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Atomic beam magnetic resonance has been used to study
the 14.6 min isomer and the 19.2 hr ground state in 142Pr. For

the isomeric state the results are:

I1=25
J=9/2: A = 245(10) MHz,
B = 100(450) MHz,
H = 2,2(1) nuclear magnetons.

Re-interpretation of previous results for the ground state hyper-
fine structure, together with some new data, yield the following
interaction constants:

J = 9/2: A = 65.6(2) MHz,

B = 22(2) MHz.

The effect on p is of minor consequence but the quadrupole
moment is tripled in value. With the sign of the moment deter-

mined to be positive, the results are:

U 0.234 (1) nuclear magnetons,

Q

0.110(25) barns.

In addition, the combination of a high-resolution
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141Pr(d,p) experiment and the analysis of singles and coin-

cidence gamma ray data has been used to reveal two new states
at 89.7 and 358.1 KeV; these are tentatively assigned spins
6 and 7 respectively.

The results have been interpreted in terms of configura-
tion-mixing between ﬂ2d5/202f7/2 and nlg7/é02f7/2: The resulting
wave functions for both the ground state and the isomeric state,
as determined from the (d,p) spectroscoéic factors, are quite
different from those required to fit the measured magnetic moments.
In view of this discrepancy, a possible mixing of higher configu-
rations into the low-lying states cannot be ruled out.

Finally, a mixed-configuration shell model calculation
using Surface Delta Interaction has been carried out, and its

predictions are compared with the experimental results.
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INTRODUCTION

Recently Kern et al. (1968) have carried out an exten-

sive study of the nuclear levels in 142

Pr, using a combination
of (d,p). reaction énd thermal-neutron capture y-ray spectros-
copy . The low-lying states, up to ~ 200 keV, are interpreted
in terms of mixing between the two configurations: w2&5/2v2f7/2
and nlg7/2v2f7/2. In this way, not only were the spins of the
states deduced but also their wave functions. In particular,
the 14.6 min isomeric state at 3.683 keV is predicted to have
spin and parity 5 . More recently, Mellema et al. (1970) have

142

- also studied the nuclear level spins of Pr by means of nuclear

orientation.

A similar study of the levels in 140

142

La (which has only
two fewer protons than Pr) has also been carried out (Kern
et al., 1967; Jurney et al., 1970). All the fourteen states
expected from the two configurations have been observed, and
their spins and parities assigned. Moreover, the (d,p) spectro-
scopic factors, M1l branching ratios and the ground state mag-
netic moment can all be explained in a consistent manner.

Nevertheless, it is obviously desirable to test the model

further. Since the knowledge of magnetic moments offers a



critical test for the nuclear wave functions, the main object
of the present research project was to obtain that information,
for the case of 142Pr.

Using atomic beam magnetic rééonanbe, the nuclear spin
and the magnetic .dipole moment of the 14.6 min isomeric state
have been determined; the result for the spin is I=5, in
agreement with the prediction of Kern et al.

Some years ago, Cabezas et al. (1962) made an atomic

beam investigation of 142

Pr ground state, and reported the
magnitude of the nuclear magnetic moment. Although the sign
of the moment was undetermined, neither sign fits the prediction
of Kern et al. for the ground state wave function. Using two
radio-frequency loops in a "flop-out on flop-in" atomic beam
. experiment, the sign of the magnetic moment has been determined.
In the process, it was found that the original resonances of
Cabezas et al. had been misinterpreted; additional experimental
data to substantiate this claim have been obtained. The effect
of the new interpretation on the magnetic moment is of minor
consequence, but the quadrupole moment is tripled in value.

In an attempt to understand the magnetic moment results,

142

a search for the four missing states in Pr was initiated.

A combination of high resolution (d,p) reaction and the analysis
of singles and coincidence y-ray data has been used to locate

two additional states in the low-energy level scheme of 142Pr

Tentative spin assignments for these states have been made.

Finally, a mixed-configuration shell model calculation



142

for Pr has been attempted, and its predictions are compared

with the experimental results.



CHAPTER I
NUCLEAR THEORY

1.1 The Shell Model

It is now apparent that the understanding of nuclear
structure is a complex and formidable task. Nevertheless,
physicists have approached the problem by resorting to rather
simple models and successive approximations, always aiming to
keep track of the physics involved. The historical development
of the nuclear shell model (see for example, Elliot and Lane,
1957) provides an excellent example of such an approach. The
present-day shell model calculations have come a long way from
the extreme single-particle model proposed in the late forties
(M. Goeppert Mayer, 1948,1949; Haxel, Jensen and Suess, 1948,
1949).

The description of a nucleus in terms of individual
particles moving independently in an effective central field
formed by all other particles is called a shell model. In con-
trast to the atomic case, however, there is no a priori reason to
believe that the shell model can be applied to the nuclear case.
In the first place, it is difficult to justify independent mo-
tion in the presence of strong nuclear forces. Secondly, there

is no physical object in the nucleus that can serve as the source



for a strong central potential. Historically, therefore, it
was the remarkable success of explaining a large body of experi-
mental results that generated the initial faith and interest in

the model.

l.1a Shell Model Hamiltonian

In the simplest form of the shell model, the single-particle
model, the effect of the internucleon interactions is approxi-
mated by an average central potential, Ui(ri)’ in which the or-
bital anqgular momentum of a nucleon is a constant of motion. The
indiQidual nucleons move in independent stationary orbits but it is
assumed that 1like nucleons pair off in such a way that many of
the nuclear properties are determined solely by'the last unpaired
nucleon. The model takes no other account of correlations among
the nucleons (except through the Pauli exclusion principle) and
has no explicit reference to two-body forces. Such a simple
potential of any shape, however, fails to reproduce the experi-
mentally observed single-particle spectrum. A spin-dependent
term, E(ri)fi-gi, is therefore included in the Hamiltonian which
has the form

The orbital angular momentum is, then, no longer a constant of
motion, and only Ji(ji = Ii + Ei) and its z-component m,, are
good guantum numbers. ‘A particle state is thus characterized
by four quantum numbers: n,%,J and m. By adjusting the strength

of the spin-orbit force, it is possible to reproduce the energy



gaps in the single-particle spectrum at the observed "magic
numbers".

Experimentally, it is found that when a system consists
of entirely filled shells plus a single nucleon, the single-
particle model succeeds reasonably well in predicting the spins
and parities of nuclear ground states. The spin of an odd-odd
nucleus, however, cannot be predicted since there is no way of
telling which of the various possible resultants of the two an-
gular momenta lies lowest in the energy. More specifically, the
various J-values in the absence of internucleon interactions are
degenerate. In a more sophisticated model, therefore, all the
"loose" particles outside closed shells (forming an inert core)
are treated on an equal footing. In addition, a two-body force
between the "active" nucleons is postulated, so that the Hamil-
tonian has the form:

N

N -
Hy = 121 T, + Ug(xg) + t»;(ri)zi.si + iEj Vij(rij) (1.1)

where the summation extends only over the particles outside the
inert core. The twp-body force,V(rij), has been introduced to
take into account the effect of internucleon interactions. How-
ever, it will be noted that it only represents the interaction |
petween the extra-core nucleons. Moreover, it is not the same
as that for two free nucleons. Hence, it is usually referred

to as effective residual interaction.



1.1b ' Shell Model Techniques

Any shell model calculation aims at diagonalizing the
Hamiltonian given by equation 1.1, in order to obtain its eigen-
functions and eigenvalues. Once the resulting total wave functions
are known, a host of the othef nuclear properties may be p;edic-
ted.

In order to carry out such a procedure it is first neces-
sary to construct a properly antisymmetrized N-particle wave
function. If the basis states are chosen in |n2jm> :epresenta—
tion 'so that they are diagonal in I°§, then

. N I -+
<IM iillTi + Ui(ri) + E(ri) i'si] JIM> =i£ E.

where Ei are simply the single-particle energies. A nuclear state
is now characterised by the total angular momentum J and its pro-
jection M, obtained by coupling together the individual single-
particle states. Most of the physics, however, is contained in
the interaction matrix element:

N
z V(ri

<JM )
i<j 3

JM>,

Shell model calculations are fraught with two basic
difficulties. First, the exact form of the residual interactioﬁ
is not known. In fact, one of the main objectives of nuclear
structure studies is to elucidate the nature of this interaction.

For many purposes, therefore, it is sufficient to choose a simple



analytic form with a few adjustable parameters. One such interac-
tion, which has been frequently used in recent years both in the
s-d shell and for odd-A nuclei with 82 neutrons, is the so called

Surface Delta Interaction (SDI). It has the form:

Vij = -4nAT6(ﬂij)ﬁ(ri—R)G(rj-R) (1.2).

where Qij is the angle between the radius vectors ?i, ;j of

the interacting pair of nucleons. The basic assumption of SDI is
that the interaction takes place only at the surface of the nu-
cleus. The kinetic energy of the nucleons in a nucleus is smal-
lest at the surface, and it is known from nucleon-nucleon scatte-
ring that the interaction diminishes rapidly for large kinetic
energies, so that the above assumption is a plausible one. The
short-range nuclear force is approximated (only for mathematical
simplification) by a $§-forxce. Physically, this means that the
interaction is non-zero only if the two nucleons are at the same
place (on the surface). The assumption is now made that the one-
particle radial wave functions all have approximately the same
amplitude at the surface. If these were exactly the same, the
different radial integrals would be equal. (This is also obtained
if the two-body force is a function of Qij only). The only
adjustable parameters of sDI are, therefore, the interaction
strengths, Aq, which depend on the total isospin quaﬂtum number,

¥ (=0 or 1).

*In the isospin formalism, an additional quantum number,
the isospin t, is assigned to each nucleon. The isospin projec-
tion (or the z-component) t, =+1/2 denotes a neutron and
tz =-1/2 denotes a proton.




Another source of difficulty in shell model calculations
is the problem of deciding upon an appropriate configuration
space. In principle, the "active" nucleons should be allowed
to occupy all of the unfilled shell model states. In praétice,
however, it is necessary to truncate the basis states, guided by
the energy-level systematics from adjoining nuclei. After one has
chosen the form of the residual interac;ion and decided upon a
configuration space, the problem reduces to a straight-forward
if somewhat long and tedious, mathematical computation. Recently,
J. B. French, E. C. Halbert, J. B. McGrory and S. S. M. Wong at
Oak Ridge have generated a powerful shell model programme called
Mixed-Configuration Shell Model Code (MCSMC). Based on the ten-
sorial ideas of jf B. French (French et al.,1969), the programme
can handle as many as six "active" shells and can treat matrices
of order N < 190, For a specified configuration, the programme
constructs the basis multi-particle states by appropriate coupling
of single-shell wave functions. Using the two-body ﬁatrix elements
(input data), it then calculates and diagonalizes the multi-
nucleon Hamiltonian matrices to yield nuclear energy levels and
nucleqr wave functions. The shell model calculations for 142Pr,
to be described later, have been made possible due to the
tremendous efforts by D. A. Dohan &ho not only modified MCSMC to
run on CDC 6400 at McMaster but also provided assistance and

‘enthusiasm in initiating these calculations.
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l.2 Nuclear Moments

The electromagnetic properties of the nucleus arise from
the charge and current distributions due to the individual nu-
cleons. The nucleus will, therefore, interact with an exéernal
electromagnetic system, e.g. the orbital electrons. It is possible
to express the energy of this interaction in terms of multipole
moments of increasing orders. The electric and magnetic multi-

pole operators of order ) are:

u A AgH
OA(EA) = 321 gliriyk§ei,¢i) (1.3)

A
u — A U . 2 >
OA(MA) = uy I grad[riYA(ei,¢i)] [gzi TF T Ii + 9 s.] (1.4)

i=1 it

where (ri,ei,¢i)'are the coordinates of ith particle, and gy .
i

and g, are its orbital and spin g-factors respectively. g, =t1
i

i
for protons and 0 for neutrons. gg. = Zui/uN, where My denotes
i

the magnetic moment of the ith

particle and My is the nuclear
magneton.

The static moments may now be defined as the expectation
values of the appropriate multipole operators in which the z-
component of ¥ has its maximum value J. The magnetic dipole and

electric quadrupole moments are then given by

po=u.<IM|zlg, T, + g_ 3,)|oM> (1.5)
N i zi i sg7d M=J
1/2
4 2,0
Q= [z <aM|L g, r;Y_ (6,,0.)]0M> . (1l.6)
5 i 2i i72'7i'Td M=J

It should be noticed that the quantity Q has an additional numeri-

cal factor in front, introduced purely for conventional reasons.



11

If the nucleus is assumed to be in a state of definite parity,

then non-vanishing matrix elements exist only for even-A in

the electric and odd-A in the magnetic case. Also, the highest

order of an observable static moment is A = 2J.

1.2a Magnetic Moments

According to the single-particle shell model, the magnetic
moment of a nucleus is simply that of the last odd nucleon. By
writing

gzz + gsg = gzj + (gs-gz)g
in equation 1.5, the magnetic moment (in nuclear magnetons) of
an odd-A nucleus can easily be shown to be:

g (2+1) - %

w= glagrag)d + (g9pm9g) — T

When the free-nucleon g-factors are used in the above expression,
one obtains the so-called Schmidt values. Experimentally, it is
found that, for most odd-A nuclei, the magnitudes of the magnetic
moments are smaller than the Schmidt values. These systematic
deviations may be explained by invoking the "quenching" of the
free-nucleon g-factors or by postulating configuration mixing.
For odd-odd nuclei, if the angular momenta jp and }n' of

-+ -»>
a proton and a neutron, couple to a total 3 = Jp + Jn’ the magnetic

moment, again in nuclear magnetons, becomes:
J (7 +1)=-J_(J _+1)
=1 - pp n'"n
Modd-odd ~ 2[(9'p+gn)J + (gp Iy) J+1 ]

where gp and g, are the g-factors derived from the Schmidt values.
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That is, gp = uSchmidt/quN' Alternatively, the proton and neu-

tron g-factors can be taken from the measured magnetic moments of
the adjoining odd-A nuclei. This latter procedure allows for any
configuration mixing in the odd-A nucleus, and therefore, produces

better agreement with the experimental results.

1.3 The (d,p) Reaction

The (d,p) reaction falls into a class of nuclear reactions
referred to as direct reactions: so called, because they proceed
on a very short time scale without formation of a compound nucleus.
The incoming particle, the deuteron in this case, is simply split
into two fragments; the neutron is absorbed into the target
nucleus while the proton continues more or less undisturbed. The
process can be regarded essentially as a nuclear-surface pheno-
menon, and hence, should be well described by the shell model in
which a few nucleons at the Fermi surface are considered to be
"active".

