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ABSTRACT

& single-crystel NaI(T1l) spectrometer was used to
obgerve gamma-gmmms coincidences. A hole was drilled aslong
the axis of the cylindricsl crystal from one of the surfaces
to the center., With the source placed inside the orystal,
cascade gmmms rays from & single disintegration will give a
pulse corresponding to the sum of the gama energies involved.
It was found that this device is effective sand simple in
obtasining decay schemes provided all the lines could be
resolved (NaI(Tl) crystsl has & resolution of 6-9%)., A 30-
channel pulse snslyser employing the Philips E1T tubes was
bullt and used for spectrum analysis, The snalyzer has s
resolving time of sbout l microseconds, The decade tube
facilitates the construction of the analyzer and the number
of counts can be readily read off the tube,

The problem of this thesis is the measurements: of
the gsemme spectra of some nuclel and the study of their energy
1ev61&. The following isotopes were investigated: 0u62, Cn,
Co57, RbOS, crSl, ralb2m, o134 pyl6s5, ge96, Agl08 ang sml53,
In the decay of Cu62, no gamma transition was observed. The

gamma spectre of Cu("2 &re essentlally the same as those of cll



which is known to be & pure positron-emitter, In the decay
of 0057, the 29 kev gmmms =s reported by Cork and collabors-
tors was not found, A 700 kev gamms does exist, Since it is’
not related to other gamas present, it might be from some
impurity in the source, In the decay of Rb86, the beta
rmdimtion is strong and therefore only one gamma could be
ideﬁtiried. In the decay of Grsl, a wosk gamma of 62l kev
was found in addition to the 32l kev gamms, The first and
second excited states of VoL are possibly Lf 5/2 and 5g 9/2,
respectively. In the decay of Tal82M, two gemmas of sbout
the same energy, 170 kev, were found in cascade. A wesk cross-
over gamma of 340 kev wes also present, The gamma radiations
produced in the decay of the other isotopes were slso
investigeted. The dsta obtsined by the summing technique is
conslstent with the recently proposed dec&y schemes,
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CHAPTER I

INTRODUCTION -

Nuclear States

The hypothesis regarding nuclear constitution is that nucleus is
made up of protons and neutrons. It is convenient to consider it as an
unperturbed system. This is justified by the fact that the interaction
between the atomic electrons and the nucleus is of electromagnefic
nature and the strength of the interaction is measured by the charge

0 esu). Being a bounded system its

of the electron (e = 4.8 x 107t
total energy can assume only discrete values. We shall call them energy
levels and refer to the state with the lowest energy as the ground state,
the state with the next higher energy the first excited state, and so on.
A quantitative prediction of these energy levels is unattainable without
the assumption of a specific nuclear model. On the other hand, a study
of the energy level schemes can lead us to further understunding of the
nuclear structure. Besides the totel energy, other quantities are
frequently used to characterize a nuclear state, such as, parity, spin
(total angular momentum), lifetime, magnetic moment and quadruple moment.
Of course, a complete characterization of a state requires 4A independent
quantities. (A = mass number), since the nucleons inside & nucleus move
more or less independently of each other and each nucleon has four degrees
of freedom. In the absence of external forces, a (bare) nucleus will re-

main indefinitely in a certain state. However, the interaction between

the nucleons and atomic electrons through the electromagnetic field may
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cause transitions between states of the unperturbed system. The energy
of a radiative state can not be determined exactly. The uncertainty in
the energy, or level width, is related to the lifetime byfthe uncertaint&
relation: energy uncertainty x lifetime ~ h. For states having lifetime as
short as 10717 seconds, the level width is of the order of 1 kev. By mea-
suring the energies of the gamma rays and electrons emitted, a tentative
energy level scheme can always be constructed. This is true at least
for excited states as high as several mev wbove the ground state. At
still higher energies, the level spacing gets smaller, the level width
becomes wider, and eventually the discrete feature of energy levels is
destroyed. This can be seen as follows: it is known that as a crude
approximation, a nucleus cun be treated as a system of independent
particles moving in a square well potentisl. For simplicity, we consider
& particle confined in a cubic finite volume with perfectly reflecting
walls, Each state is characterized by three integral positive numbers.
The number of states whi.h lie between the energy range E and E + AE
can be shown to be proportional to El/d. For a system of many particles,
the crowding together oif' energy states at high energies will be more pro-
nounced., At the same time the number of possible ways by which these
high-lying states muy decay increases, and consequently their level widths
become broader,

Most excited states ﬁave a lifetime in the range 10'17 to 1010
seconds. It has also been observed that occasionally excited states have
much longer lifetimes. More than 120 examples are listed in "Tables of

Isotopes" with lifetime ranging from 10710 seconds to many years. Such




states are commonly called isomeric states. As & rule, the short-lived
excited states decay by gamma emission and internal conversion only. .
Since internal conversion is a second ofder effect, gaﬁma emission

usually plays a dominaﬁt'role. Hence gamme~gamma coincidence measure-

ments can offer considerable information concerning energy level schemes.

General Properties of Nuclear Decay.

The binding energy of a nucleus is ZMp + (A - Z)M,n - mass of
the nucleus where M and M, are the masses of proton and neutron, respec-
tively, and A and Z are the mass number and atomic number of the nucleus;
it tends to assume & minimum value. Thus & nucleus in its ground state
mey still undergo decay of various modes.

All heavy elements are unstable against alpha decay; the
lifetimes range from 10’21 seconds £o lOls years. Alpha emitters occur

for z = 60 (NaX**), z = 62 (sm*0 and sm*T), 2 = 64 (Gat™®, gal?

, and
eal?®y, z = 65 (o9 and To151), 2 = 78 (Pt190) and 2z = 83 to 100.

Most other unstable nuclei decay by beta emissicn; the life-
times lie between 0.0« seconds and lOll years. Nuclear fission and
nucleon emission are rarely observed. It should also be mentioned that
the simultaneous emission of two or more particles is not very probable.

A consistent theory that c;n account for all the decay pro-
cesses is at present out of tune question. We shall have to be contented,
for each purticular case, with a phenomenoclogical interpretation based

on a few simple hypotheses, the correctness of which rests solely on its

conformity with empirical results. We shall discuss only beta decay and
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gemma emission in some detail, since they are the muin concern in the

study of energy level schemes.

In the standard perturbation theory, the transition probebil-
ity per unit time of a transition from an initial stute i to a final
state £ of the unperturbed system is

L | <t |H | 1> ]| 8(E - Ey)
where H' is the intera.tion term in the Hamiltoni.n of the total system
of the nucleus and atomic electrons, Ej and E¢ are the energies of the
states i and f, respectively, and the bracket denotes matrix element.
8 is the Dirac delta function. As soon as the interaction term is found,
the probabilities and selection rules of the decay process can be evealu-

ated, provided the interaction is sufficiently weak.

