assuming that the spin of a level was within two units
of angular momentum of the states it was observed to feed. The red horizontal
lines are the same as the black horizontal lines, except that they correspond to
levels newly observed in the present work.
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Figure 4.5: Same as Figure 4.4 but for levels populated in 152Sm.
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4.4 Levels and γ-ray transitions in 150Sm

The level at 1603.1(7) keV

A 1269.1(7)-keV γ ray was placed between the level at 1603.1(7) keV and the

first 2+ state. It is likely that this is the level observed by Debenham [19] at an

excitation energy of 1603(4) keV in the (p,t) reaction. The cross section for the

direct population of this level was measured by Debenham to be 0.48% of that of

the 0+
2 level where both measurements were obtained at a laboratory angle of 25

degrees. This compares well with the value of 0.39(14)% from the present work.

However, it must be noted that here we quote the relative cross section integrated

across the angular range of the telescope. Additionally, Debenham utilised a lower

beam energy of 19 MeV which could significantly affect the measured cross sections.

The level at 1794.2(2) keV

In the NNDC database, a level at 1794.30(3) keV is assigned four γ-ray transi-

tions at energies of 151.64(4), 600.43(25), 722.65(18) and 1798(4) keV, where the

151.64(4) keV transition is a tentative assignment. The 1798(4)-keV γ ray was not

observed in the present work, but should be seen in the spectrum if the relative

intensity from the literature is correct. Therefore, it is likely that this transition

does not belong to the 1794.2(2) keV level. The 151.64(4) keV γ was also not

observed but would not be expected to be seen due to the low intensity. γ rays

at energies of 628.5(3) keV and 1459.9(4) keV were observed in coincidence with

triton peaks at energies of 1796(7) keV and 1764(16) keV respectively and can be

assigned to this level. It is possible that the 628.5(3)-keV γ ray is the 628.56(14)-
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keV transition previously observed in the (n,γ) reaction [57] but not placed in the

level scheme. The 628.5(3) keV transition feeds the 1− level at 1165.6(2) keV and

the 1459.9(4) keV transition populates the 2+
1 state. These new placements are

consistent with the previous spin and parity assignment of 2+ for the level.

The level at 1826.7(3) keV

A new level is placed at 1826.7(3) keV with a 1053.3(3)-keV transition to the 4+
1

state at 773.374(12) keV. The γ ray is in prompt-coincidence with a triton peak at

1824(8) keV. If this transition is a primary γ ray from the 1824(8) keV level then

there is no other possible final level other than the 4+ state within the experimental

uncertainty. However, this placement cannot be confirmed using t-γ-γ coincidences

due to insufficient statistics.

The level at 1832.8(2) keV

In the NNDC database, a (2)+ level at 1833.01(3) keV is listed with four γ-ray

transitions at 667.05(3), 788, 1499.35(10) and 1833.30(15) keV. In the present

work, only γ rays at energies of 667.3(3) and 1498.7(2) keV are observed, which

are the two most intense transitions. However, the 667.3(3) transition was observed

to have 48(8)% of the intensity of the 1498.7(2) keV transition in the present work,

whereas in the NNDC database the 667.05(3) keV γ ray is listed as the strongest

transition. This discrepancy can be explained by the fact that the 667.05(3) keV

transition is multiply placed in the NNDC database and the undivided intensity

is given.
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The level at 1950.2(2) keV

A 1176.8(2)-keV transition was observed from the level at 1950.2(2) keV to the

4+ state at 773.3(3) keV. This γ ray is likely to correspond to the 1176.6(13) keV

transition from the level at 1952.46(3) keV in the NNDC database. However, the

NNDC database also assigns a 308.05(4)-keV γ ray to this level. The level energy

calculated using the 308.05(4)-keV γ ray is not consistent with the level energy

measured in the present work, and therefore the 308.05(4) and 1176.6(13) keV γ

rays are likely to belong to separate levels.

The level at 2004.8(4) keV

A level at 2004.8(4) keV was observed with a 811.2(6)-keV transition to the 2+

state at 1193.9(2) keV and a new 2004.6(5) keV transition to the ground state.

The 811.2(6)-keV γ ray may correspond to the 812.1(8)-keV transition previously

observed in the β− decay of 150Pm [58], which was previously not placed in the

level scheme.

The level at 2260.1(3) keV

A 1926.1(3)-keV transition to the 2+
1 state was observed from a level at 2260.1(3) keV.

A level at 2259.8(8) keV was previously reported by Barrette et al. [58] and ten-

tatively assigned as a 1− state. Eight γ-ray transitions were previously assigned

to this level, including a transition at 1926.04(8) keV which corresponds to the γ

ray measured in the present work. Based on our nonobservation of the remaining

transitions, it is probable that there are multiple discrete states close to 2260 keV,

of which only the level at 2260.1(3) keV is observed in the present work.
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The level at 2362.6(2) keV

Two γ-ray transitions at energies of 1290.9(3) and 2028.9(3) keV are assigned to a

new level at 2362.6(2) keV. In Figure 4.6, the triton energy spectra in coincidence

with these two γ rays are shown. The level energy obtained by summing the γ-ray

energies with the energies of the levels that are being fed is indicated by the blue

dashed line.

Figure 4.6: Triton energy spectra in coincidence with the (a) 1290.9(3) and (b)
2028.9(3) keV transitions from the level at 2362.6(2) keV in 150Sm. The blue
dashed line indicates the weighted average of 2362.6(2) keV obtained by summing
the γ-ray energies with the NNDC energies of the levels that are fed.
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The level at 2587.2(4) keV

A new 1813.8(4)-keV transition is placed between a level at 2587.2(4) keV and the

4+
1 state. This level energy is consistent with the previous value of 2587.3(5) keV

[59,60]. The level was previously assigned as a 3+,4+ state. It is therefore probable

that this level is a 4+ state based on the natural-parity selection rule of the (p,t)

reaction. This is consistent with the new transition to the lower-lying 4+ state

observed in the present work.

The level at 2654.9(7) keV

A level at 2654.9(7) keV is observed with a 2320.9(7) keV γ-ray transition to

the 2+
1 state. This 2654.9(7)-keV level may be the previously reported level at

2655(7) keV [11,60–62], previously assigned as a 3(+), 5(+) level [62]. This suggests

that the level is a 3− state based on the natural-parity selection rule and the

transition to the lower lying 2+ state.

4.5 Levels and γ-ray transitions in 152Sm

The level at 2003.5(6) keV

A 1296.6(6)-keV transition from a level at 2003.5(6) keV is observed. It is possible

that this state may correspond to one of three levels from the NNDC database at

energies of 2003.66(20), 2004.24(6) and 2004.29(11) keV. The level at 2004.24(6) keV

has a known γ-ray transition at 1297.4(10) keV which could correspond to the

1296.6(6)-keV transition from the present work. Similarly, the 2004.29(11)-keV

level has a 1297.29(13)-keV transition.
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The level at 2214.9(8) keV

A level at 2214.9(8) keV is observed with a new 2093.1(8)-keV transition. A level

has previously been observed at an excitation energy of 2214.98(7) keV in the

150Nd(α,2nγ) reaction [63]. However, this is not the same level observed in the

present work, since the 8+ assignment is not consistent with a decay to the 2+
1

level.

The 2246.1(2) and 2247.0(2) keV levels

Three new γ-ray transitions at 1160.3(3), 1163.3(4) and 2245.8(8) keV were ob-

served from a level at 2246.1(2) keV. Additionally, two further new γ rays at

energies of 1283.9(4) and 2125.1(3) keV were assigned to a level at 2247.0(2) keV.

Separate level assignments were made since the level energies evaluated using the

1283.9(4)- and 2125.1(3)-keV transitions lie 3.0 and 2.7 standard deviations, re-

spectively, from the level energy evaluated using the remaining three γ rays. An

unpublished level at 2247.23 keV has previously been observed [64] with transitions

to the first excited 0+, 2+ and 1− levels.

The level at 2331.1(4) keV

A level was observed at 2331.1(4) keV with a 1624.2(4)-keV transition to the 6+
1

state. This is likely to be the unpublished level [64] at an excitation energy of

2332.42 keV populated in the (α,2nγ) reaction with transitions to the 6+
1 and 8+

1

levels.
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The level at 2365.4(3) keV

A 1998.9(3)-keV γ ray was placed between a new level at 2365.4(3) keV and the

4+
1 state. A level at 2365 keV has previously been observed [64] with 994- and 753-

keV transitions to lower lying 4+ states. However, this is unlikely to be the level

populated in the present work since these transitions were not observed despite

the higher γ-ray detection efficiency at those energies.

The level at 2462.7(5) keV

A level was observed at an excitation energy of 2462.7(5) keV with a 1499.3(5)-keV

γ ray. An unpublished level at 2463.17 keV was previously observed [64] in the

(n,n’γ) reaction with a transition to the first excited 1− state, consistent with the

assignment made in the present work.

4.6 Angular Distributions

The orbital angular-momentum transfer in the (p,t) reaction may be determined

by comparing the experimental angular distributions of the outgoing tritons to dis-

tributions calculated using the Distorted Wave Born Approximation (DWBA) the-

ory. In the present work, DWBA calculations were performed using the DWUCK4

code [47]. The optical-model parameters used in the calculations are listed in Ta-

ble 2.1 and the potential was that from Reference [48], which is given by Equation

2.10.

The angular coverage of the STARS telescope was from 34 to 58 degrees. The

position of the beam spot with respect to the centre of the telescope was calculated
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as described in Section 3.2.4. The angle and solid angle for each pixel of the

telescope was corrected in order to account for this offset.

4.6.1 Discrete States

In order to measure the angular distribution for a discrete state, gates were placed

on both a γ-ray transition that directly depopulates the level, as well as the coinci-

dent triton peak corresponding to the direct population of the level. The intensity

observed in each ring-sector pixel of the telescope was then corrected for the solid

angle of that pixel and binned in 2 degree increments. For levels with multiple

observed transitions, the angular distributions obtained from gating on each γ ray

were summed.

In Figure 4.7, the experimental angular distributions for some low-lying lev-

els in 150Sm are compared to the calculated DWBA curves corresponding to the

NNDC value of the spin of that level. The agreement between the experimental

and theoretical distributions was good, and no discrepancies were found between

the spins from the literature and a comparison of the experimental angular distri-

butions to the corresponding DWBA curves.

In Figure 4.8, the experimental angular distribution for the level at 2320.5(2) keV

in 152Sm is compared to the DWBA calculations for L = 4 (dashed blue line) and

L = 5 (red line) transfer. This level was previously assigned as a Jπ = 4+, 5 state

based on its four observed γ-ray transitions to two 4+ states at 1022.970(5) and

366.4793(9) keV, the 5− state at 1803.94(5) keV and the 6+ state at 706.928(17) keV.

The reduced χ2 for the L = 4 DWBA curve was 2.1 and for the L = 5 calculation

was 2.2. Therefore, the statistics in the current work do not allow for a definitive
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Figure 4.7: The experimental angular distributions for the levels in 150Sm at (a)
334 keV, J = 2 (b) 740 keV, J = 0 (c) 1256 keV, J = 0 and (d) 1417 keV, J = 2
are compared to the DWBA calculations for the respective L transfer.

assignment of the spin.

For the levels that were newly identified in the present work, there were insuf-

ficient statistics for spin assignments by comparison to DWBA curves.

