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Abstract 

A polarized deuteron beam was used to initiate a 

(d,a)reaction on an even-even target with the detection of 
, \1 

the reaction products nea,r'!Oo. A model independent tech-

nique is utilized which allows the parity of a nuclear state 

(natural or unnatural) to be determined from a measurement, 

of the tensor analyzing power T20 , In addition, it is pos

sible' to identify 0- levels uniquely • 
• 

This reaction was performed on a doubly-magic 48Ca 

target. The resulting isotope 46K may therefore be treated 

as a proton hole and a neutron hole in a 48ca core. As a 

result of this s'imple 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 model 

dependent assignments have yielded contradictory results 

- hence the need for this study. 

The 48Ca (d,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, spec~raobtained with the incident deuterons 

preferentially polarized in the m=O substate were compared 

with spectra obtained with polarized deuterons in the m=l 

substate. The following parities were deduced from the le

vels in 46K: ground state, 0.69, 1.74, '1.94 MeV leve{s 

(unnatural p'ari ty) 

0.59 and 0.89 MeV levels (natural'parity). 

iii 
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In addition, a tentative natural parity assignment was made 

to the 1.37 MeV state. The resulting spin-parity combina-

tions are found to be consistent with the most recent set of 

meas=ements "by Daehnick et.a1.
2 

Pandya calc~lations weye made in which the order and 
40 . 

separation of the lowest levels of K were obtained from-
. 46 . 

the K levels. As a r~sult of configuration mixing, the 

calculations bear little resemblance to the exper~ntal 40K 

spectrum. A discussion of configuration mixing effects is 

also provided. 
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Without going out of his dO~' 
He knows everything in the world. 
Without looklng 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 fill the 
Albert Hall 

John Lennon and PauL McCartney 
from "A Day In !rhe Life" (1967) 

He looks so truthful, is this how he feels 
Trying to peel the moon and expose it 

;r 
(. 

- Bob Dylan / from "Can You Please Crawl Out Your Window?" (1965) 

• 

vi 

( . 



• 

\ 

• 

, 
. / 

TO Authori ties· 

Who Drink Their Coffee 

With A Raised Pinky 

J 

vii 



, Chapter 

• 

Table of Contents 

Descriptive Note 

Abstract 

Acknowledgements 

T.able of Contents 

List of Figures 

List of Tables 

• I Introduction 

II Theory 

II.l Preamble 

'. I·I • 2 The direct (d, a) reaction 
... 

·II.3 The (d,a) reaction at 0° 

" 
·II.4 Some practical considerations 

III Details of the Experiment 

III.1 Polarized ion pource. 

page no. 

ii 

iii 

v 

viii 

x 

xii 

1 

4 

( 4) 

(4 ) 

(6 ) 

(13) 

17 

(17) 
'. ..-

, -

III.2 Apparatus and set-up 

III.3 More practical considerations 

IV Experimental Re~ults 

V 

IV.l 

IV.2 

Analysis of· data 

Pari.ty assignments and comparison 
with published results 

calculation and Discussion 

V.l 

V.2 

Pandya calculations 

d3/ 2-S1/ 2 spacing and configuration 

miJ:d.ng effects 

J 

viii 

(18) 

(22) 

28 

(28) 

(38) 

46 

(46) 

(49) 

,/ 
/ 

'-.,., 



..... 

Chapter 

V.3 Consequences of mixing . 

VI Concluding Remarks (abstract rey-isited) 

References 

Miscellaneous References 

Nuclear energy level referenCe~ 

.. 

ix 

page no. 

(S4) 

57 

60 

63 

63 

, 



Figure 

IIITJ. 

~ 

List of Figures 

The target vacu~lock system 

Bloc~ diagram of the electronics 

111-3 .' The energy, 'loss spectrum from the 

48Ca (d,a)46K reaction at'4° 

III-4 

IV-l 

IV-2 

IV-3 

IV-4 

IV-S 

IV-6 

IV-7 

Spectra from the 160 (d,a)14N reaction with 

Ed = 7.5 MeV and 91ab = 4° 

Spectra from the 48Ca (d,a)46K reaction 

with Ed = 7.5 MeV 

Spectra from the 

Ed =8.0 MeV and 

Spectra from the 

and 91ab = 4° • 

48 ... 46 ., 
Ca(d,a) K react~on w~th 

reaction with 

Ed = 8 •. 5 MeV and '91ab = 4° . 

Spectra from the 48Ca (d,a)46K reaction w:j..th 

Ed = 9.0 MeV and 
" .. ~'- 38 
Comparison of' K 

9 = 4° lab - , 
,.'-' -46 

spectrum with K spect-

rum for 7.5 MeV deuterons in the m=O sub-
'f!:) 

state 

compariso~ of ~8K spectrum with 46K spec~ 

trum for 7_5 MeV deuterons in the m=lsub.. 
state 

The tens.or analyzing powers for levels from 

t~e 48Ca (d,a)46K reaction 

x 

page no. 

20 

23 

24 

27 

29 

30 

32 

35 

3,6 

39 

-" 

.--



Figure 

v-l 

V-2a) 

V-2b) 

. . 

.. 

. The energy of the sl/2 hole in l~ vs. 

- the mass number A 

The energy level diagrams for 4.6K , 40K , 

and 38Cl 

A simplified representation of the lowest 

f " t" f 46 con logura loOns or K 

-. 

xi 

p~ge no • 

50 

53 

53 



' . 

• 

List of Tables 

Table . page no. . 
\. 

IV-l" 46K adopted levels and <T
20

> values 
• ,1'»' 

V-l Calculated energy levels of 38Cl from 48 

40. 'th' K us~ng Pandy.a s eorem 
.~ 

Calculated energy levels of 40K from V-2 48 

46K using Pandya's theorem 

" 

~. 

xii 



. 

CHAPTER I 

INTRODUCTION 

From the viewpoint of the shell model, the spectrum 

46 ! 

of ~7 phould be an intriguing object of study, for in the 

most 'elementary analysis 46K is only one proton hole'and one 

t.r h I d f th d ubI . I 48C neu on 0 e remove rom e 0 y .mag~c nuc eus 20 a 28 • 

The u~ilization of neutron-rich 48Ca in a target enables the 

examina~on of reaction products with a conspicuous excess of 

neutrons •. The determination of the spin:paritycombinations 

of states in 46K should yield important information on the 

structure of·this nucleus. 

The 46K nucleus is a difficult one to obtain experi-~ 
\ 

mentally. It can only be procured from two nucleon tran~ 

due to the. lack of appropriate targets. Such react~ons can~' 

reach states which typically can be described by a pair of' 

nucleon holes excited with respect to the ground state; these 

two ~ucleon states cannot appear, 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 p.rimarily of angular distribution measurements 

with (d,et) ,and (p, ~He) reactions. The 48Ca (p, 3He ) 46K reac

tion was usu~lly carried out in conjunction with 48Ca (p,t) 46ca 

reactions le~cling, to the comparison of T = 4 analog states.. 

I 

. \ 
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Recently~ (d,~y) fast coincidence experimentsl,2.were per

formed to deduce 46K level energi~s aRd spin limits. The , 
resulting experimental evidence concerning the lowest iying 

ievels of 46K is,'in some cases, contradic~o~ mainly be-

cause the method of" analysis depends upon the reaction me

chanism.. 

46 ;" In this work, K levels up to approximately 2 MeV, 

in excitatioJ were investigat~d with a (d.~) 'experiment 

usi~g beam energies ranging from 7.5 to 9.0 MeV. The use 

of polarized deuterons allows a model-independent way of 

assigning 

natural ~ 

the parity of a nuclear 
J' . 

= (-) or' unnatural ~ = 

state, spin J, as either 

(_)J+l. In addition, this 

model permits the determination of both spin and parity 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 sp~n. 