Beta Decey-- Under this .ategory, three processes are included, namely,
elec.tron emission, positron emission and electron capture. In the Fermi

theory of beta decay, these processes are represented schemetically as

follows:
electron emission: NoP+e” +v
positron emission: PoN+et+v
electron capture: P+e” -N+v

with the assumption of u hypothetical particle v, called neufrino, of
negligible mass and spin 1/2, as required by the conservation laws of
angular momentum and energy. ¥ denotes an anti-neutrino. The interaction
wvhich initiates the beta transitions is very weak with an interaction con-

stant of the order 10'?9 erg cm3. Thus the standard perturbation theory




is applicable. The beta transitions can be classified as allowed, once
forbidden, twice forbidden, and so on. Each forbiddenness reduces the )
transition probebility by a factor of about 100. The physical inter-
pretation of this classification is that successively larger orbital
angular momenta are carried away by the electron and neutrino. The
lifetime of the radiative state depends on the character of the state
as well as that of the state (or states) into which the trensition leads.
It can therefore vary over a widg range. The mere specification of spin
and parity change puts little systematic restrictions on the value of
the lifetime. Howeﬁer, the comparative half-life defined by |

ft = (mce)-s‘jp °F + (2, BEg) (Bo - E)& (E- -m? 41/« pag

mc?

where t is the half-life, E, 1s the maximum energy of the beta particle,
and F + (z, Eo) expresses the coulomb effect on the beta particle, is

related to the spin and parity change in this way:

Transition Parity Chenge Spin Change Log (ft )
allowed no 0, 1 3-5
first forbidden yes 0,1, 2 T
second forbidden no 0, 1, 2, 3 10
etce.

In addition to the properties listed, allowed transitions yield straight
lines on a Kurile or Fermi plot, that is, a plot of (P(p)/l“pe)l/2 versus
E, where P(p) dp is the probability of finding a beta particle with
momentum between p and p + dp. Thus a knowledge of beta transitions may
help us correlate the energy level schemes of adjacent atomic numbers and

make spin, parity and level order assignments.



The interaction.term H' for beta decay shall satisfy two re-
quirements, relativistic invariance and agreement with experiment. In-_
vaeriance means that H' remains unchanged under Lorentz<transformation.
If" we assume that nucleons and neutrinos, like electrons, obey Dirac's
equation, then they are described by four-spinors. We can form the

following covarient quantities:

Scalar = w*ﬁ )
havector = w*ai¢ (space components)
1 v7e (time component )
anti-symmetricel * .
tensor = y Bo;@ = Jkth component; i, j,k cyclic)
w*aaim = 14th component)
axial 4-vector = w*a;@ gspace components )
1 v7759 time, components)
pseudo-scalar = g 759 ¢ g P
i, 3,k =1, & 3

where ¢ and ¢ are'wavefunctionsof.the electron and anti-neutrino, respect-
ively, @; and B are Dirac matrices, and 04 = iajak (1, J, k cyclic). An-
alogous quantities can be formed if the initial and final wavefunctions
Oof the nucleus are used instead of ¢ and y. The invariant interaction

energy densities are:
Hs = G5 (¥F p¥)(v* B o)
H, = G {(w;‘i YO0 9) - (¥ &y c'x’qa)}

By = Gy {(Y’{-vai)(w* BTo) + (Yp 83 ¥)(v' a’cp)}
* — * = * *
R = G {8 TH)GTT @) - (8 g 1) o}

Hp .= Gp (Y; B 75Y1)(W* B7s ®)



where ¥; and ¥p are the initial and final wavefunctions of the nucleus,
- -
G's are arbitrary constant, a = (o, a,, a3) and ¢ = (0, 0, 03). )
For parity-mixing beta 1nteradtions, we have five more inveriant

interaction energy densities. They are:

: N "

Hy = Gy (¥ B ¥;)(v" B 75 @)

i [} * * % — * —
H, = Gy {(Yf v 75 9) - (¥p @ ¥y) (v O @)}

H = Gy {(w}i 67 ¥)(W' By 9) + (4 B 6"Yi)(~v* B 75 w)}

ct

Ho- o {( T 1) P50 - (7 7 )0 »}

H = G (Y B7s ¥)(V' B 9)

P p T "5

In these five types of interactions, the parity of the system of parent
nucleus and anti-neutrino (or atomic electron) is different from the
parity of the system of daughter nucleus and bete particle (or neutrino).

For each interaction type, the selection rules on spin and
parity of nuclear states can be derived. However, a final evaluation of
the beta transition probability requires a knowledge of nuclear structure.
By comparing measure ft values with the predictions based on a specific
nuclear model, we may obtain a test on the validity of the basic assump-
tions of the model.

Electron capture is expected to obey the same selection rules
as beta emission, since the same kind of nuclear matrix element is in-
volved., Positron emission and electron capture compete with each other,
the former being more probable when E, is large and Z is small. In fact,

very few positron emitters are found for large velues of Z. For elements
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with Z > 83, there is only one case of positron emission (Np°3“) as
compared to 82 cases of electron capture. The energles of poéitrons

emitted by high Zisotopes usually lie in the range from 1 to 3 Mev.

Gamma Emission and Internal Conversion--The de-excitation of a nucleus

can be accomplished by way of two different competing decay processes.

It may emit a gamma photon, or an atomic electron may be ejected carry-

ing awey the energy of de-excitation. Pair formation is also possible

if the energy of de-excitation is greater than 2 me< (m = electron mass).
The Hamiltonian for a system of particles and electromagnetic

field can be separated into a sum of three terms: the energy (kinetic

+ potential) of the particles in the absence of the radiation field,

the energy of the radiation field, and the interaction energy between

the barticles and the radiation field. In the non-relativistic approxi-

metion, we obtain in the coulomb geuge for the interaction energy the

expression:

e - eje
k < i~k
~ kCEA (rkz} + X

_ ex - -,
H o= - L {m - (5, x B (7)) - L=

K mye
where the AE(;;) term can be disregarded, for it belongs to processes of
second order. It is also to be noted that we have excluded velocity-
dependent forces among the particles whi.h may bring in additional in-

teraction terms.

Maxwell's electromagnetic theory gives the field equation:

- _ - > R c?
¢ oate o

with the Lorentz c0naition:

—’
div A =0



It can be shown that[:] commutes with the parity operator P and the-

angular momentum operator J dsfined by .

Pf (?)=f(3v) .

2> = =2 2 1 3 3 )
=L +8; L =- — 8in @ —
J sine ® N °) sin% g

00 00 i 0-1 Q
Sy = (001 8y = (000 s, = (100
io 100 000

The vector field A is therefore expressible in terms of the eigen-

functions of P, J° and J,:

A@ =L E@, M7
J M

)

The component field with the parity eigenvalue (-)L is called the

L+
) 1

electric multipole field, and that with eigenvalue (- is called

the magnetic multipole field. The multipole fileld belonging to the
eigenvalue L(L + 1)h< of the operator J2 is called a 2L-pole field.
In the classicel language, an electric EL-pole field is produced by
an oscillating electric ‘:L-pole, and a magnetic ZL-pole field by an
Oscillating magnetic 2L-pole. In. a transition caused by a 2L-pole
field, an angular momentum of IR units is radiated. In a way analog-

ous to that used in beta decay, we classify the gamma transitions as

follows:

Spin change 0 1l 2 3 ‘
Parity change El, M2 El, M2 Mz, E3 E3, M4

No parity change M1, E2 M, Ec E2, M3 M3, E4

As photons have spin 1, 0 - 0 transitions cannot take place for gamma

emission. Using the first term in Hint and the multipole expansion for
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K: we can calculate the probability for transitions of any multipole
order by the perturbation method. )
Internal conversion is supposedly brought abdut through an
intermediate state for which the energy conservation law may be violated.
There are two possible sets of intermediate states: (1) atomic electron
remains in its original state; the nucleus goes to its ground state after
the emission of photon. (2) the nucleus remains in its excited state;
the stomic electron goes to & state 1In the continuum after the emission
of & photon. In the coulomb gauge the coulomb interaction term in Hint
is responsible for this two-step process. The probaebility for internal
conversion is obtained with this term by perturbation calculations. If
we make the approximation that the nuclear volume is negligibly small,
we will find that the internal conversion coefficients and conversion
ratios are quantites which are independent of any assumptions as regards
nuclear models, for both internal conversion and gamma emission involve
the same nuclear matrix element. (Internal conversicon coefficient is
defined as the ratio of the transition probability for internal conversion
to that for gamma transition.) A crude approximation has shown that in-
ternal conversion is important for elements of high atomic number and
transitioa;.pf low transition energy and high multipole order. The trans-
ition pr;Labilities for both gamma emission and internal conversion de-
crease strongly with increasing multipole order. Usually it is only
necessary to consider transitions of the lowest multipole order allowed
by the selection rules. Sometimes radiations of both electric and magnetic

multipole types are observed in the same transition, such as ML and E2, and



El and M2, For internal conversion the same selection rules which
¢ hold for gemme emission apply with the only modification that 0 20

transitions are allowed.

