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An experimental study of the low-lying levels of the

151

nucleus Sm has been made using the single particle transfer

152 lssz(3He,&)151Sm

lSZS 151

Sm(d,t)lslSm, 2)
151

reactions 1)
150

’

Sm (dlp) lSlsm ¢ 4)

151 150S

3) sm(d,p) m, 5) Sm(d,t)lSOSm

and 6) Sm(3He,u) m. Also,inelastic scattering and

Coulomb excitation experiments were performed on targets of
151Sm. The 'information obtained from these experiments when
combined with the results of previous studies of the decay of

lSle, has allowed definite spin and parity assignﬁents to be

made for about 15 levels in 151

Sm, and has put limitations on
the possible assignments for several others. The level scheme
obtained is compared with the predictions of the Nilsson model,

including the effects of Coriolis and AN=2 mixing.
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CHAPTER I

INTRODUCTION

1.l Some general remarks on the problem

Our inability to solve many-body problems and our
limited understanding of inter-nucleon forces has meant that
theoretical descriptions of nuclei have been restricted to
the construction of models. The most successful of these
has been the shell model, in which nucleons are considered
to move independently in orbits defined by some common
average potential. In other words, the force on a nucleon
as derived from this average potential approximates its interac-
tion with all other nucleons in the nucleus.

In some reqions of the periodic table (in particular
those nuclei with nucleon numbers at or near the so-called
magic numbers), the nuclei appear to be spherical in shape
and the potential used in these shell model calculations is
isotropic. On the other hand, nuclei with proton or neutron
numbers far from the magic numbers, in particular those in the
rare earth and actinide regions of the periodic table, have
large permanent deformations. Evidence for this is found in
the appearance of rotational bands in their low-lying level

spectra, and the large measured quadrupole moments of these

levels,

In adapting the shell model to nuclei with such large




deformations, one may make the approximation that the shape

is stable, and that rotations of the nucleus as a whole are

sufficiently slow that they do not disturb the orbital motions

of the individual nucleons in the nucleus.

When this adiabatic

approximation has been made, the nucleon orbits may be calcu-

lated in the same manner as for the spherical cases, except

that the potential used is non-isotropic.

This model (generally

known as the Nilsson model) has given good descriptions of an

impressive number of nuclear properties;

its successes are

so well known they need not be further discussed here.

For nuclei in which the deformation is less well

developed, it is not clear that the intrinsic particle motions

will be independent of the rotational motions, and one might

expect very complicated nuclear spectra to result.

Behaviour

of this sort would be most evident in the case of nuclei with

odd numbers of neutrons and/or protons, as these nuclei have

low-lying particle states at about the same energies as the

rotational states.
The onset of deformation
one adds nucleons to a nucleus.

occurs at neutron number N = 89,

spectra of the N = 88 and N = 90

as taken from the compilation of

150 +

Sm, the 0+, 2, 4+ triplet at

may occur very rapidly as
A prime example of this

Figure 1lshows the low-lying

. 150 152
isotopes 62Sm88 and 628m90’
Lederer et al (1968). For

twice the first 2t energy

typify the vibrational excitations of a spherical nucleus, while
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. 152 .
in Sm, the low lying 0, 2, 4, 6+ levels form the ground

state rotational band characteristic of a well deformed
nucleus. One might then expect that the nucleus 151Sm, lying
between these two, will exhibit characteristics of a semi-~-
deformed nucleus and will perhaps not be well described by
the adiabatic Nilsson model.

Recently, the applicability of the Nilsson model to
nuclei in this shape-transition region has been tested by
various researchers. For example, Borggreen et al, (1969)

155Gd are well

have shown that the positive parity levels in
described by the adiabatic Nilsson model if the calculations
include Coriolis and AN = 2 mixing. (These effects are described
in a following section.) A.similar study of an isotone of

1513 153Gd, has shown that the positive parity levels

m, naﬁely
in this nucleus may be qualitatively described by the Nilsson
model, but quantitatively the agreement is not as good as for
155Gd (Lgvhgiden et al. (1972)). 1In this work, it was
postulated that deviations from a pure rotational model were
present. It would be of interest to determine whether the

Nilsson model with AN = 2 and Coriolis effects included is

capable of describing the spectrum of levels of lSlSm.
The experimental information that is available on 15]‘Sm
comes mostly from studies of the decay of 151Sm (e.g. Burke

et al, (1963), Bertelsen et al, (1964)). While a great number of

low-lying energy levels have been established in lSlSm, until

recently spins and parities for none of the levels had been




established. Two single-particle reactions had been performed

leading into this nucleus: 1) 150 151

15

sm(d,p) Sm (Kenefick

et al. (1965) and 2) 2Sm(d,t)ISlSm (Tjgm, 1968), but not
too much detailed information was obtained from these.

The experimental proéram that is the subject of this
thesis was centered around a series of single particle transfer
reactions, inelastic scattering experiments and Coulomb excita-
tion experiments. A list of the experiments performed, and the

reasons for doing these experiments is as follows:

151 151

15 Sm and Sm Coulomb excitation

1) lsmea,a

In general, inelastic scattering and Coulomb excitation
processes tend to populate levels closely resembling the ground
state of.a target nucleus.‘ In odd mass deformed nuclei, the
first two excited members of the rotational band based on the
ground state are populated stronély. If 151Sm were deformed,
these experiments would be expected to indicate which of the
many low-lying excited states in this nucleus belong to the
ground state rotational band.

151 15 1

. 15
2) The reactions 15OSm('d,p) sm, ZSm(d,t)
152Sm(3He,a)15'lSm

Sm and

These single particle reactions transfer a neutron
into or out of the target nucleus. The (d,p) reaction therefore
tends to populate low-lying particle states in the final nucleus,

while the (d4,t) and (3He,a) reactions tend to populate the hole




states. For the case of single neutron transfer reactions

leading into 151S

m, a further differentiation between the
states populated in the stripping and pick-up reactions must
be considered. It has been suggested (Kenefick et al, (1965))
that the level spectrum of 151Sm may contain levels due to
both spherical and deformed nuclear configurations. The (d4,p)

150

reaction (on the spherical nucleus Sm) would, according to

this suggesticn, tend to populate the spherical levels in lS.lSm,
while the (d,t) reaction on the deformed nucleus 1528m would
populate the deformed levels. As mentioned above, reports on
these two reactions have been published. It was decided to
repeat these experiments as targets of exceptionally high
purity were available, and it was also possible that better
resolution would be achieved. Also, angular distributions could
be obtained for the (d,t) experiment. These distributions are
often sufficiently distinctive as to yield the f&-value of the
transferred particle, therefore determining the parity of the
level and restricting the possible spin values to either

2+1/2 or &-1/2.

The reaction 152Sm(3He,0L)lSlSm also removes a neutron
from the target nucleus, and in this respect is no different
than the corresponding (d,t) reaction. But (3He,a) reactions
favour population of states in which large f-transfers are

involved, contrary to (d,t) reactions, which favour low 2-

transfers. The two reactions thus complement each other nicely,

i



as one will populate levels of high spin and the other levels
of low spin. Also, the ratio of the intensity of a level popu-
lated in the (3He,a) reaction to that of the same level popu-
lated in the (d,t) reaction gives a second, independent means

of determining the 2-transfer to that level.

c
lJlSm(d,t)lSOSm, 1SlSm(3He,a)lEOSm

lSZSm

3) The reactions
L5lsm(a,p)

and

These reactions on the target nucleus 151Sm may yield

151Sm. The

information on the ground state wave function for
predicted cross-sections for states of known configuration in
the final nuclei depend on the wave function of the target

nucleus.

During the course of this.work, two other groups of

researchers at this laboratory undertook experiments on 151S

m.
Robertson et al. (1971) have measured the ground state spin
using a paramagnetic resonance technique. A second group has
undertaken a complete re-examination of the decay scheme of
lSle, using very high resolution Ge(Li) detectors and coinci-
dence techniques (Cook et al, private communication). This
same group has also studied the decay of an isomeric state in
151Sm. The information available from these other researchers
has been most useful, and reference is made to their studies

throughout this report.




CHAPTER II

THEORETICAL BACKGROUND

2.1 Nilsson model

In the shell model description of spherical nuclei,
the force on a nucleon is derived from an average isotropic
potential. The orbitals of a particle in such a potential
well are calculated, and nucleons filled into these orbitals.
In the extreme single particle model, it is assumed that the
properties of an odd mass nucleus are given by the characteris-
tics of the orbit of the last nucleon; that is to say, the
first A-1 nucleons form an inert core to which the last nu-
cleon is coupled. This model is extended to greater degrees
of complexity by putting fewer of the A particles into the
inert core and considering the effects of "residual" interac-
tions between the valence nucleons that are coupled to this
core. These residual interactions tend to distribute the
actual nuclear wave function over many of the calculated single
particle orbitals; nuclear states so described are said to be
"configuration mixed".

For a deformed nucleus, rotations of the nucleus as a
whole can take place. The intrinsic orbitals in such a de-
formed nucleus are calculated in much the same manner as for
spherical nuclei, except that the potential from which the

force on a nucleon is derived is non-isotropic. In this case,




the intrinsic spin J of the nucleus (ie. the spin of the
nucleus as measured in a system of axes fixed to the nucleus)
is not constant, and the total nuclear spin I (which is of
course conserved) consists of_a vector sum of the intrinsic
spin and the rotational spin. For a nucleus with one axis
of symmetry (defined as the 3-axis) the diagram below gives

the angular momentum coupling scheme

ST e

T»A

d

g A

The vector R describes the rotation of the nucleus as a whole
(which has no component along the axis of symmetry) and the
- .
total spin I is given by .
I=3+R.
The projectionsof T and J on the 3-axis are constants of the
motion and are equal, if the nucleus has an axis of symmetry,

and are labelled K.

The Hamiltonian for the system may be written
H=T_+ H, + H
r

where Tr describes the rotaticnal energy of the system, Hy .
gives the intrinsic energy, and Hc in some way describes the
influence of the rotations on the intrinsic orbits. (There is‘

much confusion about the nature of Hc as the_rotational kinetic
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energy T also contains a term which in effect couples the
rotation of the nucleus and the intrinsic states, as is shown
below). If one is to calculate intrinsic orbitals using a
potential of given deformation, then it follows that the par-
ticle orbital motion must be very rapid compared to the
rotational motion of the nucleus itself. If this adiabatic
condition holds, then one may use the shell model approach
with a fixed potential; H, is small and may be neglected.

The term Tr may be written as
2

1.2 3 Rx
Tr=§"ﬁ z _

x=lf;&

where'*é is the moment of inertia of the system along the x

axis. For a nucleus with one axis of symmetry, and using the
R

relation R = 1I-J, this becomes

2
_wmc 2 2 2
T, = 5 {1%43%-21,

- é(f-3-13J3)} .

The last term couples the rotational and intrinsic
spins in a manner analogous to the classical mechanical Coriolis
force, and is given the name Coriolis coupling.

The term J2 involves only intrinsic coordinates and
may be conveniently buried in the intrinsic part of the
Hamiltonian. The total Hamiltonian may then be written

A2 2 2

= 2 G- !
H = 5# {1%-21, 2(IJ I3J3)} + H

int (Hc=o)

Apart from the Coriolis term, an eigenfunction of this Hamiltonian

is T K

I _
Yy = Dyuk d>int
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I .
where D (the standard rotational D function) and ¢K
MK in

¢ are
defined by
2. I I I I ! K K
1D, = I(I+l i = ; =
MK (I )DMK’ I3DMK KDMK and H:Lnt <"int Eint¢int

The total energy of a nuclear state, neglecting the
Coriolis term, is then

E_ = E +”112 I(I+1)-2K?%]
T int 77 [ ‘

If the total intrinsic energy E, may be subdivided

nt
into the energy of the nucleus in its ground state plus the

energy of the excited state

Eint © Eg-s-+ €3

then one may write an expression for the energy of a member of
a rotational band as measured with respect to the ground state,
which is in practise what is measured in experiments

2
T A 2
EK = €i + ﬁ {I(I'*‘l)"ZK }c

In the shell model formulation, excited states may result from
the transfer of a nucleon from one orbital to another, and
thus in these cases the excited state energy € above may
be calculated from the Nilsson model. -

Following the original calculations of Nilsson (1955)
the intrinsic orbitals in this model are determined as follows:

the nuclear radius is given by the expansion

r = ro(l + BZYZO)
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where B, gives the deformation and Y50 is a spherical harmonic
If one assumes that the equipoténtial surfaces are deformed
invthe same way as the nuclear surface itself, and one chooses
the harmonic oscillator for the form of the potential, the par-
ticle Hamiltonian is given by

2

- P 1 2.2,,_ s s
Hy = 5o+ 5 omo “r®(1-28,Y,.) + c?s + pt.2

where the last two terms are introduced to reproduce the
spherical shell model calculations in the limit 62 = 0.

The eigenstates are calculated using as basis vectors
the set of eigenvectors of the isotropic harmonic oscillator

Vg = ?2 €32 Ong

where wK is the deformed intrinsic orbital and ¢N£j the set
of basis vectors. The expansion coefficients Cjﬁ characterize
the individual orbitals thus calculated. These'orbitals are
labelled by the quantum ﬁumbers which describe the system at an
asymptotically large deformation., These labels are written
Kn[Nn3A]. Here 7 and N are the parity and major oscillator
number, while K and A are the projections on the 3-axis of I
and the orbital angular momentum &, respectively. The guantum
number n, refers to the number of oscillator quanta aloné the
symmetry axis.

Lists of wave functions and energies for these orbitals
have been tabulated in convenient form (eg. Chi (1967)) and

include diagrams of the energies of the orbitals as a function




i3

of deformation (the so-called Nilsson diagram). An example
of such a diagram is given in Figure 2. This is the ap-
propriate diagram for Nilsson model neutron orbitals for

151Sm. The

82<N< 126, and thus is applicable to a study of
original calculations (Nilsson (1955)) did not include  the
effects of mixing between orbitals of major guantum numbers N
differing by two units, as these effects were shown to be small.
even for certain N = 4 and N = 6 orbitals which were expected
to lie very close in energy. It has since been found that
the interaction between these orbitals can indeed be significant
(c.f. Kanestrgm et al.(1971)).

The single particle energies calculated from this
model must be modified to include the effects of pair corre-
lations éf the nucleons. (The application of pairing theory
to nuclei is reviewed by Nathan and Nilsson (1965). Here,
just the results which are of importance to this work are
mentioned.) The pairing theory defines a definite probability
V2 that a given orbital will be occupied by a pair of nucleons.
The probability of finding the orbital empty is Uz, and, of
course U2+V2 = 1. Unpaired nucleons occupy definite orbitals
(ie. the probability of finding the odd nucleon in a given

orbital is unity). The observed single particle excitation

energy relative to the energy of the ground state is given by

= Sl 12,42
= JQEi—A) +A /rkeg

—A)2+A2
Is.

€q.p

ZENE e
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Figure 2

ilssz

13/2(509)
1172 (615)
9/2(624)
7/2 (333)
5/2(642)
372 (851)
172 (880)

h 9/2

9/2 (5085)
7/2 (503)
572 (512)
372 (521)
172 {530)

f7/2

7/2 (514)
S/72 (523)
372 (532
172 (541)

hil/2
1172 (503)

03  -02 -0l 0.0 O 0.2 03
DEFORMATION @

Nilsson diagram for neutrons in the N = 89 region .
The orbitals of intercst to this study are listed on the right.
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where € and eg.s are the Nilsson single particle energies
for the excited state and ground state. The parameter A
gives the Fermi energy of the nucleus, and A is a measure of
the pairing strength. The effect of the pairing force is to
lower the energies of the single particle levels with respect
to the ground state.

The Coriolis term, which has been neglected up to now,
may be shown to mix states for which the X numbers differ by
one unit (eg. Kerman (1956)). The eigenfunctions of the com-
plete Hamiltonian may be written as sums of the functions wK.

