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Abstract

-

A polarized deuteron beam was used to initiate a
(d,c)reaction on an even-even target with the detection of
the reaction pfoducts neqrq%°l A model independent tech-
nigque is utilized whicﬁ allows the parity of a nucleaﬁ state
(natural or unnatural) to be determined from a ﬁeasurement:

of the tensor analyzing pOwér T In addition, it is pos-

20°
Siblélto identify 0 levels uniquely.

This reaction was perforﬁéd on a doubly-magic 48Ca
target. The resulting isotope 46y may therefore be treated
as a proton hole and é neutron hole in a 8ca core. As a
result of this Qimple shell-model picture, several investi-
gations into the spins .and parities.of the low-lying states
of 46K have been conducted. However, some of these ﬁodel
depeﬁdent assignments have yielded contradictory results
- hence the need for this study. | .

The 48Ca(3}a)46K reaction was carried out at 4° with
bombarding energies of 7.5, 8.0, 8.5,and 9.0 MeV. For a given
beam ‘'energy, spectra obtained with the inciéent deuterons
preferentially polarized in the m=0 substate wére_COmpared
Qith spectra obtained with polarized deuterons in the m=1
substate. The following parities‘wefe deduced from the le-
vels in %6K: ground state, 0.69, 1.74, °1.94 MeV leveis

(unnatural parity)

0.59 and 0.89 MeV levels (natural -parity).
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In addition, a tentative natural parity assignment was made

to the 1.37 Mev staﬁe. The resulting spin-parity combina=

tions are found to be consistent with the most recent set of
. 2 ‘ ' -~
measurements by Daehnick et.al. . -
Pandya calculations'wére made in which the brder and

40

separation of the lowest levels of 'K were obtained from --.

the 4SK levels. Aas a quult of configufat;on mixing,'the

calculations bear little resemblance to the experimental 4OK
-spectrum. A discussion ¢of configuration mixing effects is

also provided.
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Without going out of his dooy,

He knows everything in the world.
Without locking out of his window

He knows the way to heaven. -
The further we go,

The less we learn.

- Roshi
(translated by R.H. Bluth) ~

&

I read the news today oh boy

Four thousand holes in Blackburn, Lancashire
And though the holes were rather small

They had to count them all.

Now they know how many holes it t &s to £ill the
Albert Hall

- John Lennon and Paul McCartney
from "A Day In The Life" (1967)

-

He loocks so truthful, is this how he feels
Trg;ng to peel the,moon and expose it

/q( - Bob Dylan

from "Can You Please Crawl Out Your Wlndow°“ (1965)
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CHAPTER I

INTRODUCTION

From the viewpoint of the‘shell model, the spectrum

as, * -
of 39Kz7 should be an intriguing object of study, for in the
- most elementary analysis 46K is only one proton hole” and one
48 o
‘ 20°%28"
The utilization of neutron-rich 48Ca in a target enables the

neutron hole removed from the doubly magic nucleus

examination of reaction products with a conspicuous excess of

neutrons.. The determination of the spin-parity combinations
of states in 46K should yield important information on the

structure of -this nucleus.

4SK nucleus is a difficult one to obtain experijﬂ\
l

mentally. It can only be procured from two nucleon tran%fiij

The

due to the. lack of appropriate targets-' Such reac£ions ca?/t
reach states which typically can bé described by a pair of

" nucleon holes_excitéd with respect to the ground state; these
two nucleon states cannot appéar, in the-lowest order, in in-

elastic or single nucleon transfer reactions. Hence,.the

46

earlier investigations of the .spins and parities of K le~

vels consisted primarily of angular distribution measurements

48Ca(p,BHe)‘%K reac—

48

with (d,a) and (p,?He) reactions. The
tion was usually carried out in conjunction with Ca(p,t)46Ca
reactions leading-to the comparison of T=4 analog states.

1
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Recently, (4, ay) fast c01nc1dence experlmentsl .2 . were per-
formed to deduce 46y level energles and spin llmlts. The
resultlng expermmental\evzdence concerning the lowest lying
ievels of 4GK is,'ig some cases, contradictofy.mainly be—
cause the method of anal&sis depends upon the reaction me-
chanisnm. |

46

-In this work, ~ K levels up to approximately 2 MeV-

“r

in excitatioﬁ'were inveseigated withla (d,a]'experiment
using beam energies ranging from 7.5 to 9.0 MeV. The ﬁse
of.polariied.deuterons allows ' a model—indepeddent way of
assigning the parity of a nuclear state, spin J, as either
natural ﬁ = (—)J or:unnatufal T = (-)J+l. .In additien, this
model pexmits the determination of both spin and paritf for
the unique case of J" = 0  levels.. In certain situations,
the spin J of a nuclear state can be found if previous
results have somehow limited the choices of parity and spin.
For this method to work, it is essential that the
following fequirements3 be met: a) An m = 0 polarized
beam must be incident upon an even-even target nucleus and
b) any I = ot outgoing particles Eroﬁlthis reaction should
- be detected at 0° or 180: to the direction of the beam.
Using information in the form of single hole$Fnergies,
it can be assumed that the lowest two-hole states in TOK have
negative parity and the prominent configurations are
wd3/%vf7§é and “51/2“f7/2 The expected levels, in the im-

mediate vicinity of (and including) the ground state would
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consist of a J" = 2~ and Si stateralong with a pair of
3T = 37 and’ks“gtates. Data coliedted since the initial

detection of this isotope by M;finov and Erskine? has
indicated that this simple picture is inadequate. This will

be discussed in greater length in chapter V.

rd
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- CHAPTER II

THEORY

II.1 Preamble

 For ﬁhé--particular case of the ieactionlcarried
out in this experiment, it is not clear, in retrospect, whe-
ther this reaétiop proceeded as a direct tiansfer of nu-
cleons or throughf"i:he formation of a compound nucleus. It
seems quite likely that, for the beam energies used, neither
reaction mechanism completely dominated the othex; in fact,
they may have even been in direct competition with each
othef. One should bear ‘this in mind when one of these me-
chanisms is brought up during the following discussion in or-

der to emphasize certain features.

" II.2 The direct (d,c) reaction

-

As might be expected, two nucleon transfer reactions
are not as well understood as the corresponding situation
for a single nucleon. Only the salient features for direct
‘reactions will be mentioned here. A very complete discus-
sion of the theory of nucleon pair transfer reactions can
be found in Glendennings's-

An examination of spectra from a {(d,a) reaction would

show that it is guite selective in the levels that are ex-

cited. Statistical factors alone cannot account for the

4
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diversification in the intensities of these'exciﬁed states.
One mq#t‘also consider the intrinsic structure of the ex—
" cited levels themselves. For example, states that can be

accurately depicted by configuratioﬁs consisting of two

holes in the unexcited tafget‘nucleus tend to be highly fa-
voured. |

The stripping amplitude, for two nucleon transfer
reactions, can be factorized into two parts: a G factor
conﬁaining nuclear structure information and a kinematic
B factor containing the radigl wavefunction uNL(E)gfor the
nucleon pair in centre of mass coordinates. The differen-
tial cross-section can be expressed as an incoherent sum
ovg;_Ehe spin $, orbital L, and total J angular momenta
plué fhe isospin T of the two transferred nucleons'(quan—
tum numbers NLéJ) of:

2

M
it G B T .
MIN NLSJT “NL

In contrast, the cross-section itself for single nucleon

transfer reactions can be separated,into a kinematic factor

Y

and a nuclear structure factor.

Different selection rules exist for different types
of two nucleon transfer reactions. The resulting con-

straints for the case of a (d,a) reaction are simply:
. -> - - -.r‘ -+ - -
() J = Jf - Ji =3J, t jp =L + S

.
N S, AU S GV SRS Y o



where i ; I + I3
n p

. ......'.,
(1) ' _ T = T¢ - Ti =0 .