The internal conversion coefficlents and conversion ratios
have been computed for many elements and transition emergies by vari-
ous authors. These provide us with a valuable means for making multi-

pole order and parity assignment to the transition in question.

Some Remarks on MNuclear Models

In recent years, the shell model as proposed by Mayer and
others and the collective model as proposed by Bohr and Mottelson have
met great success in the explanation of many nuclear properties., We
shkall briefly review the fundamental assumptions of these theories and

their implications in comnection with energy level schemes,

Shell Model--The nucleons are treated as non-interacting, each moving
in a common central potential field end with strong spin-orbit inter-

action. The Hamiltonian has the form:

-

H = +v(r) + £(r) s - T

Bl

where s and 1 are the spin angular momentum and orbital angular momentum
operators of the nucleon, and f(r) is some function of r depending on
the nature of the nuclear force. The stationary wavefunctions are of

the form:

an(r) 'l 3

J1
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where Rnl(r) satisfies the radial eguation:

1 d 2 dRy, | 8x2m A +1) : i

_— —_) E -V - R =0

L4 o2 & [—*zh ( - v(z)) - A

and Y?ig' i1s a simulatneous eingenfunction of the total angular momentum
P -

3’: T+ E: its z-component, and the orbitel angular momentum 1, Its ex-

plicit form is:

1 3
Y1 /209> @) = mfd m2=_§; c¥%(a,m;m1ms). PR LG

where ani is an eigenfunction of the orbital aﬁgular momentﬁm operator
and th is an eigenfunction of the spin angular momentum operator, and

ey l/Q(J;m;mlms) are constants. n, j, 1, m are the total quantum

number, total angular momentum quantum oumber, magnetic quantum number

for total anguler momentum and azimutkel quantum number, respectively, and

assume the values:

n o= 1,2, 3ccue.s
J = 1/2, 3/2, 5/2......
1 = 0,1, 2......
LY

The schematic diagram of the nuclear levels shown in Appendix.
Each state specified by n, 1, J, m ie 2 + 1 - fold degenerate., Because
of the coulomb force the proton level lies higher than the neutron level.
Moreover, for protons, orbits of higher 1 are favored, because orbits of
lower 1 penetrate deeper into the charged nuclear core. |

The following coupling scheme is then adopted: (i) An even

number of equivalent protons or neutrons (with same n and 1) with the



same j couple to zero angular momentum. We therefore ggﬁ the following
result for the ground state of even-even nuclei: O spin and even parit;.
No exception to this rule has been found. (2) An gdd number of equiva-
lent protons or neutrons with the same j couple to a;.angular momentum
J. It follows that the ground state spin of even odd nuclei is equal

to the angular momentum of the odd particle and the parity is odd or
even according as 1 of the odd particle is odd or even. A few exceptions
to this rule has been coserved. Na<3, Ti%7, Mn55, and Se79 have ground
state spin § - 1, instead of j. A third coupling rule is needed to
explain the higher megic numbers; namely, 28, 50, 82, and 126. (3)

The spin-orbit coupling splits the levels j =1 + 1 and j =1 - 1 with
the former lying lower than the latter. This splitting increases with
increasing values of 1. An additional coupling rule describes how
closely neighboring levels should be filled. It assumes that a negative
potential energy is connected with double occupancy of a level. This
energy is called the pairing energy and is an increasing function of 1.
For example, the nucleus Br79 with 35 protons should have a ground state
spin 5/2. However, the pairing energy favors the occupancy of the level
1f 5/2 by the proton pairs, leaving the 2p 3/2 level for the unpaired
proton. The configuration becomes°3 protons in 2p 3/2 level and 4 pro-
tons in 1f 5/2 level in addition to closed shell protons, in spite of
the fact that the 2p 3/2 level is lower than the 1f 5/2 level.

For odd-odd nuclei, no simple coupling rules could predict the

ground state spin and parity.



. .

As for the first excited states of even-even and even-odd
nuclel, the parity of any state can be found if the nucleon configura-
tion is given. 1In our picture of independent nucleons, the total wave-
function 1s the product of individual wavefunctiions each containing
the cocordinates of one nucleon. The resultant parity is the product
of the individual parities of the individual wavefunctions. The spins
of the excited states, in general, can not be rigorously derived. Even
if Pauli's principle is taken into account, the nucleons in incompletely
filled levels could couple their spins in various ways. By way of
illustration, we consider‘388r§§. The neutrons form a closed shell.

The protons fills the levels 3p 3/2 and 4f 5/2 completely. The excited
states should be a result of the excitation of a proton to a vacant
level. 3p 1/2 is the first vacant level. The excitation of a proton
from either 3p 3/2 or 4f 5/2 to this level gives rise to a state of
even parity. The measured character of the first excited state of 888
at 1.85 Mev is 2+. Hence, the spin is also .ompatible with th- shell
model expectetion. .

Anosper evidence which supports the shell model is the occurr-
ence of islands of isomers. Isomers are defined as rnuclides that can
exist in its excited states for a long time. It has been observed that
for odd A nuclei, isomers occur where the number of odd group of protons
or neutrons is between 38 and 50, 64 and 82, and 100 and 126. This
phenomenon is caused by the competition of two close-lying energy levels
differing by three or more enits of spin. The large spin change in the

transition is responsible for the long lifetime. The level order based
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on the shell model explain not only the regions where the isomers fall
but also the multipole type of the transition involved.

The shell model has also successfully predicted g- forbidden
transitions in beta decay. These transitions are characterized by a
change in the orbital anguler quantum number £. Without the additional
£-selection rules, many beta transitions would be classified as allowed
transitions in contradiction to observations.

However shell model fails to explain the large quadruple
moments of nuclei in the region 155 < mass number < 180. Nor can it
account for the occurrence of gamma transitions of eléctric quadruple
type of very short lifetimes.

Nevertheless it is believed that the shell model constitutes
a sterting point in formulating a good nuclear model. The next step is

to bring the internucleon interaction into the theory,

Collective Model--In the shell theory, the nucleons in closed shells
contribute to an average static potential fiel&; the energy levels are
to be interpreted only as excitations of nucleons not in closed shells.
The inadequacy of this procedure led us to take into consideration the
dynamical behavior of the nuclear core. As soon as the core is treated
as deformable, its number of degrees of freedom is enormously increased,
A simple hypothesis is to assume the core to be an irrotational and
incompressible flow of matter. With increasing number of nucleons out-
side of the core, the deformation of the core gets large on account of
the polarizing effect of the former. The core in general possess axial

symmetry for large deformations. For states of low excitation energles
°
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(below 1 Mev, say), the assumption is made that the nucleons in non-closed
shells move rapidly in their orbits around the core and the .core performs
slow surface oscillations (strong coupling approximation). The totél
éhgular momentum of the nucleus is shared among the core and the odd
nucleons; to be more precise, the sum of the projections along the
symmetry axls of the spins of the odd nucleons adds to the spin vector

R of the core to form the total angular momentum. A schematic diagram

of this coupling follows,

NUCLEAR SYMMETRY AXIS

Bohr and Mottelson have given the following expressions for the energies

of rotational states:
(1) For even-even nuclei
rot = % I(I + 1)

I = 0, 2, 4, ... even parity
(2) For odd-even nuclei

E.t = -g {1(x + 1(1, + 1) }

I =I5 Io+1, I+ 2, ...

same parity as ground state
If Q@ = 1/2, an extra term is to be included in the atove energy expression
and the simple sequence of states is spoiled, J is the moment ©of inertia

about an axis perpendicular to the symmetry axis.
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Evidence for the existence of rotational spectrum has been
found in numerous cases, especially in the region 155 < mmss number < 185.
Rotational (excited) states have distinct properties: (1) They have the _
same parity as the ground state and the sﬁin difference éf adjacent states
is either 1 or 2. (2) E 2 transition probabilities are greatly enhanced.
And (3) they conform to some simple energy ratios and branching ratios
of beta or gamma dccay frmmznn:state to different members of a rotational
band.