The effects of both the Coriolis term and the AN=2

coupling may be determined by constructing and diagonalizing

a new energy matrix, in which the diagonal terms are

2
E = ¢ +h

2 I+%
qop. t o (T -2k 485, a(-1) 7 I+ b .

The off-diagonal Coriolis terms are given by

K+l _

2
K M

- + x
<¢I|vCoriolis|wI >= I Y {I-K) (L+K+1) (UKUK+l v,V )

K'K+1

K _K+1
? C52C50

Y (3-K) (3+K+1) .

It turns out that the calculation of the AN=2 elements is’
extremely sensitive to the form of the potential used, and
the usual procedure is to use empirical values for these
elements.

The Nilsson model has given very good predictions for
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the properties of a large number of nuclei, and one must con-
clude that in such cases the adiabatic assumption made at the
outset is certainly valid. Complete Nilsson calculations
which include Coriolis and AN=2 mixing have shown that this
model can also describe levels in nuclei near the shape transi-
tion region even though these levels do not exhibit the I (I-+1l)
rotational spacings characteristic of deformed nuclei, (eg. the

153,155

positive parity levels in Gd) .

An empirical modification to the rotational model has
been proposed which to a certain extent provides a smooth
transition between the spherical and deformed nuclear models
(Mariscotti et al. (1969)). In this model, the moment of

inertia of the nucleus is considered variable, and the energy

of an excited band member is given by

' gy
i Jy2 [
E; =5 c(\,/I-—eo) + —J—NI I(I+1).

(i

Here, the moment of inertia .. is a function of the total spin

=T
I, and C is a "restoring force constant". A "softness para-
meter o is defined ‘as j
B e |
r.J"IaI

and in effect is a measure of the extent to which the rotatio-
nal motion is adiabatic, ie. for ¢ = 0,:/; = Dé and the motion
is completely adiabatic. 1In this model, when ¢ > 0, the
rotational and intrinsic motions would not be independent.

This model has been shown to give extremely accurate

predictions for the energies of the excited levels of not only

d
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well deformed nuclei, but even for nuclei previously be-
lieved to be spherical. It is not too clear how one would
obtain the equations above from fundamental considerations,
but it is perhaps possible that it gives an approximate so-
lution to the problem in which the assumpi:ion of adiabatic
motion is invalid and the term Hc may not be neglected. One
would expect that the intrinsic states in the nucleus would
be profoundly affected by large changes in the moment of iner-
tia, as this in effect is a change in the deformation of the
potential well. No theoretical information on this problem

is yet available.

2.2 Single particle transfer reactions

Nuclear reactions which directly transfer a single
nucleon into or out of a nucleus can yield a great deal
of information on the intrinsic states in that nucleus, since
the probability for transfer of a nucleon is directly depen-
dent on the wave function of the orbital which gains (or loses)
the nucleon. 1In this section, a very gqualitative description
is given of the theory which relates measured cross sections
to nuclear structure. No attempt will be made to be rigorous.
Exhaustive treatments of this theory have been given by
Macfarlane and French (1940) and by Satchler (1958,1964) and
the reader may refer to those articles for the details. Here,
the general approach is given in outline form, and the main

assumptions and approximations in the thecry are mentioned.

e

e LT A
CRARORY SIS
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Following Satchler, the differential cross section
is written as

o MiMg £
(27H°) i

Q

2

12

Qi

where My and He are the reduced masses of the incident and out-
going particles, ki and kf are the corresponding linear momentaand
Sgs is the transition amplitude. The summation includes an
average over the initial spins and a sum over the final spins.

The transition amplitude Sfi is given by

Sgy = <¢f|vp|¢i>

where ¢f and ¢i are complete wave functions describing the
initial and final systems, and Vp is the perturbing interaction
causing tpe transition. The assumption is made that this
transition amplitude may be written for the reaction T(A,B)F

as
S = w* * XoXm@Tq AT
fi in XAXTprou ¢ "BYFT L n

where Y., and ¢ . describe the motion of the incoming and out-
in out

going particles with respect to the nucleus, ¥  and Xg are

A
the internal motions of the incoming and outgoing particles,
and XT'XF are the wave functions of the target and final nu-
clei, respectively. In the laboratory system of coordinates,
the individual particles are transferred with a definite 2-

value. If i£ is assumed that the transferred particle enters

into a single particle orbital in a spherical nucleus without
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appreciably disturbing the "core" of the nucleus, then one
may write the wave function for the final nucleus as a product

function

Vp = gy Xp
where ¢N£j is a spherical particle orbit and Xp1 describes
the rest of the nucleus. The approximation is then made that
the product of Vp and the internal wave function of the in-

coming particle may be replaced by a delta function

VpXp = P8z g=%p) .

This requires the outgoing particle to be emitted at the point
at whicﬁ the incident particle is absorbed. The size of the
constant’DO depends on the wave functions used for Xp This
factor determines the absolute magnitude of the calculated
cross-sections; for some reactiohs (eg. (4,p)), the size of

Do may be calculated accurately, for others, empirical values

are used. The expression for the transition amplitude may

then be written (omitting vector coupling coefficients) as

Sfi = Do I wTwF“irnucleus J win¢N£jwouth :

In this expression, the term

f wTwF'dTnucleus

contains most of the nuclear information. Apart from the fac-
tor ¢N£j’ the rest contains details of the mechanical transfer

process. The expression for the differential cross section may

id
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then be re-written as a product of the terms

do 21f+l

= z=——~ L S, 0,(6)
dq 21i+l 3 L8

where S |2 and all other terms including vector

o = fogipiar
coupling coefficients are lumped into the factor 02(6). In the
expression above, Ii and If are the initial and final spins;
the ratio (2 If+l)/(2 Ii+l) results from the average of initial
spins and sums over final spins. This formula gives the cross
sections for single particle transfer reactions on a spherical
nucleus.

For a deformed nucleus, the single particle orbits are .

given by the Nilsson model as a sum of spherical states. In

the body-fixed coordinates of the nucleus

¢Nilsson ; C,

je I
where the prime indicates the body-fixed coordinate system.

g ®Ngs

In order to get this function into the laboratory system, one

makes use of a rotation operator, and

z

. .
J
¢Nilsson g. 38 Cjz Dm'm ¢N2j

For the deformed nucleus, the initial and final wave functions

for the rotating core are also described by D functions; the

expression for Sft may then be written for the deformed nucleus

as
4 Ii If
. = C., D: 81D 8)D (e)dar
Sei = Do J m§j2 jR mtm (6 MKi( ) M.Kg nucleus

drt.

X f IJ):i.n‘bN,Q,j Yout
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The integral over the 3 D-functions may be shown to be equal
to the product of two Clebsch-Gordan coefficients, one of
which refers to vector coupling in the laboratory system, and
is then included in the factor 02(9). Taking full account
of the various sums over initial and final spins, the differen-

tial cross section is then written

2

do _ 5 202 & (g)

a "y, £ Cy090
where g2 is a normalization factor which for the Purposes

<7
IiniAKIIfK

of this report is equal to 2 if K, = 0 or Kg = 0; otherwise '

92 = 1. The sum over % is defined by the -angular momentum

coupling selection rule

|(|1i—nl—1/2)|51f51i+z+1/2

The mechanical transfer cross section 02(6) is

02(6) =P D, [ lpin ¢NR,j Ipout dt
where P includes all the factors not given explicitly, such
as the reduced masses, linear momenta , vector coupling coef-
ficients, etc.
If one is to consider the effects of the pairing theory,
then this cross section formula should be multiplied by the
probability V2 for finding a pair of particles in the orbitals

2

in guestion, or U®, the probability for finding the orbital

empty, as the case may be. Also, the Cjz expansion coefficients

are those of a single Nilsson orbital. For nuclear states

best described by mixtures of Nilsson orbitals, the contri-
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but;gn from each must be added coherently to form the total

cross~section.

For example, in the case of a target nucleus with a
mixed ground state, the cross-section formula is
d9 -5 (5 g <1,k AK|I K >a P ont )
aq = 2 In 133Ky TeKe>a,Ciy” ort ) 0, (8)
J% n Vn
where the index n runs over all the Nilsson states in the mix-

ture and a, is the admixture coefficient for the nth Nilsson

orbital.

For the case of a single nucleon transfer on an even-

152

even deformed nucleus (such as Sm) where I, = K, = 0, the

i i
cross section formula simplifies considerably, as the final
nuclear spin is necessarily equal to the j-value of the trans-

ferred particle. Then,

. 2
do (n) | B
5= = 2(Z a_C. ory) o,(8).
d n B vy L

If the reaction populates a rotational band

f+l' If+ 2, ==

one sees that the cross section for each of these rotatio-

with members whose spins are If, I

nal band members is proportional to the appropriate wave function

gz))z, and thus, by measuring the intensities

of the members of a rotational band, one may directly deter-
’

coefficient (anC

mine the wave function of the intrinsic state if the 02(6)

functions are known. These intensity patterns thus characterize

N
GaTr R e
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" the wave function, and have appropriately been dubbed "finger-
print patterns". Measurement of these patterns has resulted
in the identification of a large number of Nilsson orbitals
in the rare-earth region, and is an extremely powerful
spectroscopic tool. For reactions on odd targets, transfers
involve mixtures of &-values, and the intensity patterns are
sometimes not sufficiently characteristic to allow identifi-
cation of the orbitals involved.

To calculate 02(6), use is made of the distorted wa&e
‘Born approximation (DWBA) model. At McMaster, the computer
code DWUCK is available to do these calculations. In this
model, the assumption is made that the incoming and outgoing
waves win and wout may be given by the wave functions descri-
bing particles scattered elastically from an optical model
potential. The function ¢N£j is calculated for a spherical
Woods—~Saxon well, the depth of which is adjusted such that the
orbital has the correct binding énergy.

The calculated functions 02(6) vary, as has been im~
plied till now, as a function of the transferred orbital an-

gular momentum % and the reaction angle 8. A simple-minded,

semi-classical argument which illustrates this dependence on 2%

and 8 can be made, and gives some physical insight into the
mechanics of the reaction process. Let the linear momentum
of the incoming particle be designated Ea’ and that for the
outgoing particle be ﬁb'. The assumption is made that the

outgoing particle is emitted at the same point at which the

incoming particle is absorbed (this is the zero range ap-

il
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proximation made previously); let this reaction take place
at some distance R from the centre of the nucleus. Since
these reactions are viewed as surface reactions, one can

associate R with the nuclear radius.

-5

If the transferred nucleon has momentum in = ﬁ kb'

a
the transferred angular momentum with respect to the nucleus
is : kn R. Then, those reactions which fulfill the require-

nent

VERHL) # % k RA
will be very much more probable than others. For any given
reaction, one may use the cosine rule to solve the equation
above for the preferred angle of reaction for various &-
transfers, or conversely, for the preferred L-transfer value
at any given angle. As examples, this approach indicates

lssz(d,t)lSlS

that for the reaction m, the preferred angle of
reaction is small for small f&-transfers,and increases as {
increases. Also, for most angles, the preferred 2-value is

lSZSm(3He,u)lSlS

% = 1. For the reaction m, the opposite
holds, due to the large Q-value of the reaction. High -
values are preferred, and the preferred angle increases as
the 2-value decreases.

While these considerations give only a very crude
picture of the readaction process, the DWBA calculations exhibit
the features predicted. Figures 3 and 4 give the oz(e)

angular distributions for the reactions above as calculated
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Figure 3.
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Figure 4.
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by the DWUCK computer program. The trends predicted by the
simple model are indeed followed.

The DWBA angular distributions for the (d,t) reaction
are quite different for different f-transfers. These charac-
teristic angular distributions make the (d,t) reaction a very
useful experimental tool. In a (d,t) reaction on an even target,
only one %-value is permitted in the population of a level of
given spin. Therefore, measuring the angular distribution-of
the level and comparing this distribution with the results of
the DWBA calculations should yield the f&-transfer, if the cal-
culations are good. In this case, the parity is given, and
the spin of the level determined to be either 2+1/2 or 2-1/2.
For odd targets, various 2-transfers may contribute to the
final level, and the angular distributions may not characterize
the %-values involved.

The (3He,a) reaction can provide a great deal of ex-
perimental information to supplement that obtained from a (d,t)
reaction., The (4,t) and (3He,a) reactions are identical inso-
far as they both remove a neutron from a target nucleus.

Since (d,t) reactions prefer particle transfers of low g-value ,

~and (3He,a) reactions prefer particle transfers of high g~

value,one of these reactions will tend to populate levels of
high spin and the other reaction levels of low spin in a

given final nucleus. Complementary (3He,a) and (d,t) reactions
may also be used to determine g2-transfer values. For levels

populated in both (3He,a) and (d,t) reactions on an even target .

N
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the ratio of the intensity of the level in the (3He,a)
reaction to the intensity of the level in the (d,t) reaction
will simply be the ratio of the 02(6) factor for (3He,a) to
that for (d,t). These ratios differ by orders of magnitude
for the different f%-values and are thus a very sensitive test
for the f-transfer to a given level. For reactions on
odd nuclei, several 2-values are involved, and the situation
becomes more complicated. The ratios of the factors GQ(S)A
may be obtained from DWBA calculations.

In this work, both these techniques for determining
2-values, the angular distribution method and the cross section
ratio method have been used to great advantage in the study

of lSlSm.

2.3 Coulomb excitation and inelastic scattering

Coulomb excitation is a process in which a nucleus
interacts with a passing charged particle through the mutual
electromagnetic field. For the case in which the energy of
the bombarding particle is low enough that it can not approach
the nucleus so closely that nuclear forces are involved, then
the interaction process can be treated exactly using present
theoretical methods, and the probability for excitation of the
nucleus can be related directly to nuclear parameters. Those
relations which are pertinent to this experimental study are
given below. These are taken from the standard reference work

on Coulomb excitation (Alder et al, (1956)) and from the thesis

SN e T Ty e S R AT
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of Bent Elbek (1963).

Transitions from one nuclear state to another through
emission of a gamma photon (electromagnetic decay) or via ab-
sorption of a photon (Coulomb excitation) are similar processes,
and the probabilities for these processes are both conveniently
discussed in terms of a "reduced transition probability". This
is essentially an expression for the transition probability
from which the influence of the transition energy has been
removed. For the electric transitions, this reduced transition
probability is defined as
1

= <y e v
21i+l MiMf £ T1

B(EX)

where |y,> and |¢.> are the initial and final nuclear states
and €y is the electric multipole operator for emission of a
photon carrying off angular momentum A. Estimates have been made
of the transition strengths that would be expected for the
transition of a single proton from one shell model orbital to
another. These estimates are not expected to be very accurate,
but for reference purposes they make convenient units in which
measured transition strengths may bg discussed. These units
are often referred to as Weisskopf units.

The experimental observation of B(E2) values very much
larger than those expected for the transition of a single

proton from one nuclear orbit to another is an indication that

correlated proton movements are involved. For example, the
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measured Coulomb excitation transition probabilities to the

first excited states in spherical, even-even nuclei (such as
150Sm) have yielded B(E2) values 10-100 times larger than the
single particle estimates. In well-deformed nuclei, the
transition rates between members of rotational bands are typical-
ly two orders of magnitude larger than the single particle es-
timates. For a simple rotational band (ie no configuration
mixing) the collective model relates the B(E2) values between
members of the band to the static quadrupole moment Q of the

nucleus through the eguation

_ 5 2
B(E2) = 177 Q <Ii2KolIfK>

2

where the factor in brackets is a Clebsch-Gordan coefficient.
For a hombgeneous charged spheroid, QO is related to the defor-

mation parameter B (where B = AR/RO) by the approximate equation

_ 3 2 2
Q, = —— 2z R,“B(1 + 0.1578 + 0.2087)

° Y5w

whefe Ro is the mean nuclear radius.

