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ABSTRACT :
The independent quasi particle model of nuclear
excited states has successfully been applied by previous
authors to the N = 83 nuclei 140La and 142Pr. In both these
ngflei configuration mixing between theCng7/éy2f7/2) and
Cﬁ2d5/év2f7/2) configurations is expected to produce 14
negative parity states with spins 0,1,1,2,2,%,%,4,4,5,5,6,6,7.
In the case of lqoLa all fourteen states have been identified
among the low lying excitations ( below 600 kev ). In
142Pr previous research had placed 10 of the expected low
lying states, and all of these were located below 200 kev.
In our research, using data from lBgLa(d,n) gamma~
141Pr(d,p), and 144Nd(d,q), we
were able to suggest the locations of three new nuclear
levels in 142

gamma coincidence, from

Pr, two of which we believe to be the 6  and 27
spin states not seen by previous investigators. The results
are encouraging because these two levels are found at
approximately the same excitation energy as the corresponding
states in 14OLa, and one hopes, therefore, that the similarity
in level structure between these two nuclei can be explained
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by a neutron-proton interaction common to both nuclei.

The tnree new states which we are suggesting are,

energy(kev) spin
89.739(.006) 6
%58.11(.10) 7
910.97(.30)
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Introduction

Attempts at determining the nature of the forces
that give rise to the various phenomena observed in
Nature, have often compelled physicists to investigate
the structures of the systems in which these forces are
cverant. For example, by studying the movements of the
members of the solar system, Newton was led to the forumulation
01 tne gravitational force.

%hen one considers the atomic nucleus, an immediately
striking feature of this system is the confinement of many
protons to incredivly small volumes. In lanraseodymium,
for examnple, 59 orotons are confined within a roughly
spherical volume of radius 7.5 fm(l fu = 1 femtometer =
10712
as components of tune nuclear system, and since the only kKnown

cm ). Since electrons do not exist within the nucleus

constituents of the nucleus are neutrons and protons, the
tremendously repulsive coulomb potential assocliated with

the protons is not masked. This indicates that there is another
force, which we call the nuclear force, that binds the

nucleons into the nucleus. By scattering opr-tons off protons
and neutrons, and by comparing mirror nuclei, it has been
determined that the proton-proton, proton-neutron, and
neutron-neutron interactions are the same, at least for

the singlet (I = O ) state.

Since we will be discussing nuclear structure, it
would be helpful if we fixed in our minds what we mean by
structure. For example, the structure of the solar system
at any given moxent in time can pe descrived by giving the
locations and velocities of all its components at that
moment. In short, we can say that the structure of the

solar system at any given monent is described by the



configuration its components assume at that moment.
Analogously, nuclear structure can be discussed by describing
the configurations which the nuclear components, i.e., the
protons and neutrons, can assume. Unlike the solar system,
which can take on continuously different configurations

( e.g., different planetary orbits ), the nucleus can only
take on discretely different configurations. Sometimes we

can not say exactly which configuration the nucleus is in,

s0 we assign probabilities to various poOssible configuartions,
and the weighted sum of these possible configurations we
refer to as a state. For example, suppose we have a nucleus
of 2 protons and 2 neutrons and that there are two possibple
configurations as diagrammed below

%g configuration |A>

SHEF  configuration |B)

The probability that the nucleus 1s in configuration fA>is,
say, »0%. Then the probaocility that it is in configuration
'B> is 4U%. Let us refer to a state by " )State) ". Then
we could say in general that

|State = a ]A> ¥ bl B>
where 2
a = procability that the nucleus is in configuration
, W
b = probability that the nucleus 1is in configuration

1)

If either a or D hapoen to be zero, then the state is the
same as the configuration.

%e can not observe nuclear states directly, as we
can the "states" of the solar system. But we can infer about
their possible configurations by observing the nucleus as
it changes from state to state. For example, suppose we have



two states,using the configurations above.
[ ;\ n\ >
|State D) %% |

IState 2 CEE® |5)

and suppose the protons and neutrons rearrange themselves

i}
)

i
I}

from configuration “A} to configuration [B) , that 1is,
the nucleus goes from |[State 9 to IState 2? .

|State 1)%, |State 2> + gamma ray
8% —_— @@@@ + gamma ray

If the 1internal energy of ‘State f}is greater than that of
Gtate é>, then tne transition between states will release
a ganca ray whose enersy 1s equal to the difference in
energy between the states. By measuring tne gamma ray energies
we can , at least, determine the differences in energy between
various nuclear states. We can also ootain information about
the states by measuring other properties of the gamma rays;
e.g., do the gamma rays have &z preferred direction of emission?
we have other ways of observing the structure of the states ,
and these will be discussed in the chepter on the experimental
work, chapter 4.

It should be remembered that the confipurations are
produced by the interactions between the nuclecns. Thus, by
determining the configurations we hope to determine the
inter nucleon forces. we believe that nuclei with 8% neutrons
shoula be relatively simple pecause &2 of the neutrons are
believed to form a rclatively inert core, lcaving ornly one
neutron to interact with the protons in the system. In
quPr we have 59 protons. 50 of these protons form a relatively
inert core, so in all, we have to consider only the interactions
of the 9 protons and the one neutron.

The remainder of this thesis'consists »f; chaoter 1,

in which we discuss theoretical aspects of nuclear structure



in the N = 8% region, chapter 2 which discusses previous
research on 142Pr, chapter 3 which describes the coincidence
method which is the chief experimental technique used in
rlacing % newly suggested energy levels in 142Pr, then
chapter 4 which descrives the experiments and the data we
obtained from them, and finally chapter 5 in which we discuss
the data and attempt to Jjustify placing three new nuclear
energy levels at £9.739(.006) kev, 358,11(.10) kev, and
910.97 (.30) kev. We also consider in the last chapter the
implication of the data on the structures and possible ..»

configurations of these three energy levels.



Chapter 1

Brief Theoretical Background

Overview:

Theoretical aspects of the N = 83 nuclei
are considered. The independent quasi particle

model is employed by Kern et al.(1967) on
lAOL& and is found to satisfactorily
describe the low lying excitaticns. For
142Pr the model predicts 14 low lying

( less than about 600 kev ) states of spins

and parities
07,17 ,27,37,47,57,67,7°

17,27,3 ,4 ,57,6 .



BrRIEF THEORETICAL baCKGrUUND

The predictions of the properties of a system of
A particles requires the solution of an A body problem.
The solution of the many-body problem is itself a formidable
“task, and the difficulty in solving this problem for a systen
of nucleons is compounded by the lack of a quantitative
description of the nuclear force. To make any theoretical
progress in the study of nuclear systems one must take recourse
in any of several models which attempt to incorporate the
experimentally observed phenomena. All of the models nave a
limited range of nuclei to which they can be apoliea. The
nuclear model with wnich we shall be concerned is thne shell
model, and it is with the shell model that we will try to
understand the nuclear prooerties of luaPraseodymium.

142Pr is an unstable isotope of praseodymium in the
Lanthanide series with a half-life of 19.2(.l)hrs. The
nucleus 1is thought of as a system of nine protons and one

neutron outside of the doubly magic §68n1§2 core. Since
142Pr is in the region of spherical nuclei and only ten

1528n core one feels Justified

nucleons outside the inert
in attempting to descripe the nucleus in terms of the shell
model, Because the nucleus is almost spherical ocne can
attribute the ma.jor portion of the potential that any
single nucleon feels to a central potential created by tae
presence of the remaining nucleons. If the potential wersg
predominantly asymmetric, the nucleus would e distorted.
The non-central remainder of the force can then be treated

as a perturbation on the basic central force. In this wmanner



one can separate the radial and angular dependencies in the
wave function of a single particle and write for any
elgenstate

ﬁUan N ULn(r)YIIn,(e@X(S)
r
However, there exists also a spin-~orbit force proportional
to L.s which splits the different L levels and produces the
gaps at nucleon numbers a 8,20,28,20,562,126. The magnitude
of L is constant since L commutes with L's. The total
spin jJ has a fixed component along the 2z axis. Explicitly,

~
VLS = =V(r)L's
S0 -
J=L+ s 32 = 1° + s2 +21L .8
~ ~ ~ ~ ~ ”~ ~ M
or
L.g = i< - 1.° - 5©
- 2

Since this interaction is taxken as a perturvation on the
central potential, to first order we can write the contribution

of the spin-orbit force to tne energy of an eigenstate as

</LS>= <r,n,j,L,S \VLS\I' H’Ja 9S>
== <,n,J,L L,s |V(r) 5! II‘,l’l,J,L,S>

L/; <f__§_>< L)

- 8
@) +<_\[<r>d ( Lk
2

S0 the Ltk level comes lower than the L~ level, and the

for j = L +

W
//:?

-,

5}

[&]

vacing between levels 1is

A v <<_1_>< "
2
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In figure 1 the simple shell model orbitals for
protons and neutrons is presented. The diagram is from
Preston(1962) p.1l5U. , and was modified to include the
observed reversal of the 5p5/2 and lhg/2 neutron '
orbitals., The level ordering is the same for protons and
neutrons up to & = 50, and thereafter they are different.
Of course,the level spacing within tne proton orbitals are
not the same as those within tne neutron orbitals because
of the coulomb potential which the protons move in.

For lanr we snall be interested in neutron levels
above neutron numver &2, and proton levels above proton
number 50. As was remark<ed earllier the neutron levels are
filled to N = 82, and the proton levels to 2 = 50, and
these 132 nucleons are assumed to form an inert core

: . 142
for low excitation energies of the Pr nucleus.

A simole shell model picture of 14£Pr without any

other interactions would depict the nucleus as

24 503/2
3/2 o af?/e
X—ad o TTTTII7777
WV<142Pr> - HkRIRIRE— 1, 62 n
J7777777777
50

However, we know that such a simple wave function 1s incorrect
pecause the orotons outside the core interact with one
another as well as with the odd neutron. One approacih L0

handle the A body problem is to breax up the inter nucleon



Figure 1

'Neutron and Proton Orbitals In The Simovle Shell Model.

Note the difference in level ordering for protons and

neutrons past nucleon number 50.
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potential in a multipole expansion. That is, for A nucleons

it Pouyooeasl
at vpositions L1975, Ta

» v(ry-rp) = %VL(rer)PL(Cosel2>
then A
Y V() = > > vp(r;r)P(cose. )
012" ta &1 =1 L 14 1J
o J#1
A A
V(Ei) = EZ; vo(rirj) +§£; va(rirj)fa(coseij)
J=1 J=1
J#1 J#1 A
+>L. E: VL(rirJ)PL(cosgiJ)
Jj=1 L>2
. J#L
or
V(r.) = V., (r,) + quadrupole term + higher L terms.
~ (ORI

For a svherical nucleus the isotropic potential Vo(ri)
produces the basic (nLm) states we have been considering.
The second term involving the Pa(coseij) reoresents the
quadrupole forces, which can be thought °f as a perturbation
in the soherical nucleus, but which is a significant part

of the votential in deformed nuclei. The remaining terms
produce the pairing interaction. From Lane(19%4),p.8

we can demonstrate that all short range effects of the

potential are due to the higher multiovoles.

fig.l.1l from

\ Lane (1964) 1 4

¢ N
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The Tegendre polynosmial drops from its maximum in
angular distance ~ 1/L. Thus the vparticles 1 and 2 can
interact through component L only if

lrlj( R/L. , R is tne mean value of

[£] 2nd [z

For a long range force the L=0 term is the most important.

But, 1if tre force is short range the coefficients
VL(rer), if I large, nust be large
VL(r1r2), if L small, must be small

¥ollcwing Lane we will see what effect short range forces have
on states of %2' We recall that for the force to be effective
tnne particles must lie witnin its range. For two particles

in orbital angular momentum states (L,m) and (L,-m)

the state. with Lf = % + Q = 9 has the form

Ul
[¢))

S om m*
12>

4 C*
- LY e

But, we know that P {(cos
I i
cL+1 n

and since PL(cosela) has its maximum at ©,, = O, both the
wave function of the particles and the multipole components

VL(rlrz)PL(coselg) have maximum values at the same place

( 8,," O). Thus, the states with L, = 0 are most strongly
affected by the .pairing force. Classically, Lt = 0

implies that the particles collide frequently, wnich just
says that they are frecuently very close.

A - .. . . s
Z TL When one considers spin in addition
R AP to orbital angular momentum, it

4 turns out tnat two particle

¢L states oL J = O are most strongly
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affected., Indeed, experimentally it is observed that all
even-even nuclei have ground state spins equal zero,suggesting
that the nucleon interaction in the nucleus contains

short range terms, and that these short range forces lead

to pairing.