4.6.2 Peak-like Structures

The angular distributions for the peak-like structures observed at intermediate ex-

citation energy were obtained by measuring the number of counts above a smooth

continuum background for each ring-sector pixel of the Si telescope. The area as-

sumed to belong to the PLS is indicated by the shaded blue area in Figure 4.9. The
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Figure 4.8: The experimental angular distribution for the level at 2320.5(2) keV
in 152Sm (black points) is compared to the DWBA calculations for L = 4 (dashed
blue line) and L = 5 (red line) transfer.

angular distributions for the background under the PLS were obtained by measur-

ing the number of counts below the shaded blue area for each pixel. In Panel (a)

of Figure 4.10 the experimental angular distribution of the PLS in 150Sm (black

points) is compared to the angular distribution for the background under the PLS

(red points) and to the distribution from the continuum region between 3.3 and

4.0 MeV (blue points). In Panel (b) of the figure, the angular distribution of the

PLS in 152Sm (black points) is compared to the distribution for the background

under the PLS (red points) and the distribution from the continuum region be-

tween 2.5 and 3.0 MeV (blue points). In both reactions, the angular distributions
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for the background under the PLS and the adjacent continuum region are very

similar, and significantly different to the angular distribution from the PLS itself,

indicating a difference in the L-transfer distribution. The similarity between the

curves corresponding to the background under the PLS and the continuum region

is evidence that the area chosen to correspond to the PLS, shown in Figure 4.9, is

approximately correct. In Panel (c) of the figure, the angular distributions from

the PLS in 150Sm and 152Sm are compared. It can be seen that these distributions

are remarkably similar, despite the PLS in these nuclei being 700 keV apart in

excitation energy. This suggests that the L-transfer distribution when populating

the PLS is very similar in both reactions. In Panel (d), the angular distributions of

the PLS from Panel (c) are compared to the DWBA calculations for L = 2, 3 and

4, the three curves most similar to the experimental data. These DWBA curves

were calculated for the case of the 152Sm(p,t) reaction.
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Figure 4.9: Triton singles spectrum from the 152Sm(p,t) reaction where the area
used to calculate the angular distribution of the PLS is shaded in blue.
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Figure 4.10: In Panel (a) the angular distribution of the PLS in 150Sm (black
points) is compared to the angular distribution of the background under the PLS
(blue points) and the distribution from the nearby continuum region between 3.3
and 4.0 MeV (red points). In Panel (b) the same distributions but for 152Sm are
plotted, when the continuum region was between 2.5 and 3.0 MeV. In Panel (c)
the angular distributions from the PLS in 150Sm (black points) and 152Sm (blue
points) are compared. In panel (d) the distributions from panel (c) are compared
to the DWBA curves for L = 2 (blue), L = 3 (black) and L = 4 (red) transfer,
calculated for the 152Sm(p,t) reaction.
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4.7 Cross Sections

In order to measure the relative partial cross section for the direct population of

a level, a primary γ ray from the level is gated on, producing a triton energy

spectrum where the lowest energy peak corresponds to the direct population of

the level, in the absence of any contamination. The area of the direct population

peak is measured and corrected for the γ-ray detection efficiency and the internal

conversion coefficient of the γ-ray transition. The internal conversion coefficients

from the NNDC database [35] were used. These relative cross sections are angle

averaged over the range of the telescope from 34 to 58 degrees. The missing

strength due to unobserved γ-rays was not corrected for, and therefore the values

listed in Tables 4.1 and 4.2 should be considered lower limits of the cross sections.

In Figures 4.11 and 4.12 the relative partial cross sections from Tables 4.1 and 4.2

are compared to the triton projections from the corresponding triton-γ matrices.

It can be seen in these figures that the correspondence between the two is good

for both reactions. In the 150Sm spectrum at approximately 3 MeV, the group of

three relatively strongly populated states in the region of the PLS stand out in

particular.

In Table 4.3, the relative cross sections from the present work for the 152Sm(p,t)

reaction are compared to those from Debenham et al. [19] and McLatchie et al.

[18]. This data is provided as a general comparison only, since the cross sections

quoted by Debenham are the maximum differential cross section at the listed

angle, as opposed to the angle-averaged cross sections measured in the present

work. The values from reference [18] are given for a laboratory angle of 22.5

degrees. In the work by Debenham, a lower incident proton energy of 19 MeV
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was used. Additionally, the values obtained in the present work will be lower

if there are unobserved γ-ray transitions. It can be seen from the table that

the agreement between the three sets of data is good in general. Of particular

note are the large cross sections for the population of the excited 0+ states at

740.6(2) and 1255.4(1) keV, which has previously been interpreted in terms of

shape coexistence [10,26].

Figure 4.11: In the top half of the figure the triton projection of the triton-γ matrix
from the 152Sm(p,t) reaction is shown. In the bottom half of the figure the relative
partial cross sections from Table 4.1 are plotted.
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Table 4.3: The relative partial cross sections for states in 150Sm are compared to
those from Debenham [19] and McLatchie [18]. All cross sections are relative to
that for the 2+

1 level, which has been scaled to 100. The values from Debenham
are the maximum differential cross sections at the angle listed in the following
column, with a relative error of 6.9%.

Ex (keV) Jπ σ(34◦ − 58◦) σ(θ)max θ σ(22.5◦)
Present work Reference [19] (degrees) Reference [18]

333.7(2) 2+ 100(2) 100 10 100
740.6(2) 0+ 282(6) 260 25 340
773.3(3) 4+ 9.7(8) 9.9 10 <20
1046.3(2) 2+ 32(2) 42 10 <20
1071.7(2) 3− 22(2) 5.6 35 40
1193.9(2) 2+ 38(2) 46 10 80
1255.4(1) 0+ 186(4) 170 25 180
1357.9(4) 5− 6(1) 1.9 20 <20
1417.2(2) 2+ 30(2) 27 10 30
1449.7(4) 4+ 2.3(6) 3.7 12.5 <20
1603.1(7) 1.1(4) 1.2 25
1642.6(7) 4+ 2.0(5) 1.2 10
1794.2(2) 2+ 13(1) 17 10
1832.8(2) (2)+ 7.6(9) 6.8 20 <20
1950.2(2) 3− 8.6(9) 3.7 35 <20
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Figure 4.12: Same as Figure 4.11 but for the 154Sm(p,t) reaction.
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4.8 Peak-Like Structures

A prominent feature of the triton projections shown in Figure 4.2 is the narrow

peak-like structure (PLS) that can be seen at intermediate excitation energy, in

between the region of strongly populated discrete states at low excitation energy

and the smooth continuum region at high excitation energy, in all of the reactions

shown. The excitation energy of the PLS is plotted as a function of neutron

number in Figure 4.13. The energy of the structure is very similar for the isotopes

with the same neutron number, and appears to decrease with increasing neutron

number.

Figure 4.13: The excitation energy of the PLS as a function of neutron number
for the Sm (blue) and Gd(black) isotopes.

In Figures 4.14 and 4.15 partial level schemes of 150Sm and 152Sm respectively

are shown, where only levels directly populated in the region of the PLS are plotted.
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The region of the PLS is indicated by the dashed black lines. Newly observed levels

and γ-ray transitions are shown in red. It is particularly apparent from these

figures that a significantly larger number of states was observed in the region of

the PLS in 152Sm than in 150Sm. A total of eight levels were identified in the

region of the PLS in 152Sm, six of which are newly observed. This compares to

only three levels observed in the region of the PLS in 150Sm, two of which are new

levels. One reason for this difference between the two nuclei is that many of the

levels in the region of the PLS were identified using high energy γ-ray transitions

to either the ground state, or to the first or second excited states. This is due to

the fact that higher energy γ rays are easier to place in the level scheme, since it

is more likely that there is only one possible final level within the experimental

uncertainty. Therefore, the 700 keV difference in the energy of the PLS in the

two nuclei results in a significantly better γ-ray detection efficiency for identifying

levels in the region of the PLS in 152Sm than for 150Sm.

The cross section for the population of the PLS in 150Sm, within the angular

range of the telescope and measured in the triton singles spectrum, was measured

to be 213(20)% of the cross section for the direct population of the first excited 2+

state at 333.7(2) keV. The cross section for the population of the PLS in 152Sm was

measured to be 117(19)% of the cross section for the 2+
1 level at 121.7(2) keV. For

150Sm, 39(4)% of the strength of the PLS can be accounted for by the observed

discrete states. This compares to a value of 93(15)% for 152Sm, where a value

greater than 100% would be possible if background chosen under the PLS is incor-

rect, or if not all the levels identified in the region belong to the PLS. It is useful

to compare these results to those from the high-resolution (triton energy) study by

Saha et al. [20]. The triton energy spectra from the 148,150,152,154Sm(p,t) reactions
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from that paper are shown in Figure 4.16. For 150Sm, the PLS lies outside of the

energy range measured by Saha. For the case of 152Sm it can be seen that the

region of the PLS is dominated by a relatively small number of strongly populated

discrete states built upon a continuum background, which is consistent with the

results obtained in the present work. The very strongly populated state measured

at an excitation energy of 2268 keV by Saha corresponds to the levels at 2246.1(2)

and 2247.0(2) keV in the present work, with cross sections of 24(2)% and 14(1)%

relative to the 2+
1 state, respectively. The difference in excitation energy between

2268 keV and the energies from the present work is due to the fact that the level

energies reported by Saha are systematically too high.

In the study of the 148,150,152,154Sm(p,t) reactions by Struble et al. [21] a large,

broad enhancement of strength at approximately 6 MeV in excitation energy was

observed. Additionally, a much narrower structure between 2.2 to 3.1 MeV in

excitation energy was observed in the 152,154Sm reactions, which corresponds to

the PLS observed in the present work. In the study by Crawley et al. [30], broad

structures were observed between 7-9 MeV excitation energy in the triton energy

spectra from the 112,116,118,120,122,124Sn(p,t) reactions. It was initially suggested

that these structures were composed of states formed by coupling two deep-lying

neutron holes from below the major shell closure [65]. The broad structure in 114Sn

has also been observed in the 116Sn(α,6He) reaction [66], and a similar structure

at approximately 5 MeV excitation energy was observed in the single-neutron

transfer reactions 112,116,118,120,122,124Sn(d,t) [67]. In the paper by Broglia and Bes

[68], pairing vibrations formed by the transfer of pairs of particles across major

shells are described. However, it was shown by Nomura [31] that the energy

systematics of the bumps are better described by coupling a neutron hole from
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near the Fermi surface to a deep-lying neutron hole. The formation of resonance-

like structures superimposed upon a continuum background by the fragmentation

of single-particle hole states has been discussed in detail by Galés, Stoyanov and

Vdovin [69], references [70] and [71] where two-hole states are also discussed, and

by Soloviev [72].

A wide range of nuclei from 66Zn to 230Th were studied using the (p,t) reaction

by Nakagawa et al. [32] where bumps at low and high excitation energy were

observed. The excitation energies of those bumps are plotted in Figure 4.17, where

it can be seen that the energies are smoothly varying excepted for abrupt jumps at

the major shell closures. The bumps at lower excitation energy were found to be in

good agreement with the excitation energy predicted by coupling a valence hole to

a deep-lying hole using the pairing model. However, the bumps at higher excitation

energy were found to be in poor agreement with the energy predicted by coupling

two deep-lying neutron holes. It is important to note that the width (FWHM)

of these structures measured by Nakagawa in the N=82 region was approximately

5 MeV. This is much larger than the width of the PLS observed in the present

work. In the 150Sm(p,t) reaction, the bump possibly corresponding to the deep-

deep neutron hole excitation was measured at an energy of approximately 6 MeV

by Nakagawa, in agreement with the measurement by Struble [21]. The bump

corresponding to the valence-hole deep-hole excitation would be expected to lie at

a lower excitation energy. In Figure 4.17 it can be seen that the excitation energy

of the bumps decreases with increasing neutron number above N = 82, consistent

with the energy systematics of the PLS observed in the present work.