If slight admixtures aﬁiSing f:om noé{central-ﬁorces
are neglected, the space wavefunction corresponds to relative
s-state motion among the nucleons. Thus, the ﬁéansferred
neutron and proton can be assumed to have zero relative angu-
lar momentum. Consequently, this leadé to the following rules:

' 2 _+2
‘s = (o1VE - o n “p
(iii) T Te = (17 = (1)

(iv) . §=1.

For the special case of two nucleons transferred to
or from the same spin-orbit state (identical nilj guantum num-—
bers) another selection rule can be derived

%

J=even Pickup is strictly prohibit

ITI.3 The (3,&) reaction at 0°

By preferentially aligning the deuterond)in ertain
spatial orientations, one will be ab extract.even more
informatioﬁ from sucgmé reaction. Much of the piéneering
(E,a) work at the McMaster téhdem lab was performed by Petty,

7,8,9
Kuehner, et.al !

of this chapter will follow closely the detailed account found
3 ]
in Petty -

The use of a polarized beam allows the measured cross-—

. The development presented in the remainder

e i e b R A



section to be expanded in terms of spherical tensor noments

tkq:

as _ . ¥ .in i o
@ N ;; Txq %xq (1) .

where T, are the analyzing powers and N, the normalization
' constant, is just the unpolarized (u/p) cross—-section.
Considerations of parity conservation, symmetry, and

transformation properties ot Tké lead to the following ‘ex-

pression for spinl incident particles (such as deuterons):

-

doc _ ,do . .
- (dﬂ)u {1 + 2i 7,, Re(it

+ t
/p 11

T

ll} 20 720

Re (t

+ 2T Re(t,)) + 2 T,

. )} (2)

22

. ) ' s ,

The reaction amplitudes F; can be expanded 1in terms
of partial waves f; and hence are separable into an angle
dependent and angle independent partlo. It is often very con-
venient to do so in the helicity frame. Here the z-axis is
 selected, in a centre of mass frame, for each particle along
the direction of its momentum. The y-axis can then be chosen
- in a direction perpendicular to the plane of the reaction and
.« defined - - '
is defined by Pin * Pout
is the linear momentum of the alpha particle.

-
where Pin is the linear momentum of the

deuteron and 5

out
i 2J+1 .i,...J : '
F, = L S5 f.(aj (e) . (3)

J




Once parity conservation in the reaction_is taken into ac-
‘count, the following relation can be written (for spin 1

-

particles): | v

FE= Tr(_l}:r.+m+l+JFn.

=M m -

€4)

where J is. the spin of the residual nucleus and 7 is the
‘product of the parities for the four particles present ih-
the reaction. For a (d,a) reaction on an even-even target,
this is egquivalent to the parity of the final state in
the residual nucleus.

The analythg powers can be expanded in terms of the

reaction amplitudes:
= 3 * =3
o). Fn B - (5)

He;e qu are the spherical tensor operators and N is a nor-
malization constant, usually chosen so that TOO = 1.

Most of the expressions given above can be further
simplified if the alpha particles are detected at 0° (or
180°) to the beam direction. In equation (3), for exémple,
the 4 function is non-zeré only foF i=m£ this is simply a
result of the conservation of angular momentum. Because

(T @ § all the tensor analyzing powers in (2) are

kq)-mm qo’

zero, except for T20'” Accordingly, for this special geo-

metry, the expression for the cross-section becomes:

do do
S = (&5 {1 +¢t,,T,.}- (6)
C?Q a /e 20720

L




Eguation {5) can also be modlfled to beccme.

T =

s—l l ml
ka N

Z
.,m

(7)

For‘s=l, the spherical tensor operators required for our

purposes are:

-and
2
— (352.- 2)
9
where s, is the angular momentum operator.

ti;h cohstant N dan now be\?etermined:

{

(8a)

“ - (eb)

The normaliza-

s=1 m
N = (3T IF
m 00 mm m
2 2 2
— -1 0 1
N = IF_l + IFOI + .Fll (2)
Consequently,
2
ikl Y P lF I
P, o= 2 221 0
29 N /i-
F—l 2 5|20 [ 1|
1 -1l Fy
T = — (10)
’ - Ar. + F
fl | 1
and the unpolarized cross-section is given by:
(29, =1 {\r‘l + FOI + l 1 2} (11)
ax 3 F-1 0 Fyi 7

u/p

e e i S et



1o
.. The parity conservationrelation (4) for the scat—
tering amplitudes may now be employed. For the case of a

natural parity state w = (—)J the following results may

be obtained

0_ _ o0 =
Fo FO 0
and
-1 _ 1
Fi15-F

so that eguation (10} becomes
-7 = — (for m = (-}Y) . (12)

" The particular case of a spin zero will now be dealt with,
" 1 -1
10 Faa

strictly forbidden. A J"7 = 07 state has Fg = 0 and thus

in a similar manner. °Here, the amplitudes F are

ag _ o +
& =0 (for 3" = o™y . (13)

u/p

For a 3" =0 state, however, the relation (4) only fur-

0 0

nishes the trivial result Fo = Fy. This prbvides the result:

Tyg = = V2 (for 3" = 0 ) . » (24)
Note that thus far into this discussion, all the results have
been nmodel-independent. MWmLtMSmﬁnmhddmrme
situation concerning an unnatural parity state. The teﬂsor

analyzing power T20 can assume any value in between and in-
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‘clgding the limits repregeﬁted_byiﬂ- and natural parity
ététesv. This‘value depends solely upon the ratio Fg)Fi.

~ As reaction amﬁlitudes can only be calculated by assuming
some mechanism for the reaction, it must be conciuded?th;t

T20 for an unnatural parity state must, necessarily, be

mgﬁel dependent.

The tensor polarization ta0 depends-snly ﬁpon two
‘,Quantitieﬁ: the magnetic substate of the beam and the de-
gree to which the beam i§ totally polarized. The latter
qguantity is indicated by the fractional beam polarxization
P which is simply the fraction of the total beam curreat
that is peolarized. The values of t20 can be given as:

tyg = £ form = *1 (15a)
V2

it
o
.

t,.=- /2 p form

20 . (15b)

The substitution of" these results in equation (6} for a
natural parity state (12) yields the relations given below

for the measured cross—-sections:

do, - do

C(55) = (z5) (1-p) (16a)
d m=0 ai u/p
da do E
(==) (=) (1L + <) . (1leb)
ar a’ /o 2

This implies that for a 100% polarized beam in the m=0 sub-

state, there will be no measurable cross-section at 0° for
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[y

a natural parity state. However, in practice,‘fhis is
hot so; there are always saome unpolarized compénents pre-—
sent in the beam and one cannot measure at exactly 0° be-
cause of finite detector effects. -

For the purposes of this experiment, the deuteron
beam used.was polarized in the m=0 and m=1 substates (ie-
lative to the direction of the incident beam) alternately.
The cross-—-sections obtained in the m=0 substate were then
compared with those measured in the m=1 substate. An ex-
pression relating this.comparison' to the tensor analyz:ing,
power will- now be deriﬁed. Let R represeﬁt the ratio of
the normali;ed'peak intensities obtained in the m=0 and -

m=1l substates:

59
_ Y (m=0) _ n=0
R= ¥ ~ 35, - (7
-«

The substitution of equations (l5a), (15b), and (&) into

the above relation gives:
1-/2ZprT
R =
1+RT
)

20 -

20

assuming, of course, that the polarization does not change

appreciably from one substate to the other.

