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Proton states of 153Eu, 155Eu, 155Tb, 157Tb, 159Tb, 161Tb and

163Ho have been studied using the (a,t) and (BHe,d) reactions. Beams
of 24 MeV 3He and 25 MeV alpha particles were produced by the McMaster
University model FN tandem Van de Graaff accelerator. The reaction
products were analyzed with an Enge split-pole magnetic spectrograph
and detected with photographic emulsions. Ratios of the cross sections
between the (a,t) and (3He,d) reactions were used as an indication of
the %-values for the proton transfers, and the spectroscopic factors
were extracted using DWBA calculations. Interpretation of the results
is made in terms of the Unified Model.

The results of the present work confirm the assignments of the

3/2+[4ll] and 5/2+[413] Nilsson Srbitals in the terbium isotopes. The

11/2 members of the 5/2 [532] and 7/2 [523] orbitals are identified

in 161Tb and 159 57Tb and 155Tb.

I
Tb and their assignments confirmed in !
It is necessary to invoke appreciable Coriolis mixing between these

two orbitals in order to describe the observed rotational level spacings
and the spectroscopic strengths. The assignment of the 7/2+[404]

orbital is confirmed in T°°Tb and Y°/Tb and this orbital is identified
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159 161

in "7°Tb and Tb. Previous assignments of the 1/2T[411] particle state

with vibrational admixtures are confirmed in 157Tb and 159

is identified in 161Tb. The present results support the earlier evidence

for the existence of a second fragment of the 1/2+[411] orbital in 159Tb

and suggest the presence of a similar state in 157Tb. The assignment .of the

Tb and the state

the 5/2+[402] orbital is made. and tentative assignment of the.l/2_[541]
orbital is considered for each of the terbium isotopes. In 163Ho, the
assignments of the 7/2 [523] and 7/2+[404] orbitals are confirmed, and
strong evidence for the assignment of the 3/2+[411], 1/2+[411], 5/2+[402]
and 1/2 [541] orbitals is found. In the europium isotopes, the assignments
of the 5/2+[413], 3/2+[411] and 5/27[532]) orbitals are confirmed, and
evidence for the assignment of the 7/27[523], 1/27[411], 7/27[404] and

1/27[541] orbitals is considered.
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CHAPTER I

INTRODUCTION

to the nuclear spectroscopist, there are two important aspects

.« study of nuclear ekcitations. The first is the knowledge of the
.zz{es of these exclited states, most especially, their energies
_weir angular momenta as well as theilr population intensities (which
-»d on the nature of the study). The second aspect is the descrip-

»¢ these states in terms of some simple nuclear model. With such
-~eription, one can evaluate and understand the systematic trends

:2 nuclear prqperties without clouding the picture by a complex
zatical formalism that requires a detailed description of the two
- 2uclear force.

The study of the nuclear states of 15'3Eu, 155Eu, 155Tb, 157Tb,

’%’ 161Tb and 163

Ho in this work is done using both the (3He,d) and
reactions. In the (3He,d) reaction, "ions of helium-3 are projected

sa target nucleil, and the numbers and energies of the outgoing

"»rons are measured at various angles with respect to the incident

* direction. In the (d,t) reaction, helium-4 ions are used as the
“ntlles, and the outgoing tritons are studied. In both reactions,

© ‘ngfdual nuclei contain one more proton than the target nuclei, and
‘#nerally left in excited states. The measurements of the energies

~ outgoing particles allow one to determine the energies of the

“sd gtates in which the residual nuclei are left, The variation in

“vulty of the reaction product with angle, as well as the differences

"“tunsities between the two reactions, provides information that can



be used to determine the angular momentum transferred to the nucleus
for each state populated. This information, together with data from
other studies (for example, gamma decay scheme works) can often

bg used for a positive identification of the excited states. The
success of this spectroscopic technique is attested by the recent works
of Lu and Alford (1971), Price et al. (1971) and O'Neil et al. (1971)
who have studied levels in rhenium, iridium and lutetium isotopes
respectively. The principles on which the technique is based are
outlined in section II.Z2. |

The character of the low-lying (up to about one MeV excitation)
spectra in odd-A deformed rare earth nuclei (151<A<191) is in general
well described by the Unified Model. The review.article by Bunker and
Reich (1971) considers much of the experimental information about these
nuclei in £erms of this model. Simply, the Unified Model combines the
single particle and coliective pilcture of nuclear excitations,.

In the single parficle picture, the odd-A nucleus is described
by a central potential in which the odd nucleon moves. This average
potential is generated by the nuclear force due to all the other nucleons.
There are two properties of the nuclear force that are found to be
important for deformed rare earth nuclei but are not described by the
average central potential. The phenomenological quadrupole force is
considered to be an important part of the long range two particle inter-
action, that is not accounted for by a central force. This non-central
force is simply derived from a mathematical expression for the general
two body force (Preston, 1961, chap. 9) and can be thought of as one

which depends not only on the separation of the two interacting nucleons,

Ral




but their position in the nucleus as well. The inclusion of this force
in the eipression for the central potential can lead to a spheroidal
potential, The odd nucleon is assumed to move in this deforméd poten—
tial, which is the shape of the deformed nucleus. The other property

of the nuclear force, to be included in the single particle description,
is that of pairing. This is an effect which induces nucleons to travel
in pairs with a total angular momentum of zero. The ground state angular
momentum of zero for zll even-even nuclei (even Z and even N) is evidence
of this effect. The pairing force distortg the energies expected for
single particle excitations but it simplifies the nature of the spectra
as it does not allow particle pairs to be broken for the low energy
excitations,

The two main collective e%fects are rotations and vibrations.

The characteristic energies of a rotational mode of excitation are often
observed in deformed nuclei (Bunker and Reich, 1971). These excitations
are described by rotations of the whole nucleus and are generally assumed
to be independent of the single particle motions. The vibrations, which
are described as oscillations in the shape of the nucleus, are attrib-
uted to the same long range forces that generate the static distortion

in deformed nuclei.

In the Unified Model, both single particle and collective effects
are eipected to be observed in the nuclear excitationms. As well, there
are couplings between the various phenomena which can distort the proper-
ties of the nuclear states. If these couplings are strong, identifi-

cation of the states in terms of the model is often very difficult.




In this work, the properties of the states in 153Eu, 155Eu, 1551*1,,

157Tb, lngb, 161Tb and 163Ho were studied in texms of the Unified Model.
Most of these nuclei have not been previously investigated using proton
transfer reactions. In this mass region, the states of odd-N nuclei
(many of which ha;e béen studied by neutron transfer reactions such as
(d,p) or (d,t)) are found to be difficult to describe in terms of the -
simple Unified Model. For many states, the effect of the complex mixing
phenomena, which is normally assumed to be small, was found to be appre-
ciable. The purpose of the present investigation is to identify the low

lying nuclear levels that are populated by the proton transfer reactions,

and to discover how well they can be described by the Unified Model.




IT Theoretical Description

II.1 The Unified Model

The nature of the nuclear states of low excitation (< 1 MeV)
which are generally observed for the deformed rare earth region,
suggests that the Hamiltonian for the Unified Model should be written

as:

H =2§ Hi deformed + Hpairing + IFIJ:otat:ional'+ Hvibrational + Hmixing
single particle

(L
The deformed single particle, pairing, rotational and vibra-
tional parts of the Hamiltonian are considered to be independent of

each other and all coupling terms are placed in H . The solutions

mixing
of this Hamiltonian are expected to describe the general characteris-
tics of the states of deformed rare earth nuclei.
The Hamiltonian of the Unified model is an approximation of
the general Hamiltonian for the two body interaction with N nucleons:
| - N .
YeE e g Y @

Ti is the kinetic energy of particle i

ng is the general interaction between particles i and j
Exact solution of (2) is not possible, partly because the two nucleon

interaction 4/. is not well understood, but mainly because of the

ij
mathematical complexity of this many particle problem. The success
of the model approach as an approximation to the general Hamiltonian

is demonstrated by the spherical Shell Model (Preston 1963, Chap. 7)

5




on which the Unified Model is founded. The basic assumption of the
Shell Model is that the two-particle potentials can be replaced by an
average single-particle central potential with a spin-orbit term (%.3).
This model is used'to predict the "magic numbers' (Evans, 1955,

Chap. 11). ©Nuclei with a "magic" number of nucleons (protons or
neutrons) have among other distinctive properties, large nucleon bind-
ing energies which are characterized by "closed shells" in the Shell
Model. Refinements to the simple model attempt to account for the
residual interactions not described by the average potential, and have
mainly followed two different approaches. The first is the microscopic
description of the residual two nucleon force. This approach, which
is the basis of the 'modern" Shell Model, requires prohibitive cal-
culations for all but the simplest nuélear cﬁnfigurations. Generally,
the nucleus is assumed to have an inert core (a closed nuclear shell)
and a few extra-core, interacting nucleons. A basis of spherical,
non-interacting states is used and the total Hamiltonian; with the
assumed residual interaction, is aiagonalized (solved for the wave
functions and energies in terms of the basis states) (see French

et al. 1969). The alternate approach is to include more of the
residual interactions in a Hamiltonian that can still be solved
ekactlye The attempt is made to include those terms of the residual
interaction that predict the principal properties of the observed
nuclear excitations. The Unified Model, which includes the residual
effects of the two nucleon quadrupole and pairing forces as well as
the vibrational and rotational forms of collective motion, has been

very successful in describing states of deformed rare earth nuclei



(see Bunker and Reich, 1971).

II.la Deformed Single Particle States

The inclusion of the residual two nucleon quadrupole inter-
action in the average central Shell Model potential leads to HDSP’
the single particle Hamiltonian with a deformed average potential. A _
number of HDSES have been proposed (Ogle et al. 1971), but one of the
simplest is that used by Nilsson (1955). The Hamiltonian inclﬁdes
an harmonic oscillator potential with a quadrupole deformation that
is axially symmetric. As expressed by Chi (1966):

b =P V(r) + C2.3 + D};.E (3)
DSP  2m ‘

where P and m are the momentum and mass of the

particle respectively, and

V() = 3 mox’ (1-26Y, (89)), (3)

Yzo(qp) is thg "quadrupole'" spherical harmonic
(defined in Messiah, 1966, Appendix B.),
8 1s a measure of the quadrupole deformation and is
% §/0.95 where § is the deformation parameter used by
Nilsson,
C, D and wo are chosen to reproduce the spherical shell
model energy levels (8=0) and are related to k¥ and n, the
parameters usually quoted (Chi, 1966).
A.solution of the Hamiltonian yields states with good w (parity) and
K (the total angular momentum projection on the nuclear symmetry axis).

Moreover, states of different N, the major oscillator quantum number,



are assumed not to mix. These states are also identified by quantum

. numbers which are good only for large deformation (B-): ng the
number of nodes in the wave function along the symmetry axis and A the
orbital angular momentum projection on the symmetry axis. Thus

Xo = Q" [Nn3A]. *From the symmetry éf the nuclear system, the intrin-
sic state Xq and its conjuga;e state xfnarg degenerate. One normally.
considers the Nilsson orbitals with Q positive, so that each orbital
can contain two particles. The deformed states are convenieﬁtly
expanded in terms of spherical oscillator states of good j and 2

(total and orbital angular momenta) by:

Q _ Q NQ

Alternate definitions of the deformed single particle poten-
tial are discussed by Ogle et al. (1971).Potentials with a Wood-Saxon
shape have been used instead of the harmonic oscillator, a radial
dependence has been introduced in the 2.8 and 2.2 terms, and deforma-
tions with a Y,o term aé well as the Y26 term (eqn. 3) are used. The
principal properties of the single particle states are generally
quite similar for the different potentials. However, the AN=2 mixing
which is neglected for most of these calculations, has been observed
to be underestimated when it is calculated using the Nilsson wave-
functions (Anderson, 1968). In the present study of the proton
states between Z=63 and Z=67, this mixing is not expected to be
important. In Fig. 1, from calculations of Gustafson et al. (1967),

the single particle energies are displayed as functions of the defor-

mation, for the proton states.



Figure 1

Nilsson diagram for 50<Z<80, adapted from Gustafson et al. (1967).

k = 0.0637 and p = 0.6. The vertical lines enclose the deformation

region of interest.
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IX.1h PairingﬁEffects

Nucleons tend to pair together in conjugate states (time
reversed states) because of the so-called pairing force. This
phenomenological force is an approximation to the short range com-
ponent of the residual interaction, not described by the average

f deformed'potential (Bes and Sorensen, 1969). This interaction can be
written as:
Vig ¥ G 8(F~F) 8@ may) ()
where particle i is in state a, and the delta function

G(Ei=aj) requires that particle j be in the time

reversed state of particle i,

6(r T.) defines the short range nature of the

3
interaction.

This expression assumes that the short range residual interaction is

independent of the state (G is constant), and is only eifective between

conjugate pairs of states. It is best treated in terms of Second Quan-

tization (see Davydov, 1966) where the Hamiltonian is written:
H= Z:ei a gt G/2 Z: ai i 323 (6)

a; i3 a creation operator for a particle in state i
(L is a deformed single particle state),

a, is the corresponding amnnihilation operator,

'_I is the conjugate state of i,

ey is the energ& of the siﬁgle particle state 1i.

Application of the BCS theory of superconductivity (Bardeen

‘et al, 1957) to the nuclear Hamiltonian (6), suggests a canonical

U
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transformation from a basis of particles that interact, through the

pairing force, to a system of non-interacting quasi-particles. The

transformation can be written a+ = Ua+— Va-, where a*

i i i i

particle creation operator. Ogle et al. (1971) and Bes and Sorensen

is the quasi-

(1969) have good'preéentations of the pairing theory and the BCS
approximation. In the quasi-particle formalism, the ground state wave
function of an even-even nucleus is written:

= +V, a a—)|o> ' o))
v

¢ee

v 1s an index over all the single particle states
(not including the conjugate states),

U, is the probability that state i is empty,

is the probability that state i contains a pair of

H-hDH o

particles,
|o>'is the quasi-particle vacuum.
For an odd A nucleus, the single quasi-particle wave function is
written:

X; = ¥y0e and ¢, = ulg(U +V,a ai)|o> (8)

where by is the single particle state (XQ in eqn. 4).
The energy of quasi—particle state 1 is given by:
= [(e-n)% + 2717 (9)

where e; is the single particle energy of the state,

A "'(;2:: Uka and is called the diffuseness (10)
k

parameter,

= 1/2 [1—(ei-A)/ei]1/2, (11)
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A is the Fermi energy (usually near the energy of
the highest occupied single particle state) and

is adjusted so that:

%:2V§ = N the total number of nucleons. (12)
The pairing force generates a diffuse Ferml surface. That is, even
in the ground state of the nucleus, paired particles appear with small
probabilities in intrinsic states that would havé been excited states
without pairing. The effect of pairing is to compress the expected
energy spacings between the low lying single particle states (eqn. 9).
The pairing strength G is normally determiped from the odd-even mass
difference in nuclei (which should be %p). To describe a single quasi-
particle state, the U's and V's for all the other single particle
states should be calculated congistent with equations (9) and (12).
The state occupied by the quasi-particle is "blocked", i.e. no U or
V is defined for it. The evaluation of the U's and V's is an iterative
procedure, and a complete set of these parameters should be calculated
for each single quasi-particle state. This procedure, and the
principle of "blocking' is considered in detail by Ogle et al. (1971).
It is difficult to calculate the U's and V's of each single particle
state for all single quasi-particle excitations. For simplicity, the
U's and V's of the single particle states were assumed to be indepen-

dent of the location of the single quasi-particle.

II.lc Rotational States

If the nucleus has a deformed shape, energy can be put into

rotation of the nucleus as a whole. The total rotational Hamiltonian
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can be written:

B! = 02 (Ri/zsfx + R§/2§y + R§/25‘z) (13)
where Ri is the angular momentum of the rotating body
about the i axis,

3; is the moment of inertia about the i axis,
I=R+ 3 f is the total angular momentum and
3 is the intrinsic spin of the nucleus.
If the nucleus is assumed to have axial symmetry (about the

z axis), there can be no rotation about the z axis, and 5x = 9; =§;

Eqn. (13) then reduces to

v 22 2 2.2 2
B!, = A5/28 [(A-D° - (1,307

'h2/25‘ [(T+1)I - 2,5 + Hrpc + fﬁ2/2$ (32)
o (14)

+H  +482/28 G
- Boot rpC i)

where Q@ is the projection of 3 (and i) on z the symmetry
: 2
= - 1 3 15
axis and Hrpc H< /29 [T,3_+ I_i,l . (15)

where L = T, AL =3ty (here i = J-1)

Hrot is the rotational Hamiltonian in (1). The development
of equations (14) and (15) from (13) can be found in Preston (1963)
Chap. 10.

As Hrpc couples the particle motion (?)to the rotaton of the
whole nucleus (f), it is included in the Hmixing of (1). It is
normally assumed to be small (the adiabatic approximation).

For a deformed nucleus with an intrinsic quasi-particle state

Xg» the total antisymmetrized wavefunction of the Hamiltonian HDSP +

H 5 .
rot can be written
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+ (DT pto1 (6

2]1/2 I

Qfm = [(21+1)/16x [xPug

where the DMQ'S are the rotation matricies (Preston 1963,

Appendix A),

The energies of the wavefunctioné.(l6) are:

+ﬁ2/29 [T(I+1) - 292 + Gl,.o a (-1)

2

I+1/2

E(IQ) = ¢ (1+1/2)]

Q

17)

.vhere €q is the energy of the intrinsic state (with the

hzlzt(iz) ferm from (14) included),

a 1s the decoupling parameter and arises from the inclu-
sion of Hrpc in the Hamiltonian for the @ = 1/2 states.

It can be evaluated from the amplitudes of states ¢§g

in (4).

The 652/2$)(32) term in (14) which could be included in the
intrinsic state Hamiltonian is normally neglected. Its main effect
is an energy shift of’ﬁ2/29.<32>-for the state, where the 32 is
averaged over the j components of the intrinsic state.

Equation (17) shows that for one intrinsic state, a large
number of rotational states with I = Q are formed. 'Experimentally,
only the relative energies of the members of a rotational band are
of interest, and these are used to determine‘ﬁ2/23, the rotational

parameter. It is typically about 11 keV.for the nuclei studied.

I1.1d Vibrational States

Vibrational states have been observed in even-even nuclei, and

their existence is attributed to part of the long range residual

interaction in the nuclear force:
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vii;j)_= %; Ul(rirj) Pl(coseij) ' (18)

The quadrupole (£2=2) and octupole (2=3) terms are considered important
for the vibrations. The Hamiltonian for the vibrations is thus assumed

to be

_ H A A
Hy = =x & & D) CNCRNED (19)

2

For the quadrupole term 6iﬁi) =T

In the introduction, it was mentioned that the quadrupole interaction
leads to the deformed potential, and consequently a deformed nucleus.
As well as a static deformation, the interaction is expected to
generate dynamic deformations, i.e. vibrations. To study vibrations,
the solutions to (19), the microscopic approach of the Random Phase
Approximation is normally used. The most detailed calculations have
been done by Soloviev and co-workers (see Soloviev and Fedotov, 1971).