If the PLS consists mainly of states formed by the coupling of a valence hole

to a deep-lying hole, then the energy of the structure should depend on the size
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of the shell gap. It was suggested by Struble [21] that the PLS is associated with

two-hole strength in strongly upsloping orbitals from below the N=82 closure. If

this is the case, then the energy of the structure should be strongly affected by the

rapid onset of deformation in the region. It can be seen in Figure 4.13 that the

energy of the PLS drops sharply with the onset of deformation between N = 88

and N = 90, and then remains relatively constant between N = 90 and N = 92.

97



Figure 4.14: Partial level scheme of 150Sm showing levels directly populated in the
region of the PLS, indicated by the dashed lines. New levels and γ rays are plotted
in red. The relative γ-ray branching for each level, expressed as a percentage of
the strongest transition, is also indicated.
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Figure 4.15: Same as Figure 4.14 but for 152Sm.
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Figure 4.16: Triton energy spectra from the 148,150,152,154Sm(p,t) reactions at an
incident proton energy of 40 MeV. The peak energies are in keV. Reproduced with
permission from Reference [20].
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Figure 4.17: The excitation energy of the low-energy (solid triangles) and high-
energy (solid circles) bumps plotted against mass number. Reproduced with per-
mission from Reference [32], where the curves are described in full.
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4.9 Isomeric Lifetimes in 152Eu

The results presented in this section have been published in Physical Review C [56].

Nuclear isomers are states with lifetimes significantly longer than the typical

prompt decay, from a few ns up to 1015 years for 180mTa. During the bombardment

of the 154Sm target, the (p,3n) reaction produced a significant amount of 152Eu.

This doubly-odd nucleus has a relatively large number of long-lived isomeric states

[73], including a 9 hour Jπ = 0− level at 46 keV and a 96 minute Jπ = 8− level

at 148 keV. A partial decay scheme of the long-lived (>1 hour) isomeric states

of 152Eu is shown in Figure 4.18. The half life of the 46 keV level is of interest

since it is significantly populated in the astrophysical s process via the 151Eu(n, γ)

reaction [74].

Post irradiation, γ rays emitted from the activated target were measured using

LiTeR in the γ-singles trigger mode. In Figure 4.19(a), the γ-ray energy spectrum

obtained during the entire activation measurement is shown. Figure 4.19(b) shows

the γ rays detected during the first hour of the measurement where the 90-keV γ ray

from the decay of the 96 minute isomer can be seen. Figure 4.19(c) shows the long

lived background remaining after 38 hours. In Figure 4.19(d) a two-dimensional

plot of γ-ray energy against time is shown where the decay in intensity of the

90-keV and 122-keV γ rays can be seen.

By gating on the 90-keV γ ray in the matrix shown in Figure 4.19(d), a decay

curve was produced and is shown in Figure 4.20. Background gates were chosen

as close as possible to the peak of interest since the decay rate of the background

has a strong energy dependence. This is due to the Compton scattering of mul-

tiple high-energy γ rays originating from relatively short-lived states. Choosing
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Figure 4.18: Partial decay scheme of the long lived (>1 hour) isomeric states of
152Eu. The energies are in keV.
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Figure 4.19: In panel (a) the low energy region of the γ-ray energy spectrum
obtained during the entire activation measurement is shown. Panel (b) shows the
spectrum obtained during the first hour of the activation measurement. In Panel
(c) the γ rays remaining after 38 hours, also measured during a one hour period,
are shown. Panel (d) shows a 2-D plot of γ-ray energy against time. Both the
decay in intensity of γ rays from short lived states and the background peaks of
constant intensity can be seen. Of particular note are the 90 and 122 keV γ rays
which are shown in the level scheme in Figure 4.18.
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background gates even a few keV from the peak of interest has a significant effect

on the extracted half life. A single exponential fit to the data yielded a half life

of 95.8(4) minutes for the decay of 152m2Eu. This a significant reduction in un-

certainty compared to the literature value of 96(1) minutes [75]. In addition to

this measurement, four independent measurements of the half life of 152m1Eu were

made by directly measuring the decreasing photopeak areas of the 122, 334, 842

and 963 keV γ rays. The results of these measurements are shown in Figure 4.21.

The grey band and blue line show the weighted mean of 9.39(7) hours and the re-

spective uncertainty. In the inset of Figure 4.21, the value from the present work

(blue point) is compared to five previous measurements [75–79] (black points). The

value from the present work is in reasonable agreement with the previous measure-

ments. The accepted literature value of 9.3116(13) hours lies slightly outside the

experimental error bounds. However, there is a 12 sigma discrepancy between the

two most precise previous measurements, calling into question at least one of the

reported uncertainties.
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Figure 4.20: The intensity of the 90 keV γ ray from the decay of 152m2Eu against
time. The red line shows an exponential fit to the data
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Figure 4.21: Measurements of the half-life of 152m1Eu obtained by measuring the
decrease in intensity of the 122, 334, 842 and 963 keV γ rays. The blue line and
grey band show the weighted mean and uncertainty, respectively. In the inset,
the previous measurements (black points) of the half life of 152m1Eu [75–79] are
compared to the value obtained in the present work (blue point).
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Chapter 5

Summary

The nuclei 150,152Sm have been studied using the 152,154Sm(p,t) reactions and the

particle-γ and particle-γ-γ coincidence techniques.

Numerous new levels and γ-ray transitions were identified, illustrating that

the particle-γ coincidence technique is a powerful spectroscopic tool. The vast

majority of the levels observed to be directly populated in the reaction were below

6~ in spin, highlighting the selectivity of the (p,t) reaction, and its usefulness in

identifying relatively low spin states at intermediate and high excitation energies.

Relative partial cross sections were measured for the directly populated levels,

angle averaged between 34◦-58◦. In general, the cross sections were found to be

in good agreement with the previous measurements, despite the different reaction

beam energies and the fact that the relative cross sections are quoted at different

angles. The distribution of strength obtained for the population of discrete states is

in good agreement with the shape of the triton singles spectrum in both reactions.

The angular distributions for discrete states directly populated in 150,152Sm

were measured over the angular range of the telescope from 34◦ to 58◦ and com-
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pared to distributions calculated using the DWBA theory. No disagreements were

found between the experimental angular distributions and the curves calculated

by assuming the literature value for the spin of the level. For the levels newly

observed in the present work, the statistics were insufficient for spin assignments.

Narrow peak-like structures between 2.2 to 3.2 MeV in excitation energy have

been observed in the triton energy spectra in the 152,154Sm(p,t) and 154,156,158Gd(p,t)

reactions. These structures lie between the region of strongly populated levels at

low excitation energy and the smooth continuum region at high excitation energy.

For Gd and Sm nuclei with the same neutron number, the energy of the structure

is very similar, and the excitation energy of the structure decreases with increas-

ing neutron number in the N=90 region. The large drop in the energy of the PLS

between N=88 and N=90 occurs at the same point as the rapid onset of defor-

mation in these nuclei. In 152Sm, eight levels were identified in the region of the

PLS and could account for 93(15)% of the PLS strength. In 150Sm, three levels

were identified in the region of the PLS, with a total of 39(4)% of the strength of

the structure. It is therefore clear that the PLS strength is dominated by a rel-

atively small number of discrete states, which is also supported by previous high

resolution triton energy spectra for the case of 152Sm.

Similar structures have been observed in (p,t) energy spectra across a wide

range of nuclei from 66Zn to 230Th. These bumps appear to fall into high and

low energy categories. The high-energy bumps may consist of levels formed by

transferring both neutrons from deep below the Fermi surface below the major

shell closure. The low-energy bumps may be formed by transferring one neutron

from below the shell closure and one neutron from near the Fermi surface. In

general, the widths of these structures are significantly wider than those observed
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in the present work. If the PLS observed in the present work corresponds to the

low energy bumps from the literature, then the decrease in energy of the structure

between N=88 and N=90 could be explained by the rapid shape change, and the

strongly up-sloping orbitals below the shell closure.

By measuring the decrease in intensity of γ rays emitted from the activated

target, the half lives of isomeric states in 152Eu were measured. A value of 95.8(4)

min was obtained for the 8− isomer 152m2Eu, which is a factor 2.5 reduction in

the uncertainty compared to the previous literature value. This result may be of

some interest in the context of the astrophysical s process. A half life of 9.39(7)

hours was obtained for 152m1Eu, in agreement with the previous results within the

experimental uncertainty.
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Paper Published in Physical

Review C: Improved

measurement of the half-life of

the Jπ = 8− nuclear isomer 152m2Eu
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The standard γ -ray energy calibration source 152Eu is well known based on the 13.5 y decay of its ground state.
However, in addition to this decay 152Eu also has two relatively long-lived isomeric states: a 9 h J π = 0− state at
E∗ = 46 keV and a 96 min J π = 8− state at E∗ = 148 keV. Here we report a new measurement of the half-lives
of both of these isomeric states. Excited states in 152Eu were populated following the 154Sm(p,3n) reaction using
a 25 MeV proton beam from the K-150 cyclotron at the Cyclotron Institute of Texas A&M University. Post
irradiation, γ rays from the de-excitation of the long lived isomeric states were measured using the six BGO
shielded high-purity germanium (HPGe) clover detectors that are part of the STARLiTeR array. The half-life of
the J π = 8− isomer 152m2 Eu was obtained by measuring the decrease in intensity of the 90 keV γ ray from the
cascade to the ground state. The half-life of this state was measured to be 95.8(4) min which is in agreement
with and significantly more precise than the previously measured value of 96(1) min. In a manner similar to the
ground state the second long-lived isomer 151m1 Eu, the J π = 0− state at 46 keV, β decays to excited states in
152Gd and 152Sm. The half-life of this state was measured to be 9.39(7) h using five γ -ray transitions.

DOI: 10.1103/PhysRevC.91.024322 PACS number(s): 21.10.Tg, 23.35.+g

I. INTRODUCTION

Nuclear isomers, metastable states in atomic nuclei with
lifetimes significantly longer than the typical prompt decay,
occur throughout the chart of the nuclei [1]. The predominant
decay mode is via γ decay although particle emission mediated
either by the strong force (α decay), weak force (β decay), or
fission is also possible and observed. Isomeric lifetimes range
from a few ns to 1015 y for 180mTa, longer than the accepted
lifetime of the universe. The lifetimes of these excited states
probe the detailed wave functions of the underlying nuclear
structure. Many isomers can be characterized as shell model
states where the valence protons and neutrons couple to a
higher spin state than other states at similar or lower excitation
energies. The isomer decay then requires the emission of
a γ ray typically of low energy that removes considerable
angular momentum, resulting in long half-lives. Doubly odd
152Eu lying in the heart of a region of the chart of the
nuclei where the equilibrium shape is rapidly changing from
spherical/vibrational to deformed rotational character has a
relatively large number of long lived states with half-lives
greater than 100 ns [2] including two known isomers with
half-lives of the order of hours: a Jπ = 0− state at 46 keV with
a half-life of 9 h and a Jπ = 8− state at 148 keV with a half-life
of 96 min. The 46 keV isomer is significantly populated in the
astrophysical s process via the 151Eu(n,γ ) reaction [3]. This
could be important if thermal equilibrium is not achieved with

*Present address: Department of Physics, University of Notre Dame,
Notre Dame, IN 46556.

the ground state, and with respect to this process the isomeric
half-lives may be of some interest.