For this method to work, it is essential that the 

'. 3 following requJ.remen ts be met: a) ~ m "".0 polarized 

beam must be incident upon an even-even target nucleus and 
, . 

b) any J~ = 0+ outgoing particles from.this reaction should 

be detected at 0 0 or 180 0 to the direction of the beam. 

Using information in the form of single hOle~nergies, 

- l6 two-hole states in K have it can be assumed that the lowest 

negative parity and' the prominent configurations are 

-1 -1 -1-1 
~d3/2\1f7/2 and ~si/2\1f7/2' The expected levels, in the im-

mediate vicinity of (and including) the ground state would 

.' 

l 
• ". I 

i 
I 
i 
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.. 

consist of a Jll.= 2- and .5- state(along with a pair of 
, 

Data col~ected since the initial 

detection of this isotope by Ma1inov and Er~kine4 has 

i~clicated that this' silliple pict~e is inadequate. This will 

be discussed in greater le~gth in chapter v . 

, 
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CHAPTER II 

THEORY 

II.l Preamble 

For the,· particular case of the reaction carried 

out in this experiment, it is not clear, in retrospect, whe-

ther this reaction proceeded as a'direct transfer of nu

cleons or through:the formation of a compound nucleus. It 

seems quite likely that, for the beam energies used, neither 

reaction mechanism completely dominated the other, in fact, 

they may have even been in direct competition with each 

other. 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,~) 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 . 
5,6 

be found in Glendenning • 

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

show that it is quite 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 excited states. 

One mus~also consider the intrinsic structure of the ex

cited levels themselves. For exampl.e, s·tates that. can,be 
'. 

accu~ately depicted by configurations consisting of two 

holes in the unexcited target nucleus tend to be highly fa-

voured. 

The stripping amplitude, for two nucleon transfer 

reactions, can be factorized into two parts: a G factor 

containing nuclear structure information and a kinematic 
~ ... 

B factor containing the radial wave function ~L (Rl ,for the 

nucleon pair in c~ntre of mass coordinates. The differen-

tial cross-section can be expressed as an incoherent sum 

over the spin 5, orbital L, and total J angular momenta 
.': .~ 

plus the isospin T of the two transferred nucleons (quan-

t~ numbers NLSJl of: 

l:ll: 
M N 

In contrast, the cross-section itself for single nucleon 

transfer ~eactions can be separated into a kinematic factor .. 
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,~) reaction are simply: 

(il 

1 
" ! 
I 
j 



where L = in + lp 

(ii) 
->-
T 

->-
= T -f· .. 

6 

->-
T. = 0 . 

l. 

If slight admixtures arising f~om no~-central'forces 
" .. 

are neglected, the space wave function corresporid~ to relative 

s-state motion among the nucleons. I 
Thus, the ~ransferred 

neutron and proton can be ~sumed to have zero relative angu-

lar momentum. consequently, this leads to the following rules: 

£ +£ 
= (-1) n p (iii) 

(iv) 5 = 1 • 

For the special case of two nucleons transferred to 

or from the same spin-orbit state (identical n£j 

bers) another selection rule can be derivedU 
quantum num-

.2 . .~ 
(J )J=even pickup is strictly prohibit.~~ 

) B.3 
+ • 

The (d,~) reaction at 0° 

deuterQllll in ertain B~ ,preferentially aligning the 

spatial orientations, one will be ab extrac even more 

information from such a reaction. MUch of the pioneering 
+-
(d,~) work at the McMaster tandem lab was performed by Petty, 

Kuehner, et.a17,8,9. The development presented in the remainder 

of this chapter will follow closely the detaile~account found 
3 

in Petty. 

The use of a polarized beam allows the measured cross-

• 

1, 

I 
I 

I ., 
I 
! 

I 
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section to be expanded. in terms of spherical tensor moments 

tkq: 

dO' * . 
= N t T ~n (1) . 

dO kq q kq 
, :;. 

where Tkq 
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 Tk~ lead to the following ex

pression for spin 1 incident particles (such as deuterons): 

dO' 
dO 

(2) 

The reaction ampli~udes Fi can be expanded in terms 
m 

of partial waves fi and hence are separable into an angle 
m 

dependent and angle independent part 10. 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 
~ ~ ~ 

is defined by Pin x Pout where Pin is the linear momentum of the 

deuteron and Pout is the linear moment~ of t~e alpha particle. 

(3) 

1 

'\ 
1 
I , 
! 
I , 
I . 
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Once parity conservation in the reaction,is taken into ac-

count, the following relation can be written (for spin 1 . 
particles) : .. 

-i 7f(_l}i+m+l+JFi (4) F = 
-~ m 

where J is the spin of the residual nucleus and 7f is the 

'product of the parities for the four particles present in 

the reaction. For a (d,~) reaction on an even-even target, 

this is equivalent to the parity of the final state in 

the residual nucleus. 

The analyzing powers can be expanded in terms of the 

reaction amplitudes: 

= 1 l: 
N imj 

(S) 

Here Tk are the spherical tensor operators and N is a nor-
, q 

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 example, 
. 

the d function is non-zero only for i=m; this is simply a 

result of the conservation of angular momentum. Because 

(Tk ) 0: /) , all the tensor analyzing powers in (2) are 
q mm qo 

zero, eX5:ept for T.20 '- Accordingly, for this special geo-

metry, the expressioI1 for the cross-section becomes: 

dcr = (~) 
dO dO u/p 

(6) 

1 
I 

I 
I 
I 
i 
I 

\ 
1 
i , 
j 
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Equation (5) can also be modified to become: 

1 l: (,S=l~ I'FmI2 

Tkq = N kq m' 
'. '. '.1lI._. mm 

(7) 

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

purposes are: 

'00 = 1 (Sa) 

and 

'20 = ~ (3S; - 2) (Sb) 

where Sz is the angular momentum operator. The normaliza

ti~ constant N can now be ~etermined: 
. I 

Consequently, 

1 

.f2 

and the unpolarized cross-section is given by: 

(~~) j,) = ~ 'IF:il' + IF:I' + IFil')· 
u p 

(9) 

(10) 

(11) 

. 

, 

I 

I 
\ 
j 
I 
j 
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/ 
The parity conservation relation (4) for the scat-

tering amplitudes may now be employed. For the case of a 

J natural parity state ~ = (-) the follow~ng results may 

be obtained 

. 0 
FO ='0 

and 

so that equation (10) becomes 

J (for 11" = (-) ) (12) 

The particular case of a spin zero will now be dealt with, 

in a similar manner. "Here, the amplitudes Fi, F:i are 

~ + . 0 strictly forbidden. A J = 0 state has F = 0 and thus o 

(~) = 0 
dl1 / up 

(13) 

For a J11" = 0- state, however, the relation (4) only fur-

./ 

nishes the trivial result Fg This provides the result: 

T = - 12 20 (14) 

Note that thus far into this discussion, ·all the results have 

been model-independent. However, this does not hold for the 

situation concerning an unnatural parity state. The tensor 

analyzing power T20 can.assume any value in between and in-

I 
i 
I , , 
! , 

... 
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cl~ding the limits represented_by 0- and natural parity 
\ 0' 1 

states •. This value depends solely upon the ratio FO/Fl" 

As reaction amplitudes can only be calculated by assuming 

some mechanism for the reaction, 'it must be concluded~that 

T20 for an unnatural parity state must, necessarily, be 

mo~el dependent. 