The approach to the solution of (19) is to consider boson-like
pairs of quasi-particles in states that couple to an angular momentum
L and its projection on the symmetry axis M. The vibrational excita-
tion, a phonon, can be described as a line;r combination of all the
quasi-particle pairs coupling to L and M (M = Qi + Qj and

L= |szi_-|;szj|):

t t
M IM,LM"_ IM LM 2
) %; [Xu Ay Y A, ] : (20)
t t
M M
and HyPp = WP

W is the excitatiion energy of the phonon
LM+
AU is the creation operator for a boson-like
quasi-particle pair from states i and j coupling

to L and M
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For the quadrupole interaction, the Hamiltonian (19 can be approximated

by:

H=y 2 At + T4
X 2o, a4, (A ADA L +A D (21)

where q = <i|rin20'j>
X, the strength of the quadrupole interaction can be
estimated from the nuclear model but is normally
determined empirically
. . M M
These equations can be solved for W and the coefficients X " and Y
(20) which are the amplitudes of the two quasi-particle bosons in the
phonon.
For odd-A nuclei, it is tempting to suppose that the vibra-

tional excitations would be independent of the single-quasi-particle

states, so that a general intrinsic wavefunction could be written:

g = P V10 (22)
where K =M + Q-

¥ and ¢ are defined by equatioﬁ (8)

PO fepresents no vibration.
Unfortunaﬁely, if Pg is calculated from the even-—even nucleus, it may
contain paired components of the state which is singly occupied in
the odd-A nucleus. Thus the cpmponenté for the phonon for the odd-A
case should be recalculated. The most serious problem though,.is
the particle vibrationai coupling which will be discussed in section
II.le. Good outlines of the microscopic approach to vibrations are

found in the articles by Bes and Sorensen (1969) and Ogle et al. (1971).

Il,le Mixing Phenomena

Mixing of the nuclear states is a consequence of the way in
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which the model Hamiltonian is chosen. In order to have parts.of
the Hamiltonian separable, one assumes that the coupling between these
parts are small. For the phenomenological Hamiltonian of the Unified
Model, this is generally the case. Of all the mixing phenomena,
in the preseﬁt study, only the rotatioﬁal particle coupling and the
vibrational particle coupling are found to be importané for most of
the low lying-states of the nuclei. |

The rotational particle coupling, which is more commonly
known as Coriolis mixing, is defined by equation 15. Physically, it
appears to be a pseudo force that affects a particles' motion in a
rotating coordinate system. Its effect on the single particle states
is to mix those which differ in K by + 1. This effect can be calcu-
lated by diagonalizing the model Hamiltonian (with Hrpc included) in
the single'quasi-particle representatién; to genefate a new set of
basis states. The matrix element for states differing in Kby + 1
1s written as:

172y u i 1/2 a
<u| Hrpc|U> zs [(I TK) (T4K+1) 1 jcjz jz[(j K) (J+K+1)] 8 (23)

vhere y = (I,M,K) and v = (I,M,K+l)
" The intrinsic single particle part of states v and p

is decomposed into the spherical components Cjz

eqn. (4)

= (UU* Il M u
( (UuUU+VVu) o i + vivlh (24)
_The superscript on the U's and V's denotes the single
quasi-particle state for which the U's and V's of the

single particle states are calculated. One usually
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assumes that the pairing amplitudes of the single
particle states are independent of the single quasi-
particle excitations and thus

8- UUH VY (25)

Experimentally, the mixing between bands is often found to be
less than that predicted (using eqns. 23 and 25). One usually applies
an empirical attenuation factor to the Coriolis matrix élement (23).
(See for example Lgvhdiden et al. (1972)). This was done in the
present study. It is not certain if there is any theoretical justi-
fication for this attenuation in the Coriolis mixing. It is possible
that the product term in (24), which is assumed equal to one, may be
considerably less than unity. Unfortunately, this is difficult to
calculate,

The effect of Coriolis mixing is to "push apart' states of
the same I but with K differing by + 1. Unless the states are very
strongly mixed, they are normally assigned the usual Nilsson labels.
The mixing becomes stronger for the higher spiﬁ states, and is also
the strongest between members of orbitals which originate from the
same spherical Shell Model orbital. The spectroscopic strengths of
the states in the single particle transfer reactions afe affected by
Coriolis mixing. This effect will be discussed in section II.Z2.

The vibrational particle coupling arises from terms neglected
in the vibrational Hamiltonian (21), that contain both boson-like
operators (ASMT) and quasi-particle annihilation and creation
operators (aI)L If these terms are included, they will mix single

particle states and vibrational states which have the same parity,
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total angular momentum (I) and angular momentum projection (Q).

The mixing will be strong if there is a large multipole matrix element
<i|0LM|j> between the single quasi-particle state and the base state
of the vibration. Calculations have been dore by Soloviev and
Fedotov, 1971, and in some instances this mixing is predicted to be
very large. Unfortunately, accurate descriptions of the microscopic
structure of the vibrations are not possible, and becau;e of the
approximate nature of the calculations, the description of the vibra-
tional states is not always successful. Moreover, when the particle
vibrational coupling is taken into account, it is usually too
difficult to calculate the effect of Coriolis mixing as well. If
both effects are expected to be strong, interpretation of the states
in terms of the model may not be possible.

There are other possible forms of mixing that are not con-—
sidered to be important in the present studies. AN=2 mixing of the
Nilsson states, which has been found important in oth;r cases
(Anderson, 1968), was mentioned in section II.la. The approximate
solution of the single particle and pairing Hamiltonian in the BCS
formalism neglects terms that would couple one—-quasi-particle to
three-quasi-particle states. Three-quasi-particle excitations are not
expected below the pairing gap (which is about 1 MeV in the deformed

region). Thus, for the present study, these other forms of mixing

are expected to be negligible.

II.2 Proton Transfer Reactions on Deformed Even-Even Nuclei

The basic and model dependent spectroscopic information that

one is expected to obtain from a proton transfer reaction on an
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even-even target nucleus is discussed in this section.

II.2a Basic Spectroscopic Information

The basic spectroscopic information is that obtained without
the use of the nuclear model (eg. the Unified Model). This information
includes the energies and cross sections of the levels populated in
the present study. It also includes the spins and parities of these
levels, although in the present work, these are determined by model
dependent arguments.

The energies of the levels excited in the present type of
experiment can be obtained directly. This is unlike gamma decay
studies, where only the energies of the transitions between the levels
are measured. If the reaction is written A(a,b)B where A and B are
the target and residual nuclei, ‘and a and b are the incident and
scattered particles, the conservation of energy in the center of
mass system can be written:

'Ea = Eb + Q (26)
where Q is called the reaction Q-value.
The energy of an excited state populated in nucleus B is given by

E=2Q s~ Q where Qgs is the Q-value of the reaction to the ground

g
state of nucleus B. Thus by measuring the energy of particle b, one
can determine the energy of the state in which the residual nﬁcleus
B was left.

The other basic information that is obtained from the reac-
tion, is the intensity of the scattered particles relative to that

of the incident particles. These relative intensities can vary with

angle, and are normally expressed as differential cross sections
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defined by equation A.l, Nuclear information can often be extracted
from angular distributions of the differential cross sections, if
they are compared with those predicted by the DWBA calculations (out-
lined in the Appendix). Equation A.22 for a single particle transfer
into an even—eveﬁ tafget nucleus where JA=0 (and therefore JB=j) can

be written:

do _ g2 8s3
dn - VBjpopw (®) (27)
where ogsj (8) 1is calculated by DWUCK (Kunz, 1967),

and j is now the total spin of the final state.

For many reactons, the angular distribution has a shape that is char-
acteristic of the g-value transferred. Often this feature, together
with other experimental information and model dependent arguments,
has been used to infer the total angular momenta (I) of the final
states populated (see for example, the study using the (d,p) reaction
by Hjorth et al., 1965). For the (a,t) and (3He,d) reactions at the
incident particle energies available for the present studies, the
angular distributions are not very characteristic of the g-values
transferred.

In the (SHe,d) reaction, this effect can be attributed to
the high Coulomb barrier which makes the penetration of the 3He
particle difficult. At higher energies, the angular distfibutions
become more distinctive. As well as the coulomb barrier, the lack
of structure in the (o,t) reaction can be attributed to an angular
momentum mismatch (Stock et al. 1967). This mismatch is a result of
the large negative Q-value for the (o,t) reaction, which requires a

large change in momentum in the reaction. In a semi-classical
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picture (Butler et al., 1958) the large momentum change which is
expected to occur at the nuclear surface tends to "prefer" large
angular momentuﬁ transfers (277), that are generally not "matched"
by the 2-value of the available nuclear states. The angular momentum
mismatch introduces a‘pfoblem for the calculation of the cross sec—
tibns; Normally, one uses Optical Model parameters, which are
determined by fitting the elastic scattering angular distributions
of the particles, to calculate the incident and scattered particle
distorted waves. The major contributions to both the elastic
scattering and the reaction are usually found to be due to only a few
partial waves (eqn. A.14) in both incident and outgoing channels
(Hooper, 1966). For the mismatch case, this localization of the
partial wave amplitudes does not occur, and the best set of optical
parameters to fit the reaction data are not necessarily those obtained
from a fit to elastic scattering data. In Fig. 2, some typical cal-
culations for the angular distributions of the (3He,d) reaction at
E3He = 24 MeV are shown; the calculations are discussed in Section
I1.3. Figures 3 and 4 compare some experimental angular distributions
of the tritons from the (a,t) reaction with the results from the DWBA
calculations.

Although the shapes of the angular distributions from the
(a,t) and (3He,d) reactions are quite insensitive to the %-value
transferred, the intensity dependence on the & transferred is
different for the two reactions. For the (3He,d) reaction, the cross
section decreases with increasing %-value, whereas in the (a,t)

reaction the cross sections are similar for most 2-values (2<6).
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Figure 2

DWBA calculations of the deuteron angular distributions for 2-value

transfers of 0, 1, 2, 3, 4 and 5 in the 154Sm(3He,d)155Eu reaction at

E(3He) = 24 MeV and Q-value = -0.5 MeV,

The cross sections have been multiplied by arbitrary factors

for display purposes.
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Figure 3

Triton angular distributions for the 15ZSm(a,t)153Eu reaction zt

E (a) 25 MeV. The 2 = 0, 1 and 3 curves are from the DWBA calcu-
lations for a Q-value of ~14 MeV, and have been multiplied by
arbitrary constants for display purposes. The % = 2, 4 and 5 curves,
calculated by the DWBA program are compared with the measured triton
angular distributions for population of ‘the 173 keV level (5/2 3/2+[41U

state) - * » the 85 keV level (7/2 5/2+[413] state) - é » and the

322 keV level (11/2 5/2—[532] state) - # respectively in lSBEU- (See
table 10).
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Figure 4

Triton angular distributions for the 1Sl‘Sm(oz,t)lssEu reaction at

E (@) = 25 MeV. The & = 0, 1 and 3 curves are from the DWBA calcula-
tions for a Q-value of -13 MeV, and have been multiplied by arbitrary
constants for display purposes. The 0<6<30° part of the £ = 0 curve
has been omitted; the intensity decreases several orders of magni-
tude from 6 = 30° to 6 = 0°, The g = 2, 4 and 5 curves, calculated
from the DWBA pProgram are compared with the measured triton angulal
distributions for population of the 307 key level (5/2 3/2 [411]
state) - :$:, the 78 keV level (7/2 5721 [413] state) - é » and the

356 keV level (11/2 5/2" [532] state) 4 respectively in 155g,,
(See table 11).
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Figures 5 and 6 which are calculations of the Q value dependence of
the differential cross sections for the (3He,d) aﬂd (a,t) reactions
respectively, show the dependence of these cross sections on the
f2~value.

Thus if one considers the ratio of the differential cross
sections in the (a,t) reaction to those in the (BHe,d) reaction, for

a given excited state in the residual nucleus, from (27)

do/dn (a,t), N (a,t) o*%3(0)

(28)

3
do/dQ (THe,d)., .
6 N CHe,a) o*$3(o"

This ratio is independent of the nuclear structure, but is sensitive
to the % transferred. A typical plot of the calculated ratios as a
function of Q value for several f-values is shown in Fig. 7 along with
some experimental ratios.

For convenience, the expression (28) will be called the cross
section ratio. 1In view of the experimental and theoretical uncer-
tainties, the cross section ratio is useful in estimating the g-value
transferred, but cannot be used alone to determine it exactly.

The lack of fine structure in the angular distributions (see
figures 2, 3 and 4) suggests that confidence can be piaced in a ratio
obtained from experiments at one angle in the (a,t) reaction and
one angle in the (3He,d) reaction. Normally the cross sections are
measured at several angles for each reaction to avoid confusion due
to impurities in the target.

For a given #%~value transferred, the sensitivity of the

differential cross sections to the j-value transferred depends only



Figure 5

The calculated Q-value dependence of the cross section at 8 = 30°

154Gd(3He,d)155Tb reaction. The

curves are calculated for Uzcji =1 [Bji = 2/(2j+1)]. For com-

for different 2-values in the

153
parison with Fig. 6, the ground state Q-value for the 152Sm(BHe,d) Eu
reaction is indicated. The calculated cross sections have a similar
Q dependence but can be up to 25% greater for reactions on 1525m

compared with ones on 154Gd.
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Figure 6

The calculated Q-value dependence of the cross section at e = 60o

for different R -values in the 15ZSm(a,t)lssEu reaction. The curves
are calculated for UZCji = 1\[332 = 2/(2j+1)]1. For comparison

with Fig. 5, the ground state Q-value for the 152Sm(a,t)lSBEu

reaction is indicated.
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Figure 7

The ratio of the (%,t) cross section at © = 60° and E = 25 MeV to
the (3He,d) cross section at 8 = 30° and E = 24 MeV for the terbium
isotopés. The solid lines are from the DWBA calculations. The

£ = 2 points are from the 5/2 3/2+[411] state in each isotope (table
12), the % = 4 points are from the 7/2 5/2+[413] state (table 13)
and the 2 = 5 points, from the 11/2 member of the mixed.7/2_[523]
and 5/2—[532] orbitals (table 14). The & = 4 and L =5 points are

1
obscured by the 3C(3He,d)14N(g.s.) reaction for the 161Tb isotope.
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on the bound state spin orbit strength, and the calculations show that
it affects the differential cross sections in both reactions as a con-
stant multiplicative factor. It is thus important only for the deter-

mination of the absolute spectroscopic factors.

II.2b Spectroscopic Information and the Unified Model

If the spin (total angular momentum) of a state populated in
the proton transfer reaction is known, the spectroscoﬁic factor
B?z (eqn. 27) can be extracted from the measured and calculated cross
sections. For the present work it is desirable to interpret B§2 in
terms of the Unified Model. )

The spectroscopic factor for proton transfer on an even-even

target can be written from A.7:

2 _ jem  JpMp 2 29
ng-<f¢A¢x 458 B) (29)
where JA = MA = 0 and JB = j
Mp=m
and ¢i2m'is the bound state wave function of the
proton.

J . .
The nuclear wave functions ¢A and ¢BBMB can be written as in
eqn. (16):

I o
o = [areny 1672112 1oy T + (DT o Dy o140

where g, = (PLXM'& P the phonon operator and Xy

the intrinsic quasi-particle state are coupled to projection @
¢' is the BCS core wavefunction for a quasi-particle
c
in state X!

For the even-even target, there are no vibrational phonons or intrinsic
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single quési—particle states:

2.1/2

] ¢ (30)

= [1/8x o

To evaluate (29), the bound state wave function ¢i2m, which
is defined in the laboratory system, must be expressed in terms of the

body fixed (nuclear) axis. This is done by using the rotational

D functions:

SRR ML Lo | (31)
Thus:
L .
KA ion! 1/2 . . .
- 520" 3 (2;!+1) j [P SR, R
* (a2 2;_' % ng (1672 /2 [0 Pag * ("D7 70 gl ol¢
(32)

Integrating over the angular coordinates of the nucleus (which affects

only the D functions) gives:

= < c> 2 i+
LJ—‘L—c (388 5 + (I 0 ) (3
A2 (23+l)
The integral Jf¢ Q over the internal coordinates selects out of 0

only the pure single particle component with good j and &. Thus
intrinsic states that are vibrations have zero contribution to the
spectroscopic factor. 1f 6Q is a pure single particle state, from
the expansion of the state in terms of ones with good j and %, (4),
the integral is equal to le. From the symmetry properties of 6_9,
the second term in the integral of (33) is also Cjz' Since

]
. = |U tv,2 a+|0> (where y represents the intrinsic state 0 ),

VN
the term <¢c|¢c> = Uu

Thus

Byg = — ALY (34)

T LICNITIAIRIA Tt VIRt MUAL

¢
¢
7
)
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and the cross section from (27) can be written:

do 2 2 sj

dn = N 24U oy (35)

23+1

The significance of (35) is that for a state of spin I (=3)
which is a rotational member of a band based on the single quasi-par-
ticle orbital Xg = Q"[Nn3A] with pairing parameter U, the spectroscopic
strength for its population will be proportional to C?zUz, where the
Cj2 1s the amplitude of the spherical state with good j and & in the
orbital Xg

This can be valuable for assigning‘states in the deformed
nuclei, The C?z's are often characteristic of a certain Nilsson
orbital, and by examining the relative energy spacings and the inten-
sities of the levels (the 'fingerprint') from the experiment, it is
often possible to interpret these levels as rotational members based
on an intrinsic Nilsson orbital. The absolute intensity of the states
populated in a band is governed by the U2 (the 'emptiness') of the
intrinsic state. As predicted by (35), one would expect that the
greater the probability of the state being empty (Uz), the greater
the probability of putting a particle into that state, and therefore,
the greater the cross section.

It should be noted that the le measured by the stripping
reaction is not consistent with that determined from the Nilsson
model. The spherical states (of good j and 2) from which the intrin-
sic Nilsson state is expanded, are those for an harmonic oscillator.
In the cross section calculation (DWBA), the spherical state is

generated from a spherical Wood-Saxon potential with a binding energy
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that depends only on the Q-value. It would be better to calculate
the Nilsson le coefficients using the Wood-Saxon potential, although
strictly one should perform a coupled channel calculation between these
spherical components of the intrinsic state. This was done by

Rost (1967), and the results were not significantly different from
the Nilsson prediction. Moreover, in the reaction theory, the energy
of the transferred particle in the average potential of the nucleus
is determined from its binding energy. This neglects the effects of
the residual interaction on the binding energy. The problem has been
considered by Pinkston and Satchler (1965), and in deformed nuclei,
where the effects of the strong residual interactions are included in
the description of the deformed single quasi-particle states, it is
not expected to be serious. For the present study, in view of the
previous discussions, and the uncertainties in the theoretical and
experimental cross sections, the Cjz's from the Nilsson Model (Chi,

1966) are used.