The isomer 152m2 Eu, the 8− level at 148 keV, decays via a
40 keV stretched E3 transition to a lower-lying 5+ level and
thence via a cascade of γ -ray transitions to the 3− ground
state, as shown in Fig. 1. The relatively short half-lives of the
5+ and 4+ states involved in this cascade, �20 ns and 384
(10) ns, respectively [2,4], allow the 90 keV transition to be
used to measure the lifetime of 152m2 Eu. The first measurement
of this cascade dates from a 1963 article by Kirkby et al. [5]
who identified a 92(2) keV γ ray with a half-life of 96(5) min.
Numerous further measurements, for example [4,6,7], have
identified this transition as belonging to the cascade of γ rays
that originates from the decay of the 8− isomer, specifically
from a transition between the 4+ state at 90 keV and the 3−
ground state, as shown in Fig. 1. The most recent measurement
of the half-life of 152m2 Eu was performed in 1974 by Pruys
et al. [8] in which it was found to be 96(1) min.

The other long-lived isomer 152m1 Eu, the 0− level at
45.6 keV, β-decays to a variety of excited states in 152Sm
and 152Gd in a manner similar to the ground state. Its half-life
has previously been measured five times, most recently in
1990 by Abzouzi et al. [9] who obtained a very precise
value of 9.3116(13) h. However this disagrees by 13 standard
deviations from the previous, also very precise, measurement
of Lagoutine et al. [10] who obtained 9.274(3) h, suggesting
that for at least one of these measurements the values of the
errors are underestimated.

The transition between 152m1 Eu and the ground state
of 152Eu has a hindrance factor of �5 × 107 relative to
the Weisskopf estimate [2]. This has been explained by
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FIG. 1. (Color online) Partial decay schemes of 152m1Eu and
152m2Eu. γ -ray energies and excitation energies are in keV.

considering the Nilsson configurations of the proton and
neutron orbitals; the ground state has been assigned main
wave function components of π5/2+ [413 ↓] ν11/2−[505 ↑]
whereas the 0− isomer has been assigned π3/2+[411 ↓]
ν3/2−[532 ↓] [2]. Therefore, for the decay to occur both
the neutron and proton must change orbits and the neutron
transition is � forbidden. In this article we present new
measurements of the half-lives of both of these isomeric states.

II. EXPERIMENTAL ARRANGEMENT

The experiment was conducted at the Cyclotron Institute
of Texas A&M University using the STARLiTeR array.
STARLiTeR consists of STARS (Silicon Telescope Array for
Reaction Studies), a highly segmented �E-E charged particle
telescope, a detailed description of which can be found in
Ref. [11], and LiTeR (the Livermore Texas Richmond array),
a Compton suppressed HPGe clover detector array for γ -ray
detection. In the present work LiTeR consisted of six BGO
shielded HPGe clover detectors positioned approximately 13
cm from the target at angles of 47◦, 90◦, and 133◦ with respect
to the incident beam axis. The clover detectors were calibrated
using the standard γ -ray calibration sources 22Na, 54Mn, 57Co,
60Co, 109Cd, 133Ba, 137Cs, and 152Eu. A final energy resolution
of 2.6 keV and 3.5 keV (FWHM) was obtained at 122 keV
and 963 keV, respectively. The absolute photopeak efficiency
of the array, with addback, was measured to be 4.8% at
103 keV.

A 154Sm target of thickness �1 mg cm−2 and 99%
enrichment was bombarded by a 25 MeV proton beam
from the K-150 cyclotron with an average beam current of

1.2 nA for approximately 8 h immediately prior to the
activation measurement. Unstable europium isotopes were
produced via the 154Sm(p, xn) reactions. Following this
irradiation γ rays from the activated target were measured
over a continuous period of 38 h. The energy and time for each
γ -ray event was recorded for subsequent offline analysis. The
time information was obtained from a 40 MHz clock pulse,
digitized using a 64 bit TDC and used to generate γ -ray decay
curves.

III. RESULTS

In Fig. 2(a) the low energy region of the γ -ray spectrum ob-
tained during the entire activation measurement is shown. The
spectrum obtained during the first hour of the measurement is
shown in Fig. 2(b). The intense peak at 90 keV is identified
as the 90 keV γ ray from the decay of 152m2 Eu shown in
Fig. 1. This is the only γ ray from this cascade observed in the
current experiment. The 18 keV γ ray lies below the energy
threshold of the experiment while the 40 keV transition is

FIG. 2. (Color online) (a) The low energy region of the γ -ray
spectrum obtained during the entire activation measurement. (b) The
γ rays detected during the first hour of the measurement. (c) The
γ rays remaining after 38 h, also measured during a 1 h period. (d)
A two-dimensional plot of γ -ray energy against time showing the
decrease in intensity of γ rays from the decay of relatively short-
lived states as well as the near constant intensity of the long-lived
background peaks. The 90 keV and 122 keV γ rays from Fig. 1 are
labeled. The 103 keV γ ray is from the 46 h decay of 153Sm, populated
via the (p,d) reaction.
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FIG. 3. (Color online) The decay in intensity of the 90 keV γ ray
which originates from the decay of 152m2 Eu. The red line shows an
exponential fit to the data.

highly converted and was therefore also not observed. The
13 keV and 77 keV γ rays are too weak to be observed.
Figure 2(c) shows the long-lived background remaining after
38 h. A γ -ray energy-time matrix is shown in Fig. 2(d) in
which the long lifetimes of the two transitions bordering the
90 keV peak is apparent.

The decay rate of the background in the vicinity of the
90 kV peak has a strong energy dependence caused by Comp-
ton scattering of multiple high energy γ rays originating from
relatively short-lived states. Detailed studies have shown that
this can affect the extracted half-life for the 90 keV transition
if background regions are chosen even a few keV away from
the peak of interest, for example the potential background
regions at approximately 110 keV and 125 keV that can be
seen in Fig. 2(a). Therefore, two 4 keV wide background
regions were chosen on both sides of and immediately adjacent
to the 90 keV peak, despite the presence of two long-lived
contaminant lines in this region of the spectrum. These peaks
are visible in Figs. 2(a), 2(c), and 2(d), but play a relatively
unimportant role for short decay times as seen in Fig. 2(b). The
background spectrum was then appropriately weighted by area
and subtracted from the decay curve produced by gating on the
90 keV peak. The resulting decay in intensity of the 90 keV
γ rays after background subtraction is shown in Fig. 3. A
single exponential fit to this data yielded a half-life of 95.8(4)
min. for the decay of 152m2 Eu, where the quoted uncertainty is
statistical, and the reduced χ2 of the fit is 0.74.

The γ rays at 122 keV, 334 keV, 842 keV, 963 keV, 970 keV,
and 1315 keV, shown in the level scheme in Fig. 1, from the
decay of 152m1 Eu were observed. Independent measurements
of the half-life of 152m1 Eu using four of these γ rays are shown
in Fig. 4. The γ rays at 970 keV and 1315 keV had insufficient
statistics for a measurement. The contributions from the decay
of the ground state of 152Eu, which has a half-life of 13.517(9)
years, were negligible due to the relatively long half-life
compared to the 9 h decay of interest. The weighted mean of
these measurements is 9.39(7) h, where the quoted uncertainty
is again statistical.

FIG. 4. (Color online) Measurements of the half-life of 152m1Eu
obtained by measuring the decrease in intensity of the 122 keV,
334 keV, 842 keV, and 963 keV γ rays listed in Fig. 1. The blue line
and grey band illustrate the weighted mean obtained in the present
work and the associated uncertainty. Inset: Previous measurements of
the half-life of 152m1Eu [8–10,14,15] (black points) compared to the
value obtained in the present work (blue point).

The inset in Fig. 4 compares the value obtained in the
present work to five previous measurements. We note that
there is a 13 σ discrepancy between the two recent most precise
measurements [9,10], calling into question at least one of the
quoted uncertainties. In such cases the Particle Data Group [12]
recommends a procedure for scaling the uncertainty. If we
apply this procedure in this case the weighted average of all
six measurements is 9.306(14) h. This is to be compared to the
current NNDC value of 9.3116(13) h [13].

IV. SUMMARY AND CONCLUSIONS

In conclusion, by measuring the intensity of the 90 keV γ
ray originating from the decay of the Jπ = 8− isomer 152m2 Eu
the half-life of this state was measured to be 95.8(4) min, a
factor of 2.5 reduction in uncertainty compared to previous
measurement of 96(1) min. Using the 122, 334, 842, and
963 keV γ rays, four independent measurements of the
half-life of 152m2 Eu were made. The weighted mean of these
was 9.39(7) h which is in reasonable agreement with the
previous two most precise literature values of 9.3116(13) h
and 9.274(3) h, values which disagree with each other by
13 σ . Using the procedure recommended by the Particle Data
Group we find the weighted average of our value and the five
previous measurements of 152m2 Eu to be 9.306(14) h.
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New levels and γ -ray transitions were identified in 150,152Sm utilizing the (p,t) reaction and particle-γ
coincidence data. A large, peak-like structure observed between 2.3–3.0 MeV in excitation energy in the triton
energy spectra was also investigated. The orbital angular-momentum transfer was probed by comparing the
experimental angular distributions of the outgoing tritons to calculated distorted wave Born approximation
curves. The angular distributions of the outgoing tritons populating the peak-like structure are remarkably similar
in the two reactions and are significantly different from the angular distributions associated with the nearby
continuum region. Relative partial cross sections for the observed levels, angle averaged between 34 and 58
degrees, were measured. In 150Sm, 39(4)% of the strength of the peak-like structure could be accounted for by
the observed discrete states. This compares with a value of 93(15)% for 152Sm.

DOI: 10.1103/PhysRevC.94.064314

I. INTRODUCTION

The samarium (Z = 62) isotopes near N = 90 lie in a
region of rapid shape change from spherical to deformed
with increasing neutron number. This has led to this region
of the nuclear chart being the focus of intense experimental
and theoretical study; see, for example, Refs. [1–6]. In the
early two-neutron-transfer experiments by Maxwell [7] and
Bjerregaard [8], excited Jπ = 0+ states were observed to
have large cross sections relative to the ground state in the
152Sm(p,t) and 150Sm(t,p) reactions. This was interpreted
in terms of shape coexistence [7,8] and the rapid onset
of deformation, inviting further interest in these nuclei. In
general, the N = 90 region provides a rich testing ground
for models that attempt to describe transitional and deformed
nuclei.

Two-neutron-transfer reactions provide an excellent tool
with which to study both the removal of pairs of correlated
neutrons from valence orbitals, typically populating states
at relatively low excitation energies, as well as the removal
of neutrons from deep below the Fermi surface. Following
the work of Maxwell [7], further Sm(p,t) experiments were
performed with improved energy resolution for the outgoing
tritons (see, for example, Refs. [9–12]) at various incident
proton beam energies. In the 1981 study by Struble et al. [13]
a large, broad enhancement of two-neutron-transfer strength
at an excitation energy of approximately 6 MeV was observed
in the 148,150,152,154Sm(p,t) reactions. An additional, much
narrower, peak-like structure at an excitation energy of 2.2–
3.1 MeV was observed in both the 152,154Sm(p,t) reactions.
In the 158Gd(p,t)156Gd study by Riezebos et al. [14] a rapid
increase in 2+, 4+, and 6+ strength was observed above 2 MeV

in excitation energy. An interesting lack of monopole strength
was reported above this energy, providing motivation to study
the L-transfer distribution at this excitation energy in nearby
nuclei.