The tensor polarization t 20 depends only upon two 

quantities: the magnetic subs tate of the beam and the de-

gree to which the beam is totally polarized. The latter 

quantity is indicated by the fractional beam polarization' 

p which is simply the fraction of the total beam current 

that is polarized. The values of t 20 can be given as: 

t 20 = ..£. for m = ±l 
12 

(lSa) 

t 20 = - /2 p for m = 0 " _ (lSb) 

The substitution of-these results in equation (G) for a . 

natural parity state (12) yields the relations given below 

for the measured cross-sections: 

(dO') = (dO') (l-p) em m=O dl'l u/p 
(lGa) 

dO' dO' + £} (dIT) = (dlr) (1 
m=l u/p 2 

(1Gb) 

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

state, there will be no measurable cross-section at 00 for 
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a natural parity state. However, in practice, this is 

not so; there are always some unpolarized components pre-

sent in the beam and one cannot measure at exactly 0° be-

cause of finite detector effects. 

For the purpos.es of this experiment, the deuteron 

beam used was polarized in the m=O and m=l sub states (re

lative to the direction of th~ incident beam) alternately. 

The cross-sections obtained in the m=o subs tate were ,then I 
compared with those measured in the =1 substate. An ex-

pression relating tbiscomparison to the tensor analyzing. 

power will· now be derived. Let R represent the ratio of 

the normalized peak intensities obtained in the m=O and 

IJI=l substates: 

The 

the 

substitution of equations elSa), 

ab( l' (. ove re at~on g~ves: 

R= 
1 1'1 p T20 
1 + L T20 1'1 

(17) 

(lSb), and (6) into 

assuming, of course, that the polarization does not change 

appreciably from one subs tate to the other. 

sult: 

One may now solve for T20 obtaining the useful re-----

, 

\ , 
I 
, , 
i 
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1 

n.p 
1 R 

R 
1 + '2 

" 

~3 

(19) 

the ratio between the. Alternatively, 

cross,-sections 

R may bed~ed as 

obtained in th~ m=0 substate 'and from using 

an unpo1arized beam: 

~a) 
, C!IT m=O 
R -

- (dCi ) 

,dl1 u/p 

(20) 

- r 
It is then a very simple matt.er -to obtain 

1 (l-R) _ (21) 
.f2p 

• 

II_4 Some practical considerations 

As previously. discussed, it is possible for ,the tens r 

analyzing po~r fo~ unnatural , parity states to masquerade 

as 0- or natural parity levels, at certain energies. It re

mains to be lnvestigated for how many different energies 

T20 must be,measured at the limits before it can reasonably 

be concluded to be a 0 or natural parity state. 

The sqattering amplitude F may be written as the sum 

of an average' part Fav and a fluctuating part, Ff1 , if one 

assumes a statistical mode111 for the 'reaction. At the ap-

propriate excitation energies that correspond to the con

tinuum region, the width' of the energy levels is greater 



·." 

. , 
than the level. spacing. The numerous states overlapping 

with a given level contribute coherently, but ~andomly, to 

the scattering amplitude, thereby producing the fluctuating 
" 12 

part • The square of the scattering amplitudes can be· 

averaged over energy to produce: 

(22) 

This c~n be interpreted to represent a·direct reaction con-

tribution from the first term and a compound nucleus contri-

bution from the fluctuati~g second term. The tensor analy

zing power will be affected the most by a pure compound· 
or 

nuclear reaction". This can be achieved by setting F av to 

zero. If there are any direct contributions to the reaction 

p'erformed in this experiment, they will only serve to dampen 

the extent of the fluctuations in T20 • 

The previous condition implies a X2 probability dis

tribution depending upon 1 F 12 and its mean over energy 

<IFI·2>. For the case of measurements using several beam 

energies or, alternatively, a thick target the distribution 

becomes: 

(23) 

w~~ Y is IFI2 and N depends upon the energy loss of the 

beam due to target thickness, in units of coherence width. 

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



", 
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ficiently- thick targets in an experiment." Instead, one 

could t~e an energy average for N different beam energies 

with a minimUm separati-on of a coherence width. 

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

tain a probability distribution of T20 in terms of TZO,N, 
13 - "2 2 

</Fi/ > and </Fg/ > • -Boerma et.al. ~se a statis-

tical weight argument to relate the average values of the 

scattering amplitudes in compound nuclear repres~ntation by 

(24) 

It should be mentioned that this analysis takes into account 

the vario~s i values contributing to the reaction. The last 

two equations (23,24) may be merged to give the following 

results. If a single beam energy is used on a thin target, 

the probability distribution is absolutely uniform be'tween 

the two limits. For a greater number of beam energies, the 

-1 distribution peaks at, and is symmetric about, T
20 

= 
212 

the midpoint between the limi ts. Of co=se, this is" only 

, 

an approximation based on (24) and for l~w beam energies 

will tend to approach T20 = 0 3 ,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 T20 for an unnat=al parity state to be at one of the 

limits as N is increased. petty3,8 has estimated a O.~% pro

bability of obtaining an average T20 value closer than O.~ 

-- , 
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to e~ther limit" for N=3. Three qr more beam energies should 

certainly be adequate to assign a natural parity or J"TT = 0-

to a state. 

One problem remains to be solved: that'of detecting 

alpha particles at zero degrees. The finite size" of the de-

tector.itself coupled with the fact that the deuterons in 

the beam cannot possibly be stopped from entering the coun

ter without also obstructing the alpha particles renders 

this condition impractical. As a result, measurements must 

be made at small, but non-zero, angles to the beam. 

Under these circumstances, the expression for the ten

sor analyzing power for natural parity or 0- states becomes 

extremely involved and model dependent. The average attenua-
~ 

tion Of. T20 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 of assuming 
". 

a direct transfer reaction instead of the compound nuclear 

reaction considered above seems to indicate that there will 

be no significant alteration of the T
20 

attenuation with 

angle. It also appears that although under the proper circum-

stances a direct reaction may yield a T20 value, for an un

natural parity state, close to one of the limits, there is an 

extremely remote possibility of this occurrinsr4 • 



CHAPTER III 

DETAILS OF THE EXPERIMENT 

III.l Polarized ion source 

The polarized deuteron beam was supp'lied by the 

McMaster Lamb-shift polarized ion 'source. A detailed des-
15 

cription of this source is given by McKay . 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 ab'out 1 keV so that the charge exchange processes 

that follow are optimized. A caesium vapour canal is en-

tered next where neutral atoms in their me.tastable 2s state 

are formed with approximately 30% efficiency along with 

neutral ground state atoms and charged ions. In addition, 

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. 

SubseqQently, the beam passes through an argon charge -

exchange canal where the 2s deuterium 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 keV). The negative-ion beam is 

then accelerated and focussed thro~gh a three gap lens sys

tem and injected into. the regular FN Tandem Van de Graaff 

accelerator, system with an energy of nearly 70 key. A Wien 

filter consisting of crossed electric and magnetic fields. 

mutually perpendicular to·the beam. allows the precession of 

the polarization ~,is through an appropriate angle such that 

the ~uantization ~,is is aligned along the beam direction 

when the beam finally enters the targ~t chamber. 

III.2 APparaf'us and set-up 

Two quartz viewers, situated before the target cham-

ber were employed to allow observation of the beam in order 

to facilitate the setting of the steering and focussing 
\ 

elements. A 1 rom diameter aperture, located in the target 
" 

ladder itself, enabled a fine tuning in the focussing and 

steering to be undertaken. An Enge split-pole magnetic 
. 16,17 

spectrograph was used to momentum an.alyze and focus the 

alpha particles produced by the reaction. These were then 

detected on the focal plane with a position-sensitive gas 
18,19 

proportional counter . The measurements were taken at 

~ 0 to the beam direction in the lab system with beam ener-

gies of 7.5, 8.0, 8.5 and 9.0 MeV. 

A special Faraday cup system was utilized for this • 
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experiment. It consisted of two concentric arcs of 'tan-

talum isolated from each other by insulating spacers. 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 applied .to this section to suppress secondary 

electron current produced by, the interaction of the beam. 

