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- ABSTRACT <
e
A measurement of method II (d,ay) angular correla-
/ . N

tions (LF61), -using a polarized deuteron beam is a powerful
technique for determining spins and parities in light
Eyclei{ since two separate correlations, corresponding to
two beam polarization. substates, are measured for each
transition and in each tase the resid&al nucl eus is left in
a strongfy polarized state. This technique, together with
‘model-independent parity assignments from T,y measurements
at zero degrees, has been used to measure the spins and
paritfes of the 1ow—1ying.excited states in the nucléus 34?.
The resulting J" assignments for these states are well
reproduced by a shell mecdel calculation using Wildenthal's
usd interaction (Wi82). - The etfect of the finite particle
detector size and the less than completely polarized beam on

the measured correlations has been discussed and the resul ts

have been incorporated into the final analysis.

- ~
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- INTRODUCTION /1

Measured spins-and parities of nuclear bound states
have provided a good testing ground for different \\Uclear

models which ultimately reflect our understanding of the

— ———e

nuclear force and its manifestation Atithin-ﬁthe“fﬁﬁé'i‘ﬁ.
Methods for determining spins and parities of nuclear 1eveis
often involve gamma-ray angular correlation; for example
B-v, T—i' and particle-yv. These meﬁhods provide strong
arguments’ én whic.h to base spin and parity assignments in
nuclei since they involve the well-understo;d electromagne-
tic interacition which characterizes the gamma-ray decay.

| The reaction preceeding gamma-ray emission 1leaves
the nucleus in an oriented excited state which is described

by “the density matrix. Generally, the elements of the

density.matrix will depend on the reaction mechanism forming

the initial state and the constraints placed on detection of
the initial decay. 1In ﬁ&erlan%rg on method 1II
particle-gamma correlations (LF6l), the pa ti\cxis detected
in sligned geometry and the density matrix can be completely'_

determined in terms of a few population parameters., With a

polarized beam this method becomes even more powerful for



-
two reasons: (1) for a 0 target nucleus, the orientation of

the initial state can be determined uniquely from a béam of

known polarization .and; (2) for the (d,a) reaction two.

separate correlations can be meaéured for each transition

' _;)Aﬁergby increasing th;tgikelihood of making a.uniﬁue spin
- assignmeﬁ;. A bonus in wusing the (d,&) reaction for the
angular correlation measurements is that spin—barity assign-
mentskare available, a priori, from tensor analyzing power
= "*::héﬁghféﬁgﬁfé,'T;ET-TEFTEéfo‘Hédgzégz?-‘ These measurements
then decrease by half the range of spin-parity values for

which the correlation data must be fit. These two methods. -
combined could prove a potentially powerful tool for making

spin and parity assignments in odd-odd nﬁclei. . “

With the acquisition of highly ,enriched targets of

363, a study of the odd-odd nucleus 34 was

the isotope
undertaken using the techniques described above. Very
little was known about the nucleus since its location in the
neutron rich part of the table of isotopes made it inacces-
sible via most pgrticle transfer reactions.

The organization of the thesis 1is outlined below.
Chapter one comprises the theoretical expressions which form
the basis for the experimental techniques used in this wofﬁ:

the well~-known technique of spin-parity assignments using

Tho measurements at 0° is reviewed briefly while me

angular correlation using a polarized beam ig/discussed more

extensively. The last section of the chapter deals with the—



corrections introduced to take account of the inevitable

deviation of the experimental set-up -from ideal aligmment
34

conditions. A survey of the nucleus ~“°P is presented in

- —

chapter two followed by the results of the scattering
experiment to me;sure the energy levels. The beginﬁimi of
ciapter three con51sts of a brief description of the
‘polarlzed ion source which was an essential part of most of
the experiments performed in this study. The tensor
analyzing power measurements at 0° are presented in the
remainder of the chapter. Details of the method II angular
correlation exéeriment. analysis.of the data and the
réeulting spin and parity assigmments are presented in
chapter four. Chapter five discusses the shell model
calculations pefformed for both posyﬁive and negative parity
states in order to compare with our experimentally measured

spins and parities. This is followed by  a summary of the

results and conclusions._ For the sake of completeness, an

explicit derivation of the angular correlatlon functlon,‘

discussed briefly in chapter one, is included as an

appendix.
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CHAPTER 1

THEORETICAL BASIS FOR EXPERIMENTAL METHODS

The fitrst section of this chapter consists of
definitions for quantities used in polarization and angular

correlation theory. These are used in the next section to

briefly present the arguments behind the spin—parity‘selec—

.tion rules of tﬂe (a,u) reaction at 0°. The last section

deals with angular correlations. The expression for the
correlation function for a particle reaction followed by the
emission of a single éamma—ray is presented. The expression
for method TII angular correlations is é?%cussed as an
extension of the simple correlation. Finally a method is
presented for estimating the -;ffects on the angular

correlation of less than completely polarized beam and

detection of the outgoing particles off the beam axis.

1.1 PRELIMINARY DEFINITIONS

N - —

1.1.1 The Density Matrix and Statistical Tensors

When consigering an ensemble of particles it is

-7
4
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useful to -introduce the density matrix as the wavefunction

of the ensemble. The wavefunction of one of the particles

in the ensemble, |¥>, can._ be written as a linear combination

of the basis sta*es Ixuat

>=7FV a > .
Iy E a IXy

Since we're concerrad with polarization the basis states
chosen are the eigenfunctions of the z-axis projecticn of
the orbital angulér momentum. The density matrix is defined

-

by,

s _ Lk _ : A :
poy T <@ a3 00 = <xyl e x> (1.1)

where the product of the amplitudes au is averaged over all .,
the particles in the ensemble. This definition is useful
since thé‘ expectation value of any operator A over thé
ensemble is simply the trace of its product with the density

. e
matrix; -

<A>
ens

[ Ev <Pl u><ulA| vd<v] > ]ave

1 <ulA[w> Py
uv '

The statistical tensors, qkq' can be used, also, to

describe the ensémble and these are related to the density

matrix for spin s particles by, _—
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~ -V !
kq = S Ev (=277 <su,svlkg> o,

Tr[tiq p) (1.2)
where s = ¥2s+1 and -k<g<k.

Al though physical observables are more easily expressed in
the - density matrix formalism, statistical tensors are used
since ‘they transform more simply under a rotation of the
cqordihate system. Adhering to the Madison convention,
adopted for pglarization work (BH70), the goordinate system
is defined wiEh the z-axis along the direction of ﬁotion of
“the particlerand the y-ax%s normg% to‘tﬁe reaction plane.
Some important properties in each formalism are

listed below;

1) for .an unpolarized ensemble of particles,

-

1

Py = (25+1) suv or . tkq = 0 for k#0 {1.3)

2) for an ensemble aligned along the 2z-axis,

p = p = p & or t, =0 for k oedd (1.4)-
and g#0

3)for an ensemble polarized along the z—-axis,

= = # - -
Puv = Py Suv or tkq 0 for g#0 ‘1 5)



1.1.2.Analyzing Powers and Cross-Section

~ .Using the density matrix formalism ‘quantum mechanics

tells us that for an operator, T, effecting a transition

from a state A to B, the density mat;ri'.x of the final state

is related to that of the initial state by,

. <m|pgut|n> = 3 (m]'.T._"]u><n|p;.,;n]\a)<n|_'].‘|u>1IIr : —
_ &,
. - )
or, pggt = ¥ F; p'-:r‘: F:_ . (1.6)

Hv

The quantities F;.are the reaction ampl itudes where only the
dependende on the spin quantum numbers is shown here. The
scattering cross-section for an incident polarized beam

where the outgoing polarization is-not measured is,

*
(g_g)pof (g_g]o (2s+1) Tr(pe ) , (1.7)

where £ is the efficiency matrix normalized to unit trace

and depends on the detector position and geometry. The

subscript 'o' vefers to the differenti§1 cross-section for

.

unpolarized beam.

~

- The analogous expression using statistical tensors
is,
do _ ¢day *  _in
(&)por = &o & Tka kq (1.8)
The tensors qu are the analyzing powers of the scattering

reaction and are related to the reaction amplitudes in (6)



by,

_ (doy-1 s=1 u v
qu = ('&'ﬁ')o u?:m.(r!‘:q ) Fo P - (1.9_)

b

The Tkq 2Fe the tensor operators which transform the density
matrix to the statistical tensors, see equation (2). These
‘are tabulated for bp to spin two particles in Simonius'

paper on poIEéization (si74).

1.2 T,, FOR THE (d,a) REACTION AT 0°

1.2.]1 Introduction

{4 .
+ The (E,u) reaction at 0° on an even-even target

nucle;s has been well established as a model-independent
technique for making spin-parity assigﬁments. The arguments
behind the basis for the technique, 1ucidlg gkesented in
D.Pettyv's thesis (Pe76), are sriefly recapitulated here.
Because the target and outgoing alpha particie have zéro
spin, the Clebsch-Gordan coefficients for tﬁe angular
-momentum coupling simplify consiéerably and the reacti&n

amplitudes for populating a state with J" in the residual

nucleus contain terms of the form,

-

(11 ll 51 0'1.] J m)(lz A, J m | :i'm) ’

where 1i and'ki are the orbitalfangular momentum and its
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\ . .
projection on the beam axis for the entrance {i=1) and exit

-~

(i=2) channels, and Sy ‘and ¢, are the spin and magnetic
quantum numbers of the deuteron. With the incoming and

outgoing particles along the beam axis, A,=X,=0. which.

1 "2
implies, =¢,=m. That is, the magnetic substate populated

in the residual nucleus is determined by the beam

-

polarization. ' -
' For m=0 polarized deuierons‘the above product can be

written as, —
S/

(1, 010} JON1, 630 J0)

which is non-zero for 11+1+J and 12+J+J even only. Con-

servation of parity implies w=(-)11—12 for the parity of the

residual nucleus. ) Tbgether‘these conditions lead to the

.selection rule =that natural parity states, w=(—)J, have a

-

zero cross—-section with m=0 polarized beam. These arguments
depend solely on estabiished principles of conservation of
angular momentum and parity gnd therefore vield a model-
independent method for making spin-parity assignments.

The following éectiou presents these arguments using
formal éxpressions for the reaction amplitudes. The tensor
analyzing power T20 is introduced as a useful quantity for

expressing the reaction yields for m=0 and m=1l pSlarized

beam. Lastly, two important points are dealt with: (1} the

level of certainty with which a natural parity can be

assigned to a level whose m=0 vyield 1is zero within
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experimental uncertainty, as a function of the number of

bombarding'enerqy measuremeqpé and; (2) the effect of

detecting the alpha particles away from 0°.

1.2.2 Analyzing Power for (d,a) at 0°

For an axially polarized beam with§Phe polarization
axis along the beam axis and the outgoing particles detected

at 6°, equation (8) for the cross-section reduces to

do _ rde -
(oo = (8D, 1+ ty01,00/ .

where EZO yefers to the tensor polarization of the beam.

_Thestatistical\tensors tkq as a function of fractional beam

polarization, P,> for spin one particles are tabulated in
Table 1.1. q§ing these values one can show that the tensor

analyzing power Top becomes,

{
= 72  %17%
T20° F ( mopw ) (1.10).

-

¢

where o denotes the vield with m=0 or 1 polarized beam.
Therefore, at 0°, T20 is essentially a measure of the

difference in the reaction vield using m=0 €@and m=1

-

deuterons.

Using (9} T20 can be written in terms of the
reaction amplitudes. With conservation of angular momentum,

at  0° many of the reaction amplitudes wvanish,

&org
.

r.
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—-—-:- .
- _ —_— 11
F' =0 for m#u ’ {1.11)
_ B ‘ \
and the analyzing power becomes, .
N\
- 2 2
°) = (#3) ]F'ilz - 21?8! M IF%I (1.12)
T (0 ) = - N - -
20. 72 [FT712 + 1812 4 lesl 2

The condition‘ﬁmpésed by parity conservation on the reaction
amplitudes €for populating a state J* of definite sSpin and
parity is,

-
-

Fp = w ()T . (1.13)

F 3

and leads to the following model-independent selection.

.rules for the (d,a) reaction on an even—even nucleus:

(1) for a state J“:O*,,{ggjo = 0.
- (2) for a state J" = 07,
Tog = 7 2. .
(3) for ngtural parity states, n=(-)Jr
T,y = /2.

(4) for unnatural parity states, w=(-)J+1r

/2 < T < 1/72.

20

\ -
In order to ascertain within a prescribed level of

‘confidence that a value of Top at the extremums 142 or —¥2

does not correspond to an unnatural parity state, one can
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evaluatet the probability distribution“fo‘r measuring '1‘20
across the whole range of valuesd. This question was
addressed by b.Petty (Pe76). He assumed a statistical model
for the nuclear reaction where the scattering ampli:Ldes,
averaged over energy, afe‘ described by a constant direct
term plus a fluctuating compound term. The effect of these
random fluctuations over bombarding energy is to give rise
to a probability distribution for Tyo Which is symmetric
'about T20=1/2(L/;2). The width of the distribution
decréases wf%h i;creasing number of measurements-‘at
different bombérdigg energies. Table 1.2, regroduced from
his thesis, shows the probability, for umnnatural parity
state, of obtaining an average value of TZO within a
deviation, A, from either extremum (T20=1/12 or T,y=-v2) ;;
a function of the number of measurements at different
bombarding energies, N. . Therefore with measurements at
_thtee energies, made wiéh an accuracy A<.10, the spin-parity .
is determinéd with a 99.9% level of confidence.