Scharff-Goldhaber and Wenecser studled the first and second ex-
cited states of the even-cven muclei in the region 66 < mass number < 150.
They found the follovwing regularities in the cmpirical data. (a) The
character of the first excited states is commonly 2 +, and that of the
sccond excited statcs is commonly 2 +, occasionally O +, 4 +, and odd
spin and odd parity. (t) The cnergy ratio of the second to the first
excited state fluctuates around 2.2. (c) Enhanced quadruple radiations
are emitted during the second to the first excited state transition as
well as the first to the ground state trensition. Since this region is
immediately adjacent to the rotational region, the existence of vibra-
tional states is suggested. These facts can be interpreted in terms of
small vibrations of the nuclear surface around the spherical equilibrium
shape. Calculations based on the collective model give the following

scheme for the first three vibrational states:
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The second exclted state is a degenerate triplet. The qualitative
agreement between experiment and theory is good.

'In conclusion, the collective model explains the regularities
exhibited in quadruple moment and energy of the first an& second ex-
cited states and enable us to classify nucleaf energy levels as both
particle and collective excitations. In view of the simple hypothesis
that is adopted in the theory, it 1s not surprising that little quanti-

tatlive success can be”cited.



CHAPTER II
EXPERIMENTAL METHODS

NaI(Tl) Seintilletion Spectrometer

Introduction--The main features of the Nel crystal are summarized:

1. It has a relatively short decay time - about 0;25 x
10'6 seconds. Theoretical calculations show that resolving
times as lov as 102 seconds are cbtainable.

2. There is a linear relationship between incident
gamma ray energy and output pulse height, at least between
the energy range 0.5 kev to 6 mev.

3. It is more efficient in converting absorbed energy
into light photons than any other phosphors known at present.

4. Monoenergetic gamma rays give rise to well-defined
"photopeaks” in the pulse height distribution. For NaI cone-
tains 85% by weight of iodine and the absorption coefficient
for photoelectric effect increases as the fourth pover of the
atomic number,

One disadvantage is its poor energy resolution. For a two
inch diameter by two inch height crystal the half-width of the peak
at 664 kev is about 9 per cent of the energy of the peak. It there-
fore, docs not offer a high degreec of accuracy in energy determination.

A schematic dlagram of the NaI(Tl) counter is shown in
Figure 1.

The physical processes involved are now briefly described.

o .
An incident gamma photon transfers the whole or part of its energy to
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electrons within the phosphor by one of the three processes: (1) photo-
electric effect, (2) Compton scattering, and (3) peir formation. Part
of the absorbed energy is emitted as light photons, with a decay time‘
charecteristic of the phosphor. When these rhotons fall on the cathode
of the photo-multiplier tube, photo-electrons are ejected. The number
of photo-electrons are then multiplied at the dynodes of the photo-~
multiplier. The final electron avalen-he arrives at the anode and

glves rise to & voltage pulse, which is to be amplified to some magnitude

suitable for triggering the pulse height anulyzer.

Resolving Time and Energy Resolution

Resolving Time--Tle output pulse from the phosphor appears

only at some time after the occurrence of the initiul ionizing event.

It 1s this time lag which sets the lower limit of the resolving time,
since it can only be determined stutistically. The chances of resolving
two light pulses separated by & time interval smuller than the resolving
time are slim. Thus if two gamma photons enter the crystal within a
time shorter than the resolving time, a photopeak will be formed at an
energy equal to the sum of the energies of the two gamma photons. This
fact will later be used in the analysis of the gamma spectra taken in
this study. It has been shown that for the presently known phosphors
the limit of resolving time is probably 3 x lO'lO seconds. Furthermore,
the time for light collection at the cathode of the photo-multiplier

and the transit time of electrons through the photo-multiplier also

add to the uncertainty in the Occurring time of the initjial ionizing

event. Because of the discharging and recharging of the capa.itors and
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stray capacitances present in the electronic circuit, a certain time
interval following the triggering is needed to allow the circuit to

return to its initial conditions. Ir twd pulses arrive‘within an in-
terval smaller than the rise time of the amplifier, the amplifier would
tend to overload and the second pu%ge would not be amplified faithfully.

As for the discriminator, a certain time must elapse following a previous
pulse before it can respond to0 & second pulse. This time which is required
for the recovery of the circuit can be taken as a measure of the resolving
time of the circuit. The overall resolving time of the detecting system

will be discussed in the following section.

Energy Resolution--The factors contributing to the fluctuations

in the magnitude of the output pulses of a monoenergetic gamma photon are,
first, variations in the intensities of light emitted at different loca-
tions inside the prhosphor and variation in light transmission through the
phosphor, secondly, nonuniform response over surfaces of cathode or dynodes
and the small number of electrons involved in the first few stages of the
photo-multiplier, and last, random noises in the amplifier and hum in the
photo-multiplier power supply. ' It is seen that improvements in energy
resolution can often be sought in the selection of crystals and photq-
multipliers and the design of the amplifier and high voltage supply
circuits. 'Large Phosphors generally have boorer energy resolution than
smell ones. elthough the latter are less efficient in detecting high energy

gamma rays,

Counting Rate--In order to minimize the counting loss and false discrimina-

tion of pulse amplitudes, we wish to know the overall resolving time of the



detecting system. The present apparatus consists of a sequence of com-
ponents, containing a Nal cbunter, a linear amplifier, a discriminator i
and thirty scalers. The discriminator haé & resolving time of about 4
microseconds, which is larger than the resolving times of the other
components, Following the discussions on efficiency of counters b&

Ruark and Brammer, we now show that overall resolving time is approxi-
matel; that o; t;; discriminator, and get some idea as to the fastest
counting rate permissible for the present espparatus if a 1% counting
error can be tolerated.

We assume that the counting rate is sufficiently slow so that
the chances of @ pulse arriving during the recovery time of the counter
and amplifier are negligible. Let the resolving time of the counter and
amplifier be ‘denoted by t. and that of the discriminator by ty. The
average rate of pulses delivered by the amplifier is

£ (1 - ft,) pulses per unit time

where f is'the average rate of incoming particles over an interval when
the detecting system is turned on. Of these pulses only those which

are separated by at least td - tc will be correctly sorted by the dis-
criminator., We have of course assumed that td is greater than t.. The
probability that no pulse occur in an interval after a previous pulse is

| exp (-£(t4-t.))
The pro@uct of the two expressions then gives the counting rate of the
whole detecting system. The scaler does not enter the discussion, for
it recovers after a count ‘evyen before the discriminator does. We there-
©cco om

fore have

counting rate = £ (1 - £t ) exp (-(td - %))




T

If fo4 is also small compared to one, we obtain approximately
counting rate = £ (1 - rty), . i
neglecting terms of higher order than ftd; Alg acc\mc& requires that
the counting rate be no higher than 2500 counts per second.
When the source is placed inside the crystal,.the crystal
serves as & qoincidence detector. Two particles which epter the
crystel within its resolving time will be recorded as coincident. We

shall employ the following notations.

