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“ Tabstract _ _— B : T

~ N N "‘S
60 61

The. level étructures of the nuclei Zn and °~Zn have

been studied by means. of (t,ny) and («,nY) reactioas,

respectively. Additional heavy ion induced reactions were

60,61

also investigated with respect to Zn and other compet-

58 60 61

ing channels; notabl& Zn, "~ °Cu and

Ga. .Gamma-singléé,
n-Y.coincidence, Y-y, multiy coincidqnce, Y and.n-Y angular
distribution measurements were made. Limitﬁtiqps on excited
state lifetimes were o?tained from beam pulsing, electronic
timing, and Dopple; shift measurements. A high resolution

5

neutron spectrum of the 8Ni(u,n)612n'kgaction was obtained.

Attempts at other multi-particle transfer experiments have

been unsuccessful.
The experimental results are compafed with those

-

found elsewhere and with theoretical calculations.
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CHAPTER 1.

Introduction

In -anJ introductory course on nuclear physics; a
professor of mine, (R.G. Summers—Gill). once made the
analogy of nuclear physics with stamp cdllectiﬁg.jjThe tWO
main problems in nuclear pbyéics are that the ipferactions
are very complex &and only partially understood -=- even
today. 'Hampering magtters is the fact that most nuclei
contain either too’many'particles (i.e. more than two) or
too few (cf. the effectively infinite number of atoms in
. even the tiniest of sol;d state devices). One is fherefore
faced with solving =z geder&l n-body pfoblem with‘complicated
forces and speciai attention paid to gquantum mechanics and
occasionally, relativity. Hence the idea of stamp collec-
ting: data are.collected and aﬁalysed for patterns; pheno-
menological, macroscopid ahd:micrbscopic thé;;ies are
developed to try to account for these patterns-and in turn

predict additignal properties. With time, the techniques of
\A - - -

both theoretical and experimental realms become more

refined.

Two of the earliest and most important "patteras"”

recognized were the Shell Model ©of Mayer (1949) and Haxel,

1



Jensen and Suess (1949) and the ‘Collective iodels of Bohr
(1952) and Bohr and Mottélson (1953).

cghe theoretical inspiration for this thesis has in
. ;
fact been the series of shell model calculations carried out

on the Zn isotopes by wvan Hienen et al. (197%6). The nuclei

602n and 612n were chosen to be studied in this thesis

partly because little was known about theirﬁ;;;ﬁEfure and
electroﬁ;gnetic decay modes when this project began and
partly to.test the validity of ﬁhe theoretical predictions.
To accomplish this, . & number of .experimental techriques
incorporating heﬁvy ion "induced reactions and subsequent
decays were' employed to determine energy levels, spias,
parities and y transition branches: multipolarities and

lifetimes.
i H

In the course of these investigations, hitherto

unknown properties of other nuclei near A=60 were uncovered,

-

80

most notably ~“Cu. Since the shell model calculations of

Glaudemans et al (1972) and Koops and Glaudemans (1977) 6f

the Ni and Cu isotopes provide the foundation for the Zn

calculations, any new information on 60Cu, 592n, G%Ga, etc.

)

is not without relevance.

The following chapters describe 5otn the tifeoretical
and experimental aspects of the methodology. The experi-
mental results are,presented and discussed in the 1light of
theory and results obtained by others; in particular, the Y

spectrbscopy work of XKamermans et al. (1970) regarding SUZn,
\'f“——._,____ . - ;
.
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Sarantites et al. (1973) and Smith et al. (1982) for 6lZn,
the particle work of Woods et al.'(1978) and Weber et al.
(1879) for both 60’612n, andéneutron fime of flight wdrk by

Evans et al. (1872), Greenfield et al. (1971) and'Alford et

al. (1975) for °9zn.
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CHAPTER 2

Theory

2.1- Intréduction

To solve the problem of the structure of the nucleus
and all its properties from first principles is by its very
ﬁature an impossible task. One must resort to the use of
models to give a systematic-understandiqé. Even then, thg
problems of solving these “simplified" models can often be
rather formidaple*. Complicating matters are the natural
limitations of such modeis. A given model may do well in
describing certain features of a giveﬁ nucleus yet fail
miserably with‘other properties or othér nuclei.

The details of the more "fasﬁlonable" models to date
have been the subject of numerous papers, théses_and téxté.
To avoid duplication, most of tbe'détails will not be pre-
sented in this discussion of thef%heofy. Rather, greater
emphasis_will be placed on the main ideas of the theories
relevant to this project. Excellent general and specifié

treatments may be found in numerous sources, such as:

Preston and Bhaduri (1975), Rowe (1970), Glaudehans (1967,

'1970), DeShalit and Talmi (1963).

4



2.2 Shell Model (I): The single ahd_independent particle

-

models

.The Single Particle Model (SPM) represents the most‘
‘extreme aspect of tﬁe shell model. In its simplified form,
each mucleon is considered to move independently in =a
stationary orbit within the nuéleus. !-The ‘strong nuclear
force felt by the"hucleons_ effectively forms a statie
average common potential. Properties such 2as excitation
energies, spins and moﬁents are then solely determined'by
fhe "outermost"” or "valence" particle, with the assumption
that the remaiﬁiﬁg particles form spin J=0 pairs.

Such a model works well for nuclei with numbers of
protons and/or neutrons near one of the "magic" numbers: 2
or N =2, 8, 20, 28,\50, 82, 126. These magic numbers arise
from the large energy gaﬁs between major shells as shown in
Fig. 2.1. 1If an extra particle is added to a2 closed shell
(4), it is auvtomatically confined to = higher shell. The
low lying:pxcitations in (4A+1) are due to promotion of the
particle to even higher she}ls. Similarly, if a particle is
removed from Aan otherwise closed shell (A) a "hole" is
formed. Excipations in (A-1) are due to the hole migrating
to lower shells. Due to the large energy gap, only high
lying excltatlons are formed by promoting the unpaired
partzcles/holes.

' If an available level can accommodate many'particlgs,

then the addition of a J=Qgcoupled pair of particles to (a")



SHELL MODEL  LEVELS
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Figuré 2.1. Single particle energy levels for tfpical nuclear
potential. Magic numbers are due to the relatively large
eﬁergy g£aps between certain levels. These numbers can be re-
pr&duced in a2 nuclear shell model by adding a spin-orbit term
to a potential such as a square~well with rounded edges. The
actual spacings are not drawn to scale and may vary depending
upon paramete}s used. Decause of Coulomb effects, the

sequence for protons may differ somewhat from neutrons.



should produce qualitatively 6n1y small differences in the
low lying structure of (A'+2). Alternatively, if the’
’,/f-\\ngticies added to (4) are all uncorrelated, one is left
wifh\\the slightly more generalized Independent Particle
Model \('I\RM) . 2

Not surprisingly, both these models deteriorate
rapidly as the naumber of valence particles or holes

increases. For example, 612n might naively be considered in

60

the SPM or IPM as a 602n core plus one neutron. But Za in

itself does not provide a suitably inert core. A nore

favourable candidate for an inert core might be doubly magic

(Z=N=28) ssNi. However, caution might have to be exerci;ed

as the coulomb repulsion of the 28 protons is sufficiently

56Ni unstable; also, as of this writing, the

S

large to render

one proton particle nucleus. 7Cu and one neutron bhole

nucleus 53

Ni have yet to be reliably identified. The next
best candidate for closed shells would be 4OCa. or 480& but
obviously the number of valence particles needed to make
nickel or zinc is presgutly far too large for the IPM to

have any hope of succeeding. One must introduce some kind

of effective interaction(s) between these valence particles.

2.3 Pairing interaction and quasiparticles

Ld

The success; and at the same time, failure of the IPM’

is due in part to the fact that fermions tend to form pairs

coupled to J=0. This may also be seen in.the pairing term



S

of the Semi Empirical Mass Férmula (SEMF) of von Weizsicker

- (1935) and in the relatively large energy gap between the

ground s;afe and first excited state of any near-spherical
“even-even nucleus. AR explanation for thié behaviour can be
found if one includes a short range interaction in the over-
ali. potentials. The% theory was originally' developed by
Bardeen, Cooper and Schrieffer’(1957) to describe electron
supercqndgctivity. it was subsequently adapted to nuclei by
Bohr, Mottelson'and Pines.(1958).

The‘gairihg force destroys the sharpness of the Fermi
surface of the IPM. Instead of 2 given\staté in the vici-
nity of'the Fermi surface being either\hpmpletely full or
empty, it'noi has to be characterized by some probability.of
being fillgd. by a pair of particles and a corresponding
probability:of being empty. v

However, if one invokes the conéept of quasipar-
ticles, much of the simplicity of fhe original IPM can be
regained: insfead,of considering‘particle excitations, one
now deéls with barticie-hole excitations. The energy = of
a quasiparticle state v can be determined ‘by the following
expression:

u

e, = {(Eu _ X)Z - A2}1/2

- where E:\J is the single particle energy, A the diffuseness of

pherFermi surface, and 2A the pairing energy gap, which can



be measured from differences in the even-odd proten (neu-

tron) sep&ratlon energies.

2.4 Unified vibrational and rotational model.

Even in the vicinity' of magic nuclei, tﬁe simple
shell model fails to-“describe properly all the known proper-
ties of nuclei. One example is the trams¥tion rates of the
first excited J“=2f states to the 07 ground statee of even— 
even nuclei: the experimental rates are coasiderably higher
than the single particle values, indicating some degree of
collectivity. The totil Strength may be realized if small
deformations in the. shape of the nuclear pbtential are
allowed, as considered by Nilsson (1955). Naturally the
single partlcle model falters in the region far from shell

closure. The discrepancies in rates can_be mofe than two

orders of. magnitude!

Historically, many of the properties of the nucleus
can be described by the so-called liquid drop model.
Indeed, this is the justification of the SEMF. K§°1n the
motions of nucleons are considered to form some kind of
average effectlve potential acting on themselves. Phenomen-
ologically, this is described by volume, surface tension,
Coulomb, Symmetry, and pairing terms. The first three terms
essentially describe a charged liquid drop; the last two
take into account that nuclei would prefer to have equal

numbers of neutroas and protons, were it not for the Coulomb



force, and thgt-éhort ra%ge corrélafions result~in pgrticles.
ténding_to form J=0-bairs}
Such a drop is spherical in shape with excitatioﬁs_
describeé as surfice vibrations (vibrational hodei). It is
characterized ih part by'rpughly qual spacings of excited
states: . - o ‘ o . o ) -
E  ~ offe . ' - : _ . 2.4.1
However, deformations in the shﬁpe can result because of the
longer-ranged falignéd_coupling". This.is due to the ten-
dency of a nucleon to alién its orbit with the average field
produced by the other nucleons. ' Fo; sufficieutly large
defofmations, rotations are 2 nafural conSequence. Igndr;ng
_centrifuga} and Cd?iolis effects, the energy level spacings
are propértional'to J(J+1). W |

ﬁ2

E_ ~ — J(J+1) , 2.4.2
T2 .

where,ﬁ is the moment of inertia of the system. Generally,
-j is,not.edual to the rigid body moment of inertia; rather,
only the surface deformed part is involved in"The collective
motiod.

Somewhere between the extremes of tkhe IPY and the

collective models must lie a more accurate description of



the nucleus.. Their recohciliatioo can -be had by shifting'
tbe emphasis from 'the collectlve motion of ‘the particle‘

density to that of the independent . particle field as
proposed by Bohr (1952) and Bohr and Mottelson (1953).
Conversely, one may think of the independent particles
moving in a vibrating or rotating field 1nstead of a static
one.

[

-

A simple extension of the above ideas to describe
spectra'of odd-even and odd-odd .nuclei and excited states of
even-even nuclel can be realized in the weakAor intérmediame
'coupling models, or more generally, the core excitation
models of Lawson and~Otretsky (1957) and DeShalit (1961).
These coupling models are based on the premise that an even-
even spherical nucleus has a simple vibrational spectrum, at
%ggst for low lying excitationsf If a partiole (or hole) is
added to such an gven-even "core" the resultant possible
spin states, 3, are due ‘to the “angular momentum of the core,

1, coupled with that of the added particle, 3.

A weak coup2ing model has been used to describe 602n by Vo
Van and Wong (1977). Some of the odd-zinc isotopes --
though regrettably neither 59Zn nor 61Zn —- have been
described under the‘similar heading of guasiparticle-

phonon-coupling model by Thankappen (1965), Weidianger (1970)
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and Throop (1975). Briefly, -a simplified .account of\ghe
method of Weidinger 15 as follows ”an effective Hamiltonian

" is.broken into three parts:

-

H= Hc + Hp +.Hint | 2.4.4

where the three terms repfesent the core, the particle(s),.

-

and the.interaction between the two. reSpectively. The last
may be simplified into terms involving spin operators and.
quadrupole operators between the core (upper case) and the

particle'élower case):

- Hinte = - 563'3) - n(ﬁ-ﬁ) _ ' 2.4.5

where § and n are coupling pgrimeters to be determined. The

matrix. elements are then given by:

KI'FTSIM[H]IGIM> = - 2.4.6

1 o
-0 W(23'J1;33" )< HQuI><s iqa >

where Ej’s and.EJ's are determined by the quasiparticle and
core vibrational energies, respectively, and W(2j'JI;3J") is
n Racah coefficient." The core wavefunctions may not in
general be known, but. if one restricts the core to only the

+ - + ) : ’ :
0 and 2, states, then two new quantities may be introduced,
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x; = n .<2NQA9§“ . ' 2.4.7

n <2IQEZ>,

1]

Xo
N

leaving threé free'parameters £, x4, to adjﬁst empiri-
€ D 10 X2 it

cally.

—

T

Obviously the above' descriptiog can be made more
elaborate if additional basis states QE&TBF’§;;£1§les are
in luded. Models for ‘the, core itself may fbeéome more
cojplicated. Fo; instance, increasing deformation may
change the core from spherical to eilipsoigal ‘or even
lower symmetry. In fact, the level structures of the even
zinc‘isotopes haﬁe been described ;n terms of an anharmonic
vibrator (i.e. the Hamiltonisn contains anharmonic terms) by
Kissiinéer (1967) am% Lighthody (1972). Alternatively a
"cluster"” of particles or quasiparticles may be considered
with an extra term in the Hamitonian describing ﬁhe—intér—
actions within the. cluster. Such a meodel hgs already been
Aapplied‘to the'oddAéinc isotopes -- igain ég’s;Zn excepted
- with "reasonable" success by Egmond et al (1981). Quar-
tet (cluéter of four particles) staﬁes in 602n have been
calculated by Jaffrin (1972).

One mgjor drawback with most of' the aba&e methods is
tnaf the number of free parameters may grow rapidly. Also,

the parameters are not easily transferrable to other nearby

nuclei.
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2.5 Hartree-Fock-Bogolyubov

" The models discussed Ehus-far have generally,been
developed semi-empirically with few microscopic foundations.

These foundations can be established,-however, through the

formalism of the self-consistent Hartree-Fock-Bogolyubcv_

theories (H,HF,HB,HFB).

5% Beginning. with the Hartree theory, one first

b , _
¢considers a Hamiltonian describing the interactions of the

nucleus:

4 1 4 | o
H = z T + ?,.Z.V(ri’rj) s " 7 - 2.5.1
e N i#3 .

where T is the hlnetxc energy operator and v(r ,r } is the
two-body potentlal between nucleons i and Ja As an approxl-
matlon three (or more) body interac'tions can be igncred
since the energies ccnsidered are "reletively“ small.
Furthermore, the Pauli Principle helps to keep several
fermions from coming close together.

The second term is broken into two parts:

& .

1 A A 1
-~ 52‘ v(T ,rj) = T Vo(ri) + - z VR(ri'rj) 2.5ﬁ2
i#j i=1

wnerekvo(ri) is z simple effective potential and VR(ri,rj)

1s the residual potential. The effective potential is

14
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s K ‘ C—_— ) ‘. A
chosen large enough s0 that the residual is small and acts
as a perturbation.

Ignoring the residual- interaction for the time being,

the new simpler Hamiltonian is solved:

(0%9%/2q + Vo(r))¥;(r) = e v, (r) ' 2.5.3

-

with eigenvalues €5 and eigenfunctions ¥;+ -The total wave-

function becomes:

. a : '
¥(1,2,3...,4,7) = 1 vy (T ' . 2.5.4
' i=] ‘

which is'antisymnétrized by =adding all the bossible even
permutations, subtractifig the odd permutations and normal-
izing bf 1/74. |
Tfeating the~rosidual interaction as a perturbation,
the average interaction felt by a particle due to alilthe
remnining particles is:
A
U(ri)‘= I

* 3
p.(r.)y V_(r,,r. y.(r.) d7r . 2.5.5
N 341 11 ¥3(Ts) Vgiry i’ ¥y j

The new one-body equations

(~0%v2/0m + Vo(r) + U(r)) ¢(r) = e, v.(r)  2.5.8

a.
-

"
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_are solved and used to generate better wavefunctionscangi in
turn, better fields. After several iterations‘ a self con-
-51stency between the particle densxties and fields is
attalned.

-

The Hprtree—Fock—Bogolyubov theory is essentially

based upon the above epproach, but in addition includes

exchange terms in the potential. In its more generalized

-~

form, it also takes into account both the long and short

range parts of the interaction_(i.e. BCS theory) to

describe, for- instance, pairing and time dependence for

excited states..

It should be made clear that approximations and
truncations generally bave to be made to make the calcu~
lations amenable to finite computer tlme and budgets'

HFB calculatlons have been.performed, with limited
- success, on the zinc isotopes by Chandra (1971, 1972),
Parikh (1972), and Sandhu\(lQ?S).

-

2.6 Shell model II: the SDI

A different approach to bresking down the multi—%ody
nuclear problem into a series of one-body problems is found
1o the generalized shell model. In the Ni_Zn region, it is
still Pogsidble to make use- of the isospin formalism, i.e.
Coulonb effects aside, the nuclear forces between protoas

and neutrons are the same.
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-The s;érting poiﬁi is relatively straightforward.
'Closed shéilg of both neutrons and. protons are assumed to
form an-ine:t-coée. If the closure is of a‘majorushel;,.
then the‘sinéle,paftiple excit#tioqs for a nucleus with an
additional' particle are large 'and confined -to the|\next
shells. So far this is just the IPM again. | |
' The "Hamiltonian c¢can be writtéﬁ into two'parts, ohe
involving the cdre and the other the interaction of thg
particle with the core, .

H= Hc + H

pe 2.6.1

with solutions~limited-t6 the next maj&r shell and its sub-
shells. This is justified -due to the large energy gaps.
between major»she}ls-(Fig. i). ‘

If 2 second pagtidle is added, then soﬁe kin& of

interaction between the .two valence particles must come into

play:

H + H 2.6.2
Py-¢ Po—C - PiPs

Semi-microscopically, the two particles can only interact
directly with -each other when they are close due tqg the
short-ranged nature of the nucleon-nucleon force. Indi-

rectly, they can affect each other at longer ranges via core

polarization, but if the core is truly inert, then this long
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range 1interaction .can be neglected at least as a good
approximation. A further simplification may be made if "the
short range interaction is replaced by a s interaction —-‘
hence the expression Surface Delta Interaction model, or
SDI. -

The last term in 2.6.2 becomes (after Glaudemans)

p,p, (T30 = Vspr(id) = -4maqs(8y,) 8(r;-R) §(rp-R) 2.6.3.

where, the factor -4nAy determines the overall strength of
‘the interec;ion'kwbich may depend on the coupied isospin of
the two particles: T=0 or i) and the three §'s innicate'
that the interaction takes plece only ﬁhen hoth nncleons:are
.at the same place on the surface of the nucleus {radius R;
the closed core restricts the interaction to the nuclear
surface).

For two particles of spin Jq jb‘end_isoepin Tty

‘in. shells 2&, ﬁb, coupled to total spin J and isospin T -
(subject to the antisymmetrization»requirement}, the energy

is given by the matrix elements

E = <plVipd> - . 2.6.4

The excitation energies with respect to the ground state

hecome
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Bex = ‘zaqalbjbIYSDIlgangbjb>'+ Ea+Eb'Egs . 2.6.3

. .

. _A'T (2j,-+ 1)(2‘jb + 1)
2(2J+1) C(1+0,3)
2+ ¥J+T
(3, L3y L1902 qam(my ")
23 b3 S
ey Ll | 3152 (1 2 ()T +E_+E_-E

ag'by . a b gs

ComplicﬁtionsT ensue when there is more than one
allowable cdupling of j's and t's yielding the same (J“;T).
In.tbié case; a general soluticn is given by a lingaf combi-
nation of the individual solutions. gﬁoén as configuration
mi;ing, the linear combination tendg to repel closely lying
étates of the same (J“,T).

If_a third particle or more is added, the situation
naturafly becomes more complex. The new éituation can be
tackled by breaking the n-bhody problem into a sefies of
(n-1)-body .problens, cgnsidering all possible.coupliﬁgs of
the n'th particle with the remaining (n—ls particles.