One may now solve for T obtaining the useful re-—
20 e e—"

sult:

B S
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T

1 l - | . .
20 = (19)

. Y2 p 1+

v k)t

Alte;natively, R may beAd;;§ned as the ratio between the

cross-sections obtained in the m=0 substate and from using

an unpolarized beam: \\\‘\a Co )
_ ' o . | | |

R=——-. - (20)

- e

It is then a very simple matter to obtain

- 1
J T, . = =———— (1-R). (21)
20 Y2 p

&

II.4 Some practical'considerationé

As previously—discuséed,it is possible for the tensbor

-

analyzing powér for unnatural parity states to masquerade
as 0 or natural parity levels, at certain energies. It re-
mains to be investigated for how many different energies
T,y must be measured at the limits befo;e it can reasonably
be concluded to be 2 0 or natural parity state.

- The scattering amplitude ¥ may befwritten as the sum |
of‘an‘average'pait Fov and a fluctuatiﬁg part, Ffl’ if one
assumes a statistical model™ for the reaction. At the ap—

propriate excitation energies that correspond to the con-

tinuum region, the width of the energf_Ievels is greater



than the levéiaspacing. The nuﬁerous states bveflapping
with a given level contribute coherently, but randomly, to
the scatterlng amplitude, thereby producxng the fluctuating
partlz. The square of the scattering amplitudes can be:
aﬁeraged over energy to proéuce:

2. 2 x

<F.> = IFav] + <Fgy Fgy> - e (22)

-

This can be interpreted to represent a. direct reaction con-
tribution from the first term and a compound nucleus contri-
bution from the fluctuating second term. The tensor analy-

-

zing power will be affected the most by a pure compound
nuclear réaction. This can be achieved by setting F_, to
zero. If there are any direct contributioﬁs to the reaction
performed in this experiment, they will only eerve to dampen
the extent of the fluctuations in T20'

The previous condition implies a xz probability dis-
tribution depending upon |F|2 and its mean over‘energy'
<|F[2>. For the case of measurements using several beam
energies or, aiternatively,_a thick tarqet the distribution

becomes:

N-1

P(y) = (;ir’—)) exp (- ;y%) (23)

where v is IE‘I2 and N depends upon the energy loss of the
beam due to target thickness, in units of coherence width.

In practice, resclution effects would hamper the use of suf-



ey

-

ficiently thick targets in an experiment. Instead, one

could take an enexrgy average for N different beam energies -

with a minimum separation of a coherence width.

Equations (10) and (23) may then be combined to ob-—

-

tain a probabiiity distribution of T, _ in terms of Ty No

S, 2 2 20
<1Fi| >. and <|Fg| > . Boerma et.al. > use a statis-
tical weight argument to relate the average values of the

scattering amplitudes in compound nuclear representation by

<[F0[2> = 2<|F1]2>. .' (24)
0 1 )

It should be mentioned that this analysis takes into account
tﬁe varions £ values contributing to the reaction. The last
two equations (23,24) may Le merged to give the fc;lowing.
results. If a single beam energy is used on a thin target,
the probability distrigutionjj;absolutely uniform between
the two limits. For a greater.number of beam energies, the
distribution peaks at, and is symmetric about, T l= -1

| - 20 L5 7
the midpoint between the limits. Of course, this is only

an approximation based on (24) and for low beam energies
will tend to approach T20 = 03’8. The more energies N used
during an experiment, the sharper the distribution will be
about the maximum. Thus, it will be more and more unlikely

for T,., for an unnatural parity state to be at one of the

20
limits as N is increased. PettyB’8 has estimated a 0.1% pro-

bability of obtainkrg an average T20 value closer than 0.1
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_to either limit for N=3. Threé or moée beam energies should
certaiply be adequate to éssign a natural parity or J#::O—
to a state.

One problem remains to be solved: that'of detécting
alpha particles ét zero degrees. The finite size of the de-
tecto;aitsélf coupled with the fact that the deuterxons in
the be;ﬁ cannot possibly be stopped ffom entering the coun-—
ter without also obstructing the alpha particles renders
this conditioﬂ iméraétical. As a.result, neasurenents must
be made at small, but non-zero, angles to the beam.

Under these circumstances, the expression fﬁr the ten-—
sof.analyzing power for natural parity or 0 states becomes
extremely involved and model dependent. The average attenua-
tion of T,, can be assessed by employing a statistical model
calculation using Coulomb penetrabilities. The final results
are functions only of the target nucleus radius, beam energy,
and final state excitation energy. An estimate of the magni-
tude of this attenuation will be offered in the next chapter.

A preliminary investigation into the effect éf assuming
a direct transfer reaction instead of the compound nuclear
reaction considered above seems to indicate éhat thexe will

be no significant alteration of the T attenuation with

20
" angle. It also appears that although under the proper circum-
stances a direct reaction may vield a 'I‘20 value, for an umr

_natural parity state, close to cne of the limits, there is an

extremely remote possibility of this occurrin§l4.



CHAPTER IIX

_ DETAILS OF THE EXPERIMENT

IXITI.)1 Polarized ion source

The polarized deuteron beam wés supplied by the
McMaster Lamb-shift polarized ion ‘source. A_detaileé des-
cription of this source is given by McKayls- A'brief
account of its operation follows.

A beam of unpolarized positive deuterium ion is pro-
duced by a duoplasmatron source and is extracted with ap—
proximately 7 keV energy. The deuterons are then slowed
down to abbut 1 keV so that the charge exchange processes
that foilow are optimizéd- A caesium vapour canal is en-
tered next where neutral atoms in their metastable ég_state
are formed with approximately 30% efficiency along with
neutral ground state atoms and charged ions. In additicn,
the caesium vapour allows some space charge cancellation
thus reducing the spreading out of the charged beam. The
ensuing spin filter region utilizes the‘appropriate elec—
tric and magnetic fields to selectively quench all but the
desired m state to the ground state and to deflect the
undesired charged constituents out of the beam.

Subsequently, the beam passes through an argen charge -

exchange canal where the 2s deuteriur atoms form negative

17
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ions with a probability that is a couple of orders of mag-
nitude higher than for the unpolarized ground state atoms
(for a kinetic energy of 1 kevj. The negative-ion beam is
then accelerated and focussed through a three gap lens sys-—
tem and injécted into. the regular FN Tandem Van de Graaff
écceleratdrasystem with an energy of neaﬁly 70 keV. A Wien
filter consisting of crossed electric and magnetic fields,
mutually perpendicular to-the beam, allows the precession of
the polarization axis through an appropﬁiate angle suchhthat
the quéntiéation axis is aiigned along the bean direction

when the beam finally énters the targét chamber.

I1I.2 Apgaraé;s and set-up

Two gquartz viewers, situated before the target cham-
ber were employed to éllow observation of the beam in order
to facilitate the setting of the steering and focussing
elemenFs. Al mﬁ diameter apertu;e, located in the target

ladder itself, enabled a fine tuning in the focussing and

steering to be undertaken. An Enge split-pole magnetic
l6,17

was used tbnmmentumanalyze and focus the
alphé particles pro@pced by the reaction. These were then
detected on the focél plane with a position-sensitive gas
proportional counter;s'lg- The measurements were taken at
4° to the beam direction in the lab system with beam ener-
gies of 7.5, 8.0, 8.5 and 5.0 MeV.

A special Faraday cup system was utilized for this
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experimeﬁt. It consisted of two concentric arcs of tan-
talum isolated fr&m each other by insdlating space#s..The
inner metallic curve had a longitudinal slit cut into it
allowing the beam to pass through it. A potential of minus

300 volts was épplied.to this section to suppress secondary

electron current produced by the interaction of the bheam.

~The tantalum arc furthest from the target acted as a Fara-

day cup. This entire assembly was mounted in the target
chamber with an insulating teflon insert fitting snugly
into the valve opening between the target chamber aﬁd the
spectrograph. A rectangular aperture (7mm X 8 mm) in the
Faraday cup permitted the alphas to enter the magnet cham-
ber. This whole arrangement was.free to slide on a plastic
pillbox support so that measurements could be taken out as
far as 30° to the beam path i:lrequired. \\

The targets for this experiment were evaporated di-
rectly, in vacuum, onto 10 ug/cm2 cafbon backings mounted on
the target ladder. The main target was composed of a 40

ug/cm2 layer of enriched (v 97%) 48Ca. The remaining two

targets, for reasons to be made apparent later, were 40Ca

and WOB‘ In order that the oxidation of the target be pre-

vented, the ladder was brought up directly into a target
vacuum lock system (figure III-1l). This svstem could then
be transferred to and fitted over the target chamber. Once

the chamber was evacuated, the target ladder coﬁld be lowered

into it.