N = number of disintegrations produced by the radioactive
source per second.

Ny = number of counts per gsecond actuated by particles of
type 1 (1 =1, 2).

By = efficiency of the crystal for the detection of particles
of type 1 (1 =1, 2). st @

N12 = real coincidence counts per second recorded by the crystal.
If the incoming particles are randomly distributed in time, we have the
following reletions: ‘

N) = NE), N, = RE,0K,;, = KE,E)
In addition, any two uncorrelated particles which happen to enter the
crystal within its resolving time will give rise to accidental coin-
cidence counfs. The accidental coincidence rate is given as ETNINZ, T
being theAreaolving time of the crystal. The accidental rate obviously
should not be larger than the real rate, If the accidental rate is set
equal t§ the real rate, we cbtain the upper limit to the source strength

as 1/2T. By taking T to be 3 x 10™ 20

seconds, the limit is found to be
40 millicurries. In our epparatus the discriminestor would become blocked

"before this limiting strength is reached. For fast single crystal summing
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system, it is expected that the resolving time of the crystal will con-

stitute the actual limit of the sourcé strength. ' B
The back-scattered photons 5136 contributes éo accidental

coincidence rate. If the geometry of the experimental setup is such

that the back-scattered photons are centered around a single energy,

a false peak ma& appear in the spectrum. There are further contribu-

tions to the accidental coincidences from background radiations, and,

if the source is a beta-emitter, from the beta particles emitted by

the source. These however, give rise to a smooth distribution which may

obscure weak photopeaks.

The Construction of a Scintillation Spectrometer

A block diagram of the spectrometer is as follows: P
MULTICHANNEL
CRYSTAL FHOTOMULTIPLIER DIFFERENTIAL [ | DECADE
‘ ANALYZER
PREAMPLIFIER [ avpiies ]
AMPLIFIER OSCILLOSCOPE

Crystals--A cylindrical hole of 1/4 inch diemeter was drilled along the
axis, so that the radioactive sample can be .placed #t.the center of the
grystal to produce summing effect. The occurrence of summing is explained
by the fact that the nuclear life time against radioactive transitions ‘is
of the order of 10”13 seconds. Thus two gamms rays related ﬁy such &

transition will be recognized by the crystal as simultaneous and a single
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" photopeak corresponding to an energy equal to the sum of thé energies
of the two gamme rays will be produced. Since the crystal must be
protected against moisture, one end of the crystal is covered with
glass and the remaining part of the surface is first coated with a
layer of ﬂgo powder and then sealed in an aluminum can. MEO powder
provides better light reflection. The cryétal is coupled to the top
surface of the photomultiplier with silicone oil for good optical
contact. Nal (T1l) crystal of three different sizes including 2 inch
diameter by two inch height, 3 inch by 3 inch, and 5 inch by 4 inch,
were used. The = inch by 2 inch one was found most satisfactory in
so far as energy resolution and summing effect are concerned., The
5 inch by 4 inch one was used to detect weak summing at energies
beyond one mev. |

Photomultiplier and Associated Power Supply--A Dumont 6364

type photomultiplier was used. The potentials between the dynodes
can be varied between 90 to 140 volts by adjusting a variasble resistor
in series with the power supply. Thé higher potential between the first
dynode and the cathode improves energy resolution. The photomultiplier
was shielded with mu-metal against outside magnetic field.

In a voltage-stabilized power supply, the stability of out-
put voltage depends on the stability of the reference voltage. Higin- P
botham found that 5651 VR tube is satisfactory as regards voltage drift
and témperature coefficient. The circuit shown in Figure 2 is a modified
form of the one designed by him. A half-wave voltage doubler furnishes
the high vol@®age to be stabilized. The usual regulating device employ-

ing a difference amplifier was used to stabilize both the high and low
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voltages. It is capable of delivering 2 ma &t -1%00 volts. The peak
value of the ripple voltage is less thanio.03'vo;ts ahd_the voltage drift
18 less than 0.1% for long periods. '

Linear Amplifier.--The linear amplifier is divided into three
parts, a preamplifier with a gain of about one, and two amplifing units
vith (maximm) gain of sbout 50 each, all connected by RG-62/U coaxial
cables. Besides the usual requirements for a good linear amplifier:
linearity, stability and fast rise time, for pulse height analysis it
is also necessary that the amplifier does not overload easily. If grid
current flows after a lafge positive pulse, the coupling condenser will
be charged and the grid bias will be shifted. With an amplifier of not
more than three amplifying stages linearity and stability can be easily
achieved by negative feedback. The rise time is determined by the load
resistance and the total load shunt capacitance of the various stages of
the amplifier. Figure 3 shows the preambllfier and the first part of the
main emplifier, and Figure 4 shows the second part of the main amplifier.
The preamplifier also serves to invert the phase of tgs Eylse from the
photo-multiplier. The rise time of each unit of the amplifier is sbout
0.1 microseconds. When the discriminator bias is set for analysis of
small pulses, the presence of large'pulses in undesirable. For the pur-
pose of clipping the posf!ive gignal at the input of the second unit of
the main amplifier, a clipper circuit using a 6AH6 tube is connected with
the grid assuming one of the three different D. C. potentials depending
on the discriminator bias setting such that the input signal after ampli-

fication does not overload the trigger tubes.
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Multi-Channel Differentiul Analyzer--A multi-channel different-
ial enelyzer is a device for taking pulse height distriyution. At present
stage of nuclear spectros.opy, the design of a fast multi-channel analyzer
is of considerable interest. A block diagram of the analyzer used in this
study is shown in Figure 5. .

Discrimination is obtaiﬁed by biasing the trigger tubes beyond
cutoff at successively lower but equally spaced voltages. FEach channel
takes two trigger circuits for its lower and higher boundaries; its width
is given by the bias difference of the two trigger levels. For statisti-
cel accuracy, the boundaries must be maintained as stable as possible.

The above-shown analyzer has & channel width of 3 volts, and therefore

e 2% width stability requires that the boundary should be stable within
0.1 volt. The gated-beam tube 6BN6 provides a sharp trigger level and
can be driven to over 100 volts positive without overloading. Width
stebility is improved by connecting &ll filaments of the 6BN6's in series
to avoid any relative boundary drift. In general this type of tube is
quite sutisfactory for its use as trigger tube. But it has &t least one
drawback, that 1s, its cutoff voltage shows notable changes after being
in use for periods of several days. The input signal is lengthened to

& duration of 4 microseconds for proper triggering of the univibratérs.
This also fixes the resolving time of the analyzer. The negat:yﬁ 2&gnal
from the plate of the trigger tube actuate & sudden change of state in
the univibrator. The right-hand side tube which is normally conducting,
is now cutoff, and the left-hand side tube is fired. The univibrator re-

turns to its normal state after a certain recovery time dominated by the



duration of the triggering signal. .A recovery time of 4 microseconds

can be chosen for all the univibrators by adjusting the tfimner cﬁndenaer.
The negative and positive pulses from the plates are 30 and 20 volts
respectively. The negative pulse of one trigger level is mixed with

the positive pulse of the next higher lgyel thrqugh resistors leading

to the grid of an anticoincidence tupe. If the upper level is not
triggered, no cancellation of pulses is possible, the anticoincidence
tube of the lower level fires and a count is ;ecorded by the following
scaler. Since the input signal has & finite rise time, it appears later
at the higher level than at the lower level. A gate signal is thus need-
ed to insure that no count is registered when there is actually an anti-
coincidence. The gate signal is coupled to the cathodes of the anticoin-
cidence tubes and cén be chosen of length 2 to 3 microseconds. The time
relationshi@®is such that no registering pulse is formed until 2 to 3
microseconds after the arrival of the input signal.