The other point which needs to be addressed is the
effect of measuring T20 away from 0°. The condition on the
reaction amplitudes in (11) must now be felaxed and the ex-
preséion for T,, from (9) will now include terms with n#m.
The calculations, performed by Petty using a compound statis-
tical model to describe the reaction mechanism showed an-in—

creasing attenuation of T20 with increasing detection angle.

The magnitude of the attenuation depended on the center of
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Table 1.1 Vector and tensor poiarizations for s=]
particles as a function of the fractional.

beam polarization, P = 1-1/0, where Q .
is the quench ratio (see sect. 3.1) o~
»
m=1 m=0 m=—1
vy, 73/2P 0 /3/2 p
- t‘ZU 1/?'2 P /2 p 1/{2 P

; /
Table 1.2 Cumulative pfdbability of an unnatural

i . - parity-state for various deviations, 4,
from the limits of Tog (-2 or 1//2)b)

Number of Energies Cumulative Probabilitya)

. N - A=.05 A=0.1 A=0.2 A=0.4
1 2.5% 4.5% ° 9,5% 19%

2 ) 0.1% ~ 0.7% 2.7% 9.5%

3 0.1% 0.8% 5.4%

4 0.2% 3.0%

5 0.1%  1.6%

- 10 0.1%

a) Values not shown are less than 0.1%
b} Reproduced from (Pe76)
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mass momentum in the entrance channel. For 10 MeV deuterons
incident on a 6S target, and the outgoing alphas detected

at elab=4°' T20 would be attenuated by about five percént.

~ .

1.3 ANGULAR CORRELATION THEQORY

- .
-

A complete treatment of the theory of angular

e
correlations is available in the literature, (Fe65) and

(RB67), and in the first part of this secﬁion the-express%pn
for a simple Y-ray correlation from a particle inducgd
reaction is simply stated. The reader is referred to the
appendix for a complete derivation of this expression. = The
notation of Rose and Brink (RB67) is employed since it is
widely accepted in the field and the correlation data were
analyzed wusing their formalism. Extrapolating from the
simple y-rav transition the expressfon-for Litherland and
Ferguson method II angular correlations (LF61) is presented
.in the second part. Starting with this expression the
advantageé -in using a polarized beam for method 1T
correlation measurements are highlighted. The power of this
technique is illustrated by comparing the restrictions on
spin assigmments possible for correlation measurements with
cne and two beam polarizations. In the last section, the
effects of a not completely polarized beam and detection of

the outgoing particles slightly off axis are discussed and
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their magnitudes are estimated.

1.3, 1 The Slmple T—Ray Correlatlon

The sxmplest Y-ray correla on occurs when the

angular dlstrlbutzon of the y-ray decay of . the resxdu;i
.nuc;euslpopulated in a nuclear reaction is measured relative
to the beam direction (z-axis). . This simple case is:
depicted -in Fi;ure 1.1.

In an analogous manner to the expreggion in equation
(7) for the cross-section, the andular dlstrlbutlon yleld is

expressed as a product of the stat::.st;cal tensor of the

* .
reaction products, pkq' and the efficiency tensor, ekq' for
detecting tﬁese produﬁts. By using the propertles of

statistical tensors for coupled angular momenta and

evaluating ¢t efficiency tensor of the Y-ray detector,

WOB) =W, T B(3)) R(LLIT,) Q Pylcoss) . (1.14)
' kK even

" The normalization W; is chosen such that the k=0 coefficient

t

of Pk(cose) é?‘ the sum is unity. The derlvaxlon of (14)

3
assumed that the emitted partlcles from the nucleaF reaction
with unpolarized beam were undetected and hat t e state in

the residual nucleus had deflnlte parity. These two

condltlons lead to aligmment of the residual nucleus and

,
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| U
|\. =
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Figure 1.1 ) : ¢

Diagram Sshowing the spin’ and angular momen tum

notation for a pure mul tipole gamma-ray decay

following a nuclear reaction.



16



g

. o . 17

thus to. the contribution of only even k terms in the sum.
The coefficienﬁs Bk(Jlf..k=2,4,...,231, are defined in terms
of the statistical tensors and, for an aligﬁed state are
simply 1linear combinations of the population parametérs.
anerally. these coefficients are unknown parameters which
nust be varied when fitting the measured correlation. The
R, coefficients contain.the angular momgntmn coupling
algebra and are tabulated in (RB67) for different L, Jl' and

J2 values. The attenuation coefficients Q éescribe the

'attenuatlon of the measurep correlation due to the flnlte

detector solzd angle and depend- on the particular gamma-ray
detector geOmetry.

Measured correlations can be fit Wlth this expres-
sion in an attempt to determine the initial spin J1 The
solution may_pot be unique since the Bk's or the population

parameters, P(m), are variable.

1.3.2 Method IT énqular Correlations

The technique of Litherland and Ferguson (LF61)
method II angular correlations limits the number of unknowns
in the correlatlon function by detecting the emitted Y-ray
in c01nc1dence Wlth the outgoing - partlcle along the beam
direction. With an unpolarized beam and by detecting the‘_
@érticles in an annular detector the cylidrical symmetry of
the problem is preserved. Therefore the correlation

-
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function derived in the previous section remains valid. The
result of this highly aligned geometry is that the orbital
angular momentum of the outgoing particle has zero prOJec-
tion on the quatization axis. Thus, byA conservet:.on of
angular momentum, population is limited to those substates

in J, with L . —

Im| < J * sy+ s

1t S, ) (1.15)

where‘s1 and S, denote the spins of the incident and emitted
particles respectively, see Figure 1.1. Consequently the
most advantageous .reactions invoive low spin projectile and
?ﬁectiie.particles on an even—even tatget nucleue. In
' particular, for the (d,e) reaction the oonstraint on the
substates populated is |m|<1. Using, also, the restriction
on the densxty matrix for an allgned ensemble, equalxon (4),
only one parameter is necessary to spekify the orientation
- of the state Jy7 that is .
P(m=t1) -

P(m=b)

Another unknown often present in y-rdy correlations; which

has so far been excluded from ocur discussion since pure

multlpole radlatlon was assumed, is the multipole tn1x1ng
ratio, §. The amplitudes of two competlng multipolarities [,

and L'=L+1 will add coherently and one can show that the

correlation function becomes,

1
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e
-

We) = W, k.gvenak(&l)-ak(alaz) Qy Pylcose) (1.16)

where Rk(JlJz) g { Rk(LLJ1J2$ + 26Rk(LL'J132)
LY
+ GZRk(L'L'JlJz) b1+

1/2
, <J LTI ( (2L'+1)

e

<T ILET,> / (20+1)1/2

and 8

.
.

This définit’ion of the mixing ratiq and the -matrix elements
are those ~f Rose and Brink which  are df:arived‘. in a phase
consistent manner from the electromagnetic operators. 'f'he
mixing ratio contains the nuclear structure information and
is. an additional parameter in fitt';ing the measured correla-
tiecn. Therefore, in general a (d,a) method II angular
correlation would have -thr:'ee unknowns, «, Jl' and §. Unique
identification of the spin Jl within this parameter space,
although more probable- than for a singles angular distribu-
tion measurement, is still not attainable for many measured
correlations. A stud.y of the systematics of making spin
assigments from measured method II angular correlations was
done by P.Twin (Tw73). S

In light of the above arguments, the advantages of
using a polarized beam in method " II angular coz;relations
become evident. Assuming a completely polarized beam , by
conservation of angular momentum the only substate of the
residual nuclegs level J1 populated is the same ‘as that of

-
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the beam 1). The previously unknown quantity « iseliminated

and only two unknowns remain. Furthermore, since two

separate ‘correlations can be éasured,‘pne with m=0 and one
. IR ’

with m=1 polarized beam, for every  transition .:I1 => J,

there._‘__i's- twice the experimental“data .and one less parameter-
with which to arrive at possible spin dssigmments for the

initial state.

The ';g‘gvantages of using a -polar::.zed beam for methdd
II ’angular correlations was investigated' by G. Jones et al.
(JG?S_) at McMaster.  Their study consisted of an extensive
computer secarch to identify the ‘values of spin‘i and mixing
ratio for which inherent ambiquities in the correlation
fuhctior_x could be removed by using both m=0 and m=1 cor- -
relation data. The ‘correlation for a transition. Iq ;$ I,
with miking ratio 612‘ can Dbe described by the Legendre
polynomial coefficients aglsz(alz), where m denotes the

beam polarization and k=0,2,4, since only dipole and

1) With the beam ‘polarization axis along the beam -
direction which is also the quantization axis, the state in
the residual nucleus will have cylindrical symmetry,
However, since only one substate is populated the aligmment
condition, P(m)=P(-m), which .led to the restriction of even
kK in equation (14) is no longer wvalid. It can be shown,
however that the restriction of even k holds for a cor-
relation satisfying the following nroperties: (1) the
initial and €inal states, J, and J., have definite parity
and; (2) the correlation ;neasure%lents have reflection
Symuetry in the reaction plane (i.e. the circular polariza-
tion of the Y-ray is not measured). Both requirements are
satisfied in method IT angular correlation measurements with
polarized beam, and the expression in (14) remains an
accurate description of the correlation function.

/
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quadrupole radiation were consxdered. The regions of
amblguxty were determined by compar1ng, the Legendre
coefficients for this transition with those for transitions

from all other possible initial spin vaiues; -2 <-J. <

';2

J2+2, and over the whol_,range ©of mixing ratio values, &.

iz°
The quant:.ty Q used to obtain a measure of the

dlfference between the correlatlons was calculated by taking

the square of the difference in the Legendre coefficients, -

.®

JaJ J.J
2 _ 192 9
(81278520 = T [ a (612) = a
k=2-4

2 2

Qhere the subscript m has been suppressed fréﬁ the Legendre
coefficients. CondPour plots of 02 as a function of 612 and
12 were plotted for both m=0.. and m—l deuterons. The value
of Q corresponding to the 99.9% confidence level used to
reject séin hypotheses in experimental correlation data will
depend on the uncertainties in the data and the shape of the
correlation function. The average value obtained for
angular cﬁrrelations with five data points and 1000 counts
at the peak angle was 120x10™%, value of Q% below this
level indicated unresolvable correlations thereby giving
rise.to an aﬁbiguity for the transition ;H- -> Jz at the
_ Particular value of the mixing ratio 612
The results of this study have been summarized in

Flgure 1.2 for all 90551b1e Jl -> J2 transitions with J2<4.

The large regions with unidirectional hatching indicate the

-~ . '\
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vis

Figure 1.2

-

___ Chart illustrating the regions of mixing ratio 61.

for transitions J1 -> J2, where ambiguities in
spin assignments occur for method IT (d,a) angul ar
correlations with different beam polarizatioﬁs

substates,
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édvantage of having both correlations since these correspond
" to values of 6, for which an ambiguity existed with just

the m=0 correlation but was resolved with the inclusion of

Ny

the m=1 correlation. The regions with cross hatching
correspond to mixing ratio values 8§15 for which the

ambiguity is unfesolved even when both correlations are

v

considered. It }s worth noting that the regions over which —
- : -
ambiguities are resolved is larger for transitions where the

initial spin is small. This is not unexpected since the m=0

and m=1 correlations will be most different for low spin
B
values and will tend toward a similar shape for large spin

-

values,

1.3.3 Method II Correlations With an Onobserved y-Ray
°  Transition
In the previous section the discussion of method II
angular correlations was restricted to the particular case
of a y-ray emitted from the level in the residual nucleus
'_.populéted by the outgoing coincident:particle. In a
particle-gamma coincidence experiment one can also measure
the correlation for any y-rays in a cascgde ofiginating from

the decay of this initial state. This situation is depicted’

L] .
in Figure 1.3 for a two Y-ray cascade. L23 and L23 are the
multipolarities of the observed gamma ray and le, L;Z are
those for the unobserved one.

-



Figure 1.3

-

Spin, multipole?t":‘i'ty ‘and mixing ratio notation for
a two gamma-ray cascade. -

P~ s

(.7

-
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The - ‘gngular correlation function for the L

23+ L3

y-ray can be derived in a similar manner to thah already

\ )
shown for the single .y-ray transition. - Using the notation

of Rose and Brink\jntroduced earlier, the correlation

<y
W(é).= W, 3 - B(3)) U {IT,) R (TT4) Q. P lcoss)
o 1leven k17 UkldnTa) Re(J533) o ?y

~—
function has the following form; :

(1.17)

-

Comparlson with the expr9551on for the correlation funct1on
in (16) leads to the 1nterpretat10n of the product BkUk as
describing the orientation of the state Jo- Therefore the
coefficieqt.uk{JlJz) transforms the orientation of the
initial state Jy to that of the intermediate state Js via
the unobserved transitio ‘

]
le; it is defined by, .

o 2,-1
Uk(JlJz) = | Uk(leJlJz) + (612) Uk(le 175) } [1+(512: 177

W(3,3,313,37L, k)

z k
where U, (L,,7,3,) = (=)
k*M12Y1Y 2 .
- W(JlJleJz.leo)
The W's are Racah coefficients and §y4 is the mixing ratio
for the unobserved transition. The Uk coefficients are
tabulated in (RB67). Since the first Yy-ray is not -observed

there is no term for the interference between the multi-

polarities L and le The additional information derived

12 2

from the correlatlon of a subsequent cascade transition can_

be useful in making a unlque spin assigmment for J1 or J2
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. 1.3.4'Bffect of Polai:izatfb’n and Detector Solid -a ngle
v In practlce thevconstramts placed on the magnetic
’ substate population in the d:.scu581on of method II (5 cx-r)

angular correlatlons of the 1last- section, equatlon (15),

- —_—

'must be relaxed. The reasons for this are two—fold.
E‘irstly; the beam is not usually completely polarlzed and
the unpolar:.zed component w111 give rise to the populatlﬁ)
of other substates. The relat:.ve magnltude of the

_ —-populat:.on of these other substates will depend on the beam
polarization as welle as the react1on amplltudes.. Secondly,
the effect of detectmg the outgomg part:.cles in an annular

detector around 180° will result in a non-zero projection of

" the orbital angular momeqtum on the quantlzatlon axis.