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 and the 

spectrograph. A rectangular aperture (7mm x 8 mm) in the 

Faraday cup' permi tted 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 if required. 

The targets for this experiment were evaporated di

rectly, in vacuum, onto 10 j.1g/cm2 carbon backings mounted 

the target ladder. The main target was composed of a 40 

j.1g/cm2 layer of enriched (~ 97%) 48ca • The remaining two 

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

on 

and W03~ 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-l). This system could then 

be transferred to and fitted over the target chamber. Once 

the chamber was evacuated, the target ladder could be lowered , 

into it. 
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20 (a) 

Figure III-l 
... 

The target vacuum lock system 

The tar~et ladder 

gets. Th~alcium 

directly onto the 

contained 48C 40C dOt . a, a, an W 3 • ar-

targets were evaporated, in vacuum, 

ladder as the vacuum lock system was 

in configuration b). The targets were transferred to 

the Enge target chamber in configuration a); once the 

chamber was pumped out, the .ladder was lowered into, it, 

forming configuration b) • 
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The pro~ortiona1 counter18 ,19,20,21 consists of a 

single nichrome 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 gas in the detector and permits par-

tic1es to enter with no appreciable loss in energy. A po-

tentia1 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 passed 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 pulses received at 

the ends of the wire will yield information as to thej10ca

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 displayed on a CRT screen. 

The sum of the pulses from ~e ends of the counter 

gave an indication of the energy lost by the particle pas-

. _.s ing through the front counter. The resulting mass spec-

trum, essentially a dE/dx spectrum as the particles passed 

right through, was found to be quite satisfactory in particle 

identification. Indeed, the alpha particles can be seen to 
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be well resolved from the background deuterons in figure 

1II-3. At smaller angles (l'ess than 4°), these two dis-

tinct peaks tended to coalesce. Hence, a window placed. on 

the alpha particle peak would also include some tail-end 

deuterons resulting 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~etween the spectrograph magnet and 

the proportional counter was adjusted to correct for Dop-

1 ,", b d·' 22, 1 1 d 1 P er or k~nemat~c roa en~ng us~ng ca cu ate va ues. 

The vertical position,of the counter was also. adjusted un

til the m~,imum count rate was realized. 

For each beam energy, runs were performed for deu-

terons polarized predominately in the m=O subs tate and 

then the m=l 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 obtained. The beam intensities used 

were in the 15-25 nA range. 

III.3 More practical considerations 

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 

" 
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Figure III-2 
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---

Figure 1II-2 

A block diagram of the electronics used to process 

signals from the proportional counter. 
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, 

• 

Figure III-3 

The energy loss or mass spectrum from the 4~(d,a)46K 

I experiment at 4°. Windows were set on the well-resolved 

alpha particle group to obtain the alpha position spec-

tra shown in Chapter IV. 
• 

\ 



225 

200 

175 
...J 
W 
Z 
Z 
«'150 :r:: 
U 

a: 125 
W 
a. 

en 100 
I-
Z 
:::> 
o 
u 75 

50 

-25 

d's MASS SPECTRUM 

•• 

a's 

I 400 

CHANNEL NUMBER , 



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-

40" zing power. For a 'target of Ca, 10 MeV deuterons, and 

e ' = 5°, petty3 estimates an attenuation" of 7.6%. In the 
em 

48 case of a Ca target, the mass increase would probably not 
, 

be too significant. As lower beam energies and a smaller 

$Ingle 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 th"e total beam current to the un-

polarized component. However, it is often more useful to 

consider the fractional beam polarization - the ratio of 

the polarized beam portion to the total beam current. To 

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

By monito~ng the quench ratio throughout this ex

periment, one cou~ ensure that the beam polarization re-

'mained fairly constant., The ef~ects of long term variations 

in the beam polarization were reduced as a result of the 
.....,.,.-

switching of the deuteron subs tate every two to three hours. 

The fractional beam polarization was found by mea-



• 

suring the normalized yield ratios £or some known natural 

(and a 0 ) states in l4N*. This was produced bya (d,a) 
'. 

reaction on th: tungsten_qxide target. A typical set of 

'normalized spectra is shown in figure III-4. Note how the 

cross-section for the natural parity states at 5.690 and 

5.832 MeV is drastically reduced in going from the m=l ·to 

m=O deuteron substate. It can also be seen that the re-

verse situation occurs for the 0 state at 4.915 MeV. As 

• expected, the yield for the remaining unnatural parity 

states varies in a rather unpredictable fashion. The beam 

polarization, which remained constant to within ± 5% 'for 

any given run, was found to vary anywhere between 50%' and 

75% over the course of the entire experiment. 

Finally, a close examination of figure III-4 shows 

that a double peak structure is evident for the two lOB 

levels. A layer of carbon\on each side of the target may 

be responsible .. As the W0
3 

target is placed on a carbon 

backing, 'the deuteron beam must be depositing carbon on 

the W0
3 

surface facing the beam. Energy loss effects due 

to. the passage of the alpha particles through the target 

would then account for the location of a second alpha peak 

on the lower energy side of the major alpha peak. The 

source .of this' carbon is probably hydrocarbon cracki.ng by 

the beam in poor ¥acuum. 

\ 
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Figure 1II-4 

16 + 14 . 
The position ,spectra for O(d,a) N w~th 

Ed = 7.5 MeV and 6
lab 

= 4°. The top spectrum was 

for the deuteron beam polarized in the m=l substate 

whereas the bottom spectrum was for the m=O deu-

teron substate. The fractional beam polarization p 

was extracted from the comparison of these two spec-

tra. 
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. CHAPTER IV 

EXPERIMENTAL RESULTS 

IV.l Analysis of data 

-_.-

The 46K spectra, labelled with excitation energies 

obtained from the Nuclear Data Sheets
2T, are shown in fi

gure~ IV-l,2,3,4 for each of the four~am energies used. 

An attempt was made to meafure T20 for 46K levels at higher 

excitation energies, however the resolution obtained to-

gether with the background in the spectra rendered the re

sults of little value. In addition, no new levels were 

found or resolved 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 

46 to separate the K peaks in this lower excitation region 

~rom each other. The main cause for concern was due to the 

interference of impurity peaks from 38K contaminants. The 

Q value for a (d,~) reaction on 40Ca is .such that one ob-

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

nucleus 38K ; thus, a high density of states :is witnessed. 

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

magnitude greater than for 48ca(d,~)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 t~rget will now be discussed. 

28 
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Figure IV-l 



29 (a) 

Figure IV-l 

Energy spectra of a particles frOIit the 48ca (d,a)46K ,· 

reaction (m=O/m=l) at Slab = 4° for a deuteron beam 

energy of 7.5 MeV. The major target contaminant le-
... 

vels, labelled in the.m=l spectrum, resu~t from (d,a) 

reactions Qn 28si ,' 24Mg , 160 , and 13c . 
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Figure IV-2 

, f - I f' th 48 '(+d )46 -Energy spectra 0 a-partic es rom- e c~ Ta K 

rea,ction (m=Ojm=l) at alab = '!1 0 for· ,a deuteron beam 

energy of 8.0 MeV:. 
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il(a) 

Figure IV-3 

48 .... 46 Energy spectrum of a particles from the Ca(d,a) K 
• 

reaction (m=Ojm=l) at 6lab = 4° for a deuteron beam 

energy.' of 8.5 MeV. A fail=e of the polarized ion 

source terminated this experiment before satisfactory 

statistics had been obtained. 