Figure III-1

20



20 (a)

e
Figure III-1 . .
The target vacuum lock 5ystemr
) ‘ - 48 40
The target ladder contained Ca, Ca, and W03_tar-

gets. The calcium targets were evaporated, inkvacuum,
directly ontc the laddér as the vacuum lock system was
in configﬁration b). The targets were transferred to
the Enge target chamber in configuration a); once the
chamber was pumped out, the ladder was lowered iﬁto'it,

forming configuration b).
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The proportional counter+8.19,20,21

consists of a
sinéleinichrome wire inside a chamber filled with a gas mix-
ture of 90% argon and 10% methane. A thin window of alumi-
nized mylar holds the gasrin the detector and permits éar—
ticles to enter with no appreciable loss in energy. A po-
tential of +1000 volts was applied to the anode wire - this
is sufficient to cause an electron avalanche once the gas-ioni-
zing reaction products have pas;ed through the counter. Hence,
a net charge is built up on the wire in a location corres-
ponding closely to the trajectory of the particle. A flow
of current to both ends of the wire then ensues. As the
length of the wire is directly proportional to its resistance,
a comparison between the voltages of the éulses féceived at

- the ends of the wire will vield information as td the ~loca-
tion of the original charge buildup. The pulses from the
ends of the counter were then put through the rather straight-
forward coincidence electronics set-up shown in figure III-2.
The signals were eventually fed into the PDP-9 computer where
a program calculated the charge build-up location and the
current position spectrum was then dispiayed on a CRT screen.
The sum of the pulses from the ends of the counter
gave an indicatioﬁ of the energy lost by the particle pas-

. .sing through the front counter. The resulting mass spec-—
trum, essentially a dE/dx spectrum as the particles passed
right through, was found to be qﬁite satisfactory in particle

identification. 1Indeed, the alpha particles can be seen to
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ﬁe well resolved from the background deuterons in figure
III-3. At smaller angles (less than 4°), these two dis-
tinct peaks tended to coalesce. Hence, a window placedfon
the alpha particle péak would also include some tail-end
deuterons resultiﬁg in a greater amount'of background in
the position spectrum. Although a back counter was
available to be used in an anti—coincidence mode, it was
found to be unnecessary for our purposes.,

The distan€@between the spectrograph magnet and
the proporﬁionél counter was adjusted teo correct for Dop-
plex or kinematic brcade'ning22 using calculated values.
The vertical position of the coﬁnter was also.a?justed un-
til the maximum count rate was realizéd. |

For each beam energy, runs were performed for deu-
terons polarized predominately in the m=0 substate and
then the m=1 substate. As previously mentioned, the quan-
tization axis can be assumed to be parallel to the beam
direction. This process was repeated for each of the three
targets. The entire cycle was followed until satisfactory
statistics had been cobtained. The beam-intensities used
~were in the 15-25 nA range.

IITI.3 More practical considerations

A

The detection of alpha particles near 0° tended to
run into some difficulties as a result of the presence of

the longer range deuterons in the beam. This background



Figure III-2
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Figure III-2 =

-~

A block diagram of the electronics used to process

signals from the proportional counter.
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A

Figure III-3

The energy loss or mass spectrum from the /,a(d, )
& experiment at 4°. Windows were set on the we11—resolved
alpha paiticle group to obtain the alpha position spec-—

tra shown-in'Chapter Iv.
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flux was sufficiently suppressed at 4° so that measurements

could be made. However, as a ‘result of not being at 0°, -

‘there was a corresponding attenuation of the. tensor analy-

zing power. For a target of 40ba, 10 MeV deuterons, and
ecﬁ = 5°, Petty3 estimates an attenuation’of 7.6%. In the
case of a 48Ca target, the mass increase would probably not

be too significant. As lower beam energies and a smaller
angle were used, the quoted figure likely over-estimates the

attenuation in our experiment somewhat. Nevertheless, it

- gives some indication of the size of the effect one can

expect (perhaps 5-6%).
In practice, a portion ¢of the beam always. consists

of some unpolarized deuterons. The quench ratio Q is de-

© £fined as'the ratio of the total beam current to the un-

polarized component. However, it is often more useful to
consider the fractional beam polarization - the ratio of

the pola¥ized beam portion to the total beam current. To

-

the first order, it can be connected to the quench ratio by
the expression p= 1 - %w

By monitd;i;g the guench ratio throughout this ex-—

periment, one coulyl ensure that the beam polarization re-

‘mained fairly constant., The effects of long term variations

in the beam polarizétion were reduced as a result of the

o .
* switching of the deuteron substate every two to three hours.

. The fractiohal beam polarization was found by mea-
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suring the normalized yield ratios for some known natural

(and@ a 0 ) states in 14

N*. This was produced by . a (a,a)h'
reaction_. on thg tungsten._gxide. target-r A tyg}ical set of
normalized spectra is shown in figure III-4. Note how the
cross—-section for thé natural parity states at 5.690 and
5.832 MeV is drastically reduced in going from the m=1 ‘to
m=d deuteron substate. It can also be seen that the re-
verse situation occurs for the 0 state at 4.915 MeV. As
expected, the vield for the reﬁaining unnatural parity
states varies in é rather unpredictable fashion. The beam
polarization, which remaineéd constant to within * 5% for
any given run, was found to vary anywhere between 50%:and
75% over the course of the entire experiment.

a8

Finally, a close examination of figure III-4 shows
that a double peak structure is evident for the two 105
levels. A layer of carbonjon each side of the target may

be responsible. 'As the WO, target is placed on a carbon

3
backing, the deuteron beam must be depositing carbon on

the WO, surface facing the beam. Energy loss effects due

3
to the passage of the alpha particles tﬂrough the target
would then account for the location of a second alpha peak
on the lower eneréy side of the major alpha peak. The
source of this carbon is probably hydrocarbon cracking by

the beam in poor wacuum.
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¥

Figure III-4

A le % .14 .
The position .spectra for O(d,ax)” N with
= = e . f
Ed 7.5 MeV and elab 4°. The top spectrum was
for the deuteron beam polarized in the m=l substate
whereas the bottom spectrum was for the m=0 deu-
teron substate. The fractional beam polarization P

was extracted from the comparison of these two spec-—

tra.
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.CEAPTER IV

EXPERIMENTAL RESULTS

IV.l 2Analysis of data
46

The K spectra, labelled with excitation energies
obtained from the Nuclear Data Sheets2 , are shown in £i-
gures. IV-1,2,3,4 for each of the four Beam energies used.

. An attempt was made to measure T20 for 46

K levels at higher -
excitation energies, however the resolution obtained to-
gether with the backéround in the spectra rendered the_re—
sults of little value. In aﬁdition, no new levels were
found or résolved in the lower region of excitation. Typi- '
cally, these spectra had a resolution of 20-25 keV FWHM:
indeed, a resolution half as good would have been sufficient
to separate the 46R peaks in this lower excitation region

N \*N\Frgm each other. The main cause for concern was due to the

interference of impurity peaks from 38

40

K contaminants. The

Q value for a (d,c¢) reaction on Ca 1s .such that one ob-

serves the 3-5 MeV excitation region of the odd-odd final

38

nucleus ~°K; thus, a high density of states 1S witnessed.

The cross—-section for this reaction was at least an order of

48

magnitude greater than for Ca(d,a)46K. As a result; this

problem was present even though a highly enriched target

was used. The reasons for the much larger cross—-sections

40

for the Ca target will now be discussed.