Depending on "the value of .the angular momentum populatmg
the excited state, substates other than the beam- substate
can be populated. ' )

o We f:.rst examine the effect of less than: completely
. polarized beam. As ' prev:.ously discussed ( see equatlon 6)

the/expression for the- dens:.tj matrix of tHe outgoing

residual ‘?mcleus is, o~
out_/ u in v¥
. - ®mn = L Fy env Fn (1.18)

As shown in '(4), for.an alfgne'd' ensemble this expression
smpllfles- consuiev-ably when. the beam polarization axis is

along the beam direction and the outgoing particles are

1
el B L)
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detected along the beam direction in a detector with

cylindrical symmetry.

(%

The cross®section for detecting the outgoing particles, .

[
assuming a point detector,

t
oot = E

1€

Thus,_;é write

M2 in
I'Fﬂll Py

-

‘/—' - .
is proportional to the trace of

the outgoing density matrix (see equation 7),

cpol(e) =

o, Trl pout )

ni2 in
cO_I Iﬁml P,
nm . -

£i
.

Using the property . of the reaction amplltudes at 0°

equation (11}, and the property for a transition between

states of good parity, equatlon (13), allows the expression

for the cross section to be written as,

|

pol

where the notation,
The first ‘product

populétion of thé m=

-1 substates,

polarized deuterons the ra

e

is.,

o [ p

1
B3

respectively. Thus, for a beam of m.=0

+ Lp§“+pfg)s} ] (1.19)

E‘IF;I? is introduced for simplicity.
in the bracket contributes to the
0 substate in the residual nucleus whiie

the latter. two products denote the population cf the m=1 and

d
tio of the population parameters

—

\,
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% _ Pm==1) Qipib Bi {1.20)
pol ~ _ - 0 . *
B(m=0)  eg 8g .

where the superscript '0' on « signifies m,=0 deuterons.
The superscfipt *in' on p has been dropped forﬁsrevity and
from th;s point on - will- always refer to the beam. A
similar' expression can be written for the substate
population ratio .P(m= 0)/P(m-1) for an md—l polarlzed
deuteron -beam. The - unknown quantlty necessary for
. evaluating the populatisn _parameters is the ratio of the
reaction amplitudes g /BO ‘ A value -for this ratio can be
obtalned fron the measured ratlo, R, of the cross-section
for m=0 and m=1 deuterons. _Using {19) one obtains, -

99 ‘po(md=0)~Bg ;-[Dl(md=0)+p_1(md=0)]8}. .

R = = 5 T - (1.21)
1 Polmg=l)gy * [pltmd=1)+p_1(md=1)ls1

The:-sub-ecri_pts' 0" and '1' on o réplace the 'pol! in (19)
an;i denotm the reaction yield with md=0 or 1 respectively.
" Assuming the unpoiarized coamponent ofl the beam is composed
of equal am;crunts of the three "subs_tates then, for a known
beam polarization end w:it.h twhe‘ aligrment condition (4), all
the density matr:.x »parameters i::o_:- the beam are known.
Therefore by measuring R wlth a.beam of known polarlzatlon,
the ratio Bl/B0 is determined and the populat:l.on parameters

for the angular correlation are unigquely determined.

The above calculation did not include - eny- effect
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.from detecting the eetgoing particles at a finite angleOff
the quantization axie; In their original paper on meth II
angular correlationé"(LFsl), thherland and Ferg son
investigated the effect of a f1n1te solid angle detector by
) expre531ng the population parameters, or the statlstlcal
tenso;s Bk(Jl) in (16), in terms of the appfepriate statis-
tical tensors for the different reaction components and the
effleaency tensor for the annular particle detector. By
expandlng the(eff1c1ency tensor in the limit of small angles

they obtained a correctlon to the population parameter of

_thedfgpssat s md-]ll, where A is an integer, proportional
\44"‘\ J‘ : . - :
o e R \ .
. "/’\_

; P(m ] Al &~
ki i W VI (1.22)

B(mg)

£ is the maximum half-angle, in radians, subtended bQ.the
particle detector. | |

In order to estimate the combined effect of the beam
polarlzatlon and the flnlte detector solid angle on the
population parameters. we expand the expression for the
cross—~section in (18) without the restriction of 6=0° on the

reaction amplitudes. The result is,

- 0 1 1, .0 .1
S po1”™ % 1 [pgBg*in +o_j087] + [py8y+pgB +o 187 ] +

+ [p_16%+posg+ pleil] b (1.23)
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witere the property of the reaction. anplztudes for states of
deflnlte parlty has been used and substates with |m]/>2 have
been neglected for 51mp11c1ty. Using the [] brackets, the
terms have been grouped accordlng to the substate populated
in the residual nucleus; the order is m=0, 1, and -l.  In
the limit of small detectar angles the reaction amplitude

1

term BI will be small‘compared to Bi and Bg

for the population parameters of a state populated with an

and the ratio

md=0 beam will be,

-4
P(m=1) p 81 P 80
_ 171 o1
- = 5 T + 5 1 (1.24)
P(m=0) °OBO + (py+p 1)8 poﬁo + (pl+p_1)80 .
) _ 0 0
= Gpol + Gf-ao (1.25)

A/gimilar expression holds for the ratio P(m=-1)/P(m=0).
The population parameters for the correlation with

md=1 deuterons can be expressed in the same manner,

P(m=0) . pOBg (pl+p_1)Bé
PIm=1)  py8) + p,8] PoBy * 0187
. B 1 . 1 . V.
z apol + Cg . (1.27)

Also,. with mg =1 deuterons there will be a small populatlon
of the m=2 substate from f1n1te angle (f.a.) effects and of
the m=-1 from the unpolarzzedfcomponent_of.the beam. . For

the_anélysis, the magnitude of P(m=2) was taken as half

™

s
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P

P(mQO) since the ﬁ=0“substate has a contribution from boéh
polarization and finite angle. These values were allowed to
vary by 10% of the largest population parameter in arriving
at the best fit to the data.

The approximation in equations (25) and (27) can be
underseood by comparing the expression for agol with that of

equation (20) where no finite angle effect was included. It

is seen that the separation in 025) into a polarization and"

finite angle term is valid as along as posg is the dominant
term in the denominator of equation (24), and‘similarly for
the term plsi in (26). These conditions are satisfied if

the state in the residual nucleus has a non-vanishing

cross-section for both md=o and md=1 deuteron beam, that is

Too * 1//2 or /2. Therefore, for a natural parity state,
where 00=0 at 0°, or a 0 state, where 01-0 at 0° ' the
approximation made in such a separationvis not valid. For
these cases population of the predominant substate can be
taken to be almost 100 ﬁercent. |

The express}ons for the population Darameters, (24)
and (26), contain the four unknown reaction'amp}itude terms
g, Sg, Bé,_and Bi. Since only the relative magnitude of

these quantities is of interest, taking the ratio with

B

respect te Bg reduces the number of unknowns to three. To

solve for these and thus determine the P(m) parameters

unlquely, one requ1res three equations. The first is

obtained as before from the ratio of the cross~sections for
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m=0 and m=1 deuterons. This time, however opol-is that of

equation (23) with the BII terms neglected. The ratio is

easily obtained from the measured partlcle yzelds and this
results in an equation with the" ;hree unknowns. The other
two equations are obtained from the expressions for “g.a.
and né a. in (24) and (26), régpectlvely. With the estimate
 for the finite angle effect. determined by Litherland and
Ferguson, (22), numerical values can be to assxgned to the
*f.a.
rgdians, thus yzeldlng a finite angle correction on the
order - of four percent. Because this value is an order .of
magnitude estimate the larber value 10% was used for the
correction factors. -With these. three eéhgtions solutign
to the three unknown ratios Bg/sg w&s determined\ and these
values were.substituted in equations (24) and (26) to'obtain

the population parameéers. ' .
In “conclusion one finds gbat for a ‘known beam

polarization and with a measurement of the ratio of the

cross—sectlons, a few simplifying assumptions allow one to

determine the effect on the population parameters from_thé
polariéation and the- detector solid. angle. In particular
the statistical tensors Bk(Ji) in the cor;éiation function
of- equation‘ (16) cén be completely determined once the
population parameters are known. Thus the earlier statements

on the advantages of using a polarized beam with method TIT

- still hold.

'S. Our detector maximum half-angle was £=11° or 0 2

g



CHAPTER 2: THE NUCLEUS 34?

o
a——

The first section of this chapter consists of a
brief 7survey of what was known about 34? érior to
-~ ——— ——undertaking this studv. Before measuring tensor analyz:.ng
powers and angular correlat:.ons in 34?, a (d,%) scattering
experiment was carried cut in an effort to identify states
at hijher excitation energir. a description of this
experiment and the results obtained are presented im sectlon
two. 2 summary of these results and a discussion of angular
dlstrzbutlon neasurements are prese\ted in the last section.

Ny

= -

2,1 EXISTING MEASUREMENTS 1§ 3%p

The paucity of data for the nucleus 34? is ¥ direct
consequence of its situation in the neutron-rich region,
where it 'is accessible from very few stable isotopes via

single or multi-particle transfer reactions. Goosman et al.

{GD73) used the heavy-ion reaction O(ISO,pn)34P to measure
the half-life of 3%p (t1/2 = 12.45%0.10 sec) by detecting

the B-particles in coincidence with known Y-rays in the S4s

33
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daughter. The allowed character of the B transition to

states of spin 0+ and 2+ in 348, ev{denced by the respective

‘log{ £t) values 5.16%0.02 and 4.93%*0.07, implied a spin of 1%

for the ground state of 34?.

Several experiments have been carried. out rec ntiy
in which the excitation energies for the level scheme of 3QP
were determined. The results of these differént experiments
are summarized in Tableéz.l. The first one by Ajzenberg-
Selove et al. (AF77) used the charge exchange reaction

34

(t,3He)lon a target of S enriched to 85.6%. Their values

for the exgitattion enefgy are listed in the first column of

e. Based on these values for the lower excited

nergies, Nathan and Alburger (NA77), éqain using the

18 18

ion reaction 0 on 0 and detecting B-Y coincidence

events,| were able to study the B-decay of 34Si and also

P Yo a greater precision. Their calculated log{ ft) values
for ¢t decay to the 0.429 MeV and 1.508 MeV. levels were

>5.2 and 3\ 35%0.18, respectively. The allowed character of

‘the branch to the 1.608 MeV level strongly suggests a spin

™
1% since tire jonly non-1" level to which 34Si (J =0+) could

h.

decay is the analog 0%, T=3 level which is predicted to be

1)

at around 9| MeV excitation energy. This assignment

-
— /"_-_\- '

T

1) C3glculation of .the excitation energy of the
analog state /included the- quantum mechanical correction to
the Coulomb ergy shift.

~



Téble 2.1 Excitation eaergies in §4P.
Units are in MeV and the solid line
denotes a level seen whose excitation

- efiergy was not measured.
(t,38e)2)  (8y)D) (d,00%)  (715,78e)®) Poorp '
0.423(10) 0.4291(2) 0.43807) Fc— 0.430(4)
1.605(10) '1.6076(5) 1.616(10) = — —_—
2.225(10) .. - 2.236(10) — 2.232(10)
2.309(10) , 2.302(20) S 2.307(7)
2.372(20)
2.628(12). .
2.683(7)
(3.086(15)]°’
3.201(16)
[3.291(23)]
(3.345]} :
g - : 3.482(8)
- , ' [3.546(129)]
' - 4.306(7)
4.470(70) 4-438(13) ~
4.744(9)

7.440(70)

a)
b)
c)

-d)’

from reference (AF77)

from reference (Na77)

from reference (BZ78)

from reference (DF85) -

the square brackets indicatera tentative assigmment
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however is dependent on- the assumptlon of a negllg1b1e
qround state branch which could not be measured in the

experxment. One can show that, although the ground state

branch would have to be much larger than that to the 1. 603

MeV level in order to increase the loq(ft) value beyond the

emplrlcal range for an allowed transition, the.p0381b111ty

of this occurrence cannot be discounted and. the assignment

of 17 remains uncertain. N
' : 3t
The other two experiments used the same highly

.enriched 365 isotope which was used in our experiments. The

natural abundance of 363 is 0.014% and therefore is very

costly to produce in hzgh enrlchments. Some .0f this highly

enriched isotope became available recently as a result of a

program by Russian scientists to study the feasibility of

laser- isotope separation (MaB2), The results obta;ned by
Babenko et al..(BZ78) using the reaction 368(d,°)34P are
"included in the third column of Teble 2.1. The fourth
column comprises the results from the 34 S{ Ll, Be)34

experlment performed by Drumm et al. (DFSS) as part of a

larger study of neutron-rich nuclei.

