ABSTRACT

PARTICLE RESPONSE FUNCTION IN SAMARIUM AND EUROPIUM ISOTOPES

By

James Edward Duffy

3

The reactions (a,t) and (a, He) have been performed

144,148,152,154
. Sm

with 100-MeV oa-particles on targets of to

investigate high lying proton strength distribution in

145’j49’153’155Eu and neutron strength distribution in

145’149’153’1558m, respectively. The emitted particles were
identified in the S-320 spectrograph using two AE gas
counters and an E plastic scintillator. Some differences
were observed in the spectra depending on the nuclear
deformation. Strong transitions to high-lying proton and
neutron states up to about 15 MeV excitation energy were
observed. Angular distributions were measured from 2° to
25‘o for both (a,t) and (a,®He) reactions. The extreme
forward angle data points were necessary to determine the &-

transfers. A smooth background, calculated using the a-

breakup model, was subtracted from the spectra for



excitation energies above 3 MeV. The background-subtracted
spectra were divided into 520-keV wide bins and the angular
distribution for each bin was fitted with DWBA calculations
to obtain a strength distribution for each f%-value. The
excitation energies, angular distributions, and strengths of
the high-lying transitions suggest that they arise from
proton and neutron stripping to high-spin outer subshells,
1u5,1u9,153,155Eu

and 1h9/2, 1113/2

Sm. The deduced proton'and

e.g. jh9/2 and 1113/2 in

and 1j15/2 in 145,149,153,155

neutron strength distributions are compared with predictions

from the quasiparticle-phonon model and the interacting

boson-fermion approximation model.
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CHAPTER 1

INTRODUCTION

The study of elementary modes of excitation,
particularly in many-body systems, is of great interest in
several areas of physics. In nuclear physiecs, there are
numerous examples of such simple structures, including
isobaric analogue states, giant resonances and single-
particle and single-hole states. The concept of single-
particle motion in the mean field of the nucleus is perhaps
the most fundamental idea in nuclear structure physics and
is the basis for the highly successful nuclear shell model.

Experimentally, single-nucleon transfer reactions
[Au70] have been the probes most extensively used to study
the properties of single-particle and single-hole states.
These reactions are of two types: stripping and pickup. In
stripping, a nucleon is transfefred from the projectile to
an unoccupied single-particle state in the target, thereby
probing the distribution of particle strength in the final
nucleus. In pickup, a nucleon is transferred to the

projectile from an occupied state in the target, thereby
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probing the distribution of hole strength in the final
nucleus.

Since the early 1960's, many single-nucleon transfer
reaction studies have been performed on nuclei throughout
the periodic table, with low energy‘light-ion projectiles
(p, d, t, ®He, "He), to examine low excitation energies
(less than 5 MeV) of the nucleus. Only recently, with the
help of higher energy beams, have such studies been extended
to explore single-particle and single-hole strength at
higher excitation energies. This Thesis describes the
investigation of single-particle states at high excitation
energies (up to 15 MeV) in a set of samarium isotopes whose
shapes range from spherical to deformed, using the (a,t) and
(a,3He) reactions. The a-particle beam was chosen because
it provides the lightest projectile with which both proton
and neutron stripping can be studied using the methods of
charged-particle spectroscopy.

In this Chapter, the techniques that have been
developed over the years to investigate particle and hole
states by means of single-nucleon transfer reactions will
first be presented. Next, brief reviews of the results of
pickup and stripping reactions dn medium-heavy targets will
be given, including the use of nuclear structure models to
understand the results. Finally, the goals of this Thesis -~
- the investigation of particle states in the samarium

isotopes -- will be discussed.
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In reality, nuclear states are seldom true single-
particle states. Most commonly, as sketched in Figure 1.1,
a given single-particle (or single-hole) excitation spreads‘
over many states of the final nucleus. Transfer reactions
then study the distribution of the single-particle strength
over a finite energy interval. Such mixing of simple states
with more complicated underlying states is a problem even at
low excitation energies, and it becomes worse with
increasing excitation.

In a single-nucleon transfer reaction, each state in
the final nucleus is populated with a strength proportional
to the square of the amplitude of the single-particle
component of that state. This strength is usually expressed
in terms of the spectroscopic factor S for that state. The
precise mathematical definition of 8 wWill be given in
Chapter III, in equation (III.13). Qualitatively, the

yM_?> in the

spectroscopic factor S .; for a state | g B

2] B

residual nucleus B, of angular momentumn JB’ is the
probability that IJB,MB> "looks like"™ the target ground

state IJA’MA> plus a particle p (or hole) in the single

particle state ln£j>. Here B=A+p. The angular momenta
> >
satisfy the relation JB = JA + J.

The technique used to extract the spectroscopic factor
S of a state is the following. From spectra taken at

various angles, the experimental angular distribution for




Fragmentation of a single-particle excitation.
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the state is obtained. It is characteristic of the orbital
angular momentum (%) of the transferred particle; the J must
be inferred from other considerations, such as the use of
polarized beams. This angular distribution . is compared with
a theoretical one calculated in the Distorted Wave Born
Approximation (DWBA) in which it is assumed that the entire
spectroscopic strength is concentrated in that one state.
The ratio of the experimental to the theoretical angular
distribution then gives the actual S for that state. By
studying different states, the distribution of S is mapped
out. At higher excitation energies the level density
becomes so large that individual states cannot be resolved
in the transfer reactions. It is still possible to study
the single-particle (and single-hole) excitations by the
envelope of the strength distribution, which appears as a
broad bump in a low resolution experiment. The details of
this procedure and its uncertainties are discussed in
Chapters III and 1IV.

This distribution of S as a function of excitation
energy in the final nucleus contains a 1ot of nuclear
structure information. The centroid of the distribution,
for all fragments |JB,MB> of a given single-particle (or
single-hole) excitation inlj), gives the energy of that
excitation. The width of the distribution is a measure of
the spreading of the single-particle (or single-hole)

excitation. The sum of the spectroscopic factors of all

fragments of a given single-particle (or single-hole)
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excitation measures the extent to which that excitation is
empty (or occupied) in the target ground state.

The total width of a nuclear state is the sum of two
parts: the decay width and the spreading width. The decay
width or escape width of a state is a measure of the
probability that the state decays to a lower energy state
either in the same nucleus (by Y emission) or in another
nucleus (by particle emission). The spreading width is the
probability that the state decays through the development of
more complex excitations such as vibrational states,
compound nuclear states, etc. In this mixing, the angular
momentum of the initial single-particle is preserved: a
state of angular momentum j mixes only with background
states having the same total angular momentum.

When the lifetime of a state is known, its decay width
can be easily calculated using the uncertainty principle.

This is given by the following.

he = 197 (MeV fm) (I.1)

ct 3x102%(fm/sec)xt(sec)

-3
[
|0
[

Here t is the mean lifetime in segonds, which is related to
the half life by the expression t=1.uut1/2.

In this Thesis, we shall concentréte on the spreading
width of the single-particle excitation, which is measured

by the width of the distribution of all the complex states

(shown in Figure I.1) into which the excitation fragments.
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Each of these complex states has a width which arises from
its decay to lower-lying states (the decay width). When the
state is bound with respect to particle emission so that itv
decays only by Y-ray emission, it has a negligible decay
width. For example, the first excited state of ?uSSm has a
half life of 36x10_12 seconds [Tu80] and decays by Y-ray
emission to the ground state with an energy of 0.883 MeV.
Its decay width, calculated using equation (I.1), is 1.3 «x
10-8 ker When the state is unbound with respect to
particle emission, the decay width is much larger. It
depends on the energy available for the decay, on the
angular momentum in the decay channel, and on whether the
decay is by proton or neutron emission, and can be estimated
by performing a potential barrier penetration calculation.
Normally, the decay is by neutron emission, since the
Coulomb barrier inhibits charged particle emission. A
typical value [Be86] for the single-particle decay width
(rs.p.) is j MeV when the decay energy is a few MeV. The
decay width for any of the individual complex states will be
reduced from this value depending on its spectroscopic
factor, and may typically be 0.1 MeV for an unbound state.
The spreading width for the single-particle excitation, on
the other hand, is typically several MeV. Thus, for the
situation of interest to us, the decay width can be ignored
iﬁ comparison with the spreading width.

Many light ions at different incident energies have

been used in pickup reactions, such as (p,d) and (3He,a), to
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investigate single-hole strength in medium - heavy nuclei
[Gi1-1]. The beam energies have ranged from about 22 MeV for

3

deuterons [Co69] to 283 MeV for “He [La82]. Some of the

studies have involved polarized proton beams and the use of

>

the (p,d) reaction [ChSO]. Deep-lying neutron-hole states,
i.e. neutron orbits deeply bound below the Fermi surface, in
different isotopes of Zr, Sn, Sm and Pb have been studied by
means of the (p,d) reaction at 42 MeV [Ga81] and the (3He,a)
reaction at 70 MeV [Ga83]. These studies probed neutron-
hole strength in the excitation energy range from about 4 to

->
15 MeV. Also the 9OZr(p,d)89Zr reaction [Cr80] was used to

extract the j-values of deep hole states using analyzing
power measurements.

In all these cases, an underlying background was found
in the spectra. In most cases, the background was drawn by
hand to connect low points in the spectra. This rather
arbitrary method led to uncertainties in the experimental
cross sections, which were usually obtained by assuming
specific peak shapes for gross structures. A series of
different gaussian shapes spanned the entire energy region
of the background-subtracted spectra and experimental cross
sections were calculated using these gaussian shapes.
Experimental angular distributions were plotted and compared
with the theoretical angular distributions to yield the

amount of strength for an individual f%-transfer in that
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energy region. The strengths of various fL-transfers were
then calculated for the complete energy spectrum.

This gave the spreading of strength of deep hole states
in medium and heavy nuclei over the excitation energy range
investigated experimentally. Attempts were then made to
understand the reasons for this spreading, by comparing the
observed strength distribution with theoretical models.
Such comparisons show that, at low excitation energies, the
only important source of the spreading of single-hole states
is the coupling to surface vibrations; the single-hole (and
single-particle) mode decays by exciting these vibrations
[Be79,8080,Be83a,Be83b,Sc85]. At higher excitation
energies, the nucleons in the interior of the nucleus absorb
energy more effectively from the simple modes. A model
commonly used to treat this behavior is the quasi-particle
phonon model [So80], which considers mixing with both low-
lying and high-lying phonon states.

The holevstate results for the samarium isotopes with
neutron number larger than N=82 show a picture that is
different from the one seen in the Cd, Pd, Sn and Te
isotopes [Ga81,S¢80,We77,Ge80,Ga82al. They show that the

disappearance of the N=82 shell gap, as the deformation
-1

1172

with the strengths corresponding to the lower subshells,

1
72"

increases, leads to overlapping of the h hole strength
2d7'_ and 1g-
5/2 &9
Since background subtraction in hole state analysis is

a difficult problem, the more complicated particle-gamma
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coincidence reaction (3He,aY) was carried out on targets of

102,106,108, 112,118 3

nd .. Sn using a 70-MeV beam of He

particles [Sa81,8a85]. Here it was found that a‘large
fraction of the g;}z hoie state strength in TOTPd occurred
as a single state at Ex= 2.396 MeV with a width of 2.5 keV.
The remaining 3;12 strength occurred in a 1-MeV wide bump at
about 4 MeV excitation energy, which decayed statistically.