The general wavefunction of all the n particles is
glven by a linear combination of all the antlsymmetrlzed
(n—l)—coupled—to-n wavefunctlons multiplied by the appro-

priate coefficients of fractional parentage (¢fp). Symbo-

lically, one has
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: n n-1 -
r- = <¢pl|p € e‘”‘ 2.6.6
) ~/" . _ . . r
where-r represents‘ the antisymmetrized wavefunction for

n particles coupled to I'(J,T) values,

pn re'presen'ts the wavefunction for the n'th

£
r-

‘particle coupled to the ¢'th permutation of the (n-1)

n-1 > is

particles, and the expansion coefficient T
fpe cfp;~

Again, the dimensionality, of the overall problem
grows rapidly as the number of particies and/or shells is
increased. But there aré still_certain advantages to this
method. The number‘of free parametgrs to be determined,
either by fitting experimentalidata or otherwise, can’ be
kKept reésonabiy small:‘ A, and 4, to describe the strength

of the SDI, Aé‘and Ai to ﬁllow for different strengths in

the off-diagonal matrix elements if required for.the confi-

guration mixing allowance for hole excitations, terms to

describe the longer range aspects of the particle-particle

interacticns, for example, a constant term BT' {modified

surface delta interaction-or,MSDlﬁi tensor terms, etc. (in
the Ni-Cu-Zn region, these are small and negligible, respec-
tively). dore importantly, 'a systematic survey can be done

using the same parameters for several nuclei. Indeed, such
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a2 ‘survey has \been performeg on the zinc isotopes by wvan
Hienen et al. (19276), based upon the earlier nickel-copper
survey of Koops and Glaudemans (1977, 1973). :

The <fundamental assumptions of the above nickel-
copper-zine calculations are a doubly-magic 56Ni inert core
'(even though 56Ni itself is unstable!) with active particles
restricfed to p3/2, f5/2, and pl/2 shells. Hole-excitations
are not allowed directly, rather fhey are assumed small and
their effects incorporated into'the remaining parameters.
The Hartree-Fock calculationg of Chandra et al. (19?1,
1972), Parikh (1972) and Sandhu et al. (1975) for =zinec,
suggest that only f7/2 excitations would contribute and the
.&§§ck of experimental evidence for hole components in the
ground state bg;stripping reactions (Couch et al. (1970) and
von Ehrenstein et al. (1967)) justify this assumption. Any
smail effects can easily be covered by the effective
interactions. The exclusion of gg/z and 65/2 stages‘d§%§
however affect the calculations, at least for the low-lying
states of the more neutron rich Ni-Cu-2Zn isotopes. Becausé
of the resfrictions to the f-p shell, odd-A positire parity
states are not predicted at all. For the neutron deficient
Ni-Cu-Zn isotopes the g;yz and dg/z exclusions should
produce only small effects in the low-lying structure;
therefore they need only be incorporated indirectly.

The two-body parameters of the Hamiltonian for the

- zinc calculations were in fact those used in the nickel-
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2.7 Electromagnetic decay properties

22 -
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copber calcgla%ions with no _additional fitting using

experimental =zinc propertiés;_ Thus  the zinc isotopes --

-

especially the neutron defigient ones =—-— proﬁide a fertile

testing ground for the.shell;ppdel theory.

L4

=]

e

-

The above formalisms may be tested .in paTt by
examining‘binding'eneréies, exéitéti&n euergies,.bpins and
parities. Properties such as 'transifion rates -- in
particular, gamma (vy) féansitions -=- and spectroscopic

factors may be useful as well.

The emission probability per unit time for a photon

of energy EY, multipolarity £, and projection m is gilven,

. after Blatt and Weisskopf (1952) by:

29+1

T(g.,m) - 8n{il+l) E_) B(z,m),. 2.7.1

(

1
e[ (2g+1)11]° M

et

C

where B(L,m) is the reduced transition rate whereby the

initial and final states are connected by an electric or

. magnetic 2£-pole transition operator:.

B(z,m)=<f]n;li>2_ . | 2.7:2

" subject to the selection rules

L3

>



and -A\
\\;
x\\
- o Hf = (..)2 for electric 2£-polé\ 2.7.4
= (-)£+1 for magnetic Zz—pole.

ni itf
The rates are therefore -sensitive to the wavefunctions
contained in the electromagnetic matrix elements.

The electric operators may be found from the charge

distribution:

4

L A L
‘nm(electrlc) = i e.ri Y (ei,¢i)

(for E, << 20 MeV).

The magnetic operators are much more complicated aS'tﬁey

involve zradients and g-factors:

A k 2 ()
h
Q;(magnetic):= L [grad rizY;(ﬁi'¢i)] —_— Ii £
i=1 : o TR+l 2mpc
A A ) eh
+ ¢ [grad-r* ¥vi(e.,0.)1.2(80% .
.o i "mritTi i i
i=1 ‘2mpc

@%ﬁ ' (for BY (< 20 MeV). . - 2.7.6
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In- the shell model the free space values for charges

and magnetic moments for the protons and neutroas,

P n
(1) . g . (1) | '
gp 1 nm ' N 0 om
g{%) = 5.585 on g{®) = -3.826 nn_,
. | | - 2.7.7
are replaced by -effective values. - In p&;ticular,"the

neutron charge and orbital moment become very dijferentlfrom
zero. (This can be justified in part b& a éenter-qf—mass
argument. Aiso:-if-only'the free value chargeé are used,
“the theoretical B(E2) valués are genérally too Smal;.)

| querrthe isospin‘fdrﬁaliSm. the operatof né can :be

recast, after ‘Glaudemans (1970), as an isosczlar part minus

an isovector part . -
L £ o £ 1 -

E - - V - T . - -

Qm sm ﬂfo o 5 | 2.7.8

2 . o : :
with bm the isoscalar part, 112 the rank zero identity
tensor operator, V; the isovector part, and fé equal to the
isospin” tensor operator g of rank 1,  projection 0. For

. 2
electric 27 -poles:
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Spel) >

R S
and Vm(el)

For magno

. A
S (mag) = I [
m i=1
Vz(ma‘) = g
m. g . . =1

The expression

- - / . ) . <
A e (L) Fep(h)y o, LT
N ri Ym (ai;¢i)
i=1 2 ‘ ,
: {
A e (1) - e (i)i; . .
r P o i Y‘(ei,¢i).
i=1 — 2 n
. :
etlc 2" -poles.
2.7.10
e s 850 (i) 2e
grad ri Ym(eit¢i)']' s }_+T .
' L (S) e (S) .. |
* 1 8p {1)+gn; (1) s eh
- .2 ‘ 2m9c
(2) (). T
g5 (1)-g (i) 2k
grad r¥ v¢e, ,s.y o| P - :
tomo1o 3 T+
T (s),; (s),; '
g o (1)-g (1) et
+ P a. S.
2 N Zm_c

for the transition rate becomes:
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remy = 8T g ot s g gdT T >
1[(2£+l)!;]2 ho f fz f f% mz. ~o i iz i iz

: o b I, T T, | ]JJ T T, >]2

' | ‘ 71z 1z 'z Tol¥i%1z7y iz .

The total transition rate, -T{2), and reduced rate,
B(E);-cdn be found by taking an avérage of all the initial -
magnetic sSubstates, with weighting factors if the popula-

" tions are 'not all the same, summed over all possible fipal

states:
2.7.12

22+1 S

8ﬂ(£+l) 1L EY ,_T(l,m)
T(.?.)e or m‘ : (_\ x L -

z[(22+1)"] 1 e le 2J +1

. | sx(es1) 1 B, 22+1
' = - (——.' B(R')e or m

2[(22+1)111% 41 ‘e

‘ Py : -
Via the Wigner-EcKart theorem, the Jz and Tz dependence can
be removed, leaéing the reduced B(2) rate in terms of double
reduced matrix'elements and Clebsch-Gordan coupling coeffi-

cients.



27
, 4 o
2.7.13

[<Jfo H!S IIOIIIJ Ty o %

1

‘B(2) = S
(2Ji+1)(21f+1)

+ < Tilelolesz ><I.Tyl]| v“r0||] J1T1>]

It is 'convenient to measure the transition rares in

Weisskopf units, which are "single proton transition

estid&tes:
- 2.7.14
A 4.4(2+1)x1021 3 2 g 2+l Se 1
T (E,1) = - y R2% sec
v 2[(22+1)1171% ‘143 197
| 1.9¢2+1)x10%r 3 2 E, 24+1 2oz 4
T (M,2) = ) R sec
w 2 .
) 2{(22+1)01] #3197

. with E in deV and the nuclear radius R in fm (R = 1.2 31/3

fml. The ratios of the actusal transition  rates over the

~

Weisskopf estlmates are then related to the B() values by:

h

2.7.15
T(E,2) 2 _an g+3 2 1
, = |M.EJ® = ( \ B(EZ)
TE2) 2V 5 1 2R
W :
T(M,2) 5 T g+3 2 1 -
L = psfo- T . B(M2)

T, (%, 2) 10 3 ° g2
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(The units of B(EX) and B(M2) 'are e2"rn * &and (nuclear

._magnetons)% m2£'2, respeétively; M.E. is short: for matrix
elepent.l. | 4
For M1 transitions, the_iSovector partris_expected to

c

-

be much greater than the isoscalar part:

e
M E’(Ml)lz ¢« S,. 5
A wu (isoscalar part) Tin
+ vV - (Tz ) +
(isovector part) z Tin )
- <TiTzilo Tszf>(l-6Tin))

As can be seen .by the Weisskopf estimates, it i's
x

possible for E2 transitions to compete with Ml's, (E3 with

2& ' M2,'etc.){ subject 1o the selection rules. A measure of
. \

this mixing is given by & where

. 2.7.17
E2) M(E 71/2 = |
M(E2) (T (E2) <J,ue=2 1J.> R
8 = ¥ = f L
M) MM | T oD T

For a total transition rate T, 62 obviously'repreéents the
fractiog that is E£2 in character. Note however, that &
itself may be either positive or negative, so careful

attention must be paid to a consistent convention'regarding

28 |
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phases. Theiuéual'cdnvention of Rose and Brink (19675 will
be followed in this project. - | -

Finally, lbranchigg ;atios represent an additional
source of'informatipﬁlfegarding the ﬁature.of.fhe'relevant
anefuncélﬁns; Branchingr ratios .are a measure of the
relative'decﬁy of an initial sxase to a given finai sfate
with fespect-to all poséible finE}:states.

e - —

2.8 Heavy ion induced reactions

In order to study the wvarious nuclear properties, it -
is fir;t necessary to produce sufficieht quantities of the
particﬁlar ‘isotope..under study -- preferably lin excited
states.  This caﬁ be accomplished wvia nucleg{ reQEtions.
" For nuclei near the region offstabilityf a numbe£ of options
may be availsble for use: Y, n, lightnion. heavy-=-ion
induced reactions,~(induced) fission, etc., with a host of
experimental techniques to study static and dynamic proper;

ties..

e In the production of the neutron deficient auclei
60 61

-

Za and Zn, one .is limited to‘using helium or heavier
ions, as:-a glance it the relevant portion of the ChaﬁF of
the nuclides i; Figure 2.2 will quickly verify. Fortgn1
ately,.these reﬁctions are aﬁenabie to the methods of y-ray
spectroscopy, among others (the case for 6OCu‘is a little

more fortunate in that hydrogen icms (p,d,t) may also be

used).
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Figure 2.2 Portion of the Chart of Nuclides. - Stable
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isotopes are shown in the octagonal boxes.
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An excellent review artlcle -on nuglear spectroScopy
) with heavy ions has been published by - Newton (1969), there-.
fore, only the more relevant ideas of the subject w111,be
presented in this chapters. Furthermore,.slnce many:%f the
techniques employed in the present study of 61Zn are—similar.
to those of 60Zn (and oompetlng nuclei such as 60 Cu), only
the details for the one w111 be given mention belng made of
any relevant dlfferences. Results and dlscuSSlon 0of each of
the nuclel will however be presented 1nd1v1dually 1n thei
.followrng chapters.

Particle induced nuclear reactions may be classified
into‘several types, describable using the following semi<-
classical arguments. For the case in whlch the dlstance of
closest spproach of = progectlle is greater than the range
of the nuclear forces between progectlle and target, only
the long raage Coulomb 1nteractlon comes into play. .The'
result is either elastic (Rutherford) scattering or Coulomb
excitation of the target nnd/or projectile. I1f the distance
of closest approach is such that a "grazing" collision
occurs, i.e. there is‘only a psrtialwoverlep of the nuclear
wavefunctions,.then particle transfer can tnge_place between
the projectile and tsrget nuclei. . This is essentially a
direct process (though in principle it may involve several
steps), characterlzed bv short reaction times of the order
of 10722 sec. -- i.e. transit times for the projectile to

cross the target naucleus. Finally, if the collision is
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'almost'“head on“,'a compound nucleus may be formed, followed

by a "slow" evaporation of one. or more particles (n, p u...),
-16 °

the timescale beihg of the order of 10~ sec. The line of'

demarcation_is not sharp. .Generally all three contrlbute to

-

some extent to the tot%l process, depending. on the masses

and relative energies involved. At very low energies,

Coulomb effects dominate; for moderate energies (several
MeV/nucleoni,pcomponnd nuclear effecrs;'and et hlgher
energies, direct effecrs. .

There can-be several advantages to using heav§ ions.
Because of thelr mass excesses, even moderately low klnezlc
energles for a heavy ion prOJectlles can result in 1arge
excitation energies and orbltal angular momenta in the
compound nucleus (CN). In many dnstances, tbe-selectivity
of the CN reaction leading to a given residual nucleus can
be rather high but it is energy dependent as well. The
Cross- section, or probability for evaporatlon of . (m)
particlesAfirst increases with energy above threshold, bnt
levels'off and then decreasgs as the (m+1l) channel becomes
more favourable. 'Under suiteble conditions, the residual
nucleus may be far from the velley of stability.

- When fhe barriersAhinhibiting particle evaporatioan,
such as centrifugal and Coulomb, become large enough, v
decay of tne final nucleus can beéin to oompete. Obviously

then, heavy ion reactions lend themselves nicely to in-beam

Y Spectroscopy. Furthermore, the residual nucleus can

=
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possess sufficiently large linear momenﬁum"thét' Doppler

vshift measurements of Y llfetlmes become feas1ble, or the

nucleus may be allowed to recoil out of the target com-

ipletely and be transported elsewhere for study.

However, there may be certain d;sadvaptages too.. The
large Coulomb..and compound nuclear effects may Severely

complicate- particle spectroscopy analysis. For instance,

P

S

the fine details of partlcle angular dlstrlbutlons charac- '

“terlstlc of so many llght ion few partlcle transfer reac-

tlons ¢can be totally smeared out. The only lnformatlon,

remalnlng on the orbital - angular momentum transferred is

.

contalned in the total cross sectlon which depends strongly

cn several other factors as well.



CHAPT?R 3

Experimental Techniques

3.1 Introdﬁctidn '

. The experimental 1nvest1gatlon of the excilited states_

of 60 61Zn poses several problems. As‘&lluded'to above,

heavy ions. must .-be used. as both’ 60 61Zn are many neutrons

removed from the valley of stablllty. 'The, simplest" reac-

tions-are o8 S8

Ni(u n)61 n, Ni{a, 2n) Zn and 58

Ni(x,n)®0
(where 1 will be used to denote a_3He projectile)‘with Q

values of the order -10, -19, and -2 MeV, respectlvely.

~ Because of the small Coulomb barriers in this A—GO region (5

MeV/proton), charged particle emission leadlng to nuclei
less neutron deficient than 60, 61Zn is favoured by an order
of magnltude (Cummlng (1959)). In- addition, these cdmpeting.
nuclei are rich in acce531b1e states. One is then faced
thh the arduous task of sifting through a “sea" of more
numerous and lntense Y-Tays belonglng to competing nuclei in
order to study the’ Y-rays of lnterest. r
- A more useful approach is to measure the y;rays

appearing in "prompt" coincidence with emitted neutrons.

. (Since the y lifetimes are generally much shorter than the

timing fesolution of the electroniecs (2 few nsec), "prompt"
can be extended from a few nanoseconds to & few micro-

34 . RROR
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secounds, isomers being very rare in phe peutron deficient

Ni-Zn. region.) One drawback is the drastic&lly reduced net
counting rate, gsﬂpoth peutron and Y detectérs have small
efficiendies.‘ Also:;projectile;energies must’ be chosen low
ehough,so theat pﬁ of nn emission is either reduced or prohi-
bited. Having 1dent1f1ed the Y-rays in the above manner,

their yields were measured as a function of proaectlle

energy and angle both with and witbout the neutron "filter".

(Addltlonal beneflts of n-y coincidence are described
below.) ) The order of the Yy-rays appearing in cascades

was determined by performing n-y and n-y-y experiments, in

conjunction with any information on intensities and energy

sSuns . -

Once tHe identity of several levels was established,
heavier ion induced reactions were investigated with the 2im

of finding properties of levels with higher excitation and

3] 58

spin. The following reactions were examined: Li on Ni,

lOB on 54Fe,‘lso on 50Cr, 24Mg on (natural) Ca,,}nd 23Na on

Ca. Again, y yield curves were measured. Multi-y coinci-

dent- experiments were performed on the Mg and Na oon. Ca

o

- reactions with use made of a multiplicity filter (MPF).

Production of 6OCu'was unavoidable in many cases.
Because of the larger pross-secti&ns and greater level of
lnformatlon already known about 1low ‘1ying states, a

partlcle-y ldentlflcatlon experlment was not performed Zfor

" 60

Cu. Instead, more reliance was placed uUpon y-y coinci-
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dence and energy sums data. Other competing channels were'
exeminee in this fashion as well.

Finally,. several attempts were made, with limited
success, to obtaln particle spectra via the follow1ng

58N1( Ll,t)61 S9

reactlons Fe( B t) . and
58Ni(a,n) Zﬁ. The first of these has already been per-
formed by Woods et al. (1978). ° The aim in repeatiang the
experiment here- was to find ad& levels obscured in ;he
experiment of Woods et al. by reactions on contaminants
(e.g.‘lzc) by using seif—supporting targets as well as Po
resolve some of the more closely iying states._ The second
reaction was inspired Uy‘the.success of the corresponqiné Y
experiments. Although several‘attempts wefe made, neither
of the two experiments was successful {'(Smell Cross

sectlons (~ vb) coupled w1th equzpment breakdowns were the

,culpers responsible for thlS ) The (a,n) experiment was,

on the other hand, far more successful. -Spectra of reaction

neutrons at 90O (lab) haye been obtained.using a SEFORAD

heutron detector.

-

3.2 Production of Projectiles L%
Tons 'of 'jHe or 4He wvere produced in- 2 standard
ducplasmatron (D/P) positive ion soﬁrce_in conjunction with

2 Li or Na vapour charge exchange canal. (A recovery unit
- _”"

. was used to reé&cle precious 3He Z2s, otherwise lost.) The

(3)4

emerging He beam had an edergy of 46 keV prior to
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injgctién into the McMaéter UhiveFSiEY Tandem‘van'demGraﬁff'”:'
accelerator. | .

Sodium and sp} ions weie also produced using the D/P
source, but. as secondary beams: - éﬁ intense 40 keV Ef beaﬁ\'
collides with the Na or Li vapour in the c#nal.

A Triconex cesium sputter source was used fo creaté“

6

ion -beams of Mg ,- Mg0~, B™, BO™, 0, as well as °Li (less

?ntense but more stable and of longer duration than from'£he
D/p source). Ions were.sputfered f:om a cone of the appro-
) priate material (usually an oxide mixed Qith silver for
better thermal conductivity) by a cesium beam. The ions
acquire =a ﬁet negative charge by passiﬁg th;oﬁgh-ll thin
cesium film on the surface of the cone before being acceler-
ated t& 23 keV. Unwanted ion species &ré partially removed
Irom tﬁe beam by =a 30° inflection magnet prior to injection.

-

In the maiﬁ_acce;erator, the negative ion beam was
accelerated towards a terminal of potential V, charge
exchanged by a gas and/or foil stripper inside the terminal
to Q\given charge state (+n) before Qeing further acceler-
ated. (Gas stripping was used when onl¥y 2 low charge stéte
was desired, or to dissociate the molecular ions prior to
sStrippiang by the foil.) The emerging positive ioan beam.

acquires a total energy 6f (n+MI/M“) eV + injection energy,

where MI and M% are the final ion and wmolecular masses,

respectivély.
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: After ecceleration the beam was momentum analyzed by
'&-90 magnet[ﬁlit system., (Beam striking the slits prov1ded
feedback Signal Lo control tne terminal voltage, nence beam

energy.’) Fine tuning of tne beam profile was accomplished

m‘_by electrostatic and magnetic steerers, gridded 1enses, and

magnetic quadrupoles situated at strategic 1ocations along -~

the.beam path. A switching. magnet was used to send the beam.A
to one of the selecten target'stations: the 0° line- par?
ticle scattering cnamber,_45 line Lotus vy spectrometer, and
the -42° 1line Enge spectrometer. A general schematic of the

beam transport system is given in Fignre 311.