2.2 ENERGY LEVEL MEASUREMENTS

2.2.1 Experimental Set-Up .

s . <

-

The measurement of\excitatiod/energies was carried

»,
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‘out uéing the reaction 368(d,°‘)34P. The target enrichment

3-68 and 18.9(0.2)% 348. ..'l‘he‘ I:argei: was

was ‘81.1(0.2)%
prepared by S.Raman at Oak Ridge e'nploy:.nq a technique
developped by P. Ma:.er-Komor (Ma82) in which a silver . fo:.L\
in this case‘fof 200 ug/cmz.thickness, is co:npletely’
sulfided, Eonﬁilnq ag2S. Silver is used because of the h'iq-hx-"
affinity éf silver to . sulfur, the‘areby’ ensuring efficient
c;:nversi.on of the isotope to ta‘rget material. Accdrding to
Raman et al. J(RR84)', who- have used targets zﬁade from the
S ame '-i‘sc-btope material, the target also conta.ins trace
amounts of B, Na, Al, Si and K. o

The outqomg alpha particles were momentum—analyzed'
wlth an Enge split-pole spectrograph aad detected in =
focal-plane position-sensitive delay—-ling detector. The
detéétor was a qas—pr:-oportional" counter divided into two
sections; the front ks_e-ction containing the delay line and
the back section consisting of a hiqh—vlo.ltage anode wire -
( MR75). The position information was derived from the
delay-line signals and the energy loss (4E) of the particle
wvas ob'tained from the’ back-counter signal. A typical Ag
spectrum is shown in FPigure 2.1 ;where the regions cor-
responding to different particles have been 1labelled. A

two-dimensional plot of 4E versus position yielded a clean

separation of the tritons and 3He particles from the ali)ha

 particles. The positionispectra displayed 1in Figure 2.2

were obtained by setting a boundary around the alphas in the
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Figure 2.1

AE spectrum for the reaction 3GS(d,c:;)34£>,::at _

Blab=45°, measured with the delay line detector
positioned at the —"fo;::al plane of the Enge spec-
trograph.
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| because “the emerglng alpha partlcles are belo

. collected at different angles to allow for prope

7t1cat10n o

39

-

twofdimensienalw'spectrum. The resolution of the alpha
particle;bosition spectrum was limited wmostly bf,the target
thickaess. - .

The experlment was performed at three deuteron
bombardlnq energles, 6, 10, and 16 MeV, to ensure that every

level could be observed at least once, The spectra col-

lected at 16 MeV had a large bacquound contlnuum assoc1ated

with alphas from the scatterzng of deuterons on silver. ' The

Q-value for this reaction is much. 1arger than that for the’
same reaction on sul fur. ‘Therefore the energv range of.
detected alpha partlcles corresponds to  the population of
states at higher exc1tat10n energy in. paladxum than in
phosphorus. Because the density of states Enithe peavier
aucleus is qaite -large, even at 1 MevV, ‘the spectrun of

emitted alpha particles -s essentially a continuuﬁ.. This

background is completely absent at 10 MeVv bombardlnq ‘enerqy

the Coulomb

barrler for paladlmna At this lower energy spewtra were

iden-

e 34

P states which at some angles were hidgen by

contaminant states. At each angle spectra were collgtted in

to the large quantity of 343 in the target, spectra were
34

two bltes to 1nc1ude states up to 5 Mev exc1tat10n.

. collected with. a target of enriched S to facilitate

identification of peaks originating from this isotope .in the

364 spectra.



Figure 2.2

| i .
Position spectra measured at eIab=45° for .the
(d,«) reaction on targets of >6g and 34
associated with S32p states, arising from the -4%g

36

content in the S target, can be identified in

tﬁe top spectra.

S. Peaks-

L,
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The position soectra displayed -in Figure 2.2

comprlse the Eull range of excltatlon -enerqgy measured with

both“ 34, 368 tarqets. . A d1reot‘ correspondence is easily

32

~
[

observed between the

36,

peaks in the - Sispectrum;"One notable difference between

the " two targets, other than the different enrichment of
sulfur 1sotopes, is the presence of 26&1 and 14N 1evels in

36

the S spectrum. These peaks are associateq w1th the

target contaminanis zesEVend 16o, respectlvely, the 5111con
is belleved to have or1q1nated from pump 011 when using this
target in an earlxer experiment. ' T

2.2.2 Analysis and'ResuLts

.The overall intensity of the data was low and peak

centroids were obtalned using a w91ghted sSum over the peak ’

>

width. For well—deflned strongly—fed peaks the prec131on in

determlnlng the centroid was 0.3 channels. The centroid of
peaks in unresolved doublets was estimated to a precision of

one to two channels depending on the statistics. Excitation

energy assiqgnments were based on a calibration of channel

number with alpha partlcle energy, determined for each angle

and magnetxc field u51nq known 32

states. The Enge
spectrograph callbratlon_ls a fourth order polynomial for £,
the radius of cureature, as a function of D, the distance
along the focal plane. Bowever ,- the difference, et;worér

N
{i.€. when the chosen calibration points are concentrated

P.levels_in the 1ower‘spectrum and-
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entirely at one end of the spectrum), between th:.s fourth
order and a linear cal:.bratlon is about v. 1% across the
- lenqth of the counter. _‘In-q_eneral, for we]rl distributed
calr.brat:.on points,- the-‘difference is ‘less and can be
cons:Ldered neql:.qxble in cornparlson with the uncertainty in

the centroid. Thus, £ "tv, a linear calibration

- was assumed for P(D). The delay line counter can also be
calibrated for D in terms of channel number. Since P is -

proportional to ‘(Ec, a linear calibpration between '—’Ea and

channel:- number was used to obtain ekXcitation energies.

P '..‘a
The calibration points ~used\ for the h:.gh—energy

32

b:.te were the P levels 1.150, 1. 754, and 3.004 MeVv. At

\ angles where_either of the_ fir.st two levels were weakly
» populated the ?’4'5' ground state and/or the 1.608‘ MeV level
‘_.wez‘-e used instead. These points spanned a wide range
) pr.:oviding a good calibration over the entire spectrurn.

“"Because of the - high de‘hs:.ty of states at higher excxtat:.on

energy in. 32? {E.V‘?B), it was" more. difficult to get a good

calib:‘atien for the low-energy bite. The 32

P states used
for calibrating this bite, 3.004, 3.443, 3.445, and 4.203
MeV, covered only half the full spectrum ¥ange:, The Temto
uncertainty in the ex_citartion enerq?ﬁ at each angle was
determined SY,combiriinq ‘Ehe errors ar.:i_sinq from the centroid
position a-nd the calibration. A weighted average of the .
excitation energies was calculated and the results are

included in the last column of Table 2.1. The uncertainty
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in each value is the weighted standard dev1atlon and thus
reflects both the scatter in the values about the mean as
well as their uncertainties. The strongly-fed levels which
were conszstently observed -at all angles have been assigned
the‘following energies: 0.430(4), 2.231(10), 2.307{7);
2.683(7), 3.482(8), 4.306(7), 4. 438(13), and 4.744(9) Mev.
'TH% ground state and 1.608 Mev level are excluded from this
list since they were use&‘as callbratlon points. The states
at 3.086(15), 3.291(23), and 3.546(12) MeV were weakly
" populated and observed clearly at only one or two of five
angles for which measurements were taken.

‘our values are in complete agreement with previously
established values below 2,31 Mev excitation energy. . Above
this energy Ajzenberg-Selove et al. have indicated the

1)

possible existence of a state at 3.345(20) MeV. This

level in our. .Spectra would have coincided with the 3.797 MeV

level in 32

P. Therefore a weak Dopulatlon of this level
would gave been unobservablé,‘ There were also three states
identified by Babenko et al. st 2.372, 2.628, and 3.201 MeV
whioh were not observed in our\éxperiment. In the case of
the first tgo levels, the-—spectrum background at those
excitation energies was' quite unifomm eéxcept for one angle

14

where the N ground state peak was present. Therefore no

1) This assigmment is tentative since experimental
difficulties prevented the measurement of this level at more
than one angle.

E: 29



evidence was .found fér the présence of these. two states.
The possibility of a weakly-fed state at 3.201(16) MeV
cannot bé'dismissed entirely since the. spectra backgrounds
were‘noisief at this excigEFion energy. Barring any errors
in Babenko's measu;emen%é or misprints in the translation of
their p&per, and sinée the experimehts _WEre_ performed- at
different deﬁterén bombarding energies (Babenko used 3.2
MeV), the existence of these differences in observed
excitation energies must be due to changes in the excitation
function for the (d4,%) reaction pqpulating these final

states in 34?. o

2.3 SUMMARY

. - .
Based on spectra gollected at several deuteron
bombarding energies and scattering angles six new levels in
34? were identified ( see Tableiz.l). Tge resolution of the
alpha particle peaks in these spectra was 1limited by the
thickness of the target wﬁich was predominantly silver. The

silver in the target was also the cause of the high back-

ground for spectra taken with 16 MeV deuterons. It woﬁld

~

"have been desirable to measure anqgular distributions at this

'highér energy in order to obtain L-transfer values, however

such a measurement was impractical because of the background

from the silver. : _
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An additional experiment was undertaken in an effort
to obtain some restricfion on the "spin assignments in 34P.
Angular distributions were measured for the (t,3He) reaction
on a target of Sb2S3 enriched in ‘34 S.  This study was
motivated by the extensive work of Ajzenberg-Selove et al.
(aB8S), an which (t,>He) angular dlstrlb;tlon measurements
were used to determine spins and parities in fp-shell
naclei. Two factors importaat in the success of their study

were: (1) A high triton bombarding energy in order to ensure
» -

~ a dominant direct reaction coamponent and; (2) good statis-

tics for the forward angle measurements since the angular
position of the maximum was critical in fitting the data to
different L -transfers. i; our experiment, complications
arose due to the presence of hydrogen in the target which

has a very large cross-section for scattering tritons. The

‘maximum angular range for the reaction 1H(t,3He)n is 18° in

the laboratory frame and the kinetic energy of the 3He

particles is double-valued. With the widely different

" kinematic shifts for the two reactions, the 3He particles

from the scattering on hydrogen were defocussed on the
counter resultlnq 1n large backgrounds across most of the
Q

spectrum for 91 b 20 . Therefore the quality of the data

did not permit L—transfer assignments to any of the states

R 34 ’

in
- Apart from the measured enerqgy levels the only

Spectroscopic information available for S4p is the 1% spin

-
-

~,
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of the ground state. This leaves a 1lot of uncharted

territory to be explored usmg the technique of method IT

anqular correlat:.ons with polar:.zed deuterons.



; CHAPTER 3: T.. MEASUREMENTS NEAR 0°

20

This chapter is divided into three sections. The
first ‘section includes a brief description of the polarized
ion source, the workhorse for all the experiments described

herein, and a definition of the tensor moments associated

hY

with the polarized beam. The set-up for the T,q experiment

is outlined in sectioy two. The analysis of the data and

the resulting spin-parity assigmments in 34? are presented
in the last section.

;f"“'\—-_-‘w —— -

[ — v — ae - -

3.1 POLARIZED BEAM

¥

The polarized ion source used in .measurements of
both analyzing power and apgular correlatiow’-was a Lamb-
shift typé similar to the one first developed at Los Alamos.
The desi;-gn and operation of thé source has.been described in

. detail in J. McKay's thesis (Mc76). A brief description is
presented here since an understanding of its operation is

imperative - to the eventual interpretation of the

measurements in this and the following chapter.

47
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a schematxc of the source is shown in Figure 3.1.
It.con51sts of four pr1nc1pal components- the source head,
the cesxum vapour canal the spin fllter.carity\d%d'the
argon charge exchange canal. The source head 1s & h1gh
current duoplasmatron source produclng @osxtlve 1ons which

are extracted and accelerated to 500 ev. At thzs energy the

-

pt 1ons enter the cesium canal andethrough cellisions with"

the. cesium, charge exchange to form neutral metastable

deuterium atoms in the 2s atomic state. Thls process is

only 30% efflcxent and the. remaining portion of the beam at

the exlt of thet canal | consists largely' of neutral D(1s)
atoms and a small amount of p' and D ions.

The next stage— is the sprn filter cavxty whlch
ccmprlses an axial magnetic fleld, a\transverse DC electric
field and a longitudinal RF electric field. At resonance
these fields generate a multilevel interaction which results
in the selection of one of the thgee beam substates m= -1,
0, 1. The particular substate selected depends on the
magnetic field value. Quenchlng of the beam occurs when any
of the three fields are offset from their resonance value.
Of the three possible methods for quenching, a B-field
quench is used most often for measuring beam pelarization.

The quench ratio 15 deflned as Q =1 /Ib, where I_ 4is the

t
total beag current on resonance and Ib is the current of £

resonance. Assumlng the quenched ‘beam is composed of

conpletely unpolarized beam, the polarization is obtained

- e

o

A
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. Figure 3.1 | o

Polarized ion source schematic showmg the mam

components of the source. Reproduced from (Mc76).

.
s
LS
-
. N -
. oo
T
.
N
4
- -
-
- ——



49

. - \
- o - . Q1414
\ DILANOYH  TVIXY
s, 'UDTBTATP Bajoads ‘

o ' wsaq 8yj o3 yeuoyjxodoad — L m..ca *9 1 -0t x s —

30U BI°P BO2T8 AOIAW B8yJ, i93joj

*88303d

LIE

o o _ _ . INIROAHOD  WDAq

ILYWIHOS 30HN0S NOI QIZIMVT0d

- :3-‘“’& b

I

4 |

e



isted in Table 1.1. -
- The transve_fsg E f'ield"in. the spin filter cavity

h a}so‘serves‘to deflect_tﬁe-charéed species out oftthp beam.