-
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Figure IV-:4 

. 48'" 46 
Energy spectra ofa particles from: the Ca(d,a). K 

reaction (m=Ojm=ll at Slab = 4° for a deuteron beam 

energy of 9.0 MeV. 
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It has been observed empirically that the largest 
~ 

cross-sections for both {d,a.)24 and (a.,d:)2S,26 reactioru; 

tend to occur when the transferred,proton and neutron are 

coupled to maximum J" and are acquired from the same shell. 

Th~ selectivity of the (d,a.) reaction was mentioned in 

chapter II. In addition, a further selectivity exists 
J 

, depending upon how well these two nucleons are correlated 

in the nucleus. Both angular momentum coupling and attrac

tive nucleon-nucleon forces, are responsible for this cor

'relationS. " ,,' The ,latter ingredient can be described by con- ' 

figuration-mixed wavefunctions. 
, 7 

Glende=ingS ou:±.lines 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 nucleus 

are coplanar only when J assumes its maximum or minimum 

values. For any i~rmediate values, the two orbits are 

inclined with respect to each other. Thus, it can ¥ seen 

that a higher degree of spatial correlation exists in the 

first case. 
, 38 46 The low lying states of the nuclei. K and K may 

be described, on the'basis of the shell model, as a neutron 

hole~and a proton hole in 40ca and 48Ca cores, respectively. 
~ ~ -1 -1 

The expected ground state configurations would be nd3/ 2vd3/ 2 
38 -1 -1 46 38 ' for K and nd3/ 2vf7/ 2 ,for K. In the case of ' K the 

, 



nucleon pair could be captured from the 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 wavefunctions; consequently, the 

final state in the alpha part:it6'le parallels the initial state. 

46 For K, however, as the proton and neutron are 'apparen-tly 

from different shells, it is possible'that the reaction may 

be proceedihg through some multi-step process (perh~ps 

in competition with a direct transfer reaction). 

If one assumes a compound nuclear reaction instead, the 

instability of the neutron-rich 46K nucleu~ can explain the, 

d ' 'h t' 14 . h d I ~screpancy ~n t e cross-sec ~ons . Us~ng sue a mo e , a 

deuteron incident upon a 40Ca (or 48ca) target will produce 

an excited 42sc (or 50sc) compound nucleus. For the case of 

42 
a Sc compound nucleus, an examination of Q value tables 

reveals that only the proton channel opens sooner than the 

alpha channel. As a result, a decay by alpha emiss'ion should 

be qufte probable. Alternatively, because of the large 

neutron excess i~ 50sc, one would expect neutrons to be ex

pelled rather easily; indeed, it turns out to be favourable 

in terms of energy and the fact that there is no Coulo~ bar

rie~for neutrons. Both neutron and proton channels open 

. ~ooner 

bility 

than the alpha channel. As a result of the availa

of the neutron channels, the alpha decay of the 50sc 

compound nucleus will be inhibited in--comparison to the 42sc 

, 
I 
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Figure IV-5 

A 1 " d 38 . " d "th norma ~ze K spectrum ~s compare w~ an uncor-

rected 46K spectrum for 7.5 MeV deuterons in the m=O 

substate. The insert gives a magnified view of the-

dotted regions superimposed over each other; here, the 

38K spectrum is shaded in for greater visibility • 

• 

/ 





,36 

• 

. .. 

Figure IV-6 

: 

• 

• 

) 



, 

36(a) 

'. 

Figure IV-6 

A no:onalized 3~ spectrum· is compared with an uncor-

46 
rected K spectrum fo~ 7 .• 5 MeV deuterons in the m=l 

substate. The insert gives"a magnified view of the 

dotted regions superimpo's'edover each other; here~ 

the 38K spectrum is shaded in fur greater visibility. 

'- . 

-

• 



.~ . 



. .:.. :.~ . 

37 
" 

v-
nucleus. Both compound nuclear and direct reaction ~chanisms 

d;~ . 46 indicate that the (~_ cross-sections,for K should b~ wea-

ker than those for 8K; this is, in fact, what is observed. 

To co=ect for these imp=ity peaks, 'a 38K spec.trllIn, for 

each of the ,m~O and'm=l deuteron beam sub states was taken 

duri,ng each cycle: The spectra were normap.zed by comparing 

38 46 ·.~ , ~ 
K imp=ity peaks in the K spectrm:t w~th the correspon-

ding peaks in 38K spectra and they were then subtracted. An 
! 

example is given in figures IV-S,6.The resulting m=O/m=l 
46 ' 

K'spectra for a given beam'energy were then normalized 

according to the number of beam dumps recorded from charge 

integration of the Faraday cup. 

The tensor analyzing ppwers :r20 were, calculateiJ.,as oqtlined 
" 

in chapter II and are plotted against the excitation energy 

46 
of K levels in figure IV-7. For a given ~ate in this dia-

" gram, T20 is plotted from left to right fo~beam energies 

correspon~g to 7.5, 8.0, 8.5 and 9.0 MeV respectively., ,The 

error range shown for each point reflects: 

a) 'the uncertain~ in the beam polariZation 
~ , 

b) the statistical uncertainty in the peak intensities 

" . and 

c) the estimated ,uncertainty in the normalization of the 

cqrrection 38K spetra. "" 



IV.2 Parity assignments and comparison with published 
results 

38 

, 

A summary of the results from this experiment is given 

in table IV-I. The T20 values at Slab = 4° are averaged' 

over the beam energy and a corresponding assignmen t of the 

parity of the level is made (unnatural U or natural N). The 

excitation energies ~dopted J~ and L assignments were ob-, . 

tained from the Nuclear Data Sheets23 • 

As mentioned in the introduction,only three basic 

types of experiments have been reported in the literature to 

obtain 46~ spectra: 

(i) An~ distributions of (d,~) reactions were 

used to deduce L assignments by Orloff and Daehnick27 , 
. 1 2 Q 28 

Daehn~ck et.al.' and Paul et.al. • These L assignments 

were ,then used to 'deduce J and ~ in some' cases. , 

(ii) Another approach used was to obtain angular dis

tributions of (p,3He ) reactions and to compare these with 

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

wave Bo= approximation (DWBA) calculations were carried out 
... 

for the latter distributions which lead to L and, ultimate-

ly, J~ assignments. This procedure was followed by Dupont 

et.al. 29 ,30 and Daehnick and Sherr3l . 

(iii) Finally, y ray transitions were observed ~ 

(d,cxy) coincidence experiments by' Da~hniCk ·et.al •. l ,2 . 
The individual levels wi'll now be discussed. The 

first line for each state will give the excitation energy, 

• 
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Figure IV:-7 

The ten~or analyzing powers T20 .are plotted as a func

tion o~ the excitation energy E* of levels in 46K• For 

a given state in this chart, T20 is plotted from left 

to right for beam energies corresponding to 7.5, 8.0, 
~ 

8.5, and 9.0 MeV respectively. The limi~s for natural 

parity (T
20 

= + 1:...) and JlI = 0- (T
20 

= - r.t) are indica
n 

ted by the dotted lines and the final parities are lis-

ted along the top of the diagram. Note that for 

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

energy of 8.5 MeV • 
. . 
~ 

, . 

, 

• 

.. 
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most recent spin and parity assignment JTJ r an.d the parity 
" 

(U or N) 'determined from this experilllent. 

(0) ground state E* = 0.00 MeV 

AIl pre,,:ious e.xPerimentaI evidence is consistent 

with this assignment. The spin and parity is predicted by 

the Nordheim ~g rule if one assumes a TJd;;2Vf;~~ ground 

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

" --- 46 sections in the K spectrum. 

Prior measurements indicated'an unnatural parity 

for this level (as well as for the 0.691 and 1.941 MeV 
'- , 

states) due to th~ fact that (p,t) transitions J£ere 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=l distorted wave curve 
, 31 ........ 

and an empirical L=3 curve ". ~s leads to the choice of 

JTJ = 2-. The results in figure I~-7 agree -that this is in

deed an unnatural parity sta~, adding further weight to 

this assignment. 

