GAMMA - GAMMA COINCIDENCE

and ANGULAR CORRELATION INVESTIGATIONS

A Thesis
Submitted to the
Faculty of Graduate 3Studies
University of Manitoba
in partisl fulfillment of the
requirements for the degree of

Master of Science (Physicas)

by

ANDREW JOHN DILAY

July, 1965




GAMMA - GAMMA GOINCIDENCE
and

ANGULAR CORRELATION INVESTIGATIONS

- g thesis submitted to the Faculty of Graduate Studies,
University of Manitoba, in partial fulfillment of the
requirements for the degree of Master of Science (Physics)

by Andrew John Dilay, July, 1965.
ABSTRACT

A gamma~-gemma coincidence and 1i=-position
angular correlation spectrometer capable of automatic op-
eration is described and tested. In the decay of Se75,
gamma. spectra in coincidence with the 122 kev-and the weak
199 kev gamma rays have been investigated by a fast-slow
coincidence technique (2T = 70 nanoseconds). A gamma-
gamma angular correlation run is performed on the 199-66
kev cascade and the walue of &+ for the spin of the 199 kev

75

level in As is substantiated. Finally, some festures

of the high-energy (> 402 kev) region are described.
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Chapter 1.

INTRODUCTION

A fundamental purpose of nuclear physics studies
is the obtaining of information which will make 1t possible
to understand the elemental basis of nuclear structure,

Such an understanding is absolutely necessary if man desires
to utilize fully the potentislities of the atomic nucleus,
either as an energy source or as a mesns for providing
knowledge that will contribute to the enrichment of human
life.

A theoretical treatment of nuclear structure
1s considerably more complex than a corresponding treat-
ment of atomic structure, primarily because the basic law
of nuclear force still remains, to a great part, a mystery.
With the advancement of the quantum theory came an ess-
entially complete solution to the stomic problem since the
only difficulties met lay in the application of quantum
mechanics to systems governed entirely by the well known
laws of electrodynsmics. However, we have only the very
barest phenomenological picture of the forces acting bet-

Wween nucleons. 1In fact, there is even doubt as to whether




2e
we cen justiflably regard the nucleons ss elementary part-
icles. Consequently, although there has been gathered an
abundance of data and facts about nuclei, we have as yetb
been unsuccessful in our attempts to unite the faects into
a consistent theory of the nucleus., We can merely describe
various approaches to the problem, indicate the extent to
which they have been successful, snd also point out where
they have broken down.

Historically, Becquerel's discovery of nat-
ural radiosctivity in 1896, an indirect ¢conseauence of
Roentgen's discovery of x-rays several months earlier,
marked the birth of nuclear physics. Subsequent invest-
igations divided the radiation into three distinct types
now known as alpha, beta and gemma rays. In 1911 Ernest
Rutherford laid the foundation of the modern theory of
atomic structure with his classical paper in which he pos-
tulated that the atom consists not of a uniform sphere of
positive charge (J. J. Thomson's plum-pudding model), but
that all positive charge is concentrated in a relatively
small region at the centre of the atom. This region was
later called the nucleus of the atom. In 1919 Lord Ruth-
erford broke up certain of these atomic nuclei and in 193L

Joliet and Curie showed that some of these artificial




3.
nuclel were themselves radioactive, thus initisting an ent-
irely new brench of research. Further studies have strongly
pointed to the existence of energy levels within the nucleus
itself, just as spectroscopic investigstions showed the exis-
tence of atomic energy levels. This thesis 'will be con-
cerned with a brénch of nuclear spectroscopy, which is gen-
erally concerned with systematic arrangement snd identifi-
cation of the aforementioned nuclear energy levels.