In first order Coulomb excitation of a deformed nu-
cleus, the enhanced E2 transition rates lead to strong popu-
lations of the first member of the ground state band of an
even A target, and the first two members of the ground state
band of an odd A target. In general, the population intensities

of these levels in a Coulomb excitation experiment defined

relative to that for pure elastic scattering will be given by
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(Elbek (1963))
A A A, -2
P(8)=3.721x10° —1 B? (E-AE')B(E2) 3L (1422 cos0) (14+5%) sin?.
a 2y 2 dg A A
1 25 2 2

N @

where A and Z are, as usual, the nuclear mass and number of
protons, E is the bombarding energy,AE' is an expression for the
excitation energy, and g% is a function dependent on the kine-
matics of the process. Values for this function have been cal-
culated and may be obtained from published tables (eg, Alder
et al. (1956)). |

In a practical experiment, the B(E2) value to a given
level may be determined by measuring the intensity of the
level relative to the elastic scattering intensity. If this
value is .large, compared to the single proton estimate, one
should consider the possibility that the nucleus may be de-
formed, and that the level is a member of the ground state band.
On the further assumption that this band is unmixed, one can
calculate the quadrupole moment and deformation B of the nu-
cleus from the equations above. A great deal of the infor-
mation available on nuclear shapes has been obtained in this
manner.,

For those experiments in which the bombarding energy
of the projectile is approximately as large as the Coulomb
bafrier, such that the projectile can approach the nucleus
closely enough that nuclear forces may be involved, then the

last equation above is no longer valid. In such experiments,

the closer penetration of the projectile will also result in
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appreciable population of levels through higher order (E3

and E4) transitions, and also through multiple step processes.
For the rare earth nuclei, empirical methods have been de-
veloped which allow one to determine multipolarities and,

for E2 transitions, B(E2) values from these inelastic'écat—
tering experiments. For a 12 MeV beam of deuterons, Zeidman

et al, (1966), have measured the angular distributions of the

deuterons scattered inelastically by various Sm targets.

The angular distributions were found to be smooth functions
dependent on the transition multipolarity, and it was con-
cluded that the ratio of the intensities of a level at two
angles, 90° and 125°, was sufficient to identify the multi-
polarity of the transition leading to that level. TFor E2
transitions, empiriqal conversiop factors relating the ob-
served intensities to B(E2) values were obtained by Veje et
al. (1968), as the B(E2) values for many transitions had been
determined from pure Coulomb excitation experiments. These

experiments included work on 150Sm and 1525

151

m. This method
can therefore be applied to Sm by interpolating between

the conversion factors found for these two neighbouring nuclei.

This is discussed more fully in a later section.




CHAPTER III

EXPERIMENTAL DETAILS

3.1 Equipment for studying single particle transfer reactions

The energy level spacings of nuclei in the rare earth
region are often as small as a few keV, and therefore the
study of single particle transfer reactions on these nuclei
requires an accelerator capable of producing beams of particles
of well defined energy, and a detection system capable of
analyzing the reaction products with sufficient resolution to
distinguish between these close-lying energyv levels. This is

-
l')lSm, where the

particularly important for the study of
level denkity is relatively high.

At McMaster, the equipment available is well suited for
these studies. The FN model Tandem Van de Graaff accelerator
can provide well defined beams of deuterons and 3He ions of
sufficient energy with an energy spread of about 1 keV. These
ions are delivered, through a series of quadrupole focussing
magnets, to the targef chamber of an Enge split-pole broad
range magnetic spectrograph. In this instrument, the reaction
products are aﬁalyzed in the magnetic field, such that rays
of particles with the same momentum are focussed at a single

position on the focal plane of the system. A plot of the

number of detected particles as a function of the distance

along the focal plane is thus a plot of the number of particles
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versus the momentum of the particles. In those cases in which
only a single species of reaction particle has been detected,
this plot becomes essentially an energy-level diagram, for
the nucleus. A schematic diagram of the paths of the
reaction products in the magnetic field is given in Figure 5.
The characteristics of this instrument have been described by
Spencer and Enge (1967).

The spectrograph as a whole may be easily rotated
about the target chamber, such that the reaction products at
angles from = 5° to = 150° may be analyzeé. At the entrance
to the pole gap of the magnet, two sets of slits, one vertical
and one horizontal, define the acceptance solid angle of the
analyzing system. The horizontal entrance slits are in the
primary focussing plane of the instrument, and in reality
accept particles scattered into'a range of 6*A6, where A® is
the difference in reaction angle between that fér a particle
passing through the slit centre and that for one passing close
by the slit edge. Thus, rays of particles emitted at the angle
0+A6 will have a slightly lower kinetic energy than those
emitted at 6-A6 (assuming these two rays of particles correspond
to the same nuclear state) due to the difference in recoil
energy of the target nucleus. For a given beam this difference
in energy is dependent on the mass of the target nucleus. The
position of the focal plane of the magnet is also dependent

on this difference in the ray energy, and therefore dependent




Figure 5

Schematic diagram of the Enge split-pole magnetic spectro~

graph.
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on the mass of the target nucleus. 1In doing an experiment,

the focal plane position for the reaction under consideration

is calculated, and the detector carefully placed at that
position. (This is known as setting the "kinematic shift".)
Should there be any impurities in the target, the peaks due

to these impurities will be broader than those due to the target
nuclei, as the kinematic shift will not be optimum for the im-
purity. In many of the spectra in this thesis, peaks due

to light impurities (0, Si, Cl) and some due to the carbon

backing are seen, and are much broader than the reaction peaks.

z

The exact identity of these impurity peaks may be %
established by finding their positions in spectra at different. 'ﬁ
angles, as the difference in recoil loss due to the difference .?
in mass means that the impurity peaks will "march" through é
the target spectra as one changes angle. i%
This built-in method of distinguishing peaks due to ;%

impurities from thoée due to the real target is very usefui.
Only those impurities of mass very similar to the target nucleus
may go undetected by this method. |

In general, the resolution obtained with this system
is determined by the following factors:

1) Beam energy spread and beam spot size on the target

The spread in beam energy provided by the FN accelera-
tor was iess than 1 keV. The beam spot size was defined by a

set of slits of dimensions 1/2mm by 3 mm with the narrower
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dimension being in the primary focussing plane (the hérizontal
plane) of the instrument. As these slits were about 20 cm in
front of the target, the spot width on the target would be
slightly larger than 1/2 mm. The magnification of the spectro-
graph in the horizontal plane is about 1/2, and therefore the
spot size by itself would yield a peak width of = 1/4 mm on

the focal plane., For a given reaction, the energy resolution
corresponding to this width can be determined by the following
rule of thumb; the energy dispersion along the focal plane

is approximately one keV per mm for each MeV of reaction
product energy. As an example, consider the reaction
152Sm(d,t)lSlSm which is to be discussed in this work. The Q-
value for this reaction is about -2 MeV, and the outgoing tri-

tons will therefore have an energy of ~v 10 MevV. The spot

size contribution to the peak width will then be about 2-1/2

kev.

2) The target thickness

Straggling of the incident and resultant particles in
the target also contributes to the peak width. The size of
this contribution is given by the relation AE = lBZt!'i (cf
Enge (1966) p. 188) where Z is the charge of the particle,

t is the target (and target backing) thickness in mg/cm2 and
AE is the peak width (full width at half maximum) in keV.
If the stopping power for the outgoing particle is

different than that for the incident particle, a further contri-
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bution to the peak width will be made, as the reaction can
then take place at any depth in the target material. The
contribution will be approximately the difference in stopping
power, if the target is in transmission geometry. The target

152Sm(d,t)ls'lSm reaction consisted of a 20 ug/cm2

layer of 1528m on a 30 ug/cmz'carbon backing. The stiaggling
contribution for this target would be about 4 keV. The
differential energy loss for a 12 MeV deuteron is ~ 25 keV/mg/
cmz, and for a 10 MeV triton is 35 keV/mg/cmz. The stopping

152

contribution for the Sm target would be ~ 0.5 keV.

3) Spectrograph aberrations

The contribution of the spectrograph aberration to
the peak width in these experiments was not significant. The
Enge spectrograph is corrected to second order in aberration.
For most of these experiments, the aperture sizes used were

<l msr,compared to the maximum of 9 msr that is available for

this instrument, and the aberration effects would be very small,

compared to the other contributions.

4) Method of detecting the particles on the focal plane

The reaction products were detected by placing nuclear

emulsion plates at the optimum focal plane position for the
reaction under consideration. These plates were masked with
aluminum foils of suitable thicknesses to exclude unwanted
particle groups of lower penetrating range than those being

detected. These plates were scanned on a microscope with a
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specially constructed stage. The scanning strip size was

1/4 mm, since the contributions from the other effects would
be larger than this. This detection method thus makes little
contribution to the observed peak width.

The total peak width that may be expected from all
these effects may be estimated by adding the individual contri-
butions in quadrature. For the example considered, this gives
an expected resolution of = 4-1/2 keV. This is about the reso-
lution obtained in the experiments. A similar calculation

for a (3He,a) reaction on the same target would give an expec-

LT onn MOV

ted resolution of approximately 12 or 13 keV. The experimental
resolution was somewhat worse than this, about 18-19 keV.

Perhaps the 3He beam was not so stable as it was thought to

be.

The targets used in these experiments had thicknesses

Ty
L I

ranging from 20-40 ug/cmz. The production of these targets 3 ﬁ

v s
1%/

.‘{.

was by no means a trivial operation. In particular, the targets

of 151

Sm were difficult to make, as this material is radio-
active, (a weak B-emitter) with a 20 year half-life. For reasons
of health safety, it was necessary to construct a target pre-
paration apparatus in a glove box in a radiation laboratory.
Furthermore, for reasons of cost (and safety), only a very

small amount of 151Sm could be used at one time, and a great
deal of preparation was required in order to develop efficient

procedures for handing this material. A full description of

the equipment and procedures used in making these targets is
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given in Appendix A. The separated isotopes used were ob-
tained from Oak Ridge National Laboratories. A list of the
isotopic abundances of these méterials as determined by the
supplier is given in Table 1.

A calibration curve relating the position D of a par-
ticle group on the spectrograph focal plane to the radius of
curvature R of the particle paths in the magnetic field was
established using the 6.0 MeV and 8.8 MeV alpha particles
emitted from a ThB radioactive source placed at the target
position. The magnetic rigidities BR for these alpha particles
have been measured very accurately (Wapstra (1964)). For
various magnetic field settings B, the positions of the alpha
groups at the focal plane were measured, and a polynomial

relating R to D calculated using a least squares fitting com-

puter program, The calibration curve found was

R=89.2478-0.40732D+3.8920x104D2-9.9143x10"°p3+9.8126x10%p%.

Using this curve and the accurately measured magnetic
field strength B, as determined using a nuclear magnetic reso-
nance probe, the magnetic rigidity of a particle group from any
reaction could be determined, and hence, the corresponding
energy of the particles calculated. If the ground state Q-
value of the reaction were known accurate;y, or one of the
peaks in the spectrum could be identified with a level deter-
mined from other studies, the excitation energies of the
nuclear states could be found. All of these calculations were

carried out on the small computers available at the laboratory.
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Table 1

Isotopic Composition of the Sm Target Materials,
as Determined by the Supplier, ORNL.

o Isotopic Composition (%)
s, 151 152,
14450 | <0.01  <0.001 <0.01
14760 | <o0.01 0.937 0.08
14850 | <0.01  0.041 0.07
149gn 0.017 0.166 0.12
2
1505 | 99.973  3.090 0.1 -
U/
—-i
5lem - 93.11 - %
<
‘ 1525m 0.01 2.390 99.18 2
33gm | - ¢0.002 - -
LB
&
154gn | <0.01  0.263 0.45 s
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In order to obtain absolute cross-section measurements
for the levels populated in these experiments, a small solid-
state detector was placed in the target chamber to monitor the
number of beam particles scattered elastically from the target
during the exposure. The cross-section for elastic scat-
tering was obtained from DWBA calculations or, in some cases,
from other experimental work. The cross-section of a level was
then found by multiplying the elastic cross-section by the ratio
of the numbers of counts in the reaction peak to the number of

elastically scattered particles, suitably corrected for dif-

ferences in solid angle. This generally gave good results, and ‘gé
in the one experiment which directly reproduced work done in gg
another laboratory, the results were well within experimental g
error. %f

As a rule, it is estimated that the cross~section of f
a strong, well-defined peak may be measured to an accuracy of ,%

about 10%, relative to the cross-sections of the other peaks
in the spectrum, and to an accuracy of about 25% on an abso-
lute scale. For peaks containing only a few counts or poorly
resolved peaks the uncertainties will be larger. 1In the (4,t)
angular distributions, the uncertainties of the intensities of
strong peaks relative to those at different angles is esti-
mated at 15%.

The DWBA calculations which are used in this work
were carried out with the computer code DWUCK. The parameters

used for these calculations have been obtained from published

)
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works on other nuclei; a list of these parameters is given
in Table 2. The references from which they were taken are as

follows:

Christensen et al (1969) deuteron parameters

Jaskola et al, (1967) triton parameters
Burke et al. (1966) proton parameters
Burke et al, (1971) 3He parameters

0 parameters .

The output of DWUCK must be multiplied by a normalization fac-

tor N to get absolute values for the factors 02(8). The values

of N for the (d,t) and (d,p) experiments are commonly accepted “?
as 3.33 and 1.53, respectively, and are used here. For the %
(3He,a) e§periments at 24 MeV, no "good" values for N were .g
available, but the value N = 48 was obtained from this experi- ;
ment in a manner to be described in the following section. :;
3.2 Experimental details of single particle transfer reactions ji

A) The 152Sm(d,t)151Sm and 15ZSm(3ﬁe,a)ISlSm reactions

For the reaction lSZSm(d,t)lSlSm, an incident beam of

12 MeV deuterons was used and the reaction products were studied
at 16 different angles ranging from 5° to 140° in order to ob-
tain complete angular distributions. Figure 6 shows the

spectra at 5° and 60°, and Table 3 gives a list of the observed
energies and cross-sections at 5°, 60° and 90°. The best

resolution obtained for this reaction was somewhat better than
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Table 2

Optical Model Parameters for the Dwuck Calculations

v r a w W r | a' r
o o) o) D o oc

(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) { £m)

12 MeV d 91.48 1.15 0,925 0 24.81 1.344 0.579 1.25
(d,t) t 154 1.10 0.750 0 12.00 1.400 0.650 1.10
and p 55.0 1.25 0.65 0 15.0 1.250 0.49 1.25

(d,p)
3

24 MeV “He 175 1.14 0.723 4.38 0 1,60 0.810 1.40
(3He,a) a 206.8 1.41 0.519 6.45 0 1.41 0.519 1.30

Bound
state a 1.25 0.65
neutron

These parameters are defined by the equation

_ _ x, =1 . _ d x' -1
Vir) = Vc(r,roc) Vo(l+e ) 1(wo 4wD EET)(l + e” )
where x = (r-r Al/3)/a and x' = (r—ro'A;/3)/a'

o
\ (r,roc) = Coulomb potential of a uniformly charged
c

o . _ 1/3
sphere of radius Rc = rocA

*
adjusted to reproduce separation energy

In M3 ST
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Table 3

Energies and Cross-Sections for the Reactions 15ZSm(d,t)lSlSm and 15ZSm(3He,oc)lSlSm

Energies

from 15ZSm(d,t)151Sm 1SZSm(3He,0L)1518§;
other Energy Cross-Section (ub/sr) En Cross—-Section (ub/sr)
studies 50 60° 909 ergy 10° 459
4.8 4.8% 23 245 128 N5 <1 <3
65.8+69.7 67 6 292 199 68 5 30
91.5 92 - 84 62 92 25 14
148 149 - 29 51 150 63 140
167.7+168.4 168 N2 150 55 - - -
175.3 176 v 1 22 42 174 35 47
208.9 210 - 43 34 V210 N3 7
261.1 262 13 56 88 261.1%* 75 117
285.0 286 < 4 28 20 - - -
306.8 307 }67 550 485 305 - 50
314.9 316 396 264 - - -
344.8 346 - 123 118 347 12 13
- - - - - 386 14 -
- 357 129 234 172 - - -
395.6 ~397 - 33 25 396 ~- N3
416.17? - - - - 420 10 13
448 449 - 47 34 - - -
470 470 - 6 - - - -
490 - - - - -
- 503 201 506 451 3”496 }"'27
520.9 523 - 54 50 - - -
632 N9 217 85 632 - "5
V705 - N6 - 704 15 35
N7 42 - N5 - 745 N5 12
898 "9 34 - - - ~
~1375 - ~10 - 1378 46 91
. 151

9y

i These energies result from the re-examination of the decay of Pm and from the
study of the 261.1 keV isomer in 15lsm (Cook et al, private communication).