(1) E* = 0.587 MeV N 

ul 1 28 " JTJ Pa et.a. ass~gned = 4- to this level, but 

all other results agree with the one given abo:ve. Paul 

d ul d " ib t" f 46 "th 40K t bt" compare ang ar ~str u ~ons rom K w~ 0 0 a~n 

his L values. Daehnick and Sherr3l have suggested that 

for. the beam energy used (11 MeV) compound nuclear contri-

butions.are Significant and may have varied from one isotope 
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Tab~e IV-~ 

46 ' 
K adopted ~evels from the Nuc~ear Data 

Sheets (ref. 23) 

E* (MeV), J'I'i LII <T20> 
,our parl. ty 
unnatural U 

(at 4°) or natura~ Ii 

0.000 (2-) (1+3) -0.-44:t0.06 U 

0'.587 (3-) 3 +0.89 :to. ~~ N , 

0.691 (4-) (3+5) -0.44:t0.05 U 

0.886 (5-) III 5 +0.71:t0.05 N , 

1.370 (3-) 3 +0.54:t0.~21 (N) 

1. 738 - (3) -1.12:t0.33 u 

1.941 (1+) (()+2) +0.03:t0 .17 
, 

U 

2.222 111 (0+) III 0111 - . -

~.7901l1 C2+) III (2) III, - -
~.9691(l (4-) III (3+5) III- - - -

; , 

/- averaged only over 7.5, 8.0, and 9.0 MeV 

from (d,~) unless otherwise indicated 

from 48ca (p,3He ). 

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



to another, thereby making these L assignments, suspect. , 
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Fairly reliable DWBA fits for L=3 have been made for this 
~ 

level giving the above result •. Certainly, oUr resul.ts agree 

with the latter interpretation. As this level suffered the 

most interference from 38K and had a relatively small cross-

section, it is not surprising to see some of the T20 values 

on the high side. .. 
E* = 0.691 MeV J1T 4 -(2) = u. 

An assignment of J1T = 5 to this level made by Paul. 

et.al. 28 
is again discredited by our results. All 

other measurements have suggested J1T = 4- agreeing with our 

unnatural parity assignment.. In particular, y-ray cascades 

from the 0.886 to 0.691 to 0.587 MeV states s&ongly"sug

gest J=4 for this level. This state also has one of the 

larger yie1as in this spectrum. 

(3) E* = 0.886 MeV N. 

p,;;:u1'et.al. 28 have suggested'J'IT = 3 for thi..s state 

which cannot be refuted by our natural parity assignment. 

However, excellent fits.by L=5 curves have been made, by 
I 

others, to the· angular distribution thereby providing the 

result given above. 

(4) E* =.1.370 MeV J1T = 3 (N) • 

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

3- or 4- for this state but Daehnick2 ,31 claims a J1T = 3-

assignment using angular dis'tributions from (p,3He ) and (d,Ct) 
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reactions. Only three energies were, used in our results 
I 

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* = 1.738 MeV J~ = 4- U or 0 

This level is believed to have been populated by non

direct reactions and was assigned this spin and parity on 

2 the basis of (d,a) data and shell model arguments. The" 

energy and cross-section for this state seem to be almost 

correct for a second 4- state as will be explained,in the 

next chapter. " The assignment obtained in this e.xperiment, 

implies that the state is either 0- (within error limits) 

or has unnatural parity. The fact that a y decay has 

been observed between this level and the 0.587 MeV level 

(3 ) by Daehnick et.al. lends support to the assi" 

J~ = 4 to the 1.738 MeV state. The fast 

electronics used should have been able to detect El, Ml, or 

E2 transitions (i.e. tl/2 « 10-7 sec.}2. A J~ = 0- assign

ment to this state, on the other hand, ~ould raise the =-. 

likely possibility than an M3 transition was observed. One 

would expect more favourable transitions to be detec~ed such 

as an El transition (1.941 MeV (1+) to 1.738 MeV' (O-?» or 

an E2 transition (1.738 MeV (O-?) to the ,gro=d state (2-». 

Hence, the 0- possibility can probably be discarded in favour 

of an assignment of unnatural parity. 
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(6) " E* "= 1.941 MeV u. 

This level has 

1 29,30 "71 3- b a • , J = Y 

Daehnick et.al. 2 ,31. 

out by 0= rJ,ts. 

the" latter reference 

been assigned In = 4 by Dupont et. 

. 1· d 71 + Daehm.ck et.al." ,. ~ J = 1" by 

The middle alternative can" be ruled 

The most~ent DWBA L ="0+2 fits by 

plus the fact tha~ y decays occur 

exclusively to the"gr"ound state from this level strongly 

supports the J71 = '1+ ass;i.griment. This level alSo had a" 

large cross-section in this spectrum. 
31 Daehnick and Sherr have reported three additional 

46K states in this lower~xcitation region: E* = 2.22 

MeV J71 = (0+), E* = 2~79 HeV J71 = (2+), E* = 2.97 MeV", 

J71 = (4 ) (believed to have,been a candidate for the se

cond 4- level mentioned in the ,introduction). While the 

leve~s were barely discernible from the background in the 
46 

K spe~trum, they were more readily visible as the analog 

states in 46Ca• The" data ,.;ere not as complete as" for the 

previous states nor were the DWBA L cu~ fits as good. Of 

co=se, equation (13) rules out the observation of the 

E* = 2.22 !-leV level in our experiment providing the 

+" . = 0 ass~gnment ~s corr~ct. Nei ther of the other two 
"'-

states could be distiuguished from the background in the 

46K spectrum. 
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Both the grouna state and 0.691 MeV le'i1e,l contain 

-----higher admixtures of L=3 (with L=l) and L=5 (wi to L=3).; 

, , respectively (refer to table IV-l). These admixtures are 
~ . . 

-
peJ:Initted by the selection rules, but the observed ,magni-

tudes can only be explained if· there isa percep~ble two 

step transfer. In the 'work quoted above, it was ass1lll1i:!d 

that the two step transfer did not significantly alter the 

angular distribution (i.e. the assignments were model Cle-
, 2 

pendent to. a certain extent) . 

It should also be mentioned that the DWBA. calcula-

tions do not predict the finer details too well; some con

fusion may result as to which L vSl-lue can be asSigned. In 

addition, the choice of optical-model parameters m~st be 

done car~fully, as the calculated angular distributions are 

quite sensitive to this. 

" '/l 

-. 

" 
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CHAPTER V . 

CALCULATIONS AND DISCUSSION 
··--f:-' 

,_.- . • - If 

V.1: pan'"'dya calculations ',' 

, 

The energy levels of a nucleon-hole system can be 

related to the 'energy· levels of the corresponding nucleon

nucleon 'system by applying a 'theorem first de~eloped by 

- 32 :>n Pandya ',rhis metftod does not rely uPr any charac-

'-

teristics of the two-nucleon interaction as it is included, 

empirically; hOwever, it does assume· jj coupling between 

the proton particie (or hoJ"e) and',neutron particle (~r h01e). 

The latter assumption of jj coupling provides a good descrip

tion of the low-lying nuclear 'states-in the region of the 

If7/2 shell. Pandya's'theorem can be expressed as: 
, . 

(25) 

where the proton hole (or particle) in shell j and the neutro~ 

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

. ./ a spin J, W(-abcc.;e'f)-i's-tlie'Racah coeffi.Cient ana C'l.s'a,-con::----
stant chosen so that E

J
' = 0 ,Mev L.e. J is simply 'Y"'" g.s. g.s. '. 

the spin of the ground state level). The summation is car-

ried out over all possible values J O arising from jj coup

ling between the j shell and j' she,ll. 