According to the semi-classical description of (d,p) reac-
tion, the momentum imparted to the residual nucleus is simply:

Rt = (Rg-Kp)n
where id and ﬁp refer to the deuteron and the proton momenta
respectively. The assumption is now made that the proton is not
significantly deflected by the Coulomb forces from the nucleus.
The linear momentum KY imparted to the nucleus is then the momentum
that the neutron brings with it. If the impact parameter Q R,

the nuclear radius, then the corresponding orbital angular momentum
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is given by
KR = /Z(2+1) K. (1.6)

The model outlined so far is, no doubt, a very crude one.
However, it predicts an important property of direct reactions,
namely that it is possible to determine the orbital angular mo-
mentum quantum number of the neutron by determining K. It

also suggests a maximum in the differential cross section for
an angle that satisfies equation 1.6. Both these features are

also borne out by the more refined distorted wave treatment.

1.3a Differential Cross Section

It is the purpose of this section to outline the impor-
tant features and approximations in the derivation of the expres-
sion for the differential cross section for direct reactions.

For a complete mathematical treatment, the reader is referred
to the publications by G. R. Ssatchler (1964,1965).

For generality, let the notation A(a,b)B represent the
reaction. A standard result of the general theory of scattering
gives the differential cross secfion as:

an - (Zﬂh:)z

where M and K are the reduced masses and wave vectors respective-

do _ MaMb . fg e | 2
K, fi

ly. The transition amplitude, Tfi' is given by the matrix
element of the direct interaction with respect to the initial

and final state wave functions. That is

> >
iK, orx
b +
1oy = Vplpe bly glvit)> (1.7)
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The incoming waves are, of course, in the aA entrance channel
but the outgoing waves can be in all open exit channels, so that
equation 1.7 is exact. At this point, however, some approxi-
mations have to be made in order to replace w:;) by a computable
quantity, and hence, evaluate the transition matrix element.

The distorted-wave Born approximation (DWBA) considers
only the elastic scattering part of w;z), and the transition is
described as taking place between elastic scattering states.
This is a reasonable approximation since, in direct reactions,
the interaction simply scatters particles without re-arranging
them. The so-called optical model potentials are introduced in
the entrance and exit channels to describe the scattering of
particles a and b; the interaction responsible for the actual
_ reaction can then be treated as a perturbation. With these
assumptions, the expression for the transition matrix becomes:

Tes = Id.fafd;bxr(;- )(Kb';b)q"bBIVbc'l Xan?Xa' R E)  (1.8)
The subscript ¢ refers to the transferred particle. Xar Xp are
now distorted waves in the entrance and exit channels respectively.
These wave functions are obtained by solving the appropriate
Schrddinger equation using an optical model potential. The

explicit form for such a potential, in common use for the (4,p)

reaction described in this work, may be written as
Ulr) = U (r) - [Vpfp(r) + i WhEL ()] (1.9)

where Uc(r) represents the long-range Coulomb force - the in-

teraction of a point bharge (ze) with a uniformly charged sphere
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(z2'e) of radius R.. The second term describes the strong nu-
clear force; it contains an imaginary part which mathematically
simulates the surface absorption (loss of flux). The potential

function, fR(r), has the Woods-Saxon form:

T-R -1

£.(r) = [1 + exp(—3 =3 (1.10)

Rc is defined as the radius where the nuclear potential has
decreased to half its maximum value, and the diffuseness para-
meter, a, is a measure of the surface thickness of the nucleus.
It is customary to use for the shape of the imaginary potential
a mixture of a volume term (dominant at high bombarding ener-
gies) and a surface term (dominant at low bombarding energies).
The volume imaginary term is simply the Woods-Saxon potential
given by eguation 1.10. The surface imaginary term, fI(r)
in equation 1.9, is taken of the form of the derivative of the
Woods-Saxon shape. Sometimes it is necessary to include in
U(r) a force which is sensitive to the spin direction of the
incoming particle, such as a spin-orbit force, thus introducing
further potential parameters. These parameters are adjusted
to obtain a fit to the experimental elastic scattering results.
The nuclear matrix element <ypp|V,_ [V, ,> in equation
1.8 acts as an effective interaction producing the transition
between the elastic scattering states. It contains all the
important nuclear structure information. It should be noticed
that Vbc represents the interaction between the outgoing par-

ticle and the transferred nucleon. For a (d,p) reaction, for
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example, vbc = vpn' Assuming that the internal coordinates of
"a" are independent of those of "A", waA may be written as
Yan = wawA *
Similarly, VB = ¥y -
The interaction Vﬁc is independent of internal coordinates of

the target nucleus, A, so that
<Vpp!Vpc!Van™ = Idxb ax vp<¥pl¥a>Vpc¥a

The overlap of the target with the residual nucleus defines the

wavefunctlonfbr the transferred particle c:

*
<wgley” = T <Tptpul? Mp>05, Cerfoa)
ju

where X represents the spin coordinates (and any other pos-
sible internal coordinates) . ¢§ﬁ depends on jnitial and final
states of A and B, and may be separated into jts radial, orbital
and spmn parts:

(x ,r

05, (g rEgp) =Echs m¥ wem| JurRy 5 (£0) ¥y Benrdenl *¢ (x,)

S,\.l“m (o]

where s is the intrinsic spin of particle c. The spherical har-
monic in the above expression (and hence, in the nuclear matrix
element) exhibits an important feature of direct reactions, name-
ly that the reaction cross sections will have pronounced angular
dependence. An angular distribution of the outgoing particles,
therefore, determines the %-value of the transferred particle

and the parity change (_)z in the transition.

The expression for the nuclear matrix element, thus,
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jnvolves a six-dimensional integral which is difficult to
evaluate. In the commonly used zero-range approximation, the
assumption is made that the outgoing particle appears at the same
point at which the transferred particle is absorbed. This,

in effect, implies that ;a is equal to ;b‘ The integral

now reduces to a three-dimensional one, and is easier to com-
pute. To obtain the reaction cross section, the transition
amplitude must be squared, and swmmed over the final and averaged
over the initial magnetic sub-states. It is customary to

write down the reaction cross section as:

ODWBA 2Jf+l

Oexp(®) = N33 27,37 543

(1.11)

where (ODWBA/2j+1) is the theoretical cross section calculated

in the distorted wave Born approximation, and the normalization
constant N = 1.53 for a (d,p) reaction (Bassel 1966). The
spectroscopic factor Szj is the overlap between the appropriately

anti-symmetrized initial and final states:

= 2
Slj =<y; @ wtransferred|¢f> (1.12)

particle

where the cross denotes vector coupling.

1.3b Mixed Configurations

In a nuclear reaction both the target and the final state
nuclei are invariably in given states of definite spin and

parity. Let
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- )

Y =1Ia $
T M, p P T My

Yy u_ = I b 63
fo q q fo

represent the initial and final mixed-configuration wave func-
tions, where ap and bq are the corresponding mixing amplitudes.
One of the crucial assumptions of direct reaction theory is that,
whatever the configuration of the target nucleus may be, it
remains unaltered during the reaction. The transferred particle
is simply (weakly) coupled to the target ground state to form

the final states. According to equation 1.12 the spectroscopic

~ factor is then given by:

S =<(Z a ¢p
J
p P

) 8 ¢3! g by 83 M
where ¢ju denotes the wave function of the transferred particle.
More specificélly, consider the case of a (d,p) reaction
in which the "active" shell, p, of the target nucleus has (n-1)
particles. As a result of the stripping reaction, the final
nucleus will have n particles {(neutrons) in the p-shell. One
can construct the n-particle (final-state) wave function by
coupling the transferred particle to the (n-1l)-particle target
wave function, by making use of appropriate expansion coef-
ficients and ensuring antisymmetry. The expression for the
spectroscopic factor then reduces to:
Skj = n[ﬁ <anf|pn-la>6Jia]2[gq apbq]2

where the factor n is a result of the fact that the stripped
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particle can be placed in n equivalent positions in the p-shell.
The expansion coefficient <anf|pn—1a> is called a "coefficient
of fractional parentage".
» . 141 142 . .
For example, in the Px({d,p) Pr reaction, of interest
in this work, the "active" neutron shells in the target nucleus
are empty. For a neutron transfer, then

-1
nlz <pt7.|p" "a>s
o £ J;o

and

2 .
S,. =1[Z abl” . (1.13)
L

3 pa pa



CHAPTER 1II

THE ODD-ODD NUCLEUS PRASEODYMIUM-142

The odd-odd nuclei beyond the doubly magic lg§Sn82
form an interesting region in the mass table. The energy-level
systematics of the neighbouring odd-A nuclei suggest that the
83rd neutron is undoubtedly in the 2f7/2 shell-model state.
Thus, the ground states of 141Ce and 143Nd have spin and parity
7/2". Also, the first excited state (spin and parity 3/2°)
occurs at v 660 keV in 1410e ana ~ 740 keV in 143n4. on the
other hand, the protons beyond the shell closure at 2=50 occupy
the lg7/2 and Zd_,_:/2 orbitals. In fact, the two low-1lying
states arising from these configurations lie very close in
energy. For example, in 141Pr which has 82 neutrons and 59
protons, the ground state has spin and parity 5/2+ and the 7/2+
first excited state occurs at 145 keV. The next available
proton state, 1h11/2’ is observed at ~ 1100 keV. In the corres-
ponding odd-odd 142Pr nucleus, therefore, one can expect the

low-lying states to be formed from two different configurations:
‘n’ - - -
n2d5/2v2f7/2 : 3 =1 ,2 ,e00,6
‘n‘_ - - -
ﬂlg7/2V2f7/2 - J - 0 ,l '050'7 L]
Due to the residual neutron-proton interaction the states in

each group will not be degenerate. Due also to this interaction

20
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one can expect configuration mixing, so that the actual eigen-
states of 142Pr will contain components of both configurations.
Of course, the total angular momentum is a good quantum number,

so one can write:

1+

ly>15 = a1J|n2d5/2v2f7/2:J> BlJlﬂlg7/2v2f7/2:J> (2.1a)

i+

|w>2J = a2J|n2d5/2v2f7/2:J> 82J|nlg7/2v2f7/2:J> (2.1b)

where a necessary condition for the orthornormality of the

state vectors, o and 8, requires that:

= - a2 1Y/2 _
18151 = [1 = o577 = apg
1851 = o5 -
Thus, the low-lying energy spectrum of the odd-odd 142Pr should

_ consist of fourteen negative parity states. The ordering of the
levels resulting from a specific neutron-proton configuration

is sensitive to the nature of the residual interaction. It

is this feature which makes the study of these odd~odd nuclei

so important, since a detailed study of their level structure

can reveal the nature of the interaction.

2.1 The Low-lying States

Kern et al. (1968) have carried out a detailed study
of the nuclear levels in 1425, by a combination of {d,p) reac-
tion and thermal-neutron capture gamma ray spectroscopy. In
what follows, a review of their published work will be presented.

If the wave ﬁunction of a state populated in a direct
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(d,p) reaction has the form of equation 2.1, then the (d,é)

intensity of that state is given by

I, = N(2:r+1)a§J , i=1,2 . (2.2)

141Pr, has g =

Since the ground state of the target nucleus,
5/2+ and the transferred neutron is stripped into the f7/2 orbi-
tal, states with spins 0  and 7  will not be populated in a
141Pr(d,p)l42Pr reaction. If the sum of the strengths of the
remaining twelve states, arising from £,=3 neutron transfer,
is normalized to 100, then |

6

N I (2J+1)
J=1

and the normalization factor N = 2.08. The expected summed

100

intensity of the pair of states, each with spin J, is given

below:

Spin J: 1 2 3 4 5 6

Intensity: 6.3 10.4 14.6 18.7 22.9 27.1

In the (d,p) experiment of Kern et al, eight low-lying
states were explicitly observed and resolved. Although the
presence of several unresolved- multiplets dié not permit angular
distributions of individual peaks to be determined, the group
of levels from the ground state to 200 keV showed the expected
2n=3 transfer. In addition, the energies of the gamma ray

transitions, following thermal-neutron capture, have been
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measared to a high precision. Combining their (d,p) intensities
and the results of high- and low-energy (n,y) data, the level-
energies, spins and wave.functions of ten low-lying states were
deduced. The analysis was based on the following assumptions:
(i) The low-lying negative parity states arise from
the mixing of two configurations: “ds/2Vf7/2 and wg7/2vf7/2,
so that the (d,p) spectroscopic factors, as given by equation
2.2, determine the spins and the state vectors.

(ii) Since the target nucleus in the reaction
141Pr(n,Y)l42Pr, has J" = 5/2+, tﬁe slow-neutron capture states
will have spins 2t and/or 3t, Primary El transitions can, there-
fore, populate low-lying levels with spins 1,2 ,3  or 4 only.

(1ii) The low;energy transitions, following the decay of
_the negative parity states up to 200 keV, were assumed to have
a predominantly Ml character. Thesé transitions should, there-
fore, involve a spin change of one or zero, unleés such a mode
of de-excitation is impossible.

The results of their analysis are summarized in Table
2.1, where the level-energies, spins, (d,pi intensities and
the mixing amplitudes of the low-lying states are shown. The
ground state peak in the (d,p) experiment was unresolved, so
that only the sum intensity of the doublet has been experimen-
tally determined. In order to allow for this unresolved doub-
let, the (d,p) energies were shifted upwards by 1.6 keV.

Also, by assuming that the two members of the doublet are approxi-
mately equally intense, their separation was estimated as

twice the energy shift, that is 3.2:1.5 keV. The last column
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in Table 2.1 shows the state vectors obtained from the y-ray
branching ratios. The theoretical values depend on three
parameters: (i) the mixing parameters a and |8], (ii) the
relative phases in the wave function and (iii) the g-factors

for the neighbouring odd-A nuclei. Starting from the values
predicted by the (d,p) amplitudes, the phases were adjusted

to obtain a fit to the observed branching ratios. The state
vectors were then varied to arrive at the final results. It

is pointed out that if the (d,p) amplitudes are not kept as a
guide, it is possible to arrive at a completely different set
of state vectors. It can be seen from the results given in
Table 2.1 that, on the whole, the agreement between the a's
obtained from the (d,p) spectroscopic factors and those that

fit the branching ratios is remarkable. The two missing states
(with J" = 17 and 67) are precisely those for which the
admixture is predicted to be small; these states should,
therefore, be very weakly populated in a (d,p) reaction. Unfor-
tunately, the y-ray data failed to reveal the positions of these
two states, and also those with spins 0" and 7 not populated

by a (d,p) reaction.



CHAPTER III

THEORY OF ATOMIC BEAM MAGNETIC RESONANCE

In the absence of any external magnetic fields, the

total Hamiltonian for a free atom is:
H= HN + He + ths

where HN and He represent the nuclear and electronic contribu-
tions respectively, and ths represents the interaction between
the atomic and nuclear electromagnetic fields. The nuclear
part of the Hamiltonian has already been discussed in Chapter I.
Since-the nuclear energy levels are widely spaced compared to
the electronic levels, the nucleus may be assumed to be in a
single eigenstate, usually the ground state or a metastable
isomeric state, with definite spin and parity. In the following
discussion, therefore, the effect of the first term in the

“Hamiltonian will be neglected.