In particular, we consider gamma ray spectros-
Copy. Gamma rays are electromagnetic radiation emitted from
certain atomié nuclei due to some type of rearrsngement with-
in the nuclei leading to a lower energy content. Under the

suppositions that there are a number of discrete energy

levels within the nucleus and that ordinarily a nucleus is in

the ground state, we consider the circumstances which must
prevail in order for a nucleus to exist in an exé¢ited state.
Experimentally, we find that alphsa emitters exhibiting dis~
crete alpha spectra are also gamma emitters, and similarly
beta emitters are often gamma emitters. Subsequent energy
measurements of the various radiations, together with the

theory of beta decay, indicated that gaﬁma emission 1is a

result of a product nucleus being left in an excited state,

i.e, @& nucleus in its ground state cannot emit any gamma




radiation, so gamma decay occurs only as a consequence of
those instances of alpha or beta emission, or electron cap-
ture, where the product nucleus is left in an excited state.
A nucleus can also be excited in a scattering experiment, in
which case it will emit gamma rays if the degree of excit-
ation is insufficient for it to emit a particle. This im-
plies that'the last stages of most nuclear reactions involve
gamma emissions.

Gamma ray spectroscopy provides a major source
of knowledge of low-lying nuclear energy levels. This follows
from the fact that gamms rays carry away angular momentum
and explain changes in angular momentum, parity, and energy
between the excited levels of a nucleus. Various specialiged
experimental techniques involve variations of what is refer-
red to as the coincidence method, first introduced by Bothe
and Geiger in 1925. One observes two or more ionizing events
as detected by two or more respective detectors, which events
have taken place within & predetermined %ime interval. In
particular, we shall apply the coincidence method to gamma-
gamma angular correlation studies wherein we shall record the
coincidence counting rate of two successive gamma rays as a

function of the angle between the propagation vectors of the

gamma rays. Such a measurement ensbles one to calculate,
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under favorable circumstances, the angular momenta of the rel-

evant energy levels.
A pair of NaI(Tl) scintillation spectrometers
served as the detectors in the coincidence and angular cor-

relation work. The scintillation counter is discussed in

the following chapter.
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Chapter 2.

T HE SCINTILLATION SPECTROMETER

Gamma ray spectroscopy is vitally dependent on
accurate determinations of the gamma energies. However, one
cannot, in general, use the same principles in gamma energy
determinations as are used in energy determinations of charged
barticles. In the first place, gamma photons are uncharged,
thus ruling out magnetie spectrometer methods., Secondly, the
absorption of gamma. rays by mabtter teakes place not in a con-
tinuous fashion as does absorption of charged particles, but
rather in a "yes - no" process in which aborption and scat-
tering occur in single events. Thisg implies that in obsery-
ing a well dollimated beam of gamma reys incident on some ab-
sorber, the collimated gamma rays which remain unattenugted
have experienced virtually no absorption nor scattering, and
conversely, any gamma rays which have experienced either ab-
sorption or scattering will be removed from the beam. 1i,s,
There is either complete attenuation or none at all. Obviousg-
ly this rules out energy determinations based on range meas-

urements.




Te
is found that the most significant of the possible interactions
are the photo-electric effect, the Compton effect, and pair
production. The definitions and discussions of these inter-
actions can be found in many books on nuclear physics and in
many theses (1), (2), (3), (4).

Since the end of World War II there have been
many notable advancements in one of the earliest techniques of
particle detection. This technique depends on the fact that
certain materials scintillate on exposure to nuclear radiastions.
In particular, if a gemma ray is incident upon certain crystals,
a rather complex process takes place, involving the initiasl for-
mation of an excited electronic state of & small region of the
crystal. This excess energy is prémptly emitted as a very small
flash of light, a scintillation.

Before the 1930's nuclear physicists had n€ﬁ3§§SE
um-tube circuits to simplify the counting of electrical pulses,
and the scintillation method, involving wearisome visual count-
ing end recording, was the sole method of alphs particle study.
With the advent of vacuum-tube circuits end the Geigégrgﬁge, the
scintillation method fell into disuse, but two developments |
in the mid-1940's hailed it back into popularity where it has

remained ever since. First came the discovery of "phosphors"

which not only scintillated on exposure to radiation, but which
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were transparent to the light given off. This meant that one
could use large volumes of these '"phosphors" and thus enjoy an
absorption efficiency far higher than ever before possible. A
second obstacle to be overcome was the fact that a single scin-
tillation is too feeble to be measured directly. The develop-
ment of sensitive, efficient, high gain photomultiplier tubes
(P. M. tubes) solved this problem.