28
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Figure IV-1

L

. + -~
Energy spectra of a particles from the 4BCa(d,c.)46K -

reaction (m=0/m=1) at elab = 4° for a deuteron beam

energy of 7.5 MeV. The major target contaminant le-

vels, labelled in the m=1 spectrum, result from (3,&)

reactions on 2851,'24Mg, 160, and l3C

~
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" Figure IV-2

Energy spectra of o- particles from-the

v - - — ' = R &
reaction (m=0/m=1) at O1ap = 4
energy of 8.0 MeV. '
- i ﬂ-
“ " .

- .
480203, 2 %%k
for .a deuteron beam

9' .
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31(a)

Figure IV-3
Enerqgy spectrum of ¢ part%cles from the 48Ca(3,a)461(
reaction (m=0/m=1) at elab = 4° for é deuteron beam
energy of 8.5 Mev. A failure of the.pola£fzed'ion

source terminated this experiment before satisfactory

statistics had been obtained.

v'l,'
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32(a)

Figure IV-4

- B - ’ .
Energy spectra of ¢ particles from the 48Ca(d,u).461(
reaction (m=0/m=l) at @&

1ab - 4

for a deuteron beam
energy of 9.0 MeV.

m—
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"It has been obsexrved eypirically that the largest

croés-sections for both (d,a.)z4 and (u'da25.26'

réactions-
tend to occur when the transfe;red‘proton and neutron arxe
coupled to maximum J and are acquired from the same shell.
The seleétivity of the (4d,a) reaction was mentioneé in
chapter II. In addition, a further selectiv%ty exists—

" depending upon how well these two nuéieons are correlated
in the nucléus. Both angular momenéum coupling an& attrac—
tive nucleon—-nucleon forc35 are responsible f&r this cor-

~

'relations,lz-The_latter ingredient can be described by con—-
ﬁigurétion—mixed wave%pnctions. ‘

Glendenning5 outlines a classical physics
analogy for angular momentum coupling correlations. If the
two particles are coupled to a total angular momentum J,
then the classical orbits of such particles in the nucléus
are coplanar only when J assumes its maximum or minimum
values. For any intermediate values, the two orbits are
inclined with respect to each other. Thus, it can he seen
that a higher degree of spatial correlagion exists in the
first case.

The low lying states of the nuclei 38K and 461{ may
be described, on the basis of the shell model, as a neutron

hole and a proton hole in 4OCa and 48Ca cores, respectively.

The expected ground state configurations would be'id;}zvd_l

. 3/2
38 -1 -1 46 38 -
K and wd3/2vf7/2,for K. In the case of ~“ 'K the

N

for
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nuclgon pair could be captured fram th; same shell as a unit
in a direct reaction. The neutron and proton are in a rela-
tive s-state so that there would be a great deal of over-
lap between their radial wavefﬁnctions; consequeﬁtly, the
final state in the alpha partié&e parallels the initial state.’
For 4GK, however, as the proton and neﬁtron are apparently
from different shells, it is possiblé'fhat the ieaction may
be proceedihg through some mul@i—step process (perhaps

in competition with a direct transfer reaction).

If one assumes a compound nuclear reaction instead, the
instability of the neutron-rich 4GK nucleus can explain the.
discrepancy in the cross—sectionsl4. Using such a model, a
deuteron incident upon a 4OCa {or 48Ca) target will produce
an excited 42Sc (or 50Sc) compound nucleus. For the case of
a 42Sc compound nucleus, ah examination of @ value tables

-

reveals.that only the proton channel opens sooner than the
Ialpha channel. As a result, a decay by algha emission should
be quite probable. Alternatively, because of the large
neutron excess iﬁ SOSc, one would expect neutrons to be ex-
pelled rather easily; indeed, it turns out to be favourable
in terms of enerqy and the fact that there is no Coulogb bar-
rier* for neutrons; Both neuntron and proton channels open
QSooner than the alpha channel. As a result of the availa-
blllty of the neutron channels,the alpha decay of the 50Sc

compound nucleus will be inhibited in“omparison to the 428c‘
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35(a) .

Figure 1vV-5

A normalized >k spectrum is compared with an uncor—

46

rected K spectrum for 7.5 MeV deuterons in the m=0

Substate. The insert giﬁes a magnified view of the.

dotted regions superimposed over each other; here, the

33K spectrum is shaded in for greater visibility.
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‘Figure IV-6
A normalized 38K spectrum- is compared with an uncor—
rected 46y spectrum for 7.5 MeV deuterons in the m=],

substate. The insert gives.a magnified view'of the

dotted regions superimposed .over each other; here; -
a8 & _

the K spectrum is shaded in for gréater visibility.
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nucleus. Both compound nuclear and direct reaction mechanisms

indicate that the {d; cross—-sections for 46

8

K shogld be wea-
ker thah.those,for K; this is, in féct, what is'obsefved.
_TQ correct fér these impurity peaks,‘a 38K spectrum, for

each of the m=0 and m=1 deuteroﬁ beam substates was taken
K duripg each cycle. The spectra were noma_*lj%.qzed by comparing |

38K impurity peaks iﬂ the 46

38

K spectrum with the cé%respon-
ding peaks in K spectra and'they were then subtracted. An
example is given in figures IV-S,S. "The resulting m=0/m=1

GK-spéctra for a given beam‘energy were then normalized
according to the number of béam dumps recorded from charge
integration of the Fa;aday‘cup;

The tensor analyzing powers T, wete.palcu;aféatas o%tlined
in chapter II and are plotted against the excitation enexgy
'of_46§\ievels in figure IV-7.° For a éiven state in this dia-

gram, T20 is plotted from left to right for- beam energies

corresponding to 7.5, 8.0, 8.5 and 9.0 MeV respectively. The

error range shown for each point reflects:
a) ‘the uncertainty in the beam polarization
.. - )
b) the statistical uncertainty in the peak intensities

i .

“and

-~

¢) the estimated uncertainty in the normalization of the
A

(%2

correction 38K spetra. , ‘ =



IV.2 Parity assignmenté and coﬁparison with published
xresults

A summary of the results from this experiment is given

}n table IV-1. The Tzo‘vglues at elab = 4° are averaged-

over the beam energy and a corresponding assigrnment of the
parity of the level is made (unnatural U or natural N). The

" excitation enerxgies aa&xadbpted J" and L assignments were ob—

tained from the Nuclear Data Sheet523.

As mentioned in the introduction, only three basic

types of experiments have been reported in the literature to

-

obtain 46k spectra:

(1) Andﬁggg distributions of (4,c) reactions were

used to deduce L assignmenfs by Orloff and Daehnick27, !

1,2 g

Daehnick et.al. and Paul et.al.zs. These L assignments

were then used to deduce J and 7 in some cases.
(ii) Another approach used was to cbtain angular dis-—
tributions of (p,3He) reactions and to compare these with

T=4 analog states in 46Ca from (p,t) reactions. Distorted

wave Born approximation (DWBA) calculations were carried out
N . :
for the latter distributions which lead to L and, ultimate-

1y, J" assignments. This procedure was followed by Dupont

29,30 31

et.al. and Daehnick and Sherr™ .

(iii) Finally, Y ray transitions were observed in
(d,ay) coincidence experiments by Daehnick et.al.-:L '2.

.
-~

The individual levelswill how be discussed. The

first line for each state will give the excitétion'energy,

/:'
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39(a)

. Figure IV-7 : >

The tensor analyzing powers Téo.are plotted as a func-

tion of the excitation enerqgy E* of levels in 461{. For

a given state in this chart, Too is plottéd from left

to right for beam energies corresponding to 7.5, 8.0,

8.5, and 9.0 MeV respectively. The limits for natural

~

parity (T,, = + -—1—) and J¥ = 0~ (T.,. = - ¢vZ) are indica-
20 /3 . 20

ted by the dotted lines and the final parities are lis-
ted aiong the top of the diagram. Note that for-

E* = 1.370 MeV, there is no point available for a bheam

energy of 8.5 MeV. - ‘

R
*
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most recent spin andlsarity assignment J¥, and the parity
]

Iy
- v

(U or N)-determined from this experiment.