In the calculation of the spectroscopic factor, it was
indicated that the stripping amplitude into a vibrational state is
zero. Consistent with the picture of the direct reacgion mechanism,
this simply implies that collective motions such as vibrations should
not be populated by single particle transfer reactions. Empirically,
this is generally found to be the case. It should be pointed out
nevertheless, that one of the assumptions in the DWBA stripping for-
malism is that the term in the interaction potential (v in eqn. A.4)
connecting the scattered particle with the core nucleons can be neg-

lected. It is this term that could cause vibrational excitations in




34

stripping. Population of a state which has vibrational componments is

expected though, if it also has some single particle strength. This
would result from the vibrational particle coupling discussed in

section II.le. The spectroscopic strength of a rotational member of

2.22
jzu a /(2j+1) where a,

is the amplitude of the single quasi-particle state |a> in the mixed

the band built on the mixed state shéuld be 2 C

vibrational state. In this case, the single particle transfer
reaction can measure the magnitude of the single particle component
in the mixed state.

Coriolis mixing also affects the measured spectroscopic
strength. If the mixed state x].: .= g aue_i, where 95 ié the I spin
rotational member of the single quasi-particle state |u>, it is simple
to show that

BIz = 21+l C%:aUCjQU” where (j=I5 | (36)
The spectroscopic factor B%z depends sensitively on the signs of the
aU s and Cjz . In the cases where the mixing is strong between only
two states, one finds a shift of the spectroscopic strength to the
state of lower excitation. For simplicity, the square of the term
in brackets of (36) will be called the U2C§2 for the state, regardless

of how mixed it may be. Figure 8 demonstrates the effect that the

strong mixing of members of the 5/2 [532] and the 7/27[523] orbitals

" has on their spectroscopic strengths and energies.

II.3 Calculations
For the present work, the DWBA calculations were performed

using the coﬁputer code DWUCK, written by Kunz (1967). Sets of
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calculations were done for most of the reactions studied: Angular
distributions for 2 =0, 1, 2, 3, 4 and 5 were calculated for three
or four Q-values that spanned the region of interest. The parameters
used are shown in table 1, and are those used by Lu and Alford (1971).
However, no lower cut-off was used in the radial integral. For the
(a,t) and (3He,d) reactions, there has been some uncertainty in the,
values of N, the normalization constant for the DWBA calculation

(eqn. A.23). Kunz gives values of N = 4.42 and N = 46 for the (3He,d)
and (a,t) reactions respectively, whereas Hering et al. (1971) suggests
values of N = 4.23 and N= 35.1 respectively. These normalizations

are affected.by finite range corrections ( which can be made in the
DWUCK program by the local energy approximation (Smith, 1967)). The
suggested values of the finite range correctinn parameters by Kunz and
Hering also differ. If the spectroScopic strength of some observed
state were known, the normalization constants for the reactions could
be determined empirically. As this was not the case, the value of

N = 4.42 was arbitrarily chosen for the-(sﬁe,d) reaction. In pre-
vious works (eg. Price et al. (1971)), the normalization constants
for the (a,t) reactions were found to be too small. For the present
studies, a value of N=115 was selected for the (a,t) calculations in
order to obtain the same average spectroscopic strengths in both
reactions for the well known 5/2 3/2+[411] states of the four ter-
bium isotopes. In the analysis, the values of Uzcﬁz extracted from
the experimental data appear to be about 30% larger than those
expected from the theoretical calculations. This effect is attri-

buted to the 'arbitrary' definition of the normalization constant,

\
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though it is difficult to say whether or not it may also be due to
limitations in the nuclear model.

From the calculated angular distributions for the different
£ and Q values, curves of the Q dependence at each particular reaction
angle were obtained. Some typical curves are shown in figures 5 and
6. These were used to extract the U2C§2's for the assigned states.

As well, theoretical curves of the cross section ratio were generated
as shown in fig. 7, and were used to estimate the z-vélues of the
transitions to the states in thé residual nuclei.

Parameter variations for the DWBA calculations were undertaken
in an attempt to find a better fit to the ;xperimental angular dis-
tributions for the (a ,t) reactions (shown in'figures 3 and 4).

These were not successful as the shape of the angular distributions
seemed rather insensitive to the parameters. Fortunately, this insen-
sitivity was also found in the calculated Q dependence, which gives
some confidence to the extracted spectroscopic strengths.

The.theoretical.calculation of the spectroscopic strengths
of the states for the nucleil in the study was madewith a program
written by O'Neil (1970). A Nilsson type calculation based on the
approach of Chi (1966) was performed to calculate the structure of
the intrinsic states. The energies of these states were then corrected
for the effect of pairing (eqn. 9) and the rotational bands were con-
structed. The effect of Coriolis coupling was then calculated by
diégonalizing the total rotational Hamiltonian (Hrpc included) in the

2.2

single~quasi-particle basis. The resulting energies and U Cjz's of

the band members could then be compared with the experimental obser-
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vations. The potential well parameters of the Nilsson calculation

were ¢=0.0637 and u=0.6. The states considered in the calculations
vere the 1/27[420], 1/27[411], 3727411, 3/2%1422), 57274131, 5/27[402],
7/27 14041, 17276601, 1/27[550], 1/27[541], 3/27[532], 3/27[541],
5/2[532], 7/27[523)5 9/27[514] and 11/27[505] Nilsson orbitals.
Deformations of §=0.275, 0.32, 0.28, 0.31, 0.33, 0.34 and 0.32 were
used of 153Eu, 155Eu, 155Tb, 157Tb, 159Tb, 161Tb and 163Ho respectively,
as measured by Elbek (1963) for the corresponding target isotones.

In view of the theoretical limitations of the models discussed pre-
viously, these calculations were done only to determire if the observed
states could be described by these models. Thus the Nilsson energies

as well as the rotational parameters, the Fermi energy and the atten-
uation coefficient of the Coriolis matrix elements were treated as
adjustable (though not free) parameters. For example, the rotational
parameter was varied between 9 keV and 14 keV, the attenuation co-
efficient between 0.5 and 1.0, and the band head energies within
several hundred keV of that predicted by the Nilsson model with

pairing. The results of the calculations are discussed yith the level
interpretations.

The effect of the Coriolis mixing on the energies and spec-
troscopic.strengths is demonstrated in figure 8. In these calcula-
tions, all the orbitals from the spherical hll/2 shell (see fig.1l)
were included. The rotational parameter was 13.3 keV, the unperturbed
bandhead energies (actually the energies of the lowest ;otational mem—
ber of the band) were 370 keV for the 5/27[532] orbital and 450 keV

for the 7/27[523] orbital, the Fermi energy was zero and the Coriolis



Figure 8

Comparison of the calculated energies and spectroscopic strengths
of the 5/27[532] and 7/27[523] orbitals, both mixed and unmixed,
with the observed energies and strengths of states in 159Tb.

Details of the calculation are in section II.3.
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attenuation coefficient was 0.77. The results of the calculations are
consistent with the experimental energies and strengths shown in the

lower part of fig. 8.




ITI Experimental Considerations

II1.1 Outline of the Experiment

Thin targets of gadolinium, dysprosium and s;marium were exposed
to 24 MeV beams of 3Hé++ and 25 MeV beams of d++ from the McMaster
University Tandem Van de Gfaaff accelerator;. The reaction products
were analysed at various reaction angles by an Enge split-pole magnetic
spectrogréph and>detected by photographic emuléions. Thevenergieé
and relative differential cross sections of the levels populated in
the residual nuclei were determined from the positions and denmsities.
of the tracks of the reaction products in the emulsions. The absolute
differential cross sections were determinéd using a solid étate
particie detector placed in the target chamber to monitor the

elastically scattered particles.

III.2 Target Preparation

_The targets used for the experiments generally consisted of
: . 2
N40ug/cm2 of rare earth metal foll supported by ~30pg/cm” of carbon
backing. The target manufacture was based on the process described

152 154 154
by Westgaard and Bjornholm (1966). Oxides of Sm, Sm, Gd,

156Gd, 158Gd, 160Gd and 162Dy were obtained from the Isotope Sales
Divison of the Oak Ridge National Laboratory. Lists of the isotopic
impurities are shown in table 2. The oxides were.mixgd:with a

reducing metal (for samarium oxide, lanthanum metal was used and for

the gadolinium and dysprosium oxides, ‘thorium metal) and placed in

41



Table 2

Percentage Abundance of Gd Isotopes in Target

42

Target 152 154 155 156 157 158 160
154
cd <0.01 99.35 -0.48  0.10 0.04 0.02 0.0l

15644 <0.05  0.13  1.99 93.58  2.57  1.27  0.46

15854 <0.05 <0.05 0.25 0.56 0.81 97.59  0.81

16054 <0.02  0.09 0.41 0.72 0.67 2.16 95.95
Percentage Abundance of Dy isotopes in Target

Target 156 158 160 161 162 163 164

162, .02 <0.02 0.08 1.22  96.26 1.75  0.69
Percentage Abundance of Sm isotopes in Target

Target 144 147 148 149 150. . 152 154

1526, <0.01  0.08 0.07 0.12  0.10 99.18  0.45

154 ~  0.06 0.04 0.19 0.04 0.39 99.30

Sm
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a small tantalum crucible. The crucible was put in a vacuum chamber
and heated by electron bombardment using a Varian electron gun. The
evaporated metal from the reduced oxide was condensed onto the carbon
substrates which were on glass slides held 3 to 4 inches above the
crucible. For the samarium targets, the crucible was heated about
9 min. at 1300 °C, and for the dysprosium and gadolinium targets,
temperatures of 1700 °C and 2000 °C respectively were maintained for
6 one minute intervals with a 10 minute 'cool down' period between.
The intermittent heating was necessary as the higher temperatures
often caused the carbon backings to disintegrate. The temperatures,
measured by an optical pyrometer, may have been incorrect by several
hundred degrees, but the measurements were made only to maintain
similar conditions from one evaporation to another. The targets were
floated off from the glass slide in distilled water and were picked
up on aluminum frames, 1" square with a 1 cm. hole in the centre.
Some tests of the target purities were made. On a typical
evaporated sample of samarium, a neutron activation analysis by
Ungrin (1969-Thesis) indicated that there was less than 0.17% lanthanum.
On a typical sample of gadolinium metal, an electron microprobe
analysis indicated about 5% contamination with thorium. For a num-
ber of targets, the energ’es and intensities of the elastically
scattered particles were measured by the spectrograph. The inten-
sities of the particies scattered by the contaminants were consistent

with those expected for these impurity concentrations.

III.3 F.N. Accelerator

The 24 MeV 3He and 25 MeV o beams were produced by the McMaster
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model F.N; Tandem Van de Graaff accelerator. The three main components
of the accelerator are the ion source, the high voltage system and the
beam handling system.

Negative ions of helium are generated in the duoplasmatron
ion source. From a plasma, positive helium ions are extracted by
voltages of A-20 kV. These are focussed electrically into a canal
containing lithium vapour. Passing through the vapour, about 1% of
the ions pick up electrons to become negatively charged. These nega-
tive ions are then electrically extracted, and focussed down the beam
line towards the high voltage section of the accelerator. The energy
of the beam is about 40 keV and the intensity is typically A5ya.

The high voltage terminal of the accelerator is held at
+8.00 MV for the 24 MeV helium beams and at +8.33 MV for the 25 MeV
helium beams. The negative ions accelerate towards a thin carbon
foil in the terminal. As they pass through, for most of the ions, all
the electrons are stripped off. The resulting positive ions
accelerate from the terminal towards the analyzing magnet which is
used to select the particle energies. The ions are magnetically
focussed through sets of collimating slits before (the object slits)
and after (the image slits) the analyzing magnet. Thé beam currents
on the image slits, together with a feed back mechanism, are used to
stabilize the terminal voltage.

The beam handling system from the terminal to the target is
primarily concerned with directing a highly collimated beam onto the
target. Doublet and triplet quadrupole magnets are used as astigmatic

lenses to focus the beam from the image slits onto the target. For



the typical settings of the image slits at 1.5 mm vertical gap and
0.75 mm horizontal gap, the beam current through them is usually
about 1.5 pa. With the slits at the target chamber entrance that have
a 3 mm vertical gap and a 1lmm horizontal gap, the beam current passing
through the target is typically about 90% of that through the image
slits. The beam entering the analyzing magnet has an energy spread
which is a product of the effects of the ion source, the stripper
foil straggling and the voltage stabilization of the germinal. The
dispersive effect of the analyzing magnet and the switching magnet
combine to produce a gradient of particle cnergies across the target.
This spread in energy, which creates a wide beam spot on the target,
is compensated for by the dispersion of the spectrograph, resulting
in a narrow image at the focal plane of the instrument (figure 9
outlines the beam optics and demonstrates the dispersive effects on
the beam spot size). This effect, called dispersion compensation,
can be optimised by an appropriate choice of the target angle if the

energy gradient in the beam spot is known.

ITTI.4 The Enge Spectrograph

The spectrograph used to analyze the reaction products is an
Enge Split-pole type, with a maximum radius of curvature of p ~ 90 cm.
A detailed description of the device can be found in the paper by
Spencer and Enge (1966). Figure 10 shows an outline of the magnet
poie faces and some particle trajectories. The large solid angle
of acceptance, as well as the high regolution of the spectrograph,

are essential for the present experiments. The device is designed



Figure 9

Diagram of the beam handling system from the object slits of the

analyzing magnet to the focal plane of the Enge spectrograph.

)( across the beam represents a focus of the

beam in the transverse horizontal direction.

[) represents the magnitude of the dispersive
effect of the analyzing magnet on the beam. For an aberration free

system, this would be a measure of the width of the beam. The

point indicates the direction of displacement (dispersion) of the

higher energy parts of the beam.

é? applies similarly to the switching magnet.

@ applies similarly to the spectrograph.

The effect of the dispersion in the spectrograph can help

to cancel the contributions from the analyzing and switching magnets.
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Figure 10

Outline of the Enge Split-pole Spectrograph, showing the magnet pole
faces, and some particle trajectories. The position of the monitor

used in the present experiments is also shown, as well as the reaction

angle O,
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to have approximate second order focussing over its full momentum

range p___/p ~ 2.8 in the horizontal (median) plane and some

max ~min
vertical focusing as well. This, as well as the high dispersion
(Ay/apvl.7, where y is the distance along the focal plane) and low
horizontal magnification (MH n~ 0,35) give a high total resolving
power (p/Ap ~ 3000) for an aperture of A2 msr. (millisteradians).
The spectrograph is designed to correct for the kinematic broadening
which occurs for large acceptance angles in the horizontal plane.
This broadening is a spread in the energy of the scattered particiles
and is due to the variation in the recoii energy loss in the target
as a function of the scattering angle of the projectile. This effect,
which is greater for a light mass nucleus than a heavy mass nucleus,
decreases the focal length of the spectrograph (moves the focal
plane closer to the magnet poles). In the present. experiments, the
kinematic correctinn is made for the rare earth masses. Thus
reactions from the rare earth nuclei produce narrow peaks in the spec-
trum, whereas reactions with light impurities (eg. 130(3He,d)14N)
produce broad peaks (see for example fig. 12). The photographic
plates used for the experiments are 5 cm by 25 cm Kodak NTB50 nuclear
emulsions, which are covered with aluminum foils, 0.1 mm thick, to
absorb knock—oﬁ carbon nuclei and singly charged alpha particles in

the (a,t) experiments, and 0.5 mm thick to absorb tritons from the

(3He,t) reaction in the (3He,d) experiments.

III.5 Experimental Investigations

The experiments done for the present studies are shown in
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table 3. Figures 11 to 17 show the results of typical exposures for
each of the nuclei studied. As well, the angular distributions of
the tritons from the (a,t) reactions on the two samarium isotopes
were measured. The angular distributions for the population of the
7/2 5/2+[413], 5/2 3/2+[4ll] and the 11/2 5/2 [532] states in the
residual europium isotopes are shown in figures.3 and 4, along with

the calculated angular distributions discussed in section II.3.

IITI.6 Extraction of Cross Sections and Energies

The nuclear emulsions were developed and scanned for the
tracks of the reaction product in 0.25 mm étrips. The total inten-
sities and positions of the peaks in the reéulting spectra were
determined both by a hand calculation of the sums and centroids of
the peaks, and by a spectrum fitting program which used a skewed-
Gaussian peak shape in a non-linear least squares fit. The energies
of the detected particles were calculated from their positions on the
photographic plate. The spectrograph was previously calibrated using
a radioactive alpha particle emitter to give p (the radius of cur-
vature in the magnetic field) as a function of the plate position.
This, together with the strength of the magnetic field measured by
an NMR (Nuclear Magnetic Resonance) fluxmeter is sufficient to
determine the energy of a scattered particle from a measured plate
position. The excitation energy corresponding to each plate position
was determined by its distance from the peak of a strongly populated
state with known excitation energy. In principle, the excitation
energies can be determined directly if the beam energy and Q-values

are well known. From the intensities of the peaks, the relative
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Table 3

Experiments Done in the Present Study

Nucleus Target (a,t) reaction . (3He,d) reaction
. .Studied .. E = 25 MeV E = 24 MeV

153, 1525, 6= 60°,40° 6= 27.5°

+ 6°,15°,90°,120°
1355, Lhen 6= 60°,45° o= 45°

+ 20°,30°,75°,90°,120°
1554, 15444 6= 60°,30° 6= 30°,40°
157q, 15654 6= 60°,45° 6= 30°,50°
159y, 1584 6= 60°,45° o= 30°,50°
161y, 16054 o= 60°,45° 6= 30°,50°
163, 1625, o= 60°,45° = 30°,50°

+ ekéeriments used in angulaf distributions

only.




Figure 11

15 o

The spectra obtained from the AGd(a,t)lssTb reaction at 6 = 60
and the 154Gd(3He,d)155Tb reaction at 9 = 300. The previous and
proposed assignments are shown. The broad peak labelled l1“N* is
due to the 13C(3He,d)14N (2.3 MeV) reaction. The l/2+[411]* label

is to identify the l/2+[4ll] orbital fragment referred to in section

IV.1g. The (5/27[532]) and (7/27[523)) labels identify the strongly

nmixed negative parity orbitals.
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Figure 12

The spectra obtained from the 156Gd(a,t)157Tb reaction at 6 = 60°

1

and the 56Gd(BHe,d)157Tb reaction at 6 = 30°. See also the

caption for Fig. 11. The broken lines are for tentative multiple

assignments of peaks. The broad peak near the ground state in the

3
("He,d) spectrum is probably due to a light impurity in the target.
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Figure 13

15 o

The spectra obtained from the 8Gd(a,t)lngb reaction at 0 = 60

158Gd(BHe,d)lngb reaction at 8 = 30°

14

and the . See also the

3 by
caption for Fig. 12. The peak labelled ~'N is due to the 130( He,d)" N

(g.s) reaction.
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Figure 14

16 )

The spectra obtained from the 0Gd(a,t)l6lTb reaction at 8 = 60

16

and the 0Gd(3He,d)161Tb reaction at @ = 500. See also the caption

for Fig. 13.
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Figure 15
)

163 .
The spectra obtained from the 162Dy(a,t) Ho reaction at 6 = 60

162Dy(BHe,d)l63Ho reaction at © = 30°., The previous and

*
14N

and the

proposed assignments are shown. The broad peak labelled is

due to the 13C(3He,d)14N (2.3 MeV) reaction
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Figure 16

)
The spectra obtained from the 15

2Sm(u,t)ISBEu reaction at 8 = 60
15 ’

; and the 2Sm(3He,d)153Eu reaction at 8 = 27.5° (E = 24 MeV). The

previous and proposed assignments are shown,
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Figure 17

15

o]

1 .
The spectra obtained from the 4Sm(a,t) 55Eu reaction at 8 = 60

15

and the 4Sm(3He,d)155Eu reaction at @ = 45° (E = 24 MeV). The

previous and proposed assignments are shown. The broad peak

14 13..3

labelled "N is due to the

C( He,d)laN (g.s.) reaction.
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differential cross sections were calculated. A lithium-drifted silicon
detector was placed in the target chamber at 0=30" from the incident
beam direction. The number of particles scattered into the detector
was measured, and by using the solid angles subtended by the detector
and the spectrograph, and the elastic scattering cross section for the
jncident beam at 6=30°, the absolute cross sections of the peaks
observed in the spectra were calculated. The elastic scattering

cross sections for 8=30° were taken to be 100%Z of the Rutherford cress
section, as predicted by the DWBA calculations for both the 3He at

E = 24 MeV and o at E = 25 MeV. As discussed in section III.2, the
gadolinium targets had n5% thorium impurit&. For experiments with
these targets, a correction was made to the number of particles
measured by the monitor.