A multiple position switch provides three different blas settings
for the discriminator. When the switch is in position 2 or 3, the bias volt-
sges ga@pive to ground are 152, 149,.....42 volts or 265, 262,444,155
volts instead of 39, 36,.....-61 volts as in position 1. Hence ninety
channels are available, if measurements are taken at three different bias
settings "
®  ® e equality of channel width is best achei@i %iti®the use of
a sliding pulser. By changing the plate resistors of the 6BN6's or the
tubes themselyes enough bias variations can be obtained for boundary

ad justment.
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Decade Scaler--The construction of the scalers is greatly

facilitated by the use of Philips EIT tubes, which reduce the number -
of tubes and other components in the cirvuit. Each scﬁler contains a
univibrator, a scale-of-four and five stages of EIT tubes. The scale-of-
four is necessary because the EIT tube has a recovery time of about ten
microseconds. Zero-setting of the EIT tube is accomplished by means of
a coupling condenser. The value of this condenser at the first stage
must be kept small, since it determines to a large extent the recovery
time of the tube. The electron beafkinside the tube has ten stable
positions. A pulse of proper shape and magnitube applied to the right
deflection plate will move the beam from one position to the next. The
usual troubles encountered in the operation are "skipping", resetting
not to zero, and "sticking". These can often be overcome by chenging
the values of the anode resistor, the coupling condenser, and the control
grid voltage. A circuit diagram of the scaler is shown in Figure 7.

The oscilloscope used is a Tektronix type 531. The +265 and
-210 volts, +360 volts and +1050 volts power supplies are of the usual

electronically regulated type. All 110 A. C. input voltages were also

regulated.
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CHAPTER III
RESULTS . -
e - The study of nuclear structure is still at its early stage.

Its difficulty is pertly due to the mathematical complexity involved
in the application of qQquantum mechanics to a many-body system. Besides, .
we knéw little about the nature of the forces which hold together the
nucleons. One of the goals of meson theory is the understanding of nuclear
forces. In view of our lack of any aﬁtisfactory meson theory, we can at

.'best assume a model for the nucleus and explain the nuclear phenomena on'
the basis of the model.

In the present study we are concerned with the energies and
relative intensities of the gamma-rays emitted by artificial radiocactive
nuclei and the coincidence relations among them. The production of
radioactivitles were accomplished by means of three different methods:
slow neutron cepture, deuteron bombardment and bremsstrahlung irradiation.
One possibility is that the bombardpd nucleus is left in an isomeric
state and it then returns toc the ground state by emitting one or more
gamme-rays. Another possibility is that tﬁe resulting nucleus 1s un-
stable against beta-decay and gamma rays are emitted following beta
emissioﬁ. In either case the measurement of the energies and intensity
ratios of the gamma-rays yields information concerning energy levels of
the gamma-emitting nucleus. When an energy level diagram is definitely
established, other features of the levels, such as, spin and parity can

be found by angular correlation or intermal conversié% measurements.




-38-

An aim-'n.pt i1l al’sd Pe made to 1nte°rpret £R° observed results

in terms of shell model or collective model. : ;

2
Cu6* ang ci1 Aﬁggl.

Due to the presence of scatteriang peaks the interpretation of
svintillation spectra is not always straightforwerd. These peaks arise
és & result of Compton scatterings taking place in the surroundings of
the crystal or the edges of the crystal and resemble the photopeaks of
gamma rays. The first three examples may illustrate this point.

A copper cylinder of 1/4 inch in diameter and one inch long was
used to produce the 9.8 minute 8ctivity Of CU DY (pidasBRaibiineseiiiC ecsnssrorsorsssnssnes
0.7 mev peak in the summed spectrum (figure 9) can be'explained if one
assumes that a 0.2 mev gamma ray follows the positron emission. If this
is the case, one expects to find a sum peak at 1.2Z mev correspondingz to |
a coincidence of this gamma ray and a pair of annihilation photons. But
such a peak was not found. For further study the spectra of Cll, which
is known to be a pure positron emitter, were measured. The source was a
lu:ite cylinder of one inch length and 1/4 inch diemeter. The same pro-
cedures in the measurement of Cu62 were also followed here, and the spectra
(figures 10 and 11) were normalized for easy comparison. The main differ-
ence between the spectra of the two isotopes seems to be the presence of
a 0.7 mev peak in one but not in the other, However, a similar peak
arises in cil spectrum, if the source (of smaller diameter) is enclosed
in a 1/16 inch thick copper container (figure 12). The false peak can
thus be ascribed to Compton scattering in copper.

Reid end Wright have shown that tpere is no gumma ray in the

range 0.1 - 1.2 mev in the decay of Cu6a. Our search for gamma rays
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beyond 1.22 mev obtains negative results. It can therefore be concluded

that Cu62 decays to the ground state of N162 solely by positron emission.

e’ (7,26,15)

Cork and collsborators have reported that in the decay of this
1sotope six gamma rays are present with energies 14.6, 29, 99.8, 122.8,
137.4, and 400 kev. By means of coulomb excitation Temmer and Heydenburg
have found an excited level at 137 kev in Fe57. Delayed coincidence meas-
urements showed that this level decays either to the ground level or to a
metastable level at 14 kev and thence to the grund level.

The source used in our work was obtained from Oak Ridge National
Leboratory. It was prepared by proton bombardment of nickel. The summed
spectrum shows a peak at 225 kev. When the sou?ce is moved to a distance
of 6 inches from the crystal, this peak venished. It is further noted
that in the normal spectrum (figure 13) a peak exists at about 95 kev
and its intensity is reduced when the source is inside the crystal. One
is tempted to say that an excited level exists at 225 kev in Fe57. How-
ever, the sum peak 1s too weak to account for the large intensity reducticn
of the 95 kev peak. From energy considerations the 95 kev peak mey corres-
pond to the Compton scattering of the 123 and 137 kev gamma rays. Gamma-
gamma coincidence measurements also failed to show any cascade relation
between this and the latter two gamma rays. ‘It is then concluded that
the 225 kev peak representé the sum of the 123 or 137 gamma rays and the
backscattered photons.