At the entranc§ to the argqg/’fg;ion the neutral. beam

consists  of groundstahe,JD{;s}, and metastable, D(2s),

PR . _ . atoms. The chﬁrge'exchande process preferrenfially selects
. ;yhe metastab@eraﬁams, thus resulting in a polarized D~ beam.

gn axial‘magdetié field of 60 Gauss is used to define the

polarization agis and select the principal. beam substate.

r ~©  Although a lower magngtic field would be desirable for good
beam emittance, a hig@er field is necessary to maxiﬁize the

nuclear polarization for m=0 beam. >’ Since the important

) ‘qﬁantity for polarization gxperéments is‘PzIt,-a compromise

/( T isg reached—at_B=60 Gauss where the m=0 beam polarization is

‘ 98 percent of that obtained from the quench ratio (0h70).
-_— . - g . -

- The negatively charged axially polarized beam out of
the source is accelerated to 60 keV for injection to the

tandem Van de Graaff accelerator. Before injection the beanm

M >

1) The total magnetic quantum number™for the eigen-
state with m=0 and an electronic magnetic quantum , number
me=1/2 is m,=1/2. Another eigenstate . with m =1/2 is
possible with m=1 and m ==1/2. At low magnetic elds these

two states mix thereby. educing the nuclear polarization for
m=0 beam. . .

A
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polarizat_idn axis is oriented in the precessor. The
preces.sor is -a Wien- filter whose magnetic 'field precescee
the spin_axis wh:.le the perpend:.cular electric f:.eld.
balances the magnet:.c force on the charged partlcles. The
amount of precession is determined by taking into account®
the :rnagnetic fi‘eldsr along !:ﬁe beam .trajectory f;:om_the'
_ source to the target.. A schematic of the beam transport
_syetem is ‘displayed .in Fit_;:i;re 3.2. The ellectrostatic fields
in. the accelerator do not affect the spin axis orientation
and all the ‘importan,ﬁ magnetic fields are :normal to a
-horizontal plane. m,;s' ‘the precession is confined to the
norizontal piane. Th_e magnitude of the nuclear spin
‘precession relative to the.beain direction through a magnet
1s given “by the ratio of the Larmor frequency to the
cyclotron frequency. 'nus ratio reduces to i.gs = 0,857
for a positively or negatiirely charged deuteron, where de is
. the nuclear g-factor. Therefo;_:\e the spin of a positive ion
will precess in the same direction as the beam while that of
a negative ion will precess in_the opposite direction. ‘I‘he
c*1entat1on of the polarlzatlon ax:.s for transnssxon down
the 15° beam line is indicated in Figure 3.2. a similar set
of values can be calculated for the -42° beam line where the
spectrograph is located. |
.Aligmment of the polarization axis was verified for

the source by_ measuring the polarization from vield

measurements for a reaction with a known analyzing power at



Fiqure 3.2

Schematic of the beam transport system for the 15°
beam lme following the McMaster tandem accel era-
bdr. The projection is in " the horizontal_.plane
and the arrow indicates the direction of the spin

axis relative to the beanm direction.

+
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'diffe're'nt precessor field settings (ifc'l's). P. varied

sxnuso:.dally w:.th the magnetlc f:.eld .and was 1nsen51t1ve, at

the level of a few percent, to slxght misaligmments of the

spin ax:.s.‘ During our e:gperment, ‘the polarxzatlon obtained
from the quench ratio was. verlfled w:.th the value determmed
from the tensor analyz:.ng power of a known natural parlty

3-2P. The values were consistent with gach cother

within exper:.mental uncertamty and dlffered by 1.5 percent.

3.2 EXPERIMENTAL SET-UP

. &

The- experirnent was performed u51ng a polarlzed'

deuteron beam J.ncldent on the same 368 target used in the
scattering expgriment described in chapi:er three. The
scattered - alpha particles were momentum anaiyéed with the
Enge split-pole spectrograph at 4°tlo. Thg unscattered
portion of the beam was collected on a suppressed faraday
cup and the integrated current from the cup.was used to
normalize between runs. The cup consisted of a Piece of
tantalum with a copper edge to minimize scattering into the
entrance aperture of the spectrograph. The alpha particles
were detected with a focal-plane resistive-wire detector.

This gas-proportional detector is similar to the one

descrlbed in chapter two except that the pos:.tlon signal 1s'

44\

derived from a resistive wire (W1‘76). Although the position

-~
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resolutlon of this detector isn*t as good _as that of the

-

delay-llne detector, the alpha partxcles are separated more

cleanly in the. AE Spectrum since this 1atter signal is
derlved from the front counter. .

Data were collected ‘at four deuteron bombardlng

3
energies, 8 5, 9 0, 9.5, and’ 10 0 Mev, for both 365 and 34

targets. The spectra collected with the 345 target were of"

short duratlon Sane they were used only to 1dent1fy the 32
levels in spectra taken with the 368 target. The beam sub—
state was swltched between m=0 and m=1 every four hours in
an effort to "eliminate d1ff1cu1t1es thh target thickness
uormallzatlon. The guench ratio was monitored at regular
;ntervals and the polarlzatzon ranged between 69% and 74%

over the duration of the experlment, with an average target

current of 60 nA.

3.3 ANALYSIS AND RESULTS

* Sample spectra colfgcted with an' m=0 and mw=1l, 9 Mev,
polarized beam incident on the target of 368 are displayed
in Figure 3.3. These spectra'are projections taken with the
software gate on the alpha partlcle peak in the AE spectrum.
The dominant 32, 34? peaks are labelled as well as the states

in 26a and 14y ident@fied previously as reaction products

from target .contaminants. It was not possible to subtract

W



F igure 3.3

S(d x)34p position spgctra at elab=4°', with m=0

and m=1 tensor polamed deuterons., The shaded

regions correspond to 32P st“ites.
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awey the 32

P levels from these -spectra since the peak wxdth
in the spectra collected wlth the 348 target was slightly
dzarrower. . ' . - -

In regions of the spectrum where peaks were well
resolved the peak 1nteﬂs1ty was measured by summing the area
above a background. In cases where several 32? end 34P
lgeaks were unresolved that region ef the spectrum was
fitted, by x2 minimization, to a sum of skewed Gaussians
using theﬁiode PFIT {5084), The‘program first fitted sample
peaks by varying the centroid, height, width and skew for
each peak independently. ' Afterwards, the width and skew
were fixed at an average of the sample peak values and the

rest of spectrum was fitted, allowiﬁg only the centroi& and

height to vary. The particle spectrum calibration, derived
from the stronéiy fed levels, was a seconé order polynomial
“of energy- es a function of channel number. With this
calibration it was poseible to verify the centroid values of
"the peaks by coﬁparing them with¢ the known excitationso———

energies. Also, the intensities for the 32? levels obtained

from the fitted spectra were verified with the normalized

intensities from the 348 target spectra.

As "discussed previously in chapter one, the tensor
analyzing power TZO can be evalqeted in terms of the yie&ds
obtained with m=0 and m=1 polarized beam;

72 { o1-0p )

T = -
20 P ( 0’0+'20'1 )




LY}

W,

Figure 3.4 . ) &

34

'1‘20 tensor analyzing powers for states in P, ®

measured at el'ab=4° and four deuteron bombarding

energies 8.5, 9.0, 9.5, and 10.0 MeV. The labels
\ k4

N and U signify natural,»w=(—)J, and unnatural,

w=g= )J+1 + Parity, respec tivel Yo

!
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T20 values for the levels in 34? are shown :m Fzgure 3.4.

The - uncertainty in the values 1nc1udes the error in .the

Yleld measurements/and an _8% uncertainty in :the’ polariza-

tion.

The a531gment of natural or unnatural par:.ty is’
indicated at the top of the figure for each level.  The
a551gment of unnat-ural pal/:,ity to the ground state 1is
consistent with the ;already established spin of 1+. -‘With
only two Too valueé for the ‘0.43 Mev‘ lével the assigmment
of natural parity can only be made to 97% certaznty. The
measurements for all remaining states clearly indicate
unnatural parity. Of the excited states previously
- 34? the ones at 3.29, 3.48, and 3.55 MeV were'
not observed in this study énd the 3.09 and 4.44 MeV levels

!

were not populated with sufficient intensity to allow a

reliable devermination of T20°

-
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. CHAPTER 4: ANGULAR CORRELATION EXPERIMENT

'Ih:.s chapter daals wz.th the procedure for measurlng

method II angular correlat:.ons and thé analys:.s of the data

34

obtained for P. Ideally detectlon-of the part:.cle and

gammao-ray should be made with the most efficient and best

' resolution detectors. In method II, however, the ‘aligned

’geometry necessary for the partlcle-gamma c01nc1dence
measurements constrains the “j.ld angle subtended by the
partn.cle detector.. . Thus, in order to obtain coicidence data
with good statistics, we had to trade resolution for
efficiency in the y-ray .detector; the more effic:.ent Nal
detectors were used instead of the h:.gh-resolut:r.on Ge
detectors. With the poorer resolution of the NaI (=x 80 kev @
1332.5 keV), a priori knowledge of the decay scheme was
necessary. “Therefore an initial experiment was performed
using a single high-resolution Ge detector to measure the
decay scheme and branching ratios in 3#?. The details of
this experiment as- v}ell as the data are presented in section
one. In section two the experimental set-up for method 1II

angular correlations is described followed by the procedure

for analyzing the data and a diScussion of the resulits for

59
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P: The 'flnal sectlon summar1zes the sgln and parity

‘ assignments made in 34P u51ng the resultS' of the T,

resy 20

' measurements presented in chapterﬂthree and the results of

the correlation experlment dxscussed in thlS chapter.

-

4.1 BRANCHING RATIO MEASUREMENTS

4.1.1 Eerrimental'Set-UE

‘ This experiment was carrled out by bombarding an.

enrlched 36g target, described prev1ously 1n _chapter two,

.Wlth a beam of 8 Hev deuterons. " The gamma—rays were

detected in a 268, efficientl) high-purity germanium
detector. The singles Y-ray spectra contained y-ray lines
from the re51dua1 nuclei assoc1ated with the single. nucleon
transfer ' reactions S(d,n)37C1, s(d,p)37$ and

35a1. Transitions in S% populated by the (d,q)

S(d,n)
reaction were too weak to be observed. In order ‘to
preferentlally select y-rays from the (d,q) channel the
Yy—rays were detected in c01nc1dence with the alpha partl-

cles. The annular partlcle detector “employed in .the method

11 xperiment and shown schematically in Figure 4.4 was used

for is coincidence meéasurement. For this experiment ,

however, because there were no constraints on the geometry,

1)The efficiency quoted is relative to a 3 ineh
diameter x 3 inch long NaI detector
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-

-detector' was p}aced close to the target to :naxlmlze the
.Solid angle and significantly 1ncrease the partlcle-gamma
c01nc1dence count~rate. ) ‘ R .
) The gamma-ray detector was posztloned at 9—125°
where most of the angular correlatlon effects are elimxna—
ted, thereby allow1ng the decay branchlng ratios frOm the
different levels to be determlned- at this angle the Legen—
~dre polynomlal, .z(cose), goes to-zero and although Pu(cosea
is not zero-the a, coefficient is usually swall, and the Puye——
term c¢an be neglected. The detector was placed at a back—
= ward angle _to mlnxmize exposure of- the Ge detector \59
neutrons which were. predomlnantly forward-peaked.

-~

The’ neutron-flux llmlted the. target current to a
maximum 2 nA. In an e;fort to decrease the occurence of
plle-up in the Ge detector, & 3.5 mm thlck lead absorber,
followed by thin layers of cadmium and copper for absorbtion
of the hlgher energy Pb-and Cd x—rays respectively, were -
“placed in front of the detector. The effect of this
absorber-was to attendate, by a Eactor of greater than twc,
the intensity of ?-rays below 300 kev. Thus, the ‘singles
count-rate was 31gnificant1y attenuated wlthout losing much

intensity for the Y-ray decays of interest.

4.1.2 Analysis and Results

The data were collected using standard slow and fast

coicidence circuitry the details of whijch are presented in
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section two of tlus chapter- Data were event—recorded to

nragnet:.c tape for 1ate1= ana]:ys:.s. The analysis was carried

out in the ‘Same manner as for the method 11 experment

outlined in the followxng section. True vy-ray pro_'jectlons

-~

were extracted for different particle windows in an attempt
to simplify identification of different y=ray lines. The
projection from the window set on the 1.61 Hev 1eveﬂl‘\15

displayed in Flgure 4.1, Gamma—ray 1nten31t1es were

T
obtained by subtractmg a2 linear background and surn‘r&ng\ the T

peak area. The background was determlned u51ng the
intensity on both sides of the peak.

Eased an the measured geometry of the partlcle
detector a Doppler shzft of 6 keV per Mev gamma—ray energy
was calculated. Also, the Doppler broadening due to the
large solid angle subtended ‘by this same-—detector was
estimated oetgpen 3 - 2 keV for excitation energles between
0.5 - 4 MeV in th&d&e51dual nucleus. In order to include .

-~

the shift in the .energy cal:.brat:.on, the measured T—?—Y

_energz.es from the B—w coxnc1dence work of Nat:han and

Alburger (NA'?‘?) were used. 'I'he_se energies were measur_:ed to
a‘precision of 2 kevV. o ‘ ‘

THe . re%ive* efficiency curve‘ for the~Ge detector'
was obtamed usxno a~ source of -152Etu wluch has a range of

str:ong }:‘rays up toé 1500 kev who*se relatlve 1ntensxt1es afe

well known and tabuq.ated in the Table of Isotopes. Above

-

'thls enerqy the efflcz.ency cur:ve for a semlconductor

Tox
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Figure 4.2

Efficiency curve T the 26% german:.mn detec tor
used for gamma—ray intensity measurements. The
stat:.stlcal uncertainties in the data points 1l'ie
witnin the 'circles shown. The attenuation . below
500 keV i% due to the 3.5 mm lead absorber in

front of the detector. ™
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detector. 1s linear when plotted on a 1og-1og graph. The

source 1nt§h31tv measurements were ' made with the identical

source-detector geometry used in the experiment. The *

measured efficiency curve is shown in Figure 4.2.