(0) ground state E* = 0.00 MeV . g7 =2 u.

All previous experimental evidence is consistent

with this aséignment. The spin and parity is predicted by

the Nordheim.gg;;hg rule if one assumes a wdSquf;}é ground

state configuration. This peak has one of the larger cross-—
' 46 '

sections in the 6k spectrum.

‘ Prior measurements indicated an unnatural parity
for this level (as well as for the 0.691 and 1.941 MeV
states) due tothe fact that (p,t) transitions wgre attenua-
ted by at least an order of magnitude in comparison to the
corresponding (p,3He) levels. The angular distribution is
well fitted by a mixture of an L=1 distoréed wave curve

' ™~
and an empirical L=3 curvesl; Tﬁis leads to the choice of

m

J' = 2 . The results in figure I

-7 agree -that this is in-
deed an unnatural parity state, adding further weight to
this assignment.

(1) E* = 0.587 MeVv J' =3 N ° -

8

Paul et.al.? assigned J" = 4 to this level, but

all other results agree with the one given abowve. Paul

46K with 40K to obtain

compared angular distributions from
his L values. Daechnick and Sherr-> have suggested that
for. the beam energy used (1l MeV) compound nuclear contri-

butions are significant and may have varied from one isotope

- 3



Table IV-1

®x adopted levels from the Nuclear Data
Sheets (ref. 23)

E* (Mev). | 37 L’/ “T20> Snmataral U
(at 4°) or natural N
0.000 (2-) (1+3) ~0.- 44%0.06 U
0.587 (3-) . 3 +0.89 *0.11 | .. N
lo.e91 (4-) (3+5) -0.4420.05 U
0.886 | (57" 5 +0.7120.05 . N
1.370 (3-) 3 +0.54:0.12" {N)
1.738 - (3) -1.12%0.33 U
1.941 (1+) (0+2) +0.03+0.17 U
2.222777 | (00) 7Y o’V _ _
2_790/Jl (2+)/// (2)J//- _ _
2.959/{J_ (4_)JJ/ (3*5)///~‘ _ -
lffh averaged only over 7.5, é.O, and 9.0 Mev
Yv. from (4,c¢) unless otherwise indiéated
*8ca(p,’me) . |

v from

The excitation energies shown are known to 6 keV or better.



to another, thereby making these L assignments suspect.
LY : .

42

. Fairly reliable DWBA fits for L=3 have been made for this
level giving the above result. ' Certainly, our results‘agree
with the latter interpretation. As this level suffered the

38

most interference from " "K and had a relatively small cross-—

section, it is not surprising to see some_of the TZO values

on the high side.

L]

(2) E* = 0.691 MeV = J" = 4~ u. ‘

An assignment of J' = 5 +to this level made by Paul
et.al.28 is again discredited by our results. All
other meagurements.have sugges ted JT = 4~ agreeing with our
unnatural parity assignment.. In.particular,.y—ray cascades-
from the 0.886 to 0.691 to 0.587 Mev states strongiy“sug—
gest J=4 for this level. This state also h%s one of the
larger yields in this spectrum.

(3) E* = 0.886 MeV J" = 5 N.

P«:—ihlAet.al.28 have suggested-J1T = 37 for this state
which cannot be refuted-by our natural parity assignment.
However, excellent fits by L=5 curves hdve been made, by
others, to thé-angular distribution thereby providing the
resuit given above . | |

(4) E* =.1.370 MeV J" = 3 (N) .

Dupont et.al;30 was not able to distinguish between

31

3" or 4 for this state but Daehnickz' claims a Jv =3

assignment using angular distributions from (p,BHe} and (d,a)'
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\
reactions. Only three energies were. used in our results
! .
because of poor statistics. Due to the rather weak exci-
tation: of this level only a tentative assignment of natural

parity can be made. .

(5) E*=1.738Mev J" =4~ Uor 0

This level is beliéved to have been populated by r;on—
direct reactions and was assigned this spin and parity on
tﬂe basislof (d,c) data and shell model argumentsz. The -
energy and cross—-section for this state seem to be aimost
correct for a second 4 state as will be explained in thé
next chapter. ' The assignment obtaiﬁed in this experiment.
implies. that the state is either 0 (within error limits)
or has uwnnatural parity. The fact that a y decay has
been observed between this level and fhe 0.587 MeV level
(37) by Daehnick et.al. lends support to éhe assig
J" = 4 to the 1.738 MeV state. The fast coincid hge
.electronics used should have been able 0o detect El, ML, or
E2 transitions (i.e. & ,, << 1077 sec.y?. a g% = 0" assign-
ment to this state, on the other hand, goﬁld raise the un-—-
likely possibility than an M3 transition was observed. One
would expect more favourable transitions to be detectéd such
as an El transition (1.941 MeV (1¥) to 1.738 MevV: (07 2)) or
an E2 transition (1.738 MeV (0 ?) to the ground state (2 )).

Hence, the 0 possibility can probably be discarded in favour

of an assignment of unnatural parity. -




(6) E*=1.941Mev J" =1 w.
This level has been assigned 3T = 4" by Dupont et.

.29'30, 3" = 37 by Daehnick et.al.}

2,31

al Jand 3" = 17 by

Daehnick et.al. . The middle altermative can be ruled
out by our results. The'mostﬁ?écent DWBA L = 0+2 fits by
the latter refeiencé plus the fact that y decays occur
exclusively to the.ground state from this. level strongly
supports the J" =;l+ assighment. This level also had a )
large crqss—section in ﬁhis spectrum. |
Daehnick and Sherx>T have reported threé additional

46K states in this lower weXxcitation region: E* = 2.22
Mev J" = (d+), Ex = 2.79 Mev J" = (27), E* = 2.97 Mth-
I = (4i)(believed to have,been a candidate fsr_the se-
cond 4 level mentioned in the.ihtroduction). While the
levels were barely discernible f£from the baékground in the

6K spectrum, they were more réadily visible as the aﬂalog
states in 46Ca. The data were not as complete as for the
.previous states nor were the DWBA L curye fits as good. Of

course, equation (13) rules dut the observation of the

E* = 2,22 MeV level in our experiment providing the

3" = 0% assignment is correct. Neither of the other two
: ‘ ~

states could be distinguished from the background in the

46 )

K spectrum.

-~
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Both the g‘rouna state and 0.691 MeV level contain
higher admixtures of L=3 (with L=1) and L=5 (with L=3);
© respectively (refér to table IV-1). These a@mikﬁﬁres are
pe;ﬁittéd Sy the selection rules, but the observed-mag;i—
tudes can only be-exélained if. there is a perceptible two
step transfer. In the work quoted above, it was assumed
that“the two step transfer-did not significantly alter the
angular distribution (i.e. the assignments were model de—
‘pendent to a certain extent) 2, . l

It should al#o'be mentioned that the DWBA calcula-
tions do not predict t_he finex details too ‘well : some E:oﬁ-
fusion may ;esult‘as‘fo wﬁich L value can be assigned. In
addition, the choice of optical-model paramete?s ﬁﬁst Be
done carefully, as the calculated angular distribﬁtions are

L
guite sensitive to this.

3

-



" CHAPTER V '

CALCULATIONS AND DISCUSSION

,/’:'
- '1

V.Iu_§eﬁhye-cefEulations .
The'energy leveis ofla nucleon—ﬁole'system can be

related to'éhe-energy-levels of the corresponﬁing ngcleonF -

nucleon system by appiying a ‘theorem first developed by

Pahdya32. This method does not rely up?§ any charac-

terlstlcs of the two ‘nucleon 1nteractlon as it is lncluded

empirically; however, it does assume-Jj coupling between

the proton particle (or hole) and-neutron particle (gﬁ hole).