The energies and intensities of the levels populated in the
reactions are shown in tables 5 to 11l. For the typical spectrograph
solid angle of “2msr., the resolution was usually V12 keV FWHM for the
(¢,t) reaction and n16 keV FWHM for the (3He,d) reactions. For the
strong peaks, the excitation energies have uncertainties of 53 keV
and the relative intensities, uncertainties of &10%. For the
absolute cross sections, which are very sensitive to the angle at
which the monitor was placed as well as the solid angle subtended,

uncertainties of “25% are estimated.

In the (d,t) reactions, the elastically gscattered alphas were
detected at positions ﬁear the triton spectra on the photographic
plates. From the positions of the alpha peak and the peaks in the

triton spectra, the ground state Q values were determined. Table 4




59

(zL6T) x2qxeqg PUB YITPIISN C

(TL6T) @409 pue eaisdepm (e
T20°0 ¥ wI'el- 700°0 3 TIT°ET- 900°0 F 8ST°€TI- smmmﬂﬁunavamqma
ST0°0 I T6°E1- €00°0 wmm.mﬁL %00°0 I 8267ET- smmmﬂﬁu.avammmﬂ
¢0°0 I 21— €00°0  TEE YT~ €00°0 . 9¢€° 7T~ ommoﬁﬁu,av%nmoﬁ
2¢0°0 } 86°C1— G00'0 ; 866°CI~ Haw.o T STO°€ET- panHAu,avvwooH
20°0 F 99°¢I~ T00°0 ; LL9°€1- 800°0 7 CTOL°ET- pammaﬂu.avvowma
¢0°0 3 8T ¥i- G00°0 3 L6T %1~ 900°0 F €6Z°%I- pﬁanAu.avmwmmH
€0°0 } 96°%1~ 21070 3 TL6°YI- 20°0 I L66°%T- phmmahu,avqumﬁ
jaoM STUL (a ®Tqel Ssel Z./61 (e 3Tqel SS®BW TL61 uor3OBRy

sanleA-) UOTIOEIY

¥ 914qeL



6Q

Table 5
Levels in 155'I'b
Energy.(kéV) . do/de(ﬁb/sr) _ .Interpretation
(prev.) (a,t) (3ﬁ€,d) TgHe,d) (3He,d) (a,t) (a,t)
6=30° 0=40° @=60"  0=30°
0 0 0 3.1 4.7 1.0 0.4 3/2 3/27(411]
65.4 65 65 110 101 - 20 2.7 5/2 3/27[411]
155.8 155 152 4.9 2. 1.3 <0.4 7/2 3/27[411]
250.0 V250 252 n12 7.8. 1.2 0.8 7/27{5/27[532]1}%
271.2 5/2 5/27[413]
274.1 272 ~GL5 6.8 0.8 <0.4 {9/2 3/t [411]
317.0 318 <2 <1 1 <0.4 9/27{5/2 [5321}
335.0 335 334 17 18.5  18.3 4.8 7/2 5/2¥1413]
397.4 398 397 34 36 45 19 11/2 {5/2 [532]}
452.6 450 2 <0.8 1.5  <0.4 9/2 5/27(413]
466.9 467 466 7.7 8 .6 2.5 7/2 7/27 [404]
498.8 499 501 157 161 16.5 2.7 5/2 5/2"1402]
549.9 550 548 66 56 6.9 0.4 3/2 1/2¥1411]
614 616 27 21 1.2 0.3
652.0 645 n651 "5 n1.5 0.5 0.4 s5/2 1/27[411)
727 ~10 20 0.4 172 172V (4113
743.9 747 745 11 12 0.4
760.5 762 761 n22 26 1 3/2 1/2+[4ll]*
811 806 810 ~v15 11 ~0.8 5/2 1/27 [411]%
836 834 10 9.3 3.3 11/27 7/27[523]
863 n58 57 nO.4 1/2 1/27[541]
907 29 29 n0, 4 5/2 1/2 [541)
926 N7 12.5  NO0.4
950 36 45 N0 4 3/2 1/27[541]
1035 1041 10 10.5 3.7 9/2 1/27[541)
1085 42 40 0.4
1189 83 89 <0.5 }
9 2.8 7/2 1/27[541]

1218
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Table 5 (continued)

Levels in‘lssTb
Energy . (keV) . ' do/dQ . (ub/sr) . .Interpretation
(prev.) (&,t) (3He,d) zaﬁg;d) (3He,d) (a,t) (a,t)
6=30° 0=40° 0=60°  ©=30°
1251 7 2.3
1307 9.4 6.3
~1368 21.5 19
1452.1 1455 7.8 5.4
1479. 4 1480 8.1 8.7
1548 11.5 20
1575.1 1581 6.2 v
1616 37 43
1658 n28 33
1685 n21 15.5
1721 19.4 12.5

4 This level and the others with the aséigﬁed Nilsson orbital

enclosed in pointed brackets are from the strongly mixed negative
parity orbitals discussed in section IV(3).
+ .
b The asterisk denotes the fragment of the 1/2 [411] orbital as

discussed in section IV(7).
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_ Energy.(keV).

Grev) (.0 Che,d
0 0 0
60.8 61 61
143.8 145 146
252.4 254 249
327.6 320 325
357.6 357
407.9 407 407
425.9 428 423
517.6 519 518
597.5 595 596
637.2 639 636
658.6 659 660
697.4 698 696
795 795 796
840 839
860.6 861 860
887
926 926
969
1007 1005
1051 1052
11083 1077
1122 1100
1119

Tahle 6

Levels in

do/dQ (ub/st) .

157

Tb
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ooeeeooo- 40/dR Gb/sE) ..Interpretation
Cie.d  Che, D) @,0) (a,t)
0=30° 0=50° =60  @=45°

"G 21.5 3.1 6.1 372 372V 1411]

123 94 48 39 s/2 3/211411)

n3 2.6 2.4 7/2 3/27[811]

"G 1.3 "0.9 o/2 3/211411]

"2 v1.5 ol 5/2 5/271413]

5.4 0.4 n0.8 7/2 {5727 [53211%

15 11.5 13 13 7/2 5/2¥1413)

3. 3.8 9/2 {5/27[532]}
21 27 54 53 11/2 {5/2 [532]}
18. 31.5 n2.4 0.8 1/2 1/271411)

51 56 17 10.2 3/2 1/27[411]
19 33 29 19 72/2 7/211404]
30 30 5.2 2.6 s5/2 1/211411)
3. n10 1.9 3.7 7/2 1/271411]
180 147 23 16.5 5/2 5/27[402]

n10 c 12 8.2 11/2 {7/2 5231}
50 n15 n1.5 n1.5 1/2 1/27[541]
81 52 11,5 9.5 5/2 1/27[541]

52 32 0.7  <0.3 1/2 1/2t[“11]*

3/2 1/27[541]

35 29 2.8 2.6 3/2 1/27 [411]*
12 15 12 13 9/2 1/27[541]

9 8 0.6  <0.3 s5/2 1/27[411]%
lﬁ} 15 1.2 0.8
13

. ;!
e EE——
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Energy . (keV) . ...

Table 6 (continued)

157

Levels in Tb

do/dQ . (ub/sr) . ...

63

.. Interpretation

(prev.)

@0 (Che,d

1164
1190
1454
1562

This level and the others with the assigned Nilsson orbital

(CHe,d)  (a,t)  (a,t)
0=50° =60  6=45

7.4
35
61

enclosed in pointed brackets are from the strongly mixed

parity orbitals discussed in section IV(3).

7/2 1/27[541]

negative

+ .
The asterisk denotes the fragment of the 1/2 [411] orbital as

discussed in section IV(7).

Obscured or not observed.
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Table 7
Levels in 159Tb
Energy _' (kéV)‘f'“fé P A'-; S, .. de/dQ (ub/sr) . . ... .. ..Interpretation
Gy (o Cie,d (e, CEe,d (6,0 (6,0
6=30° 0=50° 0=60°  0=45°
0 0 0 ¢ 3.6 7.5 6.7 3/2 3/27[411]
58.0 58 58 132 92 102 78 s/2 3/27[411]
137.6 137 136 5 .2 4.1 2.1 7/2 3/27[411)
242 244 3.2 .7 3.5  al.5  9/2 3/27[411]
348.2 348 346 3.7 .9 2.0 A2 5/2 5/27 [413]
388 392 7.5 6 3.2 "2 7/2715/27153211%
429 430 8.3  11.5 23 18 7/2 5/27[413]
455 462 n1,2 n3.5 . 4.0 5.1 9/27{5/2 [532]}
534 536 "G G 9/2 5/2V1413)
546 547 38 32 86 74 11/27{5/27[532]}
581.1 582 22 11.3 "3 "2 1/2 1/27[411]
617.9 618 620 76 42 32 23 3/2 1/27 1411
674.3 673 677 42 24 15 8.6  5/2 1/2'[411)
762 765 "8 3,8 |
778 778 23 27 49 33 7/2 77211404
823 825 12 9.5 21 16 11/27{7/27 15231}
854.5 858 40 24 "G n1.5 1/2 1/27[541]
892 893 60 44 21 18 5/2 1/2° [541]
: 172 172 411140
945 949 65 40 4.3 2.1 '{ 3/2 1/27[541]
975 977 34 25 11.5 5.3 3/2 1/27(411]%
| s5/2 1/27[411]%
1016 1021 205 153 79 53 5/2 5/27 [402]
9/2 1/27[541)
1049 1054 39 27 6.7 4 ,
1099 1098 29 14 11 6.8 7/2 1/2 [411]*
8.4 4.7 0.8 0.4 7/2 1/27[541]

1154 1158




Energy.(keV) . =~

Table 7 (continued)

159

Levels in Tb

‘do/dQ. ‘('u'bzs;) ...... o

65

..Interpretation

Gy (D Che,d  CHe,d  Che,d (@0 (0
6=30° 6=50° ©=60°  6=45°
1214 1217 A 7.3 < 1.7
1257 1255 6 16.5 a1 1.2
1338 1346 3.5 a3 - 3.5 3.5
1572 1570 12.5 8 1.0
1642 1643 16 A1l 2.6
1670 56 36
1715 26 7

a This level and the others with the assigned Nilsson orbital

enclosed in pointed brackets are from the strongly mixed negative

parity orbitals discussed in section 1V(3).

+ .
b The asterisk denotes the fragment of the 1/2 [411] orbital as dis-

cussed in section IV(7).

¢ Obscured or not observed,
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Table 8
Levels in 161Tb
Energy . (keV) . o . .-dg/dQ,(ub/s?). ..Interpretation
Grev)  (@,t)  CHe,d) (He,d) CHe,d) (a,t)  (o,t)
8=30° 0=50° 6=60"  6=45°
0 0 0 7.1 3.3 11 14 3/2 3/27 [411)
56.2 57 57 96 61 134 143 5/2 3/27 (4111
133.7 134 135 1.4 1.9 6.4 3.1 7/2 3/27 14111
235 236 2.2 3.1 7.3 2.4 9/2 3/271411)
314.8 315 318 1.2 2.6 2.2 s/2 5/211413)
4.4 395 394 5 24 38 772 5/271413]
417 416 418 3.1 3.9 n3.5 7/2 7/2 [523]
489} n0.8 3.5 9.2 {?/2 5/711413]
499 . 9/2 7/2+[523]
518 517 3.2 3.1 2.8 1/2 1/27[411)
559 557 16.5 34 32 3/2 1/271411]
585.6 585 583 30 105 120 11/2 7/27[523]
603 . 603 14 17.5 15 s/2 1/211411)
698 697 6 6.5 4.8 7/2 1/27[411]
743 n740 k’ .8 2.6 1.5
847 848 3.4 0.8 5.7 8.1 11/2 5/271532)
921 922 26 17 6.1 3.0 1/2 1/2 [541]
951 952 45 32 38 34 5/2 1/2 [541]
998 998 52 26 8 76 7/2 7/27[404]
1020 1020 40 22 7.9 WA 3/2 1/2 [541]
1063 1064 12.5 14 43 54 9/2 1/27[541]
1083 1082 26 21 20 12
1113} 1118 6.4 6.7 {5‘4 10
1128 2.3
1176 1176 9.8 5.9 11.5 11 7/2 1/27[541]
1232 2.1 2.5
1254 1256 80 52 38. 30 5/2 5/27[402]

ARYHAT LVISMTAING N3 ISYWON



 Energy | (keV)’

(prev.)

(a,t)

1303
1354

1386

1419
1433
n1499

1560
1607
1680
1726
1756

Tabie 8 (continued)

Levels

161
in Tb

. dcde’ tub/st) .

67

Interpretation

i, Che,d)

1302
1351
1375
1402

1433
1498
1530
1561
1603
n1676
1711
1755
1851

i) @0 (@0
6=30° 0=50° ©=60°  0=45°
NG T 4.7 2,5 2.6
50 34 n24 16.5

13 1.9 2.5
9.8 <1
2.2 2.0
3.1 3 2.3 2.8
2.8 1.9 * ~0.9 1
4.7 2.5 <0.6 <1
4.3 2 2.5 <2
17 12 7.5 7.4
1 2 11
bob 2.7
17 14.5 6.4
35 23

3 14
a Obscured by the Cls( He,d)” N(g.s.

) reaction.
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Table 9
Levels in 163Ho
Energy (ch? do/dQ (ub/srt) Interpretation
Grev) Che,d (4,0 CHe,d  Che,d (@,0)  (%,5)
8=30° 6=50°  ©0=60°  @=45°
0 0 0 4 5 1.5 1. 7/2 7/2 [523]
_ 60 ~60 0.8 2.9 0.5 2 b
100 103 100 2.1 0.9 2.4 4.3 9/2 7/27[523]
224 223 222 26. 33. 50. 44 11/2 7/2 [523]
307 307 60 59 20 13 3/2 1/271411]
361 361 17 18 5.4 5.4 572 3/27[411]7
393 392 80 97 24 15 5/2 1/27 (41112
440 © 440 440 16 31 32 24 7/2 7/2V1404]
473 468 29 29 1.7 0.8 1/2 1/27[541]
503 501 35 43 11 9.8  5/2 1/27[541]
580 580 45 46 2 a 3/2 1/27[541]
617 613 9.9 17 21 19 9/2 1/27[541]
713 711 129 151 14 22 5/2 5/21[402]
749 747 13 12 5.6 5.1 7/2 1/27[541]
879 ‘2.8 5.5 a a
992 985 3.4 5.7 n1.5
1117 1114 18 19 1.8
1189 N1.5 4.1 0.1
1230 1228 NG .2 8.5 0.6
1330 43 53 0.3
1440 1442 v10 27 8.3 11/2 9/27[514] ?
a obscured or not observed
b may be due to a reaction due to a target

impurity of 163Dy or 164Dy (seg table 2).
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Table 10
Levels in 153Eu
Ene.rgy (l:eV) ' do/dﬁt' (ub/sr) . Interpretation
o Th,o Tl (R0 Ched o @0
b 0=27.5° =30°b 0=40°Db ©6=60° 0=40°
0 0 “a 2 a 1 a2 5/2 5/27 [413]
85 90 18 17 24 37 31 7/2 5/27 14131
(97) ¢ | 5/2 5/27[532]
104 | 2.9 3/2 3/27[411]
150 (152) ¢ ~5 4.1 "2 7/2 5/27[532]
173 173 160 231 - 168 76 50 5/2 3/2V[411]
235 9 3.9 a2 9/2 5/27[532]
| 265 10 a 2 <1 0.8 7/2 3/2V1411]
322 321 43 47 54 85 80 11/2 5/27[532]
395 397 4 8.5 10 2.4 1.5 9/2 3/27[411]
570 568 20 21 26 41 26 11/2 7/271523]?
635 10 12 7.5 nl
696 n98 32 n22
705 ~100 398 297 15
718 80 20 18
733 : . 2.9
840 842 30 57 35 n0.9
1071 1074 12 9.5 7. 11
1138 1141 83 54 8
1235 1228. 35 78 61 11
1358 1357 88 150 16 6
a obscured or not observed
b reaction data from Ungrin et. al. (1969)
for B, = 28 MeV
He

c energies from decay scheme study, Ungrin et. al. (1969)
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Energy (keV)

(a,t) (Bﬁé,d) Tgﬁé,d)
b 0=45°
0 0 1.7
78 78 n15
104 {:
169 169 6.5
247 251 3.4
307 307 116
356 357 22
388 392 a
501 502 3.5
~875 876 10
912 n910 60
952 955 25
976 978 22
1024 13
1062 1067 ~n25
1109 n10
1202 1201 25
1230 1233 36
1318 12
1353 <10
1375 1374 24
1401 1402 7
1480 1482 40

obscured or not observed

Tahle 11

Levels in

155

Eu

do/dQ (ub/sr Interpretation
CHe.d) Che,d) (a,t) (0. ©)
6=30° b 0=50° b  ©6=60° 0=45°
4 0.5 1.6 2.5 5/2 5/2V[413]
8 7 49 45 7/2 5/27[413]
A ) "3 1 5/2 5/27[532)
8 4.5 6.7 6.7 7/2 5/27[532]
15 2.5 9.6 10 3/2 3/27[411]
178 76 109 93 5/2 3/27[411]
28 21 77 77 11/2 5/2° [532]
a 3 5.5 .9 7/2 3/27[411)
9.8 5.4 6.6 9/2 3/271411]
12 4.2 G G
84 66 35 25
34 19 11 10.2
33 22 52 40 11/2 7/27[523]?
24 11 a2 <2 1/2 1/2 [541}?
48 31 23 9.5 5/2 1/27[541]?
27 29 <10 a 3/2 1/27[541]1?
23 16 21 27 9/2 1/27[541]?
70 52 19 22
29 11 <3 Az
<5 9 15
58 22 G a9
17 13 12 12 7/2 1/27[541)?
69 43 16 11

70

reaction data from Ungrin et. al. (1969)

for E3 = 28 MeV

He
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displays the results for the present study and shows them to be con-

sistent with those calculated from two recent mass tables.