We can note that for fermions the total wave function
must be antirsymmetric. A single particle state is
characterized by (n,j,m,t) (t = isospin). For spatially
symmetric states (L is even) S =0, T =1 ( e.g.,two protons
for which t = =} ), tne wave function need not be zero
at Tio% O. But for svatially anti symmetric states (L is odd),
there can only be a small if not non existent efrect of the
short range force on the motion of the particles since

(r12=0) = 0. Hﬂl
That is, the force is effective
///\\u/ only when the varticles are
close ( rlgrvo). But for an
anti symwmetric state V(o) = 0.

o,

Thus, only even L states are afrected by the short range
force, and of these the state L = Q 1s the wost strongly

affected.

. . 141
Now, 1f we consider a nucleus such as Pr, we

could write the wave function as

ety /o

- 24, /o [1707770777777

e 52 N
k}) eI —rr—k— ] .. o

1177777777777
20 p

where now the oprotons in the lgy/aoroitals are paired off
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to J = 0, and this leaves a lone proton in the 2d>/a orbital.

In fact, the ground state of 1l

Pr has spin 5/2. Since

the nucleons are fermions, the total wave function must be
antli symmetric, and if there are A particles any state of
the system must be described by an AxA Slater determinant.

For example, for two particles 1 and Z,
’J@> . j{: 133m;> 1 lJam€> 2
a.s. My <ﬁ m,_Jj,m ‘JM
My ‘jtm:> Jm a“a’b’b
b'b/ 1 l b €> 2

The states (jm) could in turn be expanded in the central

N -

field eigenfunctions, . It is obvious that this
method can lead to quite complicated and unwieldy expressions.
If one treats the problem in second gquantization the

wave functions are automatically anti sym:ictrized. Following
Lane (chapter 2) we can convert the hamiltonian in

coordinate space representation

H=D0, + > V.
i i¢d ‘

into occupation number representation

H = q}}; 4’\ II‘IQ> ::gjae + g@@m X'&a;a;axad_
i d

where o labels the particles states and (4B3) labels pair

+_
states. The operators Ay and &y

a particle in state o4 . For ferwiorns the operators must satisfy

create and destroy respectively
the anti commutation rules below

+ ~ T+ o+ -
farad e [zl o fma .o

To reflect the fact that the pairing force is significant

only in states of opposite magnetic -quantum nunber we write
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<X ]v(m> = -lol g gz

Whered= (njmL) , & = (nj -m L), and |G| is the strength
of the pairing interaction.

The aim 1n transforming from coordinate space to
this new representation is to construct a set of non interacting
quasi particles. The guasi particles are the excitations in
the extra core nucleons. By breaking a pair of protons or
neutrons we are creating a quasi particle. In the ground
state of an even even nucleus all nucleons are paired off
and thus tnere are no quasi particles present. Accordingly,
the ground state of an even even nucleus is a quasi particle
vacuum. According to Preston ( 196« ,p.220) we can write the
ground state of an even even nucleus with J = 9 and seniority
zero( seniority is defined as the number of unpaired nucleons)
if extra core interactions are neglected as

T = T

If the pairing force is included the ground state Eis

&' = nLj

%= T T (Uglo) + W jmp [
Yihere Q{ls the Srobablllty tﬂat the pair state (q',m)
is eupty and Vq is tne probability that the pair state
(' ym) is occupied, and ‘9> is a state for which no

nucleons of type« are present. Lane(1l994) shows that

G ek (1 ¢ Scd )
’ [ (€, - A )ik
Va = < 1 - _€x A
/( & ‘/\)2 t Al
where A = G?:'w[&jk E;= €4 “@Nf

S
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and N = > 20V
"
where j}wis the number of degenerate pairs of type a! ,

i.e., if od'= nLj then J)Q,= i+ r.

\ is the average fermi level. If A = O then G = O ,
and the system consists of independent particles so that

éd (,X , V§»= 0 and Ug = 1. %ﬂ is the single particle
energy 1in the absence of the pairing force.

The quasi particle vacuum of the even even nucleus

is then given by

9= %= T (G100 + Vidmis-nm)
To create a quasi particle we must break a pair. Preston

(p.222) defines the quasi particle (Jjm) as a mixture of

a nucleon in the state (Jjm) and a hole in the state (j-m).

By making the transformation from particles to qguasi particles
we can study the nuclear structure via independent particies.
The quasi particles are ilndependent of one another since

they do not act through the central field or through the

pairing force. However, they still can interact througn the
quadrupole force, but for a spherical nucleus this can be
treated as a perturcation. The energy of a single quasi particle
(o'm) is given by ( Lane, p 3%5)

CER CEN e
= _ 2
where g = €¥ G v

Since the quasi particles don't interact with one another,

the nuclear energy spectrum consists of energies

E E + E E + E + E etc.
d ? (.& i 4 1? ql 8 ‘xg’



le

Whereby the creation of a quasi particle (4) simply
means adding an excitation energy E y to the nucleus.

Since tne ground state of an even even nucleus
is a quasl particle vacuum, the neighboring odd nuclei
with one unpaired nucleon can be considered to be a single
quasi particle excitation of the even even nucleus. If the
unpaired nucleus is in the state ( ¥m), the wave function
of the ground state odd nucleus is

Youd = [V Yeven

or
Youd = Jymy T T (U ]G+ \.g/x'mﬂo/'—m))
' mye
T 141 . . .
ws, we can treat Pr as a single quasi particle

excitation of the lqOCe ground state with the quasi proton
in the 2d5/2 proton orbital.

1 J 4*/1 ?10'7/2
g ‘*%~%1—%ﬁg&%-!gw Ny yyi
w< Ce) = i §2n
Frrjr7i777
50p
I
143/2 ‘ *l/l
——f—— 2 d 5N TTFTT 77T
=]

177117777777
50 7P
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142

Now, if we wish to study Pr we must drop one

lql?r nucleus. For the ground state and
L
low lying excitations in 1+2Pr we expect the neutron to

neutron into the

occupy a state in the 2f7/2 neutron orbital. However,

the addition of the neutron introduces another interaction,

142Pr can not be simply the one

quasi particle excitation of the 1une nucleus multiolied

and the ground state of

by the neutron orbital 2f7/2. The residual neutron proton
interaction will be able to break proton pairs, thus
‘causing quasi particle excitations.

Using the same theoretical approach that they .
14OLa, Kern et al. (1968) claim that the

142Pr can be described by mixing the

emoloyed with
low lying states of

: . 3 R + P 3 o
quasi vproton 2Qj/2 with the quasi proton lg7/2. That is,

the neutron proton residual interaction mixes configurations

so that the ground state and low lying states of lanr
should locg like
2414
/ ey,
Y= g | weoseme g, ///§2777/
: i3 ZITTTT7777 n
56 P ’
) o]
L= 4 ,72
Yy
/ M5/2 T
—HXR—K—K%— | 0
L 7, §an
7777777771777
Sop

That is, a quasi proton in the state lg7/2 can couple to
the 2f /2 neutron, and a quazsl vroton in the adc/\

2 <
orbital can couple with tne 2f7/2 neutron. Fronm these

couplingsone can expect the following spins and varities
o]

in the 1 ing excitati 2 '
th ow lying excitations (lg//d,¢d5/2 refer to guasi

protons in these orbitals),
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oy
]

ng;/a andy2f7/2 ’ O—,l—’2-)5-a4-,5~)6~,7—

4

TF2d5/2

and Y2f

ey
1]

7/2 ’ 1—’2-’3—,4-,5-,6
Thus there should be fourteen states in the low lying
excitations, one of spin O, one of spin 7, and 2 each of
spins 1~ to 6 . The difference between the two 3 states,
say, should be reflected in different amplitudes of thne

TT ? ’ l] 7 c o" -~ ¢ T 7 i . hd

( lg7/2’\/2f//2) and (1 adp/a ,‘V2f7/d) configurations
Then for a given spin JM, we have in general two states,

) e NGB T yor. s

oM ;= ZJ\Wad;/gvgf?/Z;J@ 8,5 )Tflg,.‘;/2\/2f7/2 ;me

since i
1J<?M'JM>2J = 0 we have !BlJ‘: d2J
(’2Jl= A7

s
and Kern et al. choose the d positive.
Note that for spins O and 7~

160|= L, odg=0
[Spl= 2 » dp =0
. : 142 ‘
Prior to reporting on Pr Kern et al(1967/) reported
e
their findings on 140La. They analyzed l+ULa using the

odd-odd quasi particle model we have been considering above.

The theoretical detail is given by Struple(1l96Y). Kern et al.

140

used the(d,p) strioping reaction lﬁ9La(d,p) La to locate

nuclear levels inlqoLa, and found that an independent
quasi particle model adequately accounted for the relative

(d,p) cross sections up to about 687/ KeV excitation. At
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approximately 700 kev excitation the %p_ neutron orbitzl
makes & contribution to the oossiple configurations,
and at tnis energy the long range neutron-proton
quadrupole interaction can no lcnger be neglected. The
basic vector according to Kern et al(1957) at this energy
is

.0 .0 .
Jpdpn J;pR,I@>
whee
.0 . . s .
= quasiproton inMg, ., or¥2d. ,, orbital
Jp T AuesiP 89/2 5/2
.0 . N ; :
= quasi neutron in¥YZf. ,, orv3p. ,. orbital
Jp 7 quasi ne /2 OTTOP5 ¢
p = number of phonons
R = total spin of phonons
. . .0
J = total spin of Jg and dy
I = total nuclear spin, T = J + R

Usirg only one phonon,i.e.,pR = 12, there are 14 vasis

vectors with spin 5 ( spin 5 1is the state in L0,

at 711.7 KeV). So avove 700 Kev in lqOLa the indepvendent

gquasi particle model is no longer trustworthy. On the foliowing
page ,( Figure 2 ), are depicted some results from Kern

et al, ( 1967 and 1970) and from Struble(1967).

. n s , 14¢
We will now turn our attention to =

Pr exclusively
and see how successfully the above theoretical model
predipts the spnins and parities of the low lying excltations
in 144Pr. The ordering of the multiplets of a particuiliar
neutron-proton configuration will be sensitive to the
neutron-proton interaction; for example,Struble(19c?)

found that a delta function force could not reproduce the
exverimental levels of lqoLa. Paraphrasing Kern et al(lyo/);
an investigation of the level structure in sdd-odd nucledl
will give informaction on the neutron-proton residual

interaction. We will discover that adding two protons o



Figure 2

Top: Experimental Level Structure of the Low Lying States

in 140La from the work of Kern et al.(1967) and

Kern et al.(1970)

Bottom: Comparison of the Experimental and Theoretical
lQOLa Using a Gaussian
" Neutron-Proton Central Interaction. Table from

Struble(1967)

Energy Levels in
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140

Experimental Low Excitations in La

(gev)
579 .
467 :
322
319
284
272
161
104
03
49 e
43
37
%0
0

A

,\
\NNWHO\-POW!\)-PQ\N\JTHO?

Comparison of Experimental and Theoretical lQOLa Tnergy

Levels Using a Gaussian n-p Central Interaction

J- experimental energy(Mev) theoretical (ifev)
0 0.579 0.597
1 0.043% -0.011
1 0.467 0.404
2 0.031 0.120
2 0.162 0.102
3 0.0 : 0.108
3 0.319 0.%95
i 0.063% 0.053
4 0.272 O.241
5 0.03%8 0.042
5 0.3%322 0.513
6 0.104 -0.147
o) 0.049 0.043%
7 O.284 0.298

mean deviation between theory and experiment is 54 (ev
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140 . .
La leaves the ground state and first five levels

virtually unaffected except for inverting some level orders,

and that the 7  level in 142
140

Pr is only /U kev above the
7" level in La. The implication is that the neutron
proton residual interaction 1is not significantly

altered between these two nuclel.



Chapter 2

Previous Research on lqur

Overview:

142Pr revolved around

The earliest work on
detefmining the half 1ife of the ground
state decay. In the early 1950's gamma ray
studies using lqlPr(n,X)laaPr were reported
by Kinsey et al.(19%3). In the early

1960's Fulmer(1962), and Bingham(1962)
reported results from (d,p) reactions

in the 82 <N < 126 region.
lqaPr was
issued in 1968 by Kern et al.(1968), and

they reported finding 10 of the expected

The most extensive report . on

4 low 1y ; Tede ,5)2€, .
1 lowolylng states for@ed bJ.the Wad5/2y3f7/a
and7T1g7/2§}2f7/2 configurations. )

The four states they did not see were O ,1 ,

6-’7—0
At McMaster University Hughes et al.
(1966) performed 1qlPr(n,K). Macphail
attempted to find states in lanr using
144 . 142 e . . .
Nd (d,d) Pr. His findings indicated
possible states at 358 and 910 kev. Hussein

using (d,p) found a level at 90(1l.2)xev .
22
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PREVIOUS wOxK ON 1%#2pR

Ground State Decay and Half Life Measurements

All of the earliest work on 142Pr was confined to °

measurement of the half life of the ground state decay.