The information obtained from the extensive
measurements of deep-lying hole states in nuclei is useful
both because it helps in the development of models of
nuclear structure and because the empirical values of the
position and the width of particular hole states can be used
as input for predictions of other nuclear phenomena such as
giant resonances. Giant resonances are simple, usually
collective excitations in nuclei which are excited in
inelastic scattering processes as a superposition of
particle - hole states [BeT79]. In order to calculate their
position and spreading width, information on the individual
hole and particle states is useful [Be83al].

We next turn to measurements of the particle strength.
This provides valuable information which is complementary to
that on the hole strength. While it is possible to obtain
information on hole states from knockout reactions like
(p,2p), there are no analogous reactions to populate
particle states, Such states are generally studied by
stripping reactions. (If the state is unbound, it can also

be studied by the direct scattering of nucleons, but this
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technique is useful only over a limited range of excitation
energies.) Unlike the situation with deep-hole states,
until recently there has been little or no comparable
information on highly excited particle states in medium and
heavy nuclei [G1-2]. Understanding the potential of
stripping reactions to provide information on high-lying
particle states is an additional important motivation of
this work.

Studies of particle states in spherical nuclei were

recently carried out at Orsay [Ga82b,Ga83,Ga85a,b]j. The

stripping reactions used were 9OZr, TZOSn, 1)“‘Sm,

208Pb(3He,d) and ?ZOSn, 1“”Sm, 208Pb(a,t) for proton

particle states and 9OZr, 1208n, 208Pb(a,3He) for neutron
3

particle states. A 240 MeV beam of ~“He particles and 80 MeV
and 183 MeV beams of a particles were used to investigate
particle state strength from about 4 to 15 MeV of excitation
energy. The techniques used were essentially similar to
those used to analyze the hole state strength [Ga81,Ga82al],
but with some differences.

Two of the differences were the use of a plane wave
breakup calculation to predict the underlying background and
of a "slicing" method instead of the gaussians to extract
the cross sections. The plane wave breakup calculation
reproduced the spectral cross section at high excitation

energy for the 240 MeV 3

He and 183 MeV o particle beam cases
but failed to do so for the 80 MeV a induced reactions.

This was later found to be due to the fact that the 80 MeV a
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beam energy is too low for the plane-wave approximation to
be valid, and so an empirical solution was developed using
the shape of the breakup calculation.
Experimental cross sections were deduced using gaussian

shaped peaks for the case of the 240 MeV 3

He beam and using
both gaussian shaped peaks and "slicing" the corrected
spectra into bins for the 80 MeV and 183 MeV o particle
beams. Experimental angular distributions were obtained
using both the gaussian shapes and the "sliced" bins.
Comparisons of the experimental and theoretical (DWBA)
angular distributions yielded the amount of strength which
each 1individual f-transfer had in a particular energy
region. The strengths of various %-transfers were obtained
for the complete energy spectrum measured.

The strength distributions were compared with
theoretical models, in particular the quasi-particle phonon
model [S080,St83]. These comparisons suggested that the
spreading of states is due to surface vibrations interacting
with the particle states in spherical nuclei, similar to the
mechanism for the hole states.

The present work is an extension of such particle-
strength studies to deformed nuclei, for which no
information on high-lying particle strength has been
available until now. Since the spreading of the states is
predicted to depend on the phonon structure of the nucleus,

studies of deformed nuclei, in which the phonon structure is

quite different from that in spherical nuclei, provide a
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useful test of the theory. " In addition, this will also
provide us with a complete set of both proton and neutron
particle states for an isotope chain that changes its phonon
structure. We elected to use the even-even samarium
isotopes as targets because they range from spherical, as in

the 1uuSm case, to very deformed, as in ?SuSm

. The
deformation of the samarium isotopes, estimated from the
variation of the B(E2) values of the first 2+ state in these
nuclei, ranges from B,=0.0 for 1uuSm to B,=0.2T7 for 15uSm
[GoT2].

The goal of this investigation is to obtain information
on the single particle strength distribution as a function
of the deformation of the target nucleus. The overlapping
of high lying proton strength distributions will be compared
with the lower energy work mentioned above, for the
spherical nucleus TuuSm. Finally, comparisons of data to
theory, will be carried out where possible.

This Thesis is divided into six chapters and two
appendices. Chapter II: The experimental
procedure that was used to obtain the stripping
data is discussed. With a beam of 100-MeV a
particles, the stripping reactions (a,t) and
(a.3He) were used to investigate the proton and
neutron particle states, respectively, in the
isotopes of samarium. Targets of

14&,1“8,152,1548m were used. The a-particle



Chapter III:

Chapter IV:

Chapter V:

Chapter VI:

Appendix I:
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energy (100 MeV) was selected to be high enough
to excite high &-transfers.
A presentation of the DWBA theory 1is given in
this chaptér.
This chapter explains the technique used to
extract spectroscopic information from the
stripping reaction data. First, a background
is calculated and subtracted from the spectra.
The background is taken to consist of two
parts: a breakup part, calculated in the plane
wave model, and a compound nuclear emission
part. Next, a "slicing" technique is used on
the background-subtracted spectra to extract
the experimental cross sections.
Experimental angular distributions are plotted
and compared with the theoretical DWBA
calculations to yield the strength. The
results obtained using this technique are
presented.
The experimental results are compared with the
theoretical calculations that exist for five of
the eight final nuclei studied here. The
conclusions of this investigation are also
presented.

3

This appendix lists the (a,t) and (a, He) cross
sections as a function of angle for the low

lying states populated in the reactions on
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1uuSm and 208Pb; the low lying peaks populated

148,152,154

in the reactions on Sm and the

elastic scattering cross sections for
1“”’?”8’?52’15u8m(a,a).

This appendix outlines, in an algorithm style
format, two of the main programs developed for
this Thesis: the calibration program SPECCAﬁ
and the analysis program SMASHER. Sample input

files to run these and other programs used in

this Thesis are also given.



CHAPTER II

EXPERIMENTAL PROCEDURE

The measurements of (a,t) and (a,®He) reactions
described in this Thesis were carried out using an a-
particle beam from the K500 cyclotron at the National
Superconducting Cyclotron, Michigan State University. The
experiment required three runs which spanned about one and a
half years. During this time many improvements in the data
taking system were developed. Specific changes in the
detector equipment and the data acquisition system will be

referred to throughout this Chapter.

II.1 EXPERIMENTAL SETUP

The beam energy used was 100 MeV, with beam intensities
on target ranging from 25 to 200 particle nanoamperes. The
targets used were 0.88 mg/cm? Mylar (ConsO»)n» 1.0 mg/cm?
'**Sm (96.47% isotopic enrichment), 3.0 mg/cm? '“®3n
(90.70%), 4.7 mg/cm?® '%23m (98.29%), 3.9 mg/cm2 154%3m
(98.69%) and 6.0 mg/cm? 2°%Pb. The samarium targets were
purchased from the company Micromatter, Inc. of Seattle,

Washington. Elastic cross sections were used to obtain the

16
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thicknesses of the Sm targets. The elastic cross section
measurements were carried out at lab angles of 2°, 4° and 6°
using the 100 MeV a-beam. The calculated elastic to
Rutherford scattering cross section ratio using the code
DWUCK4 [Ku69] has values of 1.01, 1.02 and 1.14,
respectively, at lab angles of 2°, 4° and 6° for TMMSm and
similar values for the other three targets. The target
thicknesses were determined by matching the calculated to
the measured cross sections. Uncertainties in the target

1H4,148,152,1548m are

TSZSm

thickness for the samarium isotopes
respectively 7%, 7%, 20% and 6%. The measurement for
has the largest uncertainty because the cross section at one
of the angles (4°) was about 20% above the fitted
theoretical angular distribution curve, making the
normalization uncertain.

The stripping cross section measurements were carried
out at lab angles from 2° to 25°, generally in 1° to 2°
steps at the forward angles (below 9°) and in 3° steps at
the backward angles (above 11°). The energy resolution of
our experiment was limited by the S320 spectrograph system
and not by the target thicknesses. The resolution was
tested using the elastic peak in the focal plane of the S320
spectrograph. Adjustments of the x-quadrupole, sextupole
and octupole magnets, the gas pressure in the focal plane
detector, and the electronic gains were carried out with the
elastic peak at various positions in the focal plane of the

spectrograph, to achieve the best resolution possible. This
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was found to be 280 keV at small angles and up to 320 keV at
the larger angles for the (a,t) reactions. A somewhat

better resolution (=200keV) was found for the (a,3

He)
reactions, probably because the extraholation of the
spectrometer parameters from the elastic scattering settings
was smaller in this case than in the (a,t) case.

The tritons and ®He particles were detected in the
focal plane-of the S320 spectrograph. A view of this
spectrograph is given in Figure II.1 [Be83b]. The S320
system consists of a scattering chamber, the five magnets of
the spectrograph (two quadrupoles, a dipole, an octupole,
and a sextupole) and a focal plane detector. One quadrupole
focuses in the y-direction and the other in the x-direction.
The dipole magnet enables one to measure the magnetic
rigidity (p/q) of the emitted particles, where p is the
linear momentum and q the charge of the emitted particle.
The octupole and sextupole magnets are used to focus the
particles at the focal plane of the detector and to
compensate for higher order aberrations.

The detector consists of two position sensitive wire
chambers (one in the front part and one in the middle part
of the detector), two ion chambers (one in the front and one
in the back part), a grid and a 3-inch thick piece of
plastic scintillator located at the end of the detector. A
diagram of the detector box is displayed in Figure II.2

[Sh85].
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Figure II.1

View of the NSCL S320 spectrograph [Be83b].
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Figure II.2

the NSCL S320 detector box.
Front wire proportional counter.
Front ion chamber.

Back ion chamber.

Back wire proportional counter.
Scintillator.

Photo multiplier tube.
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Typical settings of the spectrograph magnets used for
the (a,t) and (a,3He) reactions of interest are given in
Table II.1, in terms of both potentiometer and digital
voltmeter (DVM) readings. These settings were used to focus
the highest energy tritons or 3%He onto the focal plane of
the S320, which is at the position of the front position
sensitive wire chamber. The highest energy particles
emitted wereAfocused near one end of the focal plane because
this enabled the examination of the excitation energy range
from O to 15 MeV. The settings were obtained from a program
called S320 [Va85a]. A more detailed description of the
S320 spectrograph is given in another NSCL Thesis [Sh85].

Two collimators of different sizes, one narrow and one
wide, were used during the experiment. The narrow one was
used to decrease the count rate at the forward angle of 2°
and the wide one was used for the other angles. The narrow
collimator was made of copper, with a thickness of 0.125

inches (enough to stop 90 MeV 3

He) and an aperture of 1.0 by
2.0 inches. The wide collimator, which was the most
frequently used one, was made of brass with a thickness of
0.25 inches (enough to stop 90 MeV tritons) and had an
opening of 1.6 by 1.6 inches. Both were located 78.5
inches from the target ladder.

A number of different Faraday cups were used in the

experiment. In the first two runs, two Faraday cups were



Table II.t
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Typical S320 magnet settings for TMSSm(a,t) and 148Sm(a,3
reactions at T,= 100 MeV and ®1ap" 6°.
S320 Reaction
Magnet '*8Sm(a,t) '*8Sm(a, *He)
Pot DVM Pot DVM
Q,, (Y) 12.48 1.221 v 5.72 0.559 V
Q,, (X) 3.001 -27.835 vV 1.375 -12.752 v
Dipole 7.34 13.407 kG 3.25 6.142 kG
Octupl. 297. 12.638 Vv 136. 5.790 V
Sext. 390. 15.508 v 179. 7.?05 v

He)
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used for different angles of the spectrograph. One cup was
located in the target chamber and was designed to measure
charge for scattering angles of 12° and larger. This
Faraday cup did not have an electron suppressor, thus posing
a problem with normalization. The other cup was located in
the wedge and had an electron suppressor. This cup was used
to measure the charge for scattering angles from 2° to 9°,.
In the third run, we used a single Faraday cup with an
electron suppressor. This was located in the target chamber
and was designed to measure the charge for scattering angles
of 4° and larger. It was called the zero degree Faraday
cup. It did not fulfill all of our needs, due to its
inability to allow the particles of interest to travel
freely to the focal plane of the spectrograph for angles of
2° and 3°. To obtain spectra at 2° and 3°, we removed the
zero degree Faraday cup and normalized using the wedge
Faraday cup.