3 3 Tarzet nreparation target chamhers

Targets for the 'Y experiments were—made by rollingn

“small Tlumps of eitner_SSNi (enriched to ? 99.5%), o4

Fe (>
99%), 50¢cr (> 90%), or:natural Ca (chem. grade; 97%,40Ca)
into foils a few mg/cm2 thick and several.cm2 in ares. (For
the Ca targets, mnch of the CaQ crust flaked away during the
‘'rolling process, however, rolling nnq.transfer to the target
vacuum chamber had to be rapid to minimize fresh oxidation.)
Some of the 3He induced. Y éxperiments required =z target
thick enough to stop the beam, the order -of 100 mg/cmz, due
to problems encountered witnkreactions in beamn cump mater-
ials. |

The targets were mounted onto tungsten wire‘rings;:

‘These riangs were supported by rigid tungsten wires coanected
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to =& remdte (1. —.10 cm) beam .dump of either gold or 208py,

"'i-v

‘The. more remote beam dumps were\snrrounded wlth lead wrapped
.in cadmium foil to shield the Y detectors against any actl-
vity - both prompt and delayed - from the beam dump. The-
‘beamn dump was employed to monitor the beam .lntensfpy.
Currents typically of the order of ‘1 nA were used, limite&
by the count rate capacity of the data acqulslpkon sysfem._
Two 2 mm diameter tantalum aperturee placeq-ﬁpe;ream of the
target helped to ensure good.collimatiop of the beam.
“Initially a target chamber consisting of 3/8"/91&—'
meter, thiu~wg;led.st&inlees,steel tubing was used; hcwe#er
this proved to be unsatisfactory for seperal reasons, the
main due being thet portions of the beam would strike the
w&lls desplte the good collimatlon. P&rtiai absorption of
the low energy Y-rays was a much less sxgniflcant problem.
'The.remaining Y experiments 1nvolved~the use of either a 1"

dlameter thin walled tant&lum tube or 1" diameter plastic

-y

tube. The latter w5S often llned with thin tantalum or gold

il

foil (~ .001") except in the 1mmed1&te vicinity of the tar-

get as viewed by the detectors. Careful attention was
. placed on aligpment of the bean l;ne. apertures; target and -
chamber, and:minimizatiop of any beam current on the aper-
tures. Forisbme of‘the Y engular-distribution measurements
~
2 {(vertical) cylindrical plastic chamber was employed.
Ihe targets for the paqticle experiments had to be

rymuch thinner in order to minimize degradation of the energy



due to straggling. They also had to be free of any backings

or other contaminants -that would produce particles in the

58 54

range of interest. Self-supporting targets of Ni and “-"Fe

in'thicknesses;ranging from 40 to 120 ug/cnz2 were nrepared

by -Dr. Y;_Peng. The material was vacuum deposited onto a

substrate which was then removed b§ disSolving in a solvent

or, ‘in the case of thin =zapon backingsg, evaporated away
during the subsequent high_energy ion beam bombardment.. The
targets were mounted eitner onto a standard aluminum frame
(1" square with 1/2J'dia.'hole) or, for the (a,n) experi-

ments, & 1/2" dia. aluminum ring with 3/8" hole.

For the (a n) experiments, the beam dump was located

-1.5 m downstream from the “target and surrounded by lead,
F

borax, :and cadmium to shield thé neutron detector against

y-rays and neutrons from the beam dump. Slits and”apertnres

upstream of the target ensured good collimation of the beam.
Curreats of thé order of hundreds of nanoamps were used,

limited either by the count >~rate capacity or Dbeam.

availability. ‘ . e

€
-
W

3.4 Detectors’

.33411 Yy detectors

Over the course of ‘this project, many different Y-
detectors were used. These ran the gamut of the intrinsic
Ge and Ge(Li) semiconductor detectors then available at the

McMaster facility: 10 ¢cc, 15 cc (int., planar), 37 cc, 42
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cc, 50 cc old, 50 cc new, 65 cc, 11% (int.), 17%. 25%, 26%.

(the % refgrs to the efficiency with respecnito a 3" ® 3"

(3" diameter by 3" length) Nal (T1) detector; the underlined

detectors were those' with superior characteristics). The

smaller detectons tend to have better energy resolution than

the larger ones, but at the expense of efficiency. {Recent

developments in crystal growing technology account for the
manufacture-of larger, more efficient and better resolutlon
‘detectors.)n Unfortunately the resolutlon can (&nd does)
degradeowith age, count rate, 1evel of neutron damage from

prior runs, and any extraneous electrlcal "noise" not
. )

flltered out by the electrochs. Values for resolution'

ranged from 0.8 keV EWHM @ 122 keV y for the 15 c¢ planar to

~ 9 keV FWHM @ 1.3 MeV. for. the "better” detectors (11%, 25%,

26% (when new)),-to 3 - 6 keV FWHM 8 1.3 MeV y for the

. others. .

" For the experiments involving the MPF (q.v.); several
1arge'volume NaI'(Tl)—detectors (six:é‘S" ® 5", one 8 3" »
3") were used in.conjunction_witn five large Ge/Ge(Li)'s.
However, ouly the event information of the Nal's was
employed, since their resolution was drastically inferior:
~ 100 keV FW&M»@ 1.3 MeV Y. ﬁseful energy information from
" +he Ge/Ge(Li) detectors was nmade available by linear shaping
. amplifiers (normally a differentlatxon time const&nt of 2

psec was usedj. v3iow"-timing signals were obtalned £rom
g g

the linear amplifiers via single channel analysers (SCA)

v
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operﬁting'in the cross-over mode. -ﬁFasﬁ"—timihg (few nsec’
FWH&) was pérformed using standard const;pt fraction
discrimination (CFD) of signals previously shdped (?0 nse¢
differentiation/20 nsec integratign or 200 nsec diff/0 nsecr
int) and amplified by timing filter amplifiers (TFA).
' Signals were then processed by analog to digital
Eonverters ;;Agé's) (gatgd when necessary if wvarious
.requirémeAts'were fulfilled),'&hich-were interfaced ‘'with a
computer (more deta;ls below). The basic block diagrams of
the y electronics are shown in Figure-3.2.
‘ | Energy_and efficienéy calibra;ions were obtained
using both commercial and "in-target" Y sourcés. The
latter, though: less saccurately known, ténded to be hore
.reliable for éeverai reasons: the energy signals are
f;slightly dependént on geometry and count rates and may even
be subject fo long term drifting; overall efficiencies are
very sensitive to geometries of thg detectors and any
shiéiding matérials between the y source: and detectors;

furthermore, the depletion volume of the detectors caa vary

with age, so efficienc? curves must be recorded regularly.

3.4.2 Neutron detectors

In some of the Y experiments, detection of Y-rays
from competing reactions was suppressed by using & neutron
detector in coincidence with the y detector(s). For this’

purpose a 2.5" ® 3" NE218 liquid scintillator was employed.
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' The scintillation output wes detected by e RCA 8575 fast
phdtomultiﬁlier' (PMS tube éoupleﬁ tgl'an  Oktec mddel 270
constant fraqtion timing base/power supply. Becadsg.the
neuéron détector;is also sensitive to Y rays by fﬁé Compton
effec%; it was necessary?to shield the defector with 1 - 2"
of lead wrapped in éadhium'foil-to attenuate the Y/;-r;y'
flux and to employ the standard technique of pulsé shape -
discrimination analyéis (PSA) of Geddie and McDonaid (1967,
1268). By compﬁring constaat, fraction timing with cross-
over timing differences in the Ipulse 'shépe ~for aeutron-
converted-to-proton recoil or y-converted-to-electron
induced events in the scintillator can be distinguished (the
.former has a decay‘fimé, of the order of fens of.nsec longer"
than the latter). The diagram outiiniﬁg the electronics
used for this is -shown in Figurei3.3. [Note that the PSA
here depends to some extent upon the puise height (PH).)-
'Figures 3.4 and 3.5 give examples of‘éhé typicgl pulse shape
and pulse height analysis spectra obtained for the reactions
studied here.' If a very iarge dynamic range. is to be
realized, faster photomultiplier tubes, more staple elec-
'tronics, and § two dimensional neutron pulse height-pulse
shape analysis should be used. Hecently better electronic
devices have become availabie(Ortec)that proviie superior
pui e shape analysis over a very wide dynahic range.
Unfortunately, 2ll the ancillary electronics were‘hot

available for use at the McMaster facility.
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Figure 3.4. Typical neutron detector pulse sﬁape spectrum
obtaingd‘in these experiments. (Note the overwhelming:
number of ] events in the left hand peak; the right hand

peak corresponds to neutroa events. )
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CHANNEL

Figure 3.5. Typical neutron detector pulse height'§pectrum

obtained in these experiments.
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- The proton recoil signal from the scintillator’is not

s
sufficie\t to determine the neutron s -energy uniquely. The

usual method to obtain energy 1nformation is by time-—of-
/
£light (TOF),‘wberebY the neutron veloc1ty is’ measured by

the time required to. cross a fixed distance. - This obviously

- requires rapidly pulsed beams, long flight paths, and high

efficiency neutron-detectors with good timing and Yy suppres-

sion characteristioe.if adequaie'resolutiou is to be
achieued. " Instead, an alternate_;etood employiag secondary
reactions was used. 3
'neutron capture cross section (few barns) for neutrons below
3 MeV, with =a 0.781 . MeV EQ—value. It also has a large

elastic-scattering cross. section and, above 3 MeV, an

He has a "reasonably" large and flat

increasing‘sHe(n,d)d cross section. By»any'of these .

processes, the neutron can be essentially "transformed" into

a detectable ionizing charged particle whose energy -can be

easily measured in 2 proportional counter or ionization

chamber (the ke gas acts. both as neutron, converper and
ionizing medium).

One such proportional counter, manufactured bY
Harshaw, was tried. However, its efficiency and resolution
(> 70 keV @.En =2 O} worse af higher energies) were toolpoor
to be_useful. A counter oanufactured by Seforad (on 1loan
from the McMaster University Nuclear Reactor) yielded much
more satisfactory results. Its superior efficiency stems

from its greater effective volume (larger size (7 a 30 cm),



:-greater pressure (3 atmos }o of 3He) than the Harshaw detec-
~tor (1‘0 10_cmpﬁlﬁﬁtmos.). Operation in the ion chamber‘
mode, use of a'ée?;‘sensitive FET, and shieldlng of the
Centeel wire by a grid, pfovideethe Seforad detécfer witg
superzor resolution (15 kév for epithermalsh 30 keV @ 2 MeV
n-). How*r, it does present certain dra.wba.cks. It is
intended to ‘be used broadside instead of the. more common
'end—on,geometry,.51nce it was designed primarily for
-1nduced neutron experlments. Tels means, that if maxlmum
resolutlon is to be achieved in a partlcle induced reaction,:
the counter must be situated at 90° to the beam directiocn in
~order to minimize the kinematic spread of neutron energies'
due to geometqy. _(The end-on geometry is not suitable due
to various ﬁaterials in the way.) Even so, an angulaf

Al

spread of 5° represents an aenergy spread of 50 keV for the
58Ni(a,n) reactiegwat 13‘Met.' Needless to say, ﬁany (multi)
particle traansfer e:oss sections‘are‘much;smaller near 90°
than near more forward angles!  Also, the lerge ion drift
times make any n-y coincidence experiment infeasible.
Tgeﬁresulting ?eutron‘spectrum is very reminiscent of
a Y;ray.seed%rﬁm: there are full energ& peaks due to direct
capture (cf: photoelectrlc effect of Y's) broadened on the
- low energy side by forward scatterlng if there is any appre-
‘ciable materlal betweif the source and detector (true for

Y's- as well), 2 low egergy edge due to n - 3He glastic

recoil (c¢f. Compton scattering) .forming an almost exponen-
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tial background under the fuil.enérgy peaks, aﬁd multiple
peﬁks for En 5 3 qev due to competing,proc?sses (cf. pgir
production). ‘Compliéating matters is the sensitivity of tﬁe
-detector to y-rays via the Compton érocess. In principle
pulse_shape ana1y§is can be used tp helg ¢i$pinguish n -
3’4He+ #romqv - e events, but this is complicated by the
large variations in puls; heights and shape;, even fbr the
same kind of évents.' However, the -positive 0.781 MeV
hQ—value for neutron capture ensures that most Y sigpals Ere
weil below this threshold.’ The detector 1is also- very
sensiti;e,to tpe¥ma1 and epithermal neutrons produced Qy
mutiple scatteriag in walls, floors, etc. :_Ihese'can be
'redugéa by surrounding the detector with a thin cadmium
sheqﬁi The epithermal peak will still.provide a useful
palibrétion boint. A lead sheet® will also aid iﬁﬁattenu-
‘gting the y flux, bﬁt it cannot he too thick lest forward
scattering 3¢ neutrons in the lead degrade the energy
resolution.
v
~4n excellent Zfreatment of the characteristics and
dpFration$ of éhis égébrad detector may be found in the
‘thesis of  McFee t1977). ‘““asn efficiency curve for this

detector (from McFee) is shown in Figure 3.6.

} -~ o+
. '\f‘ﬁrq.s Charged-particle detectors . = -

- ;-
Several technigues were employed in the study of the
10,

B,t) charged particle reactiomns. An Enge

2 -

(sLi,t) and (
-



Figure 3.6.

(from McFee,
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Seforad SHe icn chamber efficiency curve

1977).
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gnetic spectrometer was used to analyze the'momentum of -

reaction particles._ These were detected either by a nuclear'-"f

_emulsion photographic ‘plate or a positlon sensitlve delay_
line counter/E (total energy) scintillator.f Unfortunately,
several problemns were encountered, namely "had" plates
‘(incorrectly lebelled they were of the wrong type), or too

" mauny “spurlons caused by breakdowns aund COSmlc ray events

- ~

in the DL counter coupled w1th very poor resolutlon. Once‘
these were corrected new problems arose: machine instabl—
1lity, insufficient beam inten31ty, and.finall? “ipability of
‘the speCtrometer's power supply to further provide' the
necessary high magnet currents to vend 20'; SO.MeV'tritonsu
(At this time. of ertlng, the power'suppl? is still being
‘repaxred/upgraded.) | o

Another a.tternpt was rna.de to study these reaction's
using. a ' surface barrier AE/E particle - telescope. T;E
detectors, a 200 ug/cm2 Si transmission (AE) counter
followed by a 2000 ug/cmz energy (E) counter were employed
.for this puroose. Unfortunately. the resolution in- eltner
counter was jnsufficient to separate the triton groups from
the overwhelming proton, deuteron, and alpha groups. The
alphas could be removed oy- placing 2 sufficiently thick
.plece of-aluminum foil.Ln front 'of the telescope, at_the
expense of degrading the p/d]t resolution through stragg-

ling. Eveatually the resolution deteriorated with time to
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the point where any - detalls of the energy spectra were

obllterated.

-

Thus no new informatlon from the particle experiments_

58 Ni( Ll t)slzn ,54Fe(1oB t) or._ even competing reactions
58 S4p (10

attempts have been-made in this projebt,to study these or

Ni(eLi,a) Cu, B, a)SOCu was obtained. No further

other (HY, charged particle) reactions.

3.5 Prompt y studies

3.5.1 7y Singles
Ian the sxnoles 'experiménts pulses from thevf
Ge/Ge(Ll) S were sultably ampllfled and shaped before belng

fed to ADC's lnterfaced to elther a PDP-9, or more recently,

" a PDP-ll/VAX?SO computer. (Occa51onally a Tracor Vorthern

TN 1710 -multichannel analyzer was pressed into service as
well.) Programs used for data acquisition weFeAADCS and
XSYS/TDLC for the PDP-9 and VAX, respectively. The
collected data were trapsferred bntordeétapes (PDP;Si or
floppy disks (VAX) for further off-line anslysis.

Peak areas, centroids, energy calibrations and.
appropriate errors for well resoclved peéké were calculated
using the program SOFT on the PDP-15 or an equivalent
program found in the VAX operating system. Some gross anal
net areas were aléo found by setting windows in the on-line
Programs. The PDP-15 program GSFITS was &sed to analyze

multiplets, with careful attention paid to wvariations 1in

"l

-



parameters. (More sopbistlcated analysis programs such as
SPECTRE and JAGSPLOT.on the CDC Cybér or T4vJ, T4RS and
bAMEO ou ‘the’ VAX tended to give unreliable results. A new_
version of SAMPO and . ‘& new program T4RBS designed to find
: and fit empirically sheped ‘peaks and backgrounds is still in
the process of development at this time of writing y'
Documentation for these and other programs (listed below)
.may be found in the Program lerary of the- McMaster Tandem

Accelerator -Laboratory.

- 3.5.2 Yieid curves

o Yield curves provide a measure of specific and/or
general act1v1ties under varylng initial conditions, most
notably beam energy. They are useful for several reasons.
On a broad scale they ald in the selection of the optlmum
eondltlons for production of a given nuclear species. It
the beam energy reeolutionrand/or energy loss is much less
than the average ‘level spacings of the compound nuclear
and[or residual nuclear Systems, sharp resonances may be
Seen, corresponding to the matching of bean energies with
energy levels. At higher energies or with poorer resolu-
tion, the CN system has essentially a continuum of available
states so that.rapid‘fluctuations in the yield average out
add the small scale Structure becomes featureless,”as is the

case of the reactions investigated in this project. Qa a
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" smaller scale,iuseful fmformation nay be obtained by

B

-

measuring yields of individpal Y—rays.

Above energy threshold the populetion of a specifhc

bound level - (followed by subsequent Y emission) is a statis-.

tical process governed by energy available to overcome any
potential barriers. The population is expected to increase
Smoothly with energy but taper off again as other exit
channels begin to compete more favourably. Because of the
centrifugal barrier, ;the init1a1 shape of a y yield curve

may depend on the augular momentum of the level in addition

to auy particle incoming/outgoing Coulomb barriers or other

nuclear properties. Man} of ‘these "exfraueous“ Coulomb
features can be cancelled out in part if-the-yield of a vy
rayfis measured relative to anofher one, preferably corres-
ponding.to 2 low lying initial state of kuown-spin. " Empir-
ically, the 1low energy poftrons:offhese'relative'E%eld
curves. after an initial%y sSteep rise, are ofﬁen nearly
exponential with energy. Sh 8 log-linear scale the Slope
reflects the relatdve-spin'of the iudtial level, 2 steeper
slope-corresponding to a larger vaiue of spin. -

Well above threshold, the expouential shapes break
down. As the oarticle "side feeding" of 2 level tapers off,
Y production may still be on the iacrease due to "top
feeding" by y-rays from“levels higher up. For nuclei with

low spin ground -states, most bound levels Yy decay to inter-

mediate ones. Thus the yield of Jjust a few y-rays corre-

g
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spdnding to low lying transitions can provide a measure of

fhe total cross section relative to competing redctions._

3.5;3 n-y Coincidence measurements

As has been §}eviously stated, it wa’s necésshrfrto
identify” y-rays belongingtto 6OZn or 612n using the neutron
coincidence signafure. Several problems with the circuit of
Figure 3.3 were epcountered.: Tﬁe'pulse éﬁape'auaiyzer of
this circuit is somewhat dependent upon the pulse heightﬁ
coupléd with the low relafive yield of neutrons (even with
lead ¥y shieldiqg) aqdndrifting in tﬁe electronics, this made
total rejection of vy events in the deutron'defector {hence-
forth called 1o évents) very difficult. Stronger Y-y events

P

from competing. feactions can intrude into the n-y
_coincidéngé spectrum. .
After some experimentation; the following provided
the optimum remedy (shért of purchasing new detectors and
élecfronics):
1" - 2" of lead shielding placed in front and arouand the
sides of the neutrsn detector, wraéped in cadmium and
copper sheets to absorb X-rays from fluoresceance in the
shielding

- maintaining the ,count rate izn the detector to < 2,000
counts/sec

- 2ir cooling of the detector and electronics to 'reducé

drifting
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most importﬁptly, address. recording of the event informa-

‘tion onto magtapes (PDP-9 program EVR), inéluding the fast

n-y ;iming,-neufron detector pulse height and pulse shape

signals and Yy energy.

Several advantages were gained by address recording "every-

thing*:

multi dimensional windows could be set to optimize the -
. . ~ .
neutron detector pulse shape analysis

the separated n-y spectra could still provide good 'inter-

nal energﬁﬁcalibration

any sudden (qg‘graduél) changes in the eleétroni;s such as
gain drifts could Se more readily accommodated

corrections for chance coincidences and Ay events
"sneaking" into the_n—# spectra could be.made, the latter
by subtracting spectra collected from windows near thé n/n
boundary after suitable normal;zation tb kpown n-y lines
intruding in the n-y spectra; because of the energy
dependence of the neutron pulse shape analysis, the total
oy spectra are not suitable for subtracting except in a
qualitative manner, as some fY intr&sions are over compeh-
sated while others’ remain under compensa.ted.c ‘ This 1is
illustrated in Figures 4.14 and 5.3 for “°Ni(e,nv)%'Zn ana
58Ni(m,ny)§92n' spectira where tantalum beam_ dumps were
used. Thqrefqre the efficiency of the neutron detector

need not be compromised by faiéing the PSA threshold and

restricting the dynamic range of accepted pulses.
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'3,5¢4 Y-y Coincidence measurements

' For the (a,nY)SIZn aﬁg (r,nviSOZn Y-Y coincideunce
ekperimeﬁts, the coincidence :aét timing (TAC) =and energy
- .signals from a pair of Ge/Ge(Li) .deiectofs were address

‘recorded onto magtapé by the PDPfQ‘computér using program
EVR. (The two y detectors were both in the_QOO plane to
minimize‘Dobpler shifts , . offset from the beam axis and
partihliy shieldéd from each other by 1/2" - 1" Pb or Ta
'-plﬁtes to reduce backscatteriné and positron annihilation
evenis. A neutron defector was usually placed .at 0°
immediatelf-béhind the beam dump.) Off-line sorting bf the
‘events was performed by the PDP-15 computer using program
DSEH2 or one of its vafiants: BATMAN, SRTMEM, etc. wWith
these programs, windows could be set on selected peaks and
backérounds on either side of the peags from one. detector.

Additional windows on the prompt and background portion of
| the TAC spectra were set as well. The collected spectra of
the second detector were thus ¢orrected for backgrounds due
to any "chance" coincidences or Compton events under thé
peaks in the windows. For partially réso;ved peaks, windbé&-
had to be set more carefully. Background windows fd£ a
given peak were selected to includerappropriate components
bf the neighbouring peak(s) to compensate for any contribu-
tions it might make. (This method, when carefully executed,

proved to be reliable though rather tedious.)