° * Neither the 29 kev gamma rey nor positron annihilation photons

were found. The 700 kev gamma ray is weak compared to other gamma rays
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observed; it does not seem to be affected by bming effect. It might
be from some impurity in the source. Tlege results confirm the decay

scheme proposed by other authors.

rRp86  (8,24,34)

In 1954 and 1955 it was reported that besides the 1.08 mev
gamma ray and 0.71 and 1.8 mev beta particles, other gamma ray and beta
particle are present in the decay of this isotope. Our sample was ob-
tained from Oak Ridge National Laboratory. In the normal and summed
spectra shown in Figures 14 and 15 it 1s impossible to identify any
Other gamma ray besides the one at 1.08 mev due to the strong brems-

strahlung of the beta particles.
On the basis of the shell model the ground state configurations

]
can be given as below:

in closed shell,
in 3p 3/2
in 4f 5/2

388r$g: protons: 28

L
6
neutrons: 8 in closed shell
4 in 3p 3/2
6 in 4f 5/2
2 in 3p 1/2
8 in 5g 9/2
8 in closed shell
L
5
8
4
6

in 3p 3/2
in 4f 5/2

ZfBTRbgg: protons:

in closed shell
in 3p 3/2
in 4f£ 5/2

2 in 3p 1/2

9 in 5g 9/2

€
The ground state spin for,Sr86 is expected to be 0 +. Nord-

neutrons:

heim's rule predicts a ground state spin of 2 for Rb86 (Nordheim's ™Mle
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states that if the odd proton and neutron groups have different relative.

orientation of intrinsic spin and orbital angular momentum then,tyeir °

resultant spins subtract, otherwise they add to a value greater than .
the smallest possible one. This rule fits the observed spins of many
odd-odd nuclei.).:

The ft values for the ground to ground, and ground to the '
excited state transitions from Rb to Sr are 8.5 and 7.8, respectively,

according to Pohm et al. The selection rule for once forbidden beta

transition requires th#® the ground state parity of Rb be odd, and the |
pParity of the excited state of Sr be even,

In terms of single particle excitation, tl.e ground to ground
beta transition is accomplished by transforming a 5g 9/2 neutron into }
a 4f 5/2 proton. If this neutron is changed into a proton in some other ;
levels, 3p 1/2 or 5g 9/2 & number of final states of various spins would o -
be allowed by selection rules and it would bedifficult to explain the
predominance of just one gemma transition in RbSP. (By addition of
eangular momentum, & f 5/2 proton and a p 1/2 proton can give levels
with total angular momentum 2 and 3. Similarly, a f 5/2 proton- end
a g 9/2 proton can give levels with total angular momentum 2, 3, 4, 5,
6, and 7. Five of these levels; namely, (f 5/2, p 1/.2)2,3 and (f 5/2,
sw9/2)2’3,4 are allowed by selection rules.) On the otler hand, 1if the

excited level is interpreted as a vibrational level, this would be the

only possible vibrational level on energy consideration and a consistent

assignment of spin 2 + can also be made.




Cr51 (&)

Using a Nal scintillator, Bisi and Germagnolli found & new line

o1 ith energy at 624 kev. They did not exclude the

in the decay of Cr
possibility of a weak transition from the proposed level at 6.+ kev to
the one at 324 kev. The sample was supplied by Ouk R;dge Nationsl
Laboratory. The normal spectrum (f.gure 16) was tauken .ith the source
at a distance 6 l/c inches from the crystal. In addition to the strong
line at 325 kev, a weak one does exist ut 630 kev supperposed upon a
continuous distribution. The height ratio of the two peaks remuain con-
stant over a period of 40 days, indicating that they probably belong

to the same activity. Several summed spectra were obtained with differ-
ent source strengths, the height of tq;.weak %ine relative to the strong
one decreases with decreasing source strengths and the spectrum finally
becomes essentlally identical with the normal spectrum. This indicates
that coincidences occurred between gamme photons and back scattered
photons. We therefore concluded that there is no transition from the
624 kev level to the 325 kev level.

The assignment of shell model configurations is straig.tforward.

auCrsl: protons: 20 in closed shell
4 in 4f 7/2

neutrons: 20 1in closed shell
7 in 4f 7/2

23V51 : protons: 0 in closed shell
! 3 in 4f 7/2

neutrons: <0 in closed shell
8 in 4f 7/2

We thus expect the ground level character for both isotopes to be T/2-.

i
-
l
{
}
,1
1
!
!
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The beta transition from the ground state of Cr51

to the 624 kev level

in Vsl is most likely once forbidden. The 624 level muét therefore

have even parity. Between proton numbers 20 and 50, the only level
which cen give rise to an even parity is 5g 9/-. This also agress

with the expectation that for protons an ordbit _f higher orbital momentum
is favored. As for the 324 kev level, it should have odd parity as re-
quired by the beta selection rules., Together with l-selection rule we
are left with the only possible level 4f 5’2. This essignment seems to

be consistent with our data.

Ta18¢m (46,1)

In 1950 Wilkinsoﬁ, using aluminum absorption techniques, found
that conversion electrons, beta particles and gamma ra;; were present i:.
the decay of Talacm in the ratios of A 0.2: A 0.05:1. In 1951 Sunysr
determined the conversion coefficient for the gemme ray of energy 180
kev from the ratio of the K x-rays intensity to the gamma intensity by
means of & scintillation counter. oy wes found . be 0.8 + 0.3 on the
assumption that only one gamma ray was involved in the decay.

A thin foil of tantalum metal was bombarded for one-half hour
with 7.8 mev deuterons. Spectra was taken immediately after bombardment.
The normal spectrum, Figure 17, consisted of intense lines at 70 kev and
170 kev and weak lines at 340 kev and 510 kev. The decay of each of theée
lines was followed and the three lowest energy lines were found to have
identical half-lives of 16.5 minutes. The 510 kev’line has & 1O-minute

.half-1life and does not appear to be associated with the other lines. Its

origin is not now known.

A0 A
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The sum spectrum, Figure 18, shows several interesting features.
First, the line at 170 kev is greatly depleted relative to the 70 kev
line. Second, the line at 340 kev is somewhat strengthened. Third, a
nevw line appears in the region of 230 kev.

The 70 kev line is interpreted as being the K x-ray line
arising from the electron capture in the decay of the metastable state.
The new line in the sum spe.trum at =30 kev is due to the summing of
the 70 kev x-ray line with another un.onverted gamme ray of about 170
kev energy. The increased intensity of the 340 kev peak arises from
the summing of the two gamma rays in the region of 170 kev each. A
decay scheme consistent with these observations is shown in Figure 18.
Similar results were obtained by P. Axel and A. W. Sunyar, but the

details of their measurements have not been published.

c13+  (43,16,31)

A 33-minute activity was produced in chlorine when bombarded
by the x-rays from an 80 mev synchrotron beem. The normal spe.trum,
Pigure 19, shows an intense line at 0.145 mev with weaker gamma lines
at 1.16 and £.10 mev. A peak at 0.51 mev arises from the positron
annihilation. The chief feature of the sum spectrum, Figure .0, is
the laék of summing by the strong 0.145 mev line. Peaks were found
which arise from the summing of the annihilation radiation with the
1.16 mev and 2.10 mev lines &as well a8 a line at 3.2 mev arisingfrom
the sumﬁing of the 1.16 mev and 2.10 mev gamma rays. These data are

-
‘consistent with the decay scheme proposed by Strehelin and Preiswerk.

Based on the experimental results on beta transitions and angular e
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correlation, the values for spin O, 2, <, and all even parity can be
assigned to the ground state and the two excited states. A shell -

model interpretation of the levels was made by Morinaga and Bleuler.

21&?5 (23,18,14)

By means of photographic internal conversion electron spectro-
meters and a scintillation coincidence spectrometer, Jordon and others
were able to propose a decay scheme for Dy‘ltssm (1.2 min.) and Dyl65
(2.3 hr.). We have studied the 2.3 hour activity by our method. Thé
source wgs prepared by slow neutron bombardment of dysprosium oxide.

The spe.tra are shown in Figures -1 and «-. From the normal spe.trum
it is seen that six gamma rays with energies 0.094, 0..79, 0.361, 0.634,
0.710 and 1.0z mev are present. The sum spectrum shows that the 0.094
mev line is not summed and therefore must correspond to ground state

If we take the 0.094 mev line as a reference and compare

O.a
the heights of the other lines, we observe that the intensity of the

transition.

1.02 mev line is strengthened while the other four lines &re weakened.
It can be concluded that the 0.279 and 0.710 mev as well as the 0.361
and 0.634 mev gamma rays are coincident. These results are consistent
with the decay scheme proposed by Jordan, Cork, wnd Burson.