Curran and Baker (5) in 194 used a ZnS screen
and an RCA 1P21 P. M. tube, connected to an oscilloscope,- and
detected 2 Mev alpha particles. Marshall and Coltman (6), (7),
(8), in 1947-48 used a P. M. scintilletion detector with a
well-designed optical system to detect and count alpha part-
icles, protons, fast electrons, gémma rays, X-rays, and neut-
rons. The main incentive to the sdintillation method was pro-
vided in 1947 by H. Kalimann(9),¢who used a large clear crys-
tal of nephthalene as a scintillator, and detected scintilla-
tions by beta and gamma rays with a P. M. tube. In 1948 Bell
(10) found that crystallihé anthracene is even better than nap-
thalene, giving pulses five times as great. It was then dis-
covered (11) that there exists a class of scintillators, in-
organic substances, which do not scintillate in the pure state

but which scintillate strongly when “activated" with a certain

substance. In particular Hofstsdter (11) used thallium-sc-

tivated sodium iodide crystals which produced pulses sven
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greater than enthracene, and the presence of the heavy elementr
iodine made NaI(Tl) crystals especially useful for gamma ray
detection. This follows because the high density Nal has a

and has high pholoelectric cross seclion
relatively high stopping power for gemma ays*and thus exhibits
2 high absorption efficiency. A 1950 report by McIntyre and
Hofstadter (12) succeeded in establishing the NaI(Tl) scin-
tillation spectrometer as an indispensible tool in gamma ray
specfrometry.

Briefly describing the operation of a typical
scintillation spectrometer, we have first the production of a
scintillation described earlier (,p. 7), followed by a photo-
electric emission from the cathode of the P. M. as the feeble
Tlash of light impinges on it, and finally the multiplication
of the photoelectrons by secondary emission in successive
stages until a measurable current is produced.

- On examination of the output pulse from NaI(Tl),
it is found that its size is very nearly in direct proportion
to the energy of the incident gamma ray. It is interesting
to look back and see how this question of linearity was fin-

ally settled. 1In 1950 Pringle and Standil (13) published a
paper in which they reported, slmost as an afterthought, a
small degree of non-linearity in the scintillation response

as a function of incident gamma energy, for E¥< 150 kev;.‘The'

nature
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of the deviation was such that if E‘ is the abscissa, then the
slope of the curve increased slightly and gradually from E{“‘
150 kev to E~0. There arose en immediate storm of refuta-
tions from different research groups (14), (15), (16), (17),
(18), who all claimed to have observed absolute linearity at
least down to 1 kev, thus suggesting that the reported non-
linearity (13) was due not to the crystal but rather to the
accompanying electronics.

Since that time however, the result of Pringle
end Standil has been confirmed by many researchers (19), (20},
(21), and in fact the author has observed the effect, about

which more will be said later.
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Chepter 3,

IHEORETICAL CONSIDERATIONS

341 Emission of Gamma Rays

Multipoles:

Details of this can be found in Segre (22).
The electric and megnetic field vectors E and H can be shown
(23) to be expressible as an expension in terms of multipole
components for outgoing waves., Performing this expansion
yields two distinetly different types of terms, cslled elec=
tric and magnetic multipole components. Classically this
corregponds to separating the radistion from some system of
charges and currents into distinct types, depending on their
angular distributions. Quantum mechanically, it corresponds
to classifying the emitted gamma rays according to the am-
ount of angular momentum Ih they carry off. Several differ-
ent angular momenta Lh may be possible for a given gamma en-
ergy. L can take on only positive integrel values, and L=0
is forbidden due to the transverse nsture of electromagnetic
waves. The component multipoles are specified by their order,
2L, so that L=1 corresponds to a 21—pole, i.e. a dipole. PFur-

ther, if the parity happens to be odd, then the radistion is

referred to as E1 radiation, electric dipole radistion. If
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the parity is even, then the radiation is denoted by M1, mag-
netic dipole radiation. In general, it is found that the par-
ity change allowed equals the parity of the magnetic field, so
E(L) trensitions correspond with parityrchanges (-1)¥ ana M(L)
transitions correspond with parity changes (-1)L+1. This rule
regarding the parity changes is a consequence of the fact that
the parity of the wave function of the entire system, which
includes radiation as well as nucleus, must be conserved.