The earliest reported work on lqur is the pioneering
research on the production of artificial radioactivity

by neutron bombardment by Fermi and co workers ( 1935,
Amaldi et al. ). These researchers found a 19 hour and a five
minute activity uoon bombarding praseodymium with fast

neutrons. P20l and Quill(1338) demonstrated that the five
140

minute activity was 3.5 minutes and belonged to Pr.
Marsh et al(1935) were also active in the measurement of the
half 1ife of T*“pr.
In 1942 DeWire et al. ( reference B) attempted to
produce 142Pr by three new reactions, i.e.,
141 Pr (d,p)14£ 10 Mev deuterons
1420 (p, n)l48 5 Mev oprotons

lBgLa(o(,n)14a Pr 20 sev alphas

DeWire et al. found the 19 hr activity in all three of the
reactions and reported a gamma ray of energy 1.9 mev
for every 25 electrons in the decay.

In the late 1940's Corx et al(1948),Mandeville(1949)
Jurney(1949) and Jensen(1950) among others, measured the
decay radiation of 142Pr in more detail than previous WOrxKers.
Jensen and co workers concluded the ground state decay scheme

of lanr as diagrammed below.



24

2
1.57 mev
¥
142
Excited States of lanr
In 195% Kinsey and Bartholomew measured the high
energy gamma spectrum emitted by lanr using lulPr(n,x).

The energies and intensities are listed below.

gamma energy in Mev estimated intensity in

photons/1uU0 captured neutrons

5.83 (.03) 2
5.67 (.05) 3
5.16 (.03) 3
4,79 (.04) 2
4.69 (.04) 3

In 1962 Fulmer reported the results of stripping
reactions in the 82 N 126 neutron shell using (d,p)

on 140Ce and 158

Ba. From the results of these experiments
the single particle excitations in the neutron shell are
as diagrammed velow.

The resolution obtained in Fulmer's experiments



25

Mev
2-?5 T 5Pl/2 was 60 kev. The results
1,9 1hg /o from **lpr(a,p)*“pr
1,88 2fs /o using 15 mev deuterons
0.8% Bp5/2 are given in Tapble IT
0.0 = 2f7/2 of Fulmer's paper. This
TFTTTTTTITT 77777 table is reproduced below.

82 neutrons The column under I refers
to the neutron orbital

"into which the stripped neutron was transferred. For example,
L

L

]

1 is a p orbital

1}

5 is a f orpbital

(dGde)may is the maximum differential cross section in mb/sr.

u

Note that because of the resolution several levels are often
summed together.

Table II from Fulmer(1962) +*1pr(da,p) *“pr

Excitation Energy (dﬁ/dw)max L

( e v) (mb/sr)
0
0.08 3.12 3
0.14
0.66 1.25 1
0.5 1.54 1
0.91
1.0
1.12 1.82 1
1.18 .
1.26 0.18 E%%
1.42 0'56 (5)
L.o2 S (3)
1.67 O’ﬁb (3)
1.78 0180 (3)
1.97 0.60
2.11 1.00 1

2.44 1.15 (1)
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Also in 1962 Bingham et al. performed the same
fd,p) Strlean reaction described above using 11.3 Mev
deuterons instead of 15 Mev deuterons.Their resoslution
was not good enough to separate most of the levels.
Between l.4 Mev and 2.12 Mlevy they saw a multitude of unresolved
states. Only one state at excitation 2.12 Mev stands out
clearly enough to be identified. Bingham et al were able to
resolve levels at 0,0.62,1.02, 1.38, and 2.12 ilev..
_Below is a comparison of level schemes Laﬂen from p.150/

Binghan 1..
of )l’u am et a / / / /////

2.1%

- - —— ==~ 1.95
- = 1.88 /
- ————— 1.0 /
/7
1.46 ’ / /'//

1.%57 1.38
1.%51

1.02 1.0«

0.71

0.60 0.62

S AVIRY R IR RTRL 0 JITTT 7777777 0
140 142
La “Pr

excitation energy in Mev
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In 1965 Hughes et al. published the results of a
thermal neutron 141Pr(n, Pr reaction performed at
MchMaster University. Since the ground state of 14lPr is
5/2+, and Lneutronzo’ they expected to populate capturing

states of J = 2+ and 3+. Since the low lying states are of

X)l42

negative parity, and since the ground state is 2", high
energy El gamma transitions are expected to be prevalent.
A table of the transitions they reported is given below.

Table 4 from Hughes et al. (1966)

High Energy Transitions for lqlPr(n,x)lqur
energy (3 5 kev) relative intensity (d,p)levels,Bingham
(kev) (1962)
5842 1.52
5823% U.53
5767 0.36 5765 X 30
056 0.05
5563 5. o4
2598 0.12
5452 0.075
5530 0.074
5302 0.09
5197 0.42
5123 3.33 5145 I 30
2086 1.91
5945 0.%16
501% 0.23%
4955 0.16
4992 1.29
4714 0.84 445 o230
4682 2.70
4580 0.2%
4565 0.15
4545 0.15
4ugy 0.92
4ayty 0.20
4406 0.19 N
457" 0.14 4385 2
4260 0.425 582 20
45357 0.25

4314 0.19



28

energy (< 5 kev) relative intensity
(kev)
4288 0.22
4267 0.5%3%
4238 0.31
4168 0.28
4149 0.24
4117 0.24

Low Energy Transitions

energ;y(lL 2 kev) relative intensity
(kev)

110
126
140
176
196
oH7
560
571
611
617
635
646
47
866

o
N

I\ N

PUWNUVUE EEWO VRN &
\J:

The most extensive report on 142Pr was 1issued 1in
1968 by Kern and co workers(1966). By using a combination
of thermal neutron capture and 10 mev (d,p), Kern et al.
inferred the spins of ten of the fourteen expected negative
parity low lying states discussed 1in part one. By
measuring the differential cross sections of the low lying
states they were aole to assign the stripped neutron to the
2f7/2 neutron orvital. This result is gratifying in that it

is at least a partial vindication of the theoretical

-
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coupling scheme discussed in the theory section.

A detailed argument for their spin assignments
can be found in Kern et al(1968). Basically,however,
their assignments are based upon the energy combination
principle( i.e.,they add energies of gamma rays to reproduce
the structure observed in (d,p)) and the spectroscopic
factors derived from the (d,p). They believe the
lulPr(d,p)lqur reaction to be direct and thus the reaction
cross section 1is proportional to the spectroscopic factor.
They claim that

oy ,<?<141Pr)n } <f2142Pri>\2

ground state of 1

i ) 141 415 lyros0
where (V( Pr) Pr —rﬂ2d5/éy2f7/é>

"

incident neutron

an excited state of la’ePr

n
Y " (142pry
Since

142 ,
1 Pr)ig = lehT2dg/2y£f7/§> * BlJrngg/Zvdf7/2j>

therefore
2
0 (23+1) ,o(lJ]

and for state 2J
2
T oy o <2J+1)|0(2Ji

So the (d,p) reaction enables one to select out the
4t 70 S s ,
rﬂad5/2V¢f7/2 component of the wave function. Note that for

J = 0,7, = 0 and <TJ=O,7 = Q.

A1g
By normalizing the exverimental cross sections
to 100 and the theoretical cross sections likewise,

6

2
5T (2g 2 . -
A £ = @I+ dy; 100 , A = 2.08
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they were able to compare average cross sections for
experimentally observed states with the theoretically
expected relative cross section. For example, the observed
levels at 17.7 and 176.9 Kev have experimental relative
cross sections of D.Oi 0.5 and 9.9i 0.5 respectively.
The expected sum intensity of a pair of spin 3% levels is
14.6 ( from formula above), and considering that the 176.9
gev level decays to the spin 2 ground state it is reasonaole
to attach a spin 3 to the 17./ and 176.9 xev states.
Using such a technique and the assumpbion that the electro-
magnetic transitions among the lower states proceed by
magnetic dipole radiation predominantly, allowed them to
build the low lying level structure on the following page
( Figure3 ).

Kern and his collaborators did not observe both soin
one states and both spin six staves. Consequently they

assume & very small amplitude of the 772d§/2V2f7/2 componant
in the wave functions of the remaining spin 1 and sopin
€ state ( &4 = 0.10 and 0.07 respectively).
Below is a table from Kern et al(1l968) comparing the
state vectors from the (d,p) and branching ratio fits. They
maintain that their results from the gamma branching ratios
agree well with the (d,p) amplitudes for spins 3,5,6. Tae
agreement is acceptable for spin four, but not for spins
1 and 2.

Table 1X from Kern et al, (1968)

Level(xev) SpinT = - State Vector (d,p) State Vector
(gamea vrancning)
4 I8l 5‘ 8
3.7 5 Oa@q' 0077 0065 -0076
@é.? 6 1.00 O 0.99Y Q.07
Y245 4 0.3%4 0.94 0.22 -0.975
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Figure 3

Low Lying Nuclear States in 142
(1968).

The neutron separation energy in

Pr Suggested by Kern et al.

Mepr is 5843.4 kev



JIr
(23)*
MORE LEVELS
(2,3)-
(3,4)-
q-
o
oo @
© R 3o o
6 - - ©V_©0 o
oN Vo= N~
N2 = poe Yo v
2- O—=qgo —FT—— -
- — " - © ¢ © O
3- S — pp=——o -
by N ¢ 0O
4- ' S 3-8
5_
a
®
Q o © <
~ 0
- o $. ©
4- L <o
e~ 4 r
3- 3 S
5- ' ’

e TTTIIIIT

y

b

L7777 7777777777771

LOW LYING NUCLEAR STATES OF

SUGGESTED BY KERN ETAL-

31

r7rm7rrrr7r7r77

142

ENERGY
(KEV)
58434

747-0

7036
6372

200-525
176-863

144:587
128 251

84-998

72:294
63-746

17-740

3-683
o

PRASEODYMIUM



%2

Level(kev) Spin,T= - State Vector (d,p) State Vector
(gamma branching)
, a sl g 8
84.9 1 0.93 0.37 0.3895 0.07
128.3 5 0.77 0.o64 0.78 0.63%
144 .6 4 0.94 0.%4 0.975 0.22
176.9 3 0.81 0.59 0.80 0.60
200.5 2 0.49 0.8Y 0.28 0.9

These authors also attempted to extend the simple
quasi particle model to levels above 200 kev. Tney found
that the summed cross section of tne low levels from O to
200 Kev was 1l429«b/sr at 450, which agrees witnh tne ground
state cross section 14%3ub/sr of 145Nd( the ground state of
14544 contains a neutron in the 2f7/2 orhital). To achieve
the same cross section in 14BPI' as tne next level in
143 ( neutron in the 3p5/2 orbital) they had to add the
cross sections of the next eight states from 657/ kev to
1154 kev., However, on the basis of a simple model whereby tne
5p5/2 neutron couvples with the quasi proton in tne 2d5/2

and 1g7/2 oroton orbitals, only seven states are expected.
That is,

(U2dg/2)’ 5p3/2) 1—12—’5—94—

(ng$/ev5p5/d) 27,37 ,4 ,5  ( the 5 state can
not be populated in (d,p) )
More configuration mixing may be needed to explain these
states, or, perhaps we are at an energy for which coupling
with the phonon vibrations of the core must pte included.
Recall tnat Kern et al{lso/) found evidence for gquadrupole

excitations aoove 50U Kev in lquLa.



32

142

The 14.6 Minute Isomeric State In Pr

Kern et al(PHYo LielT, 1967) deduced the presence
of a 14.6 minute isomeric state in 142Pr by following the
decay of the 1.57Mev 1level in 142Nd. From Kern et al(1%68)
they noted that the cross section for the formation of the
ground state in the (d,p) reaction was too large for a spin
2 state. They concluded that the peak was a doublet and noted
that their energy fits were much lmproved with respect to
(n,y) if they assumed a level at 3.7Kev . The gamma transition
from this level to the ground state is highly converted.
This level has an appreciable half life ( their first
crude estimate was 7 minutes).

The spin and magnetic dipole moment of the 3.7 Kev
level has been measured by Hussein (1972 ) using atomic
beam resonance. Besides this spin, two other assignments
made by XKern et al were confirmed in 1970 by lellema et al..