In the present work, the peak-like structure (PLS) is studied
in detail and 150,152Sm are studied for the first time using the
(p,tγ ) coincidence technique. The coincident detection of the
γ ray allows for excellent selectivity and sensitivity and allows
us to identify multiple new levels and γ -ray transitions in each
nucleus. Triton angular distributions, selected by specific γ -ray
transitions, probe the angular-momentum transfer to both low-
lying discrete states and states in the PLS and are compared
with calculated distorted wave Born approximation (DWBA)
curves.

II. EXPERIMENTAL ARRANGEMENT

A 25 MeV proton beam from the K-150 cyclotron at the
Cyclotron Institute of Texas A&M University was incident
upon isotopically enriched 152Sm and 154Sm targets of 98%
and 99% purity, respectively, and approximately 1 mg/cm2

thickness. The 152Sm target was bombarded for 42 h and the
154Sm target for 35 h with average beam currents of 1.4 and
1.2 nA, respectively.

The outgoing light ions and γ rays were detected by using
the STARLiTeR array, which uses the same configuration as
that described in detail in Ref. [15]. This array consisted of
the Silicon Telescope Array for Reaction Studies (STARS)
�E-E silicon telescope and the Livermore Texas Richmond
(LiTeR) array of bismuth-germanate-shielded (BGO-shielded)
high-purity Ge (HPGe) clover detectors providing particle-γ
and particle-γ -γ coincidence capability. A total of 1.5 × 105

2469-9985/2016/94(6)/064314(13) 064314-1 ©2016 American Physical Society
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FIG. 1. Triton projections of the (t,γ ) matrices produced in the 154,156,158Gd(p,t) and 152,154Sm(p,t) reactions. The single-neutron separation
energies are indicated by the dashed lines. The Gd data are from Refs. [18,19]. It can be seen that the energy resolution is much improved in
the Sm data.

t-γ -γ coincidences were observed for the 152Sm(p,t) reaction
and 1.4 × 105 for the 154Sm(p,t) reaction, allowing t-γ -γ
measurements for only the strongest transitions. STARS
consisted of a 0.14-mm-thick �E detector and a 1-mm-thick
E detector, both segmented into 24 rings (θ ) and 8 sectors
(φ). The distance between the target foil and the �E detector
was 18 mm. The angular coverage of the telescope was 34
to 58 degrees. An aluminum δ shield was placed between the
target position and STARS to shield the �E detector from
secondary electrons. An aluminum tunnel passed through the
center of the telescope to shield the inner rings from scattered
beam particles. The six HPGe clover detectors were positioned
in pairs at angles of 47◦, 90◦, and 133◦ with respect to the
incident proton beam at a distance of 13 cm from the target
position.

The Si telescope was calibrated by using a 226Ra source
which provides α particles at energies of 4.6, 4.8, 5.3, 5.5, 6.0,
and 7.7 MeV. An additional nine calibration points between
4.4 and 16.1 MeV were obtained by using levels populated
in the 12C(p,p′) reaction. Well-known levels at low excitation
energy populated in the 152,154Sm(p,t) reactions as well as the
onset of the 152,154Sm(p,tn) channels at the neutron separation
energies of 7.9867(4) and 8.2577(6) MeV [16], respectively,
were also used. Energy deposited in adjacent rings of the Si
detectors was summed and induced noise in neighboring rings
was corrected for. The energy losses due to the Al and Au dead
layers of the Si detectors were calculated by using the Energy
Loss And Straggling Tool (ELAST) program [17] and the recoil
energy imparted to the target nucleus was also accounted for.
A resolution (full width at half maximum, FWHM) of 130 keV
was obtained for the ground state of 150Sm in the 152Sm(p,t)
reaction.

The HPGe clover detectors were calibrated using 22Na,
54Mn, 57Co, 60Co, 109Cd, 133Ba, 137Cs, and 152Eu sources. The
photopeak efficiency was 4.8% at 103 keV and an energy

resolution of 2.6 and 3.5 keV (FWHM) was obtained at
energies of 122 and 963 keV, respectively.

III. TRITON PROJECTIONS AND IDENTIFICATION
OF DISCRETE STATES

Energy spectra for tritons in coincidence with γ rays from
the recent 154,156,158Gd(p,t) studies by Ross et al. [18] and
Allmond et al. [19] are shown in Fig. 1 and compared with
those obtained in the present work for the 152,154Sm(p,t)
reactions. The PLS is clearly present between 2.1–3.3 MeV
excitation energy in all of these reactions. The excitation
energy of the structure is plotted in Fig. 2 and appears to
decrease with increasing neutron number.

Particle-γ coincidences are a powerful spectroscopic tool;
see, for example, Ref. [20]. A gate placed on a triton energy of

FIG. 2. The excitation energy of the PLS as a function of neutron
number for the Gd (black points and solid black line) and Sm (blue
points and dashed blue line) isotopes.
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(a) (b) (c)

FIG. 3. Triton energy spectrum in coincidence with the 334 keV
γ -ray transition between the first 2+ state in 150Sm and the ground
state. The triton peak corresponding to direct population of the level
is indicated by the arrow. In part (a), peaks corresponding to discrete
states can be seen. In part (b), at intermediate excitation energy, the
PLS is present. In part (c), the smoothly varying continuum region and
the onset of the (p,tn) channel above the single-neutron separation
energy can be observed.

interest in the t-γ coincidence matrix corresponds to gating on
a certain excitation energy in the residual nucleus. This gate
returns a spectrum of γ rays that must be emitted from states
at or below this excitation energy and often enhances low-
intensity γ rays that are obscured in the total projection. On the
other hand, gating on a γ ray in the t-γ matrix typically gives
a triton energy spectrum with a discrete peak corresponding
to the direct population of the γ -ray emitting level, as well
as counts at higher excitation energy which correspond to
states that feed that level, both directly and indirectly. These
features can be observed in the spectrum shown in Fig. 3
obtained with a gate placed on the 334 keV γ ray from the
transition between the first 2+ state in 150Sm and the ground
state. The peak at 334 keV corresponds to direct population
of the 2+ level. Also visible are the plethora of other discrete
states that are directly populated by the (p,t) reaction and then
feed the 2+ state as well as a smooth continuum region above
approximately 3.5 MeV. A further example is shown in Fig. 4.
In Fig. 4(a), a γ -ray energy spectrum showing a section of
the total γ -ray projection from the 152Sm(p,tγ ) coincidence
matrix is shown. Figure 4(b) shows a γ -ray energy spectrum in
coincidence with tritons corresponding to an excitation energy
range of 1210–1290 keV in 150Sm. The 922 keV γ ray is from
the level at 1255 keV. The 712 keV transition is from the level
at 1046 keV, which is fed by the 1255 keV level via a 209 keV
transition not shown in the figure. Figure 4(c) shows a triton
energy spectrum in coincidence with the 922 keV γ ray. This
spectrum, typical of those observed when gating on nonyrast
levels, shows the direct population peak at 1255 keV and very
little feeding from higher-lying excited states.

To identify new discrete states in 150,152Sm, a gate is first
placed on a γ ray of interest in the t-γ matrix. The approximate
excitation energy of the level (typical accuracy of ∼20–30
keV) is then measured by fitting the energy of the triton
peak (see Fig. 4), corresponding to direct population of the

FIG. 4. (a) A γ -ray energy spectrum showing a section of the
total γ -ray projection from the 152Sm(p,tγ ) coincidence matrix. (b)
The γ -ray energy spectrum in coincidence with tritons corresponding
to an excitation energy between 1210 and 1290 keV. The 922 keV
γ ray is from the level at 1255 keV in 150Sm. The 712 keV γ is
from the level at 1046 keV, which is fed by the 1255 keV level via
a 209 keV transition not shown in the figure. (c) A triton energy
spectrum in coincidence with the 922 keV γ ray. The narrow peak
corresponds to direct population of the 1255 keV level. In contrast
to the 2+

1 to ground-state transition, notice that for this nonyrast level
there is comparatively little feeding from higher-lying excited sates.

level. Subtracting the γ -ray energy from the excitation energy
corresponding to the triton peak often identifies the level that
is being fed by the transition. This can only be performed
unambiguously either when there is just one possible final
level within the experimental uncertainty, when multiple γ
rays depopulate the level, or when the γ -ray placement can
be confirmed by using t-γ -γ coincidences. Once the γ ray
has been placed in the level scheme, the γ -ray energy can
be summed with the energy of the level that is being fed,
which provides a much more precise measurement (typically
0.2 keV) of the excitation energy of the state of interest; see
Ref. [20] for more details.

The levels and γ rays observed in 150,152Sm are listed
in Tables I and II, respectively. Numerous new levels and
γ -ray-emitting transitions were identified. In the first two
columns the level energy and γ -ray energies are listed.
The relative γ -ray branching for each level, expressed as a
percentage of the strongest transition, is listed in the third
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TABLE I. Levels and γ rays observed in the 152Sm(p,t) reaction. Refer to the text for the full description of each column. The uncertainties
are indicated by the superscript. Newly identified levels and γ rays are shown in bold. A dash in columns 4 and 5 indicates that the triton peak
corresponding to the direct population of the level was not measured in coincidence with the γ ray in this row. This tends to occur for levels
that are strongly fed by higher-lying states. In this case, a γ ray may still be placed if there are multiple observed transitions depopulating the
level, or if it is a well-known transition from a low-lying state.

Ex Eγ Iγ Et
x Et

x − Eγ END
f Eγ + END

f J π,ND END
x END

γ IND
γ σ(34◦–58◦)

(keV) (keV) (keV) (keV) (keV) (keV) (keV) (keV) (% of 2+
1 )

333.72 333.72 100 34114 714 0 333.72 2+ 333.95510 333.96111 1003 1002

740.62 406.62 100 7414 3344 333.96 740.62 0+ 740.46419 406.50822 100 2826

773.33 439.33 100 7805 3415 333.96 773.33 4+ 773.37412 439.40014 100 9.78

1046.32 712.43 100 105411 34211 333.96 1046.43 2+ 1046.14813 712.20714 1006 322

1046.22 62 103113 −1513 0 1046.22 1046.1614 8.19

1071.72 297.55 82 – – 773.37 1070.95 3− 1071.40612 298.06013 6.7023 222

737.72 100 10705 3325 333.96 1071.72 737.45715 100.019

1165.62 831.63 845 – – 333.96 1165.63 1− 1165.79117 831.835 753 –
1165.53 100 – – 0 1165.53 1165.743 1004

1193.92 860.03 675 11935 3325 333.96 1194.03 2+ 1193.84312 859.883 73.316 382

1193.82 100 11944 04 0 1193.82 1193.83022 1003

1255.41 209.22 111 12584 10494 1046.15 1255.32 0+ 1255.51220 209.36419 8.916 1864

921.52 100 12594 3384 333.96 1255.52 921.5513 1007

1278.92 505.52 100 12717 7667 773.37 1278.92 6+ 1278.92214 505.50823 100 5.56

1357.94 584.54 100 13657 7817 773.37 1357.94 5− 1357.71013 584.27412 1003 61

1417.22 251.24 485 14185 11675 1165.74 1417.04 2+ 1417.34613 251.58219 43.718 302