All of the measurements carried out for this Thesis
were normalized using the zero degree Faraday cup. Short
runs of spectra at the larger angles (2 12°%) for the (a,t)

3

reactions and at all angles for the (a,” He) reactions were
taken using this Faraday cup, and these were used to
normalize the spectra taken before the third run. Errors in

this relative normalization are included in all the cross

sectidns quoted in this Thesis.
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Because of the problem in measuring the charge during
the first run, a monitor detector was used to check the
normalization in the second run. The monitor detector was
used before the zero degree Faraday cup was installed and so
was the only means available at the time to check the
normalization. It was a simple device, consisting of a
single piece of plastic scintillator, as displayed in Figure
IT1.3. It had dimensions of 0.25 by 0.25 inches by 0.75
inches thick and was made of NE102. The light pulseg from
the NE102 were transferred through a fiber optic cable to a
photomultiplier tube. The monitor was positioned at 18° in
the plane of the beam and subtended a solid angle of about
0.4 msr. We chose the angle of 18° because the angular

distribution of ¢ /0o for the elastic cross section on
el Ruth

the Sm isotopes is predicted to be flat at 18°.

Typical spectra from the monitor are displayed in
Figure II.4, Note the difference between the monitor
spectra when the S320 spectrograph was at 7° and at 12°.
When the S5S320 angle was 12° or larger, the monitor spectra
showed some background. At the time, as mentioned before,
there were two different Faraday cups to read the charge: a
wedge Faraday cup and a target chamber Faraday cup. At an
angle of 12°, the latter was only about an inch away from
the monitor. The background in the monitor spectfum was

presumed to be due to Y-rays and neutrons emitted from the
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Figure I1I.3

A view of the monitor detector.
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Figure II.4

Typical spectra from the monitor detector. The ‘““Sm(a,3He)

monitor events with the S320 scattering angles at 7° and 12°

are displayed on the left. The blank frame [empty(a,3He)]
monitor events with the S320 scattering angles at 7° and 12°

are displayed on the right.
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Faraday cup. This was confirmed by putting a blank frame in
place of the target and measuring the monitor spectra when
the S320 spectrograph was at 7° and 12°; see the right half
of Figure II.4. 1In view of this, we concluded that the
added background was due to the Faraday cup in the target
chamber. .

A schematic view of the electronic setup for the S320
focal plane detector system is given in Figure II.5. The
signals from the electronic modules were digitized with an
ORTEC AD811 ijit analog to digital converter (ADC) and were
read by a program called ROUTER [Sh85] in the LSI-11
microcomputer as part of the data acquisition system. Two
different data acquisition systems were used, the first
being the CAMAC system [Sh85] and the second being the 68K
data acquisition system [Va85b]. The latter was used for
the third run, with a series of reads and clears for each of
the ADC and QDC modules used. An example of the setup
program for the 68K is given in Appendix II. The example
is appropriate for the measurements described in this
Thesis. Both data acquisition systems needed an LSI-11
microcomputer to communicate with, and transmit data to, the
Vax 11/750. Then the computer program Router [Sh85] sent
the data to the tape drive unsampled and to an on-line (and
off-line) data analysis program called SARA [Sh85].

Among the signals recorded for each detected particle,

one was its time of flight (TOF) through the system, which
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Figure II.5

A schematic view of the electronic set up for the S320.
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is inversely proportional to the velocity (v) of the

particle. Another signal was the energy loss of the

particle due to the gas in the ion chambers; this is‘

proportional to Zz/mvz,‘where Z is the charge and m is the
mass. Hardware gates on the TOF and ion chamber signals
were set such that we had a "clean" particle identification
(no other typeS of particles in the vicinity of the group of
interest). These were supplemented by software gates
(called contours in 2-dimensional plots), which were set to
isoclate the particular outgoing particles of interest (t or

3He); see Figure II.6a. SARA produced a position spectrum

corresponding to these software gates (Figure II.6b).
During the experiment, only a fraction of the total data was
copied to the memory of the computer for display and on-line
monitoring, but all of the data was copied to tape. The
tapes were later played back to analyze the entire data

taken during the experiment.

IT.2 ENERGY CALIBRATION

Two methods were used for the energy calibration of the
position spectra taken with the S$320 spectrograph. One way
was by identifying known levels in the final nuclei in

triton and 3He spectra taken with a Mylar ((C,,Ha,0,) )

n

target, with all other parameters of the experiment kept the
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Figure II.6

Figure I1I.6a
The top figures display the particle identification for the
reaction '**Sm(a,t) at 2° and '**Sm(a,®He) at 3.5°. The
axes are labeled TOF (time of flight) for the y-axis and
ENERGY (total energy loss in both ion chambers) for the x-

axis.

Figure I11.6b
The bottom figures display the typical spectrum for the

reaction '**Sm(a,t) at 2° and '““Sm(a,*He) at 3.5°.
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same as for a Sm target. The second way was by moving an
elastic peak through the counter by changing the dipole
field B.

The first method was the one used most often.
Identification of peaks in the spectra was carried out using
the kinematic shift in the centroids of different peaks as
the scattering angle was changed. Examples of this shift
are evident in the '3®N and '’F ground state peaks shown in
Figure II.T7. A peak corresponding to a heavier-mass target
will move a smaller distance across the focal plane as the
scattering angle changes. Once we were confident about the
identification of peaks in the mylar and samarium spectra
with particular levels in carbon, oxygen and samarium, we
then determined a best-fit calibration curve. The
calibration curve is an equation expressing the kinetic
energy T of the outgoing particle in terms of channel

number, the relation used being a quadratic one:

T = a + b x channel number + ¢ x(channel number)? (II.?1)

The parameters a, b and ¢ were calculated by a program
called SPECCAL. A typical fit is shown in Figure II.S8. To
complete the calibration, the excitation energies in the
different residual nuclei were expressed in terms of channel

numbers, using the following expression.
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Figure II.7

Mylar(a,t) spectra are displayed from 2° to 12°,.
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Figure II1.8

Energy calibration for the triton spectrum from the

by
1 Sm(a,t)145Eu reaction. The arrows point to known states

in 1usEu, 13N and 17F. The 13N and 17F states were obtained

by the mylar(a,t) reaction.
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Ex = u + v x channel number + w x {(channel number)? (II.2)

The terms u, v and w were also calculated by the program
SPECCAL using the relation (II.1) and are related to a, b
and ¢ by a straight-forward kinematic relationship. Finally
the spectrum, which to begin with was expressed in terms of
counts versus channel number, was converted to a spectrum of
counts versus excitation energy by the program WRITECHEX.

The calibration process discussed above may be summarized in

the following three steps.

1) We identified peaks of carbon and oxygen in the mylar
spectra. We also identified known peaks in the
samarium isotopes whenever possible.

2) The program, SPECCAL, was used to obtain the equation
for excitation energy versus channel number.,

3) The equation of excitation energy versus channel number
was used in the program, WRITECHEX, to convert a
spectrum of counts versus channel number to a spectrum
of counts versus excitation energy.

A description of the SPECCAL program is given in Appendix I

and a sample input file for this program is given in

Appendix II.

The second method of calibrating the spectra involved
moving the elastic peak across the focal plane of the S320

spectrograph as a function of the dipole field B at a fixed
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angle. We plotted B versus the channel number for the

elastic peak. The equation,

p=pqB (I1.3)

relates the momentum p (MeV) of the emitted particle to the
radius of curvature p (meters), the magnetic field B (KkG),
and the charge q (MeV/(m+kG)) of the emitted particle (units

are in c¢=1). The equation,
p = p, *+ kX (II.H)
expresses the radius of curvature, p (meters), in terms of a

constant p, and the channel number x (k is in meters/channel

number). The equation

p= (TCT+2m)'"? (I1.5)
relates the kinetic energy T with the momentum p, m being
the mass of the emitted particle (all units are in MeV since
c=1). From equations (II.3), (II.4) and (II.5), we deduced
a relation between the kinetic.energy T and the c¢hannel
number x. We then proceeded, as we did in the mylar case,
to acquire a spectrum of counts versus excitation energy.
The two methods gave excitation energlies which agreed

with each other to within 50-100 keV, depending upon the



36
position in the detector. The closest agreement (50 keV) was

at the center of the detector.

3

Triton and “He spectra from the (a,t) and (a,3He)

reactions on the Sm isotopes are shown in Chapter V.



CHAPTER III

DWBA CALCULATIONS

In thié section, we will discuss the Distorted Wave
Born Approximation (DWBA) calculations used to analyze the
stripping reactions (a,t) and (a,*He) employed in this work.
In both reactions, a nucleon is removed from the projectile:
a proton in the (a,t) case and a neutron in the (a,3%He)
case. We therefore discuss first the DWBA formalism of
single-nucleon transfer reactions, including a definition of
the spectroscopic factor already introduced in Chapter I.
Then we discuss the application of this formalism, using the
DWBA program DWUCKY4 [Ku69], to the specific cases of
interest to us. Reasons for our particular choice of
optical parameters will be given, followed by details of the
calculation of the DWBA angular distributions for different

excitation energies and different f&-transfers.

III.1 DWBA FORMALISM

Let us consider the reaction A(a,B)B, where A is the
target nucleus, o the projectile, B the emitted particle and

B the residual nucleus. If particle o consists of B+x then

37
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the reaction (a,B) is a stripping reaction which strips the
particle x. For our cases, x is a proton (p) when B is a
triton (t) and x is a neutron (n) when B is a ®He particle.
If B consists of a+x, then the reaction‘(a,B) is a pickup
reaction in which the projectile picks up a particle x from
the target. We Wwill concentrate on stripping reactions
here. This direct reaction process allows one to
investigate-the excitation energy levels of the residual
nucleus B and determine the extent to which they are single-
particle states built on the ground state of the target A.

The DWBA involves three basic physical assumptions

listed below [Mab69]:

1) Nucleon transfer occurs directly between two active
channels (A,a) and (B,B),

2) Optical-model wave functions for A+a and B+8 are
correct in all relevant regions of the configuration
space,

3) The transfer process is weak enough to permit a
first-order treatment.

To find an expression for the angular distributions of

such direct reactions one must first consider the transition

amplitude, which may be expressed as

> > > >

_ 3 3 - +
T = J fd PaB Jd A ¢SB(kBB,rBB)<BB|w|aA>¢aA(k )

aA’ T aa

(II1.1)
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Here J signifies the Jacobian that transforms the center of
momentum system to the lab system. <BB|W|aA> is the matrix
element for the transition from the state |aA> to the state

| 8B> through the potential W.

> >

¢¥(k,r) are the (incoming

OUthing) distorted waves (plane wave

plus spherical .scattered wave) describing the motion of a in
the entrance channel and of 8 in the exit channel. The ¢
are assumed to depend only on the Separation of the centers
of mass of the colliding pairs and to be independent of the
spins. In DWBA, they are taken to be the distorted waves
which describe the observed elastic scattering. They are

solutions to

> >
(V2 + k2 = 2B y(p)) $(k,r) =0 (III.2)
Hz
where V(r) is the optical potential.