By ordering nuclei of 11

Pr in crysrals of (La Pr)d iz(lic, )1)
24H20 and cooling the crystals to 0.06 °K in a magnetic
field, tney were able to observe anisotropies in taoe gamua

. o)
ray intersities as tne crystal warmed up from 0.067K to

4, 2%, Tt.cxv were able to make definite spin assignuments of
%3 and 4 to levels 17.7 and 1l44. 6 Kev respectively.
200 - : J 243,4
177 2,5
145 4 . .
_ . Spin assignments
128 544525,6 from Mellema et al(1970)
85 1,2,3%
= 2,4
o4 3,4,5,6,7
18 %
5.7 '

0
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Recent Work At McMaster On 142Pr

Besides measuring the spin and -magnetic dipole

142

moment of Pr, Hussein ( 1971) undertook a series of

14lPr(d,p)ll‘LaPr experiments in November 1971 to try and
improve on the resolution of the previous (d,p) work
which we have discussed..He found among the low lying
states a weak veak at 90 1.2 kev. Now, since we can
expect to observe a spin 1~ or 6 among the lower levels,
it is reasonable to assume that this level is the 1 or
6~ level undetected by Kern et al..If it were the 1  state,
one would expect to observe a transition of 90 kev, whicn
one does not. If it were the 6 state, one would expect to
see a gamma ray of energy 90-%2.7 = 80.% kev. One does observe
a gamra ray of this energy in lqlPr(n,X),lagce(p,n),ani
159L3(:&,n). From a consideration of the systematic intensity
variations of the gamma rays as a function of tne initial
spins from which they emanate, one concludes that the 6.3
kKev transition de excites a. high spin state (J> 5). This
topic will be discussed at length in the next section.
Another significant measurement at Mcllaster was
performed by Macphail ( 1969). He performed ~**ma(a,a) *“pr
to search out levels not expected to be seen in (d,p).
Because of a low counting rate he was able to measure tne
spectrum at only one angle. But his measurements dia saow
the peaks seen in (d,p), plus, peaks at %58 and YIS Kev.
In a separate experiment,lBgLa(d,p) , he noted o strong
coincidence between a gamma of energy 270(2) kev and the
85-86 kev doublet. "



He believed that the 2‘70i 2 kev gamma was in coincidence
with the 85 kxev gamma ray and originated from the level
at 358 kev . Upon subsequent investigation it was found
that the 270 kev gamma ray was in coincidence with

the 86 kev gamma ray. This discovery is the subject of
of Chapter 4.

35



Chapter 3

Coincidence Technique

Overview:

We first consider a simple circuit
for determining the time overlap of
two pulses. Then the general formulae
governing the true and chance
coincidence rates are developed.
Next we present the schematic of the
circuit employed in the exveriments
described in chapter 4. The function
of each component in the circuit is
discussed. Finally we indicate how
the coincidence sorting program used
in our experiments enabled us to
separate the true coincidences from
the chance.

56
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The Coincidence Technique

One of the more successful
methods for determining nuclear

" A level orderings is the measurement
¥ of coincident radiations. The
B | T technique can be explained by
e referring to the diagrams below.
% Consider three levels A,3,C between
C Y which gamma transitions occur. If

our electronics were fast enough

detector 1 detector 2 W€ could determine the half life‘l:},2

P &4 I of state B by measuring the distribution
- in time between the pulses gamma 1
and gamma 2. By measuring T ( lower
diagram) we can obtain the time

constant from the mean time T .

—/\ AAPL—- However,typical nuclear life times
for gamma emission are generally
~-12

between one picosecond( 10 sec)

output of 1 OHQPUt of 2 4nd one fembosecond ( 10712 sec),
whereas the time resolution in
) ! ' our experiments was of the order of

~/ﬂ_mi~, 10 nanoseconds ( 1 nanosecond =

' 1077 seconas). Thus, most of the

time differences between gamma 1 and

T , gamma < are smaller than we were
capable of resolving, and consequently
the pulses in our detectors are
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simultaneous as far as we can measure. So, when we say
that gamma 1 and gamma 2 are in coincidence we do not mean
that levels A and B decay simultaneously, rather, gamma 1
and gamma 2 are in some form of cascade and the mean

time difference between the gammas 1s smaller than we are
capable of resolving.

Coincident measurements alone are not enough to tell
us the ordering of nuclear states, but in conjunction with
energy fits and gamna intensities, and other experiments,
they are a powerful method of eliminating many level schenes
which are consistent with energy fits alone.

If one uses lcc and 50cc (active volume) Ge(Li)
detectors, one discovers that rates of 1000 counts/sec
and 20,000 counts/sec are not exceptional in a typical
experiuent. The problem then beccmes one of separating
true coincidence pulses from chance coincidence pulses.
First, let us consider how one is able to detect coincident
pulses, and then determine the origin of the chance coincidences.

Pulses from the detectors
det leiznx—g—q det 2 }7 have exponential shapes.
" ' : A We send each pulse

through a pulse shaper

. ) X which produces a
pulse
shaper

shaper rectangular pulse of
widthT and amplitude

rhﬁTﬁi'Vo | iii;vo V_. It pulse 1 biases
=

0
b diode 1, the diode is
+V T
pulse 1 0 pulse 2
z overlap
R,1 ) measure
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turned off and the voltage at p rises to kVo. The same

thing is true for a pulse incident at diode 2. If both

pulses overlap for some period of time, the diodes are

both turned off during the overlap period. If we set thé

threshold on the overlap measure above kVO , We will be

able to discriminate against pulses of kVO, and measure

only those pulses corresponding to an overlap. The circuit

depicted above is not the one used in performing the

experiments described in this report, but it is instructive

in considering the mathematical detail which follows.

overlap of vpulse 1
and oulse 2

"o

3
I i i

ﬁ—kvo at
|

A
-3

| 4

v

—T—

L

The pulse width T is
called the coincidence

resolving time. Ye shall

now consider random pulses

incident on the diondes
and calculate the rase
of chance colncidences.

The diagram below will

assist us in the calculation.

The simplest method of

viewing a chance colncidence

is by plcturing it as

a "scattering process”.
Suppose we have a total
experimental time c¢of T
seconds and our pulses
are of width 7. If pulse
1 occurs anywhere within
time T, and pulse £ is
also equally likely

at any time in T, then
the probability of a

e -
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collision ( i.e.,overlap) is

2T /T .

—

If instead of one pulse 1, there were Nl pulses in the

interval T, the probability of a collision(i.e.,overlap) is
Eﬁi”U/T .
And, if there are also a total ﬁa pulses in time T as well

as N}, the probability of a collision ( i.e., overlap) becomes
2NN, T/T .

If one is interested in the collison rate per second
(that is, the coincidence rate), then one divides by the
total time T. Thus,

Nc = 2TUN N2/f = 2'77N1N2
where
Nl = Nl/T and N2 = N2/T

where Nl is the rate of pulses of type 1, and N2 is the
rate of pulses of tyne 2, and NC is the rate of chance
coincidences. If there are many types of gamma rays instead
of only gamma 1, the total chance coincident rate with a
particular radiation gamma i, i.e. Né , Will obviously be
the sum over all the radiations present. Then

Nt oo D 2TNN, = 2TN; ) Ny = 2NN
J

c - tot
dJd

where Nto* is tne total rate at wnich pulses of any type

(¥

are produced., Similarly the total chance coincident rate
will be given by the sum of tne individual totals,

tot _ - _
Ny . dTNtotZJ. Ny - atht

t

The NCOt above assumec that the rates of pulses at both
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detectors are the same, which is not generally the case.
If the total rate at detector 1 is Nltot
2 1is N2tot’ then the chance coincident rate becomes

tot _
N, = 2TN ookt

To calculate the total coincident rate we must

and at detector

determine the rate of true coincidences also.

tot -

N - pytot , ytot ;

tot c £ ’ true coincidence

rate
total coincidence
rate

N
N

tot

In the diagram on the left we

A have a more complicated level

X‘ 10% 90% scheme than the one we were

A first contemplating. Suppose we
gl 1% wish to find the true coincidence

rate between gamma 1 and gamma 2.

51 Neglecting internal conversion,

level A decays to level A' via
gamma 1, and from level A' we have a ten percent chance
of proceeding to level B and thus gamma 2. It is clear that
there will be only one gamma 2 for every ten gamma l's.
The true coincidence rate between gamma 1 and gamma 2 is
then simply 1/10 the rate of gamma 1. If we let Ni<
represent the true coincidence rate between gamma 1 and
gamma 2,we can write

12
Nt - 'lNl, and we should note that

this expression is free of the coincidence resolving

time ' . ( Note: For the moment we will assume that we are
capable of detecting all the radiation. The detectors'
efficiencies and the so5lid angle will be included shortly.)
In any experiment there are an exceedingly large number

of nuclei de exciting simultaneously, so that it is
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obvious that every gamma 2 that enters the detector 2 is
not in coincidence with any vparticular gamma 1 entering
detector 1. The total coincidence rate between gamma 1
and gamma 2 can generally be written

12

Niot = 27NNy + pyoNy

where Pio is the probability that gamma 1 and gamma 2
are in coincidence. The ratio of true to chance between
gamma 1 and gamma 2 1is

N%?/ Ncl;2 = PpN)/RTNN, = p1,/2TN, ,
The true to chance ratio can be enhanced by either a small
coincidence resolving time or a small N2 .

Thus far we have been considering an ideal situation
in which the detectors are capable of detecting all radiations
with equal probability. We have also neglected the very
significant contribution that Compton scattering makes
to the coincidence rate. Compton scattering can produce
spurious coincidences. The diagram below will help explain
this effect.

Compton
background

Suppose we have a gamma K whose energy is greater than
gamma 1, and that this gamma kK is in coincidence with a
gamma Jj. We know that due to Compton scattering there is
a certain probability pii that gamma k will deposit an
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amount of energy corresponding to gamma 1 in the detector.
We shall refer to this process by saying that " gamma K
scatters into gamma i with a probability pii." Thus, gauna
i appears to be prcduced from the scattering of gamma K,
and if gamma k is in coincidence with gamma Jj, then gamma 1
will also appear to be in coincidence with gamma j since it
sits on the Compton background of gamma k. In fact, this
spurious coincidence rate is

s _ _s
ij © PxiPkjilk

N
where ﬁid is the rate at which gamma i is apparently in
true coincidence with gamma Jj, pii is the probability that
gamma k scatters into gamma i, pxj is the probability that
gamma K 1s it coincidence with gamma Jj, and NK is the rate
at which gamma k is being produced directly in the reaction.
We should note that the rate at which we detect any gamma
ray( that is, the rate at which an amount of energy equal
to the energy of the gamma rsy is bteing deposited in our
detector) depends upon the rate at which it is being produced
in the reaction and the rate at which it is being préduced
by secondary processes such as Compton scattering. We will
let
~ S S S
N. = N. + N° , where NS = > p°.N_ .
J J J kS y Kk
~

So Nj is the rate at which gamma j appears to be produced.

Clearly the true coincidence rate can only depend
upon the direct production of gamma rays in the reaction,
and not upon the scattered gammas. Including Compton

scattering the rate of colincidence between gamma i and J 1is
. IR~ g
Nij = 27TN,N. + p. N, + E - PPyl

L__fijl 3'1311 ! K>l¢

chance rate true rate scattering rate
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If we say that gamma i goes into detector 1, and
gamma Jj into detector 2, there is a certain efficiency of
detector 1 detecting gamma 1 and detector 2 detecting gamma J.
Let Ei be the efficiency of detector 1 for détecting gamma i
and likewise Eg is the efficiency of detector 2 for detecting
gamma J ( effieciency includes the solid angle ).

Considering the efficiency of detection, the total rate

at which we detect coincidences becomes

_ i S J S igd

Nij = 2’U(N1El + N (N,ES + N2)  + pysN;EIES
E S J
+ P..p, N E
=T ki¥kj k2

The chance coincidence rate and the scattering
colncidence rate obscure the true rate. We have means by
which we can subtract these two rates and leave only the
true rate. To understand how this is accomplished we must
first study the schematic circuit on the next page ( Figure
4 ), which depicts the circuit actually used in the
exveriments descrived in this report.

List of Abreviations For the Circuit Diagram ( Figure 4 )

Det 1 detector 1

Det 2 detector 2

AMP amplifier

BLR base line restorer

D-ANMP delay amplifier

EZS extrapolated zero strobe

TAC time to amplitude converter
TSCA timing single channel analyzer

Note that from each detectior there are two branches.