Normally a singlés monitor spectrum, usually haraware
gated DY coincidence requirements with & neutron detector,
was recordé& at the same'time Lnto.the‘data gemory and later
transferred to dectape.

| A typical (nm) Y=Y coincidence circuit used ia these

. - . ’ .
experiments is shown 1n Figure 3.7.

3.5.5 Multiple-y events; MPY
‘ The multiplicity filter was pressed into service in
tpe search for higher excitations and spin states. The MPF
operates on the premise that a high spin/energy state decays
to the ground staté tﬁ}ough a cascade of y emissioas. 1f
several y-rays are detected coincidently inrg 1%yge array of
detectors, then the#e y-rays must belong £§ﬁsuc£ a cascade.
It is not necessary that all the detect&fs‘possess good
energy resolution. ' The pogrer.ones (Nal) déed only provide
multiplicity information viaz hardware to g;ie the superior
Ge/Ge(Li) detectors. The total energy &éﬁosited in the
aArrTay per event, indicative of the total excitation energy.
cin in principle be used as an additional parameter but Wwas
not used in these experiments as the high spié@ sought are
modest in comparison with those seen in thé€ rare-earth

— St
.

region, for instance. .
2

=
>

For the 4mg and 23ga on calcium experiméﬁfé investi-
gated ian this project, typically six NaI(TL)'s and five

1argé\volume'Ge/Ge(Li)'s were used, the la%ter providing
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rlinear energy signals to five ADC' s.' Coihcidences of three ¢
or more signals,'at least two from Ge/Ge(Li) s, were
required before the .events were address recorded by the
PDP- 9 (program JCWR). Data were sorted off-line by the-
. PDP—IS (progran JCWS)._ (In one experiment an equivalent
program on the VAX was used, but prelimlnary on-line sorting
fajiled to yleld any new useful-informatlon, so the data were
not saved for further analysis Y Windows.were set on ¥
peaks in one detector and spectra collected Trom the Y
coiucidenees -in either .one of er- all the remaining
Ge/Ge{Lij's (all the Ge/Ge(Li) signals having. been con-
venidntly m&tehed in gain at the onset of the experiment).

Background wipdows had to be set separately. The collected

- -

background-window sSpectra were then subtracted from ‘the

collected peak-windéw‘epectra on the PDP-8 (ADCS) or PDP-15-

(HANDLE). No corrections for chance-events were made as the
200 ansec nultiple coincidence requirement and reasonable

=

count rates ({ 10 K counts/sec) ensured rensonably large

true/chance ratios.

3.6 Anpular distributions

The angular distriburion,ﬁ(a), of y-rays from the
decay of a given state to another following & particle
induced nuclear reaction may be described ip/ferms of even
Legendre}polynomials (Yamazaki (1%311;/é55e and Brink

(1967), Sheldon and van Patter (1966):



¢

) . 63
. ) ~
kmax , E . _ _
W(8).-= ) A P(cos8) (k. =4, usuvally) - - 3.6.1
k=0 | » ' -
even |

The’ summatlon is over even k because of the time reversal

- invariance. Normally hlgher order ‘terms are not necessary,

~though there may be occa51onal exceptlons for. x-rays-of

multipolarity greater than two. The population of the m'th.

substate of the state with spin J, Pm(J)'is equal to P_m(J):-

Often W(8) is normalized such that Ad = 1 since only

the A, and 4, (alternately, the a, = Ay/4, and 8, I A,/A)

coefficients are of .interest. It is the &, coefficients

that contain ihformation about multipolarities (thpz) of

" o

the y-rays, and spins and indirectly, parities (J;,J;) of

the levels involved (Yamazaki, etec.):

-~ . : [ -

- 1 '
(J L L Jf) = Py (Ji)_ { Fk(Jf 1 1Ji) ) 53.6.2
.2
1+§
- ff“ . + 2 6 Fk(JleLzJ H + § F (Jf 2 2J )}

where P is the statistical tensor describing the population

of the substates:

J S
o (I) = (23+1)Y2 ) (I T m I —alk O P_(I), 3.6.3
‘ m=-J

.

s
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J.-J
P (J5L L,d, ) s-(_).? 1

-1

_1(2L,*1) (2Ly+1) (23, +1) ] /2 3.6.4

i

-

-_&'(Lif;;in—}[k;0_> W(J;J 0Ly &k J5),
- i . -

»

<L, 1 L, -1 k 0> is a Clebsch Gordan coupling coefficient,

W(J. JlLle, k Jg) is a Racah coefficient, and § is the

mixing ratio of- the multipolarities (e.g. E2/M1) as defined

previously:

Non-zero mixing ratios are an aid. id assigning

rélative.ﬁar;ties.'ﬂ?or instaﬁce, if &(¢1,2) # 0, then thé
“treosition must be MI/E2 as an M2 would not compete with ‘an
- El transition, hence: ni'= Tee
then the transitiqn mus} be M2/E3 aad LI

Similarly, if &§(¢(2,3) # 0

—rg.t If §(1,2) =

% O (or 6(2,3) = 0), then no parity assigoment i% possible on

-

-

. fh;s basis. (The transition is most likely E1 (E2), but the

-

possibility of a pure Ml (M2) ‘transition cannot be ruled out
entirely,.even though pure M1 (M2) <transitions are Quite

rare in the mass A=60 region (Eadt (1979)). Additioral
< .
‘information should really be supplied by 'indqpendent

. : -
experiments, eg. the measurement of y transition lifetimes

» o (eg. for E < 1. 3 MeV and time resolution of 10 ns or better

P

and L= 2 as determlned by the angular dlstrlbutlons, the

64
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transitions must be E2 if no lifetime is seen within error)
of the Y polarization via a double scatterirg Y experlment

or. the measurement of the electron conversion ratios u31ng
an electron . spectrograph such as an "Orenge" -electron
magnetic spectrometer. Again, because of much ' stronger
cqmpetingrchannele, the requlrements of neutron c01nc1dence
would have to be imposed resulting ia very slow net
counting rates indeed.. 4an n-y polarizetion experiment _has

already -been carried out by Smith et al: (1981) for 61,

Zn.
it was felt that to repeat these measurements here would not
be worthwhile. ° Meanwhlle, n-e experiments using an Orange
electron Spectrometer would be prohlbltlvely ‘Slow, because
of both low overall eff1c1ency anq\33a11 conver51on ratios
in the A~80 mass region.

The finite size of‘the detector(s) must also be taken

into account. The experimental angular dlstrlbutlons are
therefore fitted to the functlon

W(e) = a5 + H2Q2P2(cose) + 8,Q,P,(coss) . 3.6.8

where Q2 and Q " are the .geometrlcal correctlons for the
detector(s), leaving A2/A and. A /A to be determined by a
least squares method. For this project, the solidlangle
correctlons for Ge/G%éLl) coaxial detector compiled by Camp®
and Van Lehn (1971) have been used. Where Several detectors

were used at-flxe -angles, the Q, and Q, values may depend
S 2 4
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on 8. 7 When neceSsary" the 9 dependence was taken into
account with program LEGADJ (by adjusting the angular

distribution to simulate one taken with a single detector

while still maintaining the same error fluctuations) prior

to analysis by programs LISA on the PDP-15, or ANGSIGX on
the Vax.

After initially finding the experimental Ak values,
LISA/ANGSIGX then proceeded to find the best_ theo;etical
values for varying mixing ratios and given assumptions of
{35, Jg» Ly, L, and P(m)} that reproduce the experimental
coefficients. 1 one or more of these ffssumpyions" is

_ . .

really an unkﬂbwn parameter, them it is clear that a unigue

assignment may not always result. Angular distribution of

" other decay_ branches may have to be considered as well.

—_

méy have to be determined by

g

Altéfnatively one of the spins

- other means. For insfance, the ground state spin/parity of

SIZn is found by gt decay studies (Hoffman et al. (1969,
1970j, Dulfer et al: (i972)) to be 3/27%,. As an even-even

nucleus, the ground state of SGZn is automatically assigned

" & spin/parity of ,0+. It is possible, in principle, to

determine spin/pa;ity values for higher levels by working up

the cascades.

-

The third important class of parameters to consider
are the populations. In principle they could be calculated

if the reaction mechanism is wel} konown, for example by the

code ALICE or other variations of the Sheldon and Strang
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‘(1969) code MANDY. However. this mechaniSm" st111 “has to
take into account the structure yet to be determined. A
practical alterpative is to flnd tne populatlons empirically
or de51gn an experiment whereby they are restricted to known
values. For (heavy ion, ¥p xn) reactions, it. hasg been
demonstrated (Diamond et al. (1966)) that a Gaussian dlstrl-

butlon adequately describes the populations

2, 2., 9 2 ' -
Pm(J) = exp(-m“/20%); ) exp(-m'/2¢”) 3 (3.6.7)
: f=ang :

»

Because the H.I. beam defines the quantization (z) axis, the

the m; =0 substate. If the target and projectile both have
zero intrinsic'spin, then tne lncoming Projection of total
angular momentum is my = 0 only, othHerwise the progectlons
range over the pOSSlble combinations of 1ntr1n51c Spin. The
evaporatlng particles tend to Carry away only small amounts
of angular momentum; if several particles are boiled off,

their random dlrectlon and energies (recall that a continuum
of states is belng sampled in the CN system for any experi-
‘ments w1th flnlte beam energy resolution and target thick-
ness) introduce cancellatlons flnally ‘leading to a ‘statis-

tical (G&USSlan) dlstrlbutlon for the m- states.

in the Ni-Zn region give rise to essentially Gaussian
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.distribu;ions’with relafively small values for the "align-
ment" parameter c. [ﬁnfortunatelj tﬁe expression "align-
ment" 1s used to describe the distributidn-as we;i é; fhe
‘Pm/P_m Symmetry. The case for o=0 is said to correspénd to
éomplete alignment: _i,e., only the m=0 (or + 1/2) state is
populated.]

Recently Ekstr¥m et al. (1981)_nave reported that a
modified Gaussian, exp{—mx/2cx} (1 £ x ¢ 2),‘is better at
descrlbiug the distributions because of top as well as side
feeding (but at the expense of introducing another para-
meter; for vy distributions near threshold or where "Method
II" geometry (q.v.) is invoked, o .is S¢ small that it
doesn't really matter 1f x=2 or zot). l

Another way to treat top feeding is via the use of Uk
coefficients. For a transitlon J' + J. with multipolarity
LlLé, the statistlcal tensor k(J } can be ‘described in

terms of pk(J ) (after Yamazaki (1967))

: pk(Ji) = kaJiLiLéJi) P 3.6.8

where Uk(Ji LiLode) = [uk(JiLiJi) + G‘uk(JiLéJi)} 3.6.9
1+6 y

- a 3.6.10

T Jy+ds -Lg
and uk(JiLlJ )=(=)

10234 235 1 2w g 195959, ;KLY
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1Genera1}y'the uy coefficients are close to one in wvalue,

except,for Jackknife cases (% -(i‘]Jf - Jil) and/or where Ji
is small. ‘ ) '

| When thé-amounts of top feeding, side feeding, and’
spins of fhe préceding states are known, the populations for
the level of interest may bhe Ealculated by weighting'the Uk
coefficients with the feeding y-intensities vs. the side
component. This has been shown to be_very successful by
Jonesou et al. (1981). One'immediate benefit is that’ the
number of freé parameters needed to describe the populatiéns
may be reduced to cone (the Gaussian width parg?etef ¢ for
side feeding), or even none (for "Method II" geometry).
Unfortunately, a major drawigck'is-that the spins of the
feeding states are .not’ usually known'.beforehand SO some
degree of model dependence 1is still 1inescapable. As a -
convenience, an attenuation coefficient is defined ag
!

@ (J;) = PL(T /B (T)) - 3.6.11

(Yamazaki)

where B, (J) is the statistical tensor for complete alignment

(¢ = 0 = e, = 1):
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3.6.12

B (9 = [ (23+1)2 27 <J0101k0> for integral spin
(23+1) M2 yI-12 (5 170 5 1/21%0> for half

integral spin

-

so that the Ay COeificienté may be expressed in terms of

their maximum values times the attenuation coefficients:
L - .max :
Ak(JiLleJf) ak(Ji)Ak (JiLleJf) 3.6.13

For top feeding,

-~

-

v B (Jy)
ak(Jf) pk(JibleJf) TS “k(Ji) 3.6.14
_ kel
S ak(Ji) (usually).

A more ﬁpvouraﬁlé situétion regarding the populations
may be found in the so-called "Method II" of Li-therland ﬁnd
Ferguson (1963). If a single proton or aneutron is emitted
following & nuclear reaction between a spin zero target ﬁnd’
Spin zero projectile (as for the 58Ni(u,n§5612n experiment),
and the emitted: particle is detected at Q° or-180° in coin-
cidence with the y-ray(s), -then only the m = 31/2 states’ are
pbpulated. Whefe top feeding is applicable, de-aligument

may still occur, but this is normaliy small since most Uy

~ x
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coefficients are close to one. (One obvious advantage of an
(e,DPY) experiment over an (&, nY) experiment'is the level

selectivity available due to the energy resolution ofunpe

charged particle detector.) N ) -

Errors for the multipole‘_mixing ratios (§) were
estimafed according to the methaod of James et al. (1979) by
determining the & values corresponding to the E % confi-
dence level above R, the xiin value at S:

-~

Eqoq = R/n Fgog(l,n) OT 1, whichever is larger 3.6.15

where n is the number of degrees of freedom and

¢

F3pgq(l,n=1 To 4) = 3.69, 1.84, 1.50, 1.38 3.6.18

In the (c oY) coincidence experiment, it was advanta-
geous - to use several v detectors at different angles in
ordbr to offset the slow netl counting rates and any changes
in the initial coanditioms (e.g. drifting 1n the neutron
detector electronics, wandering of beam spot, etc.)i
Normalizntion of the Yy detectors relative to each other wa§
readily accomplished by measuring sxngles T-raye following 8

activity with the beam off (or even oOn: for ingtance, 61

Ni
Y's can only be produced by 8" decay of 51 Cu follow1ng irra-
diation of 58N1 with a's). Some strict precautions had to

be taken. No adjuetmenté could be made to the individual Y
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timing/energy response dufing the experipedt {the neutron
detecto;’is somewhat'less_critiqgl aé all-y signals are.
affected the same way). It was nedessary that normalization
measurements be carri;d out éevergl times over the dﬁratién
of the experiment. Address recording of 2ll the .data
allowed any corrections due to drifting. background, etec. to
be applied during playﬁack. Choice oﬁ Yy detectors turned
out to be critical as well, partly for their low energy
response and partly because the B-y normalizations are not
lsensitive to Qz and Q4. It was found théﬁ y detectors of
similar volume, construction, and, importantly, resélution
gavé more reliable.results. {(When necessary, the distribu-
tions could be easily qorrected for 8 dependence of Qz, Q4;

maintaining consistency in evaluating areas of peaks for

detectors of widely varying resolution and/or 1level of

neutron aamage was another matter!)

Where resolution and intensity permitted, singles -
angular distributions with a single movable counter weré
.also made, with normalization provided by a second fixed

anZzle monitor counter and integrated beam current.

3.7 Delayed Decay Studies

Ll

3.7.1 Electronic timing
Address recording-of the coincidence events afforded
the opportunity of examining the data from different per-

spectives. Lifetimes of v ray emission of.the order of a
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féq'nsec or greater, could be measured by revising the roles

of'the.window_gnd collected Spedtra. A relevant example is

' the placing of windows on peaks and backgrounds of the ny

events of interest, correcting for intruding Oy events by
setting appropriate windows on the pulse shape -anaiysis'
spectra, and collecting the time (TAC) speétra.
Alternatively the timing for the y-v }ecorded events could
be. similarly examined. |

It should be noted that two'precautions_are in order.

.Fi:stly, the timing characteristics of the detectors'must be

well understood in the energy region of interest -- speci-
fically the jitter. and walk in the low energy response.

(One immediate solution is to use a smaller y detector, such

as the 15 cc detector, which has better timing characteris-

tiecs for low energy y-rays than say, ~the zéﬁ;deteéfbf. This
: tL?

is important, particularly for the neutron defidﬁéq& Ni-Zn

"region where only the very low lying states are expected to

exhibit any a?breciable lifetimes; decays\frémbthe positive
parity states in the odd isotopes are expected to be too
fast (under 1 nansec) to measure with these electronics and
detectors). Secondly, one has to be ifrtainlthat any vy top

feeding is truly "prompt" or else correct for any such

contributions.

[ LA
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-3.7.2 'Begm—off activity .

A delay decay method that has already been alluded to

is, of course, the Yy emission folibwing 8 (87, 67, electron
capture) .decay. The decay of 592n, produced via the

(%He,2n) reaction, has been studied by Honaku et al. (1981)

and Arai et al. (1981) by measuring p, 8, and Y hctiv;ties
following paysical transfer (and separation) of the reaction
products to a low béckground counting room. An aﬁtempt waes

59Zn decays in\situ, with the

made in this project to study
aim of determining if'there is sufficient relative activity
to inspire further inbeam investigations .of the actual
levels of °924. Similarly, inspired by the "reasonable"
producticn of 6lZn from the (24Mg,2pn) reaction on 400& it

61 61

was hoped that the decay of Zn. might also be

Ga to

observed out of beem, prompting further inbeam analysis of

616& itself.

A (slow) pulsed beam experiment was devised to
investigate the abové deci}s, employing a solenoi& activated
mechanical beam chopper, Ge/Ge(Li) detedtor and a Tektronix
oséilloscope. Beam energies ranged from 15 to 30 MeV for
®He and 60 to 85 WeV for 24Mg. Beam on times were typically
of one second duration, the anticipated lifetimes being of
the order of a few tenths of a second. Collection times

between beam pulses ranged from 1 to 30 sec. The "longer

times were to allow the intermediate-lived competing activi-



75

-~

ties to die down; buildup of the longer-lived activities

remained unavoidable.

The ramp generator froh the oscilloscope provided
beam-on signals for the chopper gnd timing information tg_an
-ADé. Energy signals frOm’the Y detector fed the other ADC.
.Both ADC's were gated:by the "1ogica; AND" of the f detector
and “beam-off requirement.- Events were both sorted ohaline
and ;ddress recorded by prsgram ERW on the PDP-9, After
data accumulation, the overall "background"™ events, repre-
sented by a window on the tail of the ramp, had merely to be
subtractéd from the remainiqg regions to provide spectra
representing several "time-slices" of the beam off activi-
ties. |

Unfortﬁnately thg Yy events of interest (491, 914 keV
in °%cu; 88, 123, 418, 756 KeV in °lZn) were so overwhelmed
by the competing loanger lived events that they remained
totally obscured, -even after subtraction of the backgrodnd

windows. Further in-beam analysis of 59 61G

Zn or a, using
relatively simple Y spectroscopic techniques, remains un-

feasible.

3.7.3 Doppler shift attenuation method (DSAM) .
At the other end of the timing scale, heavy ion beams
can also facilitate the measurement of nuclear lifetimes.

Because the heavy ion projectiles bring a reasonably large

quantity of linear momentum into the compound nuclear



‘7 .

systems, the residual nuclei can recoii with .considerable
'veidéities,'fypi;a;ly up to a feﬁ pgrceﬁt of the speed of
l;ghf for féﬁctioné 6f iéEerest, The;e fe?&éitigg are often
sufficient such that Y—raﬁs Aemitted before Ehe recéiling'
nuclei come to rest, cﬁn be measurably dopplef shifted in
‘energy. . Measurements of thé.dopbler shifts, which may be
manifest as doppler broadeﬁing of the lines, or‘other line
shape changes or actual shifts in the centroids (which
change with angle of y-rays with respect tTo the recoil
axis), .and a knowledge of the recoiling part}cles' stopping
processes may, in principle, be used to calculate the.f-
lifetimes. - o )

| The details of such dnalySes may be readily found in ‘
the literature, e.g. ‘Hoffman and Patter {1973), Morand and
Chans (1981); Spécifically, these refepences are typically'
concerned with: |
- lifetimes betééen ~ 0.02 ps aﬁd 5 PSS,

- 50 < A < 80,
2

- target thickness ~ mg/cm

- Vrecoil/c ~ 1%, number of evaporated partiq}es < 3,

- number of top feéding contributions exhibiting apbrec;ablg
lifetimes { 3, and | |

- for either un;estriéted recoi:l direction (e.g. Y éingles)
or festricted directions (e.g. detection of the evaporated
particle at 09 or 180° in coincidence with the Y-rays

restricts the recoiling residual unucleus to move on this

4
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axis: the y-rays themselves impart insufficient'momentum
“to appreciably alter the re51dual's direcfiqﬁ).

For values outside these ranges, beamn eneréieé and'fargets
may have to be selected with some care: using beam energles
just above reaction threshold to limit the re0011 s direc~
tions or high energies to impart more linear momentun, thin
targets with backings to slow the recoils down at predeter-
miﬁéd rates, Or even no backlngs to allow the ‘recoils to
decay unimpeded in vacuum. (One must *hear in mind that
compromises bet?een size of shifts, cCross sectlons,-‘
resolution, backgrounds,_etc. must often be struck.5
Further details willlnotﬂpe pfoﬁided nere, primarily
for two reasons: & DS&M prograé is not currently‘available“d‘
on-line at the McMaster facilities at time of writing and
more importantly, the shifts observed for the y-rays of
60,617, ojither lie outside the DSAM limits for the targets
and projectiles used here or‘are obécured byﬁheak shape

g

responses of the detectors.
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CHAPTER 4 .