Let La and LB denote the orbital angular momenta in the
incoming and outgoing channels of the reaction A(a,B)B and
let 4 denote the transferred angular momentum, These
angular momenta must satisfy the conservation laws for

angular momentum and parity

> >
L + 4 = L,. (I11.3a)

% L
(-1) @ - (-1) B (III.3b)
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The elastic scattering in the channels (A,a), (B,B) is

dominated by a few partial waves

a a (I1I.4)

close to those whose classical impact parameters correspond
to a grazing collision with the surface of the nucleus.
Higher partial waves give no contribution to the cross
Section because the centrifugal barrier excludes them from
the region of the interaction, while lower partial waves are
completely absorbed and do not reappear in the elastic
channel.

If conditions in case of the transfer reaction are such
that the conservation laws (III.3) are satisfied for angular
momenta close to those favored in elastic scattering, that

is, if

K R~ KgR | = & (III.5)
then the transfer cross sections are dominated by partial
waves that are well determined by the elastic scattering.
Under such circumstances, most of the contribution to the
transfer cross section comes from the nuclear surface region

and DWBA works well.
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->--> > >

The wave functions ¢;A(kaA’PaA) and ¢;B(kBB’PBB) can be

written as the partial wave expansion,

f (ke ye  Am Y8 (r ) v % ()t e
¢aA aA'raA K raA al !
r L M a a
oA oA a o
(a)
X XL (kaAraA)
a
(111.6)
> > M ~ M ° L
~ _ 4q - B B ¥ 7B
¢BB(I<BB,1"BB)— ’ —; LlM Y . (rBB) Y . (kBB) i
BB BB BB

(8)
x XLB (kBBPBB)

~ ~

where k and r are the unit vectors in polar coordinates.

From equations (III.2) and (III.6) we find that the

(Y)

X1, (kr) are solutions of the radial equation with the
Y

central potential V(r),
(NS i A - 2 yn)] ke = 0 (II1.7)

V(r), the optical model potential mentioned above, is of the
form

V(P)=VC(P) + VN(P) + v (r) (111.8)

L8
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where Vc(r) is the Coulomb potential and VN(P) and V (r)

Les
are the central and spin-orbit parts, respectively, of the
nuclear potential.

We turn now to the crux of the matter - form factors
and spectfoscopic factors. These are contained in (III.1)
in the matrix element <B,B|W|A,a> integrated over the
internal co-ordinates of the core nucleus A and of the
lighter projectile B. If the effective transition operator
W is taken to bDe the interaction va between projectile 8

and the transferred nucleon, the effective matrix element

Separates into a product of two disjoint form factors

<B,B|VBX|A,0L> = <B|A>A<B|V8x|a> (III.9)

A g'

with the nuclear form factor <B|A>, independent of Vg

The projectile form factor <B|V8x|a>8 is evaluated

using suitable internal wavefunctions for o« and B and with

suitable assumptions about the range of VBX|a> as a function

> >

of rx- r We shall use the zero-range approximation

g

f(rBX)= s(er) (I1I1.10)
for the projectile form factor, since past work by Gales et
al [Ga85a] has shown that the DWBA angular distributions
calculated within the zero-range approximation and the

finite-range approximation have the same shape.

We have now isolated the single-nucleon form factor
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1.
05, (x) = <B|A>, = <Bla'(x)|A> (III.11)

It is an overlap integral (integrated only over the internal

coordinates of the core nucleus A) or,‘equivalently, a

>

T(x) that creates a nucleon

matrix element of the operator a

>
with co-ordinates x. Its angular momentum decomposition is

->
= 5 gl 237 .
Op, (X) % FpalX) Y 7 (x) <J M gm[J M > (III.12)

where Y is a spin-angle function and <JAMAjm|JBMB> is a

Clebsh-Gordon coefficient. The radial form factors F are
unnormalized; the normalization constants necessary to

introduce normalized form factors f

lj)1/2

23 - 23
Foy(x) = (sBA ) £op(x) (II1.13)

Qj)1/2

L3
BA S

are the spectroscopic amplitudes (S BA

. is the
spectroscopic factor.
The differential cross section for the reaction A(a,B)B

may be expressed in terms of the transition amplitude T as

(III.14)



Ly )

where
Ls] 2J + 1 5]
do =" B__. ey do
da (27,¥1)(23+1) N C%Sg5 qgbWBA | (II1.15)
dUZSJ

EEDWBA is the‘reduced differential cross section which the
program DWUCK4 [Ku8U4] calculates using (III.1) through
(III1.9). C is a Clebsh-Gordon coefficient which describes
the isospin coupling between the target, transferred nucleon

and residual nucleus:

(@]
L]

T, T, ¢t |T T, >

The literature is marred by a good deal of confusion between
the use of S and C28. In the case of neutron stripping
reactions C? has the value of unity, but not in general for
proton stripping reactions. As equation (III.15) shows, C2S
is the quantity directly entering in the cross section. In
this Thesis, we shall present results for C?S, which we call
the spectroscopic strength. Since the Sm targets used in

this study are all even-even nuclei, they have J,=0; so j

A
must equal JB and the spin statistical weight factor
(2JB+1)/(2JA+1)(2j+1) in equation (III.15) is unity. Thus
knowledge of the j value is not needed for obtaining C23.

N is a normalization factor which incorporates the

effect of the zero-range approximation for the light-ion
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vertex. Its value depends on the specific light ions, a and
By involved in the reaction, but is independent of the
target A. A value of N=36 had been calculated previously
[(Fr77,Ga85a] for the (a,t) and (a,3He) reactions, with an
error of 15% due mainly to the uncertainty in the optical
model potentials [Fr77]. <This value of N will be used to
determine C2%S values for low-lying states populated by the

(a,t) and (a,3He) reactions on 208?

b; we shall compare them
with C?*S values from previous work. The same value of N
will be used for both the (a,t) and (a,?He) reactions. This
is because the bonding potentials for the two reactions are
very similar: the mass difference for (a,t) is ma—(mt+ mp) =
-19.81 MeV and that for (a,-He) is my~(may* m ) = -20.58
MeV.

Equation (III.15) provides us with the means to extract

from experiment the spectroscopic strengths Czslj’ by

olsj dolsj
comparing the experimental cross section == with == DWBA,

dg de
which is the calculated DWBA cross sections for a state L83
which has the full single-particle strength. In Chapter 1V
Wwe shall describe in more detail this method of extracting
the experimental spectroscopic strengths. The sum of the
Spectroscopic strengths of all fragments in the residual
nucleus for a given single-particle (or single-hole)
excitation nfj measures the extent to which orbit ngj is

empty (or occupied) in the target ground state |A>. In the

- case of neutron (proton) stripping reactions, the sum of
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spectroscopic strengths for a particular orbit (n%j) over
the entire excitation energy region is equal to unity or
less depending upon whether the ground state of the target
nucleus is empty or partially occupied with neutrons
(protons) in that orbit. This is clear from (III.13) and it

is expressed by the inequality

) czs“(e) s 1 (II1.16)
: X :

The limited range of excitation energies which can be
studied experimentally may also contribute to this
inequality. Chapter VI will be devoted to the predictions
of the spectroscopic strength using two models and their
comparison with the experimental spectroscopic strengths

extracted from this experiment.

IITI.2 APPLICATION TO (a,t) AND (a,3He) REACTIONS ON SM

ISOTOPES

The program DWUCKY requires an input of optical model
parameters to calculate the angular distributions.
Parameters obtained from elastic scattering experiments as
described in the literature were used. The entrance channel
(a+A) and the exit channel (B+B) each has its own optical
model set. The former was obtained from the elastic

scattering of 81.4 MeV a-particles on Pb [Pe81,Ga85al]. The
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exit channel parameters were those determined from the
elastic scattering of *He beams of 130 MeV on Pb
[(Dj77,Pe81]. There are no data for elastic scattering of
triton beams at high energies and so the triton exit channel

3

parameters were chosen to be the same as the “He parameters.
The justification for this is that both t and 3He are mass-3
particles and also there is very little difference between
the energies for stripping a proton or a neutron from an a-
particle (see above). The difference in the Coulomb
potentials for the two particles was of course taken into

account.

There are three parts to the optical potential, as

given in equation (III.8). The Coulomb part is expressed as
2 - 2 2 <

v (r)={(Zp ZT e2 Y/ (2 Rc) ( 3 r / Rc Y, r s Rc

C Zp ZT e / r , r > Rc

(III.17a)

with Rc= rc A1/3. The central nuclear potential is

expressed as a Woods-Saxon shape with a volume absorption

part:

(I11.17b)
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The spin-orbit part of the potential is expressed as

Vo.glrd= v &F:'é %F ! e — (II1.17c)
1+ exp( =——=s0 )
SO
where R, = ri A1/3 and R = p A1/3.
1 S0 SO

Different sets of optical model parameters were tested by
comparing the corresponding DWBA angular distributions with
experimental angular distributions for low-lying states
(with known f-transfers) from the 1)mSm(c:z,'t,) reaction
measured in our experiment. The set given in Table III.I
[Ga85al] is the one that best reproduces the measured angular
distributions. Figures showing the quality of the fits of
the DWBA calculations to the experimental angular
distributions are given in Chapter V.

Bound-state wave functions are also needed in the DWBA
calculation, to describe the binding of the transferred
nucleon x to the core nucleus A. They were calculated in a
bound-state potential for which a Woods-Saxon shape was
used. The radius and diffuseness parameters of this
potential are given in Table III.1 and the depth was
adjusted to fit the empirical binding energy of the
transferred nucleon [Pe81].

Using these optical-model and bound-state parameters,

DWBA angular distributions were calculated for various
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Table III.1

Optical model potential parameters used for the (a,t) and (a,3He)
reactions on samarium and lead targets far a 100 MeV a-particle

incident energy.

\') r a w r' ' i) r
° 0 0 a so Tso 2o c

Channel (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

a 158.4 1.32 0.62 30.02 1.35 0.85 - - - 1.4
t 125.4 1.18 0.8 17.20 1.55 0.77 - - - 1.4
He 125.4 1.18 0.8 17,20 1.55 0.77 - - - 1.4

Bound state parameters -

p v 1.25 0.65 A=25 1.25 0.65

2
In the case of proton particle states in 09Bi a different
geometry was used, with r0= 1.28 fm, ao= 0.76 fm, rso= 1.09 fm

and a_ = 0.60 fm.
so
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excitation energies from 0 to 20 MeV. For a given -
transfer, they change in shape and magnitude as a function
of excitation energy. This is evident from Figure III1.1, in
which the &#=3 angular distributions at excitation energies
of 2.0 MeV and 10.0 MeV for the case of !**Sm(a,t) are
compared. The angular distributions changed in magnitude by
about 4% when the excitation energy changed from 2 MeV to 3
MeV. In order to keep the the error in the DWBA
calculations less than 4%, an interpolation scheme was set
up as follows. The DWBA angular distributions were
calculated in one MeV steps from O MeV to 20 MeV and the
angular distribution at any intermediate excitation energy
was obtained by linearly interpolating between adjacent
integer excitation energies.

Additionally, the DWBA calculations showed that, for a
fixed spectroscopic strength, there were large variations in
the cross sections for different &-transfers at the same
excitation energy. This can be seen in Figure III.Z2.
Generally we observed that with increasing %, the cross
section also increased. This favoring of high-% transfer is
a result of the fact that the angular momentum matching

condition (III.5) picks out high & values for single-nucleon

transfer reactions induced by 100-MeV o particles. For the
same C2S, the & = 6 or 7 cross sections are two orders of
magnitude larger than the %=0 or 1 cross sections. This has

the consequence that the reactions studied are not sensitive
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Figure IIIl.1

Calculated angular distributions for the case of =13

transition in the ?uuSm(a,t)1u5Eu reaction at excitation
energies of 2.0 and 10.0 MeV, for a beamn energy of 100 MeV.