3.1 Electronic Hamiltonian

The Hamiltonian for a system of N interacting electrons

is given by

2
N Ps 2 2
Ze *> e
H o= 1 (2 -28 4 g(r)f,08,) + & =—  (3.1)
e i=1 2m ri i“71 Ta i>5 rij

th

where r, is the radial coordinate of the i electron,'fi and

- . N . > ->
s; are its orbital and spin angular momenta, and rij = lri-rjl.

26
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Terms in Ii'Ij' Ii'gj and §i°§j are usually neglected.

The state of an electron may be uniquely dGefined by
a set of four quantum numbers*. According to the atomic shell
model, electrons may be grouped into shells characteriseﬁ by
the value of n. These may be subdivided into sub-shells, each
with the same n but different values for %. The'arrangement
of atomic electrons with shells and sub-shells is called a
configuration. Due to the reétriction imposed by the Pauli
principle, the maximum number of electrons in a given sub-shell
is 2{22+1). Moreover, since the electrons in the filled shells
have the same radial distribution, they give rise to a spheri-
cally symmetric potential. This property is made use of in
obtaining the eigenvalues of the Hamiltonian of eguation 3.1.

The electronic Hamiltonian as given by equation 3.1
may be diagonalised by first considering an approximate Hamil-
tonian:
»i

He = T g5 *+ V(zy)

i

where the first term is simply the kinetic energy of all the
electrons, and V(ri) is a spherically symmetric central poten-

. 2
tial which arises from the - z %%— term and the spherically

i1

*The four guantum nunbers are: n, &, W and m_. n and
% are called principal and orbital quantum num%ers, réspectively.
my is the z-component of % and may have (22+1) different values:
-2, =+l, cieees 2. Mg is the z-component of the spin quantum
number s, and may be 1/2 or - 1/2.
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symmetric éart of _Z. %:T-.
i>j "ij ‘

In the central field approximation, therefore, Hc is
taken as the zeroth-order Hamiltonian. Because V(r) does not
simply depend on 1l/x, the zeroth-order energy solution, Ec’
is both a function of n and %. This is called the configura-
tion energy. The complete solution may then be obtained by
treating the remainder of the terms in.3.l as a perturbation.
Thus,

H = I e 4 Elx)E, 3. (3.2)

pert i>§ Tij i i‘’7iTi
The first term represents the non-spherical part of the mutual
repulsion betweén the electrons, and the second term is the
spin-orbit interaction due to relativistic effects. The summa-=
tion is carried only over the electrons outside the closed shells,
since the rest of the first term has already been included in the
Hc' and for electrons in closed shells, L Ii'gi = 0.

For more than a single electron ;utside closed shells,
one must couple the angular momenta of the individual electrons.
For the low-lying states of all but the heavier atoms,the mutual
repulsion (the first term of equation 3.2) is dominant, and one
uses Russell-Saunders or L-S coupling. According to this coupling

scheme the total orbital and total spin angular momenta are

given by:
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Again, since for a closed shell, L Ii = I gi
i i

need only be carried over unfilled shells. The total angular

= 0, the summation

momentum of the system is then
3 = Tad.

In order to carry out the perturbation calculatiops one may,
" therefore, choose basis states characterised by the quantum
numbers: L, S, J and MJ where MJ is the z-component of the total
angular momentum of the system.

To first order, the mutual repulsion term raises the
L,S degeneracy, so that each configﬁration splits into terms with

given values of L and S, and denoted zs+1L.

Each term, in turn,
is (2L+1) (2S+1)~-fold degenerate. This degeneracy is partially
lifted by the first-order correction due to the spin-orbit force
which causes J-dependence. The lowest member of the L-S multi-
plet may be deduced from Hund's rules, provided all the unfilled
electrons are equivalent (that is, electrons having the same
values of n and %). More generally, one can study the Zeeman
effect of the fine structure to deduce atomic ground states.

For praseodymium, which has 59 electrons, the ground
state configuration is: 4f3652 and Hund's rules predict the
lowest member of this configuration to be 419/2. The J-value
has been confirmed experimentally, and the measured value for
the electronic gyromagnetic ratio is gy = -0.731055(1) (Lew,
1953,1970). Corrections to the theoretically calculated values

of 95 arise from relativistic and diamagnetic effects, breakdown




30

of Russell-Saunders coupling and configuration interaction.
The last two effects are due to the second~-order correction
terms in the perturbation calculation. The calculated value,
gz = -0.7307 for praseodymium, however, indicates that con-

figuration mixing is negligible (Judd and Lindgren, 1961).

3.2 Hyperfine Structure

The last term, ths' in the atomic Hamiltonian may be

expressed as:

_ _yHaM (X yorH(E
ths = Azu (-1) ox(re)ok (rN)
!

K is the electric or magnetic multipole operator of

where O
order A, and ;e and ;N refer to the electronic and nuclear co-
ordinates respectively. The only terms in the above expansion
that lead to non-vanishing static moments are the odd-A mag-
netic and even-\ electric operators. Since the magnitude of

the interaction decreases rapidly with increasing A, only the

magnetic dipole and electric qﬁadrupole terms will be considered.

Thus,
Hoes = Huy + Hpa
The terms are (Kopfermann, 1958) :
Hy, = bA T3
3d-H2 + 33D - 1)@
Hgp = hB 3T (21-1)3 (29-1) ‘

* .
"I and J are the nuclear and electronic spins respectively.

T L]

Here and elsewhere, when both the nuclear and electronic spins
enter the discussion, the usual notation J for the nuclear
spin will be relaced by I.
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A and B are called the hyperfine interaction constants and are
related to ur and Q, the nuclear magnetic dipole and electric
quadrupole moments. The exact relationships between A, B

and uI,Q involve electronic wave functions. For the present
work, however, it is sufficient to note that, for two isotopes

in the same electronic state,

Ay (uI/I) 1

A2 luI7152
B
1
= = Q,/Q,.
By, - 71 2
These two expressions, the so-called Fermi-Segré formuliﬁ may ¢

be used to deduce ¥ and Q from measured A and B, if all these
quantities are known for another isotope. Deviations from this
rule are caused by the finite size of the nucleus. The so-
called hyperfine anomalies, however, are.typically less than 1%
and are important only for atoms with unpaired s electrons.

The hyperfine interaction couples the nuclear and atomic
angular momenta, so that the total angular momentum of the sys=
tem is |

F = T+3.

Each fine structure level, therefore, splits into (21+1) (if‘
I < J) hyperfine levels, each characterised by the quantum
number, F. The hyperfine Hamiltonian may be diagonalized in
the [FMF> representation, where MF is the z-component of F.
Thus, the energy of a hyperfine level is given by

W(F) = <FMp|Hy, [FMp> + <FMFlHE2|FMF>.
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By noting that
+> > 1 -1
I+J = 5[F(F+1)-I(I+l)-J(J+l)] =3 K
‘it can be easily shown that

%K(K+l)—I(I+I}J(J+l)

_ K
W(F) = bA 3¥hB “HrT-no(ze-D

Tt is worthwhile to note that the ordering of the F-states de-
pends both on the ratio B/A and the sign of A. Moreover, the
hyperfine interaction constants may be determined by measuring
the splittings between the different F-states. In order to

do this by the atomic beam magnetic resonancé method, however,

the atom must be subjected to an external magnetic field.

3.2 a The Effect of External Magnetic Field

For an atom in an external field, ﬁ, the Hamiltonian

should include an additional term

to represent the interaction of atomic and nuclear dipole moments,
Uz and My respectively, with the external field. Since

-+ -+

Uy = gJuo3 and y; = quof,
where g and g, are the atomic and nuclear g-factors respective-

ly, and Mo is the Bohr magneton, HM may be re-written as:

Hy = ~9g40T R gr¥olzH
where the direction of the field is along the z-axis. Because

of the negative charge of the electron, Uy is negative and

hence, 95 < 0.
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1f the strength of the field is such that ths >> HM'
HM may be treated as a perturbation to the hyperfine states. To
first-order in the perturbation, only the matrix elements of J,

and I, diagonal in F ,need be considered. Thus,

W(F,MF)

W) + <IJFMF|HM|IJFMF>

W(F) -u MHlg; F(F+l)+J(J+1)—I(1+1)
2F (F+1)

n

F(F+l)—J(J+1)+I(I+l)]

+ 91 2FIF+1) .

The effect of the magnetic field is,thus, to split each hyper-
fine state into 2F+1 Zeeman 1evelé. If the gr term, which is
small compared to the 93 term, is neglected for the present,

then the splitting of the adjacent Zeeman ljevels is (remembering

that 93 <o) :

F(F+1)+J(J+1) I(I+l)]

W(FM) -W (F, Mp-1) = 2F (F+1)

’gJUOH[

(3.3)

At higher magnetic fields, it is necessary to evaluate
the second-order terms in the perturbation theory. These involve
off-diagonal matrlx elements, and are glﬁen by:

<FMg |y |F' ML >2

FAF! WF g

HM can only connect states having the same value of MF and for

which F' = Ftl. Moreover, the matrix is symmetric so that:

<FMF|HM|F -1,Mp> = <F-1, M IHMIFM >

(F+J- l)(F—J+1)(F+J+I+1)(J+I+1—FXF -2 ”) 1/2
= —gJuOH[ E * (3.4)
4F2 (2F-1) (2F+1)
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Tt should be noted that the second-order terms involve the
square of the magnetic field, causing a departure of W(F,MF)
from linear field dependence, and also depend on the hyperfine
interaction constants.

At much higher fields, it becomes more appropriate to
treat the field dependenttefms exactly and ths as the pertur-
bation, in an |IMIJMJ> representation. The expression for the
Zeeman energies then becomes

[3M§-J(J+1)1[3M§-1(1+1)1
29 (20-1) 21 21—;)

w(MIMJ) = hAMIMJ + hB

~ggu Mg = Ir¥Mit:
It will be noticed that, at these higher fields, the levels

once more approach a linear field dependence.



CHAPTER 1V

EXPERIMENTAL APPARATUS AND TECHNIQUE

4.1 The Atomic Beam Machine

The atomic beam apparatus used to carry out’ this work
has been described in detail by King (1960) and Cameron et al.
(1962). In this section, therefore, oniy the essential fea-
tures of the machine and the relevant modifications will be pre-
sented.

Fig. 4.1 shows a schematic diagram of the apparatus. The
sample under study is contained in an oven with a narrow slit,
which is heated by electron bombardment. At a temperature
sufficiently high to produce a vapour pressure of the source
material of between 0.1 and 1.0 millimetre of mercury, a steady
beam of atoms emerges from the oven slit and enters the main
chamber of the machine. The main chamber is maintained under a

high vacuum (v 107

mm Hg). This allows the beam to traverse
the length of the apparatus with minimal scattering from residual
gas atoms.

. An atom in an inhomogeneous magnetic field experiences a

force which, if the field is sufficiently strong, is given by
_ 9H _ 9H
B = W95y 57 = Vess 37 -

In an atomic beam apparatus, such a strong, inhomogenous magnetic

35



FPigure 4.1
Schematic diagram showing the main features of the atomic beam
apparatus. The trajectory of the atoms which have undergone a
transition is shown by a solid line. The stop-wire,S, prevents
the undeflected atoms from reaching the detector. The second RF
loop and the moveable beam stop are used in the sign of the

moment determination ( see section 5.2b).
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field is provided by a set of magnets A and B, known as deflec-
ting or focusing magnets. Atoms emerging from the source oven in
a forward direction at a slight angle can be deflected back to
the axis by the A magnet provided their velocities and MJ are
appropriate. The trajectory of the atoms depends on the magni-
tude and sign of their M. Both A and B magnets have their field
gradients in the same direction, so that all atoms passing through
the A magnet are deflected away from the axis by the B magnet

and, hence, are not detected. However, if in the region between
the A and B magnets, an atom undergoes a change of state such
that the MJ of the atom changes its sign, then the B magnet will
refocus it on to the detector. This is the so called "flop-in"
geometry. In addition, the ratio of the strengths of the A and B
magnets is such that only those atoms with MJ unaltered in
magnitude are refocused. Slits placed across the beam path
_select atoms of appropriate MJ and velocity, while a stop wire, S,
prevenis the fast moving atoms or those with MJ=0 from reaching
the detector. .

In the intermediate region between the two deflecting
magnets, the atoms pass thréugh a low but highly homogenous mag-
netic field provided by the C magnet. Transitions between the
atomic energy levels are induced by a weak radiofrequency
oscillating magnetic field. | |

The purpose of the second radiofrequency loop and the
moveable slit (beam-stop) installed in the B magnet gap, shown

in the diagram, will be discussed in a later section.
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4.1la Beam Detection

If the isotope under study is not radioactive, the stable
beam is detected in the machine itself by means of a surface
ionization detector. For a radioactive sample, however, ﬁhe
beam is allowed to land on a pair-of stainless steel surfaces
called "buttons". Fluctuations in the beam intensity are moni-
tored by a double collection technique (Stinson et al., 1967).

In this method, in addition to collecting the atoms that have
undergone a transition, on a resonance "button", the "thirown-out"
beam which undergoes no transition in the C-magnet is allowed to
iand on a monitor "button". The ratio of the activities on the
two "buttons" provides the necessary normalisation for the changes
in the beam intensity.

After an exposure to a radioactive beam both the monitor
‘and resonance "buttons" are removed from the machine through a
vacuum interlock and taken to the adjacent counting room, where
the activity is detected and recorded. Two different types of coun=
ters were used in the present experiments. The 19.2 hr ground
gtate activity of praseodymium was detected using thin-window
Geiger counters, which are shielded and provided with anti-
coincidence circuits to discriminate against cosmic ray back-
ground. The background count rate is typically 2 counts per min.
The detection of the 14.6 min activity of the isomeric state, on
‘the other hand, required the construction of windowless, continuous-

flow gas counters. This is discussed below in some detail.
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The decay of the 14.6 min isomeric state and the 19.2

142

hr ground state in Pr are shown in Fig. 4.2. The ground state

activity may be recorded by detecting the 1.51 MeV transition in
142Nd. Due to the decay of the 14.6 min activity there is an
initial "growing-in" of the ground state activity; this offers

- a method of detecting the short-lived activity, which has been
used to measure the half-life of the isomeric state ({Kern et al.,
1967). Unfortunately, in the atomic beam experiments carried out
to study the isomeric state, the presence of the ground state
activity in the beam, with our poor counting statistics, is suf-
ficiently high so as to obscure the "growing-in" due to the short-
lived activity. It was, therefore, essential to detect the 14.6
min activity directly. The total conversion coefficient for the

3.7 keV transition in 142 9

Pr has been estimated to be ~ 3.10
(Kern et al., 1967). A possible method of identifying the 14.6
min activity in an atomic beam study is, then, to detect the
conversion electrons and/or the associated x-rays.