The branch proceeding through the amplifier,taseline
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Figure 4

Schematic of the Coincidence Circuit Used in the
Experiments Described in this Paper.



DET | »¥ DET 2
l 7 %
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g1 CJF c {D
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ENERGY PULSE TO ADC |

—_——t b

ENERGY PULSE TO ADC 2

SCHEMATIC COINCIDENCE CIRCUIT
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restorer and delay amplifier will be referred to as the
"energy branch". The branch proceeding through the
extrapolated zero strobe and time to amplitude converter
will be referred to as the "timing branch". The central
component of the timing branch is the TAC. There are two
inputs on the TAC labelled "start" and "stop". The 1TaC

can be pictured as a clock which measures the difference in
time between the start pulse and the stop pulse. The clock
starts when a start pulse is incident on the start input,
and after receiving the stop pulse at the stop input ,it
outputs a signal whose amplitude is proportional to the
time difference At between the start and stop pulses. The
LAC measures the time difference At by charging a capacitor
during At, and if the capacitor ¢ is large enough, or the
difference At is small enough, the potential across the
capacitor can be aoproximated by a linear function.

v

At—J ' SI by
— f ﬁ} T
stop 'tarv S5 V(0)=0 V(at)

I

(1) (2) (3)

In (1) the start pulse closes the switch s, and the capacitor
C charges (2) until a stop pulse opens the switch (3)

and leaves a potential V(A t) across the capacitor. We

&now that the potential across the capacitor as a function

of time is

V() = v (1-e" MYy,

where M= 1/RC , and R is the circuit resistance.
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SV =V (1 =T —ks pftt2 ~pP/6 ) )
and if Mt <1
V(E) = 4V t

The TAC that was employed in our experiments
( OKTEC model # 43%7A ) has an adjustable timing search, and
a maximum search period of 80 xsec ( 1 usec = 10—6 seconds ).
By a timing search we mean the length of time the TAC will
charge before receiving a stop pulse. We can adjust the
TAC timing search such that a stop pulse must appear at the
stop input within a time At , O <At <(Atmax , after the
start pulse. If no stop pulse is incident within this time,
the TAC automatically resets and waits for anotner start
pulse, without outputting a signal. In practice we set
Atmax at 200 nanoseconds, so that we were only interested
in start and stop pulses less than 200 nanoseconds apart.
The TAC also has an adjustable output maximum, and the
final equation connecting the output pulse and the difference
At is

).

If we set Vo at ten volts, for example, and At = &0 nsec,
then

VCAL) = VO(A t/ A Coax

V(40 nsec) = 2 volts

The LAC output is sent into an AVC, and this enables
us to obtain a spectrum ofa t,

The extrapolated zero strobes fulfill two functions.
First, they shape the preamplifier pulses from the detectors
into very sharp -8 volt pulses on the order of 10O nsec
wide which are required by the LTAC, Secondly they
compensate for the timing error which would otherwise be

introduced by the so called " amplitude walk ". The

amplitude walk is due to the method by wnich the preamplifier
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pulses are produced. A gamma ray that is absorbed in the
crystal ( that is the Ge(Li) ) ovproduces electrons and holes
proportional in number to its energy. This charge is collected
on capacitor plates in the detectors, and the corresponding
shape of the potential across the capacitor is again
exponential. That is, for two gamma rays of energy Vl and

V2 , neglecting constants,

v (8) = V(1 - e~ Mty
- At
Vy(6) = V(1 - e )

i

and for small Mt we can approximate
Vl(t) Viht
Vg(t) = V2/4t

The preamp output can be apoproximated by the above two
equations for small times.

Suppose pulses of the
' |
i
,e—tw~4

!

form in the diagram

: are incident on thne
L//g;(t) EZS input. If we had
{

V(%) V. (t) /) only one threshold
1 ' threshold (threshold is necessary

|
' : to eliminate detector
&4////4; | noise) and the EZS
o PR .
t2 triggered whenever
& pulse crossed the

[
i

w

threshold, pulses which,
in fact, were in coincidence in the detectors, are displaced
by a time tw depending upon their amolitudes. The time
tw is referred to as tne ampnlitude walk. If there is only
one threshold the pulse crosses the EZS threshold at only
one point, and from tnis one point it 1s not possible to

determine when the pulse originated. Consider now placing
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two thresholds in the
E45 as depicted on the
left. The upper threshold
) /, P 1s u, the lower is Uy -
u Since each pulse must
v, (%) v.o(t) Y
1 2 cross two levels to
V(1) .

L generate an B4S pulse,

it is possible to
extrapolate back to the

0 zero time of each pulse
g and thereby eliminate
the time walk. U, and ur, refer to the uppe{)and lower thresnold.
On the stop side of the timing branch we have

introduced a delay. This delay is placed in the circuit
mainly for convenience in interpreting the LAU spectrum.
To illustrate its function let us first consider a source
of completely rarndom gamma rays. Neglecting for the moment
the scattering rate, the coincidence rate petween gamma 1
and gamma 2 is given by

12 _ r~

NC = 2"(N1N2

Since gamma 1 and gamma 2 are completely at random, the
time interval + between them is completly random, which

means that the 14AC pulse have all values of amplitude V

o0 <V Vv,
equally probable. As a consequence, any particular channel
of the TAC ADC has the same lixelihood of being fed as any
other channel, which means that the spectrum ofd t is a

straight line. If we now include the possibility of true

coincidences tne colncidence rate 1is

Nl2: ETNlNa + pl2Nl



50

TAC SPECTRUM OF The ratio of true to chance
RaANpOM rULSES . . .

number vl > coincidence is p12/2‘2,’N2

of .
counts and since Tcan be very
small, (in our experiments

\\ T = 10 nanosec ) the At

~t r T W—r

X At spectrum will have a strong
ADC channels max

At

peak somewhere depending
upon the delay. This is
depicted below. If there
were no delay the peak
would fall very close to

number | .
of or at channel zero,since

counts /o At~ 0. By introducing
: the delay td the coincident
1

pulses can be delayed by

- <
Tty Atmax time td , and those pulses
At

which really are in
coincidence will have a time difference at the TAC of At = td.
The coincidence resolving time Tis now a function of the
electronics. If the electronics were perfect and the paths
between the two detectors were identical, then the peak at

td would be a single line. But because of the variations

in the delay, the cabling length,and the differences in
detectors and other defects in the circuitry, the time A ¢
actually falls around td in a gaussian distribution as one
would expect for a random process.

The TAC.has two outputs. One is fed to the direct
input of an ADC via a delay amvlifier, the otner goes
throush a timing single channel analyzer which sends out
a rectangular pulse only if the input from the TAC falls
between two manually adjustable levels. This pulse in
turn triggers a logic shaper which also produces a
rectangular pulse of adjustable width‘Cg. ng will be

referred to as the gate width, and is generally between



2 msec and 6 usec wide. The logic shaper pulse is fed to

the coincidence inputs C of all three ADCs simultaneously.
When the ADCs are run in the coincidence mode they will
accept pulses at the direct input only while the coincidence
input is activated by a pulse. The logic shaper pulse,in
effect, opens the ADCs' "gates" for a period of time ng
and allows the two energy pulses and the TAC timing pulse

to enter the ADCs and be recorded. Because of tne difference
in circuitry that the energy pulses and the TAC pulse traverse,
the three pulse will not appear in general within the gate
width ng. To compensate for this the delay amplifiers are
inserted in the circuit and adjusted so that all three
pulses fall within the gate width. The delay amplifiers have
gain 1 and retain the original input pulse shape. Their

only function is to delay the pulses.

Finally, the base

P

Py bo 5 line restorers
- are needed if the
I///\r-/ \y, app%;ent base line counting rates in

S the detectors

// \' ‘¢ N,
true base line are too large.
Pile Up of Pulses in an Amplifier For a high count

rate, the pulses
from the amplifier may follow one another so closely that
the tail of one pulse might extend under the pulse following
it. As an example, Py and p, are so close in time that
the tail of Dy extends under P, and increases pa's amplitude.
And since the amplitude of Py will vary with whatever type
of pulse precedes it, the corresponding peak of 1202 will
be broad. Without correcting for pulse pile up the resolution
for high counting rates becomes poor.
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Retrieval of Coincidence Data

When the timing pulse from the logic shaper opens
the ADCs, three important pieces of information are
registered:

(1) the energy of gamma 1
(2) +the energy of gamma 2
(3) tne time difference At between gamma 1

and gamma 2

These data are, of course, recorded as' channel numbers in
the appropriate ADCs. The information is stored on magnetic

tape in the form below

L‘tij gamma 1 gamma J 2

! ﬁktkm gamma k gamnma n
A th gamma n gamma o magnetic
oS tlp gamma 1 gamnma p tape

: ' etc ' ‘ !

. TAC : DET 1 : pEL 2 DO

[ ADC | ADC | ADC !

One can read back this tape and obtain the spectrum
contained in the DET 1 ADC column. This spectrum corresponds
to all the gamma rays that detector 1 observed that were
within a timeAtmaX of those observed by detector 2. This
spectrum is referred to as the projection,. and since we
used a one cm’and a fifty cm5 Ge(Li) detector to start and
stop the TAC respectively, we have both a lcc projection
and a 5Q0cc proJjection. By reading back the first column
we are able to recall the TAC spectrum, which should, as



TAC SPECIRUM

' T + C
number
of (1)
counts
¢
k[//j( T~
tw-*tc%
time

PrROJECLION OF DET 1

. (2)
number
of 2fl. XL xm
counts
//”\\TTA
J
Ay QA2
energy

PROJECLLON OF DEL 2

s (3)

number %
of
counts
energy

WinDOw ON §, IN PrOJECLION OF LEL 1
LOCKING LNLO DEL 2 PrROJECTION

numnber
of
counts

(4)

A

energy
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explained previously,
contain only one peak

at the delay time td.
With the TAC spectrum
and the two projections
we are able to sort
through the data with
the programs available
at McMaster and
determine which gamma
rays are in true
coincidence. The figures
on the left will help
exnplain how the sort-
ing programs operate.
The programs allow us

to set two peak windows
and three background

We set the first
peak window in the TAC

windows.

spectrum on the true
plus chance ( T+C )tw
To subtract the

chance coincidences

peak.

we set a window tc in

the TAC spectrum.

Suppose we are interested
in two gammas, 1 and k,
in projections 1 and

2 respectively. As

the tave is read the
program CcoiiesS across

combinations of gamma i
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and gamma K. Ifl\tix is in tc’ the program subtracts 1 from
the channel number of gamma k in the spectrum of (4) on the

preceding page. Ifb.ti lies within tw, the program adds 1

to the channel number gf gamma K. If there are as many;}tik
in tw as in tc’ the gammas are not in coincidence.

Along with telling the program to 1loox for coincidences
with gamma i we must also give it information on the
background around gamma i. Since gamma i is sitting on the
sum Compton background,it is liable to be in coincidence
with anything that is in coincidence with the background.
Subtraction by the time spectrum does not remove these
spurious scattering coincidences since At is,in fact, td.
But tnese scattering coincidences can be removed by
finding out what is in cocincidence with the immediate
background around gamma i. Since we do not expect the
Compton background to vary much ( unless we are at the
Compton edge ) for small energies around gamma i we

can set background windows AEH_=1332 =AE. In practice
this means that the areas Al = A2 = JoA. Consequently, by
setting these background windows around gamma i, we are
able to determine how strong the sourious scattering
coincidences with gamma i are, and are thus left with
only those gammas , e.g. gammwa kK, which are in true
coincidence with gamma i. This is depicted in (4) on the
previous page.



Chapter &4

Experimental Work

Overview:

The major experiment performed
was lsgLa(d,n)l42Pr at 16.5 mev.
First we consider the 159La(o(,n)
singles experiment and present the
energies and intensities of various
gamma transitions. We also followed
the activity of the 159La target after
termination of alpha bombardment.

The energies of gamma transitions

. 4
in 7 mev 14e

Ce(p,n)142Pr are also
presented.

Finally in the 2°La(q,n) 16.5
mev coincidence experiment we observed
a triple coincidence between gammas
of energies 86.10(.10),268.37(.10),

and 552.86(.20) kev.
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Set Up for 227La(y,n)™?