The latter assumption of js'coupl%ng provides a good descxrip-

tion of the low—lyiné nuclear'states;in the re§ion of the

lf7/2 shell. Pandya's;theorem can be expressed as:

- -
[

el

. ot .
B;(3 73%) = - I (23,+1)WEF3'33:30,0E; (33°) + C (29)
J e '
0
where the proton hole (or particle) in shell j and the neutrom

hole (or particle} in shell j' are coupled together to form

s

a spin J, W{abcdje ef) is the Racah coefficient and C is a con-
stant chosen so that EJ = 0 Meﬁ,{gﬁe. g's is 51mply
g-s. : A

the spln of the ground state level). The summation is car—

ried out over all possible values Jo arising from jj coup-

ling between the j shell and j' shell.

46
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Tee L PadayéB used this theorem to calculate the

7 ‘ energy 1evels for "38 Cl(ﬂd3/2 772) from the 40 K(ﬂd3/2vf7/2)
. levels. ' The resdite from such calculat%ens are presented

in table V-1. 'The'measﬁd.exci‘.tation ‘en_ergiesias‘aézgee_.:'._-T_'.

IO

;amaziagly well with'the calculated values - within 25 keV.
It should also be mentloned tﬁat sxmllar results were ob-—

g : talned lndependently by Goldsteln and Talml by usmng
- - - - ,
) - the numerical values for thﬂbc9§f£1c1ent5'of.fractional'

parentage and not Pandya's theorem directly. Nevertheless,
b * -3
o both methods actuallyblnvoke the same assumpt;ons and fol-

low essentlally parallel methods.'o

Assumlng that:a‘hole—hole systém is identical to a

partlcle—partlcle system, one may utllzze Pandya s theorem

~to obtaln the states of 4OK in terms ofﬁthe measured exci-

- tation energles of 46 K. As previously discussed, the eimr;

) e -plest sheil model plcture of the lowest—}ylng levels.of ?6
Lot ie a
/2 7/2° 77T

proton hole in the d3/2 shelllaed a neutron hole in the‘£7/2

can be descrlbed Y the conflguratlon ﬂd

'shell-

-(‘

- . ~ . ’ 1 . .-. .
Pandya's relation becomes: . - Y .
A ) .

Y agy 46
(40

. 773 o
: F . .EJ K) = - J (2J +1)W( 335 3'JJO)EJ0'( K) + C "{26)
. . 0 . .

le

“ﬁ where J0 = 2,3,4,5'are from jj~equp1;ng.of the;proton and

‘neutron‘holes

- B

-

?he reg¥lts are shown 1n table VAZ. It is clear that

Bfff'_‘” ) there is llt;le, 1f;any, correspondence between the separa—

e T .. R \\

L]
+

r
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Table V-1
T

Calculated energy. levels of 38¢1 - from 491(
using Pandya's theorem

_ . . : .
J E:cafi.cu.'!.at.ed Ee.x;.;:e:r:i.men‘l:afl. - (MeV)
2 * 7 0.000 0.000.

5 0.696 . 0.671

=37, 0.748 -~ °  0.755

e ©1.323 1.309
. .. )
-L
g Table V-2

Calculated energy levels of 40 from 46;(

using Pandya's theorem

g7 B . E oo F
’ calculated Texperimental (Mev)
4 u 0.138  0.000
3 0.192 _ 0.030
2" ' 0.000 0.800
5 1 0.728 . 0.892
. .
+

These values were obtained from ref. 33  All _
. - .

- - * '

of these Eéxperimental

accuracy of 0.2 keV or’® better.

R

8

engrgies are known to an
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easier to remove a proton from the s

. with respect to the d

49

tion and order of the calculated and experimental 4OK states.

The reasons for this will now be outlined.

V.2 d3/2:§l/2-spacing and confiquration mixing effects

It has been observed experiment_allyBS'36 that the

spacing between the 63/2 and_sl/2 proton excitation states.
changes in a very interesting fashion. This separation stea-

dily decreases with increasing atomic mass in the: potassium.

'isotdpes and, eventually, the orxrder of these states 1is re- -

versed. This is illustrated in figure V-1 where the exci-

tation energy of a S, /5 hole in ng, relative to the d

level, is plotted against the mass number A§3'37.

3/2

‘The cause for this trend is simply that the single

particle energies havé been altered by.the increasing exgesé
' 38

- of neutrons in thése,potassium isotopes™ . TFor each of these

isétopes, there is a proton hole present which corresponds
to the removal of a particle. As the d3/2f7/2 orbital over-—

lap would be much greater than for a sl/2f7/§ overlap, one

- would expect a greater intér—nucleon.interaction for the

former configuration. Thus, it would become increasingly

-

1/2 shell as neutrons are.

added, ultimately leading to the depression of the s1/2 level -

3,2 shell. Configurgtion mixing effects

‘may also be responsible for the lowering of the sl/z\%eve1$8.

Q
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_ Figure V-1

. 19
state, is plotted against the mass number A. The single

The energy of the sS4 /2 hole in AK, relative to the d3 /2

hole energies (and J" assignments) for these odd A iso-

topes are obtained from references 33 and;37.

,f
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The proximity of the sl/z‘and d3,, states in 46x
(refer to.figure v—l)'leads_to.complicétions in the form

" of configuration mixing. Neglecting configquration mixing

f6r the moment, one would anticipate the following spins

and parities for the lowest levels of 46K:

‘Configuration ' gf_ )
=1 -1 - = = =
-1 -1 : P

These spins and parities dorrespond to those seen
. _ 5 o
byhpaehnlck et.al.” -(and confirmed by ocur results)

for the lowest six states. The configuration mixing would

- be expected to occur between the pair of 3  states and,

similarly, between the two 4 sfates.

| Because of the assumption made earlier about a hole-
hole sygiém béing equivalent to a particle-particle system,
it may be wise to now compare the low-lying levels of 46K

3801 (particle-particle). Eﬁergy

38

(hole-hole) to those of

4GK, fOK’ and “°Cl are shown in figure ..
. Keeping in mind that the lowest 38Cl states

level diagrams of
23,33
may be described as nearly pure wd3/2vf7/2 configurations,

one observes that the 3 and 4 states are located at higher
38 '

Ex$itation energies than the 2~ and 5 states in “°Cl (as

well as higher than the corresponding 3™ -and 4 levels in

46 38,

K). The spacing of the 2~ and 5 1levels in ~°Cl appears
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o

R_™
to correspond rather well to the spacing of these nearly
31 -
46,
pure (vd3/2 7/2) 2 -and 5 levels in -« It appears

from this ccmparlson that one set of 3 and 4 1levels has =
been depressed below and the remaining set has been raised -
above the location oflthe 37 and 4~ states in the pure

3/2 7/2 cpnfiguration _ |

Follow1ng the discussion of Daehnlck and SherrBl o

the effect of configuration.mlxing for - states with
émall separations leads to the depression of one of the
resultant levels with a spin and barity J“._ This lowering - (
effect will tend to increase when a gﬁeater amount of
configuration mixing occurs. The remaining states with the
identical J" undergo less drastic displacements from
the zero-order energy. The observations noted in the ére—
vious paragraph tend to bear out these expectations. It
is this shifting of‘the nixed levels that is the so cé
of the disorepaﬁcies in table V-2. By exaﬂiniﬁg equation
(26), it can be seen that since a summation over eé of
the levels -J, in 46x is required (inclﬁ%}gg.tpe depdessed 3

and 4~ states) each of the values of E. must necessarily be

J

-

thrown out.