345.83 100 14174 10714 1071.41 1417.23 345.95017 10010

1083.33 305 142710 34410 333.96 1417.33 1083.344 708

1449.74 676.34 100 145412 77812 773.37 1449.74 4+ 1449.18213 675.85324 1002 2.36

1505.26 1171.26 100 – – 333.96 1505.26 3+ 1504.57213 1170.58924 100.014 –
1603.17 1269.17 100 161040 34140 333.96 1603.17 16034 1.14

1642.67 869.27 100 163822 76922 773.37 1642.67 4+ 1642.61112 869.25614 1001 2.05

1684.13 911.06 607 171527 80427 773.37 1684.46 3− 1684.16217 910.884 506 3.56

1349.94 100 169820 34820 333.96 1683.94 1350.2810 1006

1764.83 485.93 100 178320 129720 1278.92 1764.83 7− 1764.894 485.83 1004 1.13

1786.35 620.55 100 177812 115812 1165.79 1786.35 (�3) 1786.3013 620.4020 9516 1.85

1794.22 600.54 448 – – 1193.84 1794.34 2+ 1794.303 600.4325 153 131

628.53 100 17967 11687 1165.79 1794.33 628.5614

722.94 5610 180212 107912 1071.41 1794.34 722.6518 244

1459.94 4210 176416 30416 333.96 1793.95

1819.92 748.52 100 180612 105812 1071.41 1819.92 4+ 1819.51013 748.069 1002 7.69

1485.56 248 182826 34326 333.96 1819.56 1485.5014 36.715

1826.73 1053.33 100 18248 7718 773.37 1826.73 5.37

1832.82 667.33 488 183410 116710 1165.79 1833.13 (2)+ 1833.013 667.053 1004 131

1498.72 100 18328 3338 333.96 1832.72 1499.3510 15.27

1836.92 558.12 100 – – 1278.92 1836.92 8+ 1837.0310 558.11 100 –
1950.22 1176.82 100 19607 7837 773.37 1950.22 3− 1952.463 1176.613 10020 8.69

1962.97 1222.47 100 194828 72628 740.46 1962.97 1(−) 1963.724 1223.268 1007 1.55

2004.84 811.26 4512 200514 119414 1193.84 2005.06 2+ 2005.58 812.18 71

2004.65 100 200816 316 0 2004.65

2117.04 1343.64 100 211412 77012 773.37 2117.04 4+ 2117.03015 1343.7822 1003 4.97

2152.74 1379.34 100 215717 77817 773.37 2152.74 4+ 2152.563 1379.126 10012 4.37

2260.13 1926.13 100 22659 3399 333.96 2260.13 (1−) 2259.944 1926.048 337 111

2362.62 1290.93 6613 23588 10678 1071.41 2362.33 131

2028.93 100 237312 34412 333.96 2362.93

2587.24 1813.84 100 260224 77324 773.37 2587.24 3+,4+ 2587.35 4.39

2654.97 2320.97 100 264022 31922 333.96 2654.97 (3,5) 26557 4.09

2715.53 1521.73 100 273418 121218 1193.84 2715.53 3− 27154 5.58

3018.36 1852.56 100 301812 116612 1165.79 3018.36 4.39

3037.89 2702.913 100 30428 3398 333.96 3036.913 1,2+ 3038.24 2704.67 1005 403

3038.512 308 306018 2218 0 3038.512 3037.810 3317

3045.315 2711.315 100 30459 3349 333.96 3045.315 383
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TABLE II. Same as Table I but for the 154Sm(p,t) reaction. Refer to the text for full description of each column. The uncertainties are
indicated by the superscript. Newly identified levels and γ rays are shown in bold.

Ex Eγ Iγ Et
x Et

x − Eγ END
f Eγ + END

f J π,ND END
x END

γ IND
γ σ(34◦–58◦)

(keV) (keV) (keV) (keV) (keV) (keV) (keV) (keV) (% of 2+
1 )

121.72 121.72 100 1158 −78 0 121.72 2+ 121.78183 121.78173 100 1002

366.22 244.42 100 3649 1199 121.78 366.22 4+ 366.47939 244.69748 100 8.05

685.23 563.43 100 6819 1189 121.78 685.23 0+ 684.75121 562.983 100.019 952

706.73 340.23 100 7048 3648 366.48 706.73 6+ 706.92817 340.453 100 6.55

810.62 443.75 363 8127 3687 366.48 810.25 2+ 810.4535 444.003 34.813 472

688.82 100 8178 1288 121.78 810.63 688.6705 100.06

810.74 464 7997 −127 0 810.74 810.4515 37.03

963.33 841.52 100 – – 121.78 963.33 1− 963.3585 841.5705 100.018 –
1023.13 656.53 100 102512 36912 366.48 1023.03 4+ 1022.9705 656.4895 100.015 5.07

901.65 6916 103914 13714 121.78 1023.45 901.195 59.217

1041.22 674.74 275 103612 36112 366.48 1041.14 3− 1041.1224 674.653 40.48 131

919.53 100 10318 1128 121.78 1041.33 919.3374 100.010

1085.62 963.73 100 10828 1188 121.78 1085.53 2+ 1085.8415 964.0575 100.0024 422

1085.73 575 10899 39 0 1085.73 1085.83710 69.7110

1125.33 418.43 100 – – 706.93 1125.33 8+ 1125.393 418.453 100 –
1221.63 855.13 100 121411 35911 366.48 1221.63 5− 1221.643 855.217 1003 3.55

1233.92 867.94 468 – – 366.48 1234.44 3+ 1233.8633 867.3803 30.9318 –
1112.02 100 – – 121.78 1233.82 1112.0763 100.05

1293.014 926.514 100 127615 35015 366.48 1293.014 2+ 1292.77310 926.294 100.012 2.25

1310.53 603.63 100 – – 706.93 1310.53 6+ 1310.50522 603.563 1004 –
1371.73 1005.26 100 139322 38822 366.48 1371.73 4+ 1371.73512 1005.275 100.016 3.25

1505.93 799.03 100 – – 706.93 1505.93 7− 1505.773 798.823 1003 –
1510.94 1389.14 100 154220 15320 121.78 1510.94 1− 1510.79025 1389.034 100.021 1.65

1559.63 1193.13 100 – – 366.48 1559.63 5+ 1559.623 1193.105 1003 –
1579.42 1212.92 100 15779 3649 366.48 1579.42 3− 1579.42911 1212.94811 100.04 81

1457.44 4210 157418 11718 121.78 1579.24 1457.64311 35.1326

1609.04 483.64 100 – – 1125.39 1609.04 10+ 1609.264 483.863 100 –
1613.84 906.94 100 161816 71116 706.93 1613.84 4+ 1612.904 906.0610 1005 1.44

1659.83 696.43 100 168012 98412 963.36 1659.83 0+ 1658.8025 695.93 1005 71

1728.25 1021.35 100 – – 706.93 1728.25 6+ 1728.273 1021.414 1003 –
1755.12 791.72 100 177212 98012 963.36 1755.12 0+ 1754.984 791.677 1005 9.88

1764.33 1057.25 6820 176419 70719 706.93 1764.15 5− 1764.325 1057.366 1006 3.27

1398.04 100 177518 37718 366.48 1764.54 1397.887 825

1769.01 397.55 52 – – 1371.74 1769.25 2+ 1769.13223 397.7526 1.93 1415

535.23 122 17968 12618 1233.86 1769.13 535.4412 8.87

683.98 253 – – 1085.84 1769.78 683.259 24.114

728.35 586 17734 10454 1041.12 1769.45 728.034 56.519

805.56 686 17608 9558 963.36 1768.96 805.719 773

958.53 100 17774 8194 810.45 1769.03 958.635 1006

1084.52 796 – – 684.75 1769.32 1084.3614 544

1646.73 365 17819 1349 121.78 1768.53 1647.4412 36.918

1768.92 688 17798 108 0 1768.92 1769.095 47.311

1879.53 754.13 100 – – 1125.39 1879.53 9− 1879.144 753.833 1003 –
1891.94 928.54 100 18995 9715 963.36 1891.94 0+,1,2 1892.485 929.125 10010 211

1906.02 821.611 2712 191012 108812 1085.84 1907.411 2+ 1906.133 820.317 292

942.43 5112 189010 94810 963.36 1905.83 942.856 8.512

1784.53 100 192313 13913 121.78 1906.33 1784.277 1008

1905.93 9620 191110 510 0 1905.93 1906.147

1954.57 913.47 100 194012 102712 1041.12 1954.57 3−,4,5− 1954.305 913.176 1005 2.85

2003.56 1296.66 100 201020 71320 706.93 2003.56 2.35

2011.13 1644.63 7010 202210 37710 366.48 2011.13 2+,3,4+ 2011.845 1645.3010 1009 192

1889.46 100 201010 12110 121.78 2011.26 1889.956 509

2091.12 1050.13 9929 209210 104210 1041.12 2091.23 1−,2 2091.214 1050.105 1007 81

1127.63 100 209511 96711 963.36 2091.03 1127.845 827

2138.02 1096.92 100 213811 104111 1041.12 2138.02 2+ 2138.1712 1096.9612 1004 72

2138.58 2016.78 100 212040 10340 121.78 2138.58 (2+,3,4+) 2137.926 2016.177 2.37
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TABLE II. (Continued.)

Ex Eγ Iγ Et
x Et

x − Eγ END
f Eγ + END

f J π,ND END
x END

γ IND
γ σ(34◦–58◦)

(keV) (keV) (keV) (keV) (keV) (keV) (keV) (keV) (% of 2+
1 )

2214.98 2093.18 100 220226 10926 121.78 2214.98 61

2246.12 1160.33 100 22496 10896 1085.84 2246.13 242

1163.34 7724 22458 10828 1082.84 2246.14

2245.88 4112 223424 −1524 0 2245.88

2247.02 1283.94 100 22498 9658 963.36 2247.34 141

2125.13 9528 226218 13718 121.78 2246.93

2285.23 1321.83 100 229630 97430 963.36 2285.23 0,1,2 2284.9620 1321.62 6.38

2320.52 516.93 100 23239 18069 1803.94 2320.83 4+,5 2320.3523 516.34 10010 473

1613.24 93 228819 67519 706.93 2320.14 1613.46 133

1953.83 295 232410 37010 366.48 2320.33 1953.74 307

2331.14 1624.24 100 234818 72418 706.93 2331.14 6.49

2365.43 1998.93 100 236913 37013 366.48 2365.43 81

2462.75 1499.35 100 245612 95712 963.36 2462.75 3.56

2567.87 2201.37 100 256620 36520 366.48 2567.87 4+,5 2567.0617 2200.72 10017 3.19

2705.08 2583.28 100 270211 11911 121.78 2705.08 51

3039.18 2917.38 100 303818 12118 121.78 3039.18 72

3132.05 2765.55 100 313412 36912 366.48 3132.05 93

column. In column four the triton peak energy from the
present work is listed, which is obtained from fitting the peak
corresponding to direct population of the level after gating
on the γ ray from the same row of the table. In the fifth
column the γ -ray energy is subtracted from the triton peak
energy. This can be compared with the corresponding level
energy from the database of the National Nuclear Data Center
at Brookhaven National Laboratory (NNDC) [16] listed in
the sixth column. For a definite assignment to be made, we
require that these values lie within one standard deviation of
each other. In the seventh column the γ -ray energy obtained
in the present work is summed with the NNDC energy from
column six to obtain the precise level energy. For levels which
decay by multiple observed γ rays, the final level energy was
obtained from a weighted average of the values in column
seven.