* The position of this level was used as an enexrgy calibration point.
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B TP v

5 keV,and should be sufficient to resolve the ground state
from the first excited state at 4.8 keV. However, only

one peak was found in the ground state region. If this peak
were identified as the 4.8 keV first excited state the posi-
tions of other peaks in the spectrum corresponded to energies
which were the same as those of known levels as determined

in the decay studies. This correspondence did not occur if
the single peak in the 0 keV region was taken to be the ground

state. It was therefore concluded that there was little, if

any, ground state population in the 152Sm(d,t)lSlSm reaction,
and that the intensity of the peak in that region was due to -E;
the first excited level at 4.8 keV. g
The angular distributions obtained for the levels z
populated @ere compared directly with the theoretical curves ;
calculated using the DWUCK program. Two of these levels, at ‘é
357 keV and 503 keV, have unique angular distributions for ?%
&

2=0 transfers. (These levels thus have spin l/2+.) The
extremely good fit of the DWUCK calculations for this 2-value
lent encouragement that the calculated curves for other f-values
would also give good fits to the data. Figures 7 to 12 show

the empirical data fitted to the calculated curves for all

those levels to which %-transfers have been assigned. No
attempt at fitting absolute cross sections was made; in

each case the calculated line has been adjusted up and down

to give the best visual fit to the experimental points.

The spectrum for the complementary reaction
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Figure 11.
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152 1

3 15 .. .
Sm( He, o) Sm was orlgilnally obtained as a by-product of
another experiment. This reaction was performed using 28 MeV

3 . . .
beams of "He particles at the University of Rochester Nuclear

Structure Research Laboratory. The reaction products were ana-
lyzed at six angles with an Enge-type magnetic spectrograph. This
experiment was later repeated with the express interest of obtaining
the best possible resolution in order to clear up ambiguities

that existed in the first spectra. Spectra at angles 10°, 27.5°

and 45° were taken using 24 MeV 3He beams at McMaster. The

24 MeV spectra at 10° and 45° are shown in Figure 13, and the

corresponding energies and cross sections are listed in Table E;
3. The resolution was about 19 keV. %
In order to compare. the empirical cross section ratios %
of levelé populated in the (3He,a) and (d,t) reactions to the ;
ratios obtained from the DWBA calculations, one must either ?
.

have accurate values for the normalization factors by which ag :
A

the DWUCK computer output is adjusted to give absolute values,
or one must know the f-transfer value for one of the levels so
this can be used as a normalization point. The normalization
factor 3.33 for (d,t) reactions at 12 MeV is widely accepted,
and the value of 23 for 28 MeV (3He,u) data has been used in
studies on Yb (Burke et al (1971)) but as some doubt exists
about the appropriate normalization factor to use for 24 MeV
(3He,a) reactions, the empirical and calculated ratios were

normalized by placing the empirical ratio for the level at
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261 keV at the calculated position for an =5 transfer.

The (d,t) angular distribution for this level was that for an
2=5 transfer, apart from an unexpected forward peaking, (see
Figure 12) and the errors on the empirical ratio were small
for this level, making it an appropriate choice as a cali-
bration point. In order to check this choice, the theoretical
and empirical ratios were calculated for the 28 MeV (3He,a)
data using the normalization factor of 23 given for this
energy, and indeed, little adjustment was required to put

the 261 keV level empirical ratio at the position for an £=5

transfer. ,%;
In Figure 14, the results are given for all of the éi
rn
levels populated in both the 12 MeV (d,t) reaction at 6 = 60° Zz (
and the 24 Mev (3He,a) reaction at 6 = 45°, In this graph, g
the solid lines are the corresponding cross-section ratios é
as calculated by the DWUCK program. The circles give the .§ E

empirical ratios, adjusted vertically as a group such that o
the 261 keV level has an 2=5 transfer.
Once this calibration has been made, the DWUCK norma-
lization factor for the 24 MeV (3He,a) reaction may be cal-
culated, since the 12 MeV (d,t) value of 3.33 may be assumed
accurate. The resulting (3He,a) value is 48. These normali-
zation factors are used in subsequent calculations for which

the absolute DWBA cross-sections are required.
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B) The 150Sm(d,p)lSlSm reaction

150Sm(d,p)lSJ'Sm was also performed at

The reaction
McMaster using an incident beam of 12 MeV deuterons. Spectra
were taken at only three angles, with no attempt to measure
«27ular distributions. The spectrum at 45° is shown in Figure
15, and a list of energies and cross-sections at 45° and 75°
is given in Table 4. The best resolution obtained was about
7 kevV,

As in the (d,t) reaction, the position and shape of

the peak found in the 0 keV region indicated that it was due

almost entirely to the first excited state at 4.8 keVv, with ‘%
at the very most about 30% of the total intensity due to the i
m

ground state. Similarly, the position and shape of the strong

peak at 66 keV indicate that it is primarily due to the level

Pievman

seen in the decay studies at 65.8 keV, and not that at 69.7 keV.
These conclusions differ froﬁthose made in the earlier study
of this nucleus (Kenefick et al, (1965)) where these two peaks -
were assigned the energies 0 and 60 keV. Since the resolution
obtained in the present study was considerably better than
that previously reported (7 keV compared to ®l7 kev) it is
believed that these conclusions are more accurate.
151

C) The reactions sm(d,t)
'lSlSm(3He,a)lSOSm

lSOSm 151

(4

Sm(d,p)lSZSm and

These reactions were performed to try to obtain infor-
P 151
mation on the ground state wave function of Sm. The (4,t)

and (d,p) reactions were 'carried out using 12 MeV beams of
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Table 4
Energies and Cross~Sections for the Reaction
1soSm(d'p)151Sm
Ene . :
OtherrggrkT lSOSm(d'p)lSlSm
: Energy Cross-Section (ub/sr)
- 450 75°
4.8 5 124 76
65.8 65.8% 954 664
91.5 91 90 53
148 148 18 65
167.7+168.4 167 76 3.65
175.3 174 92 5
208.9 209 16 8
303 302 132 50
313.8+314.9 314 1514 844
355 18 n16
416.1 ngl5 39 36
448 448 325 165
470 469 108 54 z
672 212 146 £
702 n138 N7 &
713 157 n145 ™
720 270 n145 .
752 102 V59 i
‘ 767 44 27 -
832 171 113 z
' 846 223 200 f
8787 875 94 66 .
953.4 954 766 444 &
1020 171 124 5
1080 100 V40 z
1190 158 74
1210 320 212
1267 124 57
1307 170 76
1349 153 100
1397 138 104
1414 229 109
1444 143 80
1455 110 100

+The energies in this column were determined from a

re-examination of the decay of 151lpm and from a
study of an isomer in 151lgm (Cook et al, private
communication)

* . .
The position of this peak was used as a calibration
point.
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deuterons. For the (d,t) reaction, spectra were taken at 10
angles. The spectrum at 25° is given in Figure 16 and a list

of energies and cross sections for this angle and that at 60°

is given in Table 5. For the (d,p) reaction leading into 152Sm;
spectra were taken at 4 angles, but in three of these spectra,
some members of the ground state band were obscured by im-
purities in the target. This problem was particularly trouble-
some in this experiment, due to the similarity in Q-values

for the reaction under study and those for the contaminants

which tend to be found in mest targets. The spectrum taken }

at 87.5° has a clear ground state band, and is shown in Figure .E; ;
17. A list of energies and cross sections for the spectra at %2 ;
50° and at 87.5° is in Table 6. ;

The reaction lSlSm(3He,a)lSOSm was performed at an i E
incident energy of 24 MeV. Spectra at 2 angles were taken. i E
Figure 18 and Table 5 give the spectrum, energiés and cross g ?

sections at 30°. The purpose for taking these spectra was to
attempt to determine the relative amounts of 2=3 and =5
transfer to the 2+ level at 334 keV and to the a* level at
774 keV from the cross section ratios for these levels from
the (3He,a) and (d,t) reactions. In order to ensure that the
calculated cross section ratios were properly normalized, the
following procedure was used: After a spectrum for the reac-
tion 151Sm(d,t)lSOSm had been taken, a short re-run of the

reaction 152Sm(d,t)lSlSm was performed, with no changes in
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Table 5

Energies and cross sections for the reactions

l51Sm(d,t)1508m and 151Sm(3He,oc)lSOSm
lSISm(d,t)ISOSm lSlSm(3He,u)1508m
Energy Cross Section (ub/sr)  Energy Cross Section (ub/sr)
(keV) 25° 60° (keV) 30° -
0 t 4 5.8 - -
334%* 86 274 334*% 2.3
741 1 n3 - -
775 8 33 775 1.2
1049 10 - - -
1198 2 - = -
1268 0.5
, 1354 0.8
1683 0.5
1764 2.5
1823 2.3

* . "
The position of this peak was used as an energy calibration
point.

The uncertainty in the absolute cross sections listed in this
column is larger than that given for other experiments due to
difficulties experienced with the monitor counter.

’ 3!
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Table 6

Energies and cross sections for the reaction
1
SlSm(d,p)lszsm

Energy Cross-Section (ub/sr)

(keV) 50° ~ 87.5°
0 obscured 1.3
122% 21 8.4
366 8.7 4.5
679 1.4 0.9
711 2.2 1.1 z.
812 19 6.0 5
1025 obscured | 1.5 E?
" 1042 obscured 1.3 ?
1087 obscured 4.9 é;
1223 2.9 1.9 é
1236 10 3.6 BL)
1295 27 16.9
1616 4.1 1.3
1773 21 8.9

*
The position of this peak was used as
an energy calibration point.
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equipment settings except for the change in target. The
same procedure was followed for the corresponding (3He,a)
reactions. The calculated cross-section ratio curves were
extended over a Q-value range broad enough to include both

reactions. In this way, the 2¢=5 transfer ratio to the 261 keV

level in 151Sm could be used as a calibration point for the

lSOS

levels in m. The effective (3He3a) normalization factor

obtained from the ratio for the 261 keV level in 151Sm in
this experiment was found to be ~ 50, in good agreement with

that found in the initial experiment.

The empirical ratios obtained for the 2+ level at gé
334 keV and the 47 level at 774 keV are given in Figure 19. g%
These ratios are those for the (d,t) reaction at 60° and E;
the (3He,ﬁ) reaction at 30°. The solid lines are the calculated ;f
DWBA ratios, normalized to the empirical data as discussed i
1
above. The other points are the results of theoretical con- g
siderations, and will be discussed in a following section. =
In the reactions on the lSlSm target,the ground state
populations of 150Sm and l528m were found to be very weak,

. . . 151
indicating that the reverse reactions leading into Sm would
also result in a weakly populated ground state. This evidence

supports the conclusions drawn in the previous two sub-sections

151

concerning the Sm ground state intensity.




68

o
o
|

Figure 19.
T T 1 | T 1 1 |

2" ‘}

| .
9 2"' 5
E
x O.lf— ® —_
=
o £
»
O o
LL! pAu)
w =

|, -

wn £
U) s
®)
ey
@)

1 &
EXPERIMENT

PROLATE THEORY @
OBLATE THEORY a

l L1 1 | | I I I
0.0 05 1.0
EXCITATION ENERGY (MeV)

The cross-section ratios for the first 2+ and 4+

levels in 150Sm as populated in the reactions Blsnm

(3He,a)1508m(9=30°) and 151Sm(d,t)lsosm(6=60°).. The
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3.3 Details of Coulomb excitation and inelastic scattering
experiments

151 151

The inelastic scattering experimeﬁt Sm{d,d") Sm
was performed at two differént beam energies; at 5 MeV, for
which nuclear excitation should occur only through the Coulomb
interaction, and at 12 MeV, as there exists empirical methods
to relate the observed inelastic cross sections to B(E2)
values at this bombarding energy (Veje et al, (1968)). The
outgoing deuterons scattered from the target were analyzed

with the Enge spectrograph, in exactly the same manner as

discussed in the previous section on single particle transfer

KN

experiments.

VT | QLA
Foloveet

-

The target used was the same as that for the (d4d,p),

(d,t) and (3He,a) reactions on 151Sm. For the inelastic scat-

Pismv=agan
Nl - vt

tering and Coulomb excitation experiments the isotopic im-

JULV LS Tl |
Ler I R

purities in this target accidentally turned out to be rather

i
A

useful, as they could be used as calibration points, as will
be discussed later. While some peaks were obscured by other
impurities, these levels were at relatively high excitation
energy, and of secondary importance to this investigation.
Spectra were taken at 140° with 5 MeV deuterons and
at 90°, 125° and 140° with 12 MeV deuterons. Since the
elastic cross section to the ground state is so large compared
to the inelastic cross sections, the elastic peaks of the main
eprsures contained so many tracks as to be completely im-

possible to count. Therefore a short exposure was taken

A
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after each main exposure, with the length of this short ex-
posure planned such that there would be a reasonable number of
tracks in the elastic peak. The short and long exposures were
normalized using the ratios of the numbers of elastically
scattered particles detected by a small solid state monitor
counter placed at 30° from the beam axis. Examples of the
spectra obtained at 5 MeV and 12 MeV are given in Figures 20
and 21. The cross sections obtained for all of the spectra
are listed in Table 7. The cross section given for the ground

state at 5 MeV is that calculated from the Rutherford formula,

i

while those listed for the 12 MeV spectra are values ob-

PR S

VT QAL

[

tained from interpolation of empirical results obtained for

150Sm and lssz at this energy. (Christensen et al, (1969)).

i

Seman

The inelastic cross sections are determined relative to the

elastic cross-sections. .
The last column in Table 7 gives the ratio R of the ?

12 MeV cross-sections at 90° to those at 125°. As discussed

in section 2.3, these ratios have been found empirically to

give a good indication for the multipolarity of a Coulomb

excitation transition. The ratios obtained for the peaks

in the spectrum due to the first excited states of the 130gn

and lssz isotopic impurities are 2.18 and 2.47 respectively.

These values are slightly higher than those reported by Veje

150 152S

et al, (1968) for these E2 transitions in Sm and m,

This is not a serious discrepancy, as the uncertainties on
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Figure 21.
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Table 7Z-
_ 151
Inelastic scattering cross sections for states in Sm
Cross section, ub/sr %%(9 = 90°)

Energy 5 MeV 12 MeV R=41g .

keV 6 = 140° §=90° 6= 125° 6 = 140° ant® = 125%)

0 262,000%7 43,200 9200 6800°

66 525 + 50 1050 433 371 2,42
105 . 20 7 ~2,8
122 M52%m 4250(3700)%) 1715(1820)®) 1560 2.47
168 85 + 17 201 100 84 2.0
207 13 5.9 | 2.2
295 228 + 18 655 282 236 2.32
334 (F%%m) 1990(1880)%)  913(970)? <1020 2.18 »1
420 obscured 30 28 (a doublet?) %é
502 ! 18 12 4 1.5 5
529 : | 31 14 10 2.2
666 42 obscured 25 | (a doublet) g
700 72 obscured 50 -
115 ' 82 obscured 31
796 ’ 21 obscured 14
a)

The elastic scattering cross-section was assumed to be the Rutherford
value,

The elastic scattering cross-section was interpolated from the values
used for 150sm and 194sm by Veje et al, (1968).