61Zn: Results and Discussion

4.1 Results and genéral discussion

When work on this project began in 1978, the only

information known about the structure of_61

Zn was the ground
state spin and lifetime via 8 decay studies (Hoffmann et al.
(1979,1969), Du}fer (1972)), some Y-rays belonging to 6.]'Zn
via (c,nY)i(Ségghtites et al. (1973)), and = pa;tial léve}
scheme via a .(SLi,t) experiment (Woods et al. (1978)).
Since then, additional work has been published on thé

(12C'9

Be) reaction of Weber et al. (1979) th, more
importantly (to this theﬁis, at least!) similar (a,nY)
studies by Smith et al. (1982).

In the work of Sarantites et 2l., the most intense
Y—rgy belonging to SIZﬁ was found to be the 123 keV line;
After a prelimina:y (a,n) yield curve measurement of this
line and.on the basis of competing (3;29) and (a,pn) exit
channels, it was decided to study 61Zn in greater detail at
20 MeV a bombarding energy. Singles-y, y-y and ﬁ-Y measure-
ments were made. 'Figures 4.1, 4.2, 4.3 show the Y-Y projec-
tion, n-y coincidence and Y singles spectra with Y counters

at 90° to minimize any doppler shifts. Many of the ny lines

observed by Sarantites et al. may also be seen in the ay
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spectrum of Fig. 4.2; however, several are not. Some, like

the 175, 192, 197 keV lines may be attributed to contaminant

reactions on 185 and 19?; othersy like the 88 keV are not

readily seen because the dynamic range of the neutron detec-
tor appears to have been set too low and/or the constant
fraction discriminator for the ¥ electronics was set too

high,- producing a low energy rolloff -- even.the 123 keV

"ling, which is very intense in the singles and y-y spectra,'

is severely attenuated. Also appearing %n the ny*épectrum
Q‘ -
are many lines intruding from non neutron exit chaunels,

61 61 61

such as the stronger decay lines of Zn to Cu to° Ni

(475; 283, 373, 656, 1186 keV, etc.) positron annihilation

"(511 kev), ©Slcu and °7Ni in besm 1lines, and other

—

contaminants, notabiy 59Ni via 56Fe(a,n) '(339 keV iine;
among‘others), indicating that the stainless steel target

chamber walls were also irradiated.

-
-

An n-Y angular distribution was measured using ¢

o

Ge(Li) detectors at 900, 60 ,"135o and 150o gpd a neutron

detector at 0%, all with respect to the beam axis. The

detectors were normalized individually and relative to each
51

‘other using the beam off decay lines of 6loy » Blyi. A

typical ¥ spectrum following 8 decay is shewn in Fig. 4.4; 2
normalization correction curve between two detecqtors 1is
shown in Fig. 4.5, and a typical inverse efficiency

correction for a single detector is shown in 4.6. (The

o
¢

-
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surface of fhe detector. (Dots are 5lcy decays; crosses

are 13§Ba (commercial calibration Y source) decays.)
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latter also includes data‘from a run using 1333& sources in

- ..

addition togtarget decays,. Commercial sources could not be

used for normalization for the 20- MeV runs because they

would not’ fit inside the target chamber at the target

location.) Generally these ny spectra are somewhat cleaner

than the previous ocues, but they still suffer from some ny

contaminations and intfusion of @Y lines. (These data were

-

collected in the gated singles mode only, so'iine adjusﬁEa
hths to the pulse shape analysis could not be ma&e

hd -

afterwards to correct for “drifts.) Tables 4.1 and 4.4
summarize the energies and inteﬁsities of the Y-rays

' ~
belonging to 612n seen in the (a,ny) work.

-—

For the y-y coincidence experiment at Ea = 20-MeV, 7

magnetic tapes of data were collected, ?ach containing ~ 1.4
x_.lO6 three parameter‘ (ETl' Evzf TAQC) tevents. Windows
generally were set on all peaks observed in the projection
spectra; specifically, the windows of interest were set on

GlZn. Figures 4.7 to

those yY-rays definitely belonging to
4.9 show the collected spectra for the 123, 756 and 873 keV
windows. Table 4.2 summarizes the ;eaks seen iﬁ Glzn gates.
With the aid of thesé coincidence data, energy'gums
and intejéities,la preliminary level scheme was estéblished.
Some spin and parity assignments wereMiade based upon the’

e

analysis of the anguldr distributions, branchings, and

intensities.
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Figure 4.9. 872 keV coincidence gate spectrum at 20 MeV.
(The spectrum shown is for a small detector with low

efficiency at EY ? 1 MeV; the complimentary spectrum shows

-

the high energy peaks with greater prominence, but at the

\

expense of the 124 keV peak.)



. ) Table 4.2

61

-CQﬁ%eatn of Zn coincidence gatesm At Eu = 20 MaV

grte (keoV} Contents
—

, 68 - . \

‘ 124 873 937 1008 1141 1274 1279 1403 (1434) (1467) 1331 1534 (1948)
295 - ? . -
339 contaminated
418 - Co.

320 (295)
578 —
. 608 - '
646 contaminated
756 (646)
873 123 937 1274 1404
937 123 873 + contaminated .o
996 1404 + con:min‘ntod )
1003 123 + cootaminated
1141 123 (1006) 2
1247 1141
1274 123 872
1403 123 873
1531 123 1141

1974 -
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-

There still remained several problems. The normali-
zation'measurements.did not provide sufficient data points
at the critical (see below) low energy end of the spectra.
Departures from the smoothly varyiag response were due to
absorber and dead layers in front of the detectors and
electronic cutoffs especially from the fast timing elec-
tronics. Since the 88‘aqd 123 keV lines form the basis for
determining the spins of higher levels, their spin and
parity assignments should be made on a firmer Ifoundation
than just the “wegk“ arguments of shell model predictions, -
systematics of <the oqd—Zn isoﬁopes, and SQNL {2 protons
removed) structure for the first three closely lying states
with spins/parities of 1/2', 3/27, 5/2': since the ground
state is known to H;ve spin 3/27, this leaves 1/27 and 5/27
for the 88 and 123 keV levels;, the 123 keV line is seen
. strongly both in ny and yy spectra whereas Ehe 88 keV is
not, suggesting that the spin of the 123 keV level is higher
because the higher spin states would prefer to decay to this
level and spin rather than to a level of similar energy and
lower spin. (Recall that the Weisskopf transition rate
estimates are proportional to factors and powers of multi-
polarity-2 for the same transitionienergy.) The most severe
problem remained the intrusion of n-y contamination and O-y
lines affecting both identification and the =zagular distri-
butions (by contamination and/or dealignment of the n-y

distributions by n-y correlations).

._-/_\
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- The solutions to these difficulties “were found by
repeating the experiments” at 15 MeV o bombarding energy
(well below where ga,anGOCu makes any appreci;ble contri-
bution) and. . with =a .physically‘ larger, tantalum (lined)
target chamber. Both thg (n)-y-y (16 magnetic fﬁpes worth)
and n-y angular distribution measurements (6 ‘angles) were
repeated at this bombarding energy. a projecfion spectrum
at 15 MeV is Shown.in‘Figuré 4.10.W—Gates on the 123, 756
and 873 keV‘lines are shown in Figures 4.11 to 4.15. The
contents of the gates are summarizgd in Taﬁ;e 4.3. For the
n-y distribution, both n-y and Ewyispeﬁ;ra for farget and
beam.dump only E;antalum) were taken, again in gated singles
mode. Figure 4.14 illustrates the method used in ;ttempting
to correct for intrudiang H—Y'.liﬁ;s in éhe n-y Sspectra:
Figure 4.l14a represents the original (ﬁeut:on gated) ny
t§ken at 90° with thef 26% detector; 4.14b represents ny
spectrum; 4.l14c is the nYy spectrum corrected for background
ny events by subtracting the ny background spectrum normal-
.ized to known ny contaminations appeaéing in the original,
and 4.14d is the final ny ;pectrum corrected also for uy
events. All channels have an extra 500 counts to facilitate
comparisqns. It is clear that some Ty péaks are severely
overcompensated . (i.e. appéar negative) in the "final"
spectrum because of energy dependence in the pulse shape

analysis gating. A very "clean" n-Y spectrum was taken

using the 11% detector, a gold lined plastic chamber, gold
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gate (keoV)

88
124

338
418
520
378
606G

736
873
937
986
1005
1141
1247
1274
1‘03
1331
1974

/‘

Table 4.3

¢ 81

Contents o Zn coiacidence gates at xq = 15 MeV

Contentsa . /\

293 3897 (632) 873 037 1005 1141 1274 1279 1404
14447 1974 <1534

123 + contaminated

contzminated

320 578 (D44)

413. s

418

756 + coatzminated
(606) 648 1247

123 (4377) 936 (1005) 1274 404
873 1404 + contaminsted
1404 + contaminated
contaminated

123 (1005) 1531

736

123 873

123 873 936 996 13037
123 1141

123

'y

98



CHANNEL
Figure 4.14. Illustration of method for crude
_ compensation of ny events id ny spectra:
a)»hInitial 61Zn n% speétrum + 500 counts/channel.
-b)‘ Separate ny (i.e. ¥ events in Bothhneutron and
— Y detectors) + 500 counts/cbannel.
cj‘ Same as (a) but with subtraction of background
ny events,
'dj Same as (¢) but also With'subtraction of ny

events of (b).
»

99



A -_‘ - ) o -
Ve 100

~

beam dump, (gold being “eleauer“ than tantalum from the

. - .

point of view of both reaction induced activity and chemical
inertness) and address recording of EY, nPH%, nPS4A’, n-Y TAC.
events for careful offline sorting of the n-Y energy and
timing events. The‘n—v spectru;’thus obtained is shown in
Figure 4.15; Figure 4.16 shows the n-y TAé/Sbectrum for the
1141 keV windew. Only the 88 and 123 keV lines showed any.

signs of lifetimes greater than a feéw nsec¢ but this could be

-
-

attributed to low energy timing jitter and walk: when ™,
repeated using the smaller 15 c¢c planar detector no evidence

for nsec lifetimes for these two lines was found. -

-
.

- Unfortunately for the angular distribution measure-
ments, severe drifting in thelneutron detector, changes in'y
normalizeaions, detecto:_ and electronic malfunctiens re-
quired that these measurements be repeated yet again. As an
edded precaution, the gold lined chamber was used. Further-
more, the n/n-Y (Sé , BPSA, nYTAC) coincidences were address
recorded and several B normalization runs were made over the
- course of the experiment. Four similar wvolume Ge(Li)
detectors st 90°, 60°, 135° and 155° were used. (A fifth
_counter (15 cc) at 165° malfunctioned in the middle of the
experiment so its spectra are not reliable.for the angular
distribution measurements.) Superposition of the n-y
spectr&'f;om different engles after matchiﬁg the gains (via
aY in beam depay lines) showed no signs of any centroid

“doppler shifts within experimental errors. The 373 and 1147
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102 -

<

| ~

50.0 g |
- ’}'
(/

_[ i t— 7 N S A An, - -y M T e —

0-95 - 700 . 200
W
1 CHANNEL = 1 NESEC
Figure 4.16. 1141 keV gate ny TAC spectrum ny

events of previous figure.



103 .

keV lines did show a slight high energy tail at forﬁard
angles and low energy tail at back angle§ but the effeét is
small and may possibly be attributed to peak shape responses
of the detectors. In any case, the effects on the tails and

shifts for the o1t

Cu lines with known lifetimes (Sarantites)
could be seen in the nY aund Y sidgles spectra. (The maximum
possible shifts (if decay time << stopping time) are oan

average larger for 61Zn than for 61

Cu because the Q value is
more negative, so the recoil velocity is gregter.) Conser-
vat;ve lower and upper limits . for the lifetimés of all the

stronger 61

7Zn levels seeun in the (¢,nY) work are between 1
p§ec and 5 nsec, respectively.

Adgular distributions were also measured in singles
mode usiné'a moving counter, withgg second'counter fixed at
90° to serve as a monitor. Reliable.distributiong\of the
88, 123, 418, 756, 873 and 1141 keV lines were obtained.
There was still no evidence of any doppler shift effects for
the len lines.

In order to minimize dealignment from top feeding and
eﬁhance the gaussian alignment for side feéding for the 88
-and 123 keV lines, singles angular distributions were also
measured slightly above threshold at 11.5 MeV « bombarding
energy.

Slngles mode yields with projectile energy wére taken

as a function of bombarding energy using . both the 15 cc

‘and - 11% detectors. The yields of the 88 and 123 keV lines
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Figure 4.17. Singles Y yields for 88 and 123 keV lines at
/
90°. .Insét: Excitation functions for the reactions -

S 5

®Ni(a,p)®lcy and 38Ni(e,n)® 20 of Cumming (1959).
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taken at 90° are shown in Figure 4.17._'For'éomparis0n, the
(«,n) and (u,p) excltation functions via off line chemical
separation and é _and T scintillation techniques of Cumming
(1959) are also indicated in Figure 4.17 (insert). Singles
vields of well separated lines relative to 88 keV yields are
pPlotted in Figure 4.18. A singles spectrum.tagen‘with the
11% detector (4 MeV full scale) at 15 MeV and 90°-is shown
in Figure 4.19.

For the angular distribution analyses, .an initial
pass assnmfng complete alignment (¢=0) was made. for levels
with appreciable top feeding, populations-eflthe m-substates
were varied individually and/dr‘via the (modified) gaussdan
model. Finally, some estlmates of m state populatlons were
made by weighting the Uk coefficients for the top feeding
intensities under preferred Spin assumptions. The uppermost
Y'sS in the cascades are expected to exhibit complete ‘align-
ment, at least for the n-y coineidence work. Dealignment
due to finite neutron detector size can be ignored due to
the snall'size and location of the detector (the effective
solid angle is considérably %ess than the example given.by
Lifherland and Ferguson (1963) where deaiignment effects

were already shown to be small). The angular distributions

and x? vs & plots for the 756 keV 1lime illustrate the

methods used: Figures 4.20 to 4.22 show the plots for 20
MeV oy, 15_MeV singles, and 15 MeV avy with pure alignment

(i) wizth varying populations, (11) and with pure aligoment
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Figure 4.20. 756 keV ny angular distribution
plots at E_ = 20 MeV | '
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Figure 4.22. 756 keV nY_angﬁlar distributions'and’x2 vs §

plots at 15 MeV.a: case i -- if 8=0 (pérfect aligament) is
‘EGGEidered.‘ii -- alloding populations to vary; iii -= 8=0

for side (n) feeding Aeighted with U, dealignment. for top,

(v) feeding.
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N \
“we

for side feediﬁg weighted with top feeding via Uk_éoeffi—
cients (iii), respectively.= ’ Ca -

‘ Pari}y aséignmenfs'were‘based on mixing ratios, iife-
"times and systematics of the odd-zinc isotopes (positive 
parity states are expected to occur only above 2 MeV in
excitation. It must be emphasized that systematics argu-
ments fall under the (very) weak category. A tabulation of
the different types of arguments may readily be idﬁnd in the
preface to any volume of the Nuclear Data Sheetéc eg., Auble
(1975) and Ekstr#m (1983).

Table 4.4 summarizes the resﬁlts of alléthe {(a,nY)
measurements performed in this‘project and by Smith et al.
(1982). The 1is;ed branching ratios are based upon the 60°
n-T.intensities, except where indicated. Relative intensi-
ties of the stronger y-rays afe based upon the 15 MeV 60°
y-singles data, tEereby remgving ady e;traneous energy
dependence in thé neutron detector. (This is not necessary
for the branching ratios as the Y-rays originate £from the
same levels.) The proposed level scheme based on thé {(x,nY)
datas is shown in Figure 4.23. “. -

A neutron spectruﬁ of the («,n) reaction at 14 MeV
bombgrding energy taken with the Seforad neutron detector is
léhown in Figure 4.24. Although the detector was calibrated

27Al(p,n)27Si reaction at 7, 8 and 9 MeV, an in bean

by the
energy calibration was found to be more reliable. Calibra-

tion points corresponding to the ground state, 755 and 1265
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peaks and the epithermal peak were -used.
The  excitation energies .and efficiency cortecté& intensi-.

‘ties are given .in Table 4_5‘f Using the 8 and 9 MeV (p n) -

L

.calibration points and correcting for energy losses due to

-

" target thickness (Table of Isotopes 1978) the 22Ss excess

61 ~

for 2n was found to be -56369 + 8 keV (error includes

. g

uncertainties from statistics energy calibration, calibra-

tion masses and beam energies) in good agreement with the
value reported by Woods et al. (1978) of —56352 + 20 keV

. Singles Y spectra were taken at several bombarding~'

1

"energies for the following reactions:

16 50

0 on Vcr @ 49, 55, 60, 65, 70 MeV

198 on %%¢ @ 40, 45, 50, 54 Mev
SLi on °8
24

Ni @ 20, 25, 30, 35 MeV

Mg on Ca @ 53, 58, 62, 66, 70, 74, 85 MeV

3Nd on-Ca @ 50, 55, 60, 65, 70, 75 MeV

16 50 23

>

Of these five reactions, Cr and

no (useful) yield of 612n in-beam activity. Yields of the

0O on Na on Ca showed

123 keV line generally peaked at 45,.30 and 74 MeV for- the

10B, SEi and 24Mg induced reactions, but even at these.

energies they remain disappointingly small. Figures 4.25 to

4 29 show the singles spectra for the 16O l-OB, 6Li, 24Mg.

and 23Na induced reactions taken at 60, 45, 30, 66 and 70

Mev, respectively; A summary of the 5120 v lines seen in
sthe heavy ion work is given in Table 4.6 and len levels

based on v work in Table 4 8.



Table 4.5
. . . o s - .
Energies and intensitien of 6ly levels in the (o.n) reaction

do pb : e da pb
Eex ag Cger) - Eex ag Ceer?
0+ 2.5 63 + 11 1802 + 4 37 & 10 }
83 + 6. aps 10 (191¢ 212 13+ 8)
127 =+ 3 T2 213 7, 2008 * 3 132 + 14
- oquaes . 3T : 2034 + 3 :r?:"m
731+ 3 71 +9 2093 » 7 30 =+ 11 .
049 +9 13 +°5 2299 + 10 10+8
1001 = 3 20 + 10 2357 +8 ° 13+9
1264 + 3 125 + 11 2391210 Re 8 -
1360 + 6 a6 + 21 248453 -0 1327
1400 + 11 T4 + 12
1637 + 3 61"+ 7.
' do . _peak afeae 1 1 1 o A 30 ,udb
* G ° T (wrtimev) © ot {c witev © i } * e TR, 0 e
A= 38 : - -
' bt = 40 x 107 g/cm \ .
@ x ¢ (lMev) = S.1 x 107> atr
+ e = 1.602 x 1077 coul. '
chg = L&_O_!_;ili x6x 1078 coul. .
c (wrt lMeV) from relative eff. graph
- .
: s
3
< . o

L

PP
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Figure 4.27.
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124
293
330
3T
418
520
578

24

X + XCay

(=}

c
e
x
(x + c?)
x

XX + ¢

Table 4.8

' 81Zn v energies in other HI rescticeos

Ca » BPra IByy 4 By 750 .16

- oot - X

seen x ) (x)

(2N x (7))

x- (7))

($3)! o= ()

(x)
x (L7

Lab' N

-

10

Fe +""B

{x)}+xrays?
x

(x)

o



gute (keV)

(1240) " .

(1247)

(1279)
1382
1403

1332

¢1974)

_Table 4.7

" Contents of 612n coincidence gatea at 68 NeV

Contents
[y

“(20%) B73 (1004) 1076 1141 1404 1534

124 936 1404
e (+ 124 873 286 1078 1404)
N . .

(1403)
. .
(873) (936) (1403)

124 1531

124 872 936 996 1076 -

< -

2

Yug on ca

L
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755

038
996
1263

1361
- 1402 :

1659
2002
2099
2270

2400

2797

3337

4413

La

(x)

(x)
(x}

:Table 4.8 -

'Ss.tmry -4 leveis from Y work

B 0 N Ng
- - ——
x - x
R x {x) x
R ’ x
T o x
- % -7
T x ’ x
x . x
(x} x
x
x
(x) ’ . i
(x) . (x)
x x
x
x T 0x
x X
<
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Multiplicity filter measurements were made using-the-
2 Mg on Ca reaction at g6 and 85 MeV and the ?3Na on: Ca,
reaction at 70 MeV Only one new transition belonging to
B}Zn was found, namely the 1076 keVv line feeding the 937 :
1403 - 873 - 123 keV Y c&scade. The ( Mg 2pn)'gates are
summarized in Table 4.7. Examinations of the‘T singles and

projections taken between 10 _and 105 again failed to

- ‘reveal ‘any convincing evidenée for doppler?shifts of the
- 61 Zn lines. : : - .f_, . - .