46 
o 
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P~ya' 32 "used this theorem to calculate the 
'; 38 ~. 40 . -1 , 

energy levels for Cl (iTd3/ 2 \lf7/ 2 ) from the; K (iTd3/ 2 "f7/ 2 ) 

levels-. , 'The res~ ~ from such calculations are presented 
", i. -

in table ·V-l. The meas. ,exci tation~~r~i.es -3:3-a~ee::.;.: '._ 
. 

,amazili'9'l,y well wi ththe calculated va1ues - within 25 keV. 
. . ' . ..-

It should also be mentioned t!at simil~ results were, ob-

tained, independently' by, Goldstein and Talmi 34' by using . '-- ",.,.. 

the numerical values for th"-cog£ficients of fractional . . 
parentage and not Pandya' s theorem. directly: Nevertheless, 

both metho~s aC~llY~inVOke the same assumptions pnd 101-
• . . 

low es:sentially parallel methods. '" 
, . 

As:suming that\a hole-hole system is identical to a 

,p~icle-particle system, one mav ~ti1ize' pandya;s theorem ...... . - ...~.. 

'",to obtain the states ~f 40K in terms of the measured exc:L-

. " f 46 . 1 di d th . tation energ~es 0 K. As prev~ous y scusse, e s~-'. 
, . 

·piest sh~ll model ,picture ~f the lowest-lying levels.of ~6K 
-1 -1 

can be des~ribed""by tpe configuration iTd3/ 2"f7/ 2 , i.e. a 

,proton hole in 'the d
3

/ 2 shell and a neutron hole in the f7/2 

'shell. 
\ 

Pandya: s relation becomes: .' " 
. ~. ' '. 3 7 7 3' 46 ~J(40K), = -.; (f~0~l)'W(2 2 2 2,JJO)E

JO
' K) 

o 

., 

+ C ~(26) 

'~ 
wher~ ... JO = 2,3,4;5 are from jj coupling ,of the 'proton and . ' . 

.; neil tran "holes • . ' .. 
J :,' .<, pte, re~~ts ,are shown .i'n table V-2.· It is cle~ that 

<> 
there is ~it..tl.-e, if ;any, correspondence between the separa-. .. . . '" '. ~ 

~ , 
... ,; . .-

'<!Ii', -?\ 
~. 

. '0 •. -'. '\., 
" ... -. . - ' 

, 
.' ,., 
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'Table v-l 
.;;.. 38 40 

Calculated ,energy. leyels of Clfrom K 
using Pandya's theorem 

J1C * ,. T' 
E calculated EexperilDental (MeV) 

-2 , 
0.000 0.000, 

" -5 0.696 0.671 

;"3- , . 0.748 0.755 

-4 1.323 1.309 

... 
:; 
,~ , 

Table V-2 

Calculated energy levers of 40K from 46
K 

using Pandya' s theorem 

* * t J1C E ' E ' 
calculated experimental (MeV) , 

4 > 0.138 0·.000 

-3 0~192 0.030 

-2 0.000 0.800 

-5 0.728 0.892 

" 
~ 

t values obtained from ref. 33 All , These were 
, . * 

- of t~s~' Eexperimental en;rgies are known to an~ 

accuracy of 0.2 keV orGbetter • 

" ./ 
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tionand order of. the calculated and experimenta~ 40K states. 

The.reasons for this will now be outlined. 

V.2 d3/2-s1/2'spacing and configuration mixing effects 

. . 35 36 
It has been observed experUlentally' that the 

spacing between the d 3/ 2 and sl/2 proton excitation states 

changes in a very interesting fashion. This separa~on stea
"-. 

di~y decreases with increasing atomic mass in the potassium 

isotopes and, eventually, the order of these states is re-

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

tation energy of a.~1/2 hole in l~' 
. 

relative to the ~3/2 
level, is plotted against the mass number A33 ,37 ... .. 

The cause for this trend. is simply that the single 
. 

particle ez:ergies have been altered by the increasing ex'?;ess 

of neutrons in these potassium isotopes38 • For each of these 

is,otopes, ·there is a proton hole present which corresponds 

to the removal of a particle. As the d 3/ 2 f 7/ 2 orbi£al over

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

would expect a greater inter-nucleon intera~tion for the 

former configuration. Thus, it would become increasingly 
. "-

easier to remove a proton from the sl/2 shell as neutrons are 

added, ultimately leading to the depression of the sl/2 level 

~ with respect to the d3/ 2 shell. Configur~tion mixing effects 
. 38 

may also be responsible for the lowering of the sl/2~eveI • 

.. 
.' . 
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Figure V-l 

" 
The energy of the sl/2 hole in l~' relative to the d 3/ 2 

state, is plotted against the mass nuniber A. The single 

hole energies (and jil"assigrunen~s) for these odd. A iso-
I 

tope~ are obtained from references 33 and;37 • 
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The proximity o~ the sl/2 and d 3/ 2 states in 46K 
. 

'(re,fer to figure V-1) 'leads to complications in the form 
• 

of 'configuration mixing. Neglecting configuration mixing 

• for the moment, one wO),lld anticipate the following spins 

and parities for the lowest levels of 46K: 

'Configuration 

-1 -1 
7Td3/ 2 'Vf7/ 2 

-1 -1 
7Ts1/ 2 'Vf7/ 2 

J7T 

2- - - -,3 ,4 ,5 

These spins and parities correspond to those seen 
, 2 

bY\ Daehnick et.a1. ',(and confirmed by our 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- states. 

Because of the ass,umption made earlier about a ho1e-
k ---, 

hole system being equivalent to a particla-particle system, 

it may be wise to now compare the low-lying levels of 46K 

(hole-hole) to ~hose of 38Cl (particle-particle). Energy 

level diagrams ~f 46K, 40K, and 38C1 are shown in figure,: 

V_2(a)23,33. Keeping in mind that the lowest 38Cl states 

may be described as nearly pure 7Td3/ 2'Vf7/ 2 configurations, 

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

~itation energies than the 2- and 5- states in 38Cl (as 

well as ~gher than the corresponding 3-·and 4- levels in 

46K). The spacing of the 2- and 5- levels in 38Cl appears 

• 
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-to correspond rather well to the spacing of these nearly 
. -1 -1 --. _ 46 31 

pure ('I!d3/ 2"f
7

/ 2) 2 -and 5 levels J.n K· _ It appears 

from this comparison that one set of 3- and 4- levels. has 

been depressed below and the remaining set has been raised .' 

above the location of the 3~ and 4- states in the p~ 

'l!d3/ 2"f7/ 2 s~nfiguration. 

Follo,,;!,ing the discussion of Daehnick and Sher~l; 
, 

the effect .of configUration mixing for. - states wi.th 

small separations leads to the depression of one of the 

resultant levels with a spin and parity J'I!. This lowering 

effect will tend to increase when a greater amount of 

configuration mixing occurs. The remaining. states with the 

identical J'I! undergo less drastic displacements from 

the zero-order energy. The observations noted in the pre

vious paragraph tend to bear out these expectations. It 

is this shifting of the mixed levels that is the so 

of the discrepancies in table V-2. By examining 

(26), it can be seen that since a summation over 

the levels ·Jo in 46K is required (inclu'ding the dep 

on 

and 4- states) each of the values' of EJ must necessarily be 

thrown out. 

A sc;:hematic diagram of the lowest configurations of 

46K is presented in figure V-2(b). A neutron hole is shown 

in the 
I 

f7/2 shell and a rather ~Sit~t proton ho~e is shown 

in the sl/2-d3/2 shell region. (ift should be pointed out that 

... . the single particle energy levels for neutrons differ some-. 