III.7 Energy Resolution Considerations

For the experiments done in the present study, high energy
resolution is of great importance. In the nuclei investigated, the
average energy density of the strongly populated states is about
twenty per MeV. Thus, peak widths considerably less than 50 keV
FWHM (Full Width, Half Maximum) are desired. There are a number of
different factors which affect the total resolution. These are mainly
target thickness effects, aberrations and energy spread in the
incident beam, and the resolution of the spectrograph. Efforts
were made to optimise the total resolution within the practical
limitations (such as the length of time for the experiment).

In.the target, the two principal effects are due to energy
loss and straggling. Tﬁe former concerns the average energy lost
by a beam of charged particles passing through a thin foil. This
energy loss is different for the various kinds of particles. Thus
the energy of the reaction product will generally depend on whether
the reaction occurs near the front or near the back of the target.
For example, 25 MeV « particles will lose an average of ~11 keV
passing through a 100 ug/cm2 foil of samarium, whereas 10 MeV tri-
tons (which héve approximately the energy expected for a typical
(o,t) reaction) will lose only n4 keV. (These values are based on
calculations by Williamson, Boujot and picard, 1966.) Thus, if

the (a,t) reaction on such a foil is studied in transmission geometry

(the reaction products detected on the side of the foil opposite

Armaey AT OWIAN AL
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to the a beam), an average energy spgead of 7 keV dué to the differ-
ential energy loss is expected in the reaction products. As the energy
loés for a particle passing through material is a statistical process,
a spread in the energy (straggling) of the particles about their
average energy ié also expected. A calculation of this energy spread
(Clarke, 1971) for 25 MeV o particles on a 100 ug/cm2 foil of samarium
gives a FWHM of n7 keV. The effect of straggling due to the carbon
backings is also important. A 30 ug/cm2 thick carbon foil would con-—
tribute A5 keV FWHM for the a and 3He particles and V2 keV for
deuterons and protons. The net effect on the resolution due to a
typical target for the experiments is expected to be ¥7 keV FWHM.
This of course varies from target to target and also depends on the
angles at'which the spectrograph and target are placed. These angles
determine the effective thickness of the target to the incident and
scattered particles.

The effect on the resolution of the aberrations and energy
spread in the incident beam is also important. In principle, due
to the dispersion of the analyzing and switching magnets, the energy
spread in the beam (attributed to effects from the ion source and
stripper foil as well as fluctuations in the terminal voltage) results
in a wide beam spot on the target. It was mentioned earlier that
this effect could be compensated for, with the dispersion of the
SPeCtrngaph. However, this will not work if the width of the beam
on the target is due to aberrations in the beam optics. Assuming
the width of the beam spot is due to these aberrations, and is about

1 mm on the target,  as '‘seen' by the spectrograph, the image size of
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this spot on the focal plane of the spectrograph would be about
0.5 mm (determined by the focal plane magnification). For the (ast)
reactions, this would result in an energy wi&th of &6 keV, and for’
(3He,d) reactions,&13 keV. | -
Aberrationé in the focussing properties of the spectiograph
also affect the total resolution. For the solid angles used in the
present study, these aberrations weré not believed to be serious. It
was found that for reactions done with larger solid angles, 'shoulders'
on the low energy side of the peaks were observed, although che.FWHM
of the peaks were not appreciably affected. This effect made the
analﬁsis of such spectra difficult.
The total magnitude expected-fdr all these effects is in

agreement with the observed resolution.



.CHAPTER IV

INTERPRETATION

In the following sections, the low lying levels of the nuclei
studied are identified in terms of the Unified Model. In some cases,
the results of complementary investigations are used to provide strong
arguments for these model assignments. Because the proton states in
the isotopes of an element are expected to have similar properties,
the four terbium nuclei are discussed together. Following the discus-

sion of 163Ho, the two europium isotopes are also considered together.

V.1 155Tb, 157Tb; 159Tb and'161Tb

A number of decay scheme §tudies have been made on these nuclei,
. including works by Blichert-Toft et al. (1967), Brown et al. (1969),
Zylicz et al. (1966), Seaman et al. (1967) , Funke et al. (1966) and Hill
and Wiedenbeck (1968). In addition, Coulomb excitation experiments on

159
. lngb by Diamond et al. (1963), (p,t) experiments on Tb by Goles (1971),

155 157
and (o,2n), (d,2n) and (p,n) experiments to study levels in Tb and Tb
by Winter et al. (1971) have been performed. Iq general, efforts were
made to interpret the observed excitations in terms of the Unified Model.

In several cases, the importance of Coriolis coupling and particle-

vibrational mixing was recognized.

The analysis of the terbium isotopes in this‘investigation, is

also presented in a paper by Tippett and Burke (1972). A similar but

independent investigation has recently been made by Boyno and Huizenga
(1972), A comparative discussion of the two works is presented in

section IV.1lh,

74
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IV.1a The 3/27[411] orbital

The spins and parities of the ground étate and first three excited
states for each of the terbium nuclei studied had previously been
determinea as 3/2+, 5/2+, 7/2+ and 9/2+ respectively. These states had
been assigned as rotational members of the 3/2+[411] orbital. As this
orbital comes from the 2d5/2 shell, the spectroscopic factor for the
I=5/2 membexr of the band is expected to be the largest. In the present
work, this 1s found to be the case, and the measured values of UZC?%
agree well with those predicted. A compar{son of these values is found
in table 12. All the states discussed above aré seen clearly, except the
9/2 3/2+[411] level in 155Tb which is mot resolved from the 5/2 5/2+[413]

state., The present results offer strong confirmation for the previous

assignments of these bands.

IV.1b The 5/21[413] orbital

The I=5/2 and I=7/2 membexrs of bands based on this orbital had

been assigned in all four nuclei, as well as rotational members up to

I1=13/2 in 1554 and I=11/2 in 1571 (see Bunker and Reich (1971) and

+ .
Winter et al. (1971)). As this state appears below the 3/2 [411] orbital

’ 2
in the Nilsson diagram, it is expected to have a small U° for the present

reactions, The I=7/2 member should contain most of the spectroscopic

strength (the theoretical C§2 is ~ 0.94) and the observed fingerprint for

the band, as well as the (a,t) to (3He,d) cross section ratio for the

1=7/2 member confirms the previous assignment. The results are displayed

in table 13. The differences between the measured and calculated values of
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U2C§2 can be attributed partly to the underestimate of the DWBA normali-

zation, discussed in section II.3, but more significantly to the estimate

of the U2 in the Coriolis calculation. Adjustment of the Fermi level and
the diffuseness parameter may give better agreement with the observed
strength. The large spectroscopic strength for the 7/2 5/2+[413] state in
155Tb'is attributed to strong mixing with the 7/2+[404] state.assigned by
Winter et al. (1971) at 467 keV. The relative strengths of these two states
can be reproduced by the Coriolis calculation. The discrepancy between the

2.2

UC,, values measured in the (a,t) and in the (3He,d) reactions may be due to
Jr

an inaccurate prediction of the intensity by the DWBA calculation for the

(a,t) reactions at such negative Q values. The I=5/2 and I=9/2 members

of the 5/2+[413] bands are expected to be populated weakly. Evidence for
the band head 1is. seen in the reactions on all four nuclei. As well, the

161Tb is located in the 490 keV doublet with the weak

1=9/2 state in
9/2 7/27[523] state. Evidence for the I=9/2 state is seen at 450 keV in
155Tb, and in 159Tb this member is tentatively assigned to a level at
ﬁ 530 keV that appears as a shouldexr om the 546 keV peak in the (a,t)

spectra.

IV.1c The 5/27[532] and 7/2 [523] orbitals

In the terbium isotopes, a number of rotational members of the
5/27[532] and 7/2 [523] Nilsson orbitals have been previously jdentified.
(See Bunker andvReich (1971)). Inm 157Tb the band head of the 5/2—[532]
orbital had been located at 326 keV excitation. A state at 358 keV was
assigned by Funke et al. (1966) as the 7/27[523] band head, and by
Blichert-Toft et al. (1967) as the 1=7/2 member of the 5/27[532] orbital.

Winter et al. (1971) studied the Y de-excitation of this nucleus following

-
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(d,2n) and (p,n) reactions, and identified rotational members up to
1=11/2 for the 7/27[523] orbital, for which they placed the band head at
571 keV. They also anélysed the energies of the two distorted rotational
bands considering the Coriolis coupling between them,

In the present work, identification of the orbitals or confirmation
of earlier assignments is generally made by locating the I=11/2 member
of the rotational bands. The 5/27[532] and 7/27[523] orbitals, which both
come from the 1h11/2 spherical shell model state, have most of their

spectroscopic strengths in the I=11/2 member and should mix strongly.

This is especially true for the terbium isotopes, where the 5/27[532] ;g!
orbital is expected to appear as a hole state, and the 7/2 [523] orbital %3
as a particle state, both with excitation energies less than one~half MeV. %
As well as distorting the rotational level spacings, the strong mixing is 1%

3 !

expected to cause the intensity of the lower I=11/2 member to be consider~

157
ably larger than that prgdicted without mixing. In Tb as well as the

[ASSAAT )

other terbium isotopes, there are only four strongly populated low~lying
states with high %-values (235). The 7/2 5/2+[413] state which is found

at 409 keV in 157Tb was discussed previously. States at 518 and 659 keV

2.2
both have UZC near unity, and the state at 861 keV has U Cjﬂ, % 0.4, The

2

i

presence of these three states in the present work is consistent with
- +

Winters assignments of the 11/2 5/2 [532], 7/2 7/2 [404] and the

11/2 7/27[523] states respectively., However, the predicted relative

spectroscopic strengths of the TI=11/2 states by a Coriolis mixing calcu-

lation, using the parameters of Winter et al., does mot agree with the

experimental measurements. The relative intensity of the 1ower I=11/2

state to the upper I=11/2 state is A3 by measurement‘and 1.2 by
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calculation. In the present work, the parameters of the Coriolis mixing
_calculation are adjusted, and with an unmixed band head energy of about
150 keV less than that used by Winter for the 7/27[523] orbital, a value
of 2.3 for the ratio of these spectroscdpic strengths is obtained.. It
is clear from the calculated mixing amplitudes of these states fhafhthe |
asymptotic quantum numbers are no longer valid for these strongly mixed

levels. The experimental and calculated values of UZC§

2 for these bands
are displayed in Table 14.

In 1950 the levels at 227 keV and 250 keV had been assigned as
the 5/2 [532] and 7/27[523] intrinsic states respectively by Jufsik (1969).
However, Winter et al. (1971) assigned two members of the 7/2 [523] orbital

with a band head at 545 keV. They also assigned the 5/2f[523] orbital.

(O el WP N ERTRY

with the band head at 227 keV and found rotational members up to I=23/2f‘.
The level at 250 keV was assigned as .the 7/2 5/27[532] state. Two of the i
levels populated with high 2-values in the present work, at 598‘keV and 467

keV, had been assigned by Winter et al. as the 11/2 5/2°[532] and

1/2 7/2 [404] states respectively. In view of these assignments, the level

at 836 keV populated with a high-% transition is labelled as the

11/2 7/27[523] state. As in 157Tb the relative spectrogpopic strengths

calculated using Winter's parameters for the Coriolis mixing does not
agree with those measured. Again, variation of these parameters in the

pPresent work results . in better agreement with the experimental measurements.

161
Levels at 417 keV, 480 keV and 586 keV in Tb have been assigned

to the 7/2 7/2°[5231, 5/2 5/2°[532] and 7/2 5/2 [532] states respectively,
by Zylicz et al. (1966). 1In the ( He d) and (o, t) spectra, peaks

'corresponding to the first of these states are clearly seen, but the W‘l
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remaining ones are obscured by large peaks due to neighbouring states.

The high % states at 584 keV and 846 keV are assigned to the I=11/2
members of the 7/2 [523] and 5/2 [532] orbitals respectively. The
relative spectroscopic strengths of these levels are in agreement with the
Coriolis mixing calculation for the 7/2 [523] and 5/2 [532] orbitals.

The 9/2 7/2—[523] rotational member may be located in the multiplet at

495 keV, consistent with the rotational parameter and expected UZC?&'

Only the band head of the 5/27[532] orbital had been identified

in lngb (Bunker and Reich (1971)). States populated by high & transitions
are. found at 429 keV, 455 ke&, 545 keV, 779 keV and 823 keV with UZC§2
values of approximately 0.4, 0.1, 1.3, 1.2 and 0.4 respectively. The

level at 429 keV has been previously assigned as the 7/2 5/2+[413] state.
(See section IV.1b). By analogy with the spectroscopic strengths and
excitation energies observed in 155Tb and 157Tb, the levels at 546 keV

and 823 keV are. assigned as the T=11/2 members of the 7/27[523] and

5/2 [532] orbitals. The Coriolis calculation 1is able to reproduce the
experimental results. The weakly populatéd‘level‘at 390 keV has an
intensity and energy consistent with its assignment as the lower 1=7/2
state of the mixed 7/27[523] and 5/2 [532] orbitals. The level at 455 keV
has approximately the appropriate energy for the lower I=9/2 state, and

appears to have a high 2 value, but its intensity 1s larger than expected.

IV.1d The 1/27[411] orbital

As this orbital is coupled with a large theoretical E2 matrix
element to the 3/2+[411] orbital, it is likely that stromg mixing with the
gamma vibration based on the ground state may cause the single particle

strength of the 1/2+[ﬁ11] orbital to fragment. A number of authors (see

N
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Bunker and Reich (1971)) have assigned levels with I=1/2, 3/2 and 5/2

at 597 keV, 637 keV and 698 keV in =>'Tb and at 581 keV, 618 keV and

674 keV in lngb as.members of either the 1/2+[411] band or of a gamma
vibrational band based on the ground state. The decoupling parameter
expected for the single particle orbital is n-1.0. The observed values

of ~+0.05 are considered evidence for the states being largely vibrational
in nature. Calculations by Soloviev and Vogel (1967) however, indicate
that these states should consist mainly of the gamma vibration based on the
3/2+[411] orbital with an admixture of about 60% of the 1/2+[411] single
particle state. In the present work, the first three rotational members

of these previously assigned bands are seen in both nuclei, as well as

the I=7/2 member in 157Tb which has been identified by Goles (1971).

The fingerprint is consistent with that expected for the 1/2+[411] band.
The results are shown in table 15. The summed U2C§£ of each band is

A0,8, which, in view of the fact that the extracted spectroscopic strengths
are in general about 307% larger than expected,is consistent with the
reduced strengths predicted by Soloviev. Possible assignments for other
fragments of the 1/2+[411] orbital will be discussed in a later section.

. 161
In the present work, a sequence of levels in Tb is found to

have properties similar to those of the bandé in 157Tb and 159Tb. The
g-values determined by the (a,t) to (3He,d) cross section ratios, the
relative spectroscopic factors and the energy spacings suggest that the
levels at 517 keV, 559 keV, 602 keV and 698 keV are the 1=1/2, 3/2, 5/2

+
and 7/2 members respectively, of a band containing a large 1/2 [411]

admixture. The decoupling and rotational parameters of the band are 0.2

and 11.2 keV respectively. The summed UZC§2 of the band is ~0.5, which

e a2 aANL 1 dadaleid BT



- et T S e SRy

P s T B haciiante Tabin it @ e N c - ‘\\.\

«3x93 99s ¢ (7L6T) Zievwieq £q pesodoad juswulrssy P

«sodo30ST JU2I9IITP 2U3 I0F ATIYBTTS ATuo PaIdIITP SuTxTW STTOTIO) YITM UOTIBTNOTED UOSSTIN U3 FO s3Tnsal 9yl o

juswugtsse 9TdATITNH ¢
=3 peAlasqo jou I0 PIAMISG0 P
UOTIBTNOTED
9 am
-~ ST°0 z°0 S0 1°0 0.0
(A4
60°0 €1°0 6T°0 €0°0 Av.mmmv
10 #%T1°0 €€'0 200 (3°®) amomp
70°0 AR N 869 709 6SS LTS (a2Y) 4323ug Al oo
z°0 z'0 . z°0 8%°0 L0°0 Aw.mmmv
N
v €0 £°0 220 150 100 @ o
L0° €°6 2201 6L6 amqm L0°0 8 1T 1/ GL9 029 286 (a®%) A319uF AL o
LT°0 %¥1°0 Z°0 GT°0 8€°0 T°0 A@.mmmv c
€0°0 90°0 %0°0 0 81°0 L0 1°0 (3¢0) awowp
L0°- 9°¢T 080T  LOOT amom, 1°0 T°€1 06L 869 6€9 S6S (aex) £81oug L,
90°0 rA v %0°0 T0°0 €°0 ﬁv,mmmv "
%0°0 T°0 %0° 0V 90°0 €€°0 v (3°») «woup
. . \ - . 9 £3aau
Lo 9°01 ot1e T9L cZL rA TANA NDomo 3w¢m vwom (A9Y) T Ueeq
G =)
e Mioiomezeg  g/c=1  z/e=I  T/T-1 e O .gisuwereg z/z=1 z/s=1  T/e=I  Z/T=I
Teuofieloy TeUOTIEIOY
auswexs [TT¥] 2/T Teararo [TT71,2/T
sadojost qI uf 3usuldeay :Hqu_+N\a pue Te3lTqao :H¢U_+N\H 2y3 I03J UOTIBWIOIFUT arodosoxioadg

6T 9TqeL



85

is slightly less than that of the corresponding bands in 157Tb and lngb.
Evidence for ;he 1/2+[411] orbital in 155Tb is not strong.

Persson and Ryde (1964), studying the electromagnetic transitions following

the decay of 155Dy;tentatively assigned the bands to levels placed at

0.8 MEV. In a similar study by Blichert-Toft et al. (1967) no assignment

was made for the 1/2+[411] orbital. They proposed levels at 500 keV and

550 keV and tentatively assigned them to the first two members of the

3/2+[422] orbital. Harmatz (1972) in a study of the electromagnetic

155 .
transitions following the beta decay of 3 Dy, assigned spin values of

}
1/2, 3/2 and 5/2 to levels at 508 keV, 550 keV and 652 keV respectively, %E
and suggested that these were members of the mixed gamma vibration and !%
1/2+[411] single particle band, similar to those seen in 157Tb and 159Tb. %%
In the present study of 155Tb, an intense peak is seen at 550 keV and %i
a weaker one at about 645 keV. A very strong peak at 500 keV, seen in .