-

ATherleVEI scheme shown in Figure 4.3 summarizes all

observed decays in 34p. ‘Jhe transitions indicated- with 'a
- T B .

dashed line are those for which some uncertainty as to their

existence and intensity remaihs.\ In particular the traﬁSif
tien 2.23 => g.s. could not be asCertaioed as it coincided
with the y-ray from the decay 2.74 -> .S1 in 32P and also

o w1th the fzrst escape peakigzr the transition 2 74 -> g.s.
in thet Same nucleus._ The decay 2.31 -> 0.43 MeV was not
observed in coincidence with alpﬁa particles populating that
~level but was weak1§ obsetved in the decay'of higher excited
states. The other dashed transitions had low intensity and

the subsequent- decays were not always 1dent1f1able amongst

the many tran51t1ons in 32 '
The branching ratios fortthe decay of the 1.61 and

2.68 MeV levels are listed in‘the_third column of Table 4. 1.

. Although the intensities for the decay of the-2.68 MeV level
to the state at 2.31 MeV and the ground state had large
~ uncertainties these values were -used in obtainingathe
branching ratios listed in the table. Above this excitation
energy branchxng ratios were not calculated since the
R exlstence_of possible decays could not be ascertained amidst

the large number of S2p decays. The branching ratic for the
i

" 1

(i}
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Figure 4.3.

34 i

P level diagram showmg the observed tran51t10ns

and measured branching . ratlos. The dashed 11nes

indicate weak or uncertam tr:ans1t10ns.

Ve
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Table 4.1 Gamma-ray branching ratios

- -

branching ratio (%)

nucleus éi -> Ef . present work earlief_work

32%p 1-15 => 0.51  47%9 ' 49 5% 52)
- _ -> g.S. - 7-Si107

et 161 -> 0,43 e1t9 643P)

-> g.S. 39%5 3635
2.68 -> 2.31 - ¢ g

=> 1.61  23%g

‘=> 0.43  50%13

-2 JeS. 18110 KN
32 25_,. .
a) P 1.15 MeV values from Si(e,pY). experiment,
(EV78). | .
34 '

b) P 1.61 MeV values from B-y coincidence work,
(NA77). . . ¢
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decay of tha level at 1.15 MeV in 32

P is inciuded also, fer

-_purposes of camparison with known values listed in the last

-

column of the table. Our results are in agreement with the

known'values and the branching ratio for the 2.68 MeV level
34, °

"~ in °*pP, hitherto unknown, has been measured.

4.2 METHOD iI ANGULAR CORRELATION MEASUREMENTS
~ \

4.2.1 'Experimental Set-Up

The method II (H,qy) angulﬁi correlatlon experlment
popelatlng the resmdual nucleus 34P was performed uszng an 8
MeV polarized deuteron beam incident on a terget ofé?nrlched
36g, Detalls of the target, the pslarized beam ahﬁwaiign—
ment of the polarization axis along the beam dzrectlon have
already been discussed 1in chapgers two and three. fhe
polarization was‘ggpitored at regular intervals by measuring.
the“quencq ratio. - .

Several factors had to be considered in deciding on
a deuteron beam:eneigy of 8 MeV. The Coulomb earrier for
alpha particles emergieg from the residual nucleue with up
to 5 MeV exc1tat10n energy reguired a beam energy in excess

of 7.5 MeV. Another factor also favouring a hlgher deuteron

‘beam -energy was the change in separatlon between inelastic

deuterons and, alpha particles in the particle detector total

energy signal. The separation between the high energy edge
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of the i_nel.;stic .deuterons' nd the alph; particie peaks
increased with 1ncreasing b am energy. 'Unfo;tunately, with
the higher bea.m energy the} neutron flux increased, thu's
g1v1ng rise to a higher bac\kgm.l.me{’;arma' radiation Ete;rei.
'conSJ.derat:.on of these facto.rs.',as wedl as the vyield to
different excited states in -%p, led tc: the selection of 8
MeV for \the.deuteron beam en-ergy. |

A schematic of the targét chamber assembly and

- -

detector conf:.guratlon is shown in F:Lgure 4.4, The alpha
particles were detected in a 60 um annular surface—-barr:.er'
detector positioned at 180° ’through which the beam was
-allowed to pass; although dete?tion at 0° would have been
~nreferrab1e ' heg:_ause of the. larger c;ross—section, it '.'-{e'as
pre;‘luded owing to the large cros§-sect}on for elastically
scattéred deuterons. . The detector had an active area of 300
mm? and spanned an angular range of 168°¢ ® <175° from the
target. The backside and inner hole of the-dgtector were
- shielded wi#h a ‘tantalun aperhuré and collimator, respec-
tively. After passing through the target the unscattered
portion of the beam was allowed to travel ‘down the beam 11ne
to a Earaday cup.

Special c!:m.pgs taken to 'ensu;e that the beam axis
and the* farget chamber. symetry axis were collinear. - The
symmetry a:gi's was na-tural'ly taken to. b?, the -optical axis of
the beqmlin’e which could be re-fer:enced'_from the pedestal at

the end of the beamline. - The target chamber height was

-

.
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adJusted by sxghting from that reference point through to

—

the 2 Qm diameter tantal um collmator. A 4 mm d:.ameter'

aperture positioned 1 meter upstream from the target was
also aligned with this axxs. At- the start of the exper:.ment

beam tuning was- ach:.eved by mm:unznng the - current on both

. the upstream aperture and - the - target chamber _perture—

coll1mator wh:.le sx.multaneously max.imizing the, current on
the faraday cup. After tuning the beanm, the upstream“-
aperture was removed for the remamder of the experment to
help minimize beam scatter1ng and thus, background
radiation. The portion of beam plpe immediately downstream_
from the target chamber was llned on the inside with a thin

sheet of;tantalum.

~

Due to the low.cross-section for the (d,a) reaction,

B the colincident gamma-rays were detected at different angles,

simultaneously, using five large Na‘I{‘I‘l) detectors. . Four of

‘the detectors were solid cylmdr:tcal crystals with a photo—

mu1t1p11er ...‘oe (PMT) on the back face of the cylmder.
These were placed at 8 "= 30°, -45°, _120° and 90° with
raspect to the beam direction. Three of the four had dlmen—
sions 12.5cm dia. X 15 cm lonq and the other was shorter
with dimensions 12.5 cm dia. X 10 cm long. \'The f:.fth
detector, at 180° had the same d:.mens:.ons as the smaller
crystal with the dlfferences of a 2. 5 cm bore along the

'

cyl:.nder ax:.s, through which ‘the’ beam pipe f1t, -and two cuts

on opposq.te sides of_. the crystal for ruountmg the photo-
- \“ . . .

[
+
-



multiplier tubes in order to collect all the light from the
crystal. .

. The responsé of each detector was optimized .by.
finding the PMT bias voltage which resul‘t.:_ed in a minimum
FWHM for the 6of:o lines at 1173.5 kev and 13‘32.3 kev. The
resolution of the 180° detector was optimized by also
matching the gains of the t\;u'o PMTs . The detectcr resolu-
tions are 1listed in, Table 4.2 for source and in-beaw
conditions. The poorer resollution under source conditions-
for the 180° crystél is :largely aﬁ:ributable to the poor
quality' of th.e crystal and not the -split geometr\y\for the
light collection. In all cases the in-beam resolution was’
about 20 percent worse than that measured with a source.
This wés undoubtedly a consequence of the high singles count .
rate in each detector. Even with a beam current of 15 nA on
target and la 3.5 mm lead absorber in front of the detectors
to attenuate the ‘count rate from 16w energy <yY-rays, the
singles count rate was recorded at 30 Kcounts/sec. Such a
large cownt. réte generated a sizeable current  through the
resistor chain of t‘he PMT and resul®d in a gradual
gainshift. The already poof: resolution oé the 180° detector
under socurce conditions was compounded by uncorrelated

gainshifts from its two PMTs rendering the gamma-ray data

from this detector virtually unusable.



Table 4.2 Nal detector Resolution

FWEM (keV)
detector & soﬁrceé) in bean®’
N | 30° | 95.2%.3 1144

2 -450 83.4%.3 "101%4
3 -1200  84.1%.4 102%5
4 900 91.8%.3 100%4
5 1800  193.0%.7 —

a) 1274 kevV line in 22Na.

b) 1180 kev 1ine in 3%p.
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“. 2.2 Electronics

The linear energy signals from each of -the ‘five
gamma-ray detectors in conjunction with that from the
particle detectof were used to trigger both slow and fast
coincidence electronics. A schematic of the electronics for
one detector is included in Figure 4.5. Similar eleqtronics
were used for the other four detectors, with the exception of
the 180° detector for which the linear signals from the two
PMTs were sumged together initiallvy and then used to trigger
the coincidence electronics.

The. electronics™ consisted of two-‘parts: (1) the
slow-timing part, where discriminator levels were set to
exclude the low energy inelastic deuteron events and low
Aenergy y-ray events; (2) the fast-timing part, where
discriminator levels were set low to ensure goo>d fast-timing
pick-off for both the particle and y-ray signals. The
slow-timing coincidence signal generated by logic signals
from the output of the timing single channel analvzers
{TSCAs) for the particle and Y-ray signals was used to gate
the cingles y-ray signal in the linear gate &nd stretcher
(LGS). Gating the .linear y-ray signal at this point greatly
reduced pileup at the input to the multiplexer. The fast-
tiﬁing coincidence signal was derived from a time-to-
amplitué; converter (TAC) whose start input was triggered by

the output of the timing- filter amplifier (TFA) and

constant-fraction discriminator (CFD): for the particle



Figure 4.5

Block diagram of the slow and fast coincidence

electronics for one gamma-ray detector. The

abbreviations
following:
ADC -

CFD -~

TAC -

for the diff.erent modules are the
' %

Analogue to Digital Convertér

Constant Fraction Discr imina tor

Linear Ampllifier:

Linear Gate and Stre tcher

Logic Shaper and Del.:—;y

= Mul tiblexér

Preampl ifier

Time to Anplitude Converter

TEA - Timing Fil ter Ampl ifier

TSCA - Timing Single Channel analyzer
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sigﬁél, and whose stop _input was. triggered by a similar
combination of TFA and CFD for the Yy-ray signai.' An
external delay o£-400 nsec was added to the stoﬁrélectronics
to ensure good definition of the true coinc¢idence peak inr
the TAC spectruq/yith a full-scale setting of 800 nsec. The
TAC outpu; signal, delayed to arrive in time with the linear
particle and y-ray siqgnals, was connected into the TAC
multiplexer. The three analogue- to-digital converters
(ADCs), set to 1K conversion gain and gated by the output
gate sigﬁal _from the .y—ray znultiplexer,‘ recorded the
particle,‘ gamma-ray and TAC signals, respeékively. The
routing bits from the y-rav and TAC multiplexers were read
synchronously with the ADC content by the ADC control unit
and stored in the high bits of the 16-bit data word.

Onjliné data acquisition was performed using a VAX
11/750 and the EVAL data-handling routines. The data we%e
event—recordéd on magnetic tape for later off-line analysis.
Every two hours, the beam polarfiation was recordéd and the
electronics monitored to guard against possible modulé
£ailure. Data acquisition® lasted 6 days, alternating every
data tape between m=1 and m=0 deuteron beam substate. This .

corresponded to a cveling time of approximately 6 hours.

4.2.3 Coincidence Experiment Analvsis

Event-recorded data were sorted off-line with
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“windows set peaks of interest in" the particle

spectrum. An energy cal'bration based on the known low
32 34 '

energy states in P and

P was used to identify_;he alpha
particle peaks. Sample'spectra collected witg'm=0 and m=]
deufjerons are shown in Figure 4.9. The’ (<] ugéon cf 60 kev

was limitéa mostly by the differential energy loss of the- s
back-scattered alphé particles-in‘the target._ In comparisou/’j

the effect of the finite solid-angle subtended by the

particle detector from the target was negligible.
A projection of the TAC spectrim was generatéd for

each .particle window and gamma-=ray detector. The random

X

coincidence events under She TAC true coincidence peak were \\\M//
by

=~excluded by subtracting from“the TAC peak y-ray projection .,
a y-ray projection from the random background above and
below the peak. A sample subtracted Y-ray spectrﬁm is shown
in Figure 4.6 for the particle window on the 1.61] MeV level.
All data wera sorted from tape in this manner and similar
sSpectra were obtaiﬁed for the other detectors.

The data, soéted off-line from tape, were corrected
for gain shifts, Lacking a strong gamma-ray line of
sufficiently high energv to 'acc;rately monitor the gain
shift over short time-intervals, an average gain correction
for each data fape was calcu&gted using the decay of the
strongly fed 1.61 Mev lével gn 34?. The centroids of the
gamma ray lines at 430, 1180, and 1610 kev were used to

estimate the zero offset and gain shift, This gain
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Gamma-ray.épectrmn at 9=60°, in coincidence with
alpha particles populating the 'i.Gl MeV level.
The dashed 1line shows the background 1level
determined from the spectrum background below the
peak, and the best-fit Giussian obtained for each
peak separately (see section 4.2.2). The cut-off
at low energv is from a discriminatqr‘level and
the shoulder above the 0.43 MeVv Y-rav is due to
remnants of the 0.511 MeV Y-ray from random

coincidence events, ' <
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-

e .
 correction has been incorporated in the y-ray projection

shown in Figure 4.6, which corresponds to the combined m=0

data from 9 data tapes recorded over the six-day period.