. " The mechanically chopped beam experiments incorpor-
-ating the 24 Mg beam on, (natural) calcium targets at 66 "72. 2.‘
and 81.7 MeV failed to reveal’ any activity ﬁrom the decay of

61 Zn, though there was ample ev1dence for decays of

Cu to 61 Ni. The short- lived slGa actavity was-
still overwhelmed by the activxties from zZinc, copper and

nickel isotopes.

ments performed in the project are presented in Figure 4.30,

along with the experimental level Schemes of Smith et al
(1982), Woods et al (1978), Weber et el. (1979). .The
-experimental levels are comp&red with the theoretical shell
model calculations of van MHienen et g1, (19786) in Figure.
" 4.31. Systematics of the lower lylng levels across the odd
N=31 isotones and Z=30 isotopes may be viewed in Figure

4.32, (Notably, the single particle positive parity

h €9/2
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Figure. 4.30.
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Also shown is a

sheli model (SM) calculation for GSZn Cfro& van Hieneﬁ

et al. (19786)).
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and d5/2 stafes are p:e&ictéd to o?cur neéé 2.5 MeV Sased
lupon exfr&polatién of the-odd-zinc states;)'
AgreémentSSetween the various }esulté is geeefallj_
cbgéistent ;henﬁresolutiop, rénges and sfatistics are
considered. Comparison with the work of Smith et al. (1982)
is gq9d. with a few discrepancies'appearing'in'intensities
(the 88 and 124 keV y rays lie in 2 noa linéar pon éxponenf
fial region.in the 1§§ge Ge(Li)'spectra so great care must
be taken in calculating the efficiemcy 1in this region
otherwise one might end up with "negative" top feeding!),
identification and pla;ément'of somé Y r#ys'(five have been
found to. be actually doublets: 937/938, 1005/1007,
1239/i242. 140371404, 1531/1534 édd several spin assign-
'“mené;. ‘The heavy ion reaction gre'expected to populate
-predominantly :the higher spin states, but the 1-'wdrk may
still ﬁncover some of the intermediate levels due to Y
feéding. Overall the éompafison witﬁ theor&,'particularly
below 2 MeV excitation, is good, especiaily. wheﬁ it‘lis
rememﬁered that only copper and nickel data were used to fit
the MSDI shell model parameters. Below'L:Mev the number -and
spins of states are predicfed correctly, but' the order,'
notably the three lBQest states, is slightly in error. It
| is concdeivable that only slight adjustments to the
configuration rﬁixing and botential parameters need to be

nmade to reproduce the correct sequence and spacings.
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As a cruEE‘;;ﬁparison, the weak coupl%ng modéi E&lcu-
lation for 65z of Weidinger: et aj. (1970) is shown ip
Figuf; 4.33 along with g shell.model calculation and the low.
ljing experimental levels of 8521, as well as the SDI shel}

model levels for 5520 of van Hienen et aj. (1976). In the

.case-of élZn, one wouid expect exactiy the same number of
leﬁels'hndrspiné but with sl;ggﬁly different orderings. Ip°
fact, the model f&r 61Zn‘sho‘uld be .even more Successful in
the limited WCM because 6OZu-shéuld provide.a-better (vibra-

tional) core andlmore "rdpm? in :2p space is available for

. the valence neutron. (A WCM calculation for Glgn is not as

yét available at tipe of'writing.) _ _

| Mscussion of indiviguar lovels will follow below.
To avoid ceedless rqpetition; relevant key features from
theory.and é&stematics‘wéll be hentioned 8S required in the
same'subseCtionslas the experimental arguments ra;her‘than
Separately at the ena, Seeing that the most -éonvéniént'
comparisons ﬁére already made;wisually in Figures 4.30 to
4.32. Howéver,‘ it MUSt be emphasized that theoretical
prédictions did not Prejudice arguments leading to any spin
and parity aésignments. | '

-

4.2 Discussibn of Levels

4.2.1 The-88 and 124 keVv levels
In addition to the shell model] Predictions, systema-

tics and inteﬁsities, data from the angular distributions
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and lifetime measurements support the Spin and parity
‘assignments -of 1/2 and 5/2 for the 88 and 124 keV levels

-respectively. The 88 keV transition is definitely isotropic .
(where almost all . other lines exhibit 3. la.rge degree of |
anisotropy), indicative of Ji = 1/2. The negative parity
assignment is. partly based upon systemamtics . and is consis-
tent with the weak 330 and 850 keV transitions feeding the
~ 88 keV level. The lifetime 1imits rule out any other spin/—

parity hypothesis that glves unacceptably large E2/Ml mixing

ratios.

-On the basis 0of the angular distributions_alGne,.a
spin/parity hypothesis of 3/2_ cannog be ruled out for the
123 keV level. However the two possible solutions for the
mixing ratio are both unacceptably large. Cne: Weisskopf
unit- for a_ 123 kev E2 tranSition implies e lifetime of the
order of 10 6_ second. Since 300 W.u. represents the'
‘(extreme)'recommended upper.limit (RUL) for”EZ transiitions
in this mass region (Endt'(1§79)5, the lifetime would then
be expected to (well) exceed several nanoseconds. which is
contra—indicated by the lifetime results. The 996 keV line
feeding the §/2 ground state has a _characteristio
"stretched E2" (L = |agl = 2 3 “’i X 7y = +1) distribution ‘
whereas the 873 keV line Teeding the 123 keV level from the
same 996 keV level is definitely not a stretched E2. The

- sign of the @y coefficient for the 123 keV distribntion 1ls

the same as for the 756 keV distribution (spin-5/2—) and

-
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6;;9651‘1:9 to that of the 418 KeV distribution (spin 3)‘2'7)'.
Unfortunately, the singles relative yield curve of the 123
keV line does not support either the 3/2 or even 5/2
hypotheses, rather it is “much steeper, indicative of a 7/2
“ or 9/2 spin. This apparent anomaly may be explained by the
large degree_of top feedlng experienced.by_this level.

4. 2 2 The 418 keV level '

| On the basis of- the 418 keV angular distrlbutlons
- aloue and under various realistic. assumptions of populations
(¢ = 0{ or g = "small" or P(3/2) = "small"), 3/27
definltely the preferred value for inltial spin and parity.
This is also consxstent wlth the 418 keV relative yleld
curve; the.brancn}ng ratios to the ground, 88, and 123-kev
levels via 418, 330 aud'éés lines, and)the'weakness of the
top feedlng 337, 520, 578, 944 and"984 .keV=‘transitions
(decays to the ground state are favoured over those to the
418 keV state because of the energy ennancement of the
transition rates, other factors being equal). Normally for
3/2 states there are two:equivalent_values of mixiang rztio
_obtalned”irom the x2 vsﬁarctan 5 analysis-~- Here the larger
(absolute) value ( —84? ) -should be rejected on the basis of
the lack of observed electronic lifetimes (21though only 1~
W.u. for 418 keV is equivalent to.3 nsec), and tbat such an
extreme wvalue would he very unusual, if not unrealistic.'

The angular distributions of the 295 and 330 keV lines are
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ﬁnreiiabie, but‘éls.kéVAléﬁel és-ﬁevérmheiésﬁ assigned &
spin and parity of 3/27. ‘ E
A ‘ I~
4.2.3 ‘The 755 keV level | ’
| - The 755 Eev level deé;ys predominanﬁiy to the¢gr6und
stqte,.bﬁfmaisoxbranches to the 123-§ﬁd‘418 keV states via
the weak 632 and 338 keV transitions. The angular distribu-
tion of the 756 keV line under‘varidu$_fealf§fic gbpulation
assumptions strougly ‘support the'S/z; sbin'and pa;ity.hypo-
théses,jﬁ When the By statistical tensors are ddjusted to
;ncorpo;até the weighted top and side feeding cpmponénts}'
_;he'xz minimu& valﬁelfof the n—yldistributions under 5/2”
&séump;i&n plummets even further (see Figureé 4.20 to 4.52).
The yﬁeld curvefglopé is alsg'conéistent with the 5/2 hypo-
thesis, being steéper than the _418,;kev. line (3/27) and
Shalldwet than the 873 ke% line (7/2_). The 632 EeV 1ine ié
too weﬁk to provide a'reliable angular distribution, while
thé 337 keV line is contaminated (heavily in 'the 20 MeV fun
by the 339 keV lin; from 59Ni, less so fqr the 15 MeV run,
but: strong 338 and 340 keV linés from 61Cu may partially
intrude into the n-y spectra) so its augular distribution is
ﬁlso'not reliable (although it does appear consistent with
'5/27 » 3/27 for both 3%i and ®lzn). The 755 keV level i's
therefore assigned a épin'and. parity of 5/27. From_tpe

branching ratios of levels feeding both the 124 and 755 keV

levels, it is evident that the wavefunctions for the 755 keV

-
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level are already becoming somewhat dlSSimll&r te'those of

the 124 keV level. | J

4.2.4 The 938 keV level

o

The 938 keV level deexcites by 938, "850 and 520 keV

transitions to the 0, 88 and 418 keV states respectively.

v

Exhaustion‘of‘ the n‘ear%unattributed tbeoretlcal sta.tes
suggests that this level 1is perh&ps the secoud J- 1/2°

state. ' However, a 937 keV, line is also seen‘feedlng the

» .

1404 - 873 - 123 keV cascade and- exhibits some‘degree of
anisotropy. It is also contaminated in singles by the
61Cu. For the 20 MeV ny distrigu-

tion, the strong 1ntru51on of the 934 keV line iato the ny

‘stronger 934 keV line of

spectrum poses a ,prbblem, .coupled- with poor statistics,
reselution‘and-density of nearLy lines, making:unfolding and
subsequeqt analysis of the distributfon ugre%iable. The ny
yvield curve of the 938 keV 1line; after unfolding by the
centroid shift method, is also consxstent with the Spln 1/2
hypothesis._ On .the other haud,_ the 15 MeV nY angular
distributionshzfor .both the 937 and 938 keV llnes still
exhibit seme, degree ot agti-eorrelation after 'the same
unfolding qethod,:iﬁdieatigg\that some of the local energy
balibr&tions for the detecfar array are naot entirely cor-
rect. (Llne shape unfoldlng is useless as the sepsratlon of

the two lines is much less than1?he FWHM of the detectors at

1 MeV. For the 938 keV centroid'snift unfolded distribution
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as . it stands, acceptable fltS are obtained by 1/2, 3/2 end

/2 hypotheses.r Therefore the 938 keV ny angular,dlstriﬁu—
tion can not be irivoked to provide a stxzo;xg a.réumentﬁ in
favour of the 1/2 hypothesis. ‘The 520 and 850 kev distri-

butions do not yleld unlque fits for the spin hypotheses

1/2 , 3/27 or 5/27: "all are equally acceptable (with one

exception: the 5/2” + 3/2” hypothesis for 520 keV yiglds a !

very 1low xz but at an ‘unacceptably large mixing ratio

(82°)). 'The yield curve for the 520 keV tramsition is con--
sistenthith the 1/27 hypothesis (though it suffers from

poor statistics owing in part to the large effectxve back-

E S
ground from the proximlty of the.511 keV p051tron annihila-

f

tion radlatlon), both _1nf shape &ad magnitude (states of

extreme spin are expected to be less populated than for
. P ‘
61

'intermediste spins). The 850 keV line is also seen in Cu,

.

so it cannot be used in singles. The 850ikeV branch to the

88 keV level puts an upper limit of'5/2-.on the spin of the -

938 keV state; however no branch is observed to populate the

—

5/27 - .123 keV state, Wwhich is more consisteat with a spin
- ' .

' 1/2” hypothesis. Therafore a spin and parity of (1/27) is

. . . . _
assigned to the 938 keV level. (The'@;ackets around the

spin and/or parity indicateﬁég_uncertain assig%?ent, or one
- x : . : :

bssed-onsthe so-called “"weak" arguments.)
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4.2:5 The 996 keV level |
| - The 996 keV level deexcites to the 0, 124 and,41é'kevn
levels via 996, 873 and 578 keV transitions.'-ItJis aléq ;op‘
fed by the 2001, 2270 and 2400 keV levels via'1007,~1274 and
1404 keV ¥ transiéions;~"As.mentioned previously, the 996
keV angular distribution (nY at 15 MeV onli;' the others
appear to be contaminated_py nY events from thé't#ﬁfalum‘
beam dump, shielding and (upstream),staiﬁléss steel walls)
is COnsisténf w?th-?he'Ji = 7/2"-hyp$thesis. Accéptéb;e
fits for the 873 keV distribution are obtained for 3/2" and
7/2°7 assumptiggs,fppefformer of wpich'may be rejeéted on the

groﬁnds*of the»definite non zero 8, coefficlent of the 996 -

keV distribution. The 578 keV-dlstrlbutlon gives acceptable

fits for 3/27, 5/2° and 7/2° hypotheses, but of course

suffers from much poorer statistics. When'the'top feeding
-

. contributions are estimated for the ny aistributions,'the'x?

minimum values plummet even further. Of the twp equivalent
arctan 6_solution$, 13° and 610, to the 873 keV n-y distri-
bution - at 15 gév,_only the latter solution improveé
significantly and is consistent with the value found by
Smith et alk. (1982). (This is'iu?ther evidence that the
gaussian population assumption.is not valid when there exist
appreciible top feeding components). On the basis of‘the

873 and-996 keV vield curves, 7/2 is also favoured. Thus

the 996 keV level is assigned a spin and parity of 7/2°

\
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'4 2.6 The 1265 keV level -i" ,l . .
_ The. 1265 keV level deexcites by. emitting a 1141 keV
Y fay to'the L24 keV level._ It is- populated mostly by side
feeding with a8 small. amount of top feedlng from the 2796 keV
level via the 1532 keV transition and ‘an even smaller amount
pr-the 1005 keV 11ne from the 2270 keV level (note that this.
"linefis_o;erwhelmed; evee in ny coincidence, by the 1007 keV
transitien from'the 2002 to‘996'kev‘levels). Qualltatively,
.the 1141 keV dlstributions at 15 MeV exhlblt a stretched Ez
cbaracter. For reasonable values of gaussian or m =71/2,
3/2 only populatious, X2 mlnima for 5/2 and-9/2 aséump—ﬁ
tions are obtalned. On the basis of the’ yield curve gra-
dient and the lack of any observed transition to the ground
state (which shoulg then be much stronger than to phe 5/27 =
123 keV state, iffthe 755 keé iine is any iqdicatiqn), the
5/27 bypbtheeis ﬁay be ruled.eut. _Positive parity may be
ruled out on the basis of (2=3/%=2) mixing ratios as well as
. systematics and shell quel. Unfortunetely the 20 MeV nY
distfibution pfeseﬁts an anomaly iﬁ thaF %he a4fcoefficieﬁt
is much too small (-0.03 + .08). (Generally the 20 MeV data
are not as reliable as the 15: MeV data because of

statistics, backgrounds, and detector reSponses.)

The 1265 keV level is therefore assigned a.spin and

-

‘parity of 9/2 .
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4.2.7 The 1361, 1402 and 1659 keV levels

Four’ transitions, 1362 1238, 943 and 606 keV depop-

ulate the 1361 keV. level to the -0, 124, 418 and 755 keW—’-

levels. resPectively. (A 1241 keV vray also deexcites the-
_1658 keV level: discussed-below.) " Based on_tnese‘branch-‘
ings, anrupper 1imit of 7/2  mdy be placed on the épin and
‘parity of'the 1561 keV level. _The iBSi keV yield curve

indicates a preference for spin 7/2, contradicted byrpne-ls‘

< - -

MeV ney‘engulnr distributions for which‘accebtable fits are
provided by 1/2” 3/27 or-5/2' assumptions for tne-spin;
with a sllght preference :for 5/27 - Similarly a,‘sliéht,
* though unreliable, preference for 5/2° is indiCatediby‘tbe-
. 1240 keV distribution, elfnough in.reaiitf'acceptable-fite
are obtained for 1/27 to 7/27 assumptidns. "The 943 and 606
keV distributions rule out spin.l/z_,'but'eentranict_eacn
6ther;:egarding.7/%—; otnefwise 3/2 and 5/2 also‘provi&e
acceptableé fits. Note that the quality of- these four
distributions, partlcularly the latter two, ie rather poor;
The SDI shell model predlcts the sp1n of the 1361,
1402 andA1659 keV levels to be 7/2 , 3/2  and 5/2, but.not
" necessarily in that‘ order as the predictions for energy
cannot be trusted to the requined degree of accuracy here.
The ié02 keV level deexcites to the 755, 418, 124 and
0 keV levels via 646, 983, 1279 and 1402 keV tfansitione.
The 646 and 984 keV .y rays appearing in sihglee are heavily

61

contaminated by transitions from Cu; they may only be

u
-



'_ o .:.-. . Lo - 14-8

trusted in clean n-y coincidenoe. The 1402 keV trﬁnsition Y
ray-is also contaminated by another stronger 1404 keV linef

feeding the 996 keV level in OF

Zn as determined by the 124,
872.and-996 keV_getesi. Again,-the hrnnohing§ place an upper

limit on ‘the . spin of 7/27. The 646, : 983 2nd 1279 keV ny

distributions - all of poor quality - caunot rule out any

of ‘the - 3/2 ' 5/2 or. 7/2 spin possibilities (although the

‘983 keV distribution indicates a strong preference for - 7/2—

;-

®L 3727 with large £=3/1=2 mixiog ratios).

The 1659 keV level deexcites via a 1536 keV Y transi-

-tion to the 124 keV level and possibly by a weak and conta-

minated 1241 keV branch to the 418 keV level (as determined

from energy sums and shifts,_although this 1s not wverified

'-by the coincidence gates). The x2 .vS arctan § distribution-

for the 1534 keV line at 15 MeV shows ne truly sharp mini-

mum, although the 5/2 =« 5727 hypothesis is favoured over

others at large mixing angles (40° to 90 ); the 9/2 + 5/2

hypothesis, also favoured, may be ruled out on the basis of,

the 1241 XeV braach. -(The l24l keV distribution definitely-
favours 7/2 at large mixing angles but is of‘no value.owing'
to the stronger presence of the 1238 keV line feeding the
123 keV level.) The leck of'branching to the ground state
may 1indicate a preference for 7/2 . - The 1533 keV vield

curve 1is not really very useful since it incorporates both

. 1532 and 1536 keV lines and is situated on the tails of much

larger 61Cu lines.



4.2.8 The 1802, 2034 and 2098 keV levels
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™
. oo . ’ . . \' . .
 Spin assignments for the .1361, 1402 and 1659 are
therefore (3/2, 5/2), (3/2, 5/2, 7/2)" and (5/2, 7/2)-,
L 4 : . . R ..
respectively. ) .
¢ - ;

-

;

The 1802 and 2034 keV levels are seen only weakly in
' ' - 12,%9

. the (o,n) experimen%’ as levels of ©9lzn (the (~°C,”Be)
. . o ‘ .
-experiment of Weber et al. (1979) cannot distinguish the

2034 level from the nearby 2003 and 2098 keV levels) and are

- therefore only tentative.

The 2098 keV level is seen weakly both"in the (a,n)
spectrum, as a 1975 keV Yrgy_feediﬁg the 1247ke1_1evel_ahd
conceivably ;s part of. an uuresol;ed doublet (pr even a
triplet) in the ity and ('2c,%Be) work. The 1975 kev
line is also seen In'singles (a.nTj‘spectra. (This line may
be contaminated as it is also seen in the 12.2" eV singles
spectrum of Sarantites et al (1973), which ig-%elow thres-
hold for the 2098 keV level -- unless the reported bombsrd-
ing energy is incorrect.) - Only an upper limit of 9/2 for:
the spin may he assigned for tﬁe 2097 keV level in view of
its prompt coincidence as the aﬁgular distributions areimuch

too pbor to be useful.

-
-

4.2.9 The 2003, 2270 and 2796 keV levels
The 2003 keV level deexcites to the 996, 755 and 124

keV levels via 1007, 1248 and (weak) 1880 keV y transitions.
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_This state is claimed by Smith et al. - (1982) to be a good

candidate for the 9/2 - 39/2 state based on their ny yield

curve angular distribution and polarization analysis of the

1006 keV line and on systematics of tne odd—zinc isotopes.

However, their systematiecs calculations appear too low:  if

the quadratic trend 1is maintained then the 39/2 state

" should appear at 2.6 + A MeV (fitting error only) and the’

5/2 state at 2.8 + .1 MeV, with the caution that systema-
tics calculations to this accuracy are unwarranted. (The.
ebove errors reflect only the standard deviations of the

fitting procedure they do angt incorporate any model or

systematic errors). Also, the 1007 keV line wmay suffer from

‘intrusion by the 1003 keV line from inelastic excitation in

SSNi and from & much weaker 1005 keV line. branching fnom the

| 2270 keV line in 61Zn. The 20 MeV distribution of the 1007

-2
keV.line,‘which suffers strongly from the 58Ni intrusion,

prefers a 7/27 value for spin, but obviously this distribu-

-

‘tion is not reliable. The much ¢leaner 15 MeV ny distribu-

tion prefers 9/2 with mixing anglejarctan § = 14° or 66° and
3/27 with arctan § =-63°. The 3/27 hypothesis may easily be

ruled out because of the large 2=3/8=2 mixing ratio and also

by the 1248 keV distribution which' defimitely favours 9/2 -

5/27 with both small (8°) and large (77°) mixing angles, the
latter of which may also be ruled cut. (5/27 + 5/2° also
provides an acceptable fit but at larger x2 and may be ruled

out by the 1007 keV distribution: the 20 MeV distribution
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for 124&'kev ié tgé p§of in quality to be useful.) - It is
",._ ' . - very doubtfullthat'thg 1248 keV tf;nsition 1§ indeed E3/M2
as Smith et al. sﬁggest for one’ would then definitely
expect an El transition to the 7/27 - 996 keV level with a
mixing ratlo of 0:1n contradlctlon with above, and a greater
branching-to the 5/2 —_124-kev.1evel. The spln and parity
of the 2002 keV level ls tperéfore_assigned as 9}2‘. -‘~
The ‘2270 keV level deexcites to the 996 kev‘level by
emittiﬁg & 1274 keV ffray in addition'to the weak 1006 keV
hranching to the 1265 keV level mentioned prev1ously. An
estimate for the intensity of this branch was calculated by-
multiplying the 1006 keV ny inte;iity by the 1006 keV area
in the 1141 g;té over the sum of the 1006 keV areas in the
1141 and 873 gates;~tﬁe latter corrécted for relative effi-
‘ciences and branching ratios. The angular distribution at
15 MeV for the 1274 keV line shows a deflnlte preference for
7/? and_ll/z ‘hypotheses. Tbe 11/27 hypothesis gives rise
to a véry large mixing ratio; shaller values of 3 occur at
xz levels comparable to the remaining hypotheses' levels,
which are still below the 0.1% coufidifce limit. The 26 MeV
distribution prefers only the 7/27 assumpfioq. The 1274 ké%
—— _ vyield curve gradient suggests that the spin°lies between 7/2
‘and 11/2. If the Spinris indeed 7/2 then it would appéar
ﬁ;nusual that no decay to the .5/2° 123 or 756 keV states, or

even the 3/2° ground state, is,geen. It should be empha-

sized that the errors involved are rather lafge; therefore
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only a tentative value of (7/2,11/27) is assigned for the
spin and parity of the 2270 keV level. . B

The 2796 kev level deexcites to the 1265 keV 1evel
via a 1532 keV vy transition. The level is seen in the par—
. ticle work of Woods et al. (1978) and Weber et al. (19?9),
_but appears to have been anissed by Smith et al. (1982). No
branching'te‘apy other states is observed,-either in the
cofnéidenCe data of even in singles. The.ls MeV angular
distribution prefers a 9/2” = 5/2_ hypothesis with large
‘mixing &ngles of 90° (ruled out) and 54° Tne_iefz . 9/2
| hyeofhesis also gives an acceptab;e_though larger xz; with &
1arge mixing angle of 66 but. this may be ruled out due to
electronic lifetime measurements. The fact that no decays
are observed to states of different spin could lend some
credence to ther hypothesis  that this is the g9/2 state,
although one would still expect 2 9/2 + 7/27 braach. |
However the positive parity is coatra-indicated by the
* definite non zero mixihg ratio; furthermore, thefshell model
still predicts.rwith less certalnty, thet there are nearby
.9/2” states, among others. The singles yiele durve and
distribution cannot provide useful information as the 1536
keV 1iﬁe intrudes so;ewhat and both lines are situated on
the tails of more intense €lcy transitions. A value of
(9/2—) is proposed for the spin and parity of the 2795 keV

level.