By means of coulomb excitwtion Heydenburg und Temmer estublished
rotutional levels in Ho165 at 94 kev and 208 kev. The meusured spin of

Hol65 ig 7/=. Shell model gives the following configuration for the

ground stute of H0165.
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protons: 50 in closed shell
7 in 5g¢ 7/2
6 in 44 5/:=
4 in 6h 11/2
neutrons: 82 in closed shells

6 in 5¢ 7/&
10 in 6h 9/< ¢

It follows that the &round state of Hol65 is even. The
chara.ter of the level at 9+ kev is then expected to be 9/& +.
The log ft vulues of beta transitions from Dy165 to 50165 were

reported by Goldhuber and Hill.

energy log £t

1.<5 mev 6.15 once forbidden
0.8 " 6.5« on.e forbidden
Q.4 " 5.44 allowed

The ground state configuration for Dy165 is possibly as

follows.

in closed shells
in 5g 7/a
in 4d 5/<
in 6h 11/2

protons: 5

+ONONO .

neutrons: 8z in closed shells
7 in 5f 7/=

10 in 6h 9/2
The absence of beta transitions to the second and fourth excited states
may be an indication that the configuruations of these levels are relative-
ly pure. An assignment of d 3/2 to the second excited level seems to be
the only one consistent with this picture of single particle excitetion.
Tt.e weak transition from the fourth excited level to the ground level

favors the assignment of h 11/2 to the former. The 1.02 mev level may

have mixed configuration with a spin 7/2.




Tc% . (29) 30111:1“4)

Medicus and others measured the conversion electrons with a
magnetic lens spectrometer. Five gamma rays were found at 312, 771, 806,
B4z, and 1119 kev with intensity ratios 0.0052: 1.00: -0.82: 1.00: 0.17.
Gamma-gamma coincidence measurements with both Bi a&d brass cathode
counters revealed that the 771, 806, and 842 kev gammss are in three-
fold cascade. From coincidence rate and intensity considerations they
concluded that the 1119 kev, 842, and 771 kev gammas are also in three-
fold cascade. In the product of 7.8 mev deuteron bombardment of molybdenum
metal foll, this 4.35 days activity in Tc was identified by lifetime
measurement. The normal spectrum (not shown) shows gamma lines at
energies 0.14, 0.82, and 1.1 mev. In the sum spectrum, shown in Figure
23, new lines appear at 1.65, 1.93, 2.42, and 2.69 mev. This may be
interpreted as follows. The 2.7 mev line is the sum of 1119, 842, and
771 kev lines. The 2.42 mev line is the sum of 806, 84z, and 771 kev
lines. The 1.93 mev line is the sum of 1119, and 842, or 771 lines.
And the 1.65 mev line corresponds to the sum of any two of the 771, 806,
and 842 kev lines. The 312 kev gamma is too weask to be detected. The
0.14 mev line resulted from the decay of Tc99m, the daughter product of
Mo99. Hence the 0.82 mev line comprises also the 0.7+ and 0.78 mev gamma
reys from M099. S8ince the source was weak, it can not be definitely
decided whether there are other cross-over transitions besides the 1190
kev one. The partial decay scheme confirmed by the pPresent results are
drawn in solid lines in-Figure 24,

Heydenburg and Temmer found a 2 + level at 778 kev in M6 by

coulomb excitation. This corresponds to the first excited state in our
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decay scheme. We may expect that the first three excited levels are
vibrational.in origin. A possible assignment of spins and parities
is 0 +, 2 +, 4 +, 6 +,end 4 +, assuming that no cross-over trensitions

proceed from the third and fourth excited levels to lower levels.

agto8  (33)

Perlman anc others examined the 2.3 minutes activity in Ag
with scintillators and a coincidence gray-wedge spectrometer. They
found three gemma rays at energies 435, 510, and 612 kev. Coincidence
measurements. indicated that e 60: kev gamma rey is in coincidence with
the 435 kev gemma ray. The dual nature of the decay was confirmed by
x-rey-gamma-rey and beta-gamma ray coincidence measurements. We pro-
duced this activity by slow neutron irradiations of Agao. The reported
gamma rays were observed widh the same lifetime of about 2.3 minutes.
The occurrence of a new line at 1.0Z2 mev in the sum spectrum (figure 25)
leads to the conclusion that the 0.43 and 0.6l mev gamma rays are in
coincidence and the 0.51 mev line corresponds to positron emission,
since the relative intensities of the three lines were not appreciably
affected by summing. No summing was noticed between the 0.51 mev line
and other lines. So the positron emission must lead to the ground state
of Pd108 The broed peek at 0.12 mev 1s due to the beta particles emit-

.

ted, as beta transitions accounts for more than 90 per cent of the decey.
The two daughter nuclel Cd108 and Pdlo8 are even-even. We
expect their ground state characters to be O +. Without conversion data

we can not be certain about the characters of the excited levels.
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sml33  (18,9)

The source was supplied by Oak Ridge National Laboratory.

In & preliminary run, no prominent peaks could be seen beyond 170 kev
in the sum spectrum. Efforts were made to suppress the 42 kev K x-ray
arising from the conversion of the 70 kev transition. It was then
found the 1/16 inch thick copper suffices to serve the purpose. Only
the sum spectrum is shown (figure 26, the high energy part of the sum
spectrum es insert). Since the high energy gamma rays are very weuak
compared to the 100 kev gamme ray, gain instebility of the photomulti-
plier made energy calibration more difficult. Extensive runs show that
sum peaks exist at 0.63 and 0.71 mev, and thut the 0.1l75 mev peek is
strengthened. In the normal spectrum five peaks are present at 0.07,
0.10, 0.175, 0.53, &and 0.60 mev. Various investigetors seem to agree
on the existence of levels at 100 and 170 kev in Eu153. From coinecid-
ence measurements with solid scintillators, Dubey and others deduced
the existence of another level at 700 kev. They proposed a decay scheme
for Sm153, and discussed éLeeépin and parity of euch level on basis of
shell model. The level scheme proposed by them is shown in Figure 26
and egrees with our results.

By means of coulomb excitations Heydenburg and Temmer found
two rotational levels at 102 kev and 171 kev in Eu153. Subsequent work on
the decay of Gd153 to Eu153 also falls to give evidence of‘guch excited
levels. We recall that in the decay of Dylss the first rotational level
at 94 kev is not reached from the upper stetes by gamma trunsitions.

The explanation of this apparent disagreement may be found by actually
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évaluating the transition probability from a level arisen from particle

excitation to one arisen from collective excitation.

Conclusions

The single crystal gamma-summing method has the following
advantages: (a) The energy leveis of the daughter isotope are represented
in the sum spectrum by sum peaks, if they do not decay directly to the
ground level; if they decay both to the ground level and an excited level,
the photo-peak corresponding to the ground transition will be enhanced.

In any case, this method is simple in identifying the energy levels of

the daughter isotope. (b) The coincidence rate is increased over that

of the two-counter coincidence method, because the solid angle subtended
by the counter is nearly 4n. (c) The number of electronic components is
minimized and therefore, there is less chance of error. In spite of these,
this method has never been widely used in nuclear spectrometry. The chief
Obstacle is the fact that Nal crystal is not suited for analysis of com-
Plex spectre. In the decay of heavy isotopes, a 1% energy resolution is
often needed to resolve all gamma lines. (Energy resoltition is aefined

as the ratio between the half-width of the line to its energy.) The best
resolution for Nal is 6-8% for the 662 kev line of Cs137., Besides, the
Compton distribution obscures the low energy part of spectra. It is hope-
ful thet a liquid scintillator can be found with all the good features

of Nal crystal and yet superior as regards resolving power.
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