4.2.4 Peak—Fittinc Procedure

-

Gamma-ray intensities were exti.cted from the pro-
jected spectra for the photopeak and, where possible, for
the escape peaks. The functional form for the photopeak
shape suggested by Heath (He66) in his paper on the analysis
of y-ray spectra measured with NaI detectors, was a modified

Gaussian of the form,

LY
2
(x-xo) .

vix) = B exp| - — 1 [ 1+ ul(x—xo)4 + uz(x—xo)12 ]

2a

- where the parameters <y and &, were determined empirically.
He found the logarithm of these parameters decreased linear—
ly with the logarithm of Y-ray eneréy above 500 kevV. Our
values for 2y and ¢, were obtained by fitting spectra
collected with 3tandard gamma-ray sources using the same
source-detector geometry as that used during the experiment.
The statistics for these spectra were in all zases better
than one percent. The best-<£it values for these parameters
at the y-ray energies 511, 1274, andé 2614.5 keV were ali,

within error, equal to zero. Thus a simple Gaussian curve

m
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could be used to describe the photopeak response of our Narl
détectors. s

The photopeak intensity was extracted by first sub-
tracting a background level detérmined by averaging the
- Spectrum background, above the peak,‘over several channels.
Then, ‘a- chi-square tninimiz;tion algorithm, CURFIT (Be69),
using a Gaussian shape with variasle Peak position, he ight
and width was used to fit the peak and determine the area.
Although this least-squares fitting procedure was simple to
implement, ‘one had to be careful about defining the fitting
regioﬁ for the peak. Owing to th&'higher background on the
lbw-energy sidé of the peak from small-angle Compton
scattering in the absorber, the area of the best fit peak
wWas sensitive to the position of the lower bound of the
fitting region. Figure 4.7 shows a sample line shape for
the 511 kev Y-ray obtained with one of the Nal detectors.
The markers labelled A to D correspond to different lower
bounds for the fitting region and the marker labelleq U
refers to the upper bound. The parameters of the best fit
Gaussian over these different regions are listed in Table
4.3. Tﬁe best reéuced chi-square occurs for the lower bound
C and the resulting £it is shown as the. dashed iine in
Figure 4.7. With the lo;er bound set Iower «han this, the
Gaussian width and consequently the area is overestimated.

TO ensure consistent results when fitting Spectra the lower

bound of the fitting region was alwavs set at halse the full



-

. \._,.———‘/\ . o
. Table 4. Peak-fit parameters for the regions

isplayed in Figure 4.7 \

,.

3 3
Reg ion \WHM ~ AreaxlO
- ¢ 21.0 9. 0- 03 304.6%.6
"B U 6.4 9.42%,.03 299.4%,6
cC-u 2.2 9.21%.05 294.3%.6
D=U (g2 08 | 293.3%.6

3.1 '.9)}8—.

2



Figqure 4.7
The solid line is the measured line shape for the

511 keV gamma-ray. The markers A to D correspond

to different lower bounds of the fitting region -

while U is the upper bound. The dashed curve is
the fit obtained with the:lower bound C. Note
‘that since all the detectors have similar geometry
and the same thickness absorber, to a first
approximation the error made in excluding some of
the photopeak by using a straight Gaussian is the
same fraction of the pegk at everv angle. Sincé
the overall normalization of tue angulaiécorrela—

tion is unimportant, this error does not affect

the correlation results.

.;.("
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peak height.

The nén-linear least-squares fitting algorithm
mentioned above is valid provided the Eittingr function
?ccurapely'déscribes the data and the data obey Gaussian
statistics. © In the limit of a large number of events the

Poisson statistics of a counting experiment behave like

L]

Gaussian statistics. However, when the-numher of counts is

‘low, as in the case of our projected y-ray spectra, the
apprdximation is not wvalid and use of a least-squares
algorithm to fit the data is dubious. Tt can be shown that
the area under the Gaussian curve estimated using the method
of least-squares is less than the 'true’ area by an amount
approximatef§ equal to chi-square for the fi£ {Be69). IOne
method for reducing chi-square is is smooth the data by
averaging over adjacent channels. This Smobthing has the
effect of 1leaving the area of the peak unchanged .while
modifying the peak height and width to produce a smoother
curve with a x2 lower by an ordér of magnitude. Thus, the
precision gained in estimating the peak area is balanced by
a2 loss of precision in the peak width.

The .number of cﬂannels used for averaging was
typically half the peak width. The dashed curves shown with
the gamma-ray spectrum in Figure 4.6 ~Correspond to the
least-squares fit for the Smootheé data. The data are well

-

reproduced for all three/ga £3y lines. This procedure,

used to fit all the data, provided a consistent and reliable
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method for extracting peak intensities.

4.2.5 gfficiency Correction

The correction for efficiency was performed in two
steps because. one of the detectors was significantly smallee
than the others. Had they all been the same size and
posztloned at the same distance from- the target, the
relative detector eff1c1ency would have been obtained simply
- by measuring the detector vields for a known correlation:;
the difference in detector efficiency then being only a
result of the dlffere;t efficiency of the elecﬁronics for
each detector. However, with two detectors physically
different, thelr eff1c1ency correction relative to the other
.deteétors depended on the y-ray energy. The energy
dependence was determined by measuring source intensities at
different energies using the same source-detector ébnfigura—
tion as in the experiment. These measurements are tabulated
in Table 4.4. The detector efficiency correction for other
gamma-ray energles was obtained by linearly extrapolating
from these wvalues (We63).

Detector 25 is the 1809 detector and, due to poor
resolution, was not usbd-in the correlation analysis. The

differences in efficiency between detectors £2, 3 and <4 were

small and probably a result of slightly different target-

detector distances. Detector 21 was the smaller detector

and its efficiency relative to detector #4 varied with.

energy. These results corroborate those of Weltkamp (We63)
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obtained from Monte Carlo calculations for the photopeak’
-

[l

efficiency as a function of energy for different size Narl

detectors, 1\’

The above measurements yield the energy dJdepondence
of the relative detector efficiency. The total relative
efficiency caérection must include the effect of the elec-

tronics and* can be determined only by measuring the yield

for a known particle-gamma correlation. The data ccllected

‘during the experiment contained two such candidates from the

: {
reaction 2ssi(d,u)26Al: (1) the pure dipole 1.06 -> 0.23

MeV, 1+/L>_ 0+ transition ; (2) the stretched E2 transition
A .

L 0.42 ~; 0.00 MeV, 3+ -> S+. With measured correlations for

these transitions with both m=0 and m=1 deuteronfbeig sub-
states, a unique effiéiency correction factor was calculated
for'each of the four detectors. The population parameters
required fér the calculated correlation turves were obtained
using the ratio of the cross-sections for the two beam sub-
states as described in chapter one. The efficiency correc-
tion factors obtained\are listed in the column labelled fi
in Table 4.4. The error listed includes,bothltﬁe statis-
tical uncertainties in the measured correlation data and the
error in “the calculated correlation function-arising from
the uncertainé? in the population parame ters. The total
efficiency correction for each detector is a product. of an

energv-depeandent term and an electronics correction term.

Therefore we can write, for the total efficiency,



I

Table 4.4 Relative detector efficiencya), €q/ei,

and electronic efficiency correction, £.

for different Y-ray energies (MeV)

, Sy /€
i/EY . 511 1.274 | 2.614‘ fi
1 6.96 1.18 _1.37 0.88%,04
T2 1.02 1.02 1.03 1.05%,04
3 1.02 - 1.02 1.03 1.00%,04
4 1.00 1.00 1.00 0.78x.04
5 2;37 2.35 2.00 —_——

a) uncertainty for effic%éncy

is less than 1%

)

86

1'



o pt e e T R e e e e e\

\ .

L—

e e et

Ceot,i(E) = €;(E) x £, i= 1,.., 4

where E denotes the enefgy dependence and i labels the

detector. ™~
The calculated correlation curves and the correla-

tion dJata, corrected for total efficiercy, for both transi-

26

tions in Al are shown in FPigure 4.8. The larger than

expected chi-square for an acceptable fit (i.e. x3=1)

reflects the. overestimation of the experimental precision.
-“The uncertainties for the measured éorre%ations are
statistical errors only and do not include any uncertainty

in determining the background level.
e

4.2.5 Results and Discussion

Coincidence particle spectra collected with an m=0
and m=1 deuteron beanm are"displayed in Figure 4.9. There
was a noticexzble difference between these spectra collected
with a 200 nsec TAC timing window and those collected with a
slow coincidence, 2 yusec, timing window. 1In particular the
background at low energy caused by the large cross-section
of 1inelastically scattered deuterons was attenuated
considerably in the Eofmef spectra. Another difference,
consistent with the lower true to random ratio for the 2
usec colncidence spectra, was the stronger ground . state
alpha particle peak.relative to the excited state peaks in

those spectra. High energy alpha particle peaks were
i



Figqure 4.8

Efficiency-corrected angular correlations for two
transitions in fSAl. The solid lines are - the
best-fit correlations obtained by allowing the
population parameters to vary within ten percent
of the calculated val ue. The chi-square for each
fit is included in the lower right~hand corner.
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clearly identified with the different excited states of >2P

angd 349. Due to the larger 1level density .at ‘higher =
excitation energy, particularly in 3??, the levels were not

resolved in the particle specira.

‘Of the many other impurities known to be present in

28 14 10

the target (Ra84), only si, N and B were observed in

-

our -experiment. The position of alpha particle peaks from

—

the (d,e) reaction on these target contaminants is indicated
"in Figure 4.9. The background of high-energy alpha par——"—

32 -

ticles above the ground state energy peak of P is thought

10

to be assq;iated with the reaction B(d,a)BBe; the Q-value

for the reaction is 17.86 MeV and BBe decays into two alpha

26

particles. The reaction cross-section to Al was much

larger than that fér the phosphorus isotopes and, as discus-
sed above, the'observédhtransitions in this residual nucleus
were extremely useful for obtaining relative detector
efficiency corrections. The first excited state of 12C, at
4.44 HeV excitation energy, was observed on the shoulder of
the peak associated with the 1.15 MeV level in S2P. Because
this state has naﬁural parity (J“=2+) it was mnuch moée
intense in the m=1 than in the m=0 spectrum. The ground
state and second excited state at 7.65 MeV are J"= 0 states
qnd therefore were not populated with either heam substate.
The 3~ state at 9.64 MeV excitation energy will be discussed

in the context of the 4.74 MeV level of 34? as the two

levels were populated with alpha particles of approximately



Fiqure 4.9

L 4

Coincidence particle spectra from method I
angular correlation measurements with 8§ MeV, m=0

and m=1! deuterons. Excited states of 34?, 32?,

26 12

Al, and ~“C are plotted at the right in terms of

rtﬁe scattered alpha paéhicle energy at Glab=170°.
The arrows between dashed lines indicate the par—
ticle wipdows used for obtaining gaﬁma—ray coinc-
idence projections for the levels of interest in

32p and 3.

ol Tm—

Errata: The levels in 34

P labelled 2.21 and 2,23
MeV should be 2.23 and 2.31 Mev, respec-

tively.
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P

A : ' :
the same energy. Aside from the decays from these impugi—
ties all of the observed y-ray transitions*were identified

32 34? transitions.

with known P-docays (EV78) or expected

Gamma-ray intensities were extracted and corrected
for total efficiency in the manner described in the previous
section. The calculated correlation function, used for
making spin and parity assignments by comparing with the
data, was derived for the aligned geometry of method II in

chapter one and its fi&gi'form is repeated here;

' 2 tr
Rk(LL)+26Rk(LL 1+3 Rk(L L') ]
2

Wle) = W T B.(Jy) o [

-+
k even 1 S

X Pk( cos8 ). {4.1)

The attenuation coeffic%ents, Qy which correct for
the attenuation of the measured correlation due to the
finite size of the y-ray detector are listed in Table 4.5
for different y-ray energies. All the values except those
a; 4.31 MeV are based on the paper of Twin and Willmott
féﬁGB). Thelr values were calculated, for different source
to detector distances, from experimental measurements of the
photopeak efficiency for a 5 in. diameter by 6 in. long NaI
crystal. The saﬁe Q, was used for all four detectors,
including the shorter one at 30°., Although the detector
photopeak efficiency, which is proportionzal to JO' is appre-

ciably different for the smaller detector (see Table 4.4),

the attenuation coefficient, which depends on the ratio



- Table 4.5 NaI detector attenuation

coefficients
E_ (MeV) Q2 Qu
0.43 < .93 .77
1.18 .94 .80
1.61. .94 .80
4.31%) .92 .76

a)

<«
includes both photopeak and
first escape peak.

92
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Jk/JO { see Appendix), changes 'by less than one percent for
the relevant energies and the source to detector ‘distance
used in this experiment (MY68). The values of Qk for 4.31

MeV were based on calculated value§ for the total gamma-ray
spectrum (GRS58) since the first escape peak intensity was
included along with that of .the photopeak in the analysis.

° The population par.;lameters which, aside from a
Clebsch-Gordan coefficient, determine the statistical tensor
éoefficients!:ﬁB_k, were evaluated using the equation and
inequalities outlined in section 1.3.4. Because of the
approximations inhgrent‘ in obtaining the parameters this
way, their values were allowed to vary Qi‘thlin .10% of the

calculated values for detemining the best fit correlation.