T e

TN

both the (a,t) and the (3He,d) reactions, which is probably due to the
level at 498,7 keV identified by Harmatz (1972) and Blichert-Toft (1967),
is likely to obscure a weakly populated state at 508 keV. The observed
strengths in the (o,t) and (3He,d) reactions are consistent with =2 for
both the 550 keV and 650 keV states. The summed Uzcizfor these states

is @0.35 which is not unreasonable for a siﬁgle particle admixture into a
y-vibration, but the spectroscopic strength of the €50 keV state is about
1/5 that expected relative to the 550 keV state for the l/2+[411] fingerprint.
The rotational parameter calculated for this band would be 17.2 keV which
is rather large. The decoupling parameter of -0.2 differs from those of
other terbium nuclei, which have values of ~+0.05. This may be

+ .
considered evidence for a larger admixture of the 1/2 [411] orbital than ‘
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in the other nuclei, even though the singie particle strengths do not
indicate this. On the basis of the present experimental evidence, the
assignment of levels ;t 508 keV, 550 keV and 650 keV to a y-vibration

baséd on theground state,mixed with the 1/2+[411] single particle orbital g
proposed by Harmatz, cannot be confirmed. It is possible that these
states, while containing a large l/2+[4ll] single particle strength, may
have a more complex structure than a simple y-vibrational mixture.

Some alternative assignments have been considered for the 1/2+[411]
orbitél in 155Tb. If it does not mix with the K=1/2 gamma vibration based
on the 3/27[411] orbital, the I=1/2 and I=3/2 members of the 1/27[411]
orbital are expected to fall very close to each other. The expected
spectroscopic strengths are consistent with the assignment of the peak
at 500 keV excitation as the unresolved I=1/2 and I=3/2 members and the
peak at 550 keV as the I=5/2 and 1=7/2 members of the band, but the
rotational parameter for this case would be ~ 5 kev, If the state at
615 keV were assigned to be the I=5/2 and 7/2 members a more reasonable
rotational parameter of ; 11.5 keV would result, but the population of
the 615 keV state is too weak for this jnterpretation. Other possible
evidence of the 1/2+[411] orbital as well as a tentative assignment of

the level at 499 keV from the present studies will be discussed in

later sections.

IV.1le The 7/27[404] orbital

For a nuclear deformation, §& n 0.3, the Nilsson model prgdicts

that the 7/2+[404] orbital should fall within the first two MeV of

excitation for Z=65 nuclei. This orbital is difficult to jdentify firmly

in the present work, as almost all of its spectroscopic strength is 1n

A a A A
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the I=7/2 rotational member. Winter et al. (1971), assigned the
7/2 7/2+[404] state to levels at 467 keV in 155Tb and 659 keV in 157Tb.
In the present work, states at these energles are .populated with (a,t)

to (3He,d) cross section ratios consistent with the assignment of %=4,

and have U2C§2’ values that are in agreement with expectations as shown
i table13. Levels at 778 keV in Y3°Tb and 998 keV in 1O'Tb are
assigned as the 7/2 7/2+[404] states as they appear to have %4 and

reasonable spectroscopic strength. Also they exhibit the systematic rise

in excitation energy expected for this orbital with the increasing

-~
3

v o eamb il

deformation that is observed for increasing masses' of isotopes in this
region.
Other Nilsson orbitals that are considered for assignment to the

161 -
strongly populated high spin levels in 159Tb and Tb -are the 9/2 [514],

e————t S ——— — = S————— -

B - mme s oA

1/2+[660] and 1/2 [541] states. The 9/27[514] orbital appears above the

. e

7/2+[404] orbital in the Nilsson diagram and as it mixes strongly with the

4

7/27[523] band, its intensity, according to the Corilolis mixing calculation,
should be considerably le;s than that observed for the levels in question.
As the 1/2+[660] orbital has not been jdentified in any 2=67, Z=69 or

Z=71 nuclei, it is unlikely that it appears at <1 MeV in 159Tb ané 161Tb.
The 1/2—[54i] orbital has an expected UZC§£ of v 0.5 for the I=9/2 member

as well as one of n 0.3 for the I=5/2 rotational member. Its tentative

assignment will be discussed in a later section.

IV.1s The 5/27[402] orbital

The fingerprint for this orbital is characterized by a strong 2=2

population for the I=5/2 member of the rotational band. The other band

members are expected to be populated too weakly to be observed. In the
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present work, strong transitions with (3He,d) to (a,t) cross section ratios

consistent with 2=2 are observed for states at 500 keV in 155Tb, 840 keV

1 5700, about 1020 keV in 15%Tb and at 1256 keV in '%'Tb. The 5/2"(402]
state appears above the 7/2+[404] orbital in the Nilsson diagram and both
have the same slope with changing deformation. Thus it would be expected
that as one goes to the heavier terbium nuclei, and the deformation
increases, the excitation energy of the 5/2+[402] state should increase,
; as it does for the 7/2+[404] state. The levels mentioned above satisfy
all these expectations and in addition are about the only unassigned

states with absolute cross sections as large as those expected for the

5/2+[402] orbital. Hence it is reasonable to assign them as the

161Tb, the U2C§2 for the

5/2 5/2+[402] states as shown in table 12. In
1256 keV state is n 0.5, which is weaker than thie Uzcgz for the other
nuclei, but it is the strongest unassigned state in the first 2 MeV of
excitation. In 159Tb, the 5/2 5/2+[402] state was assigned within a
multiplet which has a centroid energy of 1021 keV in the éBHe,d) spectra
and 1016 keV in the (a,t) spectra. The multiplet is very strong in both
reactions, and the observed strength is consistent with at least two

' . 2.2 ' .
states in the peak, with %-values a2 and V5 each with U.Cjz near unity.

An alternative assignment of the SOQ keV level in 155Tb to the 1/2+[411]
orbital was discussed earlier. Although this state is considerably closer
to the 7/2+[4643 orbital than for the other nuclei, there are no unassigned
states within the first 1200 keV of excitation having intensities greatex

+ u 1 2
than half that expected for the 5/2 5/2" [402] state, vhis level was

observed previously by Blichert-Toft et al. (1967) and Harmatz (1972),

and was assigned a spin of 1=3/2, although a spin value of 5/2 would be

N
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consistent with the multipolarities of the 499 keV and 433 keV electro-
magnetic transitions to the ground and first excited states. For the I=5/2
assignment, the calculated relative intensity of these transitions agrees

with that measured by Harmatz, although there is little evidence of a

transition from this state to the I=7/2 member of the ground state band.

1v.1g The 1/27[541] orbital and fragments of the 1/2+[411] orbital

In the region of one MeV excitation in each of the terbium nuclei
séudied, there is a number of unassigned states with %&-values both QZ
and g5 with UZCji (assuming these approximate g~values) of about 0.3.
On the basis of the present work alone, the character of these states

cannot be determined with certainty. The tentative assignments proposed

- +
in this section for the 1/2 [541] orbital and fragments of the 1/2 [411]
orbital are based largely on the similarities in structure among the

spectra for the four terbium isotopes.

. 159,
Diamond et al. (1963), in a study of the coulomb excitation of Tb

observed electromagnetic transitions with energies of 920 keV, 949 keV,

. R 4 . _
969 keV and 978 keV and fitted them into a K=1/2 band with 1=3/2 and I=5/2
members at 979 keV and 1087 keV, respectively. The T=1/2 band head was not

observed in that study. Recent calculations by Soloviev and Fedotov (1971)
predict a sdcond fragment of the 1/2+[4ll] orbital (the first one was dis-

cussed in section IV.1ld to appear at about 1.6 MeV in a state with about 30%

of the single particle strength. In the present work, levels were observed

at 949 keV and 979 keV and a multiplet at 1021 keV. The transitions observed

by Diamond et al. are re-assigned to ones depopulating these levels.,

The cross section ratios for the 949 and 979 keV states are consistent



90

with g-values of 0 and 2 respectively. Assignment of I=1/2 and 3/2 to
these two states, with an I=5/2 state at 1022 keV gives a rotational
parameter of ~10 keV and a decoupling parameter of approximately zero.
The interpretation of these states as a fragment of the l/2+[411] orbital

is tentative as the U2C22 for both the I=1/2 and 3/2 states is nD.25.

k|

This is not characteristic of the 1/2+[411] orbital as the I=1/2 member
is usually considerably weaker than the I=3/2 member. This assignment
places a second I=5/2+ state in the multiplet at 1020 keV, as the
5/2 5/2+[402] state has been tentatively assigned there as well. The
latter level would contribute most of the g2 strehgth to the multiplet
as assumed in section IV.1f above, as the expected U2C§2 of the
5/2 l/2+[411] state is V0.2.

A level at 855 keV in 159Tb had previously been identified
(Bunker and Reich (1971)) as a 1=1/2 state, but the parity was not known.
In the present studies it is suggested that the levels at 858 keV, 892
keV and the high % strength observed in the multiplet at 1016 keV are the
I1=1/2, 5/2 and 9/2 members of the 1/27[541] band respectively. On the
basis of these energies, the rotational parameter and decoupling parameter

A2 = These are

are calculated to be-;a = 10.75 keV and a=2.2, respectiyely.
reasonable values for this orbital. The spectroscopic fingerprint also
agrees well with the predicted one as can be seen in table 16. From the
energy spacings listed above, the I=3/2 member of this band would be
expected to be found at 961 keV. It is likely that the particle groups
corresponding to an excitation energy of 949 keV are partly due to this
state, in addition to the 1/2 1/2+[411] strength discussed earlier in

this section. The observed cross sections are considerably larger than
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expected for either of these two states alone, but are consistent with
the sum expected if thg two states were unresolved.

In 157Tb states with 210 or 1 are found at 887 and 969 keV.
These two levels as well as ones at 926 keV and 1052 keV aré tentatively
assigned to the I=1/2, 3/2, 5/2 and 9/2 members respectively, of the
1/27[541] orbital. As seen in table 16;the spectroscopic fingerprint and
rotational parameters are similar to those of the band observed in 159Tb.
A fragment of the 1/2+[411] orbital is also tentatively assigned to
states at 969 keV, 1001 keV and 1077 keV for the 1=1/2, 3/2 and 5/2 members
respectively. As in 159Tb, the 1/2 1/2+[411J and the 3/2 1/2 [541] étates
are not resolved. Alternatively, the levels at 889 keV, 926 keV and 1006
keV could be assigned to the fragment of the 1/2+[411] orbital. Such an
assignment would give a rotational parameter of 14.5 keV, a decoupling

parameter of a=-0.1 and U2C§2 of the first three members of about 0.1, 0.4

and 0.2 respectively,compared to U2C§2 of the other fragment of the band

at 595 keV of 0.1, 0.5 and 0.2 respectively. However, this would prevent
the assignment of the 1/27[541] orbital, especially the strongly populated
high £ state at 1052 keV. The two other possible Nilsson orbitals with
high ¢ strength, the 1/2+[660] and 9/2 [514] orbitals, are both unlikely
sources for the observed intensity of the peak, from considerations outlined
earlier in the discussion of the 7/2+[404] orbital.

On the basis of similar spectroscopic fingerprints and level

spacings to the states in 1571 and 159Tb, the 1/2 [541] orbital 18

16l

tentatively assigned in 155Tb with a band head at 863 keV and in Tb

at 921 keV. These assignments of the 1/27[541] orbital in the four terbium

i h
isotopes do not exhibit the excitation energy systematlcs expected for the
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1/27[541] orbital., From the Nilsson diagram, the relative excitation
energy should decrease with increasing deformation and thus with increasing
mass. According to the present assignments the total spread in excitation
energies is 63 keV and there is no monotonic trend. As in 157Tb an
alternative assignment was considered possible for some of these states

at about one MeV excitation. In 155Tb the levels at 907 keV, 926 keV and
950 keV could be assigned to the I=1/2, 3/2 and 5/2 members of a fragment
of the 1/2+[411] orbital. This would give a fingerprint with U20§2 values
of ~ 0.1, 0.2 and 0.05 respectively for the I=1/2, 3/2 and 5/2 members,

and rotational and decoupling parameters of 9.2 keV and 0.6. Such an
assignment has a rather low rotational parameter and again leaves the
strongly populated high & state unassigned. Hénce the first interpretation
discussed above is preferred although one cannot be certain on the basis

of the present data alome. Perss;n and Ryde (1964), had suggested the
assignment of the first three members of the 1/2+[411] orbitals to levels
at 761 keV, 811 keV and 879 keV in 155Tb as mentioned in a previous section.
Harmatz (1972) assigned the I=1/2, 3/2 and 5/2 members of the 172114111
orbital to levels at 761 keV, 744 keV and 937 keV respectively. In the
present study, only the states at 745 keV, 761 keV and 811 keV were
observed. These are not clearly seen in the 6=30° (3He,d) spectrum,

shown in Fig.11, due to the reaction from 13C, but were well resolved

in the (3He,d) spectrum measured at 0=40°. The proposed assignment of

the 761 keV and 745 keV states to the first two members of the 1/2+[411]
band.is not consistent with the expected spectroscopic fingerprint or the

i high
rotational spacing expected from other terbium nuclei, as well as the hig

o, 0 d‘b
internal conversion coefficient of the 761 keV transition measured DY
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Harmatz. Assignment of the 761 keV ard 810 keV states as the I=3/2
and I=5/2 members of the orbital, respectively, and the state found at
725 keV as the I=1/2 member, which is consistent with the (a,t) to
(3He,d) cross section ratio, gives an acceptable fingerprint and a
rotational spacing similar to those of the 1/2+[411] orbital fragments
observed in 157Tb and lngb. This tentative assignment is displayed in
table 15. The spin values assigned to the 761 keV and 810 keV levels
appear to be consistent with the high internal conversion coefficients
observed by Harmatz for the 760 keV transitionm, and for the 744 keV
transition, which is re-assigned between the 810 keV and 65 keV levels.
In 161Tb no levels near one MeV excitation are found to exhibit similar
strengths and spacings to those tentatively assigned as fragments of the
1/2+[411] orbital in the other three terbium nuclei. 1f, however, the
band exhibits a rotational spacing characteristic of the unperturbed
1/2+[411] orbital, with a decoupling parameter a n-1.0, the 953 keV
level could possibly be a multiplet of the I=1/2 and 3/2 members of the

band, and the 1083 keV level a multiplet of the I=5/2 and 7/2 members

of the band. From the present work, it appears that the properties of the

1/2+[411] orbital found at about 0.5 MeV excitation in all the isotopes

studied, and that which has been called the 1/2+[411] ffagment, found at
about 0,9 MeV, are not vastly different. Both contain appreciable single
particle strength, although the decoupling parameters generally are near

zero, characteristic of collective excitations.

e o wsOmB b"":
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On the basis of the Unified quel, fragmentation of the single
quasi-particle states above abéut one MeV is expected, due to the mixing
of single quasi-particle and three quasi~particle states, as well as
more complicated forms of excitation which are normally neglected in
the simple model description of the low lying states. This expectation
is consistent with the increased density of states which is observed
above about one MeV excitation. Thus the assignments of the 1/2 [541]
orbital and the fragment of the 1/2+[411] orbital at about one MeV
excitation in the terbium isotopes must in general be considered tentative.

IV.1h Proton Studies of Terbium

A comparison of the interpretations from the reaction study of
terbium presented here, with the interpretations presented by Boyno
and Huizenga (1972) in a similar study, reveal two important features.
The first, which is recognized in any spectroscopic investigation,
is the value of good resblution. The resolution in the present experi~
ments is 14 keV, compared with an estimated value of n20 keV in the

study by Boyno and Huizenga (1972). A number of jevels which are impor-

tant in the interpretation are mnot resolved by Boyno and Huizenga (1972).

These include the 861 keV level in JS7Tb (fig. 12), the 518 keV, 1020 keV

and 1063 keV levels in 161Tb (fig. 14), and the 348 keV level and the

159 .
multiple nature of the 1020 keV level in T (fig. 13).

The other feature is that a study of the differences in the inter-

pretations from these two independent works can reveal just how much

confidence should be placed in the assignments. 1f the spins and parities

N

ProRar-y bt
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of some leyels are previously assigned from a complehentary inyestiga-
tion (e.g, a decay scheme study), the interpretation of these levels
is generally the same for the two reaction studies, In particular,

the assignments of the 3/2+[4ll] and 5/f+[413] orbitals in the four

isotopes, as well as the 1/i+[411] orbital in 157Tb and 159Tb, the

7/f+[404] orbital in 1351 and 157Tb, and the mixed 5/2 [532] and

7/27[523] orbitals in 155Tb, 157Tb and lngb are the same in the two

studies. For the cases in which the population of a level is very
strong, such as the 5/2 5/2+[402] state in the four isotopes: the

interpretations from the two investlgations are also in agreement.

159 161
This should apply to the 7/2 7/2 [404] state in = Tb and Tb. How-

ever, in 161Tb, Boyno and Huizenga (1972) assigned this state to the

level at 951 keV. The level at 998 keV was assigned as a multiplet
containing the I=1/2 and I=3/2 members of the 1/2 [411] orbltal.

the present work, these two levels are assigned to the 5/2 1/27 [541]
and 7/2 7/2+[404] states respectively (see table 8). The cross section
ratios from both investigations strongly favour the present assignments.
The major differences between the two works are in the consideration

of the 1/27[541] orbital and the 1/2 [411] orbital fragment. The reasons

for the tentative assignments of these two bands in the present study,

are presented in the previous section. Only the 1=1/2 and I=5/2 states

of the 1/2 [541] orbital have the same assignment in both works, and

this is mainly attributed to the previous assignment of the 1=1/2 state

to the level at 855 keV (section Iv.1lg). ;t is the opinion of the

+ . .
author that the distinction between the 1/27[411] orbital (with an

. +
expected decoupling parameter of a% -0.8) and the 1/2" [411] mixed
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yvibrational state (a&O), prqposed by Boyno and Huizenga (1972), is not
realistic. If the single particle state is to fragment, it is likely
to split into two strongly miﬁed states (as indicated by Soloviev and
Fedotov, 1971). Thus their assignment of the levels at 923 keV in
157Tb, 974 keV in 159Tb and 990 keV in 161Tb to multiplets containing
the I=1/2 and I=3/2 members of the 1/2+[411] single particle orbital is
felt to be very questionablef Nevertheless, the differences in the
interpretation of the 1/27[541) orbital and the 1/2V[411] orbital
fragment between the two investigations, clearly demonstrates the
tentative nature of these particular assignments.

1v.2 l63Ho

. 163
The most recent investigations of the states in Ho are those

by Funke et al. (1966) with a decay scheme study from the beta decay of
163Er, by Geiger and Graham (1967) studying the isomeric transitions
resulting from proton bﬁmbardment of dysprosium, and by Goles (1971)
with the 165Ho(p,t)163Ho reaction.

The excitation energies of the levels observed in a reaction
study are generally determined relative to 2 strongly populated member
of the ground state rotational band that has also been identified in
a decay scheme study. This makes use of the higher precision with
~ which the electromégnetic transitions are measured, For 163Ho, only
tﬁe first two states in the ground state rotational band have been

assigned by F“nké‘EElél- (1966) , and they are both weakly populated in

the present work. Moreover, the proposed energy of the first excited

o . aAmR B
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state of 92 keV, by Funke:eﬁ'al. is ﬁot in agreement with that measured

by . Goles (1971), of 100 keV. In the present stud;es, the level at 440 keV
which is assigned by Funke et al. (1966) as the 7/2 7/2 [404] state, is
strongly populated and is used to normalize the energles. The energies

of the first and second ekcited states from the present work are in agree-
ment with those measured by Goles (1971), as shown in table 9. A simple
rearrangement of the transitions in the level scheme proposed by Funke

et al. (1966), results in a scheme that is consistent with their experi-
mental information, and with the energies of the levels cbserved in the

present work.