.
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4.2. 10 The 2400 3337 and 4413 keV 1evels i
" The 2400 keV state decays to the . 996 kev level by_
'emission of a’” 1404 keV Y-raz. As mentioned previously, this -
Y ray also. appears as. & transxtion to the ground state from
the 1492 keV level. The 2400 keV 1eve1 is also: fed by a 937\-
keV ¥ ra} from tbe‘3336,kev level.v,A similar energy Yy ray
is also seen in a decay-  to the ground state.) No other
lbranchlngs are observed suggesting a2 spin greater than 7/2
for the12400 keV level.  Singles &ield’curve measnrements of
the 1403 keV Y ray are naturally ambiguous; however, the ny
centroid shift nnfolded yields suggest a spin near 1/2. Theh
angular dlstributions at 20 MeV are expected to show much
more (> 90%) of the 2400 keV level character than the 1402
keV level and less so (60%) at 15. MeV as verlfied by an
estlmate of the relative’ contributtons by compariﬁg the

efticiency_corrected areas of the 1403 to 1274;gev Y lines

.

A

appearing in the 123 keV gates to the 1403 ﬁo 1274 keV
singles ann nY relative to intensities_and-by-t&e'centroid
shift method. The 20 MeV angular distribution dégs‘snow 2
stretched E2 shape but the x2 vs arctan G_plofs show no
preference between 11/2” or 7/2° for the spin of this 1erel,
and both have'reasonablelmixing ratios (do. 90° (ruled out)
and {-52°,-2°}, respectively). When the Uy coeffioients are
estlmated to include the effect of top feeding (assumlng

‘that half of the 937.keV intensity feeds the 2400 keV Ievel

and that the spin of the 3337 keV level is 15/2),  the x2
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is reduced by a factor of 3'for‘tne 11/27 + 7/2° (520) hypo-
-thesis but only 30% for the . 7/2 . 7/2"hypothésis. As
expected ‘the 15 MeV dlstribution remained ambiguous.
(Further tests of dlfferent assumptions are unw&rranted due
. to the ,large uncer;aintles involved in the intensities;"
although hoth the_1402'and 2400:keV 1evels are Seen'in,the
(z,n) " particle work, the -Telative inteusities cannot be
estimated bedaue; of the unknown particle angular distribu—'
tions and the fact that the measuremeufs afe at a very
different energy.) A sﬁin and parity of (11/27) is prbposed
for the 2400 keV level. |

JAnguiar distfibutions of the 937 keV lige .are mnot
very’ useful due to iutru31ous of neerby ny and 0oy lines as
well as the unresolved 938 + 0 keV tranSLtlou. Again the
high spin transition--possibly 'as high as 15/2"-—i35 expected
to dominate at'zo MeV and less so at 15 MeV- & bombarding
energ: |

The identity of the 4413 keV level is well esta-

blished from the 24

Mg on Ca coincidence experiment, as the
1076 keV y ray depopulating this level is seean in the gates
of the 937 - 1404 - (873 - 124) /996 keV cascade. In prin-
ciple a singles angular distribution has been performed as
31ngles mode data were also acquired from the 3 Ge(Ge(Li)
detector mult1p1c1ty filter run, but the overall weakness of

the transitions in question deoes not warrant further analy-

sis of the data.:



'CHAPTER 5 |
605, Results and Discussion

5.1 Results and general discussion

There already existed a considerable amount of .
60

-

information about °%2n whean work began om this part of the
project in 1980: (1,n) néutron.time—of—flight (TOFx‘studiés

by Evers et -al. (1974, 1972), Greenfield et al.‘-r(1972),
Alfofd et al. (1975), and Winsboffow et al. (1972), (t,ny)
nyicoiqcidence studies by ﬁamermans‘et'al. (1974), the heavy

ion-ﬁarticle (iI) tranéfer reactions (lzc;loBe) by Weber et

al. (1979) aad (1%0,%%c) by Dpougheon et s1. (1972) and 5
decay studiéé'Sy Dulfer et al. (1972) and Hsffm;nn et al.
7,(19@9); as yell &S5 numerous tﬁeoretical studies, as men-
tioned previously. (Many of these refefences; both theore-
tical and eiperimental, are cénvenient;y summarized in the
Nuclear Data Sheets, vol. 28 by Auble (1979).) The main
reasons for.pursu;ng further investigations of 60Zn were fo:
study the weaker stétes seen in the TOF and/or HI work but
nissed by Kamermans, ( Table 5.1i; the high energy threshold
placed on the neutron detector by Kamermans essentially
limited the excitation energy to a animum bf'Just over 4

MeV), to measure any lifetimes by DSAM and_  electronic

techniques, andg to discover any higher Spin states populated

v
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. Table 5.14. "
60, S etae Ao e
Zn Y energies in the -(7t,ny) reaction

Placed'x‘s_frqm'WOrR of Kamermans et al-.

E, e I, (10 Méy)*
1004.2+.5 - 100
1189.4r.5- s
2006.8+1.0 " _ a2
2500.1+1.0 - . | - 23%4

© relative intensity in coincidence with
E(n) > 3600 keV

o
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i Tanil 8. 111,
‘80, v energies in the (t.ov) reaction
" placed Y's [rom present work
r, - I(8 Me¥) I(12 ¥eV) Comments (I's based on 90° ny coincidence) .
. - -

462 « an 121 contaminated by S’Cu
g0 - ° - 121
ns . )
1003.b2:.14 3100+3¢c) - 210043 possible breakthrough by 1004 keV from (r.r‘)ssxt

1188.22¢0.14 1733

1308.0+1.4 -
1403.622.5 2x1

" 1$31.77+.65 - 321
1724 . .
©1779.81+.83 - 1022 .
1827.212.30
2007.83+.61 - T*2
2031.44%.99  —
2063.21+.92 -

2157.75+.85 923

2440.3+1.6 -
2805.89+.20  23+2
2582.421.2 -— -

2623.58+.73 1022

2808.3%1.3 --
2969.621.0 92 -
3029.22.3 3+2.

© 3128.621.4 -
3399.1#2.1 5+2
3545.5+1.6 -

3971.31+.54 2122

3989.9+2.1 -
4333 .y -
4496.8+6.0 -_—

3423
e SR

3+l

4+2

122

2+2
10+2
522
42
6+2

5+2

6+3
. 2523
7+3
2+2
S22
2+2

343

323

a+3
743
12+2
443
624

3+3

coptaminated by neardby v's ln stoglen ;but_no
breakthrough io tight oYy coin)

contaminated by 380, at 12 MeV:! estimated DY
centroid shift - '

not 59Cu becatse 0o other BR seen

not SQCu. because no other BR seen

cont. bY 59“1 in singles (no preakthrough in tight
ny colin)

[y

cont. by }esrby y in singles
. »

cont. io singles by 59Cu. Goﬂl but ne BR seen in
ay coin. ‘

. titted cneréy from level diflercnces

LY
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473.81+.74
_1152.34+.50
1210.58+.66
1369.642.62
1500.85+.96
" 1555.71s.22
1556.09+.57
1779.81+.63
1920.4+6.4
1950.57+.63

.-2326.9+1.2

" 2557.01+.2%

2779.622.5
. 3113.6+1.8
3462.5+1.0
3588.1+5.0

I(8 MeV)

. ..
. :
=
Table 5.1414
60 . - : . -
Zn Y energliex in the (T,oY) reaction
Usplaced v's from present work
I(12 MeV) E, .. I8uev T 12°MeV
P - .
341 : . .o
7+1 4039.8+3,2  —- 424
41 4079.9+1.9 - -- 53
-— T 41THTEL.T 41 -
42 '
11+2 : -
8+2 4952,5+5.6 1+l -
4+2 ' -
623 o -
83 .
Ted .
- -
. - .
o . -
< . )
-~ < )
R - .
6"
~ - '



<

159 .

by (HI,xnyhy) reactions. Fufthermore}- the shell models

predicted a higher density of levels above 3 MeV excitation

than has been to date obsServed experimentally.

Seven magneflc t&pes of fhree_parameter (EYl,EYz,TAC)

address recorded events were collected duridé irradiation of °

-

& 2 mg/cm2 self-supporting 58Ni target in the tantalum lined

chamber by a 12 MeV 3He' beam. This‘-'energy was chosen

5021 yield was anticipated to be a méximunﬂ

there; a preliminary singles yield with energy curve was not

because the.

very useful as the 1003 and 1188 keV lines -- the two
strongest —{ are heavily contaminated by'ssNi ;nelastic and
sgNi, 59Cu and other sources. A projection spégtrum is

shown in Figure 5.1. For comparison, a singles spectrum

taken under similar conditions is displayed in Figure 5;2.

. On the whole, the singles y spectra are dominated by -o2:80cy

and °7258,59y; events, as expected. boincidencés of one ot
the v de€tectors with the neutron detector were collected in
the gated singles mode as shown in Figure 5.3. Bec;use of-
the problem associated ﬁath too many events from the beam-
dumpland linings, apertufes etc. (3He on t&htglum, surface
oxides and any trace impurities), a l’20-rﬁg/ctp2 SSNi target;‘
—— sufficiently thick o stdp.the beam, yef thin\?nough so'
that self absorbtion of loy engrgy'YArayé ;f interest could

be neglected -- was used for the n-v angular distribution

d ny events frém

experiment. Coincident ny, OY:and-backgr

four Ge/Ge(Li) detectors at SOQLTGOO; 45° aﬁd 165° were
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Figure 5.3. 90° n-v coincidence speCtrum‘ﬁt E. = 12 eV

illustrating crude compensation for 1ntrud1ng Ay events:

a) Initial OZn oy spectrum +500 counts/channel,

b) Same but corrected for uy\and background ny events using
separately collected spectra. The normalization factor
for. the :Em specirum was determined by averaging the
relative intensities of kmnown Ay intrusions appearing ina
the ay spectrum to the ny spectrum. Because there is a
non-linear 3ependende with energy‘and multiplicity

across the uPSA spectrum, some 0y peaks appear as over

compensated in the net spectrum.

-
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_recorde¢'1n‘gated-singles méde,' The detectors were

normalized using théJrgéidugL_SOCu beam-off activities, as _

in Figurém5.4. (Actualiy,-three more- detectors were used in
-’tﬁe,éxperiﬁen; but. their data could mot be incorporated:
" two suffered_from preamp breakdéyns; the t@ird's amplifier
malfunctiﬁned‘partway-fhrough the -experiment and had to be
-replaced, but the normalization measurement still gave
inconsistent results.) | _ i
The ny spectra themselves suffer from pny and Ty
intrusions, even after fhe_latéer‘had been partially correc-
" ted for. Coﬁe ‘way to attenuate ' the pny chanpnel ié to
increase the neutron deﬁector's energy threshold, but at fhe
expense of'rejécting true oy eveﬁts:) If 4&5 therefore
decided to obtaiﬁ a clean ny spectrﬁm #t 12 MeV "(Figure 5.7)
.by address recording all the pertinentAparameters (EY. nPSA,
nPHEA, nyTAC) and again at 8 MeV (Figurels.S) iﬁ order to
suppress - the ﬁny channel. Use of the gold: lin farget
chamber gnd gdld'beam duﬁp succeeded in attenuating the ny
“events not associated with the target itself. All the nvy
spectra were closelyrscrutinized to determine whicﬁ Y. rays
(or sometimes which fractions!) ipdeed belonged to spZn,
with greategt weighting given to the two clean ny spectra.
These vy rays are summarizeﬁ in Table 5.1, along with gﬁose
reﬁorted by Kamermans et al. Gated spéctra for the 1003 and
1188 keV windows are displayed in Figures 5.5 and '5.6.

60

Contents of the Zn gates are summarized in Table 5.2. The
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Figure 5.4. Typical beam off Yy spectrum following

“12 MeV t irradiation of OSNi.
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window

693 cont
1003 +cont

1188 +cont

) ) ’ ' . . 7. '- . . | l - 167

Table 3.2

Contants of sozd‘gcinc\dnucc gates at E_ = 12 eV

463 cont (483}

1403 cont {1399)

2007
2031 cont
2iss cont
2189 cont
2508
2357
2502 coot

3129 cont

(2028)

(2577)
(3124)

o R - .t
Contents {(*_1 ko\_l) .

s11, 726, 764, 827, (914D, (1178} 1214, 1270, 1326, 1333, 1399
(1899). '1943-1052

339, 465 _

(157) (298), 340. 511, 1188. 1269, 1369, 1830, 1976, 2008, 3032
(2158, 2507, 2633, (3760). (3790}, (2808), 2526

261, 340, 455, ‘s11, 46, (379), 738, 914, X9IT). ges, 1002. 1103
1333, 1342, 1400, 1613, (193T), (3158), (2277), (3307). (23300,
(2486), (2589), (2741 o
340, 434, 484, 311, 1188, 1333, 1644, 2895

(1003), (1188)

423y, (428), 1386 (*%cuw)
s11. (1187) (Cu * Z8)

538 ‘

($57), (998, 1003 (Cu * Za)
339, S11, (1368) 7 ~ ' .
(1289). (1434). c159=>.'czssa;. (2668)

(452), 51t . : N
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Figure 5.7. Clean ny coincidence-.spectrum for GQZn‘

.~ usifg gold beam dump, 11% intrinsic Ge y detector, 12 MeV,

sorted from address recorded {EY, nPS@,AnPHA, nyTAC}
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small size of the. 602n cross—sections may be appreciated
-sere: candidate lines appear very weakly, if at all. \ :
. Singles Y angular distributions at 12 MeV‘ wvere
. o~ PN
measured using 1 - 2 mg/cm2 5sNi targets with (to stop
recoiis) and‘eithout thin gold "backings, but were generally
not very useful. Singles Yy yields With'bombarding energies
between 6 and 12 MeV were aiso measured but to littie avail
due to intrusions froﬁ other channels in the.stronger peaksr
The levei scheme of Figure 5.9 was gradually esta-
blished using ay coincidence data aﬁd at least two affirma-
tives from the YY coincidences, energy sums and matching to
levels seen in the (7,n) and, to a lesser extent, (HI,HI')
particle work as summarized by: Auble (1879). For_ 1ines.
where intrusions from pny or strong By events could not be
ruled out exclusively, the placeﬁents were assigned oniy
tentatively. _ Spins and.parities for this work were assigned
on the basis of the ny and (n-n)y .2ngular distributions with
side feeding populations P(m=0) = 0.5 and P(m = +1) = 0.25'.
(The projection of orbital angular momentum for a state is
zero when the emitted neutron is detected at 0° or 180° with'
respect to the beam aris. Since the incoming and outgoingl
particles each have intrinsic spin:S=l/2 with projections m
= +1/2 and the reaction mechanism is expected to be predomi-
nantly compound aouclear at-E =}12 MeV, there are the four

equally probable combinations (t+t, ty, ++) resultingz in the

above final m—state populations. These populations were
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also.veriiied, within error, by examining the 1189 kev 4% »
. , .

27 distribution under different, ‘realistic assumptions.)
-The resuits of the _(t,nY) angular distributions and ny
yields are summarized in Table S5.3. For comparison, éigures
5.10 and S5.11 illustrate the level scheme in relation to
theories (shell model, SDI, weak coupling) and systematics
of nearby Z=30.isotopes and N=30 isotomes. The Z=§0 syste-

60,

matics illustrate that - 2n is a good vibratqr; like the

other even zinc isotopes except that only the 4+ member of
the 0% 2% 4% vibrational triplet has been identified. The -
s;stematics of the negative'patity states may have to be
"tagken with a grain of salt". 80250 is a selt conjugate
(ZaN)"naeleus with drastically fewer valegce particles com-—
pared to the othef zinc isotopes; it should have a simpler
low-lying structure and be more free of intrusions of nega-
‘tive parity, which arise from the promotion of an odd Aumber
of wvalence particles to .the higher positive parity shells,
. or to core exgitations. h

The heavy iomn Y experiments- failed to show any

60

aepreciable Zn activity. The two strongest possible lines

were-masked by those from other channels; weaker lines were
diffieult or impossible to see in the “grass" in the heavy
ion singles-y spectra. Coincidence gates set‘en the 1003
and 1188 keV lines failed to show any signs of 5020 1iines

known to feed the 1003 and 2191 keV levels, although weak

60

decay lines from Zn S+ decay could.be seen in the beanm off
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GOZn

?igure:5.10. Comparison of experimental levels of
with theories. Shown are SDI models of van Hienen et al.
(1976), = shell model (SM-K) using the Kuo interaction

by Wong (1970; similar to those of Singh and Rustgi, 1971),
another shell model (SM;A) by Perazzo (1973) using the
Argonne-potential, and quartet model (QMj of Jaffrin

(1872). (The experimental levels shown are those known

at the time the above models were first studied.)
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and Z=30 isotopes near Zn.
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spectra tor SLi on %8yi, 23Na on Ca, and of course, 3He on
Bi. -
For the stronger'ny lines, no doppler shifts, within

error wvere ébserved, nor were "elecironic“ lifetimes; this

- 1s consistent with the expected lifetimes beling of the 6£der

of 1 psec (see below). Shifts for the weaker lines could
ﬁot be feliably measured because of statistics. (The
maximum possible shifts are expected to range from 0.2% fer
the first excited state to 0.4% at much higher excitatioﬁ

when the neutrons are detected at 0°.)

5.2 Discussion of levels

5.2.1 The 1003 and 2191 keV levels

The 1003 and 2101 keV levels have been well established’
from - previoqs (t,r) and (x,ny) work, with only the
parity of the 1at£er level being uncertain.

"The 1003 keV 2+ *.0+ ny distribution, which exhibited
signs of a stretched E2 shape, nevertheless suffered from
dealignment due to top feeding and possible ny intrusion.
An estimate using 1/3 top feeding from the 2191 keV 4" level
and 2[3 side feeding did not.appreciably alter the final -
population statistical tensors from the pure-side feeding
assumption. In any‘case, the spin and parity of the 1003
keV level is'already well establis@ed by particle work as

+ N
2, which agrees well with systematics and theoreticsal

T
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(shei& modél; weak aﬁd glnétgr co@pling.mmdels,ﬂng?trge_
Fock-ﬁpgolyuﬁov model) calculations. ‘ ,

'The\]/.rlss keV ny distribution, when examined under
Ji-O to 5 spin assumptlons{-showed a solﬁtion with sharp xz
minimﬁm at zero mixing angle for Ji-4,‘ The solution was
also stable when the popﬁlations were allowed to vary over
realistic{limfts. Negative parity was ruled out because the
lifgtime was measured to be under 5 n§.w Thereforé.the,2;91
keV level is-assigned a definfte.?alue of spin and parity of
4%, | ;

Systeqatics and theoryfﬁlace\tﬁe lifetimes of the two
levels at 1 to 2 ps, which is at the edgé of the DSAM limits

for the (t,ny) experiment. No shifts were found within

experimental error.

5.2.2 The 3509 keV level

The 3509 keV level decays to the 1004 keV level by
thé 2506 keV vy éransifion and to the '2194 keV level by a
weak 1308 keV transition. Earlier aTOF distributions
assigned a spin and pafity of 37 to this level; more recent
work gave it O+, supposedly in good agreement with Kamermans
et al's (t,ny) studies. Both 0% and 3 appear to be contra-
dicted by the results obtained in the pfesent (t,aY) stu-
dies: the 4, coefficiemt for the 2506 keV ny distribution

+

is definitely non zero which autamatically rules out 0—, 1:.

and 37 as possible spin values for this level. (The last is
. - .