Since the energy of the transitions is so low, conversion
will take place in the M and higher shells. The emission of a
conversion electron from an atomic subshell will create a vacancy
in that shell, which will subsequently be filled by an electron
from a higher shell. The binding energy associated with this
.process is either given up by the emission of a characteristic
%-ray, or used up to eject another electron, the so-called Auger

th

electron. One may define the fluorescence yield of the i sub-

shell of an atom, w;, as the probability that a vacancy in that



Figure 4.2

The decay of the 14.6 min isomeric state in lazPr.
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subshell is filled by a radiative transition (x-ray emission).
Similarly, the Auger yield of the same subshell may be defined

as the probability that anbelectron is emitted as the result of
filling the vacancy. The K- and L-shell fluorescence yields have
been measured over quite an extensive region of the periodic

table (Fink et al., 1966). However, the information for the fluo-
rescence yields for M- and higher shells is very scarce. Measure-
ments for eight elements between 2Z=76 and Z=97 have been reported
in the literature (Fink et al., 1966 and Karttunen et al., 1971).
The experimental results indicate that the M-shell fluorescence
yields are quite small and tend to decrease with lower Z. If

these measurements are extrapolated to 2=59, one may estimate

Wy for 142Pr to be ~v 0;003. Theoretical calculations of McGuire
ﬁ1972) also predict a similar result. This means that the proba-
bility for X-ray emission would be véry small indeed, and that the
emission of conversion electrons should be followed almost solely by
Auger electrons. As discussed later, this appears to be true

142

experimentally for the case of Pr.

4.1b The Gas Counters

In order to detect the 14.6 min activity, an array of
ten windowless, continuous-flow gas counters were machined out of
a single 2.5 ft long brass bar. The radioactive saniple which
is collected on a stainless steel "button" may be inserted in any
one of the counters through a slot, and thus, forms an integral
part of the counter wall. The "button”" is held ~» 2 mm from

the high voltage element which is a 0.0025 cm O.D. platinum wire
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loop about 0.5 cm in diameter. ~The details of the design and
operation of the counters are summarized below.

In an attempt to detect x-rays following the emission of
conversion electrons a formvar (polyvinyl butyral) window of
thickness < 5 uém/cm2 was installed. The thickness was such as

- to stop completely the conversion electrons but allow the X-rays
through without any significant absorption. With such an arrange-
ment, however, no 14.6 min activity could be detected. It was
mentioned earlier that the M-shell fluorescence yield for 142Pr
is expected to be extremely small. The failure to detect any
x-rays indicates that this is indeed the case. This also implies
that the gas counters had to be necessarily windowless in order
to detect the short lived activity.

The M-shell electron binding energies range from 1.51 to
0.965 keV so that the electrons associated with the conversion
process have an energy of 2.2 to 2.7 keV. The range of 2 keV
electrons in argon at atmospheric pressure is n~ 0.5 mm; this
limits the sensitive volume of the counters to a region extending
to only » 0.5 mm from the sample. The operational voltage of
the counters had to be such as to produce a sufficiently large
electric field to allow gas multiplication to ensue very near the
sample. A plot of count rate against voltage is shown in Fig.
"4.3. Besides the appearance of a "plateau" near 1.45 kV, it
was found that, at this voltage, the relative efficiencies of the
different counters were nominally the same. The counters were,

therefore, operated at 1.45 kV



Figure 4.3

Count rate vs. voltage. The operational voltage for the counters

was chosen to be 1.45 KV.
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The commercially available mi#ture of 90% argon-10% methane
was used as the counting gas. The variation of the counter ef-
ficiency with gas delivery pressure is shown in Fig. 4.4, for
two radioactive samples: 3H and 137Cs. It will be noticed that
at low flow-rates the count rate drops drastically. It was, there~

_ fore, ensured that the counters were always operated at flow-
rates where the efficiency was maximum and constant. ‘

Since the counters were windowless, during each “"button"
change, they were exposed to air with a consequent decrease in
counting efficiency. This effect is due to air contamination
of the counting gas (Quaranta et al., 1967). It was found that
n 2 min had to elapse after each "button" change, for the
counter; to regain their ﬁormal efficiency.

The presence of any insulating material on the counter
walls will allow a layer of positive charge to build up with a
consequent degradation of the electric field strength. The so-
called space-charge effect will therefore lead to a decrease in
counting efficiency. For this reason, the insulator between the
high voltage element and ground had to be remotely placed so as
not to "see" the sensitive volume of the counter. For the same
precautionary- reason, the "buttons" were thoroughly cleaned and
polished to remove any insulating films from their surfaces.

. For the detection of the low-energy, 14.6 min activity, the
radioactive sample has to be sufficiently thin to avoid any self~
absorption in the sample. This, however, was no problem, since

in an atomic beam experiment, one is dealing with samples which

are at the most only a few atomic layers thick.



Figure 4.4

Counter efficiency as function of delivery pressure. The solid

points are for 3H and the open circles are for 13703.
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The counter background was typically 2-5 counts per min.
The counter walls and the high voltage elements had to be perio-
dically cleaned in order to maintain low enough background. On -
the whole, the stability of such counters is poor, especiélly

for the type of activity one is dealing with in these experiments.

4.2 Measurement of Nuclear Spins and Moments: A General
Description of the Method

A variety of electronic and nuclear properties of an
atom may be determined by a detailed study of its hyperfine struc-
ture, using the method of atomic beams. Since the present work
only concerns the nuclear properties of praseodymium-142, a general
description of the method of measuring nuclear spins and magnetic
moments will be given.

The basic principle of the technique is to measure the
spacing betweén the hyperfine levels by inducing magnetic dipole
transitions between them. The transitions are induced by a weak
radiofrequency oscillating magnetic field set up in the region
of the C-magnet. With the direction of the RF field perpendi-
cular to the static field, the selection rules for +the transitions
are

AF = 0,1 ; AM_ = 1.
If the RF amplitude is sufficiently large, it is possible to
induce several successive transitions between the adjacent,
‘approximately equally spaced Zeeman levels. These so-called
multiple gquantum transitions (MQT) are of great importance in

atomic beam studies. The selection rules for a n-quantum transition



are

AF = 0 AMF = #*n.

A detailed agcoun£ of both the theoretical and practical aspects
of MQT has been given by pierce (1966):
At a low magnetic field, the frequency of a AF=0

Zeeman transition is given by (see eqﬁation 3.3)

nom h - h

£(J,F,I) (4.1)

where £ is a function of J,F and the nuclear spin I. If the
electronic angular momentum, J,and.the gyromagnetic ratio, gj,are
known for an atomic state, the nuclear spin can be determined by
simply observing these transitions.

At higher magnetic fields, the frequency of a AF=0 transi-

tion becomes 2

C1H
+
nom _CZA + C3

v =V

B (4.2)

where C,. c, and C, are functions of J, 93¢ 971! F and I. Since the
denominator of the second term involves the hyperfine interaction
constants, A and B, these may be determined by following the low-
field transitions to increasingly higher magnetic fields. of
course, in order to determine both A and B uniquely, it is neces-
sary to make the measurements in at least two different F-states.
A more direct method of measuring the hyperfine constants is to
detect low-field hyperfine transitions. However, with no pre-
vious knowledge of A and B, the search range for these transitions
is too large, and the experiments laborious, especially for a

radioactive sample.
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Once a set of resonances has been obtained, a computer
programme (the one used for the present work is called LOWFIT)
can be used to calculate tﬁe-valuesof A and B which best fit
the experimental data. For different combinations of A and B, the -
programme computes (by an exact diagonalization of the magnetic
hyperfine Hamiltonian) the residuals between the experimentally
observed frequencies and those predicted at appropriate fields
for the particular transition assumed. The values of A and B

which minimize

: 2

X2 - g (Va1 Vobs'i
= 2
1=1 (v )5

are adopted as the experimentally determined values. The total

erxror assigned to the observed transition frequency is taken to

be

where Avobs is some fraction of the resonance width and AH is the
uncertainty in the magnetic field.

With A and B determined to a desired accuracy, the magnetic
and quadrupole moments may be deduced from the Fermi-Segre formula.
In the method outlined so far, however, there is no way of ac-
tually identifying the MF values of the Zeeman levels involved.

The level ordering of F-states depends both on the raéio B/A

and the sign of A, and therefore, if A and B are both reversed in
sign, the same Zeeman frequencies result. Thus, the method yields
information only about the magnitude of ¥; and Q, and the relative

sign between them.
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In writing down equations 3.3 and 3.4, the effect due
to the interaction of the magnetic dipole moment, Uy with the
external magnetic field was neglected. This is a valid procedure
at low magnetic fields, since Up yY 10-3 uj. However, at
sufficiently large magnetic fields, it is possible to experimentally
detect the effect of the ;I'ﬁ term. For a reasonably large
value of the magnetic moment, this offers a feasible experimental
method of determining the sign of the dipole moment. For the
~ground state of 142?:, however, ¥p ~ 0.2 n.m. The resulting con-=
tribution due to the ﬁI-ﬁ term at 500 Gauss (the limit at which
the C magnet in the McMaster machine can be operated) is only of
the order of 10 qu, apd cannot be detected because of the
experimental errors. An alternative approach is, therefore,
necessary. The method consists of inferring the level ordering
of F-states (which depends on the sign of uI) by preferentially
focussing atoms in a given MJ state. The details of this method
which is, in principle, similar to the "flop-out on flop-in" tech-
nique used by King and Jaccarino (1954) and Childs et al. (1960),

will be described in the mnext chapter.



CHAPTER V -

ATOMIC BEAM EXPERIMENTS AND RESULTS

The main purpose of this research project was to measure
the nuclear spin and magnetic dipole moment of the 14.6 min
isomeric state of 142Pr. The determination of the sign of the
ground state magnetic moment followed as a logical extension.
This, in turn, necessitated some additional experiments in order
to re-interpret the previously published results for the ground

state hyperfine structure. In this chapter, the details and re-

sults of these experiments will be presented.

5.1 142mPr Experiments

An initial requirement of any atomic beam experiment is
the production of a steady atomic beam of the sample under study.
The short-lived, 14.6 min activity was produced in the McMaster
reactor by thermal-neutron irradiation of ~ 60 mg of natural
praseodymium metal. A sufficiently strong source of 142mPr,
with a comparatively smaller amount of the 19 hr ground state
activity, is formed during a "V 20 min irradiation in a neutron
flux of 1013 neutrons per cm2 per sec. The sample, after irradia-
tion, is conveyed via a pneumatic tube to the isotope laboratory
adjoining the atomic beam machine room, from where it can be
ljoaded into the machine with a minimum loss of time. The sample
jtself is contained in a small, sharp-lipped tantalum crucible
which, in turn, is placed in a tantalum oven with a narrow slit.

This is necessary in order to reduce the chances of praseodymium

50
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metal creeping up the oven walls andclogging the slit. The oven

is heated by electron bombardment; at an oven input powexr cor-
responding ta a temperature of v 2000°K, a satisfactory beam of
praseodymium atoms is obtained, which can be used over a period

of two to three half lives. Due to the short half-life of the
isotope, it was necessary to produce an intense beam in as short

a time as possible. As a consequence, high and fluctuating machine
background presented a formidable problem, and many experimental
runs were rendered useless as a result.

In order to test the performance of the counters and
jdentify the 14.6 min activity in the beam, 2 pair of "buttons"
was exposed to an atomic beam of 142mPr. After a 10 min exposure,
the "buttons" were inserted in one of the counters and their decay
followed for a period of several hours. Fig. 5.1 shows the decay
of the activity. A straight line corresponding to a half-life
of 14.6 min has been drawn through the points obtained after pee-
ling off the long-lived 19.2 hr background. This shows that
sufficient amounts of the 14.6 min activity can be produced and
detected so as to make an atomic beam study of the isomeric state
feasible.

The C-field is calibrated using resonances in 39K, both
before and after the actual experiment, to ensure that it did not
change during the run. This ,however, does not rule out any short-
term fluctuations which can smear out a resonance O distort its
line shape. As a rule, the first exposure is always carried
out with the RF power turned off; this provides a measure of the

machine background. If necessary, this may be repeated either



Figure 5.1
Decay of laszr activity. The horizontal scale is time in

minutes. Note the change in scale at the 65-minute mark.
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during or at the end of a run, to check for the stability of
the background. Again, one cannot guarantee absolute stability
throughout the experiment, and the consistency of data must pro-
vide the ultimate test.

With the C-field calibrated and thé RF generator set at
. a predetermined frequency, a pair of stainless steel surfaces
("buttons") is exposed to the radioactive beam for a period of
2-3 mins. At the end of an exposure, the "buttons" are withdrawn
from the machine through a vacuum interlock and replaced with a
fresh pair for the next frequency exposure. Meanwhile, the ex-
posed pair is taken to an adjoining room where its activity is
detected and recorded. 1In order to eliminate any effect from
different counter efficiencies, both "buttons" are counted in the
same counter. As explained earlier, the double-collection tech-
nique provides the necessary normalization for beam fluctuations
and different exposure times. The output from the counters are
fed to scalers which can accumulate counts for some predetermined
ﬁime interval chosen to give a statistically significant number of
counts. The activity on each "button" is followed for a period of
several half-lives, and the results are entered into a computer
programme which extracts the 14.6 min activity. The ratio of
the activities on the two "buttons", resonance-to-monitor, is taken
‘as a measure of resonance signal. By repeating this procedure for
a series of frequencies, it is possible to trace out the reso-
nance line-shape.

The electronic structure of praseodymium is well known
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(Lew, 1953, 1970; Cabezas et al., 1962). The measured electro-

nic angular momentum, J, confirms that the lowest-lying member

of the ground state configﬁration 4f3652 is 419/2. Also, the
measured value of the electronic gyromagnetic ratio, gJ=-0.731055(l),
is in good agreement with the L-S coupling value.

Since J and g; are known, the method of determining the
nuclear spin, I, consisted of exposing a series of "buttons" at
resonance frequencies predicted by equation 3.3 for various values
of I ranging from 0 to 7. An increase in the signal for a certain
value of I indicates a resonance, and thus, determines the nuclear
spin. Care must be taken in choosing a low enough magnetic field
so that equation 3.3 applies. In any case, once the nuclear spin
has been determined, tﬁe magnetic field can be changed and the
resonance observed again in order to verify that the "linear field-
dependende" was indeed applicable. for a given value of I there
are 2I+1 (J>I) or 2J+1 (I>J) F-states. Of these, only those
F-states, in which transitions of the type MJ «—> -M. exist, need

J
be considered. These are:

F = 11/2, 9/2, 7/2 for I=1, and
F = 9/2 for I=0.