The first entry is the cross section obtained from the present results

using the percentage composition stated in Table 1 for this isotopic

impurity. The more reliable cross sections of Veje et al, (1968) are ]
shown in brackets for comparison.

b)

9
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the relative cross sections is about 10-15% in this work,

and one may in fact, use these ratios for transitions of known

E2 multipolarity as a built-in calibration for the 151Sm

ratios. The relatively strong levels populated at 66 keV

and 295 keV in lSlSm have R values of 2.42 and 2.34, respec~

tively, and thus the transitions leading to these states most

likely have E2 multipolarity. Other levels for which the R-

values indicate E2 transitions are.those at 105, 168, 207

and 529 kev. In the next section,/the spins and parities of

the levels seen in the decay and single particle transfer stu-

dies at 104.8, 168.4, and 209.0 keV are shown to be consistent

with the multipolarities assigned above. =
The level seen at 502 keV is probably the 1/2+ level

seen in the (d,t) reaction at 503 keV, and thus the multi-

polarity would have to be M2 or E3. The cross section ratio

given for this level in Table 7 is similar to those measured E

by Veje et al. (1968) for E3 transitions. Levels at 700, 715,

and 796 keV were obscured due to target impurities in the

125° spectrum, and therefore the ratios R could not be found.

On the basis of the relative cross sections at 90° and 140°,

one may speculate that the transition to the level at 715 keV

has E2 multipolarity, while those to the 700 and 796 keV

levels %re of some higher order.

For the 5 MeV data, the B(E2) values for the various

states populated could be directly extracted from the ratio of

inelastic to elastic intensities as the excitation mechanism
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at this energy will be purely due to the Coulomb field. In
order to extract B(E2) values from the 12 MeV data, use has
been made of the empirical conversion factors established by
Veje et al, (1968) for converting inelastic scattering cross
sections at 12 MeV to B(E2) values. These investigations list
conversion factors at angles 90°, 125° and 155° for the nuclei

150 152S

Sm and m. Although there is a rather large difference

(about 40%) in the conversion factors for these two nuclei,
values for 151Sm were obtained by simply interpolating
between these values. In order to obtain a conversion factor
at the angle 140°, it was necessary to make a second inter-
polation between the angles of 125° and 155°. 1In Table 8, the -1
B(E2) values determined from the 5 MeV data are listed in the
first column. The second column gives the average of the
values obtained at ail three angles for the 12 MeV data. 1In -
spite of the interpolations made to obtain the 12 MeV B(E2) i
values, the agreement between the 5 MeV and 12 MeV values is
quite satisfactory for those levels observed in both experi-
ments,

On the basis of these measurements alone it was not
possible to determine which of the levels reported in the
decay work had been populated in these experiments, as the
best resoluﬁion obtained was about 5 keV. The strong peak
at 66.keV could perhaps result from either the level repor-
ted at 65.8 keV or that at 69.7 keV, or both. Similarly, it

could not be determined how the intensity observed at 168 keV
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Table 8

B(E2) Values for the Population of States in 1515m

B(E2) Values in units of ez(batn)2

Energy From 5 MeV : Average Value
. datad) from 12 Mev
datab
66 0.82 + 0.08 0.75
105 ' " . 0.013
168 . 0.14 + 0.03 0.16
207 0.010
295 0.45 + 0.04 048
529 ' 0.023 i
715 , 0.064 E

a)The uncertainties indicated are standard deviations due to
counting statistics only.

b)

The standard deviations due to counting statistics on the values
in this column are all less than 6% but there is a fairly large
uncertainty in the normalization, as described in the text.

I
pet
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was distributed over the 167.7-168.4 keV doublet.

It was possible to clear up these ambiguities by
accurately measuring the energies of the decay gamma rays re-
sulting from the Coulomb excitation of the 151Sm target. Since
the only target available for these studies (that used in the
previous study) was rather thin (n20 ug/cmz) and was mounted
on a carbon backing of ~100 ug/cmz, it was necessary to choose
an incident beam which would minimize the interference from
the carbon backing. This condition was met using a beam of

35Cl ions at 50 MeV, for which the centre of mass energy on

TR
NI

the carbon backing was too low to result in any nuclear

i

reactions. At the same time, appreciable excitation of the
151

t

AR DS

Sm target occured, and spectra could be taken. Two Ge (Li)
detectors, with active volumes of 0.9 cm3 and 50 cm wére
positioned outside a small, thin-walled (1 mm thick) stainless
steel target chamber-at distances of 2 and 15 cm from the 7
target and angles 90° and 55° respectively from the beam

direction. The spectra obtained, with room background sub-~

tracted, are displayed in Figures 22 and 23. The resolution

of the small detector was about 700 eV at 100 keV photon energy:;
however the peak widths of some of the lines were determined

by Doppler broadening due to nuclei recoiling out of the thin

target and decaying in flight.

Energy and efficiency calibrations for the two detec-

151

tors were carried out by placing a Pm source at the target

position. The relative photon intensities in this decay are




lines.

f% Figure 22
] 2 , . 151
| HE The gamma-ray spectrum following Coulomb excitation of Sm
g ¢ by 50 MeV 35c2 ions. This spectrum was taken with a 0.9 cm3
i 'é Ge(Li) detector. The asterisks designate known impurity
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Figure 23

The gamma-ray spectrum following Coulomb excitation of 151Sm

by 50 MeVv 35C2 ions. This spectrum was taken with the 50

cm3 Ge(Li) detector which has a higher efficiency for the
295.1 and 229.3 keV transitions than the small detector used
to obtain the spectrum in Fig. 3. The asterisks designate
known impurity lines.
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quite well known from investigations done at McMaster and from
the work of Ewan et al, (1964); these were used to determine

the combined energy dependence of the detectér efficiency

and the absorption in the target chamber. In Table 9, a

list of the gamma rays seen in this experiment is given, as well
as the relative photon intensities for the lines originating
from 151Sm. These intensities have been corrected for efficien-
cy and absorption, but not for possible angular distribution
effects. Several lines due to impurities are listed and iden-
tified in this table. No attempt was made to determine

absolute gamma-ray yields, as B(E2) values could be obtained
much more reliably from the inelastic scattering data.

It is clear from these measurements that the 65.8 keV
level is being populated, and not the 69.7 keV level, and
likewise, the 168.4 and not the 167.7 keV level is being popu-
lated. The level seen at 295 keV in the (d4,d') spectra is
found to have energy 295.1 keV from the gamma ray work. This

level, which has not been previously reported, decays to the

65.8 and to the 0 keV levels.
o 151
Figure 24 gives a partial level scheme for Sm
showing the levels populated in these inelastic scattering and
Coulomb excitation experiments and the decay transitions of

these levels. The spins and parities assigned to these levels

are discussed in the following section.
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Gamma Rays Observed following Coulomb Excition

of 151Sm by 50 MeV 3SC£ ions

Energy Identification Intensitya)
0.9 cm3 50 cm3 Mean

65.8 Blsy | 106 + 7.0 106 + 7.0
100.0 151, 2.4 + 1.2 2.4 + 1.2
104.8 Llsn 3.6 + 1.2 3.6 + 1.2
122.0 147 50,10 m, 7 Tre
136.5 37pe
148
154
163.6 Blgy 49.3 + 4.4 49.3 + 4.4
165.8 13908 80.0 + 6.3%
168.4 Llg, 28.5 + 3.4 28.5 + 3.4
185 852n
197 1515, 4750
229.3 Blg, 100 + 8.5 100 + 6.7 100 + 7.5
295,1 Llgy 54.3 + 6.0 60.2 + 4.8 57.6 + 4.8
13 . 150

a) Intensities h
assigned to 1

)corrected for

axe been calculated only for those gamma rays definitely
5
Sm,

139La\ impurity

.

-
-
B

o
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Figure 24

A partial level scheme for 151Sm showing the levels populated

in the inelastic scattering and Coulomb excitation experi-

ments. The 12 MeV (d,d') spectra exhibited peaks corres-

ponding to all levels shown except the 4.8 keV state. The

upward pointing arrows indicate the excitations resulting

from Coulomb excitation with 50 MeV 35C2 ions and the down-

ward transitions show the observed decay modes.
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CHAPTER IV

DISCUSSION OF RESULTS

4,1 Assignment of spins and parities

As no spins and parities had been reliably assigned

lSlSm before this work was undertaken, in this

to levels in
section the results of the decay studies are combined with
the results from the present experiments in order to deter-
mine spins and parities for as many levels as is possible.

A level scheme for the low-lying states in this nucleus is
given in Figure 25. The spin and parity assignments in this
diagram are established below. The measured y-ray multi-
polarities referred to in this section are taken from Bertelsen '
et al, (1964). Also, reference is made to the newer investi-

151

gation of the Pm decay that is presently under way at this

laboratory (Cook et al, private communication).

In many instances, the argument will be made that
transitions between levels of different parity will be of El
multipolarity. This assumption is probably good, as M2 or E3
transitions would be several orders of magnitude slower than
El transitions, and would not likely be seen where such decays

must compete with M1 or E2 transitions.

The spins of two levels, at 148 keV and 261 keV are

determined partly through model dependent arguments. These

83




Figure 25,

15t
LEVELS IN Sm
521.0 3252t
503 /2t
490.2
470.4
448.4 /2,372~
4456 s/
4156
395.5 372,502
357 2t
344.9 372,572
323.9 2t
>15.2 (3/2)~
31365122 .
306.8 2523 ——-3_{2.5/2
295.] (9/2)
. 284.9
261.1 /2~
209.0 52,7727
175.4 Y
168.4 527
167.7 52 *
147.9 1372+
1048 3/2,5/2"
ol5 o2 ¥
69.7 s/2~
658 772"
48 32
o 572~
. . 151 . a
The low-lying levels in Sm. The spins an

parities given here are deduced in Section 4.l.

84




85

two levels are discussed first, and the rest in order of

increasing energy.

1) The 148 keV level

A very intense peak appears in the (3He,a) spectra at
150 kevV and may be identified with the level seen at 148 keV

151Sm (Cook et al, private com-

in the study of an isomer in
munication). The (3He,a) to (d,t) cross-section ratio for

this level is that for an %=6 transfer (Figure 14). It is
reasonable to assume that this is one of the 13/2+ levels
stemming from the il3/2 orbital, as observed in the studies

on 153Gd and 155Gd. No strongly populated 11/2+ levels would
be expected at this energy on the basis of either the spherical

or defornied shell models.

2) The 261 keV level

An isomeric state at 261 keV was originally found to
have a half-life of 9i3 usec (Borggreen et al, (1870)). A newer
investigation of this isomer, undertaken at this laboratory
(Cook et al., private communication), revealed the half-life to
be somewhat shorter, about 1.4 usec. This isomer may be
identified with the level populated in the (d,t) and (3He,a)
reactions at 262 keV. The strong population of this level
The

in the (3He,q)reaction indicates that it has high spin.

(d,t) angular distribution was that for an £=5 transfer (Figure

3
12), the cross section ratio for the 28 MeV (°He,a) and 12 MeV
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(d,t) data indicated an =5 transfer, and in fact the cross
section ratio for the 24 MeV (3He,a) and 12 MeV (d,t) data
(Figure 14) was used as a calibration point (see section 3.,11).
The spin and parity must then be 9/27 or 11/2”. Low lying
11/2” isomers have been identified in several other nuclei in
this region (cf Tigm (1968)) and ascribed to the 11/27 [505]
Nilsson orbital. It is therefore very reasonable to assume

the 261 keV isomer to have spin 11/2 .

3) The ground state and the first excited state

The ground state is populated at most very weakly in
all reactions performed, and so no direct measurement of the
spin and parity of this state could be obtained from these
experiments.

In contrast to this, the (d,t) angular distribution ob-~
tained for the 4.8 keV level is certainly that for an =1
transfer (Figure 7). Further evidence supporting this con-
Clusion comes from the (3He,a)/(d,t) cross section ratio obtained
for the 4.8 keV state. In the (3He,a) reactions only a very
small peak was found in the ground state region, so small that

a considerable amount of its intensity could have been due to

impurities. Even so, the upper limit for the cross section

ratio for this level is much lower than that required for an

2=2 transfer (Figure 14). Since the (d,t) angular distribu-

tion eliminates the possibility of an 2=0 transfer, it is
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concluded that the transfer leading to the 4.8 keV state is
2=1, and therefore the spin and parity of this state must be
either 1/2° or 3/2 . It has been shown in the decay studies
(Geiger et al. (1963)) that the 4.8 keV level decays to the
ground state via an Ml transition. Also, the ground state spin
has recently been measured using a paramagnetic resonance
technique (Robertson et al, (1971)) and found to be 5/2.

With this information, one may deduce that the spins
and parities of the ground state and first excited state are

5/2° and 3/2 respectively.

4) The 65.8 keV level

The level at 65.8 keV decays to the 5/2° ground state
and the 3/2 first excited state, and is fed by the 11/2°
isomer. The observed half life of the 11/2° level, 1.4 usec,
is too short for transitions of multipolarity greater than Ml
or E2. (Weisskopf estimates for the half-life of states decaying
by M2 or E3 transitions of this energy are listed by Lederef

et al. (1967) as 10~4 and 107! seconds respectively, while

11 6

and 10° ° seconds.)

those for M1 and E2 transitions are 10~
The 65.8 keV level was strongly populated via an E2¢ transi-
tion in the inelastic scattering experiments. The spin and
parity of this level must therefore be 7/2° . This conclusion
is supported by preliminary results from the reaction
14QSm(t,p)ISlSm (Burke et al, private communication). In

this reaction, the 65.8 keV level was strongly populated by an
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2=0 transfer. Since the ground state of 149

Sm is known to
have spin 7/27, the spin and parity of the 65.8 keV level will
also be 7/2".

Bertelsen et al, (1964) have reported an E2, Ml ad-
mixture for the transition from the 65.8 keV level to the 3/2"

level at 4.8 keV. This multipolarity assignment is believed

to be incorrect.

5) The 69.7 keV level

The level at 69.7 keV decays by an M1l transition to
the ground state and by an E2, M1l admixture to the first ex-
cited state, and must therefore have spin 3/2° or 5/2 . It
is fed by a 7/2+ level at 324 keV (the spin and parity of this
level are' established later). The 324-69.7 keV transition
is most probably El and therefore the spin and parity of the
69.7 keV level is 5/2 .

It was not possible to resolve the 65.8-69.7 keV
doublet in the (d,t) experiment, but since the spins of these
levels are 7/2° and 5/2  , the f-transfer to the doublet
should be 2=3. Both the (d,t) angular distribution and the
cross section ratio are in fact those for £=3 transfers ,

(Figures 11 and 14), and thus are consistent with these assign-

ments.

6) The 91.5 keV level
+
The 91.5 keV level is fed by the 13/2 level ét 148 kev

and the 11/2” level at 261 keV, and is found to decay to the

N
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65.8 keV level via an El transition. If the 148-91.5 keV
transition is of multipolarity no greater than E2, the spin of
the 91.5 keV level will be 9/2¥. The intensity of this level
increases at forward angles in the (3He,a) reaction, as does

a level at 386 keV, while the level at 148 keV loses intensity
A forward angle draining of l3/2+ strength into the 9/2 and
17/2 members of a rotational band has been seen in positive
parity bands in several deformed rare earth nuclei and
explained assuming a two-step reaction pfocess. (Burke et al,
(1972)). It is probable that the same prbcess is taking

place in this reaction.