TV.2a The 7/2 [523] Orbital

This orbital has been assigned previously to the ground states
of 163Ho, 161Ho and 165Ho (Bunker and Reich, 1971). The present work
confirms the assignments by Goles (1971) of the ground state and levels
at 100 keV and 222 keV in 163Ho to the 7/2, 9/2 and 11/2 ﬁembers of the
7/27[523] orbital respectively. The 2922 keV level has a cross section
ratio consistent with an =5 transfer. As expected for the 11/2 7/27 [523]
state, the level is strongly populated. However, its intensity is appre-
ciably larger than the calculation predicts, even when the usual Coriolis

mixing with the other states from the h11/2 shell is inc}uded. The

results are shown in table 17 and will be discussed in a later section.

IV.2b  The 7/27[404] Orbital

This orbital was assigned by Funké ' et al. (1966) at 440 keV. As

discussed in section IV.2, this state is used to normalize the energies

Aeie a ..-..-..,‘01»‘
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measured from the present. reactions. The cross section ratio of the 440
keV level is consistent with an &=4 transition, and the measured Uzcji of

1.1 is in agreement with the expected value of 0.9,

IV.2¢ The 1/2V[411] and 3/27[411] Orbitals

An isomeric state.at 299 keV has previously been assigned to the
I=1/2 member of the 1/2+[411] orbital (Geiger and Graham, 1967). 1In the
present study, only a strongly populated state at 307 keV is seen, and
it has a cross section ratio comsistent with an 2=2 transfer. This level
is assigned to the T=3/2 member of the 1/2+[4111 orbital. The observed
vlc ji is consistent with that expected ( ~0. 5), and the theoretical
decoupling parameter predicts that the I=1/2 and I=3/2 members of the
band should be close together. Tﬁe 1=1/2 member, which is expected to
be weakly populated, would be obscured by the 307 keV state. The I=5/2
and I=7/2 members of the orbital are expected to fall ~100 keV higher in
excitation energy. The level at 393 keV appears to have gn2, but its
intensity is about three times that expected. It is possible that the
level is a multiplet. The assignment of the 5/2 1/2 [411] state to this
level is still very tentative.

A state with an & tramsfer of &2 is seen at 361 keV. It is too
close to the I= 3/2 member of the 1/2 [411] orbital to be the 1=5/2 member
of the band, and is tentatively assigned to the 5/2 3/2 [411] state which
is expected to appear as a hole state at ~300 keV excitation . (the band
head of the 3/27[411] orbital in 165y, appears at 363 keV, 67 keV belov

+
the 1/271411] orbital). An alternative assignment of the 5/2 3/2 [411]

[P A Nl
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state (the only member of the 3/2T[411] orbital expected to have an appre-
ciable population in the present study) is to.the 393 keV level,. This |
would assume Fhat the level is a multiplet containing both the 5/2 1/2*[411]
and 5/2 3/2+[411] states. The strong Coriolis miéing between these two
states would make such an assignment very unlikely.

With the proposed assignments, shown in figure 15 and table 9,
the Coriolis mixing between the two orbitals should be appreciable. The
situation could be further complicated by the presence of the 7/2+[404]
orbital at 440 keV and the 5/2+[413] orbital expected at about 0.5 MeV.
Sample Coriolis mixing calcnlations which have been performed indicate
that the I=7/2 members of the 1/2+[411] and 3/2+[411] orbitals should mix
strongly with the I=7/2 states from these other two orbitals. These
calculations were not able to destribe the observed intensities of the
states, in particular, the 393 keV level. Thus, without other corrobo-
rating evidence, the assignments of the I=5/2+ states to the levels

at 361 keV and 393 keV are considered very tentative.

1V.2d Other Levels

The interpretation of several other levels is based only on the

experimental evidence from the present study, and therefore the assign-

ments are not considered definite.

The 1/2  [541] orbital is expected to appear at about 0.5 Mev in

163HO, on the basis of the Nilsson model (see Figure 1), and is the only

. .
orbital in the region, other than the 1/2° [411] orbital, expected to have

an appreciable population of low spin rotational members in the reactions.
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Two levels that are populated with low g transfer are observed.at 473 keV

and 580 keV. These are assigned to the I=1/2 and I=3/2 members.respec~

tively of the 1/27[541] oxbital. The I=5/2, 7/2 and 9/2 members are assigned

to levels at 500 kev; 748 keV and 615 keV respectively; The levels at 500
keV and 748 keV have cross section ratlos consistent with 2=3 transfers,
and the 615 keV level, with an 2=5 transfer. The rotational parameter is
10.5 keV and the decoupling parameter, 2.5, which are similar to those
observed for the orbital in the terbium isotopes (table 16). As shown in

in table 17, the UZC 2

hES
A strongly populated state at 712 keV with a cross section ratio

's are in good agreement with those expected.

consistent with 2=2 is assigned to the 5/2 5/2+[4021 orbital. Arguments
similar to those for its assignment in the terbium nuclei apply here:

It is expected to appear above the 7/2+[404] orbital in excitation, and

to have a Uzcji near unity (assuming an =2 transition). The 712 keV level
is the one most inténsely populated within the first two ﬂeV of excitatior.
As shown in table 17, the extracted UZCji is consistent with that expected
for the 5/2 5/2+[402] state.

A level with 25 and a Uzcjz_(assuming 2=5) near'unity, is observed
at 144é keV. This strength could be attributed to either the 9/2 [514] or
1/é+[660] orbitals. Both states are calculated to fall in the first two
MeV of excitation in 163Ho, and as most of the spectroscopic strength is
expected to be found in one member of each band, no assignment can be
made, based on a characteristic fingerprint. The assignmen;lof the 11/2

+
9/27[514] state to the 1442 keV jevel is preferred as ;ye 1/2"[660] has

not been identified in any 2=69 or Z=71 nuclei. The 9/27[514] orbital is

FOSPUR Y L N i
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expected .to mi:-: strongly with: the grqund.state 7/2'?[523] orbital, Am
attempt was made to describe the intensity of .the 11/2 fiember of the ground
state band by Corilolis mi&iné, similar to that done in the terbium iso-
topes (with A = 0 MéV and A = 0.5 MeV); The calculations did not predict
sufficient intensity for the 11/2 7/27[523] state (even when the 9/2" [514]
orbital was placed as close as 500 keV excitation).However, if the Fermi
surface ( A ) is placed at about ~0.2 MeV, the calculated spectroscopic
strengths are cqnsistent with the tentative assignment of the 11/2 9/2 [514]

state to the 1442 keV level.

Iv.3 153Eu and 155Eu

The isotopes 153Eu and 155Eu have both been studied by decay
scheme techniques by Ungrin et al. (1969a) and Ungrin and Johns (1969).
A (3He,d) reaction study into these isotopes has also been done by
Ungrin gg,gi, (1969b) . Spin assignments from the reaction studies were
based mainly on the deutéron angular distributioms, and identification
of the levels was made in terms'of the Nilsson model including pairing
effects, but Coriolis mixing was not considered. The prgsent studigs
with the (o,t) reactionsserve to confirm the spin assignments and
spectroscopic strengths, especially for the high spin transfers to

which the (a,t) reaction is particularly sensitive.

IV.3a The 5/27[413] Orbital

The ground and first excited states of both the europium iso-
topes have been identified as the I=5/2 and I=7/2 members of the
- -
5/2+[413] orbital (see Bunker and Reich, 1971). The extracted U le s

from the (3He,d) reactions of Ungrin (E3He=28 MeV) and from the (a,t)
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o 3
‘reactions and (THe,d) reactions of the present work (E3 =24 MeV) are
' He

in good agreement with the Nilsson model prediction, and are displayed

in table 18.

1V.3b The 5/2 [532] Orbital

From decay scheme studies (see Bunker and Reich, 1971), the
first two rotational members of the 5/2 [532] orbital have been
assigned in 153Eu and 15sEu. In the (3He,d) reaction study (Ungrin
et al., 1969b), evidence of these members was found, and the
11/2 5/2 [532] state, which is expected to be strongly populated,
was found at 321 keV in 153Eu and at 357 keV in 155Eu. In the present
work, the cross section ratios offer further confirmation of the spin
assignments of the 1=11/2 states, and their spectroscopic strengths
agree with those measured by Ungrin.gg_gl. (1969b) . A weakly populated
level is found at 235 keV in 153Eu in the (o,t) experiments and the
(3He,d) experiment at E = 24 MeV, and its excitation energy and cfoss
section ratio are consiétent with its assignment to the 9/2 5/2—[532]
state. The spectroscopic ijnformation for the orbital is displayed in
table 20. In the interpretationm, Ungrin (1969Db) uéed an assumed
U2=='0.7 for the state to account for the large spectroscopic strengths.
This U2 is too large for the 5/2 [532] orbital, which is expected to
be a 'hole' state (it appears below the 5/2+[413] orbital in the
Nilsson diagrams);- However, as in the discussion of the terbium
isotopes, there should be strong mixing between this orbital and the
7/27[523] orbital, which is predicted to appear as & particle state

155 157 159 ;
within one MeV of excitation. As in Tb, Tb and Tb, this
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should reéult in an increase in strength of the states with the low-
est excitation, as wgll as a compression of the rotational spacing of
the lower band. This could account for the rotational parametér of
8 keV and 9 keV for the bands in 153Eu and 155Eu respectively, and
the large Uzciz's of the I=11/2 states in these isotopes. Identifi-

cation of the 7/27[523] orbital will be discussed in section IV.3e.

IV.3c The 3/2V[411] Orbital

The 3/2+[411] orbital, which is expected to appear as a
particle state in the europium isotopes, has been previously assigned
in both europium nuclei (Bunker and Reich, 1971). The first three
members were seen in the beta decay studies and the I=9/2 member was
tentatively assigned in the (3He,d) reactions. The present work
serves to cqnfirm these assignments, and the extracted Uzcjz's from
the (o,t) reactions are in agreement with the (3He,d) measurements
for most of the band meﬁbers. The results are shown in Fable 19.
However, the extracted spectroscopic strengths for the 1=9/2 member
are considerably stronger from the (3He,d) experiments of Ungrin
Eﬁuél-,'(1969), than from the (o,t) and (3He,d) experiments done for
the present study. Tt is possible that this discrepancy may be

caused by reactions from impurities in the targets used by Ungrin.

Iv.3d The l/2+[41l] Orbital

The 1/2+[411] orbital is expected to appear at about 0.5 MeV

3 .
in both europium isotopes. prior to the ( He,d) reaction studies

by Ungrin et al.(1969b), the band head had been assigned to levels

at 635 keV in 153Eu and 768 keV in 155Eu, but the wegk population
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of these states by the proton transfer reaction forced a rejection
of these assignments. The proposals for the assignment of the
1/2+[A11] orbital made by Ungrin et al. (1969b) at 700 keV in 153Eu
and 910 keV in 155Eu require further discussion.

In 153Eu, an intense wide peak is seen from the (3He,d)
yreaction at 0.7 MeV. From the peak shape, it is apparent that it
contains at least two states, one at 700 keV and the other at
n715 keV. In the (a,t) reactions it appears to be resolved into
four states with energies (+ 3 keV) of 696 keV, 705 keV, 718 keV and
733 keV. From the cross section ratio, the "2~v;lue of the multi-
plet" is ~2, and as the peak shape is similar in both reactiomns,
little can be said about the placement of states of different spins
within the multiplet. As mentioned by Ungrin et al. (1969), the
intensity expected from the 1=1/2 and I=3/2 members of the 1/2+[411]
orbital is not sufficient to account for all of the intensity in the
peak. Moreover, the 842 keV level to which the 1=5/2 member had been
tentatively assigned is very weakly populated in the (o,t) study,
and on the basis of the cross section ratio, should be 2=0. Thus
the assignment of the orbital in 153Eu is very tentative.

In 155Eu, Ungrin proposed that the I=1/2 and 3/2 states could

appear at 910 keV, but the intensity of the state is about 2 third

of that expected for members of the pure state. The I=5/2 member

h bout
was very tentatively assigned to a level at 1067 keV which has a

i ith
half the expected intensity. The (o,t) studies are in agreement Wl

the proposed spins and the measured strengths, but dolnot help to

confirm the tentative interpretation.

A
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As in the terbium nuclei, some mixing of the single particle

+
1/2 [411] state with vibrational states is expected. For 153Eu,

Soloviev and Fedotov (1971) predict a K=1/2+ state for which the
structure consists of 48% single particle l/2+[4ll] state with 23%
gamma vibration based on the 5/2+[413] orbital and 267 gamma vibration
based on the 3/2+[411] orbital. It would be consistent with the
states seen in the terbium nuclei if the rotatiomal band of such a
state has a decoupling parameter near zero. Thus the 1=1/2 and 3/2
members would be well separated. Possible levels for the I=1/2 state,
on the basis of the cross section ratio, are at 635 keV or 842 keV in
153Eu and at 1024 keV or 1109 keV in 155Eu. The decay scheme study
of Ungrin argues strongly against the assignment of the 635 keV state
to I=1/2, and if the 700 keV multiplet is to contain the I=3/2 member

of the band, there would be no suitable candidate for the I=5/2

assignment. The lack of states within 300 keV of the 842 keV state

makes its possible assignment to the band head unlikely. The problem

of the assigmment of the 1/2t1411] single particle orbital nixed with

3
a ground state gamma vibration in 15 Eu is even more unlikely, as

recent Coulomb excitation experiments by Lewis and Graetzer (1971)

k=1/2" band
failed to populate levels that could be ascribed to a K= and.

In fact, there seemed to be little overlap between the states studied

by Coulomb excitation and those studied by the proton transfer

reactions and beta decay studies. However, they did place oné level

155 :
at 711 keV which will be discussed later. In Eu, there is a

similar lack of levels that could be assigned to the I=3/2 and 5/2

members of the 1/2+[411] orbital, which makes the pogsible assignment \
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of the 1024 keV or 1109 keVlevels to a K=1/2+ single particle vibra-

tional mixture unlikely.

IV.3e Other Levels

The 570 keV level in 153Eu and the 977 keV level in 155Eu are

strongly populated in the reactions and on the basis of the cross
section ratio appear to have 2x5. These levels, as suggested by
Ungrin, could be assigned to the 11/2 7/27[523] state or the 7/2 7727 1404
state. Both orbitals are expected to increase in excitation energy
with increasing deformation (155Eu has a larger deformation than 153Eu).
On the basis of the deformation calculated from the samarium isotones,
the 7/2 [523] Nilsson orbital is expected to appear between 0.5 and

1 MeV, and the 7/2+[404] orbital, between 1.5 and 2 MeV. Thus the
assignment of the 11/2 7/2 [523] state to these two levels is pre-
ferred. Moreover, as mentioned earlier, the mixing of this orbital
with the 5/2 [532] orbital would help to explain the observed inten-
sities. It is expected.that the closer-tbét the two orbitals are to
each other, the stronger they will mix, and the greatexr the 'transfer
of strength' to the lower lying 5/2 [532] orbital. This is consis-—

tent with the assignment of the 11/2 7/27[523] state, 250 keV above

3 155

the 11/2 5/2 [532] state in 1535, and 620 keV above it in Eu. The

" mixing calculations (with A = 0 MeV and A = 0.5 MeV) do not predict

enough intensity in the lower state, as shown in table 20. As for

- 163 .
the 7/2 [523] and 9/2 [514] orbitals in Ho, an adjustment of the

Fermi level predicts an intensity in better agreement with the

observations.
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A tentative assignment for the 7/2+[404] orbital is made in
the multiplet at 700 keV in 153Eu. This could explain some of the
observed intensity iﬁ-the peak, especially in the (a,t) reactions.
Lewis and Gratzer (1971), in the Coulomb excitation of 153Eu, placed
a level at 711 keV. Although they proposed that it is the 7/2+ member
of the beta vibration (K=5/2+) based on the ground state, the reduced
gamma ray branching ratio calculated for a I=7/2+, K=5/2+ level
decaying to the I=9/2+ and I=7/2+ members of a K=5/2+ band.was about
one tenth of the observed value of 0.27 + 0.09. Assuming that the
level is the 7/2 7/2+[404] state, a calculation of the reduced gamma
ray branching ratio gives a value of 0.33, consistent with the obser-
vations of Lewis and Graetzer (1971). The 7/2+[404] orbital could be
excited by Coulomb excitation as it is expected to mix strongly with
the ground state orbital. In 155Eu, other than the level at 976 keV,
which is tentatively assigned to the 11/2 7/2 [523] state, the most
suitable level within 1.3 MeV of excitation for assignment to the
7/2+[404] orbital would.be the one at 1202 keV. For the I=7/2+ state,
the UZC§2 would be about 0.4, which is rather small.

A preferred assignment of the high spin level at 1202 keV in
155Eu as well as the low spin levels at 1024 keV and 1109 keV, could
be to the 1/27[541] orbital. This orbital is expected to appear
within two MeV excitation in 155Eu. If the levels at 1024 keV,

1060 keV and 1200 keV are the 1=1/2, 5/2 and 9/2 members of this

orbital, the calculated rotational parameter is 13.5 keV and the

decoupling parameter is 2.7. The rotational parameter is larger

than expected, but the decoupling parameter is consi;tent with those
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observed in the terbium isotopes. On the basis of these parameters,

the I=7/2 state could be the level at 1402 keV. The I=3/2 member

which, on this basis is expected to appear at about 1170 keV, could

be the level at 1109 keV.
2.2,

Assuming the proposed assignments, the

U“c” 's for the I=1/2 to 1=9/2 states are 0.05, 0.07, 0.2, 0.1 and

8

0.6 respectively, compared with the calculated values of 0.05, 0.06,

0.24, 0.05 and 0.55 respectively. The assignment of this orbital in

155Eu is very tentative.

o m s T



V Summary

In this study of the proton states of deformed nucled with
A=153 to A=163, the description of the observed low lying states in
terms of the Unified Model has generally been quite successful.

The results confirm the previous assignments of the 3/i+[411]
and 5/i+[413] single particle orbitals in the four terbium and two
europium isotopes, and a possibie assignment is considered for the
3/2+[411] orbital in 163Ho. The I=11/2 members of the 5/27[532] and

161 159

7/27[523] orbitals are identified in Tb and Tb and the assign-

ments confirmed in 155Tb and 157Tb. In the europium isotopes, the
assignment of the 5/2 [532] orbital is confirmed and the 1=11/2
member of the 7/2_[523] is identified. In 163Ho, confirmation is made

o + .
for the 7/2 [523] orbital. The assignment of the 7/2 [404) orbital

161
is confirmed in 155Tb, 157Tb, 163Ho, is made in lngb an@ Tb, and
{s tentatively proposed in 153Eu. Previous assignments of the
163 .
1/2+[411] orbital are confirmed in l57'1‘b, 159Tb and Ho, and it is

identified in 161Tb. For the holmium and terbium isotopes, assign-

ment of the 5/2+[402] orbital is made, and the tentative assignment

of the 1/2 [541) orbital is proposed. The 1/27[541] orbital is very

155
tentatively assigned in Eu.