Also, because of the linear field dependence of energy at low
fields, all the focussable multiple quantum transitions in a
given F-state are superimposed, so that for a given value of I

the number of possible transitions is, at the most, five. From
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among these, those transitions which determine the nuclear spin
uniquely are examined (see Fig. 5.2).

In order to measure the nuclear spin of the isomeric state
two experimental runs were carried out at a C-field of 3.08(3)
Gauss. In each case, the activity on the résonance "button" was
followed in time to ensure that it was indeed decaying with the
appropriate half-life. The combined results of the two runs are
shown in Fig. 5.2. .An increase in the signal is observed at a
frequency corresponding to the value I=5, and the radioactive
decay of the state involved has a half-life of 14.6 min. These
results, considered along with the method of isotope production,
unambiguously determine the nuclear spin of the 3.68 keV state of
142Pr to be 5.

With the nuclear spin measured, the method of determining
the hyperfine interaction constants A and B consists of following
up the Zeeman (AF=0) transitions at higher magnetic fields.

Since the ground state electronic angular momentum J=9/2
and the nuclear spin I=5, there are a large number of possible
F-states, ranging from F=19/2 to 1/2. Fig. 5.3 shows a schematic
energy level diagram, drawn for the case of A>0 (normal level
ordering). Since in the present work, resonances were observed
only in F=19/2 and F=17/2 states, the splitting of these states
is shown in detail. The focussable AF=0 transitions ére shown by
arrows and labelled by their multiplicity (number of quanta).

It will be noticed that there are no focussable transitions (of

the type +Mj; & -MJ)_in F<9/2 states, and that the only obser-



Figure 5.2
The upper diagram shows the frequencies of all the possible
r;sonances for various values of the nuclear spin I, at a
magnetic field of 3.08 Gauss. The solid points represent the
transitions examined for the spin search.
The lower diagram shows the results of the spin search. Two
sets of experimental data points are shown by open circles

and solid points respectively. It is concluded that the nuclear

spin of 142mPr is I = 5.
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Figure 5.3
A schematic diagram of the hyperfine structure of laszr,
assuming A>0. Resonances were observed in the F = 19/2 and
F = 17/2 states. The multiple quantum transitions (MQT) are
jndicated by arrows and labelled by their multiplicity. Upto
the highest fields used (100 Gauss) all MQT in a given

F-state are superimposed in frequency.
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vable transition in F=11/2 state is a l-quantum one.

The major source of experimental difficulty_was the detec-
tion of the 14.6 min activity. Not only is the activity quite
short-lived but also its decay involves two components. Moreover,
in order to observe the decay of the short-lived component it
ﬁas necessary to detect 2.2 keV conversion electrors. The window-
less gas counters designed for this purpose proved to be quite
unstable. As a result, the chances of obtaining a set of useful
data points in a given experiment, sufficient to trace out a reso-
nance line-shape, were very small. In view of these facts, the
experiments were terminated at 100 Gauss; the experimental results
yield a sufficiently accurate value of magnetic moment to make
its interpretation meaningful.

A set of eight AF=0 resonances observed in F=19/2 and F=17/2
states are shown in Fig. 5.4. Several of these resonances were
repeated in order to gain confidence in the data. In some cases,
a sufficient number of points could not be obtained from a single
experimental run, and the results of two different experiments
had ﬁo be combined in order to trace out a resonance line-shape.
The experimental resonance frequencies and the magnetic fields
at which resonances were observed were fed into the computer pro-

~gramme LOWFIT which fits the values of the hyperfine constants
A and B to the experimental data. For given values of A and B,
‘the programme computes the theoretical transition frequencies,
compares them with the experimental ones and prints out the resi-

duals (difference between experimental and calculated frequencies)



Figure 5.4
AF = 0 resonances in 142mPr. The verical scale is ratio-to-
monitor, two percent per division. The points marked RFO
represent machine background. Where applicable, the open
circles denote data froh a separate experiment at the same
field. The positions of the resonances calculated using the

final values of A and B are shown by arrows.
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and the corresponding chi-squares. Both A and B are then inde-
pendently incremented by a predetermined amount, and the procedure
repaated. A set of A and B which correspond to minimum chi-squaré
is then adopted as final results. It should be pointed oué that
up to the highest fields used (100 Gauss), the multiple quantum
transitions in agiven F-state are superimposed soO that the multi-
plicity of a transition has no bearing on the interpretation of
the data. The experimental results are summarized in Table 5.1.
The resulting values of the hyperfine constants are:

100(450) MHz,

A 245(10) MHz, B

or

A = =-260(15) MHz, B = -100(450) MHz,
where the errors ﬁuoted correspond to a change of one standard
deviation. A fit with A <0 yields a minimum chi-square which is
two times larger than that obtained with A >0, thus slightly
favouring the positive result.

The hyperfine structure of stable 141Pr (I1=5/2) has been
studied before (Lew, 1970) by the atomic beam method. The results

are:

A= 926.2087(1) MHz, B = -11.878(2) MHz.
The magnetic moment, extracted directly from the ﬁ-ﬁ term of the
hyperfine Hamiltorian, is
/L = 4.136(2) n.m.
‘Using Fermi-Segré formula, therefore, the magnetic dipole monent
for the 14.6 min jsomeric state is found to be:
/l = 2.2(1) n.m.,

where the positive result for the hyperfine constant has been

adopted.



Table 5.1

A summary of AF=0 resonances observed in Mszr.

F vobs H vobs-v cal
(MHz) (Gauss) (MHZ)
7.280(15) 14.990(30) 0.004
17.020(15) 35.000(20) -0.013
19/2
29,365(15) 60.130(30) 0.010
49.060(15) 99,990(25) ' 0.001
11.990(15) 24.995(15) -0.013
16.820(15) 35.000(15) -0.016
17/2
21.720(15) 45.050(30) 0.012
48.640(15) 100.010(30) -0.002
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5.2 l42gPr Experiments

5.2a Re-interpretation of Previous Data

In 1962 the atomic beam group at Berkeley reported a study
of the hyperfine structure of the 142Pr ground state (Cabezas et
al., 1962). A summary of their observations is given in Table
5.2, Fifteen AF=0, AMF= +1 resonances in threé different F-
states were observed at magnetic fields ranging from 8 to 280
Gauss. Treating A, B and g3 as.parameters to fit the experimental

data, the following results were obtained:

|a| = 67.5(5) MHz,
|B| = 7.0(2.0) MHz, B/A > 0
g9y = -0.7311(3), for J=9/2 state.

Fig. 5.5 shows a schematic diagram of the hyperfine structure

of 142Pr for I=2 and A>0. It can be seen that in each of the
F-states there are focusable transitions of the type AF=0

AMF = ¢ n, where n > 1. Since the 2F+1 magnetic substates at
intermediate magnetic fields are not equally spaced, the various
multiple quantum transitions (n>1) in a given F-state are quite
separated in frequency. In such a case, therefore, in addition
to measuring the frequencies of the transitions, one has to iden-
tify their multiplicity in order to obtain a unique set of values
for A and B. The Berkeley group assumed, without discussion,
that all the resonances they saw were one-guantum transitions.
lSince their apparatus utilizes high deflecting fields (v 2-4
times higher than those in the McMaster apparatus), this has

been borne out in most, if not all, of their work among the rare

earths.



Table 5.2
A re-interpretation of AF=0 resonances in 1428?: observed by

Cabezas et al. (1962).

F vobs B gbs- vcal(MHz)
(MHz) (Gauss) Cabezas et al. New
(1962) interpretation
5.837(25) 8.246(66) -0.018 -0.017
11.320(30) 15.920(62) -0.002 0.0
21.300(50) 29.836(54) ‘0.006 0.010
13/2 38.375(50) 53.423(44) 0.016 0.020
65.475(50) 90.364(34) -0.063 -0.059
110.525(50) 149.713(50) 0.040 0.047
214.360(20) ° 279.798(29) -0.001 -0.003
6.450(25) 8.246(66) 0.005 0.006
11/2 12.450(50) 15.920(62) -0.012 -0.011
23.460(30) 29.836(54) 0.025 0.024
42.260(25) 53.423(44) 0.020 0.012
72.360(50) 90.364(34) 0.035 Q0.003
48.412(30) 53.423(44) -0.052 -0.037
9/2 83.240(60) 90.364(34) 0.004 0.041
142.630(50) 149.713(50) -0.003 ~0.051




Figure 5.5
A schematic diagram showing the hyperfiﬁe structure of langr,
drawn for the case A>0. The l-quantum transitions denoted by
Greek letters are those that Cabezas et al. (1962) claim to
have observed. The transitions examined in this work are

indicated by arrows and labelled by their multiplicity.
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In the experiments initiated at McMaster to determine
the sign of the ground state magnetic moment, it was essential
to observe multiple quantum transitions. Several initial attempts
to do this, using the values of A and B given by Cabezas et al.,
failed to show the expected behaviour even though the apparatus
seemed to be correctly aligned and adequate RF fields were being
used. One conceivable explanation was that the high-field
resonances interpreted as one-quantum transitions by Cabezas et al.
could have been of higher multiplicity. Some evidence for this
is borne out by the results of the spin search at 4.2 Gauss,
shown (by Fig. 1) in their paper. Fig. 5.6 is a reproduction of
that diagram. It can be seen that in the F=5/2 state the inten-
sity of the transition (depicted as '2e'), which is necessarily
a l-quantum jump, is scarcely above machine background. This
seems to suggest that the higher intensities of the spin reso-
nances in the other F-states are due to the overlap of multiple
quantum transitions, and that the contributions from l-quantum
transitions are minimal. This is not unexpected since praseo-
dymium has a small g7 and therefore, the deflection of atoms

in the |M.| = 1/2 states will be small - maybe too small even with

J|
the large field gradients in the Berkeley apparatus. At any rate,
as discussed below the l-quantum transitions in 142Pr cannot
be detected with the McMaster apparatus.

A computer programme MONTE written by R.G.H. Robertson

(1970), which examines the transmission of atoms and focussability

of various transitions for given sizes of aperture slits and



Figure 5.6
A reproduction of Fig. 1 from the paper by Cabezas et al, (1962),
showing the results of the spin search for the ground state of
142?:. The Greek letters denote the tranmsitions corresponding to

I = 2 in different F-states (see Fig. 5.5).
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geometry (of the McMaster apparatus), predicts that the l-quan-
tum transitions should be a factor of ~ 10 less iptense than

the 3-quantum transitions. In order to verify this experimentally
a search for two low-field transitions was carried out. The re-
sults are shown in Fig. 5.7. At a magnetic field of n 8 Gauss,
the various MQT in the F=13/2 state overlap in fredquency, resul-
ting in an intense resonance. on the other hand, the focussable
transition in the F=5/2 state, which is'a l-quantum jump, is

not seen at all.

Assuming that the resonances observed by Cabezas et.al.
were also due to MQT, an alternative interpretation of their data
was attempted. Only A and B were treated as adjustable parameters
and gy was fixed ‘at the value -0.731055 since reported by Lew
(1970). A fit as good as the original one is obtained assuming
all the transitions to be 3-quantum in nature. Of course, the
values of A and B were altered from the published ones. To veri-
fy the new interpretation, a c-field was selected such that the
resonances predicted by the two different sets of hyperfine
constants were quite separated in frequency, and a search for
these was carried out. Fig. 5.8 shows the four additional reso-
nanceg observed in four different F-states. The experimental
data and analysis, summarized in Table 5.3, clearly shows that
the new interpretation must be adopted. The values of the hyper-

.fine constants consistent with the experimental results are:

|2l

65.6(2) MHz

I

|B| = 22.0(2.0) MHz, B/A>O.



Figure 5.7
AF=0 resonances in langr at a low magnetic field, showing
that the l-quantum transition ( in F=5/2 ) has no detectable
intensity. The vertical scale 1is ratio-to-monitor, two percent

per division.
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AF=0 resonances in 1428Pr observed in this work.

F Vobs H “obs-v;al
(MHZ) (Gauss) (MHz)
13/2 87.850(10) 120.171(10) -0.001
11/2 88.710(15) 109.955(15) 0.013
9/2 49.920(10) 55.024(26) -0.007
7/2 78.750(10) 70.020(23) -0.005




Figure 5.8
142¢g
Resonances in Pr observed in this work. The vertical
scale is ratio-to-monitor, two percent per division. The
positions of the resonces calculated using |A|= 65.6 MHz,
|B| = 22.0 MHz, B/A>0 are indicated by solid arrows, while
the dashed arrows indicate the expected resonance frequencies

with the parameters ( A and B ) of Cabezas et al,
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Using Fermi-Segré formula, in comparison with the results
for 141Pr given in section 5.1, the magneticz moment of 142gPr
is

lug| = 0.234(1) n.m.
In order to infer the nuclear quadrupole moment Q from the hyper-
.fine constant B, it is necessary to evaluate the electric-

quadrupole field (qJ) at the nucleus:

B = -equQ .

Using their value, |B| = 7.0(2.0) MHz, Cabezas et al, have cal-

culated the quadrupole moment for the ground state as Q| = 0.035(15)

barns. With the correct |B|, the quadrupole moment becomes

Q = £0.110(25) barns.
The change in Ly is small indeed, but the gquadrupole moment is
tripled in value.

5.2b Sign of the Ground State Magnetic Moment

The method used to determine the sign of the ground state

142Pr is based on the fact that at interme-

magnetic moment of
diate magnetic fields, the four levels of a 3-quantum transition
are not equally spaced. Fig. 5.9 shows the relevant magnetic
substates in F=11/2 for tﬁe case of positive and negative mag-
netic moments. In an atomic beam experiment one normally excites
a 3-quantum transition (e.g. F=11/2: MJ=+3/2 6——9tMJ=-3/2) with
the RF oscillator set at the mean of the three l-quantum fre-
quencies; all the atoms undergoing such a transition between

MJ=+3/2 and MJ=—3/2 states (in either direction) are focussed

and detected. However, if an obstacle is placed in the path of



Figure 5.9
Zeeman levels of 3-quantum transition in F = 11/2 state. The
transitions examined in the sign of the moment experiment are

indicated by arrows.
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the deflected beam on one side of the stop-wire (see Fig. é.l),

it will act as a state-selector allowing only atoms with MJ>0

in the B-magnet to be focussed. Then, only the atoms making
transitions from an initial state MJ=-3/2 to a final state MJ=+3/2
can contribute to the 3-quantum intensity. It can.be seen from
Fig. 5.9 that, for the case u1>0, if a second RF loop is used

to induce the l-gquantum transition (MF=+1/2 —> MP='1/2)' this
will cause the 3-quantum resonance to "flop-out". On the other
hand, if the magnetic moment is negative, the l-quantum transition
between MF=+5/2 and MF=+3/2 will causé the "flop-out". Thus, by
using two RF loops, the first set at the 3-quantum frequency

and the other at each of the two l-quantum frequencies alternate-
.ly, one can determine the sign of the magnetic moment.