Selection Rules:

If Ji and Jy are total nuclear angular momentum
vectors of initiel and final states respectively, and if L is
the angular momentum carried off by the geamma quantum, then
congervation of angular momentum demands that

[91-J¢f € L & J3+3, &
The rules regarding the parities of the states
can be written as
T;Te = (-1)" for an E(L) pole,
and ‘“i.“f = (-1)L+1 for an M(L) pole,
where T = +1 corresponds to a state of even parity and Tl = -1
corresponds to a state of odd parity. Hence'ﬁi‘ﬁf = -1 im-
lies a parity change in the transition.

In considering transition probabilities, if it

is assumed that the nuclesr radius R is much smaller than the

de Broglie wavelength A of the emitted gamma photon (i.e. R g1),
A
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then it turns out that only the multipole components of lowest
order will contribute appreciably. The assumption is good for
most cases considered, so it is usually sufficient to consider
only the lowest multipole order of each kind of radiation.

More explicitly, if 'Ti‘ﬁf = (-1)Ji”Jf, then only
E(|Ji=del) and M( {J3-J¢] +1) radiation need be considered, where-
as if  T3°Tp = (-1)TL79E*), then only M(|J1-J¢|) and B( \J3-Tg| +1)
radiation are likely to be important. PFurthermore, in the for-
mer case, where the electric component is of lower order than
the magnetic component, the electric radiation generslly ec-
lipses the magnetic contribution. Such a transition is lsbel-
led a "parity-favored transition", while in a "parity-unfavored
transition" the magnetic component is of lower order than the
electric and the magnetic contribution is usually at least as

important as is the electric.

3.2 Gamma-Gamma Angulsr Correlation

Gemma-Gamma Directional Correlations:

A considerably more genersal and exhsustive treat-
ment of angular correlation of nuclear radiations is presented
by Biedenharn and Rose (2l4), and in Siegbahn (25) and Segre (22).
Only the basic principles involved and the major results re-

qQuired to interpret theoretically the particular angular cor-
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relation work carried out by the author ‘will be presented here.

The term "angular correlation" refers in general
to both directionsl correlation and polarization correlation.
The former allows determination of only {some of) the angular
momentea of the pertinent nuclear energy levels and that of the
emitted radiations, while the latter also enables one to deter-
mine the relative parities of the levels involved., This thesis
will be concerned stfictly with directional‘correlation»in :
shell-further restriet—the—investigations—to-direection-direection

double cascades only.

Consider a simple double cascade, as illustrated
below, where the initial state has angular momentum Jy » the
intermediate state Jb, and the final state JY. Also, let the
first quantum carry off angular momentum LP and the second

quantum Lg. Then, from the selection rules, it can be said

& % =%l € Ly ¢ 3 49,
L, and | =8| & Ly & J, 47, .
o’
LG'
3 J,(

Of special interest here is the relative prob-
ability W(€}dQ that quantum G enters a solid angle dQ at an
angle & with respect to quantum Pe Experimentally, it is the
detectors which each subtend a solid angle dfl at the central-

ly located source, and the detectors sre at an angle © one
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from another, W(e€) is the correlation function. Ideslly W({e)
represents the coincidence rate between>quanta ? and & for
the angle @. However, the source is not a point snd the solid
engles are not infinitesimal, and thus the experimental coine-
cidence rates are merely averages of W(8) over angles © vary-
ing about the angle between the axes of the two detectors. The
necesgsgary corrections ‘will be mentioned later.