, 

• 

• 
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a) 

' . 
• 

Figure V-2 

The energy level diagrams for 46K, 40K, and 38Cl 

obtained from references..23 and 33 •. 

b) A simplified .representation of the lowest confi-

46 . "; -1 -1 
gurations for K as~(d3/2~sl/2) Vf7/ 2 • , 

I v 

.. .. ..,.-

• 
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what from those for the protons. \The main reasQns for· this 

effect are the result of electrostatic ~u1sion and nuclear 

interaction effects, 
38 

proton hole • 

between the excess neutrons ~m.d the 
I 

If the arguments advanced in the last chapter for 

.a ~~~'1+ assignment to the~:941 MeV state are accepted, 

then it becomes clear that this level does not belong to 

either of the negative,paritymu1tip1ets discussed sO,far. 
. '31 ' 

'Daehnick and Sherr have used the single hole ener-

gies from 47K ,and 

the zero-order 1+ 

47 . '. . 
Ca to pre~ict a 2.6 MeV gap between 

level and the centroid of the negative 

31 39 
parity states. It has been proposed ' that a mixt=e .... 

-1 8 -'1 -1 8 -1 -1. 8 -1 
of Tod3/2vf7/2d3/21~sl/2v!7J2d3/2' and ~sl/2vf7/2s1./2 con-

figurations may be respo'nsib1e for the- appreciable lowering 

of this state. ; 

V.3 Consequences of mixing 

Daehnick et.a1.
2 

have examined the consequences 

of configuration'mixing for 46K 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 a~g

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

0.691 MeV and the 1+ state at 1.941 MeV as well .as for the 

weak cross-sections for the 3- state at 0.587 MeV arid ,the 4-

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

., 
" 
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, 
one of the resu~tant states~J11 would demonstrate·construc-

tive coherence effects ~n the direct deuteron transfer am

" . . 11 ' ' 
plitudes. In 'contrast,' the other orthogonal J level would 

exhibit destructive coherent effects. Plots ofDWBA pre

dictions for .the ratio of the cross-sections;;·'for a given L, 
. ' 

of constructive to destructive states againstthe,sf-df 
_." '0-

, nuxing parameter Cl were obtained. By . comparing these plots 

with existing data, experimental values ofa were procured. 

This led to empirical wave functions which agree~rather .. 
well with theoretical wavefu~c~ions obtained,from Kuo G 

bare40 , Kuo plus core polarizatiori40 , and Bertsch G bare 

calculations41 • 

For the 17 MeV deuterons used ~Daehnick, DWBA 
-

'calculations indicated that L=3 deuteron. transfer strongly 

dominated the observed cross-section over L=5 transfer. The 

wave fUnctions obtained show that one should expeCt 'neariy 

total cancellation for the (d,a)' ~d (p,3He ) L=3 transition 

amp~itUde:Jor the higher 4- state at 1.738 MeV. This may 

also expl 'n, in part, the ~apid fluctuations in cross-sec-

tion for this s,tate with energy. The lower 4- state (at 
\ 

0.691 MeV) should, according to the wavefunctions, show 

constructiveinterferertce which partially explains the large 
• 

• 

cross-section. SimiLarly, the wavefunctions predict construc-

tive coherence for the 3 level at 1.370 MeV and destruc, 
tive coherence for the 3 state at 0.587 MeV {although the 
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} 

ratio for these ,two was not quite as impressive as in the 

4- case). 

Aithough there 'was good agreement between the empi.ri.

cal and theoretical wavefunctiOl)S, the 'differences were suf

ficient to c~use a wide variance in the calculated energy 

levels and matrix elements .. Cc!-lculatio~ performed,with 

Kuo-B,rown matrix elements incorporating core polarization . 
corrections 40 yield-td the most favo=able results in terms 

of the spacing and order of the levels., 

were 

Preliminary' calculations for positive parity states 

also carried dt. Unfortunately, the uncertainty in' tlle 
neutron s~ngle particle energies for the,sl/2 and d 3/ 2 levels 

made the results somewhat inconclusive. In fact, the only 

useful'outcome from this calculation was that a 1+ level 

consistently appeared as the lowest of t):1e positive parity 

states, as expected. 

) 

" 

• 

• 
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CHAPTER VI· 
c 

'CONCLUDING REMARKS 

. 

The tensor analyzing powers T20 from the 48caCd~a}46~ 

experiment indicate the following parities for the lowest 
• 

lying states:' . 

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

natural parity: 0.587 and 0.886 MeV •. , 
In addition, .a tentative natural par~ty as'signment was ytlade' -

... i to 'the 1.370 MeV level. These results have confirmed the 

mos~ recent spin and par~ty assignments, from Daehnick 
...(' ,2 

et.al. There- does not appear to be any indi.cation of 

other states below 2 MeV that can 'be populated by a Cd,a) 

reaction. 

The advantage of Using this polarized deuteron tech- • 

nique 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 experiillents. However, to 

obtain full spin-parity information, the other types of 
'7 

experiments must be'performed •. 
,\ 

Configuration mixing effects, arising from the closely 

spaced d 3/ 2-sl / 2 proton levels, ~ppear to be .~ery prominent 

in 46K• Cons~quently, Pandya calculations of the order 

57 . 
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and spaCing-of " the lowest sta:tes of 40K did not at al1" 

"~orrespond to-the experimental excita~on energies • 
. 

Two i terns remai.n incomplete: an investigation of 

higher levels and a more definite parity assignment for 

the 1.370 MeV state are-required.' The.procedure involved 

may be difficult and extremely time consuming. I~ many 

cases, the bElam energies used.in other e~eriments are , . 
• 

well beyond the' capabilities of the McMaster tandem acc~-

lerator. As compound nuclear effects would probably be. 

significant at these lower energies, a yield curve of the 

cross-section·of a level as a function. of thebeam.energy 
... 

.. '. 

could be made. The (d,a) experiment could then. be performed 

at the energies giving the maximum. cross-sections in the 

particular level o£ interest. 

Levels at 4.34 HeV and 5.95 MeV have been assigned 

JTr,S of (3+) and (7+) by Frascaria et.al. 
39 

using 80' 

48Ca • • 
MeV deuterons on One· could attempt to observe these 

levels at the lower beam. energies. available and thereby m~e . 

a parity assignment. 

Some or all of the following levels have been seen 

31 30 + 
by Daehnick and Sherr and Dupont. 2.79 (2 ), 

2.97 (4-), .. 3.38, and 3.6.1 MeV using (p, 3 He ).:. (p, tV analog. 

comparison experiments. The procedure outlined above could 

be attempted, but it may.be met with very little success 

as none of these peaks have bee~ distinguished from the 

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

. , 
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iT + . a J = 0 a~signment ha~ been made to levels at 2.22 ·and. 
30~ 31 

11.4~ MeV r ~ The latter state is believed to be a T=5 
30 . 

analog for the ground state of 44Ar Unfortunately, if 
... 

this assignment is correct, then there is little the (d,a) 

experiment can accomplish near 0 0 as a result of equation 

13.in chapter II. 

The 2.97 MeV level is of particular interest as it 

was believed .to be from one of the negative parity multi-

plets·although it.was situated much higher in excitation , 
• 

. th t"" t d 3l 
energy an an ~c~pa e • The 1.738 MeV level was later 

_ 2. 
given a 4 assignment by D.aehnick et.al. ; our re-

sul ts only confirm tha t this is an unnatural parity· state. 

A (p,3He )_(p,t) analo~ comparison experiment would prob~. 
bly be the most .p,rofitable way t~ obtain the angular dis

tri~ution for this state (as well as for the other 2-4 MeV 

levels). One would, of course, require more complete re-

~ults ~nd an improved DWBA L curve fit than previously made 

before p definite JiT can be assigned to this level. 

, 
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