For the actual experiment, it is necessary to select a
magnetic field such that all the transitions to be examined are
quite separated in frequency. The experiment was carried out at
a C-field of 108 Gauss. The first RF loop was set at the 3-
quantum frequency. The second RF loop was set at the l-quantum
frequency appropriate for the case of uI>0; this was varied to
scan the resonance and provide a "flop-out" line-shape. Next,
using the l-quantum frequency appropriate for the case of uI<0,
the experiment was repeated. At regular intervals throughout
both the experiments the 3-quantum focussable transition alone
.was examined to ensure its presence.

The results of the two experiments are shown in Fig. 5.10.

The l-quantum frequency applicable to the case uI>0 causes the



Figure 5.10
Results of the sign-of-the-moment experiment. The solid
points show the data obtained in the two-oscillator

experiment, while the open circles represent the 3-quantum

intensity alone.
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nflop-out”, and therefore, the sign of the magnetic dipole

- moment is determined to be positive.

5.3 Interpretation of Magnetic Moments

The magnetic moment of a state, whose wave function

is giﬁen by equation 2.1, may be easily arrived at:

2 - T .
Uy = ai<n2d5/2v257/2.1lu|ﬂ2d5/2v2f7/2.1>

2 -
+ (l—ai)<ﬂ1g7/2v2f7/2.1lu|nlg7/2v2f7/2.1>

where i denotes the magnetic moment operator. In the above exX-
. pression no cross—-terms appear since the magnetic moment operator
is diagonal in the orbital gquantum number, %. The magnetic mo-
ments of the pure'configurations are:

<3 31110 It > = %(;i + 1

'111 Mn J_J +l)-Jn(Jn+l)
+ 7(,% - 1) e 22— (5.1)

Tt should be pointed out that in deriving equation 5.1, it has
been assumed that both the neutron and proton orbits contain at
the most one unpaired nucleon; the rest couple to a spin zero.
This is the so-called "seniority one" arrangement. Configurations
the type[(wg%/z)2 ﬂds/zljp(vf7/2)1n are, therefore, not included.
When the experimentally measured magnetic moments from the neigh-
Pouring odd-A nuclei are used, the formula generally gives
magnetic moments for odd-odd nuclei within 0.1 n.m. of observed
values. Accordingly, if the magnetic moment of a 97/2 proton

137

is +2.8 n.m. (as found in Cs and 139La) and that of a f7/2

neutron is -l.1 n.m. (as in 141Ce and 143Nd), then

of



<ng7/2vf7/2|ulwg7/2vf7/2> + 0.49, J=2

Mgy oV /5| B9, 5VE7 /2>

Also, using the wvalue up = 4,14 n.m. for a d5/2 proton as mea-

sured in 141Pr,

_ <nd5/2vf7/2|ulﬂds/zvf7/é> -0.94, J=2

<ﬂd5/2vf7/2|ﬁlﬂds/zvf7/2> +2.21, J=5 .

The magnetic moments of the 2~ ground state and 5~ isomeric state

of 142Pr may then be expressed in terms of the mixing parameter a2:
2, 2
u(J=2) = (-0.94)a“ + (0.49) (1-a")
u(a=5) = (2.21)a® + (1.23) (1-a?)

In Fig. 5.11 the magnetic moments of both the ground state
and the isomeric state'have been plotted as a function of their
mixing parameters, az. The experimental values are shown by
horizontal lines. The error in the result for the ground state is
negligible, while that for the isomeric state is represented by
cross-hatched regicn. On the basis of the measured values of
the magnetic moments, then

2

o = 0.20 I=2

2
o

1.00(10), I=5

where the error corresponds to the uncertainty in the magnetic
moment. Kern et al. (1968) have interpreted their (&,p) and
{n,y) results for the low-lying negative parity states on the
basis of configuration mixing, and thus deduced their wave

functions. In particular, the mixing amplitudes for the 2~



Figure 5.11

142

Magnetic moments of J = 2 and J = 5 states in Pr,

plotted as a function of mixing parameter a2. The

arrows indicate the values predicted by Kern et al,
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ground state and the 5~ isomeric states are predicted to be 0.76
and 0.41, respectively. These results are in serious disagree-
ment with those required to fit the magnetic moments. The

next two chapters, therefore, deal mainly with an attempt to

understand this discrepancy.



CHAPTER VI

FURTHER EXPERIMENTS AND ANALYSIS

4

6.1 The 1 lPr(d,p)uzPr Experiment

The nuclear levels in 142Pr have been previously
studied in considerable detail by means of the (d4,p) reaction
and high- and low-enexrgy (n,y) spectroscopy (Kern et al., 1968).
As outlined in Chapter II, the low-energy ljevel scheme of 1429r
should consist of fourteen states of negative parity arising
from the mixing of two configurations:

s g% = 17,27 ,.00046

mdg soVE9/2

‘n’_ - - -
“97/2Vf7/2 . J "‘o '1 ’0000]7 .

In the (4,p) experiment (at 10 MeV) performed by Kern et al. with
an energy resolution of from 11.0 to 14.5 keV, eight of the
twelve* levels were explicitly observed and resolved. Analysis
- of the intensities for the 6 state (63.8 keV) and 1~ state

(85.0 keV) indicated that the other two members of these spin-
pairs would be populated only weakly. In addition, the presence
and energies of two more states (5~ at 3.7 keV and 4~ at 72.3

keV) were deduced from the gamma ray results. combining the

* .
The target nucleus, 14lPr, has a ground state spin and

parity 5/2+; states with spins 0" and 7 are, therefore, not

populated in a (4,p) reaction.

79
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(d,p) and the (n,y) results, both the spins and the wave func-
tions of ten low-lying negative parity states were cbtained.

As pointed out in the preceeding chapter, however, the

resulting wave functions for the 2~ ground state and 5 isomeric
state at 3.7 keV are in serious disagreement with the measured
magnetic moments of these states. Consequently, it was felt

141Pr(d,p)142Pr experiment, in the

desirable to repeat the
hope that better energy resolution might reveal the missing
states in 142Pr or otherwise resolve this discrepancy.

Two separate experimental runs were performed. The
first experiment was designed to be a high-resolution one.
It was, therefore, carried out at a deuteron beam energy of
10 MeV, using thin (10-30 ugm cm—z) targets. The Enge split-
pole magnetic spectrograph in which the emerging protons were
momentum analyzed is, in principle, capable of yielding higher
resolution than the simpler designs such as the single-gap
Browne-Buechner type used by Kern et al. The aim of the second
experiment was to locate any weakly populated states. 1In
crder to maximize the reaction yield, a higher (16 MeV) beam
energy and thicker (v 100 ugm cm-z) targets were used. The
details of both these experiments are given below.

Targets were prepared by vacuum evaporation of 99.5%
pure praseodymium metal from a small tantalum crucible onto
30 ugm cm"2 carbon foils. Because praseodymium reacts with

water, it is necessary to first float off the carbon foils from
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a glass slide onto aluminium frames, and then proceed with
the evaporation.

One of the targets was then exposed to a 10 MeV deu-
terdn beam from the McMaster F.N. Tandem Van de Graaff. The
emerging protons were momentum analyzed in the split-pole Enge
magnetic spectrograph, and detected using 5x25 cm, 50-um nuclear
emulsion plates (KODAK NTB-50) iocated in the focal plane of
the spectrograph. In order to stop the elastically scattered
dguterons the plates were covered with 0.02 in of aluminium.
The proton tracks were then scanned in 1/4-mm strips under a
microscope. In order to check the reproducibility of data and
detect the presence of any light-mass impurities, exposures at
three different angles were taken. The energy resolution ob-
tained was between 7.5 to 10.5 keV. An energy spectrum taken
at 60° and obtained with a beam exposure of ~ 50,000 micro-
Coulombs is shown in Fig. 6.1.

The spectra were analyzed using a computer programme
-SPECTR written by R.A. O'Neil. The line shape is taken as a
standard Gaussian that has a high- or low-energy tail. The
linewidth and the ratio of "tail-to-Gaussian" may be varied
by a set of four parameters. In addition, the peak-height, peak-
position and the background may also be varied. For a well-
resolved sample peak known to be a singlet, the programme com-
putes "best-fit" values for the parameters by successive
iterations. The rest of the spectrum is then analyzed using

these parameters to obtain the position and intensities (areas



Figure 6.1

Experimental proton spectrum from 141Pr(d.p)ll'zPr at Ed = 10 MeV.

The horizontal scale is plate-position in cm. The peak labelled

1.7 KeV is an unresolved doublet.
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under the peaks) of the other peaks. Knowing the beam energy
and the ground state Q-value of the reaction, the excitation

energies represented by the various peaks may then be computed.

6.1 a States up to 200 keVv

A total of ten states with energies < 200 keV are
revealed in the present (d,p) experiment. Table 6.1 summarizes
the experimental results and compares them with those obtained
by Kern et al. The (d,p) intensities have been normalized such
that the total intensity of the 1§vels up to 200 keV equals
100 units.

The ground state group is assumed to be an unresolved
doublet, the other member being the spin 5~ state at 3.68 keV

as revealed through the (n,y) results of Kern et al. These

~ authors report that when their (d,p) level energies were shifted

upwards by 1.6 keV an excellent agreement is obtained with the
high-energy (n,y) data. Under the assumption that the two com-
ponents of the doublet are approximately equally intense, its
separation was estimated as twice the energy shift, that is
3.2+1.5 keV. The resulting level energies as reported by Kern
et al. are shown in column 2 of Table 6.l. In the present
analysis, the energies of the states (shown in column 1) have
been obtained by setting the strong (singlet) state.at 176.9
keV, the energy of this state being taken from the (n,y) re-
sults. The centroid of the ground state doublet is then found
to be at 1.7+0.8 keV.

The state at 73.6 keV has not been previously resolved



Table 6.1 84

A summary of ll‘lPr(d,p)lazPr results for states up to 1150 KeV.

Energy (KeV) Normalized intensity

This work Kern et al. This work Kern et al.

(d,p) (4,p) (n,Y)

1.7(8) 0. 0.0
3'2k15) s a3t 16.9(4) 16.7(8)

17.5(5) 17.8(6) 17.740(4) 5.2(4) 5.0(5)

63.8(3) 63.7(2) 63.746(4) 29.8(10{} ‘30.5(15)

73.6(14) - 72.294(4) 1.5(3)

85.6(10) 86.2(7) 84.998(3) 2.7(8)

90.6(12) - - 2.3(8)} 33
128.3(2) 128.0(4) 128.251(5) 12.8(3) 12.8(6)
144.7(3) 144.6(6) 144,587 (4) 18.2(4) 17.4(9)
176.9 176.8(3) 176.863(3) 9.2(3) 9.9(5)
200.6(5) 200.8(5) 200.525(4) 1.5(1) 2.3(2)
631.4(7) -- - 5.7(12
637.8(2) 637.2(5) 637.2(1) 39.1214;} 45.8(6)
706.4(4) 705.8(4) 703.6(3) 7.0(3) 6.4(2)
747.0(3) 748.2(6) 747.0(1) 23.7(8) 22.9(4)
790.5(3) 792.1(6) 790.4(1) 24.5(9) 24.6(2)
822.8(5) 823.5(7) 823.2(1) 3.5(1) 3.4(3)
978.7(4) 981.3(7) 978.2(1) 10.8(3) 11.7(2)

1042.2(4)  1045.2(7)  1041.9(1) 17.4(5) 17.9(4)
1113.5(15) 1115.4(12) - 3.7(6) -
1120.2(9)  1127.2(18) 1119.8(3) 4.5(7) -
1151.0(3)  1154.4(9)  1150.9(1) 5.4(2) -
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in the (d4,p) experiment. However, its presence is inferred
from the high-energy (n,y) data, and it has been consistently
placed in the decay scheme on the basis of low~energy y-ray
fit. 1In the present (d,p) data, the strongly populated.64

keV state is noticeably broader than the single peaks, and

the fitting programme SPECTR resolves the two stétes at all
three angles in a consistent manner. Also, the previously re-
ported state at 86.2 keV is found to be a doublet. Both the
energies and intensities of the two members of this doublet

are well reproduced at all three angles, and the sum of their
intensities matches the intensity attributed to the 86.2 keV
states by Kern et al. The energies of the two states are found
to be 85.6 and 90.6 keV. Kern et al. have established that

all their peaks followed an zn = 3 angular -distribution. Since
the newly resolved state (90.6 keV) maintains a constant ratio
with that at 85.6 keV, one can conclude that all the states

below 200 keV involve the 2f7/2—neutron transfer.

6.1 b Higher Excited States

The scope of the present work concerns itself primarily
with. the low-lying states in 142Pr. For completeness, however,
the (4,p) results for levels up to 1150 keV will be presented
and compared with those of Kern et al.

Beyond the low-lying group of states (< 200 keV), the

next level observed in the (d,p) reaction lies at v 630 keV.

Table 6.1 gives the excitation energies and normalized inten-
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sities for states up to 1150 keV. It will be seen that, in
genéral, the agreement between the two sets of (d,p) level
energies, for the states between 630-1150 keV, is not as good
as that for the low-lying group'(f 200 keV). On the other hand,
except for the state at 706 keV, the present (d,p) results are
in a better agreement with the (n,y) results of Kern et al.

The only impurity lines identified in the spectra correspond

to the ground and first-excited states of 141Ce. The states

at 665, 682 and 767 keV reported by Kern et al, and designated
as doubtful levels have not been observed.

There are two additional features in the presént (a,p)
results which are worth mentioning. The proton group at ~ 635
keV is analyzed as a doublet, the ljower member of which lies
at 631.4 kevV. In addition, the levels at 1113 and 1120 keV
are also resolved, and it is concluded that the'latter, in
fact, corresponds to the 1120 keV state observed in the (n,Y)
experiment of Kern et al.

An intensive search to locate any weakly populated
states in the energy gap between 200 and 630 keV was carried
out by bombarding a ~ 100 ugm cm 2 41pr target with 16 MeV
deuterons. A proton spectrum taken at 30° with a beam exposure
of ~ 20,000 micro-Coulombs indicated that the reaction yield
for the ground state group had increased (compared to that ob-
tained in the 10 MeV run) by a factor of ten. However, it

failed to reveal any peaks in the energy region of 200-630 keV
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that could be assigned to the level scheme of 142Pr. Thé

experimental resolution was ~n 20 keV, so that no further analy-
sis of the data seemed worthwhile.

6.2 The Low-lying Level Scheme of 142Pr

It is only fair to state at the very outset of this
section that the experiments reported here were not carried out
as part of the project outlined in this thesis. Rather, the
results of other workers (the appropriate references have been
cited) are merely presented and ana;yzed, in conjunction with
the (d.p) results, in order to deduce two new states in the

142

low-lying level scheme of Pr (Fig. 6.2).