A schematic diagram of the lowest cohfigurations of
46K is presentéd in figure V-2(b). & neutron hole is Shown
in the f7/ shell and a rather H}s;tant proton hole is shown

s _ t
in the 51/2 3/2 shell region. a}t should be po;nted out tha

‘the éingle particle energy levels for neutrons differ some-

LY
LY
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; Figure V-2
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i a} The energy ievei'diagrams for 46K, 4OK, and 38C1
' obtained from references 23 and 33..

; b) A simplified representation of the lowest confi-
? gurations for 46 asAﬂ(d3/2+Slj3)_lVf;§2-'
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what from those for the protonsf %The main reasons for: this
effect are the result of electrostatic rébu151on and nuclear
interaction effects between the excess neutrons and the
proton hole38._ A -

If the arguments advanced in the last chapter for

a g™ =121"% aSSLgnment to the 121941 MeV state are accepted,

then it becomes clear that this level does not belong to

either of the negatlve.parlty,multlplets discussed so far.

- Daehnick and Sherr31 have used the single hole ener-

gies from 47

K and %7ca to preqict a 2.6 MeV gap between
the zero—order 17 level and the centroid of the negative
. ' 31,39 -
parity states. It has been proposed that a mixture
8 1 1 8 ~1 8 -1
of Td3/2vf7/2 3/2,wsl/2vf7/2d3/2, and vs /2 f_]/zsl/2 con—
figurations may be responsible for the  appreciable lowering

of this state. ‘ i ¥

V.3 Consequences of mixing

- 2 s ' >
Daehnick et.al. have examined the conseguences

46

of configuration mixing for K and the highlights from his

discussion are presented below. The various calculations

and plots to be mentioned may be found in this reference.

_Intense coherence effects could account for the aug-

mented cross-sections for such levels as the 4 state at

0.691 MeV and the 17 state at 1.941 MeV as well .as for the
weak crcss—sections for the 3~ state at 0.587 MeV. and -the 4

~

state at 1.738 MeV. As an outcome of configuration mixing,

0 ’ hY



AR T TR e g ya o iy e een e

one of the resultant st_:atesFJ1r would demonstrate ‘construc—
tive coherence effects "in the di@sct deuteron transfer am-
plitudes. In contrast, the othexr orthcg@nal 37 level would

exhibit destructlve coherent effects. Plots of DWBA pre—- ‘

dlctlons for .the ratio of the cross—sectlons, for a glven L,

of constructlve to destructlve states agaznst the sf-af

. mixing parameter o were obtained. By compar;ng_these plots

with existing data, experimental values of ¢ were procured.

_ This led to empirical ﬁavefqgctions which agreed;rather

well with theoretical wavefunictions obtained,ffom Kuo G
40, Kuo plus core polarizatiori40

41

bare , and Bertsch G bare
celculations |
| For the 17 MeV deuterons used hy Daehnick, DWBA
calculations indicated that I=3 deuteron transfer stroﬁglyr
dOminated the observed cross-section over I=5 tranefer. The
wavefunctions obtained show that one should expeét-neeriy
total cancellation fof the (d,u)'agd (p,BHe) L=3 transition
amb%itudes or the higher 4~ state at 1.738 MeV. This may
also expl 'h, in part, the rapid fluctuatibns_in cross-sec—
tion for this state with energy: The lower 4~ state (at A
0.691'Mev) should, accoxding to the wavefunctions, show

construetive.interference which partially explains the large

. cross-section. Similarly, the wavefunctions predict construc-

tive coherence for the 3 level at 1.370 MeV and destruc-
. 7y .. | -
tive coherence for the 3 state at 0.587 MeV (although the

1%
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ratlo for these two was not qulte as 1mpre351ve as in the

-

4 case) . . . X

| Although there was good agreement between the emplrl-_
cai.and theoretical wavefunct;ons, the ‘differences were suff
ficient to cause a wide variance in the calculated energy

levels and matrix elements. - Celculatione performed. with
Kuo—-Brown hetrix elements incorporating cere polar;zation
corrections 40 yielqu the most favourable results in terms
of the spacing and order of the levels -

Preliminary calculations for posxtlve parity states -
wexe also carried /;i Unfortunately, the uncertalnty in the
neutron s@ngle particle energies for the'sl/2 and déjz levels .
made the results somewhat inc0neluéive. In fact, the only
useful outcome from this caltulation was that a 17 level

consistently appeared as the lowest of the positive parity

states, as expected.




CHAPTER VI -

Sor

‘CONCLUDING REMARKS

>, -
The tensor analyzing powers T, from the 4SCa(d,c}46;(

0
experiment indicate the following parities for the lowest

lying statesz: :

unnatural parity: ground state, 0.691, 1.738, and 1.941
MeV -

natural parity: . 0.587 and 0.886 Mev. .
. . A
In addition, .a tentative natural parity assignment was made-
to 'the 1.370 MeV level. These results have confirxmed the

most, recent spin and parity assignﬁents-from Daehnick
‘( - .

et.al.”. _ There does not appear to be any indication of
other states below 2 MeV that can be populated by a (d,x)

reaction. |

_ The advantage of using this polarized deuteron tech— -

nigque lies in the fact that it is independent of the reaction

-

mechanism and hence does not require the various assumptions
.made in the analysis of the other experiments. Hoﬁever, to

obtain full spin-parity information, the other types of
N ’
experiments must be performed. .

a

Configuration mixing effects, arising from the closely
spaced d3/2'$l/2 préton levels, appear to be wery prominent

in 40k, Consequently, Pandya calculations of the order

© 57 .
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and spacing -of the lowest states of Ok did not at alfl

errrespend to ‘the e;perimental eicitation energies.
‘ Two items remein incemplete: an investigation of
higher-Ievels and a more definite parity assignment for
the 1.370 MeV state‘ére-required.‘ The-prdcedure involved
may be éifficult ard extremely time consuming. In many
cases, the beam energles used . in other experxments are
“well beyond the’ capabllltles of the McMaster tandem acée-
1erator. As compound nuclear effects would probably be
significant at these lower energies, a yield curve ef the
cross—section-of a level es a function.of the beam energy
could be made. The\(é,a) experiment could then be performed
at the energies giving-the maximum-cross;sections in the

particular level of interest.

Levels at 4.34 MeV and 5. 95 Mev have been assigned
. 3 9 .
J"'s of (3 ) and (71) by Frascarla et.al. using 80
MeV deuterons on 48Ca. One-could attempt to observe these

X

levels at the lower beam,energies.available and thereby make

a parlty assignment. . o
Some or all of the following 1evels have been seen -

by Daehnick and Sherr3l and Dupont30:. 2.79 (2 ),

2.97 (47),.3.38, and 3.61 MeV using (p,3He);(p,t)'analog.

comparison experiments. The procedure.outlined above could.

be attempted, but it Qay-be met.ﬁith very little success

as none of these peaks have been distinguished from the

background in any of the reported (d,c) spectra. As well,



59

aJd" =o assighmenﬁ has béen made to levels at 2.22 'and
11.47 MeVBO’B{ The latter state igobelieved-to be a T=5
gnalog for thé‘ground state of 44Ar . Unfoitunately, if |
this assignment is correct, then there is little the (E,a)
experiment can accamplish near 0° as a result of equation
13.in chapter II.

The 2.97 MeV level is of particular interest as it
waé believed to be from one of the pegétive parity multi-
glets-although it was situatea much higher inlexcitation
energy than anticipated31.‘ The 1.738 MeV level Qas later
given a 4= assignment by Déehnick et.al.z'; our re-
sults only confiri that this is an unnatural parity state.

A (p,3

He)—-(p, t) analoé comparison experiment would proba:,
bly be the most profitable way tg obtain the angular dis-
triEu;ion forﬁthis state (as well as for the other 2-4 MeV
levels). One would, of course, require more compiete re—

sults and an improved DWBA L curve fit than previously made

before a2 definite J™ can be'assigned'tq this level.
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