In columns eight to eleven the spin and parity, excitation
energy, γ -ray energy, and relative γ -ray branching from the
NNDC database are listed for previously known levels to
compare with the values obtained in the present work. The
NNDC values for γ -ray energies and intensities are only listed
for γ rays observed in the present work; the full set of known
γ rays for each level can be found in Ref. [16].

Figures 5 and 6 show the primary γ -ray decays observed
from levels directly populated in the region of the PLS for
150Sm and 152Sm, respectively. Newly identified levels and
newly identified or newly placed γ -ray transitions are shown
in red, and the region of the PLS is indicated by the dashed
lines. In Figs. 7 and 8, excitation energy is plotted against
spin for levels directly populated in the present work. Newly
identified levels are shown in red. The horizontal lines indicate
possible spin ranges for the levels based on the spins of the
levels populated by their γ decay.

In the following sections the levels populated in 150Sm
and 152Sm in the present work are discussed. Comments
are provided only for levels for which new information was

obtained or when required for a full understanding of the
results presented in Tables I and II.

FIG. 5. Partial level scheme of 150Sm showing the primary γ -ray
decays from levels directly populated in the 152Sm(p,t) reaction, in
the region of the PLS indicated by the dashed lines. Newly identified
levels and γ rays are shown in red.
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FIG. 6. Same as Fig. 5 but for 152Sm from the 154Sm(p,t) reaction.

A. Comments on levels and γ -ray transitions observed in 150Sm

1. The level at 1603.1(7) keV

A 1269.1(7) keV γ -ray transition was placed between
the 1603.1(7) keV and 2+

1 levels. The cross section for the
population of this level was measured by Debenham to be
0.48% of the cross section for populating the 0+

2 level, with
both measurements at a laboratory angle of 25 degrees. This
is consistent with the value of 0.39(14)% obtained in the
present work, integrated across the entire angular range of
the telescope, and including only the strength decaying via the
1269.1(7) keV γ ray.

2. The level at 1794.2(2) keV

The NNDC database lists a 2+ state at 1794.30(3) keV
with four known γ rays at energies of 151.64(4), 600.43(25),
722.65(18), and 1798(4) keV. In the present work, the 1798(4)
keV γ ray was not observed; it should be seen in the spectrum
if the relative intensity from the literature is correct, and it
is likely that this transition was misassigned. The 151.64(4)
transition was also not observed, but would not be expected
to be seen in the spectrum due to the low relative intensity. In
addition, we assign to this level 628.5(3) and 1459.9(4) keV
transitions.

FIG. 7. A plot of excitation energy against spin for levels directly
populated in 150Sm. States of known spin are indicated by a black
cross. Newly observed states are shown in red. States for which
the spin is uncertain are plotted as horizontal lines. The range of
possible spins for each level was obtained either from the literature,
when available, or estimated by using the observed primary γ -ray
transitions by assuming that the spin of a level was within two units
of angular momentum of the states it was observed to feed. The region
of the PLS is indicated by the black dashed lines.

3. The level at 1826.7(3) keV

A 1053.3(3) keV γ ray is newly observed in prompt
coincidence with a state populated at 1824(8) keV in the
particle data. This transition is assigned between a new level at
1826.7(3) keV and the 4+ state at 773.374(12) keV. However,
there are insufficient statistics to confirm this assignment by
using t-γ -γ coincidences. Thus, the assignment of this level
remains tentative.

4. The level at 1832.8(2) keV

The NNDC database lists a level at 1833.01 keV with four
γ -ray transitions at energies of 667.05(3), 788, 1499.35(10),
and 1833.30(15) keV. The 667.05(3) keV γ ray is listed as the
strongest transition, which is in disagreement with the current
work where it is observed to have 48(8)% of the strength
of a 1498.7(2) keV transition. However, the 667.05(3) keV
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FIG. 8. Same as Fig. 7 but for 152Sm.

transition is multiply placed in the NNDC database and the
undivided intensity is given, which explains this discrepancy.

5. The level at 1950.2(2) keV

A 1176.8(2) keV transition is observed from the level
at 1950.2(2) keV. The NNDC database makes a tentative
assignment of a second γ -ray transition at 308.05(4) keV.
However, energy of the state obtained in the present work is
not consistent with this second transition. Therefore, we cannot
confirm the assignment of the 308 keV γ ray to this level.

6. The level at 2260.1(3) keV

A level at 2260.1(3) keV is identified based upon a
1926.1(3) keV transition to the 2+

1 level. Barrette et al. [21]
reported a level at 2259.8 keV with eight decays, including a
1926.04(8) keV transition. Based upon our nonobservation of
the other seven γ rays reported in Ref. [21], it seems likely that
multiple discrete states occur near 2260 keV, of which only the
2260.1(3) keV level is observed in the present work.

7. The level at 2362.6(2) keV

A new level is observed at an excitation energy of 2362.6(2)
keV with the two γ -ray transitions of 1290.9(3) and 2028.9(3)
keV. The triton energy spectra gated on these two γ rays are
shown in Fig. 9, where the level energy obtained by summing

FIG. 9. Triton energy spectra obtained by gating on (a) the
1290.9(3) keV and (b) the 2028.9(3) keV γ rays, showing peaks
measured at 2358(8) and 2373(12) keV, respectively. The blue
dashed line indicates the excitation energy of 2362.6(2) keV obtained
by summing the γ -ray energies with the NNDC energies of the
lower-lying levels.

the γ -ray energies with the NNDC energies of the lower-lying
levels is indicated by the blue dashed line.

8. The level at 2587.2(4) keV

A new 1813.8(4) keV γ -ray transition is observed between
the level at 2587.2(4) keV and the 4+

1 state, consistent with
the previous measurements of the energy of this level [22,23].
This level is likely to be a 4+ state based on the previous 3+,
4+ assignment from Ref. [23] and the natural-parity selection
rule in the (p,t) reaction.

9. The level at 2654.9(7) keV

A 2320.9(7) keV transition is observed between the level
at 2654.9(7) keV and the 2+

1 state. It is possible that this is the
NNDC level at 2655(7) keV [8,22,24,25]. A spin and parity of
3(+), 5(+) was previously assigned to this level [25], suggesting
that the level is a 3− state based on the transition to the 2+

1 state
and the natural-parity selection rule.

B. Comments on levels and γ -ray transitions observed in 152Sm

1. The level at 2003.5(6) keV

A level is observed at an excitation energy of 2003.5(6)
keV with a 1296.6(6) keV γ -ray transition. This state
could correspond to one of three levels from the NNDC
database at excitation energies of 2003.66(20), 2004.24(6),
and 2004.29(11) keV. The latter two levels have known γ rays
at energies of 1297.4(10) and 1297.29(13) keV, respectively.

2. The level at 2214.9(8) keV

A new 2093.1(8) keV γ ray from the level at 2214.9(8)
keV is observed. A level has previously been observed at an
excitation energy of 2214.92(10) keV [26]. However, this level
has been assigned as a 8+ state which is inconsistent with the
transition to the 2+

1 state observed in the present work.
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3. The levels at 2246.1(2) and 2247.0(2) keV

A level at 2246.1(2) keV is observed with three γ -ray
transitions at energies of 1160.3(3), 1163.3(4), and 2245.8(8)
keV. Additionally, a level at 2247.0(2) keV with two γ -ray
transitions of 1283.9(4) and 2125.1(3) keV is observed.
Separate level assignments are made since the level energies
obtained by using the 1283.9(4) and 2125.1(3) keV transitions
are 3.0 and 2.7 standard deviations, respectively, from the level
energy evaluated by using the remaining three γ rays. A level
at 2247.23 keV was previously observed [27] with transitions
to the 0+

1 , 2+
1 , and 1−

1 levels.

4. The level at 2331.1(4) keV

A 1624.2(4) keV γ ray is observed and assigned as a
transition to the 6+

1 state from the level at 2331.1(4) keV.
We note that a level at 2332.42 keV has been previously
observed [27] in the (α,2nγ ) reaction with transitions to the
6+

1 and 8+
1 levels.

5. The level at 2365.4(3) keV

A 1998.9(3) keV transition between the level at 2365.4(3)
keV to the 4+

1 level is observed. A level at 2365 keV has
been previously observed [27] in the Coulomb excitation
reaction with transitions to the 4+ levels at 1371.735(12)
and 1612.90(4) keV. These transitions, at 994 and 753 keV,
respectively, are not observed in the present work despite the
higher γ -ray detection efficiency at those energies. Therefore,
it is unlikely that this is the same level.

6. The level at 2462.7(5) keV

A 1499.3(5) keV γ ray from a level at 2462.7(5) keV
is observed. A 1498.7(2) keV γ ray is also observed in
the 152Sm(p,t) reaction, but the amount of contamination is
expected to negligible. A level at 2463.17 keV was previously
observed [27] in the (n,n′γ ) reaction with a transition to the
1−

1 state, which is consistent with the assignment made in the
present work.

7. The level at 3132.0(5) keV

A new level is placed at an excitation energy of 3132.0(5)
keV with a 2765.5(5) keV γ ray. The triton peak obtained by
gating on this γ ray is shown in Fig. 10 and compared with
the level energy obtained by summing the γ -ray energy with
the NNDC energy of the lower-lying level.

IV. PARTIAL CROSS SECTIONS

Relative partial cross sections for the direct population of
states in 150,152Sm via the (p,t) reaction were obtained by
gating on the γ rays listed in Tables I and II and measuring the
area of the triton peak corresponding to the direct population
of a level. We accounted for the γ -ray detection efficiency and,
when possible, the internal conversion coefficient for the γ -ray
transition. The missing strength due to unobserved γ rays
and the finite angular coverage of the Si telescope were not
corrected for and therefore these values should be considered
as partial cross sections, averaged over the angular range of

FIG. 10. Triton energy spectrum obtained by gating on the
2765.5(5) keV γ ray. The dashed blue line indicates the level energy
obtained by summing the γ -ray energy with the NNDC energy of the
lower-lying level that is fed.

the telescope of 34 to 58 degrees. The values are given as a
percentage of the cross section for direct population of the 2+

1
level. The relative partial cross sections are listed in Tables I
and II and plotted in Figs. 11 and 12 where they are compared
with the triton projections of the t-γ coincidence matrices for
the 152Sm(p,t) and 154Sm(p,t) reactions, respectively. Overall
the correspondence between the two is very good.

Cross sections for populating excited states in 150,152Sm
via the (p,t) reaction have previously been measured in
Refs. [9–12]. In Table III the relative cross sections obtained
in the present work for the 152Sm(p,t) reaction are compared
with those obtained by Debenham et al. [11] and McLatchie
et al. [10]. Since the cross sections obtained in the present
work are angle averaged between 34 to 58 degrees whereas
the values quoted by Debenham are the maximum differential
cross sections at the listed angle, this table is provided as

FIG. 11. (top) The triton energy projection from the 152Sm(p,tγ )
coincidence matrix. (bottom) The relative partial cross sections from
Table I are plotted.
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FIG. 12. Same as Fig. 11 but for the 154Sm(p,t) reaction.

a general comparison only. It should be reemphasized that
the values quoted in the present work are lower limits of
the relative cross section if there are unobserved γ -ray decay
branches. An incident proton energy of 19 MeV was used by
Debenham. McLatchie quotes the differential cross section at
22.5◦ and used an incident proton energy of 20.6 MeV.

Overall, the agreement between the three data sets is good. It
can be seen that the excited 0+ states at 740.6(2) and 1255.4(1)
keV have particularly large cross sections in all three sets of
measurements. This has been interpreted in terms of shape
coexistence and the rapid onset of deformation that occurs in
this region [7,28].