6.2 a 142Ce(p,ny)l42Pr and 139La(a,nyy)142Pr Experiments

In an attempt to locate the missing states and verify
the decay scheme proposed by Kern et al., a series of gamma-ray
singles and coincidence experiments have been initiated at

3914 (o, nYY) 142

McMaster. In a preliminary 1 Pr experiment at a
beam energy of 15 MeV (Macphail, 1970), using two 50 c.c.

Ge (Li) detectors, the strongest cascade observed involved the
85 and 268 keV y-rays. Kern et al. report a close doublet of
84.958(3) and 86.056(3) keV y-rays; the former has been
assigned as a ground state transition. The same authors also
report a 268.34(10) keV y-ray, but this has not been incor-
porated in their decay scheme. On the basis of these and

the (d,p) results, two new states at 89.7 and 358.1 keV are

proposed. These are shown in Fig. 6.2, For consistency, the



Figure 6.2

The low-lying levels in lazPr
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Y-ray energies shown are those given by Kern et al,, although
all the transitions have also been observed (but not with the
precision of the bent crystal work) in the (o,nY) reaction.

The level-energies of the two (previously not known) states
at 89.7 and 358.1 keV have been obtained on the basis of the
coincidence data. The 294.8 keV y-ray has been assigned as

a 1041.9*747;0 keV transition by Kern et al,; however, it

can also be consistently placed in the decay scheme shown.

The state at 358.1 keV is not populated in the (d,p) reaction,
suggesting that it is either the 0" or 7 member of the
|1rg7/2vf7/2 : 3" =0 ,.....7 > multiplet. A series of high-
resolution coincidence experiments at McMaster are still in
progress (Aniol, 1972); however, there is no doubt that the
268 keV transition is, indeed, in coincidence with the 86 keV
(rather than the 85 keV) member of the doublet. The states

at 358.1 and 89.7 keV are, therefore, assigned spins 7" and 6
respectively. Further support for the spin 6 assignment is

| provided by the intensity ratios of the 85 and 86 keV transi-
tions as observed in (p,ny) and (a,ny) spectra. In the
142Ce(p,n’y)lqur reaction, the ground state spin of the target

nucleus is 0, whereas the ground state spin of 133

La is 7/2.
Furthermore, the o-particle can carry more orbital angular
momentum than the proton. Hence, one would expect that the

l39La(a,n)l42Pr reaction will have a higher probability of
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populating the high-spin states in'142Pr than the 14

2Ce(p,n)142Pr
reaction. This is, indeed, what is observed experimentally.

In particular, while the intensities of the 85 and 86 keV transi-
tioﬁs are comparable in the (p,n) reaction the 86 keV transi-
tion dominates by a factor of ~ 10 in the (a,n) reaction. This
indicates that the levels from which the two transitions ensue

have very different spins.

142

6.2 b The 144Nd(d,a) Pr Reaction

It has been mentioned earlier that the (d,p) reaction
cannot populate the spins 0 and 7 states in 142Pr. A feasible
reaction which may establish the particle levels corresponding
to these spins is 144Nd(d,a)142Pr. This reaction has been
briefly studied by Macphail (1970) , using Nd,0, targets (enriched
to 97.5% in 144Nd) on 50 ugm cm.-2 carbon backings. The emexr-
ging alpha particles were detected with a 5 cm x 1.4 cm Nuclear
Diodes position sensitive counter, 240 um thick, located in
the focal plane of the Enge. In the first experiment carried
" out at a deuteron beam energy of 14 MeV, the alpha particles
~ were observed at a laboratory angle of 40°; this permitted
the states in 1425, up to an excitation energy of 800 keV to
be examined. In a subsequent run at 16 MeV, the laboratory
angle was changed to 20°, and states between 300-1100 keV were
investigated. Although the extremely small cross sections
did not warrant a thorough investigation, the observed a-particle

142

spectrum was consistent with the known levels in Pr obtained
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from (d,p) studies. A result, relevant to the present discus-
sion, is a particle level at 358(8) keV. This may be identified

with the spin 7 state deduced from the coincidence data.

6.2 ¢ A Study of Nuclear Level Spins of 142Pr

Mellema et al. (1970) have studied ﬁhe nuclear level
spins of 142Pr by measuring the anisotropies of directional
distributions of high- and low-energy Qamma rays emitted after

141Pr nuclei. Their

thermal neutron capture in oriented
conclusions yield spin restrictions. for several excited states;
in particular, definite spin values, 3 and 4, are obtained for
the levels at 17.7 and 144.6 keV, respectively. The resulting

spin assignments are given below and compared to those of Kern

et. al.

Level Energy Spin Assignment
(keV) Mellema et al. Kern et al.
17.7 3 3
63.7 3,4,5,6,7 6
72.3 3,4 4
85.0 12,3 1
128.3 3,4,5,6 5
144.6 4 4
176.9 2,3 3
200.5 2,3,4 2
703.6 2,3,4 ‘3,4

1150.9 2,3 , Not assigned



CHAPTER VII

DISCUSSION

7.1 Magnetic Moments and (d,p) Spectroscopic Factors

In view of the inconsistency between the measured
magnetic moments and the (d,p) spectroscopic factors for the 2"
ggound state and the 5 isomeric state, one is led to conclude
the following. If the simple, two-configuration model out-
lined in Chapter II is adequate in explaining the structure
of the low-lying states in 142Pr, jncluding the magnetic mo-
ments; then the analysis of Kern et al. leading to their
spin assignments and wave functions will have to be revised.
In what follows, therefore, the (d,p) results will be re-
analyzed to obtain spectroscopic factors consistent with the
magnetic moment results and also to accomodate the spin 6
state at 89.7 keV.

The nuclear spins of the ground state and the isomeric
state have been measured by atomic beam method: the results
are 2~ and 5 respectively. The two states are unresolved in
the (d,p) experiment, but the intensity of the doublet has
been measured to be 16.9(4) units. Using the (2J+1) rule, the
total intensity of the two states may, therefore, be expressed

in terms of their mixing parameters:

16.9(4) = z.os[Sag + 1lo?]

92
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where the subscripts refer to the épins 2 and 5 respectively,
and 2.08 is a normalization factor. The two mixing parameters
are thus constrained (see Fig. 7.1) to give the observed
inténsity of the doublet. The values of the mixing parameters
required to fit the observed magnetic moments and those ob-
tained by Kern et al. from their analysis of (d,p) intensities
are also indicated in Fig. 7.1. It can be seen that there is
serious disagreement between the two sets of values. In par-
ticular, the magnetic moment for the spin 5 state requires

ag > 0.9 yielding a (d,p) intensity for this state of 20.6
units; this, in itself, is higher than the total observed
intensity for the ground state doublet. It is possible to
adjusf az for the two states such that the resulting magnetic
moments are 'closest! to the observed values, at the same time
reproducing the total observed (d,p) intensity for the doublet.
For example, choosing a% = 0.25 (and, therefore, ag = 0.63),

the magnetic moments are predicted to be:

Ugop = 0.13(1) n.m.

V=g = 1.85(2) n.m.

where the errors indicated arise from the uncertainty in the
measured (d,p) intensity for the doublet. The agreement with
the experimental results is still inadequate. A second, and

an equally important, consequence of the above reanalysis is the

following.



Figure 7.1
The relationship between the mixing parameters ai (J=2) and
a§ (J=5) as determined by the total observed (d,p) intensity
of the ground state doublet. The width of the line repre-
sents the uncertainty in the measured intensity. The values
of az required to fit the measured magnetic moments are
indicated by arrows. Also shown are the values determined

by Kern et al, from their analysis of (d,p) intensities.
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Having chosen a2 for the 2~ ground state and 5
isomeric state to yield the observéd hagnetic moments, the
mixing amplitudes for the corresponding orthogonal states
with spins 2~ and 5 are also determined. If the spin assign-
ments of Kern et al., are retained, the state at 200.5 keVv
(3" = 27) will, therefore, have a mixing amplitude given by

2 _ _ a2 _

Similarly, the state at 128.3 keV has a spin 5, and therefore,
2 _ _2 "
BJ:-’S - [l aJ=5] - 0.37.

In Table 7.1, the results of such an analysis for all the low-
lying states is presented and compared with those of Kern et al.
It should be emphasi;ed that in obtaining the mixing amplitudes,
shown in column 3, it was demanded that these reproduce the
measured magnetic moments for the lowest spins 2 and 5 states.
It can be seen that, as a consequence of this, the experimental
(d,p) intensity for the state at 200 keV is then no longer
consistent with a spin 2~ assignment for this state. Alsc,

the spin 1 state (which was previously unresolved from the

89.7 keV state and, therefore, believed to be essentially pure)
carries only 2.7(8) units of the total (6.3 units) spectrosco-
pic strength for the 1~ pair. 1In fact, the missing strength

is more consistent with the observed (d,p) intensity of the

200 keV state, and almost suggests a spin 1~ assignment for
this state. This, however, would imply that the 182.8 keV

transition -to the spin 37 state (reported by Kern et al.)
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would be E2 rather than Ml.

7.la. Mixing of Higher Configurations

Whether or not the analysis outlined above represents
a real staée of affairs will have to be dgtermined on the
basis of further experiments. On the other hand, the dis-
crepancy may be interpreted as an jndication of possible mixing
of higher configurations. From the energy-level systematics
of adjoining odd-A nuclei, the next higher neutron orbital,
3p3/2, occurs at an excitation of ~ 700 keV. The coupling of
a p3/2 neutron with d5/2 and g.l/2 protons should then give

rise to the following eight negative parity states:

T_. 27,3 ,4,5.

n1g7/2v3p3/2 : J
. Apart from the pure 1~ and 5 states,the states with spins

2, 3 and 4 may be close enough in energy 8O that they can be
appreciably mixed. Indeed, a group of states between 600 and
1150 keV with an angular distribution of &=1l, observed in the
(d,p) experiment, may be assigned the above configurations.

More relevant to the present discussion, however, is the fact
that these states may, to some extent, mix in with the low-
lying ground state group. The amount of mixing may be small
enough to go undetected in the (d,p) angular distributions, but
adequate to explain the observed magnetic moments. For example,
using the Schmidt value for the g-—factor of a P3/2 neutron, the

contribution to the ground state magnetic moment from |ﬂd5/2vp3/2>



component in the wave function is:

<nd5/2vp3/2|uInds/zvp3/2> = +2.8 n.m.

The result is quite insensitive to the g-factor, so that the

above estimate is a realistic one. Similarly,

<wg7/2vp3/2|ﬁ|ng7/2vp3/2> = +3.4 n.m.

It can be seen that, in view of the measured value of the ground
state magnetic moment (uJ=2 = 0.234(1) n.m.), a small admixture
of the p3/2 neutron orbital can éppreciably change the magnetic
moment.

Having cited this possibility, however, it is impor-
tant to realize that it becomes very complex to analyse these
states in terms of such an extended configuration space. More-
over, it is no longer possible to ﬁtilize simple relationships
such as the (2J+1) rule to deduce the nature of ihe low-1lying
states. There is so much freedom within such a model that
until all the spins are definitely determined little meaningful
analysis can be carried out. Thus, though this suggestion has
to remain as a possible explanation of the discrepancies it |

cannot be followed up at this time.

7.2 Shell Model Calculations

During the past few years, a considerable amount of
experimental data for odd-odd nuclei with 83 neutrons has
been accumulated to warrant theoretical calculations for

these nuclei. The two—configuration model, outlined in Chapter
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II, has been successfully applied in deducing spins and pari-
ties, (d,p) spectroscopic factors and M1 transition rates for

the low-lying states both in140La and 142Pr. The measured

ground state magnetic moments of 138c5 anda 140

La can also be
understood in terms of configuration mixing between ng7/2vf7/2
and “dS/zvf7/2' Although these results indicate that these
two configurations are undoubtedly the major ones to be con-
sidered, the real test of the model has to be its success or
failure in predicting the observed energy levels in these
nuclei. The ordering of the levels will be a function of the
energy of the first excited states in the parent odd-A nuclei
(the extent of configuration mixing), the nature of the
residual n-p interaction, and of the number of unpaired pro-
tons. Struble (1967) has carried out an elaborate quasi-

particle configuration mixing calculation for 140

La, using a
finite range force. Although the agreement between the calcu-
lated and experimental branching ratios and (d,p) spectroscopic
factors was satisfactory, the calculation failed to predict
the observed ground state spin of 3. (The spin 6 was calculated
to lie lowest in energy.)

More recently, Wildenthal (1969) has reported
an extensive shell model calculation for N=82 nuclei. The
model was based upon the assumption that, as far as the energy
levels in the first 2 to 3 MeV excitations are concerned, the

2=50, N=82 closed shells can be considered inert. The model

space was made up of all lg7/2-2d5/2 configurations plus all
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configurations formed by exciting ohe proton from the “g;d“
subspace to either the 263/2 or 351/2 orbit. The two-body
part of the Hamiltonian was parametrized in terms of the
modified surface S-interaction (Arvieu et al., 1966; Glaudemans
et al., 1967). The Hamiltonian is, thus, determined by six
adjustable parameters: a strength A of SDI, a strength B

of extra (mo@ifying) monopole term and the single-particle
energies for the 1g7/2, 2d5/2, 2433'/2 and 351/2 orbits. The
strength A and the three single-particle energy splittings were
adjusted to give a least-squares fit to 40 excitation energies
of levels of known J™ in N=82 nuclei from A=136 to A=145. The
strength B and the absolute value of the lg7/2 single-particle
energy were adjusted to give a best fit to the known binding
energies of N=82 ground states. The values of the parameters
thus obtained are: A =.0.383 MeV, B = 0.597 MeV, E.7/2 = -10.14
MeV, E5/2 = ~9,.,62 MeV, E3/2 = -7.02 MeV, and El/2 = =-7.19 MeV.
Using these parameters, the level energies and wave functions
 for ten of the N=82 nuclei were calculated. Even with this
somewhat limited space, the dimensions of the shell inodel
matrices may be as high as 300%x300. The authors note that for
the eight-particle states (which correspond to states in 140Ce),
the wave functions had from 100 to 300 components. The re-
sults of the calculations are very encouraging. In particular,
the model succeeeds remarkably in predicting the observed

ordering of low-lying states in the odd-A proton nuclei: 137Cs
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to 145Eu. In addition, the model wave functions yield spec-

troscopic factors that are in good agreement with those obtained
experimentally. These results definitely merit a similar
calculation for the case of odd-odd nuclei with 83 neutronms.

In what follows, therefore, an attempt will be made to carry

out an approximate version of such a calculation for 142Pr.