Experiment

Pr Coincidence

1
Ge%ii) [:] ///7;7 50cc

detector / Ge(Li) detector

o4 beam <Q2> ¢—— evacuated glass chamber

aluminum support rod

159La target

The experimental arrangement which was used for
the (d,n) experiments is diagrammed above. 16.5 mev alpha
particles generated by the FN tandem accelerator impinge
upon a 139La target. The target face was turned towards the
lce detector so that low energy ( less than 200 kev )
gamma rays could more easily reach the small volume detector.
Since the 50cc detector was used for energies greater than
200 kev, the thickness of the target and the aluminum
support rod provided extra shielding against low energy
gamma rays. Shielding B, in our experiments the shielding
was Mo and Cd, is used to cut down tne x-ray flux from
the target. A piece of thick shieiding, A, also of Mo and
Cd is used between the two detectors to prevent coincidence

measurement of Compton scattered gammas. That is, a gamma
ray incident on the 50cc detector may deposit some energy
in the 50cc detector and then scatter into the lcc.
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142

159La(q,n)142Pr and Ce(p,n)quPr Singles Data

Since a precise measurement of gamma ray energies
epn i
is appropriate to give a brief description of the calibration

is essential in unravelling the level scheme of
and self consistency of the energies measured. The calibration

sources for the lcc and 50cc Ge(Li) detectors, along with
2
the measure of fit X , are given below.

1 - 7 ain calc 2
A -(uh)%% KEi - 8¢ )/AE;]

Linear Least Squares Calibration Based On Peak Centroids

lce calibration in kev

2
Input A= 1.2 Output
Source Energy AR Ecalculated AE
Mo x-ray 17.48 0.08 17.476 + ., 004
(shielding)
Cd x-ray 2%.1%7 0.08 2%.08 +.09
(shielding)
Vra,n' ) 109.893  0.074 109.97 -.08
1291a coul ex 165.90  0.17 165.99 ~.09
sn,n' ) 197.147  0.084 197.32 -.17
positron 511.006 0.072 511.005 -.001
annihilation
50cc calipbration in kev
’Xl = l-O

Vp(a,n' ) 109.89% 0. 164 109.61 .28

" 197.14Y 0.172 197.14 ~.007
positron 511.006 0.162 510.98 -.026
annihilation

9% (n,n' ) 12%5.85  0.27 1235.55 -.28



The calibration orogram also makes a correction to
the simple linear calibration by maxking a new linear
calibration between calibration points that compensates
for the scatter of the calculated points from the input
points.

In determining the reliability of our measurements
we must take into account the internal consistency of the
measurements. Since we have used both lcc and 50cc detectors
in measuring gamma energles, we should expect that the
energies measured be reasonably consistent from one detector
to the other. In Table 1 we compare the energies of
gammas detected by both lcc and 50cc detecgors from 100 xkev
to 600 kev. It will be noted that the standard deviation
of these two sets of measurements is .40 kev. In Table 2
we compare some 50cc measurements with measurements made by
Kern et al. (1968).

The measurements in Tables 1 and 2 using the Ge(Li)

detectors are based on the peax centroids. Determining tne
energy by thne centroid is not valid, however, if peaks
are close enough to overlap. Conseguently, a second linear
calibration was made using the same sources as those used
in the centroid calibration discussed on the previous page,
but based on the peax vositions of the source gammas. Using
this second calicration the energy measured as 268.%1 in the
lcc using the centroid, becomes £68.37/. An examination
of the (f§,n) lcc singles spectrum, Figure 5 , shows a small
peak on the low energy side of the 20%.%7/ sev gamna.
Similarly, measuring the erergy of the 552.55 sev gamua
in the 50cc using the peak of this gamma yields 552.&6.
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Table 1
INIERNAL CONSISTENCY IN ( dyn) BEIWEEN lcc-50cc wBASUABMENIS

(centroid calibration ) *

lcc 50cc AE = lcc - 50cc
£ (kev) E (kev) A E (kev)
136,18 1%6.08 +.10
140.97 140.92 +.,05
145,51 146.11 -.60
151.65 151.62 +.03
165.30 165.76 +.14 ~
176.92 176.74 +.18
182.92 182.62 +.50
268.31 268.27 +.07
294,48 294,51 -.0%
301.59 %201.01 +.58
339,72 538.73 +499
350.87 350.46 +e41
392.29 391.3%8 +.84
553.24 552.55 +.69

A= +.24

standard deviation = .40 Kev

Note the 50cc calibration,n.5?/, is consistently too low.
An apparent adjustment of +.14 xev to all the 50cc
measurements seems avpropriate, but such an aajustument
ig still within the uncertainty attached to the 50cc
measurements.
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Table 2

COMPARISON OF 50cc MEASUREMENTS IN (4 ,n ) WITH KERN ET AL.
(1968)

50ce (o ,n) Kern et al.(n,y) AE = E(n,¥)-E(d,n)
(kev) (kev) (xev)
S54 .46 54,57 +.11
140.92 140.91 -.01
176.74 176.86 £.12
182.62 182.78 +.16
268,27 268.%4(.10) +.07
294,51 < ? y 294.81(.17) +.30
558.56 = ? > 557.4 (.3) -1.16
612.12 612.2 (.4) ‘ -.08
619.3 619.9 (.7) +.6
631.7 632.2 (.7) +.5
645 .4 645.7 (.1) +.3
728.6 729.5 (.9) +.9
800.2 801.1 (.7) +.9
1107.9 1107.9(.7) 0

in-d]
i
+
ne
&
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Therefore, in assessing the appropriate errors in
the energy measurements we must consider the internal
consistency of the measurements and the reproducibility
of the calibration points. The largest deviation in the
centroiad calibration for the lcc detector was -.1l7/ kev,
and this is the deviation of the raw calibration not
compensating with the correction. Using the corrected
calibration curve, we should expect that the calioration is
not off by more than .10 kev for well formed nearly
symmetric peaks in the lcc detector. For weak peaxs, oOr
asymmetric peaks the error is larger. Similarly, for the
50cc centroid calibration the worst deviatidbn is -.23 kev,
and this magnitude of deviation occurs twice. For well formed
nearly symmetric peaks in the 50cc detector one should
expect an error of no nmore than .20 gev. For peaxs which
are too close together to permit us tO use the centroid
calibration, we use the peax position calibration . In
Table 3 we have listed the gamma ray energies we observed
in the 16.5 mev lagLa(d,n)l42

energies and their erros are vased upon tne peax shape, and

Pr experiwent. The final

the peak environment. The low energy measurements are
determined by the lcc detector, since the counting rates

in the small detector are typically some twenty times
smaller than the counting rate in the large detector. Also
in Table % we have reproduced for convenience a portion

of the data in Kern et al.'s paper(1968). The column under
lqlPr(n,X). Tab le
% also contains the relative gamma intensities we observed

(n,¥) lists the energies they reported in

in (d,n) correcting for detector efficiency. The intensities
reported by Kern et al.(1968) are also listed.
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Comparison of Gamma Transitions Observed in;lagLaGX,n)
at 16.5 mev, and

B(d
Kev

17
19.
23.
26.
3%
25,
54,
60,
64
&Y
68.
)
78
g4,
86.
93.
104

109.
115.
124,
126.
1z26.

1%6

140.
145,
151.

48

45

1)

7%
17
23

NN e

N

s0*
50
10

063
.05

m

26

.7810
.03%

97
10
86(.20)

.70

.18 12

Table 3

lqlPr(n,X)

E(n,Y)

Kev

54.,568(.008)
60.064(.,002)
64 .506(.002)
63.610(.002)
84.998(.003)
86.056(.003%)

104.569(.004)

115.529(.005)
124.565(.0us)

126.845(.003)

140.906(.003)

I(d,yn)

I(H,X)

AT in percent

.80(20)

28.6(2%)
17.2(27)

13.1(27)
15.8(32)
12.9(17)
3.0(-)

74.0(21)

1.2(31)

13.2(26)
1.9(29)
17.2(26)
1.8(24)
11.6(21)

1.3(30)
2.4(20)
2.1(20)
2.0(20)
%.1(20)

2.1(20)

.84 (20)

©.2(20)

9.1(20)



E(d,

159.
165.
176.
182.
.78
S 192,
.61(.
.05(.
.20)
L47(.
266.
268,

187

200
213

225.

230

273
294

301.
3%9.
350.
573.
379.

392
404

252
257

n)
09
90
92
92

93

73(

65(
3%

-75(.
.48

70 (.

92
87
15¢(

36(
99(

.86(
L40(.
582,

612 L
619.

631.
645,

37(
12(
32(
70(
38(

14)
14)

14)

.28)

14)

14y

.14)
75(.
.30

.03%(
4328,
546,

14)

«30)
.40)7
.20)
.20)

30)

.20)
-30)
-30)
.30)
.20)

Table % continued

E(n,y)

159.
176.
182.
187

200.

268.

294

403%

S546.

257

612
619.
631
o45

11(.06)

863 (.L03)
785(.005)

-79(.02)

520(.014)

34

.81(.17)-

-7(.3)

38(.19)

4(.3)

20.4)

9.7

20.7)
.7(.1%)

I(dyn)

1.6(21)
7.7(21)
22.7(19)
9.6(18)
1.1(24)
1.2(2%)
.4%(16)
1.2(24)
.81(27)

53.4(12)
-69(354)
1l.2(16)
1.4(27)
6.1(17)
21.5(13)
1.9(28)
2.0(30)
5.3(23)

21(25)

I(n,s)
.31(35)
21(20)
7.6(20)

.24 (40)

.76(20)

.50(35)

.69(35)

63
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Table % continued
E( n) E(n,y)

669.98(.30)

728.62(.20) 929.5(.6)
800.18(.40) §01.1(.7)
846.80(.40)°

870.77(.40)°

- 891.00(.20)1°

970.60(.40)

1014.8(.5)

1053.3(.5)

1061.7(.5)

1089.8(.5)

1107.9(.5) 1107.9(.7)
1219.03(.5)

1227.75(.20)

1266.20(.30)

127%.95(.20)* 1

* A1l errors are .10 xev unless otherwise indicated
Mo x-ray

Cd x-ray

La x-ray

Au x-ray

19F

La coulomb excitation

aBNa coulomb excitation
56F
17O
10 95 (,n)%%Na
11 aaNa decay
181Ta

e coulomb excitation

O 0 N0 UtEWwWNO

12



Figure 5

Gamma Réy Spectra . Observed in 16.5mev lBgLa(q,n)

Top: Singles Spectrum using the lcc Ge(Li) Detector.
Note the scale change by a factor of 10.

Bottom: Singles Spectrum using the 50cc Ge(Li) Detector.
Gamma ray energies below 550 kev are listed |
in the lcc singles svectrum. The scale changes
by a factor of 3.
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Activity of La After Bombardment with 15 mev
Alpha Particles.

When our Lanthanum target was subjected to alpha
bombardment, both at 16.5 mev and 15 mev, a great deal of
gamma activity was detected after the alpha bombardment was
terminated. We detected a gamma ray of energy 157% kev
which decayed with a half life of 20% 4 hrs, and thus
assume that the gamma arises from the well established
19.2 hr decay of 142Pr. The activity was followed for & hours.

Of the sixty five gamma transitions observed in
the decay we were able to identify only the 1573 kev, the
gammas associated witn the %.4 hr activity of 61

22, , . .
Na. We ocuserved

Cu, and
possibly the ground state 6+decay of
a gamma of energy 12%4.2(.7) kev in the decay, and also

in singles, and in coincidence. COne would expect the 1274.0
kev transition in Ne to be in coincidence with
the 511 xev annihilation quanta. Moreover, in singles

we also observe gammas at 891 kev and 7% kev, and there

22Na.