In this study, it has been found necessary to consider the
effects of the mixing phenomena in order to interpret the observed
states in terms of the model. Most seriously affected by Coriolis

mixing are the rotational members of the 5/27[532] and 7/2 [523]

115
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orbitals,.whose energies and spectroscopic strengths are greatly per-
turbed. A level diagram of these states is shown in fig. 18 for the
nuclei considered. The energy perturbations are the most serious for
the terbium isotopes where the band heads of the orbitals fall the
closest to each other. Perturbations in the energy due to the
Coriolis mixing for other orbitals appear to be quite small as seen
from the level diagrams in figures 19 to 22, and only for the 5/2+[413]

and 7/2+[404] orbitals in 155

Tb is the shift in spectroscopic strength
appreciable.

The importance of the vibrational quasi-particle mixing is
demonstrated by the character of the 1/2+[411] orbital. The expected
rotational spacing which is observed between the I=1/2 and 1=3/2
members in l63Ho, is not found in the terbium isotopes. Moreover,

a second K,=1/2+ band is assigned in the present work for several of
the terbium isotopes, and is attributed to a fragment of the
1/2+[411] orbital which is also mixed with a vibrationm. "The unsatis-
factor& theoretical description of these second bands (Soloviev and
Fedotov 1971), as well as the difficulty of making any assignment of
this orbital in the europium isotopes, suggest that the single par-
ticle vibrational mixing is not well understood. This.may particu-
larly apply to the l/2+[411] orbital which can mix strongly with
gamma vibrations based on either the 5/2+[413] or the 3/2+[411]

orbitals, both of which appear at low excitatlon in the europium and

+ .
terbium isotopes, and can also Coriolis mix with the 3/2" [411] orbital

and with its own time reversed state (the decoupling effect).

Of the orbitals jdentified in the present stt}dy, it is only ‘
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Figure 18

Energies of the assigned band members of the 5/2 [532] and 7/2  [523]
orbitals in the nuclei studied,
The label: a refers to the 5/2 [532] orbital
b refers to the 7/27[523] orbital

The broken lines represent the strongly mixed levels in the

terbium isotopes, discﬁssed in section 1IV.le.
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Figure 19

+
Energies of the assigned band members of the_5/2+[413] and 7/2 [404]
orbitals in the nuclei studied.
The label: a refers to the 5/2V[413] orbital

b refers to the 7/2'[404] orbital
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Figure 20

Energies of the assigned band members of the 3/2+[411] and 5/2+[402]
orbitals in the nucleil studied.
The label: a refers to the 3/21[411] orbital

b refers to the 5/27[402] orbital
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Figure 21

Energies of the assigned band members of the 1/2+[411] orbital and
fragment.
The label: a  refers to the 1/21[411] orbital

b refers to the 1/2+[411] fragment observed
' in some of the terbium isotopes (see

section IV.1g)
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Figure 22

Energies of the assigned band members of the 1/27[541] orbital.
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the appearance of the 1/2 [541] orbital in the lighter terbium isotopes
that is contrary to the expectations of the Unified Model. The rapid
change in energy with deformation that is calculated from the Nilsson
model, is not observed in the terbium isotopes. It is for this

reason that the assignment of the 1/2 [541] orbital in 155Tb and

157Tb is conéidered tentative. Certainly, the rotational spacings
(fig. 22) and the fingerprints (table 16) are very reasonable. In
general the character of the states above ~1 MeV excitation is not
well described by the Unified Model. These excitations are influenced
by effects that are neglected in the model, and it is possible that

these effects have perturbed the position of the 1/27[541] orbital in

the terbium nuclei.




APPENDIX

In this section, the theory of the Distorted Wave Born Approxi-
mation for the calculation of reaction cross sections is outlined. The
discussion will be directed toward single particle stripping reactions.
No detailed mathematical developments will be undertaken; these can be
found in the references cited.

The differential cross section to ge calculated by the DWBA theory

is defined in terms of the measurable quantities:

Nb(ﬂ) the number of particles b, scattering into solid angle Q
per sec.,
Ja : the number of incident particles a per sec.,
N the number of scattering centers (nuclei) per square
centimeter, '
as dog = Nb A.l
daQ NJa

The exact expression for the differential cross section of a reaction

from an initial system with incident particles a, to a final system with

particles b scattered into solid angle @ is given in terms of the quantum

mechanical transition amplitude Tab by:

ES. _ ..uaAub.ka sz : N
@ ()’ K
where ﬁa = MaMA/(Ma + MA) and k_ = uava/ﬁ

123
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Ma is the mass of the incident particle
M, is the mass of the target nucleus

v, 1s the velocity of particle a in the center of mass
system

A similar definition applies to by and k.
(See Messiah, 1966, Chap. XIX.)

The exact expression for the transition amplitude '1‘ab is given by:

+

+) _ (+) -
where H Wa = E Wa and (H-V) Qb = E ¢b

H is the total Hamiltonian of the system including all

channels of the reaction (a,b etc.). W§+) is the eigen-

function of H with incident plane waves and outgoing
spherical waves at infinity. & is a solution of the
Hamiltonian after the reaction (plane waves at infinity

scattered into solid angle Qb.
Intuitively, this may ndt be apparent. The transition amplitude should
depend on the rate of change in the overlap of the total time dependent

wavefunction with that of the final state:
T, 4 <<I>b(t)| ¥, (£)>
dt .
This has been shown by Gell-Mann and Goldbérger (1953) to reduce exactly
to A.3 (which contains only the time independent wavefunctions.

The potential in A.3 is the interaction of the particles of b with

all the particles of the residual nucleus. This can be separated into

an average potential V£ and the residual v. The Distorted Wave Born

Approximation consists of replacing A.3 by:

C - +
T, = <xb| v | Xy >

A.4
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Wherg xgkis a sqlution of the Hamiltonian with the average
potential v%’ and has incoming spherical waves at infinity.
This is the distorted wavefunction of particle b.
Similarly; - x: is the distorted wavefunction of the initial
system and is a solution of the Hamiltonian with the
potential V;.

A fairly clear description of the steps between A.3
and A.4 is given by Glendenning, 1963.

Basically, the Born Approximation consists of the replacement of
the exact wavefunction for scattering by potential V, by a known wave-
function which is a solution for scattering by po;ential'v (% V). This
is valid when V-V is small compared with the particle energy over most of

space, and should be true for the expected short range residual nuclear

potential. (See Messiah, 1966, Chap. X).

Necessary also in the approximation of Tab (A.4) for the present
considerations, is that coupling with other channels is small (i.e. the
wavefunctions of channel a and b are not strongly affected by any other

channel). This is sometimes not valid for the incident channel which can

couple strongly to inelastic excitations of the target. Some coupled

channel calculations have been done, but are too complicated to be

considered here.

The nature of the transition is assumed to be a direct reaction.

- This is a process in which only a few particles are involved. Thus,

the residual interaction between the core nucleons (those that are not

directly involved in the reaction) and the unbound particles can be

the interaction in question is that

neglected, For a stripping reaction,

ction
between the scattered particle and the target nucleus. Such an intera
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cquld cause cqllective excitatiqn qf the nucleus. Thus, the potential V
used for stripping in (A.4) would bé that between the transferred and
outgoing particles.

There are two other important assumptions. First; the e#change
effects. which are ekpected to be small between the bound and free pafticles,
are neglected. Secondly, the nucleus and the potentials are assumed to
be spherical. The latter is generally not of importance for deformed
nuclei as the ensemble is not aligned, and the aspherical effects will
be averaged out for the distorted waves. For a particle transfer reaction,
the effect of a deformed potential for the transferred particle was studied
by Rost (1967) using a coupled channel calculation and for heavy nuclei was

not found to be significant.
The case of single particle stripping will now be considered.
Analysis of pick-up reactions and inelastic scattering which can also be

treated ﬁsing a DWBA calculation can be found, for ekample, in Bassel

et al. (1962). As well, only spin independent nuclear potentials will

be considered. Spin dependent potentials can be treated if the distorted

wavefunctions are replaced by spin matricies, but the discussion becomes

obscured with the mathematics (See Satchler, 1964).

The conservation of angular momentum and the symmetry of the

reaction system require that the particle transferred have a good total

angular momentum j and parity T. Thus it will be found in a state ¢j£

(with good total and orbital angular momentum) which is assumed to be

determined by the average potential exhibited by the target nucleons.

(Since this bound particle has a good % and j, unlikg the distorted waves
which are composed of many 2's and j's, it is trivial to treat the spin



127

dependence of this potential

| There are two further assumptions about the initial and final
channels. The distorting potentials.(the nuclear optical potentials)
ere assumed to be local (momentum independent). Realistically, the
potentials are non-local; and correction for this effect can be made in
the local energy.approiimation by multiplying the local wavefunction by
[1- 82 m \7(1:)/(21’12)]1/2 where B is the range of the non-locality and
V(r) is the local optical potential (see Stock et al., 1967). The wave-
functions are also assumed to be separable such that for the reaction

A(a,b)B where a = b + x and x is the stripped particle:

JM JM _ J
I I R L 3K W o NE

where { is the solution to the Optical Model potential

and ¢ 1s the internal wavefunction of the particle.
As mentioned earlier, the exchange contributions of the wavefunctions
are expected to be small between the bound and free particles and are

therefore neglected. Thus one has:

<y ¢ ¢ BB |y | ¥ $a"a ¢2AMA > A

Tab a b b B bx! a a

From the nature of the direct reaction process, the final wave-
function of the nucleus ¢BﬁMB can be expanded in terms of the target
and stripped particle wavefunctions:

BMB
Z <3 M, dm | IgMg> Bgz

where sz is the coefficient of the overlap of the

J M

¢A A.7

jzm

states and is the square root of the spectroscopic factor for stripping
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M |
. into.-aAstate.q,i B This wavefunction can.be written;

4m Am, sm
- ¢i = 1zn:m< R,mk o | m> ¢ "
. . N
- Z <£m sm | jm>Uj" "'“‘2. x | _ '. A.8
m mz : x . .

y
where-UJ 1s the radial wave equation for particle x in
m
nucleus A, Y is the spherical harmonic and Xx ® is the spin function of
the transferred particle. Similarly the wavefunction of particle a can

be written in terms of particles xand b @

JM . sm
aa x be ,
¢ = Y <IMosm| IMSV 0T b A.9

a Mo
5. '

In this case, ¢ = ¢

: x bx

S state of motion with respect to particle b (i.e. ¢bx = ¢bx(1=0)). This,

s .
xmx, as particle x is assumed to be in a relative

for example, neglects thé D state admixtufe to the S state in the deuteron
s_ .
ground state wavefunction. )g‘x is the spin wavefunction of particle :5' in

particle a. ¢bx is the solution to the Hamij.tonian (Tbx + V ) ¢bx = E d’bx
vhere va is the potential between particles b and X, and 1t is found also
in A.6, the transition matrix element. The coefficient Vg is a measure of
the overlap of the wavefunction of'b and x with a.

If the expressions A.7, A.8 and A.9 are placed in A.6, one obtains:

T, = % Bsn Vx > ,<JAMA'jm|JBMB> <tm,s ;| jm>

ab m,mg My

(—)J . -~ Al
X Ty 5xs | J'aMaij‘le (rb) Uiz (rx) Ym?z (gx) Vbx(rb—rx)

e . g . +) >
¢bx(rb-?x) . )(ra) A.10
I
The orthogonality o of the internal wavefunctions Xx 7- ¢A and
The sum over ‘

J .
¢bbnb has been.used to eliminate' them from 'the expression. 1

PRI IR TP AR
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Jj and & inA.10 is. requ;l.red as the state into which particle x {s stripped
may not .be one of good j and & as assumed by eqn. A. 7:. |

- To obtain the differental cross section using A 1 and A 10, it
must be noted that the transition has been calculated between particular
magnetic substates of the initial and final nuclei. As the initial
population of the magnetic substates (M ) should be totally random, the
cross section must be averaged over these initial states, i.e. g; o<
l}{:A T2/ (2J +1). It must also be summed over the final substates (M'B)

since the reaction may lead to any one'of them. A similar argument

applies to the substates of the projectile and scattered particle. Thus:

2

’ff. - _"_8_311_52 | Z Tab A.10'
dn @m?)? & (23,+1)/(23 #1)

MAllll.’.mamb
From the orthogonality property of the Clebsh-Gordan coefficients (see

Megsiah, 1966, Appendix C):

, =Jn=M
Z <I M jm | IMp><J My J'm' | IgMg> = (-l)j ’ A.g;-nﬁi ER 6

the cross terms expected from the square of the transition amplitude with

different j, %, s or m are eliminated, and the sum over g and m of

. '_j_m .
the second Clebsh-Gordan coefficient in A.10 gives (-1)* ' (24+1)/(28+1)

Thus: m, 9
" 2 2 o4 U, % Al
cdo .omg My Ry Vg Z 85 g 281 ]
a im ‘ 2941
@ o)’ K, Jhm et ) (2

‘ )
= / )2 (r ). U:l (r, ) v* "(9 ) Vb (rbx) ¢bx(rbx) ¥, (r )
' | A.12

._and 3:2:‘

i
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One shquld note that had the spin dependence been included in the
distorted waves, the major difference would be that the sum.over the
magnetic substates m, and mB could not have been calculated as simply, but
would depend on Eg = éslsgmamb'- The terms used in this development are
not necessarily the same as those used by others. They generally differ

in the grouping of the statistical factors and reaction constants.

: - m
This next section concerns the evaluation of dsz:j (A.12). The

distorted waves wé-) and ¢;+) are the solutions of the Optical Model

potentials. These potentials as used in DWUCK (Kunz, 1967) are written:

- ' -
Uy = U (1) +V (D) T+, d (FHD 1 A.13
¢ d 3z
where Uc(r) is the Coulomb potential and is
2 1/3
Z,2 e /x for r rocA
2 2 1/3
, ZAZae [3 -~ r ] forr rocA ,
1/3 1/3,2
(ZrOCA ') (rocA ")

x = (r - roA1/3)/a a is the diffuseness of the

1/3

nuclear surface at radius roA s

Wd is the imaginary surface potential,

V is the volume potential (the maximum depth of the

~ Wood-Saxon potential).

The Hamiltonian with the Optical Model potential (A.13) can be solved

a partial wave expansion:
¥*
M

for the distorted wavefunctions by using
' 1 L M

' ¥L, o @ a,n a ap 14
Z 1ay T C(E) Y. (k,) xLa(kara) A.

kara
LaMa

where X, is the radial wavefpnction and a solutdion of:



—
[
—

LoL2 2 :

'1"—"' < - / = .

[ ¢ 5 f ! +  U(r) ‘ lL$w¥§$—l—l 1 x, = 0 A.15 i

dr : r . . f
ad % =0, 9.0 K =@ , 00
a Ty’ 'ty a ™ Wiy iy

(Sce Bassel et al,, 1962) ;
TFor the expansion of the distorted waves with a spin dependent potential,
see Satchler (1964).

To evaluate Uiz, the bound state radial wavefunction of the trans- i
ferred particle in the final nucleus (eqn. A.12), it is assumed that the
interaction between the particle and the target nucleons can be treated .
as an average potential (an Extreme Shell Model approach). A Hartree-

Fock approach to a self-consistent solution for Uiz (a coupled channel
calcﬁlation) is discussed by Pinkston and Satchler (1965). This approach
was also taken by Rost (1967) to account for a deformed potential. 1In

the usual ﬁethod, Uiz is evaluated as a solution to a Wood-Saxon potential
with a Thomas spin-orbit term. The binding eﬁergy of the state in the well

is determined from the Q-value of the reaction by:

Bea = B T A.16
where Bb% is the binding energy of particle x In the
projectile,
The Thomas spin-orbit term is given by Vé"A" ' g_(ex+l) I.5

45,2 r ar
) is the factor required to describe the nuclear

where
spin-orbit splitting,

and the other terms are the same as in A.13.

sz is determined numerically. The potential well depth is varied until
x

the calculated shape of the wavefunction within the well is matched to
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the known exponential shape (determined by the binding energy BxA) of the
wavefunction outside the well.. An outline of this procedure is found in
the article by Buck and Hodgsen (1961) N, the major oscillator quantum
number (which is assumed to be good) is included in UizN in order to
determine the number of nodes in the radial wavefunction. It is usually
chosen to be the same as that of the Shell Model state expected to be
populated by a given j and { transfer.

Vbx and ¢bx still remain to be evaluated in A.12. The usual
potential and wavefunction used for the stripped particle in the incident
projectile are those proposed by Hulthen and ‘Sugawara (1957) (although

the analysis has been done with considerably more sophisticated ones-

Lim, 1969):

v ) = -E @) T - %) A.18
2m
by (T = | (2&8(&+B))1/ 2/ (g-a)] (€ - e P /x ‘ A.19

where g and o are the short and long range parameters
respectively of the nuclear potential, and can be determined from the

properties of the excited and unbound states of particle a. This is

considered in detail by Hering et al. (1970).

In principle, equation A.12 can now be evaluated. However, it

is a six dimensional integral in T and Ty . The conventional simplifi-

cation is the zero-range approximation, which assumes that for the inter-

action, the distance between b and x 1s zexo. That is Vbx¢bx =D 6(rbx).

Perhaps it is simpler to say that the other terms in A. 12 vary sufficiently

slowly 'so that the integral D J/ Vi (r ) ¢bx( bx) drb ' 4.20

can be extracted to give:

TR T AR

ORI T
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R, i} Dkﬂlz - D ‘(")()z"m&(e)‘ﬁim @
“48) i) A "' 2! Ux () v, " (x) dr A.21

When'the'distorteﬂ'waveS'are expressed in terms of the partial waves
(A,14), the expression A.21 can be reduced to a number of one dimeﬁsional
integrals of the form:

- JaN
IFALB g’/[l XLB” Ux xLA er where the angular terms

‘which contain 6, the scattering angle, have been evaluated explicitly
(Bassel ggﬂgl., 1962). These expressions can be solved numerically.

A correction to the zero range approximation, which can simulate
a finite range calculation (a six dimensional integration), can be made.
It is based on the effective mass approximation, and consists of intro-
duciné aterm (1+ [(6/8)2/Bb*]( Ua(r) - Ub(r) - ﬁx(r) - Bbx))-l into
the integrand of equation A.21 (the U's are the various optical potentials,

and B, , a and g -have been defined previously). See Hering et al.(1970).

bx
The cross section from A.1ll can now be written:
2 283 f
; A B ..C (8) (2s+l)

do(6) - N Z ~'g jL W A.23

+ 2 i
dg Y 23,+1 (24+D

et
where ODsj(B) u "B"" a E: )ngj"'(zj+l)

@ nd)? kb (2s+1) (20+1) (2s+1)
and is the expression evaluated by DWUCK. ;

N =*v2 Dz; the normalization constant for the particular

reaction. Its evaluation is discussed by Hering et al (1970), but there

doés not seem to be a general agreement on the values obtained for complex~ -
i‘l

s authors ( eg. Kunz (1967) and Hering'gg;gl. (1970)) .

particles by the variou
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