PR AT 6

) . | £ 179

based ipon the assumption that W2/El is improbable.) Only -
the J, = 2t hypothesis yieldéd a x2 ndimum below the.O.Q% .
confidence Wimit of 6.9. The lack of any branch directly to
the ground State —- otherwise allowed by spin considerations
-— is gcnéisﬁent with the pearby even zinc isotopes and weak
coupling theory of Vo Van et al..(1978); The 1atter'pre—.
dicts the third excited state to be 2f‘compared with the
shell model's 0'. If the 3509 keV level is indeed the

’ : . .
second 2" state, then it would seem to radically depart from

systematics, whzgh place such a level near 1.9 MeV. (It may
be'that weak levels not seen by the particle experimgnts‘may
exist in the energy region; there exist several qeak Y rays
that could not be placed .in “the particle scheme. However,
all the theories agree against such an energy.) A_spin of
ot or 3~ must also be ruled out because of the 3128 keV
branch fé;di the 5509 from the 0+ 6638 keV level. (Unfor-
tunately, the 3128 keV line is obscured by the 3124 keV line

60

from Cu B decay in singles although it is &onsistehtly

seen in ny coincidence.) No consistent doppler shift was
observed for the 2506 keV line, no; was there any evidence
for an electronically measurable lifetime. Singles Y
angular distributions appeared to suffer from ;ﬁfrusion of a

nearby doppler shifting line and so were not reliable. A

-
spin and parity of 2+ is therefore assigned to the 3509 keV

level.

-
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5.2.3. The 3971 keV level .’
The existence of the 3971 keV level was determined by
energy sums ‘and matching to the 3.98 MeV level seen in the

pgrticle work. Branches to the 0, 1003, 2191 and 3509 keV

_leveis were observed by way of -3971, 2970 and possibly 1780

and 463 keY Y transitions. (The last tﬁo suffer from severe
ET_intrusions.) 'The'x? values for the- 3971 ny angular dis-
tribution showed_ no sharp minima and were generally rather
large. The A, coefficient ruled out J=1 (but 8A 4/ 8470.5 ;

of course 0 + o won* t g0 by electromagnetic decay! ); the 12

plots ruled out Ji-s or 4, which leaves J,=2, 1In addition,

i

- only the'Ji-Z assumption yielded any xz values (Jjust) below

the 0.1% corfidence 1limit but only at large (64°) mixing
angles.' Otherwise, based on x2,1 and 2% fits are .equaly
mediocre. Alsd, 2~ + 0% would be very unusual in this

region! The J=2 spin’'is in contradiction-with the particle

assigoment of (17). (Systematics also put (17) in the 3.6.

MeV region, but they may not be truly wvalid here ) A& spin

of (1™ 2—3 is therefore assigned to the 3971 keV level.

S5.2.4 The 4199 keV level
The 4199 keV level decays to the 2194 keV level via a

2008_kev Y transition. Kamermans et il have assighed a spin

) +
of (2 ) to this level, but the weakness of the line cannot

poséibiy warrant ny distribution analysis. Weak branches to

the 3504 and 1004 keV levels may exist but the ‘690 and 3196

~
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et Y rays involved a.re strongly conta.minated. If these
branches do exist, then the va.lue of the spin must lie
between 2 and 4, inclusive. Because of ‘the poor statistics,
the oY angula.r distributions obtalined here ca.nhot distin-

guish among a.ny of the J =2 to 4(6) a.ssumptions.

L e e et

S. 2 S5 The 3811, 4349 4774 and 5336 keV levels
| The (heavy ion, particle) work places levels at 3.2,

3.82, 3.9, 4.36, 4.8 and 5.35 ¥eV in °0Zn. A very veak 2808
keV Yy ray is seeﬁ in the ﬁv spectrum'and_the 1004 keV gate,
so it is reasonable that the ¥y ray‘be placed as originating
_from the 3811 keV level. 'Because the distribuﬁion is too
poor to be usernl,.only an upper limit of 4‘mgy be assigned
to the épin o: the 5811 keV level.

A 2158 kéV‘T ray —— seen both in the nY spectrum and
the 1188 keV gate -- originates grom the 4349 keV 'level.
The ny angular distribufion canéﬁt distinguish amoné the
Ji=2 to 6 possibilities, although Ji=5 does _yield the

smallest x2 value, but at a large mixing angle of -74°,

60Cu is

Intrusion by the 2158 keV line from B decay of
probably the main culprit, as the ny distribution is ver-y
different after subtraction ‘of 'l-:\he ny events. Arguments
based on the lack of observed transitions to the O; and 2;
states cannot be invoked to infer 5;" or 6+ as the most °

likely spins due to the weakness of the level coupled with
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.poor ezticie:iéy ‘.in detecting the v rays at the ’expéf:ted
:energiés; ; : i .

' The 2582 keV Y ray is also seen in fthe 1188 kev -
window and so it must originate trom a 4774 keV level. No
-definite spin is indicated from the angular distributions,
which again are very dirferent when corrected for nY eveats.
(Ji-S. 3 are pre!erred but at large mixing angles of —83°
73°; otherwise the remaining possibilites are generally
equivalent.) _

The 1827 keV y ray depopulating‘g 5336_kev level is

seen in both the 2506 and 1003 keV gatés. Angular distribu-
tions give preference to the a* +.2+'assumption. (It is

“

surprising that this level was not seen in the (t,n) work
but perhaps this is due to poor resolution and overlap of
the- nearby 5200 and 5520 MeV levels.) There is also weak
evidence for a 4333 keV branch tocthe 1003 keV level. A
spin of 4+ is theﬁefofe assigned to the 5336 keV level.
-

5.2.6 The 4912, 5502 6638, 7371, and 8701 keV levels

The 1403 keV Y ray depopulating theé 4912 (as deter-
mined by energy sums) is obscured by the 1398 keV line from
(r,ﬁnT)SQCu at 12 MeV bombarding energy, but not ﬁt 8 MeV.
Two small "bumps" in the spectra at 713 and 3909 -- corre-
sponding to decays to the 4199 ana 1003 keV ieveis -- are

sometimes seen in the various ny spectra, but not always,

nor are they really large enough to be S%ﬂﬁ%silc&lly
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‘ cgrfain. The spin for the 4912 ke?'level_caﬁ<be anywhere
lfrOm‘O to 4 haséd on the Y branch(es)uwhich is-not incon-
sistent with the (<, n). assignment of (2 )._

' The 5502 keéV level was determined by the energy match
between the weak 1531 keV ny line to the 5.52 keV (t,n)
particle level from the 3971 keV'level. Spin is limited to
2 to 6 compared with ~the particle work assignment of
2*,4h). _

The 6638 keV level is depopulated by 3128 and 2440
‘ ké[ lines feeding the 3599 and 4199 keV 1eveis.‘_€?here nay
also be a we;k 1724 keVAline; contaminated by tﬁé strong
nearby 1730 keV line, which could feed the 4912 keV level.)
Since the y angular distributions are too poor to be of use,
the spin can oniy be Iimited to between 0 and' 4 whereas the"
particle work assigns a definite value of 0"

The tentative 7371 keV level feeds the 3971 keV level
via a 3399 keV 7y transit}on as determined by energy mat-
ching. The 34'coefficient of -0.8 automatically rejects 0
or 1 spin assumptions which contradicts the particle assign-
ment of 0° for the spin of the 7370 keV level (hence the
tentative 1é§el aséignment). Unfortunately, the distribu—

tions do not readily distiiguish between the 3 + 1~ (xf is

$till very high; 2 *+ 17 is much worse, 4 + 1 has an

unacceptably large E4/43 mixing ratio) amnd (2,4) * 2% is

similarly bad. - .
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5.2.7 The 3034 and 3626 keV levels -

184 .
The 8701 keV 1eve1 hae two decay branches as ‘'deter-
mined bm-energy sums: 2063 and 4497 kev to the 6?38 and

4199 keV level. Because of the uncertainties ia the final

.state spin, the spin for the 8701 keVv level can. .ouly be

restricted to a maximum of 4. _ . uﬁ

The 2031 and 2623 keV lines a:e ~Seeun very weakly in
the 1003 keV. gates &as well as in oY coincidence. Their
assignments as originating from the 3034 and 3626 keV levels
can only be made tentative owing “to. the Iick of matching-
particle levels and the fact that unseen- intermediate Y
tranSitions might exist (the gain was set so that 8 maximum
[ 3

of only 3 MeV could be recorded in the Y detector in the YY

experiment). Perhaps either the 3034 or 3626 keV level may

be the sought-after rotational 4t level discussed below.

Alternatively, the 3626 keV level might explain the ot /37

ambiguity assigned to the 3509 keV level for“the neutron
time-of-flight work.



CHAPTER 6

Y .
Summary and Concluding Remarks

The exPerimental results bf this ﬁroject have cer-
tainly extended the knowledgé of the nuclear structure of
?OZn and,GIZn. Using a 3He ion chamber neutron-aetector,
the level scheme and binding energy for'SlZﬁ wefe deteémined
much.more‘accurately_than anj,heavy-ion particle: work (Woods
et al., Weber et ai:) or than any possible neﬁtron time-of-
flight methods. . Independent information from n-y and y-Y
coincidence fechniques confirmed and extended -the_ level
scheme to higher'excitation energy. Furthermore, informa-

tion about spins, parities, mixing ratios, branching ratios
and 1ifetimes for the levels was extracted from the same ¥
work. Compariﬁon of the present work with the particle wqu
of Woods et al. and Weber et al. and the (simultaneous) ny
work of Smith et al. ;howed excellent agreement,especially
with the latter. Some exceptions did arise; namely, identi-
fication of several ny doublets and levels missed by Smith
et al. 'In_addition, many of thé spin and parity assignments
made in the present work were made on firmer grounds than by
Smith et al., owing to better treatmed of populations of
the m-substates and use of lifetime informatioE;,/f’

- e ———
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Aithough attempts at hea;y—ion pérticle experiments
proved unéucceséfﬁl {more as a reéult of mishaeps than any-
thing else), the heavy ion induced y decay studies provided
some iimited success 1in exxracfing information on 61Zn;
notably the multi-y coincidence work with the 2%Mg+Ca
reaction confirmgd and extended portioné of the level scheme

- somewhat, and the éingles—y study of 6Li + 58Ni éroved the
.(not unexpected) existence of the 418 and 755 keV levels
previously obscured by carbon contamination in the (sLi,t)
‘particle work of Woods et; al. The superior resolution
inherent in the y work made possible the isolation of, for
instance, gﬁe 124 keV level from the 88 keV level. On the

L_Jg;her band, the fact that the singles-y work could not

discriminate against tﬁe o&erwhelming undesired -éhﬁﬁnels
meant that some regions in the vy decay scheme weré obscured.

The same n—y and y-y coincidence technqlues as above
were employed ﬁo ascertain structural information on SOZn
via the (t.nyj reaction, but with much more limited sucéess.
ﬁhile it is true that many‘more lines and levels in 602n
wére idenéified in the-:present work than by Kamermans et al.
(partly because of the latter's high neutron energy thres-
hold), it was necess;ry to place reliance on the neutron
time-of—flight work of Alférd et al., Brill et al., Evers et
al., Greenfield et al., Miller et al., &nd Winsborrow et al.

to assist in the determination of the v decay scheme. Siuce

the overabundance of y-rays from competing channels was the’
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main culprit responsible for this problem, one immediate
. solution wﬁuld be to measure n-Y and n-Y-Y 9oincidéhces
using arrays of both neutron ‘and Y dete::tofs to impé'ove
overall efficiency and selectivity. Furthermore, the
improved pulse shape'éensitivity‘of materlials sqch as PILOT
PS fluld over NE213 or NE218 should be used to advantage;
also an arrangement for simultaneously measufing samples of
singles spectra of 1a-beam .and beam-off y activity plus
- standard refierence y sources located nearby should be
inéorporafed to determine effic;ency and -energy calibratioans
to maximum accuracy, particularly important if angular
distfibufion and DSAM techniques are to be employed to theilr
limits. Such an arrangement might easily coasist of a
random coincidence between any y detector in the array and a
pulser to generate a logic gate and routing bit to distin-
guish the event from & normal ny 6r nyy coincidence; another
set of routing bits éould distinguish Seam-o;f from beam-on
events.

The results have also demonstrated the validity of
the Surface Delta Interaction/Shell Model theory 'of van
Hienen et al. in a region often described as vibrational.
Agreement bétween theory and experiment of excitation

61

energies and spins for Zn is very good below 2 MeV 1in

excitation with a few minor discrepancies. For instance,
the ordering of the lowest three states is incorrectly

predicted by SDI, but ‘it should be bora in mind that these
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three levels are not tpat different in energy; more impor-
tantly, only the average paramete;s from nickel and copper
isotobes were used, which is justifiable in its own right.
By "fine-tuning" the parameters to incorporate zinc,
espécially-GOJSIZn, it is most probable that the SDI model

would do an even better job of describing-so’SIZn.

Approxi-
mationgl made in the SDI model, such as peglecting core
excitations and restricting the space to the 1f2p subshells,
have been shown elsewhere (eg. Roodberger et al., 198l) to
be'more applicable to the zinc isotopes than to copper or
nickel. Foé 60’61Zn this is even‘ﬁore so, &lthough SOZn
still exhibits, not unexpectediy."a definite vigrational
character, as suggested by the 0, 1004, 2194 keV/0+,'2+. a7t
lgvels. spaced almést equaily at 1 MeV apart.
Qualitatively, the lifetime limits, branching‘rgtips
and E2/M1 mixing ratios (where avaiiable) suggest E2/M1
enﬁancements as expected by the vibrational model, but not
s0 excessivexf large that they cannot he accommodated by a
large though still plausible effective charge in the shell
model. It is &a pity that the lifetimes 6:; the excited
states could not be measured more accurﬁtely as they, along
with branching and mixing ratios, repr®sent an even more
powerful test of the various theoretical models. Since fne
only calculations of reduced transition rates appearing in -
the literature are for 6OZn (and sparse at that!), perhaps

this thesis.will inspire others to extend their model calcu-
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lations t&::\? 62 for the zinc regionm. In any case, the
lifetime limit; éenerally appear reasonable when compared to
the nickel isotopes (two pfotons' removed) or the other
nearby zinclisotopés. Since the lifetimes (limits) were
measured to be between 5 ps and 5 ns, soume suggestions for
improving the precision "of the ﬁeasuements might be <o
incorporate DSAM w;th the.(t,py)SOZn and (c,nT)GIZn reac-
tions at higher bombarding ?nergies (limited by cross
§ection roll-off with energy), and to usé an annular neutron
detector plaéed at 180°, instead of the previously used 0°
confikurﬁtion, to maximize the initial™ velo;ities of the
recoiling nuclei. The DSAM with the 20ca(®*ug,2pn)8'zn
heavy ion reaction at 60 to 85 Mév should have been very
fyuitful as the recoiling momenta are four times greater
than the above « induced reactions.- waever; the vy calibra-
tions for the detectors used in the MPF in singles mode were
not sufficiently reliable. Again, 'an obvious solution to
thié problem in any future experiments would be to place
standard Y reference sources near the %arget that are
suitably chosen to-  map out Ehe energy region-without
obscuring any Y-ra?s of ioterest from the target'itsglf.
Comparing thin targets, of order 0.1 mgﬁnézhyith thick onés,
of order 1 to 10 mg/cmz, and with and.withoht'lead backings.
might prove useful as well, as would investigating targets

58

comprised of layers of Ca or Ni (or any other desired
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target) alternating with low density eaterial'in an eIfort
to.reduee the stobping power for the recoils. . |

It was also disappointiung that the heavy ion induced
-y experiments yielded so little in terms of results for
(59). 60’612 This should not be unexpected as the' Coulomb
barriers are easily offset by the larger Q-values for proton
emission in this region. However, Mother Nature is not
aiweys malevolent; new informatipn about the structure of
59'SOCu is not unwelcome and'is jmportant in its own right

(see appepdix).

To study the beaan—off B/T decay and/or B delayed

59270 and SGa  (or even 587,, 60ga,’

proton emission of
61.6263) following the Ca, + Mg reaction, it is clear from
the present "negative” results of the mechanically chopped

beam/insitu vy decay experimenté that some kind of separation
technique will have to be employed to improve the "signal®
over the "noise" from the more-prominent but undesirable
decays. Suitable techniques commonly used are transport of
‘the recoil particles by either a helium jet or "ticker-tape”
to a background reduced countinglroom, perhaps in conjunc-
tion with an off;line (or‘ even on-line magnetic isotope
separator. Another simple solution might be to employ 2
moving ribbon target that is heaviiy shielded except in the
immediate vicinity of the beam in an effort to enhance
detections of the short-lived, though rarer,decays. over the

much longer ones.
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The wofk pfeséntdd here does not reprgsen;.a closed
chapter on 8024 or 61z, Iith_ruturé retineﬁentslof‘acqui-
'sitioﬁ and analyéis techniques, such as the use of ﬁeﬁtron-
particle-y ‘crystal balls with high efriciency in deéecting
radiations and classifying channéls in heavy ion experi-
ments, neutron-electron’ coincidenge emplo&ing_;high effi-
ciency and high resolution detectors - to measure electron
conversion coefficients, construction of an end-on geometry
Sefogad-tjpe neutron detector for low energy,(x,n)iépectro—
scopy, use of "exotic" reactions such as (z',xr) (when better
resolutisn becomes available), use of radiocactive beams or
targets, etc., new intorm;tion might 1ndéed be gledned.

Additiongl crucigl measurements might inciude missing
model-expected lgvéls and decay brauches. A-relevant
e;ample would be the discovery of another 3~ 1level 1/2 MeV
higher than the first 1~ ievel in‘SOZn and another 4% level
‘around 3 to 4 MeV in excitation =as predicted by a very
simple rotational model: the two protons and %Wwo neutrons
outside the 56Ni core should couple to form an alpha cluster
rotating around the core with level spacings analogous to
those of the HCl molecular spectra, or the rotational levels
of. 20xe (160 core + a) Or 44y (4°Ca core + u), which
exhibit a second band of odd ;nfeger spin and negative
parity. The only other way to explain the lower lying

negative parity states in 602n or positive parity in 61Zn is

by Bg/2’ 35/2 and 87/9 intrusions, as mentioned previously.
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(Perhaps the repuléive residual 1nteractions"betweeh t?é
four particles'are sufficient to inhibdbit their-clustering
together, though it is surprising that both °2°%%zp exhibit
levels explainable by the above rotational model. It-is
curious that Jaffrin (1972) made no menfion of such neé&tive
parity states in his quartet-éluster‘cdlcﬁlations for 6OZn.)

~ Successful or not, the-above.remaim the subject for

- -

further investigatibné@

< ° - -



APPENDIX <

A.1 58Ni§t;22y2§90u reaction °

ssﬂi(r,pnY)SQCu reaction,

New levels and Y rays in the
- have been observed via the vy coincidence gates, as summa-
rized in Figuréﬁa.l.i and Table A.l. For comparison, the
(t,dy) aﬁd adopted levels compiled by Kim (1976) are shown
in Pigure A.lii. Recently these new levels have been veri-
fied in ﬁroton Vca.pture studiés by bin et al. (1984), so
further analysis of the (t,pny) data regardidg spins, mixing

ratios branching ratios, etc. is not warvanted.

o

60

A.2 New levels in Cu produced by heavy iomn reactions

Many Y-rays beloanging to 60Cu have been identified ia

the €¢t,nY) Y=Y) coincidéuce and Y-singles experiments and by
energy sums and matching to (T,p) and other charged particle
¥orx, suamarized by Auble (1979). The more intense y rays
have been observed in tpe (a,pny) channel at 20 4eV in the
present 612u study. Prior to these inveé}ﬁéations only a
fexd Y-rays belonging to 6OCu were kKnown; si;ce then, Chan et
al. (1982) have{reported their results of an intensive study
"of fhe-(a,pnx) reaction.. Figure A.21i shows the level scheme

obtained by the present (;ﬁpT) work. For compa}ison, Figure

b} k

A.2ii shows the 1level !schemes . of the previously known
% )

183
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Table A.1 -

New Y lines and levels in (r.pa7)5°Cu

L —

!

"

E (Xev) K (ko) o

28 1827

2324 as7

2391 4T

2683 8

312201 2630.8+1.0
2306.951.4

313041 2637.551.0
2214.421.6

3380+0.7 2866.300.7
1301.921.5

3TaTe2 2822.9+2.0

429422 2894.842.0 .
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Figure A.2. EOCu level schemes based on.present
(t,py) work, (1), compared with (t,p) particle and
other Y experiments as sqmmarised by Auble (1979), (ii),

and present (HI,xnypy) work, (iii). -
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(t,py), (tr,p), (p,nY) and electron‘capthre/8+ work summa—'
rized by Auble and the (a,pnY) levels of Chan et al.

Many of the 60

bu‘v—rays have been observed in the
singles Y spectra of the he;;y ion reactioas 23%a on Ca,
2%z on Ca, OLi on °%Ni, 9B on S%re, (*% on *%r), as
summarized in Table A.2.1. Many ne¥ lines and levels were

g?Na on Ca

found from the coincidence gates of the 24Mg and
multi-coincidence experiments. QOpténts of the§e gates are
summarized in Table A.2.2 and A.2.3. The level schemes
based on the present heavy‘%on work are shown in Figure

A.2.1iii and are summarized in Table A.2.4,

<
" A.3 Other channels ' . )
.Many other channels, such as 5?—61Ni, 59.510u' 62,

etc. were seen in the heavy ion experiments described above.
) v
A preliminary scana of the zﬂlg and 3Na on Ca coincidence

' gates failed to reveal any new lines. = No coincidence

-measurements were performed for the 10B\on 5%Fe, 16O on 50
58y,

Cr

and 6I..i on
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‘Table 4.3.1
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Table A.2.3 ,
Contents of eoc::_col.nclhncc gates at E, = TO MeV
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