The calculations were done using the code DWUCKY4 [Ku8u4].
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Figure III.2

Calculated angular distributions for f%-transfers of 0, 1, 2,

?uuSm(a,t)1u5Eu reaction at an

3, 4, 5, 6 and 7 in the
excitation energy of 8.0 MeV, for a beam energy of 100 MeV.
The full single-particle strength (C2S=1) was used for each

£-transfer. The calculations were done using the code

DWUCKH4 [Ku84].
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to low & in the presence of high %, even though the two may
be present with comparable Spectroscopic strengths. It must
also be noted that the shapes of the angular distributions
are distinctive for low f-values (£=0, 1 and 2) but become
rather similar for 223. Thus identifigation of & values
(for %23) on the basis of angular distribution shapes alone
was very difficult.

The DWBA code was used to calculate angular
distributions for both bound and unbound states. An unbound
state is one whose excitation energy is greater than the
separation energy of the transferred nucleon. The
separation energy is the amount of energy necessary to
Separate a particle from a nucleus. For instance, the

Sseparation energy for a proton in the 1“5Eu nucleus is 3.25

MeV. So states in 1usEu at excitation energies greater than

3.25 MeV populated in the 1448m(a,t)1u5Eu reaction are
unbound to proton emission.

To calculate angular distributions for unbound states,
the DWBA program used the Vincent-Fortune method [Vi70].
The form factor distribution was used to monitor the
convergence of the calculated solution for all the §-
transfers considered and for ali excitation energies above
the separation energy. If the form factor does not converge
at some excitation energy, then the angulaf distribution

cannot be calculated by DWUCKY4 for the given %-transfer.

All excitation energies above this one will also not be
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calculable for the given n&j (one must increase the number
of nodes n to regain the convergence, like (n+1)%j).

The lack of convergence is associated with the onset of
the inability of the centrifugal-plus-Coulomb barrier to
hold the nucleon inside the nucleus. Since the barrier
increases with increasing % and is higher for protons than
for neutrons, the cutoff excitation energy is higher for
high &'s than for low &'s and, for a given &, is higher for
protons than for neutrons. Thus, for instance, for the case

of proton states in Eu, the &-transfer of 3 (2f ) cannot

T/2
be calculated by DWUCKY4 above an excitation energy of 12

MeV; the corresponding form factor distribution does not
converge and has a large magnitude for oscillations at
distances of 15 to 25 fm from the nucleus. But higher &-
transfers can be calculated. Similarly, for neutron states

in the samarium isotopes, &-transfers of 3 (2 ) and 4

SVF
(2g9/2) cannot be calculated above the excitation energy of
) 1is

7T MeV, whereas the cutoff for an f-transfer of 6 (1113/2

12 MeV.




Chapter IV

DATA REDUCTION AND ANALYSIS

In many previous studies of single-nucleon transfer
reactions, the extraction of information from experimental
spectra seemed to be somewhat arbitrary and subjective. For
example, one would hand draw a background and use gaussians
to fit gross structures. Angular distributions obtained
from the gaussian fits depended on the background drawn.
The widths of the gaussians used to fit the gross structures
were rather arbitrary. One rather extreme example of these
procedures is illustrated in Figure IV.1 [Ga81].

In the present work, in an attempt to be more
systematic in the analysis than was generally the case in
the past, the background was estimated by a calculation
instead of by hand drawing it. Also, a slicing technique
was used instead of gaussians to calculate angular
distributions. Both these techniques have been used in
recent work on particle states [Ga82b,Ga83,Ga85a,b].

The goal of our analysis was to determine the single-
particle strength as a function of excitation energy using

the angular distributions obtained from the systematic

55
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Figure 1IV.1

Energy spectra of residual nuclei 143’147’?51Sm from the

14“’148’?528m(3He,a)1u3’1u7’?518m reactions at a beam energy
of 70 MeV, taken from Gales et al. [Ga81]. The dashed lines
that appear under the spectra are hand drawn backgrounds.

Also shown are the gross structure gaussians A and B which

were used to fit the spectra.
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procedure mentioned above.
IV.1 BACKGROUND

Crossvsections obtained from a measured spectrum
clearly depend on the background which is subtracted from
the spectrum. In order to try to be less arbitrary than in
earlier analyses, an attempt was made to treat the
background Systematically and calculate it with few
arbitrary assumptions. The model used for the calculation
was the plane wave breakup model (PWBM) applied to the case
of a-particle breakup [Wu79]. Work carried out by Wu et al.
(Wu 79] has shown that, when fast a particles (80 and 160
MeV) are scattered from medium-heavy nuclei, the breakup
process yields a significant contribution to the reaction
Cross section,

The o-breakup model is analogous to the deuteron [Seld7]
and *He [Me85] breakup models. In the deuteron breakup
model, the proton and neutron are scattered and in the °%*He
breakup model, the deuteron and proton are scattered. In
the a-breakup model, the projectile (an a particle)
peripherally collides with the target nucleus and then
divides into two constituents. The constituents are a
triton and a proton or a *He and a neutron. The (a,tp) or
(a,®He n) reaction can leave the target nucleus either in
its ground state or in an excited state. These two processes

are called elastic and inelastic breakup, respectively.
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Schematic illustrations of these processes are given in
Figure IV.2 [Me85].

The S320 spectrograph was set up to detect either the
tritons or 3He's in the singles mode. AA coincidence
experiment to study the breakup processes, although
interesting, would have been very difficult and time
consuming, ;n view of the small solid angle of the S320
spectrograph (£ 0.6 msr).

Recent 3*He breakup work has been carried out by Aarts
et al. and Meijer et al. [Aa82,Aa84,Me85], using a 52-MeV
beam of *He bombarding 283i. Coincidence experiments were
used to study the breakup of 3*He by the 28Si("‘He,dp)
reaction and various models were developed to explain the
data. These experiments show that the elastic breakup
process is more dominant than the inelastic process [Me851].

@ breakup coincidence experiments do not exist at the
present time. Qur procedure then was to use the 3He breakup
model as a guide to develop a parallel a-break up model. In
view of the *He results, we considered only the elastic
breakup in our model. The elastic breakup cross section is

given by the expression [Wu79,Me85]
320/93Q3E = c o(xA) <¢(g)>2% p (IV.1)

Here, ¢ is a constant. g{(xA) is the total reaction cross
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Figure IV.2

A schematic representation of two projectile breakup

processes, sketch (1) being the elastic breakup and (2) the

inelastic breakup.
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section for the interaction of the transferred nucleon x
with the target A. A sharp cut-off geometrical model [B153]
was used for g(xA). $(q) 1is the wave function of the
constituents of the projectile, q being the internal
momentum in the projectile. We used a wave function of the
Eckart form [Wu79] for ¢(gq). p is the phase space factor,
for which an analytic epression [0165] was used. The
constant ¢ was determined by normalizing the elastic a-
breakup calculation to the measured spectrum from the
148Sm(a,t) reaction at a small scattering angle (5°) and a
high excitation energy (28 MeV).

The high excitation energy parts of our spectra do not
display any significant structure or peaks. This
featureless character was confirmed up to especially high
excitation energies (2 35 MeV) in the case of the
148’15u8m(a,t) reactions by measuring spectra with two
(sometimes three) dipole field settings and then joining
them together. The elastic breakup calculation gave an
acceptable fit to the shape and magnitude over the entire
high-excitation (EX> 28 MeV) region of these spectra. In
fact, it fitted the high-excitation regions of all the
forward-angle spectra from the (a,t) reactions on all the Sm

3

targets. (The (o, ”He) reactions were not measured for
excitation energies above =15 MeV.)
It was found that the elastic o breakup calculation was

not sufficient to account for the observed cross section at

large angles (0= 18°-25°), So we also considered compound
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nucleus evaporation, which was found to be an important

3He-induced reactions

process at backward angles for
[AaB4,Me85]. Such an evaporation process would give rise to
an isotropic angular distribution in the center of momentum
system, as was shown to be the case for 3He [Aa84]. A
Fermi-gas model was used by Aarts et al. [Aa84] to predict
the compound nucleus evaporation in (3He,dp) reactions. It
was further shown through kinematics that the phase space

for the evaporation process is the same as for the 3

He
breakup. However, when the Fermi-gas model was used to
calculate our stripping reaction background with a Fermi
energy parameter of 42 MeV [Mo71] and a temperature of 8
MeV, it did not predict the shape or the magnitude of the
cross section in the high-lying region of the spectrum.

So for the evaporation contribution to the background
we arbitrarily used the magnitude of the background observed
at 25° (corrected for the small a-breakup contribution at
this angle). At high excitation energy, all of the cross
section at 25° was assumed to be due to the evaporation and
a~-breakup processes. The evaporation cross section thus
determined was taken to have the same magnitude and shape at
all angles. At forward angles it was small compared with
the elastic a-breakup yield.

A comparison of the full background calculation with
spectra from the 1“8Sm(a,t) reaction at various scattering

angles is shown in Chapter V (Figure V.2). It is

demonstrated there that the background calculation, which
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includes the large angle evaporation contribution, predicts
the spectral shape as well as the magnitude of the cross
section at high excitation energy reasonably well at all

angles studied.

IV.2 SLICING AND FITTING

In extracting cross sections we again used a more
systematic approach than had been the case in earlier work.
In most previous analyses, it was assumed that the spectra
consisted of a few broad structures which were then fitted
by gaussian shaped peaks, generally of different widths
[Ga81,Ga83]. An example of this approach is displayed in
Figure IV.1,. The peaks labeled A and B are gaussian peaks
chosen by the authors to fit the gross structure at

Tuu'1u8’1528m(3He,a)

excitation energies above 3 MeV in the
[Ga81] reactions. This same fitting procedure was carried
out at various scattering angles. The gaussian fits yielded
cross sections. For the regions where the gaussians were
fitted, angular distributions were produced by plotting the
cross sections as a function of scattering angle.

The spectra from the presenf experiment may be divided
into two regions, one where discrete distinguishable peaks
were present and another where no distingﬁishable peaks
could be observed. On the average, the discrete

distinguishable peaks were in the excitation energy range of

0 to 2 MeVv. By fitting them with gaussians, their angular



63

distributions were obtained. The rest of the spectra, from
about 2 to 15 MeV excitation energy, was analyzed using a
"slicing" method to deduce cross sections. The slicing was
in bins of 520 keV excitation energy, corresponding to twice
the width of the experimental resolution. (Figure IV.3
displays bins of 1 MeV width for the sake of clarity.)
Cross sections were obtained for each bin and the angular
distributions were plotted. Other choices for the bin width
Wwere investigated and the results were checked with one
another. Results of this comparison are given in Chapter V.

As discussed in Chapter III, the number by which one
must multiply the DWBA calculation to fit a particular
experimental angular distribution is called the
spectroscopic strength C?S; see equation (III.15). The goal
is to obtain strength distributions (C2?S as a function of
excitation energy) over a large excitation energy range
(from ~2 to 15 MeV) for different f&-transfers. This was
achleved by fitting the experimental angular distributions
Wwith the contributions from various f-transfers calculated
using DWBA. Because of the overlapping nature of the
single-particle resonances, in general more than one -
transfer contributed in each energy slice.