The (d,t) angular distributicn fcr the 91 keV level
most closely resembles ai =3 transfer, although the fit is
not too Jood (Figure 1ll). Unfortunately, no angular distri-
butions for %=4 transfers have been measured, and so no
comparison could be made with empirical %=4 angular distri-
butions.

The cross-section ratio for this level also indicates
an %2=3 transfer (Figure 14). One possible explanation for
these inconsistencies is that the level seen at 91 keV is
in fact a doublet, namely the level at 91.5 keV seen in the
decay and reaction studies and a second =1 or =2 level

close nearby.

Or the other hand, data which have recently been ob-

tained on the N=89 nucleus 149Nd indicate that the level in

. + .
this nucleus which is most likely the 9/2° state corresponding
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15
lSm also has an angular distribution and

to that seen in
cross-section ratio most closely resembling an %=3 transfer.

(Burke, private communication). Whether or not this similarity is

%éi of significance or is simply coincidental is not known.

o

i 7) The 104.8 keV level

%ﬁ A level at 104.8 keV decays via measured Ml transitions
'gﬁ to both the ground state and first excited state and must

Ef therefore have spin 3/2° or 5/2 . This level was not seen in
%f the reactions performed, but was weakly populated via an E2

%i transition in the inelastic scattering experiment.

%' 8) The 167.7 keV level

The 167.7 keV state decays via El transitions to the

5/2- ground state, the 3/2° first excited state, the 7/2  and

5/2° states at 65.8 and 69.7 keV, and via an E2 transition to

the 9/2+ state at 91.5 keV. Its spin and parity must therefore

be 5/2%. No measure of the intensity of this state could be

made in any one of the reactions performed, as it was not

possible to resolve it from the level at 168.4 keV. The (d,t)

on of this doublet did appear to be some

t with the decay

angular distributi

mixture of %2=2 and &=3 , which is consisten

data. .

4
b,
Ay
f
K33
pi
i
i

9) The 168.4 keV level

keV decays via Ml transitions to

2 A state at 168.4
+
y the 7/2°, 324

both the 0 and 4.8 keV levels, and is fed b
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keV level. If this last decay is assumed to be of El
multipolarity, the spin and parity of the 168.4 keV level
must be 5/2° . This level was weakly populated in the

inelastic scattering experiment.

10) The 175 keV level

A level at 175 keV was found from the cross section ratio
(Figure 14) and from the (d,t) angular distribution (Figure
12) to be populated by an =5 transfer. Since this state
is also fed by the 7/2% 324 kev level, it is likely that

its spin and parity will be 9/27.

11l) The 209 kev level

A level at 209 keV has a (d,t) angular distribution
and a cross section ratio which indicate an #=3 transfer
(Figures.ll, 14) and therefore its spin and parity must be
5/2" or 7/27.

12) The 295 keVv level

A level at 295.1 keV was populated via an E2 transi-
tion in the inelastic scattering and Coulomb excitation ex-
periments, and was found to decay to the 7/2: 65.8 keV level.
Its spin could therefore range from 3/2” to 9/2 . This

level was not populated in any of the reactions performed.

13) The 307 keV level

A very strong peak appears in the (d,t) spectra at
307 kev. The angular distribution is that for an =2 trans-

fer (Figure 9). The cross section ratio is somewhere between
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2=2 and 2=3 (Figure 14) but this ratio is not very reliable
due to the high density of states in this region and the
limited resolution obtainable in (3He,a) spectra. This level
may perhaps be identified with that seen in the decay work

at 306.8 keV. Since the 2-transfer is 2=2, the spin must be

3/2% or 5/2%.

14) The 316 keV level

A level at 316 keV has an 2=1 angular distribution
in the (d4,t) reaction (Figure 8), and mus£ therefore have spin
1/27 or 3/2°. 1If this level may be identified with that seen
at 314.9 keV in the decay studies, the spin may be determined,
as the 314.9 keV level decays in part to the 5/2+ level at
167.9 kevVv. Since this transition would likely be of El

multipolarity, the 316 keV level would have spin 3/27.

15) The 324 kevV level

The spin and parity of the level seen in decay work
at 324 keV may be deduced from the measured decay multipolari-
ties. This level decays via an El transition to the 5/2"
ground state,and via an M1 transition to the 9/2+ 91.5 keVv
keV state. The spin and parity of the 324 keV level must
therefore be 7/2+. This state was not observed in any of the
reactions performed.

16) The 346 keV level

A level populated at 346 keV in the (d,t) spectra

has an 2=2 angular distribution (Figure 10):. The cross

section ratio is also that for an 9=2 transfer (Figure 14).
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The spin and parity must therefore be 3/2+ or 5/2+. This
level may be identified with the level strongly populated in
-the decay work at 344.8 keV. The measured multipolarities
(Bertelsen et al. (1964)) of the transitions leading out of
the 344.8 keV level are consistent with the assignment given
above, but unfortunately do not further restrict the spin

value.

17) The 357 keV level

A strong peak at 357 keV has a (d,t) angular distri-
bution which is very definitely 2=0 (Figure 7), and this

. . +
level must therefore have spin and parity 1/2 .

18) The 386 keV level

' . +
As mentioned in the discussion of the 39/2° level at
. 3 .
91.5 keV, a level at 386 keV appears in the ("He,a) data with
' . +
an increased intensity at forward angles. This may be a 17/2

level formed via two-step processes .

19) The 397 keV level

A level at 397 keV has the (d,t) angular distribution
for an 2=2 transfer (Figure 10) and a cross section ratio
(Figure 14) corresponding to an =2 or 2=3 transfer. The

4
spin and parity of this level are therefore probably 3/2

or 5/2+.
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20) The levels at 445 and 448 keV

Burke et al, (1963) have established a level at 445
keV, and the most recent decay studies (Cook et al, private
communication) indicate a second close-lying level at 448.3
kevV. The 445 keV level decays via measured El transitions to
the 5/2 ground state and the 3/2  first excited state, and
also decays to the 7/2 state at 65.8 keV. This last transi-
tion will probably be of El multipolarity for it to be strong
enough to be seen in the decay work. The spin and parity
of the 445 state would then be 5/2+. The level populated at
449 keV in the (d,t) reactions has an %=1 (d,t) angular
distribution (Figure 8) and must therefore have spin 1/2° or
3/27. It is most probable that this level may be identified
with the level seen at 448 keV in the newer decay studies
(Cook et g;”.private communication), and not with the 445 keV
state. The level at 448 is also strongly populated in the

150Sm(d,p)lslsm reaction.

21) The 503 keV level

Like the 357 keV level, the 503 keV level has the charac-~

teristic 2=0 (d,t) angular distribution, and must then have

Spin l/2+ (Figure 7).

22) *The 523 keV level
The level at 523 keV has an =2 angular distribution

+ + .
and therefore has spin 3/2  or 5/2 (Figure 10).
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23) The 529 and 715 keV levels

Levels at 529 and 715 keV were populated via E24+
transitionsin the inelastic scattering experiment, and there-~

fore have possible spins ranging from 1/2° to 9/2°.

24) The 704 keV level

A level at 704 keV has a cross section ratio of either
2=5 or 4&=6 (Figure 14). If this is the same level as that seen
weakly in the (d,d') experiment at.700 keV, the spin would
be 11/2+ or 13/2+, as the multipolarity of the transition

was probably greater than E2.

25) The 745 keV level

A level at 745 keV has a cross section ratio of =4
or 5 (Figure 14). The possible spin assignments are then,

772%, 90727 or 927, 11/27.

26) The 954 keV level

5
In the reaction 150Sm(d,p)1 lSm, a level at 954 keV
was very strongly populated, and is therefore most likely of

low spin.

27) The 1378 keV level

A level at 1378 keV has a cross section ratio of

2=5, and therefore has spin 9/2" or 11/2° (Figure 14).
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4.2 Discussion of Coulomb excitation and inelastic scatterlng
results

Coulomb excitation and inelastic scattering studies
tend to populate states of structure closely resembling the
ground state, and in particular, the ground state rotational

bands of deformed nuclei. It is therefore of interest to

examine the results of these experiments on the lSlSm target

for evidence of a ground state rotational band in this nucleus.
The most strongly populated peak seen was the 7/2° level at

65.8 keV. The average B(E2) value found for this level was

2

about 0.80 ezb ,corresponding to an E2tstrength of N33

single particle unitsa, and one is tempted to suggest that this

is the first excited member of a ground state rotational band.

+

If the strong coupling model holds, and if one assumes a simple,
unmixed ground state band, the intrinsic guadrupole moment

may be calculated from the expression

2 2 2
B(E2) = (5/16m)e"Q <I;2KO|I K>

to be Q, = 4.1 barns. For a homogeneous charged spheroid, the

deformation corresponding to this would be g = 0.21. The

i i ; ; i become
assumptions involved in making these calculaglons

questionable, though, when the spectrum is examined for the

next rotational member. For a simple rotational band, the

equatlon above predlcts that the 9/2° member of the ground

s ‘those defined by

4/3_.,=53 _2

SThese single particle units are the same a y
x10 e“cm’ .

Alder et al. (1956) and have the value 3.0 A

N
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state rotational band should be populated with a B(E2)+
strength which is 7/20 times that for the 7/2  member. On the
basis of the I(I+l) rule, the 9/2° state should appear
at about 150 keV. The next level seen, with a strength of
nv20% the 7/2° strength, is the one at 168.4 keV, which was
shown to have spin 5/2 , and thus cannot be a member of this
band. The 9/2  1level seen in the particle studies at 175
keV would appear to be a likely candidate, but is not popu-
lated in the inelastic scattering, and instead, a previously
unknown level at 295.1 keV is populated with a strength about
60% larger, relative to the 7/2 strength, than that expected
for a 9/2  level.
The 295.1 keV level decays readily to both the ground
state and the 65.8 keV level. If the spin and parity of
this level afe 9/2”, then the measured ratio of the 295+66 keV
photon intensity to the 295+0 photon intensity is only about
half as large as that predicted by the strong coupling model
for E2 transitions between band members, even if the 229.3
keV transition to the 65.8 level were assumed to be pure E2.
Tf this level at 295 keV were a member of a ground
state rotational band, then it would certainly be necessary to
invoke a great deal of configuration mixing in order to

explain the departure from the I(I+l) rule. The transition

rates are very sensitive to mixing effects in the nuclear

structure, and any mixing large enough to explain the deviation
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from a rotational energy spacing would strongly affect these

rates.

It is also possible that the lSlSm nucleus is not a
good rotor, and might be more accurately described using some
other model. These possibilities are left to be discussed in
the section entitled "low-lying negative parity levels". It

is most logical to proceed now to a discussion of the positive
parity levels in this nucleus, as the insight gained from

these levels is useful in the discussion of the negative parity

levels,

4.3 Positive parity levels

The positive parity states that would be expected to

appear ip these reactions would be due to the sl/2’ d3/2 and
il3/2 shell model orbitals. For a well deformed nucleus, all
of the Nilsson states stemming from these orbitals could be

coupled through AN=2 and Coriolis mixing, and the level or-
dering further perturbed through decoupling of the K=1/2 bands.
One might therefore expect the resultant spectra to be rather
complex. In spite of this, studies of the positive parity
levels in 155Gd (Borggreen et al, (1969)) have shown that
these levels are well described by the Nilsson model if the
calculations include the effects of Coriolis and AN=2 mixing,
and for 153Gd (Lgvhgiden et al, (1972)), this theory provides
at least a gualitative description of the experimental data.

. 151
The low-lying positive parity levels found 1in

The spin assign-

Sm

are shown in the first column of Figure 26.
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Figure 26.
I
POSITIVE PARITY LEVELS IN Sm
564 5/
523 372,572
o Y 7 S 503 —f—t——— 172+[400]
a5 52 .
420 372
396________3/2,5/2 388
Be—————— (2N 7 72
357 /2 ——Z 357 172
345———————— 3/2,5/2,7 S~
324___ 2 — AN 1 J— 7/
307 ——————— 32— ——— — === 307 ———+—+— 3/2+[402]
168 5/2 ———————- 166 5/2
48 ______ 13/ ——————— 148 13/2
--96 9/2
2o 92—
EXPERIMENT THEORY

Comparison of experiment and theory for the positivg
parity levels in 151Sm. The two N=4 levels (shown with
cross-hatches) were not part of the theoretical calcu-
lation, but were put in onthe basis of model systematics.

See Section 4.3.
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ments listed for these states were discussed in Section 4.1.
If these levels do represent coupled Nilsson orbitals, as found

in the nuclei 153Gd and 155

Gd, one would expect the transition
probabilities between the states to be enhanced. The lifetime
of the level at 167.7 keV as measured by Andrejtscheff (1971),
was found to be 0.38 nsec. The E2 transition probability for
thg decay from the 167.7 keV level to the 91.5 keV level may
then be calcualted to be about 200 Weisskopf units, which is
typical for in-band transitions for nuclei in this region\of
the periodic table. This transition probability corresponds
to a B(E2) value of approximately 0.63 e2b2 and an intrinsic
quadrupole moment of Qo ~ 3.64 b. The inelastic scattering
experiment yielded values very similar to these for the
ground séate "band".

The half-life of the 91.5 keV state as observed in
decay has recently been reported as 78 nsec (Drost, et al, (1972)).
This level decays via an El transition to the negative parity
65.8 keV level. The transition strength for this decay may be
calculated to be about 0.6x10™% Weisskopf units.

A calculation of the effect of Corioclis mixing of all

the states stemming from the il3/2 shell model orbital was

carried out for 151Sm. Unfortunately, the computer program

used for this calculation was not sufficiently general to

include AN=2 mixing, and so the effect of the S1/2 and d3/2

orbitals could not be Quantitatively predicted. In this pro-

gram, the single particle Nilsson orbitals in a harmonic
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oscillator well are calculated angd adjusted to include the
effects of pairing correlations. For a given rotational para-
meter, the rotational bands built on the intrinsic states are
constructed, and the effects of Coriolis mixing calculated.
In order to provide a rigorous test of the model, the only

adjustable parameters allowed were:

a) the rotational parameter which was assumed to be the same
for all bands

b) the position of the Fermi surface and the size of the
pairing strength parameter, A, and

c) the empirical factor by which the Coriolis matrix elements
are reduced. (The need for reducing these elements has
not been explained theoretically, but has been empirically

155Gd

found to be necessary, for example, in the work on
Borggreen et al. (1969).
The parametérs describing the potential well,K and yu,

were set at 0.0637 and 0.420, respectively, as prescribed
by Lamm (1969). Assuming a prolate nucleus, the deformation
parameter R=0.2 was taken from the results of the inelastic
scattering experiment. The Fermi level was set 100 keV below
the energy calculated for the 3/2[651] orbital, the para-
meter A was 1 MeV, and the Coriolis matrix elements reduced
to 0.76 times as large as those calculated from the model.

The secoﬁd column in Figure 25 shows the predicted level

spectrum, and the energies and cross sections calculated are
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given in Table 10, along with the values found experimentally
for the three reactions performed. The observed intensity of
the 91.5 keV level (Table 10) is much larger than predicted for
the 9/2 level in both the (d4,p) and (d,t) reactions and only
slightly larger in the (3He,a) reaction. This is consistent
with the suggestion made previously that the peak seen at 91.5
keV is a doublet, consisting of the 9/2+ level and an £=1 or 2%=2
level. The experimental intensity 1isted for the level at 168
keV is the total for the 167.7 - 168.4 doublet. The calculated
7/2+ energy is very sensitive to small changes in the input
parameters (eg the Fermi surface) and the discrepancy in the
calculated and observed energies for this level is not considered
to be serious. 1In the last section, it was shown that the level
at 704 keV'could have spin 1172”7, 11/2% or 13/2%. This level
is perhaps the second 13/2+ level expected at 884 keV from the
calculation.