Following Segre (22), after considersble man-

-ipulation end simplificstion the result obtained for the the-
oretical correlation function is

nMax

W(e) = == ApnPon(cose)  with A=t

const anax B 2ng ith B_=1
ST &= 2nCOS Wl 0—

where Poy 1s the Legendre polynomial
1

Pop (c080) =_(E%ﬁ)§3r2n)0(e)

is the smallest of the numbers J,, Ly, L, (if J, is

half integer, replace it by J@“%)' The coefficients are given

by
Aﬁszmﬁﬁwﬁﬁg%%)
where Fop ere expressible by Clebsch-Gordan coefficients and

Racah coefficients and are tabulated in Segre (22), pp. 380-383,
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Geometrical Corrections:

The corrections employed to allow for the finite
length of the source and for the finite solid angles subtended
by the detectors are essentially those developed by Feingold
end Frankel (26} in the section headed "Axial Source Correc-
tions for Circular Detectors'". PFor corrections due to the fin-
ite radius of the source the reader is referred to Manning and
Bartholomew (27). They claim that to a first epproximation the
finite radius introduces a small negative Po(cos®) term into
the observed corfelation function. Specifically, for 8 soufce

one inch in diameter snd four inches from the detector, the co-

efficient Ay is replaced by (A45-0.02) for a distribution nor-

malized to unity at 90°, For a source onme half inch in diam-
eter and four inches from the detector, A, is replaced by
(AZ-O.OOS). In general it is found that the correction depends
on the square of the radius of the source. The author used
sources only 0.08 inches in radius, (i.e. sbout 0.16 inches in
diameter) and a source-to-crystél distance of about four inches.
The error involved was thus extremely small and in fact quite
negligible as compared with the solid angle and finite length
corrections.>

The following is & brief outline of the finite

source and solid angle corrections based on reference (26).
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Later, in sec. 5.li, the corrections 'will be applied to a par-
ticulaer experiment.

Let €, be the length of the line source and let
r, be the distance from the centre of this axially placed source
to the centre of the circular crystal face. Also, suppose the
crystal has diameter "a'.

The srticle (26) gives the true poinﬁ-point cor-
relation as

W(e') = %21+1 alPl(COSe') t00s080es0nes (1)
ETI'

which, eside from a factor W TI , is identical with the expres=-
8o
sion for the correlation given earlier in this section, where

Ay =582 eand A = 98) . The experimental correlation is then
%o

8o
given as
W(O) = Z= 2141 1P (0080)  sersrevevnsens (2)
Sl &
= - 2 . - . . _
where h, = alblcl = albl » since b1 =c, for two identical de

tectors, the Legendre coefficients describing the efficiency
functions of each detector. In terms of Azn's, equations (1)
end (2) become respectively

W(er) = 1 + A,P,(0088) + AP (c080') euens (3)

and
_ b\ 2 b, \2
W(G) = 1 + (bi) AZPZ(GOSG) + (b%) ALI.PLL(OOSG) ss00 “—l-) .
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To obtain the geometrical correction factors the article (26)
gives
| a2 2 2 I Iy 2y2
bl-TN {1+P1(o( +%x)+F2(o( +%}( + 2« B’)j,

where o = » ¥ =€y , and the coefficients F.s Fe, as listead

a_
2rg 2rg

in table V of reference (26), are:

" Fa
b,  -3/4 5/8

b, =3/2  15/8
by -9/ 7/2

b, -13/4h  25/4
by -9/2  85/8
by =6 69/L;
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Chapter l.

T HE APPARATUS

L.1 General Description:

A schematic disgram of our spectrometer for
gamma=-gamma coincidence and angular correlation work is shown
in fig. 1. A gemma ray entering one of the crystals results
in a pulse emitted from the P.M. bube, which pulse then pas-
ses through a preamplifier (not shown). The preamplifier em-
its negative pulses, and since the pulse will eventuslly en-
ter a gated biased amplifier (if certain conditions sre ssat-
isfied) which acecepts only positive pulses, it must be in-
verted. This is accomplished by the linear amplifier (L.A.)
which also shapes it into a double deley line pulse (for co-
incidence purposes) and amplifies 1% according to the desired
gain (see D.D.A. in fig. 1). The L.A. has two outputs, prompt
and delayed, the latter being delayed by two microseconds.
The prompt pulse must then satisfy predetermined upper and
lower limits imposed by a fast speed discriminator and single
channel analyzer (F.S.D. and S.C.A.) which each are patched
into a fast/slow coincidence base unit. If a prompt pulse
from the other F.3.D. and S.C.A. should happen to be in co=-

incidence with the former prompt pulse, as well as satisfying