The fitting procedure was carried out by minimizing the

following quantity [Be69,Ge70]:

2

(¢ y(xj) - yj)/ij) (1V.2)

®©
N
"
=4
I~
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Figure IV.3

Illustration of the slicing of spectra into bins. A bin
width of 1 MeV is used for clarity. The spectrum displayed
. . 148 149 .

is the triton spectrum from the . Sm(a,t) Eu reaction at

59, The dotted curve is the total background that is

obtained by the procedure described in the text.
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Here, ijis the error in the data point yj; N is the number

of data points, and y(xj) is defined such that
a(ll.Ex) f(l,.xj.Ex) (IVv.3)

f(ll,xj,Ex) are the DWBA cross sections (calculated with the
DWUCKY4 [Ku84] code) at position xj (where xj may be either
scattering angle or, equivalently, momentum transfer) for
angular momentum transfer ¢, and excitation energy EX. The
quantities a(ll,EX) are free fitting parameters which
contain the spectroscopic strength information. They are
determined by minimizing (IV.2). The minimization procedure

is carried out by finding the extremum of (IV.2) which is,
2 (x,) - ) /Ay2{f(1,x.,E =0 (IV.4)
(y j yJ) yJ{ ( j o

To be sure that e¢? is a minimum, one must show that
azez/aakaaj > 0 at the point where (IV.4) is true. Note

that

N

2 2 = 2 .
3%¢ /aallaalz a 121 2f(11,xi,EX)f(lz,xi,Ex)/Ayi > 0 (IV.5)

since f(l’xi’Ex) > 0. This means that the extremum at (IV.4)

is a minimum. So the solution of (IV.Y4) is
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N 1
vmax 2
121 11_0 a(ll,Ex)f(ll,xi,Ex)f(lz,xi,Ex)/Ayi
- L=
' N
= il ¥f(l,,x,E ) (IV.6)

(IV.6) is a matrix equation in which the known quantities

are the data points yi and the DWBA cross sections

J

excitation energies. One can determine the parameters

f(li,x.,Ex) at angles Xj for various f&-transfers and

a(ll,Ex) by this means.

The above procedure of minimizing (IV.2) is known as
the least squares x? method of fitting [Be69,Ge70]. The
quantity a in (IV.2) is 1/v where v is the number of degrees
of freedom in the fit (i.e., v = N [data points] - number of
fitting parameters). The quantity e? obtained by minimizing
(IV.2) is commonly called the "reduced x2" or the "x? per
degree of freedom" and denoted by the symbol xs. The x?

value is related to X: by the equation;
X2 = AV) x Xz (Iv'7)

A program called SMASHER was written to calculate the
background, "slice" the spectra and fit them with the DWBA
angular distributions. A program example to use SMASHER 1is

given in Appendix II.




CHAPTER V

EXPERIMENTAL RESULTS

The experimental results from the stripping reactions

(a,t) and (a,> TUH, 148,152,154 208,

He) on targets of nd
are presented in this Chapter, which is separated into six
sections., In the first section, the criterion used to
accept a particular set of f-transfers for a given angular
distribution is discussed. Background subtraction is
discussed in the second section. In particular, the a-
breakup calculation described in Chapter IV, the method of
normalization and the uncertainty in the background
calculation are presented. In the third section, our data
for the well resolved low-lying states excited in the

208P 209Bi and 208Pb 3 209

b(a,t) (a, He) Pb reactions are
discussed. These data are used to test the DWBA
calculations performed with the code DWUCKY [Ku84], both as
regards angular distribution shapes and as regards predicted
magnitudes (by comparing spectroscopic strengths obtained
from the present measurement with those from previous work).
In the fourth section, the overall spectral shapes and their
variations from isotope to isotope are discussed for the

T44,148,152,154

stripping reactions Sm{{(a,t) and (a,3He)].

67
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The results from the (a,t) and (a,3

1T44,148,152,154

He) reactions on

Sm are presented in the fifth and sixth

sections, respectively. The spectroscopic strengths for the

145Eu 149Eu 145

and Sm obtained from the
IMNSm 145E

low-lying states of

present measurement, through the use of the

?uSS 1L‘gEu 1““8 3He)?uSSm reactions,

(a,t)

m(a, t) and m(a,
respectively, are compared with those from previous
measurements. The well resolved low-1lying states of ?usEu
and 1L"sSm are used to provide a check on how well the
predicted DWBA angular distributions agree with the measured
angular distributions. Spectroscopic strengths for the low-

153Eu 155Eu 1N9Sm 153 155

lying states of ’ Sm and . Sm are

1 ’

reported for the first time. The spectroscopic strength

distributions at high excitation energies for the proton and

neutron states built on the samarium target ground states

are also presented. The summed transition strengths (r C23)
145

for Eu obtained from this study are compared with those

from previous work.

V.1 CRITERION FOR ACCEPTING %-TRANSFERS

As described in the previous Chapter, the high-lying
regions of the spectra generally involved a mixture of &-
transfers which were sought to be identified by fitting the
measured angular distributions with a set of DWBA
calculations for different L-transfers. The strength

parameters az, Wwhich are related to the spectroscopic
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strengths, were determined by requiring that Za dol
g 2——DWBA

dQ

(with

the set of allowed &'s chosen on the basis of shell model
considerations) provided the best fit to the shape and
magnitude of the experimental angular distributions. The
most common criterion used for this was the minimization of
the quantity xi ("reduced y2") defined by equations (IV.2
and IV.T7). Each of the az values corresponding to the

minimum Xé has an associated error or width [Be69]. The

error (da,) in the parameter a was approximated by the

2 )
standard deviation of the fit, which is determined by the
inverse matrix elements of the fit; it was not weighted by
Xv' This error is included, along with other experimental
errors, in the results which are tabulated and plotted in
the following sections of this Chapter. Since the
calculated angular distributions for the different &-
transfers were rather similar, it was difficult to be sure
that the correct set of f-transfers was selected by
following the best-fit criterion. Acceptance of slightly
worse fits (slightly larger xé) would have led to a
different set of &-~transfers. In order to assess the
difficulty of this procedure, the experimental angular
distributions were also fitted with single %-transfers. The
al's and the Xé from these fits were obtained as a function
of éxgitation energy.

For each combination of L-transfers, the progranm

calculates various local minima. The minimum xz is the




70
lowest of these local minima. This minimum X3 will be
listed in all the tables in this Chapter except for Tables
V.j, V.9 and V.12, while the X: values corresponding to the
other local minima will be listed in a few selected cases

(Tables V.2, V.4, V.6 and V.8).
V.2 BACKGROUND CALCULATIONS

As mentioned in Chapter IV, the backgrounds used in
previous experiments were often arbitrarily drawn by hand.
In an attempt to be more Systematic in handling the
background, we peformed an a-breakup calculation, as
described in Chapter IV, and the results are presented in
this section.

We discuss first the results for the (a,t) reactions.
With a single normalization constant for each reaction, the
a-breakup calculation predicted the shape and magnitude of
the high excitation energy region of the spectra reasonably
well for forward angles out to 12°. The calculation
predicted only about 50% of the observed cross section at
18° and about 10% at 25°. This suggested that while the
breakup calculation may explain the background at forward
angles, some other contribution was present at larger
angles. As mentioned in Chapter IV, the unexﬁlained part of
the background at 18° and 25° was thought to be due to a
compound nucleus evapdration process. However, a simple

Fermi-gas calculation of this process did not explain the



71
shape of the spectra in the high-lying region [Aa84,Me85].
Therefore the empirical shape and magnitude of the spectrum
at large angles and high excitation energies was used for
the contribution of this process, and the contribution was
paken to be constant at all angles.

The net background was taken to be the sum of the a-
breakup part and the angle-independent part. In Figure V.1,
this net background is compared with the spectrum shape over
a particularly large range of excitation energies measured

in the 15L‘Sm(m,t)]SS

Eu reaction at 5°. We note that the
background calculation follows the shape of the spectrum
from about 28 MeV to about 43 MeV in excitation energy.

Thus the excitation energy at which the background

calculation is normalized to the spectrum is not important,

as long as it is high enough. In fact, the normalization
was done at an excitation energy of 30 MeV in ?SSEu,
corresponding to a Q-value of -43.,2 MeV. For the (a,t)

reactions on the other three samarium isotopes,
normalizations were carried out at the same Q-value of -43.2
MeV. We believe that this procedure led to greater
consistency in the analysis, since the phase space of the a-
breakup begins at the same Q-value for all of the europium
isotopes. In order to keep the number of free parameters in
the background calculation to a minimum, for each reaction
we used a single normalization which was the average of the
values obtained at different angles. (In the case of the

4 . .
Lt Sm(a,t)1u5Eu reaction, the high-1lying position of the
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154 5

Triton spectrum from the Sm(a,t)15 Eu reaction at 5°
showing the a-breakup plus evaporation calculation (dashed
curve) for the background. Besides the Q-value energy scale
along the horizontal axis, excitation energy scales (in MeV)
are also shown in the figure. The sharp peaks near Q-values

of -35 and -48 MeV are spurious and are due to a defect in

the focal plane detector.
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spectrum was measured only at 7° and so no averaging was
possible.)
The normalizations used for the a-breakup contributions

144,148,152,1548 145,149,153,155

in the . Eu reactions

m(a;t)
were 7.1, 8.7, 6.8 and 8.3, respectively. Note that they

?44,1528m

are slightly lower for the reactions on than for

the reactions on 1L‘B’?SL‘Sm

. The uncertainties in the
absolute crdss sections for the reactions may contribute to
these differences. We recall from Chapter II that for
reactions on 1528m there is a 20% uncertainty in the
absolute cross section values.

The results of the background calculation are compared

1)"88m(oc,t)1ugl:“.u reaction

with the measured spectra from the
at various angles in Figure V.2, The a-breakup contribution
dominates at forward angles but falls at larger angles, as
shown by the dot-dashed curves at 18° and 25°. The compound
nuclear evaporation process, on the other hand, contributes
very little to the background at forward angles (s 12°) but
dominates at 25°. Together, these two processes predict the
Spectrum shape as well as the magnitude of the cross section
at high excitation reasonably well at all the angles
studied.

Because the background calculation did not give a
perfect fit to the high-lying part of the spectra at all
angles and energies, an uncertainly is introduced into the

cross section determination. Of course, the high-lying part

of the spectra might not result solely from elastic a
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Figure V.

1“88m(a,t)1u9Eu reaction at eight

Triton spectra from the
angles. The estimated total backgrounds are shown by the
dashed curves. The a-breakup contributions at angles of 18°
and 25° are shown by the dot-dashed curves. At more forward
angles the contribution from the compound nucleus
evaporation process is small relative to that from a-breakup
and therefore the total background is essentially equivalent
to the a-breakup contribution. Besides the Q-value energy

scale along the horizontal axis, excitation energy scales

(in MeV) are also shown in each panel of the figure.
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breakup and compound nuclear evaporation. There may be some
single particle states or other background process which
contribute to the spectrum in this region. However, until
more definitive coincidence measurements are made, we assume
that our normalization of the background calculation is
reasonably correct.

The uncertainty in the background normalization
contributes some uncertainty to the relative cross sections.
We chose to take half of the percentage difference between
the spectra and the predicted background at the position of
normalization as the relative error. An interpolation of
the error was carried out for all angles for which the
measured spectra did not extend to an excitation energy high
enough to reach the normalization point. Figure V.2
indicates that for ?ugEu, the cross sections at 2° and 9°
would have the largest error bars, 13% and 12% respectively,
since they are the angles for which the calculated
backgrounds are furthest from the spectra at the
normalization point (Q-value of -43.2 MeV, Ex= 2T.7 MeV).