The very intensely populated 3/2+ level at 307 keV
and the two 1/2+ levels strongly populated at 357 keV and 503
keV indicate that the N=4 orbitals l/2+[400] and 3/2+[402] must
be involved in this region, and a complete calculation should in-
clude the AN = 2 mixing that would then take place between these

orbitals and the N=6 orbitals. For the N=4 states to appear

at this excitation energy in 151Sm, the single particle energies

t 1.5 MeV larger than
Table

of these orbitals would have to be abou
thbse calculated from the Nilsson potential used above.

11 gives the cross-sections that would be expected in the (d,t)




Table 10

Predicted and observed energies and cross sections for the positive parity levels in 151Sm
Level - do/as do,/d% do/dn
Energy Spin Predicted Theoretical Amplitudes (d,t) (3He, a) (d,p)
(keV) at 60° at 45° at 45°
Exp. Theory| Exp. Theory l/2+[660] 3/2+[6511 5/2+[642] 7/2+[633] Exp. Theory|Exp. Theory|Exp. Theor
91.5 %6 9/2 9/2 0.82 0.54 0.22 0.04 84 19 14 17 90 25
148 148 13/2 13/2 0.81 0.54 0.24 0.06 29 37 140 194 18 21
167 166 5/2 5/2 0.84 0.53 0.15 - 96 7 - <1 76 7
306 - 3/2 3/2 3/2+[402] * - 550 n50 -
324 388 7/2 7/2 0.32 0.81 0.49 -0.09 - 0.2 - - 1
345 5/2 5/2 3/2+[402]% 0 123 n13 -
357 382 1/2 1/2 l.O 0 0 0 234 0 - 0 18 -
386 322 (17/2) 17/2 0.80 0.54 0.26 -0.08 Two-step reaction process
395 420 3/2,5/2 3/2 0.39 0.92 0 - 33 n3 -
445 5/2 - - - -
503 - 1/2 1/2 1/2+[400] * - 506 - -
523 3/2,5/2 54 - -
564 5/2 -0.50 0.62 0.61 - ‘ 0 0 - <1l
704 884 (13/2) 13/2 ~0.48 . 1 0.36 .. #+0.72 ... . ~0.33 ..... N6 ... nL 35 15 - al2

* 4 .
These levels possibly contain the major portion of the N=4
not included in the mixing calculations.

See text.

orbital assigned. These N=4 orbitals are

€0T
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Table 11

Theoretical cross sections expected in the 152Sm(d,t)lslSm
reaction at 60° for pure 1/2%[400] and 3/2%[402] orbitals

Expected (d,t) cross-sections at 60° " (ub/sr)
1/2 3/2 5/2 7/2 9/2

Orbital

1725 1400] 850 290 68 g << 1

3/2% 1402] - 962 43 N << 1
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reaction for pure 3/27[402] and 1/2%[400] orbitals,

For pure states, one would expeqt to see little 1/2+
intensity from the l/2+[660] orbital, but a great deal from the
1/2+[400] state. Since two strong 1/2+ levels. are seen, these
two orbitals must be coupled, and the 1/2 l/2+[400] strength
spread over both levels. The total cross section of thése two
levels in the (d,t) reaction is 740 ub/sr, which is in
reasonable agreement with the total of 850 pb/sr that is pre-
dicted. If the l/2+[400] band head were at an unperturbed
energy of 449 kev, and the l/2+[660] band head at 391 kevV,
then a AN=2 matrix element strength of 68 kev would give the
energies and relative cross-sections seen in the experiment.

The 3/2 and 5/2 members of the N=4 and N=6 orbitals
will most likely be strongly mixed. Since there is some ambiguity
in.the assignments of the 3/2+and 5/2+ levels in the experimen-
tal spectrum, it is difficult to sort them out. Probably the
strong 3/2+ level at 307 keV is mainly due to the 3/2+[402]
orbital.

The tétal cross section expected in the 60° (d,t) spec-
trum for the I = 3/2 levels is about 1250 pb/sr, essentially all
from the N=4 orbitals. The levels observed in the (d4,t) reac-
tion at 307, 346} 396 and 523 keV all have #=2 angular distri-
butions and may therefore have spins 3/2+or 5/2+. The experi-
mental intensities observed are respectively 550, 123, 33 and
54 ub/sr. Perhaps the 307 and 346 keV levels are mostly due

to the 3/2+ members of the N=4 orbitals, while the 396 and 523
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are the corresponding 5/2+ members. Whether or not this is
true, there is a discrepancy between the calculated 3/2

strength and the strength observed in the (d,t) reaction,

with the predicted intensity almost a factor of two larger

than the observed intensity. No large peaks other than those

R

gj

discussed above are seen in the (d,t) reaction up to an exci-

§a

g

¥

tation energy of 1600 keV. This discrepancy will not be

explained by making a complete mixing calculation including the
AN=2 effects and it remains unexplained. This difference was

not found in similar studies on 153Sm (Kanestrgm and Tigm (1972)),
where the 3/2 strength resulting from the N=4 orbitals was found
to be in agreement with that predicted.

Apart from this discrepancy, the results of these calcu-
lations ;how that the Nilsson model including Coriolis mixing
(and, qualitafively, AN=2) mixing) does indeed provide a good
description of the low-lying positive parity levels in 151Sm.

It should be emphasized that the parameters used in the calcu-
lation were chosen from the results of other experiments, and

no wide ranging parameter variations were allowed. While it is
likely possible £hat the predicted energies of some of the levels
could be improved by slightly varying the input parameters,

the results obtained are sufficient evidence of the application

of the Nilsson model to 151Sm. A more complete calculation,

quantitatively including the effects of AN=2 mixing, could be

expected to give an even better theoretical description of the

-
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positive parity levels. Before such a calculation is under-
taken, it would be advantageous to have more experimental
information on the 3/2+ and 5/2+ levels in the 300-500 keV

region.

4.4 Negative Parity levels

The good agreement obtained from applying the Nilsson
model, with Coriolis and AN=2 mixing effects included, to the

positive parity levels in 151

Sm, gives hope that the negative
parity levels may also be described by this model, even though
the results obtained from the inelastic scattering experi-~

ments seem rather complicated.

The existence of the 11/2  isomeric state at 261 keV

S e e

S

in 1SlSm tends to support the supposition that this nucleus

Sz

may be described as a symmetric prolate rotor. For a prolate
nucleus, the Nilssoﬁ orbital 11/2 [505] is expected as a hole
state in this region of the periodic table, and has been
identified in neighbouring nuclei (cf Tj@gm (1968)). No other
11/2" 1levels w;uld be expected to be strongly populated at such
a low excitation energy, and it is therefore very reasonable
to assume that the isomer may be assignéd to the 11/27 [505]
orbital., The long half-life observed would result as de-
excitation transitions would be K-forbidden.

The predicted and observed intensities for this level
for the reactions performed are given in Table 12. The agree-

ment between the observed and predicted values is indeed quite
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Table 12
Predicted and observed 11/27 [505] intensities in 1518m
Cross Sections (ub/sr)
(d,t) 60° (Cre,a) 45° (a,p) 45°
Theory* 66 135 3.5
Experiment 56 117 <5

* These theoretical cross

v? = 0.95, u% = 0.05.

sections were calculated assuming
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satisfactory.

The Nilsson model in its simple form is certainly not
applicable to this nucleus. The level spacings of the many
3/2°, 5/2° and 7/2" states existing in the low lying spectrum
are such that these levels can not be arranged into unmixed
rotational bands, and it will be necessary to invoke a great
deal of mixing to explain the spectrum. The results of the
inelastic scattering and Coulomb excitation experiments, as
discussed in section 4.2, support this conclusion: Strong EZ
transitions were observed to the level at 65.8 keV and a level
at 295 keV. The wave functions for these two states must then
strongly resemble that of the ground state, and if they form
part of a ground state "rotational band" then strong perturba-

tions from other bands are required to explain this level
spacing.

If one accepts the deformation of B8=0.2 as determined
from the inelastic scattering data (this was also the deformaj
tion used to describe the positive parity levels), then filling
89 neutrons into the Nilsson diagram suggests that the orbitals

5/27[523] and 3/27[521] would be prime candidates for the 5/2

ground state and 3/2 first excited state. But these two

orbitals alone (or any two K=3/2 and K=5/2 orbitals) even 1if
they are highly mixed, can not give rise to_the spectrum ob-

served in inelastic scattering. This may be seen

by considering the relative phases of the wave functions of

states arising from two mixed bands.
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Consider the following two bands which are to be

Coriolis mixed;

9/2 9/2
1/2 7/2
5/2 5/2
K+1
= 3/2

Following Kerman (1956), the state vectors for the two
solutions for the mixed states of spin I may be written, arbi-
trarily choosing a positive relative phase, as

| L= a.|y..> + b |¢ >

! 1IJI I'"IK I''I,K+1

and
lWp> = by lvre> = agl¥y g

where a2 + b2 =1 and H, L refer to the higher and lower energy

I I
solutions.

—

Therefore in the above probiem, the lowest I = 5/2

state may be written

L -
[¥s /5> = a5/21¥5/2,3/2” * bs 121¥s/2,5/2
The two I=9/2 levels will then be

45 /2> = 39/21%9/2,3/2> * by s2l¥g/2,5/2”
and >
Il”g/:f = by 15lV9/2,3/2> ~ 39/21%9/2,5/2

e i11
where the a's may be chosen to be positive, and b5/2/b9/2 Wi

also be positive.
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Then the Coulomb excitation probability between the lower

I=5/2 level and the two 9/2 levels will go as
H,L L 2
B(E2)«{2<I; 2 K, Axlexf><w9/2 e2|w5/2>}

where €2 is the E2 transition operator. For the upper 9/2

level this becomes

B" (E2) ={<5/2 2 3/2 0|9/2 3/2>by jyag )<V /5 3/2|€2|w?/2 3/2>

2
-<5/2 2 5/2 0|9/2 5/2>ag /,P5 3V 5 5/21€21¥5/3 5,273
For the lower 9/2 level

B (E2) ={<5/2 2 3/2 0]9/2 3/2>8g 535 ,5<Vg /3 3/21¢21¥5/2 372
2
+ <5/2 2 5/2 0]9/2 5/2>b9/2b5/2<l!)9/2 5/2152“’5/2 5/2>} .

The cross-terms will be small and are neglected.

In these expressions, the terms <wIK|s2JwKK> are

simply the quadrupole moments Qo of the bands. If one assumes

g ¥5/2 g K=3/2 tpese factors may be taken outside the curly
o o

brackets. Since both of the Clebsch-Gordan coefficients have

the same sign, it may be seen that the lower energy 1=9/2 level

will tend to be more strongly populated +han the upper 9/2

level, as the terms in BH(E2) tend to cancel out, while those

K=5/2 ,. K=3/2 then
at BL(E2) add. If one assumes that (Qo /Qo y <0, e

the highest 9/2 level would be populated, but similar calcu-

lations would show that the lowest 7/2" level would not be

- . 151
populated. The lowest 7/2° level in Sm, at 65.8 keV, was
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strongly populated in the inelastic scattering experiment,
contradicting the suggestion that the two bands have guadrupole
moments of different signs. 1In any case, it is not too clear
that this whole approach is valid if these low-lying levels

are described as a mixture of two bands of érolate and

oblate deformation.

This argument remains valid even for two bands with
different rotational parameters. The wave function for the
state which has been pushed upwards in energy from its normal
rotational position, as must be the case for the 295 keV
level (if it is the 9/2 member of the ground state band),
will have a relative phase opposite that of the ground state,
and the probability for Coulomb excitation to this state will
~be small. Since the 295 keV level was strongly populated,
one may conclude that the ground state wave function must be
a mixture of more than two Nilsson orbitals, if the Nilsson
model is to be applied to this nucleus.

As mentioned above, the level at 65.8 keV was strongly
populated in the Coulomb excitation experiment, and thus is
possibly the second member of the ground state rotational band.

This level is also very strongly populated in the (d,p) ex-

periment. One might then consider the orbital 5/2 [512] for
inclusion in the ground state wave function, since this orbital
has a large spin 7/2 component and would lie above the Fermi

surface, and therefore contribute strongly to the observed

(d,p) cross-section.
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The results from the experiment 151Sm(d,p)lSZSm should
give additional information on the ground state in 151Sm, as
the relative intensities of the ground state rotational band in
1525m will characterize the ground state of 151Sm. The ob-
served intensities are listed in column 2 of Table 13. A

computer program was written to calculate the predicted inten-
sities for the 1525m band for all possible mixtures of the

three orbitals, 3/27[521], 5/27[523] and 5/27[512] as components
of the 151Sm ground state. Of these mixtures, only two gave

good relative agreement with the experiment., These were:

1) ¢ = 0.98(5/27[523]) + 0.15(3/27[521])
and

2)

[

0.65(5/27[523]) + 0.61(5/27[512]) - 0.42(3/27[521]).

For the first of these solutions to be considered, it
must contain at least small admixtures of other states, since,
as previously explained, a simple mixture of two Nilsson

rotational bands would not yield the inelastic scattering

results., The calculated relative values for the intensities

of the 1525m rotational band are in reasonable agreement with

the observed values (Column 3, Table 13). The second solution

gives even better relative values. (Column 4, Table 13). The

predicﬁed absolute values are all somewhat larger than those
observed. One might expect this, as it is probable that there

is a shape difference between the initial and final nuclei,

which would tend to hinder the transfer process. The calcu-
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Table 13
. . . 151 152
Population of the ground state band in the reaction Sm(d,p) Sm:
Experimental cross sections and intensities predicted for the three
wave functions considered for the ground state of lSlSm .
Cross sections (ub/sr)
Level B . & Empirical Solutions Oblate
Xxperiment (1) 2) nucleus
+
0 1.3 1.6 1.6 11
2" 8.4 28 17 66
4* 4.5 15 8.6 15
6+

1.1 2.8 2.2 0.6

The last '‘three columns are the intensities predicted assu-

ming the following wave functions for the ground state of
151 ‘

Sm
Empirical solution 1) ¢ = 0.15(3/27[521]) + 0.98(5/2 [523])

2) ¢ = 0.65(5/2  [523] + 0.61(5/2-[512])
-0.42(3/27 [5211])

Oblate nucleus ¥ = 0.90(5/27[523]) - 0.44(3/271532])
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lations included no such shape factors. Both solutions predict
that the ground state populations of all (d,p) and (d,t) reac-
tions leading into and out of 151Sm will be small, as is
observed in these reactions.

Unfortunately, these semi-empirical determinations of
possible wave functions for the ground state of 151Sm do not
yield information on the nature of the other members of a pos-
sible ground state band, and so no further comparison can be
made with the other iow lying negative parity levels.

A Nilsson model calculation including Coriolis mixing
was made for the negative parity levels in 151Sm using the
computer program described in the previous section.

This calculation was made using the well parameters
K = 0.0637 and u = 0.42 to describe the deformed harmonic
oscillator potential. The deformation parameter f = 0.2
and rotational parameter A=15 keV were chosen as they gave

good results in describing the positive parity states. These

parameters were kept constant from band to band. The Fermi
level was set 250 keV above the energy calculated for the

3/27 [521] orbital. The first 82 neutrons were considered
inert; the calculation included all the Nilsson states
stemming from the hg/2 and.f7/2.orbitals.' The resulting spec-
trum is given in column 1 of Figure 27.

The cross-sections for these levels are calculated

from the equation
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Un 2
do _ (n)
30 < 2 X (aanz or) cl(e)
n vn

where the index n includes all the orbitals mixed into a level
and 02(6) is the DWBA cross section. It is useful to use the
structure factor U

n 2

(n)
g (anCjK 3:)

calculated from the model as a basis of comparison with experi-
ment, as an effective empirical value for this structure factor may
be obtained by dividing observed intensities by twice the
épproPriate DWBA cross section.