In the model space considered, the nine active protons
beyond the doubly-magit (inert) core of lg§Sn82 were allowed to
occupy the lg7/2 and 2d5/2 orbits (only), to form configurations
of the type: '
4+2x
o

5-2x 6-2x 3+2x

(9,2) (@, )52 and (dg 505 ™ (99,2092

where x is a suitable integer. Configurations such as

6 3
Ua7,2)208%5/2) 52}
P

are, therefore, not included. The basis states for 142Pr are,

then, constructed by coupling either a 2f7/2 or a 3 p3/2 neutron
to these proton configurations.

The only parameters which affect the energy-level
spectrum are the strength A of SDI and the single-particle
splittings. The modifying monopole term, introduced by
Wildenthal to obtain the correct ground state binding
energies is, therefore, not included in the present calcula-
tions. For the single-particle splitting between the g7/2
and d5/2 proton states, the value 0.520 MeV obtained by Wilden-

thal . is used, while that for the f7/2-p3/2 ;plitting
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is taken to be 0.7 MeV. (The p3/2 neutron state occurs at

~ 660 kev in 141 143

Ce and ~ 740 keV in Nd.) The strength A of
SDI may not necessarily be the same for both the proton-proton
and proton-neutron interactions. While the former (Ao).is
fixed at 0.383 MeV as determined by Wildenthal, the lat-

ter (A2 ) was treated as a free parameter. 1In tﬂis respect,
therefore, the calculation has only one parameter which is adjus-
ted to obtain a fit to the experimentallyobserved energy-levels
in 142Pr. In the parameter search for A2' the initial value was
set equal to A,. The spin 2~ state (observed as the ground
state) was then predicted at 600 keV, and the first fourteen
states were spread over an energy range of v 2 MeV, As A2 is
increased, the &hole spectrum gets compressed in energy, very
rapidly at first (A2 = 0.38-0.42 MeV). Both the excitation ener-
gies relative to the predicted ground state (always the spin

1~ state) and the energy-spacings between pairs of states (of
same J") get smaller. Moreover, the rate of change with res-
pect to A2 is not equal for different spin scates, so that it
is possible to change the level ordering. For A, > 0.42 MeV,
the predicted spectrum is no longer very sensitive to a change
in Az, and the level ordering remains unaltered. The enexrgy
spectrum obtained, using the value 0.44.MeV for the proton-
neutron strength of SDI, is shown in Fig. 7.2. The resulting

wave functions are listed in Table 7.2, where the column

headings indicate the appropriate configurations; for example,



Figure 7.2

Comparison of experimental spectrum for lazPr with the

mixed-configuration shell model calculation (MCSMC)

using Surface Delta Interaction.
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5 4 4
"5410" and "5401" denote ﬂds/zng7/2vf7/2 and wdg/zwg7/2vp3/2
respectively.

7.2a Spectroscopic Factors

As a test for the model wave functions, in this section
the (d,p) spectroscopic factors will be calculated and compared
with those obtained experimentally. This may be done using

equation (1.13). That is,

2
SZj = [pfq apbq] .

ap and bq are the mixing.amplitudes in the initial and final
states respectively, so that it is also essential to calculate
the wave function of the target ground state. A shell model
calculation for the odd-A 141Pr was, therefore, carried out,
' using the SDI parameters obtained by Wildenthal. In the
model space considered, the "active" protons were allowed to
occupy the 2d5/2 and l«;:;.,/2 orbits only. . Furthermore, of all
possible configurations only those that had at most one un-
paired proton were included. The spin 7/2+ first-excited state
is then predicted to lie 166 keV above the 5/2+ ground state.
(The observed 5/2+ - 7/2+ separation is 145 keV). The
resulting wave function for the ground state is:
|141

3 6
+0.78|d5/2g7/2>5

T_gsoten az 8
Pr,J"'=5/2 >= 0.4:5|d5/2g7/2>5 /2

5 4
-0.43|4% ,,94 /5>

The calculated spectroscopic factors for 2=3 (f7/2 neutron trans-

fer) and 2=1 (p -neutron transfer), using the wave functions
, 3/2 9

of 142, 1isted in Table 7.2, are shown in Table 7.3. The
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corresponding (d,p) intensities for the f7/2-neutron traﬁsfer
have been compared with the éxperimental intensities. As will'
be noticed, with the exception of the spin 1~ state at 534

keV, the contribution due to vp3/2—transfer in the low-lying
states is negligible. This is consistent with what is observed

experimentally.

7.2b Remarks on Shell Model Results

An obvious failure of the shell model calculation des-
cribed is that it does not reproduce the observed spin 2~ state
as the ground state of 142Pr. The calculation does, however,
reveal the essential gross features of the observed spectrum,
including the - 400 keV enexgy gap (between the lower group of
levels and those arising from a P3/2 neutron) which characterises
the 142, jevel scheme. In order to jindicate the merits (or
failure) of sDI, therefore, the calculated spectrum for 14OLa
is also shown in Fig. 7.3, and the results are compared with
the experimental energy levels and the quasi-particle calcula-
tion of Struble (1967). It will be seen that, on the whole, the
results of the two calculations are comparable; in particular,
both calculations fail to predict the observed spin 3~ as the
ground state.

The resulting wave functions cannot be regarded as
very realistic, in view of the calculated spectroscopic factors.
The most probable reason for the 2~ state being the ground

state is configuration interaction due to neutron-proton force.

The calculated wave functions indicate that the two-body force



Figure 7.3 .
Comparison of experimental spectrum for 140La with the
mixed-configuration shell model calculation (MCSMC) using

Surface Delta Interaction, and the quasi-particle calcu-

lation of Struble (1967).
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used does not produce the "correct" amount of mixing between
a pair of states with same J. In other words, the off-diagonal
matrix eleqents are unrealistic. For example, the spin 2" state
is predicted to be rather pure; a higher admixture would not
only be more consistent with what is obtained experimentally,
but it would also spread the two 2~ states apart thus depressing
the lower-lying member. On the other hand, the two 6 states
are predicted to be highly admixed which causes the lower mem-
ber of this pair to be pushed down in energy. A smaller
amount of mixing for J = 6 , as jindicated by the (d,p) inten-
sities, would improve the fit between the calculated and obsexved
energies for these states.

Considering the fact that the present calculation has
been carried out in the most restricted coﬁfiguration space,
it would be unfair to conclude, just yet, that the surface §-
interaction cannot serve as a reasonable, effective two-body
force for N=83 odd-odd nuclei. The findl test must involve a
much more general calculation in an extended shell model basis.
Jones et al. (1971) have pointed out that in ordexr to predict

the 2+ (first-excited) state at 1.6 MeV in 140

Ce, it is essen-
tial to consider proton excitations into the 2d3/2 and 351/2
orbits. The same authors also find that, in the N=82 odd-A
parent nuclei, the d3/2 and 51/2 states (corresponding to a
single proton in these orbits) are strongly mixed with seniority

3 states in the d5/2-97/2 doublet. In an extended calculation

for odd-odd nuclei, therefore, these two types of configurations
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must be considered on an equal footing. Such a calculation,

es, and is certain-

however, requires improved computer techniqu

ly beyond the scope of present work.
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CONCLUDING REMARKS AND SUMMARY

In summary, then, the nuclear spin and magnetic moment

of the 14.6 min isomeric state in 142

Pr have been measured by
the method of atomic beam magnetic resonance. In addition,
using two radiofrequency loops in a "flop-out on flop-in"
atomic beam experiment the sign of the ground state magnetic
moment has been determined to be positive.This technique of
sign determination should prove useful for other radioactive
isotopes whose maénetic moments are too small to permit a
feasible direct measurement.

142Pr have

The low-lying negative parity states in
been interpreted in terms of mixing between the two configura-
tions: ﬂ2d5/2v2f7/2 and nlg7/2v2f7/2 . Although the measured
spin of the isomeric state confirms the spin assignment of
Kern et al., the mixing amplitudes for both the ground state
and isomeric state, as predicted by their magnetic moments, are
in serious disagreement with their results. The latter part
of the research project has, therefore, dealt with an attempt
to understand this discrepancy.

The 141Pr(d,p)l42Pr experiment has been repeated at
McMaster at a higher resolution. The results, taken together
with the analysis of presently available y-ray singles and
coincidence data, have revealed two new states at 89.7 and
358.1 keV. Tentative spin assignments for these states have

also been made. It has been found that the spin 1”7 state at

85 keV (previously believed to be essentially pure) is highly
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mixed. Further, the observed (d,p) intensity of the level

at 200 keV almost suggests a spin 1~ assignment for this state.
This, however, requires the 182.8 keV tramsition to the spin .
3~ state to be E2 rather than Ml. It would be worthwhile,
therefore, to measure electron conversion rates and angular

14 142Pr reaction

distributions of gamma rays following 2Ce(p,n)
in order to reveal the multipolarity of the low-energy
transitions.

0f the fourteen negative parity éfaﬁes in 142Pr, expec-
ted from the coupling of a f7/2 nevtron to the d5/2 and g7/2
proton states, the spins 0" and 1  states still remain to be
located. The latter should be populated in a (d,p) reaction.

141y (4, p) 420y

However, the failure to observe this state in the
experiment indicates that it probably lies at an energy > 630
keV, where a high density of strong 2n=1 states would make it
difficult to identify, A single proton pick-up reaction,
143Nd(d,3He)142Pr, offers a suitable alternative to locate

both the missing states. The ground state of 143

Nd (2=60, N=83)
is 7/2°, so that a d5/2 or g7/2 proton pick-up will populate
all the fourteen negative parity states. In particular, the
spin 0~ (and 7 ) should have a pure 2P=4 angular distribution.
The Q-value for this reaction is =-1.98 MeV so that a deuteron
beam energy of > 20 MeV is necessary. With the recent up-
grading of the terminal voltage of the McMaster Tandem Van de

Graaff, the experiment is now feasible and should certainly be

attempted.
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It has also been suggested that the possibility of
an admixture from higher configurations into the low-1lying
states cannot be ruled out. More specifically, it has been demon;
strﬁted that a small admixture (v 10%) from the next 3P3/2
neutron orbital can drastically alter the magnetic moment pre-
dictions. This is especially so for the ground state whose
measured magnetic moment is only ~ 0.2 nuclear magnetons.

Finally, using a surface delta interaction, a shell
model calculation .in a highly truncated model space has been
carried out. It is emphasized that the calculation involved
only one free parameter. Although the results reproduce the
grosé features of the observed energy-spectrum, it does not
yield'the observed level ordering. A full calculation in an
extended shell model basis should help decide whether the
surface §-interaction can be considered as a reasonable ef-
fective neutron-proton force in N=83 odd-odd nuclei. Meanwhile,
the growing amount of experimental data for these nuclei

(138Cs, 14°La, 142

Pr,hl44Pm and 146Eu) certainly warrants an
alternative approach at obtaining the effective interaction:
the two-body matrix elements can be treated as free parameters,
these being determined by obtaining a best fit to the observed
energy-levels.

It is hoped that the experimental work reported here

will generate further interest in a theoretical understanding

of these nuclei.



114

REFERENCES

Aniol, K. 1972, Private Communication.

Arvieu, R. and Moszkowski, S.A. 1966. Phys. Rev. 145, 830.

Bassell, R.H. 1966. Phys. Rev. 149, 791.

Brennan, M.H. and Bernstein, A.M. 1960. Phys. Rev. 120, 927.

.Cabezas, A.Y., Lindgren, I.P.K., Mafrus, R. and Nierenberg, W.A.
1962. Phys. Rev. 126, 1004.

Cameron, J.A., King, H.J., Eastwood, H.K. and Summers-Gill, R.G.
1962. Can. J. Phys. 40, 931. '

Cchilds, W.J., Goodman, L.S. and Kieffer, L.J. 1960. Phys. Rev.
120, 2138. ‘

Elliott, J.P. and Lane, A.M. 1957. Handbuch Der Physik, 39, 241.

Fink, R.W., Jopson, R.C., Mark, H. and Swift, C.D. 1966. Rev.
Mod. Phys. 38, 513.

French, J.B., Halbert, E.C., McGrory, J.B. and Wong, S.S.M.
1969. Advances in Nucle. Phys. 3, 193.

Glaudemans, P.W.M., Brussard, P.J. and Wildenthal, B.H. 1967.
Nucl. Phys. Al02, 593.

Goeppert Mayer, M. 1948. Phys. Rev. 74, 235.

1949, Phys. Rev. 75, 1969.

Haxel, O., Jensen, J.H.D. and Suess, H.E. 1948. Naturwiss, 35, 375.

1949. Phys. Rev. 75, 1766.
Jones, W.P., Borgmann, L.W., Hecht, K.T., Bardwick, J. and
Parkinson, W.C. 1971. Phys. Rev. c4, 580.
Jurney, E.T., Sheline, R.K. and Shera, E.B. 1970. Phys. Rev. C2, 2323.

Judd, B.R. and Lindgren, I.P.K. 1961. Phys. Rev. 122, 1802.



115

Karttuneﬂ, E., Freund, H.U. and Fink, R.W. 1971. Phys. Rev; 4, 1695.
Kern, J., Struble, G.L. and Sheline, R.K. 1967. Phys. Rev. 153, 1331.
Xern, J., Mauron, G. and Michaud, B. 1967. Phys. Lett. 24B, 400.
Kern, J., Struble, G.L., Sheline, R.K., Jurney, E.T., Koch, H.R.,
Maier, B.P.K., Gruber, U. and Schult, 0.W.B. 1968. Phys. Rev.
173, 1133.
.King, H.J. 1960. Ph.D. Thesis, McMaster University.
King, J.G. and Jaccarino, V. 1954. Phys. Rev. 94, 1610.
Kopfermann, H. 1958. Nuclear Moments (trans. E.E. Schneider,
Academic Press, New York).

Lew, H. 1953, Phys. Rev. 91, 819.

1970. Physics in Canada, 26, 65.
Macphail, M.R. 1970. Private Communication.
McGuire, E.J. 1972. Phys. Rev. A6, 1043.
Mellema, J., Reddingius, E.R. and Postma, H. 1970. Nucl. Phys. §l§1,577
Pierce, A.R. 1966. M.Sc. Thesis, McMaster University.
Quaranta, A.A., Bertin, A., Matone, G., Palmonari, F. and Placci,
A. 1967. Nucl. Instr. and Meth. 55, 273.
Rbbertson, R.G.H. 1970. Private Communication.

Satchler, G.R. 1964. Nucl. Phys. 55, 1.

1965. Lectures in Theoretical Physics. Vol. IIIC,
ed. Kunz, P.D., Lind, D.A. and Brittin, W.E.
Stinson, G.M., Archer, N.P., Waddington, J.C. and Summers-Gill, R.G.
* 1967. Can. J. Phys. 45, 3393.
Struble, G.L. 1967. Phys. Rev. 153, 1347.

Wildenthal, B.H. 1969. Phys. Rev. Lett. 22, 118.

1969. Phys. Lett. 29B, 274.