We now turn to the estimate of the backgrounds for the
(a,3He) reactions. The procedure used to calculate the g-
breakup contribution was similér to that for the (a,t)
reactions, except that the normalization was obtained in a
different way. This was because no high-lyiné spectra (EX>

3He) case, partly due to the

15 MeV) were measured in the (a,
lack of time and partly due to experimental problems. The

normalization for each target was obtained by assuming that
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the ratio of total yield to background in the (a,3He)
reaction was the same as that in the (a,t) reaction at a

selected angle (7°) and excitation energy (=14 MeV). The

3

normalizations used for the (a,” He) reactions on

14“’?u8’152'15u8m were 5.5, 6.3, 4.9 and 3.6, respectively.

The evaporation part of the background was adjusted such
that the ratio of total yield to background at 25° in the
(a,3He) reaction was the same as in the (a,t) reaction.

As an example of the results obtained, the estimated

backgrounds are compared with spectra from the 1“88m(a,3

I
He)? 9Eu reaction at various angles in Figure V.3. The

backgrounds estimated for the (a,3He) reactions on the other

Sm targets showed the same behavior. The uncertainties of
3

the background subtraction for the (a,”He) reactions were

obtained in the same way as for the (a,t) reactions.

After the calculated backgrounds were subtracted from

3

the measured spectra for both (a,t) and (a, He) reactions,

the remaining parts of the spectra were assumed to consist
only of particle states populated by a direct nucleon

transfer mechanism.

208 208

V.3 PB(a,t)zogBi AND Pb(a,3He)209Pb REACTIONS

Many single particle stripping reactions on 208Pb which

209Bi 209

populate the low-lying states of and Pb have been

reported [Ma77], [Pe81,Ga85al. 1In the present experiment,

3

these states were measured by the (a,t) and (a, He)
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148

Same as Figure V.2, but for the Sm(a, 149

3He)‘ Sm reaction.
Besides the Q-value energy scale along the horizontal axis,
eéxcitation energy scales (in MeV) are shown in each panel of

the figure. The break near the middle of the spectra is due

to a defect in the focal plane detector.
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reactions on 208Pb for three reasons. First, they are well
separated even with the modest resolution available in the
present experiment. Therefore they provide a check of how
accurately the angular distributions predicted by the code
DWUCKY4 match the experimental angular distributions for
states whose J' values are well known. Second, the
spectroscopic strengths (C?S) measured for these states in
this investigation can be compared with other work. Such a
comparison provides a check on the overall normalization of
the DWBA calculations, in particular the value of N
(occurring in (III1.15)) which in previous work [Ga85a] was
determined to be 36. Third, the slicing method used for the
higher excitation energy regions of the Sm and Eu isotopes
(sections V.5.2 and V.6.2) can be tested by summing the
angular distributions of two low-lying states to find
whether the Xi fitting program can select the correct &-
transfers for this summed distribution.

Three distinct low-lying states are populated in both

209 . 209Pb

Bi and y as shown in Figure V.4. We note that the

3He) reaction is somewhat better than

resolution for the (a,
that for the (a,t) reaction. This may be explained in the
following way. The spectrograbh was focused using the
elastic peak. The spectrograph settings were then scaled
according to the ratio of the rigidity of the particle of
interest to that of the elastically scattered uHe. The

3

rigidity of “He is closer than that of the triton to the

C s 4
rigidity of He. Thus the extrapolation is greater for
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Figure V.4

208

Spectra from the Pb(a,t)zogB 208 209

i and Pb(a,3He) Pb

stripping reactions at a scattering angle of 5°.
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tritons, and this is the probable cause of the worse
resolution.

The experimental angular distributions obtained for the

09 .. 209

low-1lying states of 2 Bi and Pb are shown in Figure V.5.

208Pb 209

DWBA calculations were made for both the (a,t) Bi and

208P 3 209

b(a, He) Pb reactions using the optical model

parameters listed in Chapter III (Table III.1). A different
set of bouﬁd state parameters was used for 20981 (see
footnote to Table III.1) [Ga85a]. Use of the first set of
bound state parameters gave a low DWBA cross section so that
the C2S value obtained for the ground state of 20981 was
significantly higher than unity (see column A in Table V.1).
Recall that unity is the theoretical maximum, as shown by
equation (III.16).

Results of the "minimum XS" fits for the low-lying
states of 20981 and 209Pb are shown in Figure V.5. The fits

have rather large yx? values ranging from about 2.3 to 8.5.
Xy

The C?S values obtained from these fits (using N=36) are

listed in Table V.1. For 20981, two sets of bound-state
parameters, labeled A4 and B, were used. They are the first
and the second set given in Table III.1. C2?S values from

other recent measurements and from the Nuclear Data Sheets
[Ma77] are also tabulated in Table V.1. We note that the
C?S values from the present experiment (with bound-state

2O9B. 209Pb)

parameter set B for i and A for

are slightly
lower than the values from other recent work and that they

are at the lower end of the range quoted by the Nuclear Data
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Figure V.

Angular distributions from the 208Pb(a,t)20

208
0 P 3He)209Pb reactions for low-lying proton and neutron

9Bi and
b(a,
states in the final nuclei. The f&-transfer and excitation
energy (in MeV) are indicated in each panel. The solid

curves are the normalized DWBA predictions for these §-

transfers.
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Sheets. However, our C2S values are consistent with the
others within the range of uncertainty (15%) in the value of
N at our energy. We conclude that although the absolute
¢cross sections predicted by the DWBA calculations are
slightly high, they are resonable. Our C2%*S values could
have been made higher by decreasing the value of N, but we
decided it would be better to use the standard value than to
increase the number of variable parameters in the analysis.

These data served to test, for cases where the correct
answers were known, the reliability of &-transfer values
obtained by fitting measured angular distributions. Table
V.2 lists the complete range of xi values for different
mixtures of %-transfers for the three low-lying states in 20
9Bi. We note that in all three cases, the correct (single)
f-transfer gives the minimum X3 and that the next nearest Xz
corresponds to a mixture of f-values that includes the
correct f-value. Also, the added mixture of other &-
transfers reduces the C2?S value for the L-transfer selected
by the minimum—xz fit.

The need to test the slicing method used in sections
V.5.2 and V.6.2 provided a further reason for studying the
lead target. The angular distributions for two known low-

20981 and in 209Pb were summed and the

lying states in
fitting program was used to analyze thenm. This procedure of
decomposing the summed angular distribution of low-lying

states reproduced, to some extent, the situation wherein
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Table v, 2

List of the possible C?S values, using the t-mixtures indicated, for the low-lying

states in 20981. The C?S values are determined using the set B of bound state

garaseters (see Table V.1).

MeV B B MeV B B
F = 2 2 k] L) - T 1 k] 1
E-0.00 ¢t ¢ ¢ S [E-0.% T cTs c i s ¢
5 0.60 3.8 6 .25 8.5 3 0.53 2.3 T 0.23 3.7
3 0.14 5 0.05
3 0. 49
6 0.12 4,4 7 .12 16, 4 0.06 2.4 4 0.23 16,
5 0. 30 4 15 3 0. 40
4 0.03
6 0.09 4.4 6 0.34 26, 6 0.02 3.0 5 0.54 82,
5 0.4y 3 0.50
6 0.1 7 0.18 5 0.05 3.1 6 0.28 172,
5 0.39 5.0 3 0.25 131, 3 0. 49
3 0.02
7 0.03 5.7 4 0.23 90. 7 0.01 3,2 7 0.27 308.
5 0.54 3 0.51
6 0.20 5.8 7 0.34 134,
4 0.09
7 0.0k 6,4 3 0.47 135,
5 0.49
4 0.01
MeV B B B B
- 2 ] 2 2 ~2 Y
Ex 1.61 1 c*s x\’) [} c*s Xy [ C*s X, 2 c*s X,
6 0.53 3.7 7 0.27 8.5 5 0.94 67, 4 0.39 1932,
5 0.u48
7 0.02 3.8 7 .35 14, 7 0.%2 67. 3 0.88 339,
6 0.51 4 0.15
7 0.04 4,9 7 0.39 20,
6 0.u8 3 0. 26
4 0. 01
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angular distributions of high-lying regions with unknown #&-
transfers were fitted in order to determine the fL-transfers
and their individual contributions to the cross section. It
gave an indication of the accuracy of the fitting procedure
in selecting an &-transfer or a mixture of fL-transfers.
Results obtained by using the minimum—x: method are shown in
Table V.3. It is observed that the L-transfers obtained by
fitting the summed angular distribution are off by one unit
from the correct f values. This suggests that the selection
of an f-transfer made by the fitting procedure is probably
only accurate to within %1, consistent with the fact that
the angular distribution shapes for neighboring &-transfers
are similar (see Figure II11.2). Also, the fit to the summed
angular distribution with the incorrect &'s has a Xé value
that is much smaller than the XS values for the individual
angular distributions with the correct L's. More
importantly, the inaccuracy of selecting an &-transfer
implies that the C28 values determined will not be valid,
since they may be associated with the wrong &-transfers.
Table V.4 lists the range of xi values for the summed
angular distribution in the case of 20981 for all
combinations of f-values from the set %=3,4,5,6,7 which gave
positive values for C28. Hence, the reader can evaluate the
reliability of the f-transfer values obtained by the fitting
procedure.

Thus we see that C%*S values are hard to deduce in

regions where different f-transfers overlap (Tables V.3 and
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Table V. 4

List of the extracted c?
angular distribution of the ¢

209

in Bi, when the L-mi xt ures

S values, for the summed
irst two low-lying states

were fixed at the values

Indicated. The correct %-valuyes are 5 and 3.
F = 3 z 2 z
E = 0.45 MeV ¢ c*s X, L C*S X
6 0.70 0.9 6 0.27 1.5
b 0.39 3 0.6
5 0.33 0.9% 5 0.70 1.6
5 0.33 3 0.4
6 0.14 0,97 7 0.03 1.7
4 0.30 5 0.60
3 0.15 3 0.45
6 0.07 0.99 4 0.46 2.0
5 0.13
4  0.36
6 0.10 1.00 7 0.19 4.3
5 0.15 3 0.07
L o0.26
3 0.16
7 0.02 1.0 5 1.2 8.5
5 0.25
¥ 0.35
5 0.3% 1.1 3 1.0 18.
4 0.3
3 0.03
T 0.03 1.2 6 0.63 34, |
5 0.28 !
4 0.30 |
3 o.o7
7 0.06 1.2 7 0.61 86,
b o,42
6 0.15 1.4
5 0.33
3 0.51
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V.4) but that the correct ¢-transfer and C2?S value are
obtained by the fitting procedure in regions where only a
single &-transfer 1is present (Table V.2). Keeping these
conclusions in mind, we shall now proceed in attempts to
obtain the spectroscopic strength for single-particle states

built on the ground states of the samarium targets.

V.4 SPECTRA FROM NUCLEON-TRANSFER REACTIONS ON SAMARIUM

Spectra at 7° from (a,t) and (a,3He) reactions on

4y, , R
1 148,152,155 argets are displayed in Figures V.6a and

V.bb, respectively. The (o,t) reaction populates proton
3

states in europium and the (a, He) reaction populates

neutron states in samarium. We observe differences among
the proton and neutron single particle states as a function
of deformation (which increases with mass for the nuclel
considered here).