TABLE III. The relative partial cross sections for levels in 150Sm
obtained in the present work are compared with the cross sections
obtained by Debenham [11] and McLatchie [10]. The value reported
by Debenham is the maximum differential cross section at the angle
listed in the following column. All values are quoted relative to the
2+

1 level at 333.7(2) keV, which has been scaled to 100. Debenham
reports a relative error of 6.9%.

Ex (keV) Jπ σ (34◦–58◦) σ (θ )max θ σ (22.5◦)
Present work Ref. [11] (degrees) Ref. [10]

333.7(2) 2+ 100(2) 100 10 100
740.6(2) 0+ 282(6) 260 25 340
773.3(3) 4+ 9.7(8) 9.9 10 <20
1046.3(2) 2+ 32(2) 42 10 <20
1071.7(2) 3− 22(2) 5.6 35 40
1193.9(2) 2+ 38(2) 46 10 80
1255.4(1) 0+ 186(4) 170 25 180
1357.9(4) 5− 6(1) 1.9 20 <20
1417.2(2) 2+ 30(2) 27 10 30
1449.7(4) 4+ 2.3(6) 3.7 12.5 <20
1603.1(7) 1.1(4) 1.2 25
1642.6(7) 4+ 2.0(5) 1.2 10
1794.2(2) 2+ 13(1) 17 10
1832.8(2) (2)+ 7.6(9) 6.8 20 <20
1950.2(2) 3− 8.6(9) 3.7 35 <20

FIG. 13. Experimental angular distributions (black points with
error bars) obtained by gating on primary γ rays from the levels
populated in the 152Sm(p,t) reaction at (a) 334 keV, J = 2 (b)
740 keV, J = 0 (c) 1256 keV, J = 0, and (d) 1417 keV, J = 2 are
compared with DWBA calculations for L = 0 and 2 transfer (solid
lines).

V. ANGULAR DISTRIBUTIONS

A. Discrete states

By measuring the angular distribution of the outgoing
tritons, the orbital angular-momentum transfer can be deter-
mined by comparison to distributions obtained from DWBA
calculations. For example, in Fig. 13 the experimental angular
distributions from the population of the 334 (2+), 740 (0+),
1256 (0+), and 1417 (2+) keV levels are compared with
DWBA calculations produced using the DWUCK4 code [29] for
L = 0 and 2 transfer, respectively. The optical model potential
used in the present work is defined in Ref. [30]. The proton
potential from Ref. [30] was used and the triton and neutron
parameters were obtained from Ref. [31]. These parameters are
listed in Table IV. The experimental angular distributions were
produced by gating on the primary γ -ray transitions from those
levels, and measuring the angular distribution of the outgoing
tritons in the Si telescope. For levels with multiple observed γ
rays, the angular distributions obtained from each γ -ray gate
were summed. It can be seen from Fig. 13 that the theoretical
curves calculated assuming the NNDC J assignments are in
good agreement with the experimental data.

The level at 2320 keV was previously assigned J = 4+,5
in the NNDC database based on its γ -ray decay scheme. The
angular distribution for this level is plotted in Fig. 14 where it
is compared with the DWBA calculations for L = 4 and L = 5
transfer. The reduced χ2 for the L = 4 and L = 5 curves are
2.1 and 2.2, respectively, therefore a definitive assignment
cannot be made.

B. The peak-like structures

In Fig. 15(a), the angular distribution of the PLS observed
in 150Sm, centered at ∼3 MeV, is compared with the angular
distribution for the background under the PLS and with the
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TABLE IV. Optical model parameters used in the DWBA calculations. The optical model potential used in the present work is defined in
Ref. [30]. The proton parameters are from Ref. [30]. The triton and neutron parameters were obtained from Ref. [31].

Vr W ′ W0 Vso Rr Ris Riv Rso ar ais aiv aso Rc nlca

(MeV) (MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) (fm) (fm) (fm) (fm) (fm)

p 57.5 29.6 3 5.65 1.200 1.150 1.259 1.010 0.670 0.779 0.76 0.75 1.25 0.85
t 160.03 17.83 1.200 1.400 0.720 0.84 1.30 0.25
n λ = 25 1.17 0.75

aNonlocality parameter.

continuum region at higher excitation energy between 3.3 and
4 MeV. The error bars represent the statistical uncertainty
only. The angular distribution for the PLS was obtained by
measuring the strength built upon a smooth continuum back-
ground, illustrated in Fig. 16, for each ring-sector pixel of the Si
telescope. The angular distribution for the background under
the PLS was obtained from the area under the blue-shaded
region, for each pixel. In Fig. 15(b) the angular distributions
for the PLS and background in 152Sm are similarly compared
with the nearby continuum region between 2.5 and 3.0 MeV.

It can be seen in Figs. 15(a) and 15(b) that the angular
distributions of the PLS are significantly different from the
distributions obtained from the nearby continuum region, and
that the angular distributions obtained for the background
under the PLS are very similar to the distributions obtained
for the continuum region. Figure 15(c) compares the angular
distributions of the PLS observed in 150Sm and 152Sm. Despite
the fact that the two PLS in the two nuclei are 700 keV
apart in excitation energy, the two distributions are extremely
similar. This suggests that the distributions of orbital angular-
momentum transfers are similar in both reactions when
populating the PLS. In Fig. 15(d) the angular distributions
for the PLS are compared with the DWBA calculations which
are most similar to the experimental data. The experimental
distributions are most similar to the calculations for L = 2, 3,
and 4 transfer, which are plotted as the blue, black, and red
lines, respectively, calculated for the 152Sm(p,t) reaction.

FIG. 14. The experimental angular distribution for the level at
2320.5(2) keV is compared with the DWBA calculations for L = 4
(dashed blue line) and L = 5 (solid red line) transfer.

VI. DISCUSSION AND SUMMARY OF RESULTS

Perhaps the most striking feature observed in the (p,t)
spectra, Fig. 1, is the large PLS observed in all five Sm
and Gd nuclei between 2–3 MeV excitation energy. There, a
rapid increase in the triton intensity occurs and the smooth
continuum “background” begins. Figure 2 shows that the
energy of the PLS decreases with increasing neutron number,
and that the structure is located at approximately the same
excitation energy in Sm and Gd nuclei with the same neutron
numbers. One hypothesis is that the structure is partially
composed of states formed by the coupling of a neutron
hole near the Fermi surface to a deep-lying neutron hole.
Then, the energy of the structure is expected to decrease
with increasing deformation, i.e., as one moves away from
the N = 82 spherical shell gap. This deep-hole, valence-hole
hypothesis has previously been suggested as an explanation
for broad structures observed between 7–9 MeV in the
112,116,118,120,122,124Sn(p,t) reactions [32]. Although it was
initially suggested that these structures were formed by
creating two deep-lying holes below the shell closure [33],
it was found that the energy systematics were better described
by the coupling of a valence hole to a deep hole [34]. It has also
been shown in the review by Crawley [35] that bumps observed
in two neutron-transfer reactions in the Cd isotopes are likely
to correspond to a valence-hole deep-hole configuration. In
the (p,t) study by Nakagawa et al. [36], bumps at lower and
higher excitation energy, corresponding to valence-deep and
deep-deep hole states, respectively, were observed across a
wide range of nuclei from 66Zn to 230Th. This includes one
isotope of samarium, 148Sm, where a bump corresponding
to the deep-deep configuration was observed at an excitation
energy of approximately 6 MeV. The bump corresponding
to the valence-deep configuration would be expected to lie
at lower excitation energy. However, it must be noted that
the FWHM of these structures in the N = 82 region is
approximately 5 MeV, much larger than the narrow structures
observed in the present work. A study of two-neutron hole
strength in 142,146,148,150,152Sm was performed by Struble
et al. [13] where the broad structure observed by Nakagawa
at 6 MeV in 148Sm was also observed. The PLS observed in
the present work can be seen in Fig. 4 of that paper labeled as
peak e. It was suggested by Struble that these much narrower
structures are associated with two-hole strength in strongly
up-sloping orbitals from below the N = 82 shell closure.

In 152Sm between 2.2 and 2.5 MeV, i.e., in the region of
the PLS, a total of eight levels are found which are directly
populated in the (p,t) reaction including six newly identified
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FIG. 15. (a) The angular distribution of the PLS in 150Sm (black
points) is compared with the angular distribution for the background
under the PLS (red points) and the distribution obtained for the
nearby continuum region between 3.3 and 4.0 MeV (blue points).
(b) The angular distribution of the PLS in 152Sm (black points) is
compared with the angular distribution for the background under
the PLS (red points) and the distribution obtained for the nearby
continuum region between 2.5 and 3.0 MeV (blue points). (c) The
angular distributions of the PLS observed in 150Sm (black points) and
152Sm (blue points) are compared. (d) Same as panel (c), except that
the DWBA calculations for L = 2 (blue line), L = 3 (black line), and
L = 4 (red line) transfer, calculated for the 152Sm(p,t) reaction, are
also plotted.

levels. The majority of likely spin values for these also range
from 0 to 5�. In 150Sm the PLS is observed at a higher excitation
energy, extending from 2.9 to 3.3 MeV. Only three discrete
levels, including two newly identified ones, are observed in
this energy region; see Fig. 5. This is due in part to the lower
detection efficiency for higher-energy γ rays. Possible spin
values for these levels lie in the 0–4� range; see Fig. 7.

FIG. 16. The triton singles spectrum from the 152Sm(p,t) reac-
tion. The blue-shaded area corresponds to the counts considered to
belong to the PLS when measuring the angular distributions shown
in Fig. 15(c).

In 150Sm, the relative cross section, within the angular range
of the telescope, for the population of the PLS, and measured in
the triton singles spectrum, is 213(20)% of the cross section for
the direct population of the 2+

1 level. Of this strength, 39(4)%
can be accounted for by the discrete states observed in the
present work. In 152Sm, the strength of the PLS was observed
to be be 117(19)% of the 2+

1 level. Of this strength, 93(15)%,
could be accounted for by the discrete states observed in
the present work. This measurement is consistent with the
spectrum seen in the top panel of Fig. 1 from Ref. [12]. There,
it can be seen that the region of the PLS around 2.3 MeV in
152Sm appears to be dominated by a relatively small number of
states with large cross sections; in particular the level measured
by Saha at an excitation energy of 2268 keV. This corresponds
to the levels measured at 2246.1(2) and 2247.0(2) keV in the
present work, because the excitation energies reported by Saha
appear to be systematically too high.

The angular distributions of the PLS, shown in Fig. 15,
differ significantly from that of the nearby continuum region
and have a shape more characteristic of the single L-transfer
curves. This suggests that the L-transfer distribution when
populating the PLS is significantly different than when
populating the adjacent continuum region, which supports the
conclusion that the structures are dominated by a relatively
low number of states of similar spins. The fact that the angular
distributions of the PLS populated in the two reactions are very
similar, as shown in Fig. 15(c), suggests that the L-transfer
distributions are also similar.

In summary, numerous new levels and γ -ray transitions
were identified in 150,152Sm utilizing the t-γ coincidence
technique, including in the region of the PLS observed between
2.3 and 3.0 MeV. These structures appear to be dominated
by a relatively small number of discrete states, particularly
in 152Sm. The angular distributions of the outgoing tritons
populating the PLS in the 152,154Sm(p,t) reactions are very
similar and significantly different from the angular distribu-
tions obtained by gating on the adjacent higher-excitation-
energy continuum region.
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