Alons with the avtove,the following energies seen

are similar transitions in the excited states of

in the decay are also revorted in (n,¥) by Kern et al.(1955)
and Hushes et al.(1966). The energies are in gev.

decay gamnma in (d,n) Kern et al. Hughes et al.
907.9(.7) 907(3)
1127.8(.7) 1128(3)
1298.1(.7) 1297(2)
1726.6(.7) 1725(%)
4285.6(.7) 4288(5)
4801.0(.7) * 4801.2(.%)
* possible escape peaks
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§

There was also a gamma of energy 55%.5(.7) kev
seen in the decay. It seems unlikely, however, that this
is the 552.86(.20) kev gamma seen in coincidence with
the 86.10 and 268.%7 kev gammas ( see p. Y5 ). Firstly,
this gamma has been measured as 553%.4 xev in one exveriment,
and as 553.7 kev in another, so it aonpears to be consistently
larger by about .7 kev than 552.86. Secondly, the gammas
with which it 1s in coincidence are not seen in the
decay, and arguments considered in chapter 5 suggest that
the 553 kev transition cbmes above both the 85 kev and 268
kev transition. Vi
The 55% kev gamma sSeen in the decay has a half life
12 % 5 hrs. i
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Gamma ys Observed in Ce(p,yn Pr

142Ce(p,n) was also attemoted at

The reaction
seven Mev, The gamma transitions observed in that reaction
are listed in Table 4. ,

In Table 5 we have listed the common gamma ray

energies between the three reactions

13914 (4,n)

4

4266 (p,n)

141Pr<naX)
Transitions 53%.%6(.10)kev and 136.1&(.10)kev have not been
placed into the level scheme of 142Pr. The two . transitions

86.10(.10)kev
268.%37(.10)kev
will be placed into the decay scheme of 1u2Pr later in tuis
thesis.
Note that the transitions ( Table 5 ) 159.09 xev
142Ce(p,n). The fact
that this 159.09 kev transition was not noticed in the (p,nj

and 187.78 kev have not been seen in

reaction can be explained by its low intensity. In
Kern et al.(1968) the ratio of the 159.11 kev intensity to
the 176.86 kev intensity is

1.%/88(35%)
Or, the 159.11 kev is 67/ times weaxker than the 176.86 kev
gamma. Since these gammas come frowm the same level in the
scheme of Kern et al., their relative ratios should be
constant. The 167.78 kev gamma has intensity 1(3%0%) in
(n,Y) according to Kern et al.. Since this gamma originates
from a svin three level in the scheme of Xern et al.(1lves),
and since the 176.56 nev alsdo originates from a spin 3
state,the relative rates of increase should be the same.
Consequently, in (p,n) one should expect the 187.75 kev

-
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to be weaxker than the 176.8% kev gamma by approximately
88 times, just as it is in (n,¥). The weakest intensity
gamna that we do observe in (d,n),(p,n) and (n,y) is the
124,56 gev gamma, which is twice as intense as the 159.11
kev gamma in (n,Y).

Table 4
Gamma Transitions Observed in
7 MEV Protons

%4266 (p,n) With

E (kev) A E (kev)
53.48 .20
54,24 .30
99.99 .10
ol .63 .15
85.02 .15
86.10 .15
104,55 .15
115.55 .15
124.5% .15
126.85 .15
129.73% .15
1%2.82 40
1%6.14 .15
140.92 .15
14%,3%1 .15
147.10 . 15
160.67 .30
16%.390 40
169.31 .15
176.89 .15
182.81 .15
190.59 .15
200,74 15
219.02 .15
243%.40 .15
4%8.0 o4
263 .7 4
38%.0 o4

40%.0 1.0
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Common Gamma Energies in 159La(o(,n),142Ce(p,n),lqlPr(n.,b’)
Using 16.5 mev Alpha Particles, / mev Protons.*

139La(d,n)l6.5mev

25.
54,
60.

o4

[T
Oty

oIS
loq .

115
1 ;‘:4
1s%
176
140
1,49

170.
1s2.

1~7
2U0

258,

44

*

B
(kov)

36(.10)
50(.10)
10(.10)
.63(.10)
.97(.10)
10(.10)
20(.10)
.59(.10)
.69(.10)
.97(.10)
.18(.10)
.97(.10)
.09(.10)
92(.10)
92(.10)
.75(.10)
B61(.010)
37(.10)
.0 (.3)

1

42Ce(p,n)? mev

By
(kev)

5%.48(.15)
54,34 (.30)
59.99(.15)
64.6%(.15)
85.02(.15)
86.10(.15)
104.55(.15)
115.55(.15)
124.5%(.15)
126.85(.15)
1%26.14(.15)
140.92(.15)

176.89(.15)
182.81(.15)

200.74(.15)
40%.0(1.0)

141Pr(n,3)

54
60
64
B4

115

126

140

159,
1/6.
.765(
137.79(,02)
200 .
268,
443%,

182
187

By

(kev)

.568(
Lo64(
. 606/(
A .+ 998(
86.
104.
.529(
124,
345 (

056(
569(

565(

.906(

.008)
.002)
.002)
.003)
.U03%)
L 004 )
LUUH)
.V06)
.00%)

.1003%)

11(.06)

865 (

520(
35(.

LUU3%)
.00%)

.014)
10)

7(.3)

All of these gammas have been placed into the

142Pr

level scheme, except for 5%.3%6,13%6.18,86.10,and
268.37. The 86.10 and 2£63.3%37/ rev transitions will

be placed in the level scheme later in this paper.



Top:

Bottom:

Figure ©

Singles Spectrumn Collected with the lcc Ge(li)

S 142
Detector in 7/ mev “Ce(p,n). The scale chan;es

a Factor of 4.

Coirncident Gammas Seen by the 50cc Ge(Li)
Detector with a Window on the &85-86 xev
Doublet in the lcc Projections.

Note the low energy cut off in the svectrum is
115 gev,
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Top: Figure 7
Coincident gammas seen by the 50cc Ge(Li) detector
with a window on the 268 kev gamma in the lcc

projection.

Bottom: TFigure 8

Coincident gammas seen by the lcc Ge(Li)
detector with a window on the 2068 kev gamma

in the 50cc projection.
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Figure 9

Coincident gammas seen by the lcc Ge(Li) detector
with a window on the 552.86 kev gamma ray in the
50cc projection.

Figure 10

Time spectrum obtained for the coincidence
experiment described in this paper. The
coincidence resolving time was 10 nanoseconds.
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Figure 11

Top: Projection spectrum collected by the lcc Ge(Li)
detector during the 16.5 mev 159La(g(,n)
coincidence experiment. The projection includes
gamma rays between 20 kev and 600 kKev.

Bottom: Projection spectrum collected by the 50cc Ge(Li)
detector during the 16.5 mev 159La(q,n)
coincidences experiment. The projection includes
gamma rays between 11D kev and 1300 kev.
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The 159La(d,n) Coincidence Experiment

At 16.5 mev the reaction l591,eat(<;(,n) produces,
among others, two gamma rays of energies
54.97(.10) kev
86.10(.10) kev
These gammas have the intensity ratio in singles
185/186 = 1/25

Coincidences are observed between this doublet
and gammas of energy 268.37(.10) and 552.86(.20) kev.
Figure 6 displays the spectrum ootained looxing through
the 85-86 kev doublet into the 50cc detector. Figure 7
is what 1is seen looxing through the 268 kev window in tre
lcc detector. Figure & is obtaincd by setoiny windows in
the Succ detector on the <298 kev gamma and looxking into the
lcc detector. Figure 9 is the spectrum of coincident:
gammas 1looking through the 55% kev window in tne 50cc.
From the spectra in Figures 8 and 9 and from a comparison
of the lcc singles spectrum( Figure ) and the lcc
projection svectrum( Figure 1}),one is able to conclude tnat
the coincident gamma in the 55-86 doublet is the 86 xev.
transition , and that it is uncertain that the &5 Kev gamma
is also in coincidence with the 2¢68. Tnis is so because of
the poor resolution in the projection spectrum (Figure 11).
Consequently, within our measuremerits, the 228.3%7 and
552.86 kev gamma are certainly in coincidence with the

Al

3t KeVv gamma.



Chapter 5

Discussion

Overview: .

7

Using the results of the coincidence
experiment, and the results of

141Pr(d,p) experiment

Hussein's
we attempt to justify placing
three new nuclear levels in

142pr at 89.739(.006) kev,
358.11(.10) kev, and 910.97(.30)
kev , We consider the implications
of the intensity variations of the
gamma transitions from tnese

three levels to determine possible
spin assignments. We also find
that a gamma of energy 294.48(.10)
159La(o(,n) can be
explained as a transition fron

Kev seen in

the suggested level at %58 kev to

the level at 63%.7 kev. The branching
ratio of the 294.48 xkev gamma in
159La(c(,n) yields the same component
of the7726;/2)}2f7/2 in the level

at 90 kev as does Hussein's (d,p) work.
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DISCUSSION

The simplest ordering of the three coincident
gamma rays, 86.10,268.%7, and 552.86 kev, is a direct
cascade. If this is assumed it remains to determine the
location of this cascade in the nucleus. A pivotal experiment
in placing these transitions was performed by Hussein.

Using 10 mev protons in 141

Pr(d,p) he reported a weak

level of intensity 1.8(.8) ( relative intensity out of

1C0 ) existing at 90 X 1.2 kev.:Kern et el. did not find the
levels of spins 0,7 ,1 ,6 . Since we do not expect the
spins O and 7 states to be populated in (d,p), this new
level presumably is the spin 1~ or 6 state. If this

80 kev level were the missing 1 state we should expect it
to preferentially decay to the 2  ground state. Now, a gamma
of energy 93.86(.1C) is seen in 159La(o(,n) at 16.5 mev, but

it is not seen in lqlPr(n,x), or in 142

Ce(p,n) at 7 mev
proton energy. In view of the fact that the capturing state
in (n,¥) is 2% or 37 , we should expect that high energy
Fl transitions would populate this hypothesized 1  state
fairly strongly. Moreover, a gamma of energy 95%.0 kKev is
seen in the target activity after (d,n). In view of the
foregoing facts, it appears unlikely that the level at

90 kev observed by Hussein is the 1~ state. Thus, we are
left with a possible spin assignment of 6 . If this state
did have spin 6 , we could expect it to preferentially
decay to the 5 isomeric state at 3.7 kev. Indeed, if one
adds the energy of the 86.10(.10) kev gamma to the energy

of the %.68% kev isomeric state, one obtains an energy
89.78 kev. Thus, we could account for the 86.10 kev gamma
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as a transition between the state at 89.78(.10) kev and the
3,/ Kev isomeric state.
It we then place the 268.37 kev transition directly
above the 86.10 transition we obtain a level at 358.11(.10)
kev ( using Kern et al.s' more precise value 86.056(.003)
kev ). Since this level decays to the suggested 6 level
at 89.739(.006) kev , one could also expect the possibility
of another transition to the remaining 6 1level at 6%.746
kev, In fact, this transition from 358.11(.10) to 63.75 kev
should be 294.36(.10) kev, and we see a gamma in (d ,n)
at 294.48(.10) kev. Continuing in our assumption of a direct
cascade, the 552.56(.20) kev gamma when added to the
hypothetical state at %58 kev yields a state at 910.97(.30)
kev. The suggested decay scheme for the three coincident
gammas can be seen in Figure 13. In any event, it appears
improbaole that the 553 kev gamma 1is the bottom member of
the triad because
(a) no 553 kev gamma is reported in (n,¥)
by Kern et al.(1968)
(b) no 553 kev transition is observed using
15 mev alpha particles in lBgLan,n),
despite the presence of the 2068 and &6
Kev gammas.,

A study of relative gamma intensities as they change
from one reaction to another can also yield information
on the spins of nuclear states. If we compare the relative
Ylpi(ny) with those in *27Ta(y ,n),
a significant increase in relative gamma intensities

gamma 1intensities in

is noted if plotted as a function of the spin of the initial
state from which the gamma ray emanates. Higher spins
should be preferentially pooulated in (d,n) than in (n,¥).

This is reasonable because the spin of lQ%PrAground state



Table ©

Dependency of Ir(q,n)/I{(n,y) on the Snin

of" the Decaying State



DEPENDENCY OF RELATIVE GAMMA INTENSITIES
FROM "*°Lale,n) TO '"“'Pr(n,y) ON THE SPIN OF

THE DECAYING STATE

a,n)/ i_{n,y)
INITIAL SPIN E kev ly( y‘ Y
P 8497 31/30= |
2 182-92 9:6/76 = 1-3(38%)
3 10470 1:2/-84= 1-4(51%)
17692 22-7/21= 1-1(39 %)
159-09 i-6/-31= 51(56 %)
4 6876
54-50 ‘80/1:3 = ‘6 (50%)
126:97 13-2/62= 2:H{46%)
140-97 1772791 = 1:9(46%)
5 6463 17-2/72-1= 8-2 (47%)
124-69 4-4/-65= 6-8(47%)
6 600 28-6/2-4= 11-9(43%)
'gold x rays from the detector obscure this ratio

830



Figure 12

Variation of Gamma Ray Intensities as a Function of the
Spin of the Decaying State.
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l42?1' is 2% or 5+.

Consequently these two spins can decay via high energy El

is 5/2%, so the capturing state in

transitions to states with spin 1,27 ,3 ,4 . In order to
get to states with spin 5" or larger, an intermediate
transition between the capturing state and the high spin
state is necessary. " On the other hand, in lagLa(d,n)

the sovin of the lBgLa ground state is 7/2+, and the alpha
particles can themselves bring in large orbital angular
momentum because of their larger mass and momentum.

In Tanle 6 the dependency of Ix(q,n)/lx(n,d) is tabulated
as a function of the spin of the decaying state. The
transitions referred to in that taple are those deplicted in
the level scheme proposed by Kern et al. ( Figure 3 ).