Figure V.6a shows the presence of a gross structure
(labeled A) just to the right of a pronounced minimum in all

four Eu nuclei. This structure occurs at around a Q-value

of -23 MeV for 14SEu, corresponding to E_= 6.4 MeV. As the

45 155E

deformation increases from 1 Eu to u, the gross

structure "A" moves closer to the corresponding ground

state. Accordingly, it resides in the unbound region of the

145,149Eu

spectrum for and in the bound region of the

spectrum for 153’?55Eu.
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Figure V.6a

Triton spectra at 7° for proton states excited by the

jN4,1M8,152,1SMSm(a’t)145,149,153,155

Eu reactions. The
horizontal scale gives the reaction Q-value (in MeV). The
corresponding excitation energies in the residual nucleus

(in MeV) is also shown in each panel of the figure. The a-

breakup plus evaporation calculation is shown as the dashed

curve.
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Figure V.6b

Spectra of 3He at 7° for neutron states excited by the

144,148,152,1548m(a’3ﬂe)145,149,153,155

Sm reactions. The
horizontal scale gives the reaction Q-value {in MeV).
Excitation energy (in MeV) is also shown in each panel of
the figure. The break near the middle of the spectra is due

to a defect in the focal plane detector. The a-breakup plus

evaporation calculation is shown as the dashed curve.
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There is also a second gross structure "bump", labeled
"B" in Figure V.b6a, that is centered at a Q-value of about -
32 MeV in | '2gu (E,= 15 MeV). It resides in the unbound
region‘of excitation energy in all four Eu isotopes. This
bump also moves closer to the ground state as the
deformation increases.

We also observe a gross structure, labeled "A'" inp
Figure V.6b, around the -25 MeV Q-value region (Ex= 11 MeV)
in the 14SSm spectrum. This gross structure also moves
closer to the ground state as the deformation increases in
the odd-mass Sm nuclei. It resides in the unbound region of

145,149

the spectrum for Sm and in the bound region of the

153,1558m'

spectrum for

The f-transfers in each region of the spectra will be
determined by the fitting procedure (to within an
uncertainty of +1, as discussed before) in the third section
for the (a,t) reactions and in the fourth section for the

3

(a, He) reactions. Thus the fL-transfer(s) associated with

each of the gross structure "bumps" will be identified.

TH4,148,152,154 145,149,153,155

V.5 Sm(a,t) ."7"Eu REACTIONS

This discussion of the results from the (a,t) reactions

on the samarium isotopes is divided into two parts:
1) The results for the low-lying states, including the
extraction of angular distributions, assignment of -

transfers and determination of C2%S values.
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2) The results for the high-lying portion of the spectra,
including the extraction of angular distributions using
the "slicing" method described in Chapter IV and the
determination of the C2?S distribution as a function of

excitation energy for different fL-transfers.

V.5.1 Low-Lying States in
144,1“8,152,1543

)145,149,153,155

m(a,t Eu

The low-lying portions of the energy spectra from the

T44,148,152,154

(a,t) reactions on Sm are displayed in Figure

V.7. It is clear from this figure and an examination of
other work [Tu80], that in the case of ?usEu the states are
well separated up to an excitation energy of 1.2 MeV,
whereas the states in the other three nuclei are not well
resolved. With increasing mass, and thus increasing
deformation of the isotope, the density of low-lying levels
also increases. So the levels are not well resolved within
our limited experimental resolution. The angular
distributions obtained by fitting gaussians to the (mostly)
unresolved collection of low-lying states are shown in
Figure V.8. In principle, the fitting program should pick
out the correct mixture of f%-transfers for states within a
peak. If the decomposition works well for the low-1lying

states we may be more confident about applying this method

to higher lying regions.
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Triton spectra at 5° showing the low=-lying proton states

T44,148,152,154 145,149,153,155Eu

populated by the Sm(a,t)

stripping reactions.
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Figure V.8

Angular distributions of some low-lying peaks (indicated
with arrows in Figure V.7) which are excited in
1u5’149’153’155Eu. The curves are the minimum-xs fits with

DWBA predictions; the corresponding % values are indicated.
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The Z value (proton number) of europium is 63. In the

simple shell model theory, the orbit is filled at

'8€9/2
Z=50. The next subshell (between Z=50 and Z=82) contains
the single-particle orbits 137/2, 2d5/2, jh11/2, 2d3/2 and

3 [Bo75a]. 1t is in these orbits that the 13 valence

5172
pfotons of Eu (outside the Z=50 shell closure) are
distributed to form, by coupling with the valence neutrons
outside the N=82 shell closure, the low-lying levels of the
Eu isotopes. That 1s the picture according to the spherical
shell model which, however, is not valid for the heavier Eu
isotopes because of the effects of deformation. The Nilsson
model, which incorporates these effects, shows that the
single-particle orbits shift in energy depending upon the
deformation. The energies of the lower orbits in the next

higher subshell (above Z=82), 2 and

Fr/20 109, IR EVEE
decrease as the deformation increases, so these orbits can
occur at the same energy as the subshell that contains the
1g7/2, 2d5/2, 1h11/2, 2d3/2 and 351/2 orbits. Therefore the
f-transfers expected in proton transfer to the low-lying

145,149Eu

states in the lighter europium isotopes are 2, 4

and 5 (2d5/2, 2d3/2, 1g7/2, jh11/2 proton excitations)

whereas those expected in 153’155Eu are 2, 3, 4, 5 and 6
(2d5,50 2d3,50 289,55 187,55 Thyy 5, by, , and 1i,4 , proton
excitations) [Bo75al. The =0 transfer corresponding to the

331/2 proton excitation is weak at our high bombarding
enérgy (see Figure 111.2), s0 this f-transfer was not

included in the analysis.
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We now present the results for the four Eu isotopes
individually. In this discussion the reader should remember
that the ability to select an f-transfer (and hence to
determine the C%*S values) using the minimum—xé criterion,
when mixing with other f-transfers is involved, is probably
accurate only to within #1. Also, it should be noted that
in addition to allowing the above mentioned set of &-
transfers to fit each of the low-lying peaks, each peak was
also fitted separately by each of the individual f-transfers
from that set. This allows the reader to better evaluate
the reliability of the &-transfer values obtained from the
fit and to have available the C%?S values if a different &-
mixture is assumed.

a) Low-lying states in 1“5Eu

Since the low-lying states of ?usEu were well resolved

in the present experiment, the angular distributions
measured for them provided a means for checking the angular
distributions calculated by the code DWUCKY4, just as in the
case of the low-lying states of 20981 and 209Pb discussed
before. In addition, the spectroscopic strengths obtéined
were compared with previous measurements [Tu80,Ga85a].

The four states analyzed are indicated by arrows in
Figure V.7. By an examination of the Nilsson model
predictions [Bo75al], we see that f-transfers of 2, 4 and 5

y
are the only possibilities for the low-lying states of ! 5Eu
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(see discussion above). These L-transfers were used to fit
the angular distributions for the low-lying states using the
"minimum X:" criterion. The fits are shown in Figure V.8
and the extracted C2S values in Table V.5, where the x3
values from the fits are shown in parenthesis.

Table V.6 lists the range of xi values for the four
low-lying states for all combinations of & values from the
set 2=2,4,5 which gave positive values for C2S. (A negative
value for C?S is, of course, unphysical.) We note that,

209Bi

just as was the case for the low-lying states of , the

xz value nearest to the minimum xz corresponds to a mixture
of f#-values which includes the one identified as the correct
2-value by the best fit (minimum xz). Also, as we would
expect, the effect of the additional f%-values in the mixture
is to reduce the C2?S value for the &-transfer which
corresponds to the best fit.

Table V.7 displays the C2?S values obtained when the
angular distribution for each state was fitted with a single
-transfer chosen from the allowed set (=2, 4 or 5 in the

case of 1uSl:“.u

). At least some of these single-% fits are
clearly unphysical, since they give C2?S values considerably
above the theoretical maximum (unity). |

As shown in Table V.5, the results from the present
experiment agree quite well with those from previous
measurements., The states at Ex= 0.05 and 0.37 MeV have

strengths quite close to the values determined in previous

measurements, while the states at Ex= 0.73 and 1.04 MeV have
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Table V.5

List of the spectroscopic strengths (C?S) obtafned from ulnuurx;

-fits for the low-lying states of ”5'"9"53"55“. The x; values of
the fits are given in parenthesis.

This experiment Nucl ear Other
Pk C'S(o::p)f Data Sheets wark Final
2
* EX(HQV) X Ex(MeV) nty C'S €S Nucleus
10,05 20.31 (42 0. 2,5 0.37%.33°
2 0.37 40,24 (1.8) 0.329 18, 0.24 0,17
0.73  50.70 (6.9) 0.716 1h,, ,0.98 0.8 '*Sgy
1.0 2 0.63 (4.0) 042 24y, 0.74 0.98
(]
1011 20,25 (32.) o 25, 0.22
4 0, . .
0. 24 0.15 1g,,, 0.12
2 0.51 50.42 (36.) 0.4% 1h,, 0.63
2 0.8
149
3 1.07 2 0.08 (16.) 0.811 24, 0.03 Eu
5 0.08 0.876 *  o.o4
1.221 " 0.2
41,47 2 0.33 (22.) L3 21, 0.01
50.14 1.399 2p, , 0.08
1,440 2p, . 0.07
1.503 H"IH/ZO.H
5 174 4042 (27.)
T 0.33 2 0.70 (7017
2 0.0 4 0.25 (36.) "33gy
3 0.1
3 1.24 50,08 (49.)
30.12
T 0.5 5015 7.
30.07
2 0.20
2 1.07 60.05(7.6) 155,
4 0,26
2 0.23
3 1.4 5 0.11 (9.1)
3 0.2

a) (GaBsal; b) [Tu®T; ¢) (St79]; t Using the minimum Xy
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strengths only slightly lower than those previously
measured. The fact that the 0.73-MeV state has %=5 and a
C2?S value not far from unity means that it exhausts most of

the 1

h11/2 Strength. It appears as the largest peak in the
spectrum (Figure V.7). On the whole, the present work gives
C2?2S values somewhat lower than previously reported. We have

already seen this feature in connection with the low-1lying

states in 209Pb and 2098i, Wwhere possible reasons for the
tendency were given.

. . 149
b) Low-lying peaks in Eu

Five peaks in the 149!5:u spectrum at the positions indicated

by the arrows in Figure V.7 were analyzed. These peaks
correspond to unresolved clusters of low-1lying states.
Their angular distributions were fitted by a mixture of g=2,
4 and 5 DWBA angular distributions since, as we have seen,
these are the only %-transfers likely to occur for the low-
lying states of 1”9Eu. Angular distributions for four of
the peaks are shown in Figure V.8. The C2%S values obtained
using the "minimum Xs" criterion are given in Table V.5.
Table V.7 lists the C2S values obtained when the angular-
distributions were fitted with single %-transfers from the
allowed set.

We note from Table V.5 that the best-fit Xé values are

large compared to unity; they range from about 16 to 36.

The probable reason for this is that the peaks are very
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poorly resolved, making it difficult to extract accurate
cross sections. Probably because of this, the %=4 C2?S value
for the ground state is considerably larger than that found
in other work. There is a large =5 (?h11/2) contribution
to the peak at Ex= 0.51 MeV, which is fhe largest peak in
the spectrum. The table shows that the =5 (1h11/2) proton
excitation in 149Eu is fragmented, its strength\being spread
over at least three of the low-lying peaks. Once again we
note that the present strength values are generally lower
than those previously reported.

As another test of our procedure for determining &
values, the allowed set of f-transfers (%=2, 4, 5) was
enlarged to include %=3 and 6 as well, and the angular
distribution for the state at Ex= 1.74 MeV was fitted using
L-transfers from the larger set. The minimum-xé procedure
then selected f-t