In Figuré 27, tﬁe numbers drawn above each level are
these structure factors calculated from the model for the (d,p)
reaction: (on the left) and for the (d,t) reaction (on the righ;).
The second column in this figure gives the experimental spec-
trum and the empirical structure factors, It is interesting
to note that the wave function calculated for the ground state

was
Y = 0.90(5/27[523)) + 0.42(3/2" [521))

which is somewhat similar to the first of the "empirical"
solutions. The wave functions of the higher states are such

that the first 7/2 and first 9/2 levels would be populated in

inelastic scattering; ‘no mechanism is predicted which would

explain the observed inelastic scattering spectrum. Further-

i too well
more, the structure factors predicted do not agree
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with those observed. Reasonable variations of the Fermi
level, the rotational parameter and deformation have not pro-
duced a spectrum which more closely resembles the observed
spectrum than that given here.

The deformation parameter used above was that for a
prolate nucleus. Since this parameter was extracted from the
inelastic scattering data, which gives only the absolute mag-
nitude of the deformation, and not the sign, it is interesting
to perform the same Nilsson calculation for an oblate nucleus,
that is for g = -0.2, Thé results obtained using a rotational
parameter of A=10 keV and putting the Fermi level 200 keV
below the 5/2 [523] orbital are given in column 3 of Figure
27. Thig spectrum shows some correspondence to the observed
spectrum, not only in the level ordering but of more importance,
in the predicted structure factors for some of the levels.
The wave function calculated for the ground state was

Y = 0.90(5/27(523]) - 0.44 (3/2-[532]) + small terms .

. h 152Sm
This function yields the cross section pattern for the

. 151 152
ground state rotational band for the reaction sm(d,p) Sm

as given in the last column of Table 13. The absolute mag-
nitudes of the values predicted are much larger than those
observed (again this might be explained as due to a large

difference in initial and final shapes) and the relative in-

tensities are not as good as those predicted from the prolate
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calculation, but the discrepancy is not too large.

Further evidence tending to support these oblate

151 150

calculations comes from the experiments Sm(3He,a) Sm and

15 150Sm. The cross-section ratios for the levels

populated in 150Sm give an indication of the transferred %

lSm(d,t)

value. For such experiments on odd A targets, the transfer
involves a mixture of %-values,and the empirical ratios may
not identify these %-values, but the empirical ratios must be
consistent with those calculated from any. theories that

are being considered.

Figure 19 shows the empirical ratios found for the

first 2+ and 4+ states in lSOSm, as well as the ratios predic-

ted from the oblate calculations and those from the prolgte
calculation involving the 3/2 [521], 5/?—I523] and S/Zi[SlZ]
orbitals. In these calculations, the 2% level at 334 keV and
the 4% level at 774 keV in 150Sm were treated as members of

T+ is seen that the oblate ratios
151

a ground state "band".

(which have a large %=3 component in the sm ground state

wave function) are quite similar to the empirical ratios,

while those for the prolate ground state differ by a great

deal. It is difficult to say how meaningful these calculated

. . he e
results may be, in view of the assumptions made on tine natur

of the two levels in 150Sm.

The oblate nucleus calculations, l1ike those of the prolate

nucleus, also predict that the lowest lying 7/2 1level would be

N
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strongly populated in an inelastic scattering experiment. 1In
the (d,d') and Coulomb excitation experiments, the lowest lying
7/2° level at 65.8 keV was indeed inteﬁsely populated. Further-
more.the (d,p) and (d,t) structure factors predicted in the
oblate calculations for the first 7/2  level and the second 5/2°
level very closely resemble those found from the (d,p) and
(d,t) experiments.’

'Three low-lying 9/2° levels are predicted in the calcu-~
lated oblate spectrum at 116, 196 and 282 keV. Of these, the 196
kev level haé (d,p) and (4,t) structure factors closely resem-
bling those of the 9/2” level seen at 175 keV in the experimental
Spectra.l The predicte& 9/2” level at 196 keV would not be ex-
pected to be populated in the (d,d') or Coulomb excitation experi-
ments; the-épectra fér these experiments revealed no trace of
the 9/27 level at 175 keV.

The calculated oblate 9/2_ levels at 116 and 282 keV
both have very émall predicted structure factors, and it would
be satisfying if the 282 keV level could be identified with the
level seen in the (d,d') experiments at 295 keV. But the wave
function of the predicted level at 282 keV is such that it would
be populated very weakly in an inelastic scattering or Coulomb
excitation experiment, while the predicted level at 116 keV
should be intensely populated. -In this respect, the oblate calcu-
lation does not seem any more capable of describing the inelastic

Scattering spectra than does the prolate calculation. Further-
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more, the oblate nucleus calculations do not explain two other
facts: 1) the negative parity, high spin isomer seen at 261 keVv
in this nucleus. None of the predicted oblate levels should be
isomeric.v As previously discussed, this isomer would appear in
the prolate spectrum, 2) The predicted spectrum of oblate
positive parity states shows little resemblance to the observed
spectrum. These states were well described assuming a prolate
nucleus;

Recent calculations of deformed single particle orbitals
have included a second deformation term in the nuclear shape,
ie xr = ro(1+BzY2o+84Y40). The effect of this term is being in-
vestigated for various forms of potential. (eg. Nilsscn (1969).
It would appear that in some cases, the addition of this term has
the effect éf rearranging the Nilsson 6rbitals, and perhaps this
extension of the model could provide a better description of the
negative parity levels of 151Sm. Calculations of nuclear shapes
are also being maae by various methods (eq. Kumar and Baranger,
(1968)), the results of which indicate that the equipotential
surfaces may contain more than one minimum and therefore one may
expect to observe co-existing states corresponding to different
deformations in the same nuclear spectrum. A semi-empirical

calculation of this sort (Takemasa et al. (1972)), describes the

grouhd stétes of l503m and lssz as containing both spherical

and deformed structure, and suggests that both nuclei contain

levels of "foreign" deformation. These conclusions were based

150
on the results of two~neutron transfer reactions between Sm ‘

and lssz.
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Considerations of this sort must also be related to the
fundamental assumption made at the outset in adopting the rota-
tional model; that the rotational and intrinsic motions are

adiabatic. The extremely high number of low-lying negative

151

parity levels in Sm may be an indication that for this nucleus,

the adiabatic assumption is poor. Furthermore, application of
the variable moment of inertia model to 150Sm, 1528m and 154Sm
vields "softness" parameters o of 33.5, 0.229 and 0.0024 res-.

pectively, for these nuclei (Mariscotti et al. (1969)). This

152

indicates that even in Sm the adiabatic approximation is not

completely valid. Unfortunately, this model gives no details of
the intrinsic states of the nucleus.

The theoretical problems involved in solving the non-
adiabatic rotor problem are rather subtie and certainly beyond

the scope of this thesis, but one further point can be made.
The positive parity levels in 51Sm are reasonably well described
assuming an adiabatic prolate rotor model. Whatever nuclear

models are applied to this nucleus, they must explain why this

prolate model works for the positive parity levels, but seemingly

not for the negative parity levels.

4.5 Conclusions

A considerable amount of new information has been gained

151 . ey
about the nuclear structure of sm, and the spins and parities

of many of the low lying levels have been established, yet no

nuclear model seems capable of simultaneously explaining all the

observed properties of this nucleus. Earlier investigators
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suggested that both spherical and deformed states could co-exist
in the low lying level structure of 151Sm, and that it might be
possible to experimentally sort out these levels by performing

single particle transfer reactions (leading into 151Sm) on the

150

"spherical" target nucleus Sm and on the "deformed" target

1528m (Kenefick et al. (1965)). As was seen in these stu-

15 15

nucleus

0Sm(d,p)lSlSm and 2Sm(d,t)lSISm in general tended

dies, the
to populate the same low lying levels, and no classification of
levels as spherical, or deformed, could be made on this basis.

This becomes understandable in the light of recent experiments

and calculations on the shapes of nuclei in this transition

region: some authors consider that the ground states of 150Sm

and lssz cqntain both spherical and deformed components. In
other words, the transition of nuclear shape does not occur abrupt-
ly as neutroné are added to the nucleus in these nuclei, but is

a somewhat more gradual process than that previously imagined.

As might be expected, attempts to describe all the levels
in 1518m using a simple nuclear model have not yet met any
success. Assuming a prolate deformation, the Nilsson model gave
a good description of the positive parity levels, and predicted
the existence of the low-lying isomer, and yet did not seem

capable of describing most of the negative parity levels in

These levels seemed, at first glance, to be
Neither the

this nucleus.
more closely described assuming an oblate nucleus.

positive parity level spectrum observed nor the isomer are pre—
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dicted for an oblate nucleus in this region. Although nc com-
plete parameter search was carried out for the oblate nuclear
level calculations, no means were found to explain the strange
"rotational" band populated in the Coulomb excitation and
inelastic scattering experiments.

Further theoretical considerations on this nuzleus should
include speculations as to whether the adiabatic assumption
inherent in the Ni;sson model holds true in this case. Or it
might be that the spectrum of an adiabatic asymmetric rotor
would more closely describe the experimental results. |

The most pressing piece of information that must be
experimentally obtained is the exact spin of the level at 295
keV that was populated so strongly in the Couiomb excitation
work. This.may perhaps be accomplished by studying the angular
distributions of the decay ¥y rays from this level in a Coulomb
excitation experiment. Also, it would be of interest to have
more information on the 3/2 and 5/2 positive parity levels in
the 300-500 keV region, so that a more complete positive parity

calculation could be undertaken.

(a;3He)experiment

An interesting experimental investigation of nuclear
shapes in this region of the periodic table could be made by

studying the positive parity levels in these nuclei. The

. 153 155
positive parity levels in 15-lSm, Gd and G4 have been

shown to be due to the few .valence neutrons which occupy the

lowest-lying Nilsson orbitals stemming from the 113/2 shell
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model orbital.

In a deformed nucleus, the total strength of the spheri-
cal 113/2 orbital is about evenly divided among the 13/2+ rota-
tional levels based on the Nilsson orbitals stemming from the
113/2 orbital. One could say that the onset of deformation

lifts the degeneracy of the shell model orbital. These deformed

levels are split farther apart as the deformation increases.

A measurement of the relative positions of the l3/2+ levels
in these nuclei would then be essentially equivalent to a mea-
sure of the deformation of the nucleus.

In this study, information on these positive parity
levels in 151Sm was gained using the (d4,t) and (3He,a) reactions.
Since there are only a few neutrons in the lowest i13/2 Nilsson
orbitals, ogly one 13/2+ level was positively identified. A
stripping reaction,which would put neutrons into the empty i13/2
orbitals, would populate many more of these orbitals. Since the
strength of these orbitals is all concentrated in the 13/2
members, it would be necessary to use a reaction which preferen-

. 3
tially transfers high angular momentum. The reaction (a, He)

would be excellent, and could be complemented by the correspon-

ding (d4,p) reactions.
The rare earths Nd,Sm and Gd all have stable, even A

isotopes in the spherical region, the transition region and the

strongly deformed region. The (a,3He) reaction would strongly

populate the 13/2 levels in all these nuclel, and one could
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perhaps follow the splitting of the i13/2 orbital as it is
brought about by the increasing deformation. Unfortunately, the
large negative Q-value of (a,BHe) reactions puts them beyond the

range of the McMaster accelerator.
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APPENDIX

TARGET CONSTRUCTION

The separated isotopes of Sm that were used to make the
targets for this experimental program were obtained in oxide form
from the Oak Ridge National Laboratory. A list of the isotopic
purities of these materials as supplied by ORNL is given in
Table 1. Following the procedure outlined by Westgaard and

Bjgrnholm (1966), these oxides were reduced using La metal;

Sm203 + 2La =+ La203 + 2 Smt.,

This chemical reaction goes quickly at about 1200°C, and at
this temperature the vapour pressure of the free Sm is suf-
ficiently great that it may be coilected above the crucible
on the targe£ backing, while tﬁe vapour pressure of the La is
not great enough to get much La deposited on the target.

For the stable Sm isotopes used in these studies, about
15-20 mg of Sm,05 was weighed out and intimately mixed with N 20
ng of fresh La metal'filings. This mixture was placed in a
tantalum crucible made by drilling a i/8“ diameter hole into a
1" length of 3/16" Ta rod to a depth of 3/4". A tight fitting
Ta 1id with a 1/16" hole in the centre was placed on the crucible.

The crucible was then put in a vacuum chamber and very carefully

warmed up to about 300° or 400°C to drive off any gases trapped

or adsorbed in the mixture. If this was not done, there w;s a

tendency for the mixture to be "burped" out of the crucible.
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This initial heating was carried out by wrapping tungsten strips
around the crucible and passing a high current through these
strips. When the "out-gassing" was completed (this could be
monitored on the vacuum guage), the crucible was transferred

to an electron bombardment heating apparatus and held at 1200°C
for about 5 minutes; Carbon foils of thickness "~ 30 ug/cm2 which
had been evaporated onto glass microscope slides were in position
about 3-1/2" above the crucible 1lid. If the pressure in the
chamber was kept below & 10"5 Torr, a layer of Sm of thickness
ranging from ~ 20 ug/cm2 to v 70 ug/cm2 was‘collected on the
carbon foil. As the carbon foil was attached to the glass slide
with a soluble ;glue", sections of the carbon and Sm film could
be floated off the slide by gently immersing it at an angle in-
to a bowl of diétilled water. These sections were then picked
up on an aluminum frame 1" square with a 3/8" hole in the centre.

This could then be mounted in the target chamber and used for

th2 experiment.

151Sm was- considerably more difficult,

Making targets of
as this isotope is radioactive with a 90 year half-life. One
mg of this materiél has a B activity of n 27 mCi, and it there-
fore had to be handled in a "hot lab" specifically equipped for
handling radioactive substances. A small evaporator was con-

structed in a glove box in the hot lab. This evaporator was

very cheaply constructed, mostly of old vacuum parts, as it

would become completely contaminated and would have to be dis-
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posed of. 1Instead of using electron beam bombardment heating, -
a very small Ta crucible was made by drilling a 1/16" diameter
hole in a 1" length of 1/8" Ta rod. This crucible was heated by
passing a high current through it. This heating method could be
controlled accurately enough that both the outgassing of the
contents and the reduction process could be done with the single
heating system. A 100 ug/cm2 C foil already floated off onto a
target frame was placed about 3 cm above.the mouth of the
crucible. This foil was shielded.from all but the crucible top
by placing a tungsten plate with a 1/8" hole in it directly over
the crucible.

Due to the radiocactivity involved and the relatively high
cost of the separated isotope,. only about 1 mg of Sm203 could
be used per‘target. Several trial runs were made using natural
Sm and inexpensive separated isotopes of Sm (both natural Sm
and the separated isotopes were tried in case of differences in
the chemical production of the Sm oxides). During these trials,
it was discovered that Carbon backings less than 50-60 ug/cm2
were not always strong enough to stand the heat generated during
the evaporation; for this reason the 100 ug/cm2 backings were
used., Heating to approximately 1100-1200°C yielded targets
about 20-25 ug/cm2 thick. These targets were then mounted in a
special container (a modified Squirrel brand+peanut butter jar)
which could be placed in the target chamber of the spectrograph.
In anticipation of possible target breakage, the target chamber

had been carefully lined with Al foil. The container top was X

fMention of a manufacturer's brand name does not necessarily
imply endorsement by the author.
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then removed, exposing the target, the chamber pumped down
carefully, and the spectra taken.

Three targets were made; for the firét, the inelastic
scattering spectrum (Figure 21) revealed impurities of La and
other isotopes of Sm in the target, and also peaks due to Cu and
Zn, The La and isotopic impurities were expected but the Cu
and Zn were a puzzle. It was later found that the accelerator
beam had been improperly focussed, and part of the beam had
struck a brass support post in the spectrograph target chamber,
thus evaporating a thin layer of brass onto the target.
Fortunately, the. exposures were not ruined, as these impurities
did not obscufe the peaks of primary interest in the inelastic

spectra. For subsequent experiments, one of the other targets

L

was used.
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