Fig, 12 1is the accompanying plot for Table 6. As will be
seen in Figure 12, the points all lie on a smooth curve
except for the point representing the relative increase of
the 155.09(.10) kev transition. According to Kern et al.s'
scheme, the 159.09(.10) and 187.79(.10) kev gammas both
originate from spin % states. From the intensity ratios,

it appears, however, tnat they should both originate from
spin 5 states. This inconsistency is especially glaring

for the 159.09 kev gamma, since this transition is supposed
to originate from the 1/6.9 kev level. Consequently, the
relative intensity of the 150.09 kev and 176.9 kev gamma
should be constant regardless of the reaction. In (n )
the branching ratio according to Kern et al.(1968) is

IX<159'09)/1X(176'9)
but in (d4,n), this ratio is
18(159.()9)/IX(176.9) 1.6/22.7(40%) = 069(40%)

Kern et al. report a close doublet 159.11 and 159.3%3 Kkev.
Ye might suvppose that the peak area we measured in (g ,n)

results from two gamwas, and that it is the 159.33 kev

[§}

1.3/100(30%) = .013(30%)
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gamma which produces most of the intensity in the doublet.
But, if this were the case, it should have been reflected in
energy measurement of the doublet since the centroid

should have been shifted to the high energy side of the
peak. The 159.09 kev transition might ,in fact, come from

a high spin state then. Or, there mignt be another 159.09

142Pr which is not the one that Kern

kev transition in
et al. place as originating from the 176.9 xev level. We
can not at this moment give a definite explanation for the
anomalous intensity of the 159.09 kev gamma in (o ,n).

For the 86.10 Kev,208.3%7 rev, and 552.86 kev gammas

we note large increases in intensity. In fact , for

§6.10 xev Ix(&,n)/ly(n,y) = 35(41%)
258.37 kev I, (,0) /Ty (n,y) = 107(47%)
552.86 Kev Il(d,n)/ly(n,X) = essentially

infinite

The intensity systematics suggest that all three gammas
riginate from states with spin greater than 6.

By locating the second 6 state at 89.7%9 kev
one can account for the large relative increase in the
86.10(.10) kev gamma. The 268.37 Kev gamma is not only in
coincidence with the 86.10 kev gamma, but also increases
its relative intensity one hundred fold from (n,Y) to
(,n). It is suggestive then to assign the level at
358.11(.10) kev a spin of at least 7 to account for the
large increase in the intensity of the 268.%7 kev gamma.
We can assign the level at 358%.11 kev as the hitherto
missing spin 7  1level, because other possible configurations
are not seen this low in excitation energy(at least not
in lqoLa). By assigning this level a spin 7 we can also
account for the 294.4%(.10) Kev gamma seen in (q,n) as
the transition between the level at 358 kev and the one
at o4 xev, The closest transition to 294.48 kev seen in
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(n,¥) is 294.81 kev(.17)kev, and Kern et al.(1968) believe
this to be a transition between levels at 1041.9 and 70%.6
kKev. In their scheme the 1041.9 kKev level 1is assigned a
spin (2,3) , and from the intensities, if we taxke the

294 .48 and 294.31 kev gammas to be the same gammas, then

I (&,n)/I (n,¥) = 16(51%).

Such a large increase in intensity would suggest an initial
spin of 6 at least. The ambiguity can be resolved if

we assume that the 294.48 and 294.81 kev gammas are,in fact,
two separate transitions. If they were the same the 294.48
kev gamma would be peculiar on two counts, namely

(a) its intensity behaviour contradicts its
assignment as a decay from a spin 2 or 3

(b) it has the largest discrepancy in energy
between the Kern et al. measurements in (n ,Y)

and our measurements in 16.5 mev (y,n).

The peak that we see at 294.43 kev in (d,n) is then a doublet,
whose members are separated by (294.81-294.36) = .45(.27)

kev. Since the total peak intensity is known to be 11l.2(195%)
(see Table 3 ) , if we let Il = intensity of 294.%6 gaumna,

and 12 = intensity of 294.81 gamma, then Il + I2 = 11.2, and

294.361) + 29.81T,  _ o4 ug

11.2
=I,(294.36) + I,(294:36+.45)
11.2

= 294.3%0 + 12(4322__
11.2
or 12 = 2 units of intensity. There is quite a large(Z4u.6)
error on this estimate due to the uncertainties in the gamma
energies. Note tnat from the intensities in (n,¥) in Table

5, one should expect an intensity I2 no greater than 1 unit.

in (d,n).



Figure 13

Suggested Positions of Three New Levels in lqéPr

at 89.7%29(.006)kev, %585.11(.10) kev, and 910.97(.30)
kev
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Other evidence for the existence of a level at

358 kev comes from a 144

Nda(d,d) experiment conducted by
Macphail. He observed several levels not seen by Kern et al.
(196&€), among them a level at 358 xev and a level at 910
Kev. Recall, that if we place the 552.86 kev gamma above

the 265.37 kev gamma we obtain a level at 910.9/7(.30) xev.
Unfortunately the +two levels must remain speculative at

the moment because of the low count rate in 144Nd(d,q)

-that Macphail encountered.
2: —
Relative Level Populations in 1’9La0i,n) 16.5mev

As mentioned previously, the low lying states can

be described by the mixture of two configurations, namwely

Q- 1 .
"’L’l,Jm> = JU 2dg oV 2fy /5 J@
— o .o . >
|Feri> = T8y 20 5 T,
Kern et al.(1968) assume tnat transitions within a configuration

are predominantly M1l. The rationale behind this assumntion
lies in the following:

The transition probability for emission of & photon
of energy T = fick of multipolarity AM and type 0" = E or M is,

/ ] g > 2
LA = £f10 |1
S Ve W T AN
o
where QMLis a - tensor operator of electric or magnetic

type defined oy:

electric multipole operator:

Uy = ; eiriY;*L(%) - ig;six/éok()\w&l)'lﬂT x 1.):V(
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magnetic multipole operator:
-2
A+l

— )y M
Mo = 4, % (gs?:i * BL, X 3V (F X )y

By making rough estimates for the matrix elements ( Preston
p.-30U) one obtains

<§ I%J £> A ZeRA R is the nuclear radius
P
@ fNBl 1>~ A(eh/2uc)rM L
M

Tne second term in Q is usually neglected because its ratio
to the contribution of the first term is on the order of
EX/MC2 , wnere M is the nucleon mass. However, the second
term contributes an amount

\
kA(eh/2Mc)R  to the matrix element.

Again,following Preston, if AJ =0,1, and AT = +1, then the
ratio of M1 to EZ2 is on the order of

M1/B2 ~ (h/MeR)* (Me?/Ey)?
Pr R = 7.3 fm, and for an energy EY = 300kev,
Ml1/B2 ~ 7

for 142

An accurate analysis of the transition probabilities involves
including the structures of the initial and final states.

For example, although an M1l transition satisfies the condition
that AJ = 0,1, and AT = +1, in the single particle

mo>del AL = O, that is, the particle in transit must retain

its orbital angular momentum. Suppose we have initial and
final states for which A J =0,1 andf] 7/, = 1.

Abbreviating the notation we could write

0 — 770
T, =T2dg vt y T =T, Y280
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> = Am> o+ s>

E2lMl

%> =

Where the designations EZ2 and M1 mean that the initial and

final states can be connected through their components
rf .« and I”J by E2 and M1 operators. For Ml transitions
the “matrix element<ﬁ} [Ml [?;7 will involve a sum of terms
(over the 2J + 1 magnetic quantum numbers of the single

particle state J ) of the form

| dF oy <tl MllT1> * BEBiéalMl\Té
@f fzvzlfwj)\/fv %1 O(;*@{m{f? + g;@i@ |1 ]'T‘.>

We have suggested that the level at 358 kev is the 7~
state described by

[ - 17018'7/2V2f7/2>

This state decays via a 294 kev and a 268 kev transition to
levels at 89.7 and 63%.7 kev. Since the 268 kev transition

is five times as intense as the 294 kKev transition, the model
we are considering suggests that the level at 8.7 Kev has

a relatively large component of 'Uolgy/e)/2f7/2 configuration
because the Ml transition is favored over an EZ2 transition

since AL = O. We can determine the magnitudes
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of the two configurations present in the 89.7 kev and
63.7 kev states by dividing the theoretical transition
rates of the 294 kev and 268 kev gamma and comparing
the ratio to the experimental ratio.

T2 Ly @2&_)5 B(63.7 )2
T, . (268) Iy (268) 68/ \@le3.7
= (294)? [d (89.7)\° .
268 o (63.7
If we take ( see Table % ) 13(294) = 11.2(16%),
then
Ix(294)
S A—— = ,20(28%). Then we have
I,(268)
A (82.7)1\2 |
___f____> = .75.x .20(28%) = .15 (.04)
o (63.7)

Or, if assume that the 294.48 kev is a doublet, the intensity
of the 294.81 kev gamma should be subtracted from the total

intensity. In this case ( I,(294.81) = % units of intensity)

13(294) !
oY = .15(28%)
Iy(268)
And in this case 2
(o(<89.7>> = .11(.03)
A (63.7)

141Pr(d,p) data from Hussein. He sees

Counsider now then
the level at 89.7 kev with a relative intensity 1.8(.8)
out of 100. The total normalized cross section for two

6~ states is 27.1 . From this information one can again
calculate the ratio of the coefficients discussed above.

The result is

2

4(89.7) 1.8(.8
C*(B?T??) N a7.1-1.52.o) = 07 (.03)
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Therefore, within experimental error the coefficients from
the gammna ray studies and the particle transfer study
agree.

If we are correct in believing that these low lying
transitions are preddﬁinantly Ml, then the relative population
of the several low lying states in the 159La(o{,n)
reaction at 16.5 mev can be determined. This information is
tabulated in Table 7.

The triad of coincildent gamma rays in 142Pr is
not unique to this nucleus. Macphail and Summers- Gillreport

144

that they see similar strong coincidences in Pm and

146Eu respectively. In 146Eu the transitions are from
levels 8399.8 — 274.5-—> 0 or 651.4 = 274,88 — 0. Worg
done by Macphail reveals a level at 842 xev, and lMacphail
believes this to be the initial state of the low energy
multi gamma cascade,however,he believes this level is the
7~ from the (1g7/2,2f7/2) multiplet. )
Neighboring odd Z, even N nuclei,e.g, ﬂrLal§7,
and 159Pr, have 11/2- spin states at 1.004 mevpénd 822
mev respectively. This could represent the lhll/2 pizgon
Anticipating that this orbital also exist in Pr,
offers the possibility of other configurations besides the
ones involving 2d5/2 and 1g7/2 .lig fact, neighboring even
Z odd N nuclei, for example, Nd, ( which has a state
at 742 mev and 9/2-) contain the lh9/2 neutron orbital.
Consequently , the excitations above Y00 kev are possible
mixtures of several configurations, plus coupling of the
shell model states with quadrupole dhonons in the core.
The level at 911 xev is therefore, probably not as simple
as the states below 3585 kev, but we should exvect that it

has a large spin ( j) > ) since it decays to the 7- state
at %58 kev.
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Spin Level(kev)
6 ©3.75
4 72.29
1 84,99
o 89.74
5 128.25
4 144,58
3 176.85
2 200.56
7 358.11
910.97

Table 7

Relative Populations of The Low Lying Levels in
Pr in the 16.5 mev 159La(;(,n) Reaction

Intensity

169(2%%)
_59(26%)

9(20%)
148(21%
1%1(34%)
47(26%)
477 (35%)
14(17%)
69(13%)
21(25%)

21

* ) i 3 1 1
Corrected for internal conversion assuiLing wl

transitions.
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Summary

The independent quasi particle model for 142Pr

successfully describes the gross features of the low
1ying excitations. The model predicts 14 spin states among
the low lying levels. Twelve nuclear states below 358 kev
have been discovered, and three of the spin assignments
made by Kern et al.(1968) have been corroborated by
independent investigators. The other spin assignments by
Kern et al. have yet to be confirmed.

The two remaining states of the (ﬂig7/2y 2f7/2)
and (Tﬁ2d5/2v2f7/2) configurations, allegedly
O and 1 , have yet to be located. However, a comparison
140 142Pr suggests that the
remaining two levels should be found above 358 kev. In
140La the 1~ state is at 467 xev and the 0O is at 579 kev.

We should expect the O and 1 to be roughly in the same
142
P

of the level structure of Ta and

energy region for r. The success of the model and the

similarity between the low lying level structures of

l4OLa and 142

Pr , encourages one to believe that nuclear
structure studies provide a means by which we can gain

information about the inter nucleon potential.
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