For any given initial and final spin the Ry values
are determined uniquely and the only remaining free para-

-

neters in the expression for W(e) are the mixing ratio, in
the case of mixed multipclaritv transitions, and the overall
normalization, Wo. ‘For each value of the mixing ratio a
normalization €factor Wo,l vielding thg best agreement with
th.e data, was obtained for the m=0 and m=1 correlations
separately. ﬁ“'Th'e"combined chi-square for both correlations

was plotted on a xz

versus arctan{g§} graph. Such plots were
repeated for different values of the population parameters
within the range mentioned above and all possible initial
spin ‘values in an attempt to uniquely identify the spin and

e I
. - -
parity of the levels.in ~7p.
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The criterion defining an acceptable fit was based
. :

on the chifsquére cerresponding to a 99%‘confidence limit;

- - that is, the range of mixing ratio values vielding a fit :
with a chi-square below that correspondlng to the 99%
confidence limit, bracketed the "true' value of the mixing
ratio for the transition with a probability of .99, The

chi-square value defining this confidence 1limit is -a
-
function of the number of “degrees of  freedom for the fit,

which in turp depends on whether one or both correlations

are measured for the transition. This level is shown as z ‘

-

solid horizontal line in the xzebersus arctan(§) plots.

32? levels

Before presenting the results for 34P, we exanmine

I'd

the correlations obtained for two transitions in 32P between
levels of known spin but unknown mixing ratio. Although the

quality‘pf_the statistics was poor and data could be obtain-

-~

ed only for the m=0 correlation, these transitions provide a
further check on the total efficiency correction for two

different }—ray eﬁergies. The X (5) curves and the correla-

-—

tion correspondlng to the minimum chi- -square LHor both tran-
sitions are shown in Flgure 4.10. Although only one curve

is shown -here, xz(s) was ¢alculated for different values of

&

the population parameters. For both transitions, the lower
particle vield for m=1 compared with m=0 deuterons indicated

i a strong population of the m=0 substate for the correlation

~



v Fiqure 4.10

Chi-square versus mixing ratio Plot for measured
correlations for twe known spin states in 32?.
The solid curves through the data cotrespond to

the minimum chi-square. The m=1 deuteron correla-

tions could not be extracted.

/
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measured with m=0 deuterons. The values coheideged were
P(m=0)=.8+.1. <The mixing ratio values correspondiﬁg to the
min imum x2 for the different curves varied only .slightly and
the error éuoted °n § includes this variation as well as a
st;Ldard deviation error. For the first transition, 1.15 -3
0.08 Mev, 1t -> 2+, the E2/M1 mixing ratio value§ are § =
23 +.30/-.11 and § .= 1.7 +.5/-.7 . The correlation for the
other transition, 2.74 —> 0.0 Mev, 1% > 1* yields an £2/M1
mixiﬁg ratio 1/6 = 0.0 * 0.1 or w = 0.07 +,10. These values
for the mixing ratio are consistent wﬁth emplrlcal values
~for transition rates in thle mass region (En79).

34? levels

The rest of this section is devoted to a discussion
of the angular correlation results for decays in 34P which
were resolvable from other Yy-ray tran51t10ns and which had

better than 20% statistical uncertainty.

0.43 MeV level

- The alpha particle peak corresponding to this

excited state was well resolved in the partlcle spectrum

(see Fig. 4.9) and. no known contaminant peaks toincided with

the window. The initial spin values which nee
considered in analyzing the angular correlation " f£o
transition to the 1% ground state can be restricted to 1~

-+ : . N -
and 2 . These restrictions stem from the natural parity
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c@ssignment for this level and the recommended upper limits
. '

( RUL) 1 (En79), which are based on observed transition

strengths in the mass region A=6-44. Further restrictions
can be placed on the mixing ratio 8(M2/E1) for a 1~ > 1%
transition.- The restriction on the mean lifetime of the
level, imposed by the coincidence resolving time of 50 nsec,

leads to the inequality

x
T(E1l) + T'(M2)

< 50 nsec

—— -

Using the RUL for M2 transitions yields the inequality T(M2)
< RUL. These two relations are plotted in Figure 4.11 for
different strengths r(El) and r(M2). The cross—hatcheq
‘region corresponds to allowed values for the strengths
satisfying both the above conditions. Note that the RUL for
r{El) is not shown since 1t lies well outside the range of
the ordinate for the graph. The intersection of these two
lines yields the maximum value gf the mixing ratio and is

given by the expression,

52 = RUL(M2) -

{(n/50) - RUL(M2)]

Using the Weisskopf estimate (r,} fof the RUL(M2), which is
lower than the value of 3.0rw recommended by Endt (En79) but
Still in agreement with large empirical values for M2
strengths in this mass region, the maximum admixture of M2

possible for this transition is 22%. This corresponds to a

-
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Figure 4.11

Graph df the éonstraints on transition strengths
T(El) and T(M2) for an 0.43 MeV tramsition in an
A=34 nucleus, The shaded region corresponds to
allowed values, and the intersection point vields

the maximum allowed mixing ratio.
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mixing ratio of arctan(25°). .
i ‘Owing to the natural parity character of the initial
state, only the m=1 correlation .was measured and the sub-
state population for the correlation was assumed to be
almosﬁ entirely m=1 subsﬁate. The values of chi-square from
the leqst-squares analysis are plotted, for each spin value,
in Figure 4.12.- The corresponding best-fit correlatioﬁs are
plotted with the measured data on the right hand side qf the
figure. The chi-square for the J"=1" correlation is just
within the 99% confidence level {(C.L.) for arctan(s§) = 25°
and is outside this C.L. for smaller values of delta: This
limit on § is extreme s;;E¢ it would entail the largest
T(M2) observed and a level mean life just within the cdinci—
dence resolving time. A mo\g realistic value éor § is
expected to be much smaller thé; this limit, thus producing
a fit to the data outside the acceptable 99% C.L.. There-
fofe, on grounds that a 22% admixture of M2 is highly un-
likely, the spin 1 can be rejected and a unique spin gT=2%
can be assigned to the level at 0.43 MeV. The values of the
E2/M1 mixing ratio corresponding to the minima in xz‘are & =
1/(-.01 :.Osi'or § = —.52 £.10, where again the error repre-
sents the range in delta for which Xz < xz .o+ 1.

min

1.61 MeV level

The window set on the g-particle peak associated

with this level is indicated in Figure 4.9. The presence of

AN
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Figure 4.12

~

xz(ﬁ) curves for different intial spin values J°,
—

for the transition 0.43 Mev -> g.s.(17). Only the

4

m=1 correlation is included since the 0.43 MeVv
level has natural parity. The correlation curves
drawn with the data correspond to the min imum

chi-square for each spin value.
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32

the 1.75 MeVv, ““P level in the high-énergy portion of the

window was of copncern since its decay to the 0.08 MeV level -
yields a 1670 kev y-ray which would have been unresolved

_jroﬁ the 1610 keV y-ray from the decay of the 1.61 MeV level
Sy _

to the ground state. The 1670 keV 1line _had already been
observed with the high resolution Ge detector {see Fig.

4.1). According to kinematic calculations, which allowed

for the broad angular range of the particle detector, the

alpha particles from the two 1levels were separated by
approximately 100‘ke§5 Therefore, by sorting with particle
windows of different ﬁidths and comparing the vield of the
1610 keV y-ray to that of the 1180 keV y-ray, it was pos-
sible to determine the widest possible window which still
excluded the 32

-

P level.

The tensor analyzing power meesurementé resulted in
an unnetural parity assignment for this level.  This result
along with lifetime considefationsffor the observed decays

to'the lf ground state and the 2+ excited state allow for

the restrlctlon of possxble spin values for the 1.51 Mev

- level to 1Y, 27 ana 3t

Before the correlation data is examined the problem

of coincidence surming in the large NaTl detectors needs to

be addressed. This effect is important in the decay of the

1.61 MeV 1level sinde it involves a cascade of Y-rays.
Assuming an isotropic angular distribution, the probability

of detecting a single y-ray in a detector is proportiohal to

')
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the fraction of the total solid angle ' subtended" sy the
detector. And, the probability of detecting two successive
Y-rays in the same detector is propo;;ﬂbnal to the square of
this ratio. In our experiment ea®h NaI detector spanned
2.3% of the total solid angle. Taking into account the

branch?ng ratio, measured by Nathan and Alburger (NA77),

: = 1.8 0.3,
T (1.61 => g.s.) .

the fraction of 1610 keV y-rays measured which resulted £rom
the sum of the cascade y—rayq was approximately'S%. As ‘seen
in Figures, 4.14 and 4.15 the angular dlstrlbutlons of the
two cascade y-rays, 1180 and 430 kev, are nearly lSOtrOplc.
Although the correlations for the 1610 keV line are not iso—
tropic the correction is within the statistical uncertainty
of the data and its effect can be safely neglected.

Both m=0 and m=1 correlatiéns for the decay to the
1t ground state, displaved in Figure 4.1}, exhibit a marked
anisotropy.. The curves drawn With the data correspond to
the best-fit correlation for eéch initial spin value. The
population parameters for the initial state, determined from
the ratio of the cross—-sections for m=0 and m=1 u51ng the
equatlons described in chapter one, were for m=0, P(m"O)—‘
and for m=1, P({m=1)=.65. Variations in these values by
about 10% did not vyield any appreciable difference in the

minimum y2(§) for any initial spin valuye.

Ty



Fiqure 4.13

The left side 'of_ the figure is a plot of chi-
_square versus mixing ratio, for the combined m=0

and m=1 correlations, for different  initial -‘spin

values., The curves plotted with the measured

correlations, on the right side, correspomd' to the .

min imum xz for each spin value.
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The x2(§) qurve for only ‘one value of the population
parame ter 1s shown 1n Figure 4.13 for each spimr value. as
'ev1denced by the dotted-dashed 11ne drawn through the déta,
the initial spin of 2~ does not successfully reproduce the
data for elther correlation. The dashed line corresponding

..to a pure E2, 3* -> 1 , transitior 11elds an acceptable flt ?ﬁv)//
feg thi m=0 data but falls ‘completely in flttlng the m=1
> correlation. Only the N 1t transition succee;; in
reproducing both observed correlatlons. Thus, the 1.61 Mev
:1eve1 can be assigned a spin 1 w1th a mixing ratio for the
'mlxed Ez/Ml tran91t10n to the ground state of & = -0.13
*0.06 or § = -1/(0.3e—f6766). C : _j

The fatie of the Weieskopf single-particle estimate

for the traneition rate of a 1.61 MeV y~ray in an A=34

nucleus is,

T {(E2)
w = 6.7 x 1074 ~
r,(M1) o .

gt

According to recent ‘eompilations (En79) cbserved E2
strengths are in-the range of 1 - 10 x p w(E2) and Ml obser-

ved strengths lie between 1 “1£~\_1 T,(Ml). Hence, the
'largest typical value expected for.a mixing ratio for this

transition is

: r {(E2)
3 w
- T107 [ —— ] = 1.
) ‘:I‘W[Ml). . \,

Although the observed range s = -1/(0%13 *0.06) is higher

L



Mt e ————,————

than’ the .above fatioiby an order of magnitude, it cannct be
excluded since the ratio is for typical transition strengths
and weaker M] transitions, with a lifetime within 50 nsec,

are possible. = »

— .
It is worthwhile noting that-_the m=1, and not the - N

m=0, correlation is important in differentiating bétyeen the

initial spin values 17 ana 3+.1) Also noteworthyﬂt'is the

"isotropic distribution one obtains when the m=0 and the m=1 .

correlations are summed together. This is just the angular
correlation expected from a spin J;=1 state with equal popu-
lation of all three magnetic'substates.

Before going on to the next excited state in 343

there are two other transitions whose correlations can be
-

used to provide a check on the spin assignments for the

first two excited states. The first is 'the decay 1.61 ->

+

0.43 Mev, 1 = 2+. The measured correlations and the best-

fit, curves, assuming the same population parameters as above

for the 1.61 MeV level, are illustfatéﬁ in Figure 4.14. The

oscillétory behaviour of the m=1 correlation is unphysical;
it ig.possibly a result of uncertainties in the background
subtraction which have not been included in the plotted
error bars. Nevertheless; a chi-square within the 99%

e

confidence level is obtained with an E2/Ml mixing ratio in

1) This remark depends on the number of, and angle
at which, the corre%gtion points are measured. An addition-
al measurement at 0, with reasonable precision, would have

allowed differentiation‘between J=1 and J=3 correlations.

— (- _ | 105 -
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the range § = 0.96 *0.64.

The other transition which is useful in verifying

the spin assignments is the cascade [1.61 ->] 0.43 —> g.S.

where, the sqdére-brackets signify that the first tranéition
is unogserved. “The correlation function for such a cascade
is given by equation 1.17 presented in chapter‘oné._ Two
points should he noted in comparing this correlatlon func-
tion with that of equatlon 4.1: (1) the statlstlcal tensor
coefficients are those for .ti\ie population of the initial
ievel in the cascade, even thougﬁ the transition from this
level "is unobserved;-(2) the mixing ratio for the unobserved

transition, §;,, is an add*t*onal parameter.

The xz(s) curves of the prev1ous transition, 1.61 =

0.43 MeV, shown in Figure 4.14 restricted the possible range ©

of mixing ratio to 512 = 0.96 _0 64. The correlation
functlon was calculated for dlfferent §12 values in this
range and the resulting y (623) curves are included in
Flgure 4. 15. The best-fit correlatién.curﬁe corresponding
te the minimum c'hi-équare is drawn with';t:hé data on the
r;ght side of the figure. The ranges for the mixing ratlo
623 determlned from the "single transition correlatlon (see
Flgure 4.12) are indicated by‘ the arrows above the
horizontal axis 'in the x2(623)\plot. From'tgis plot it can
be seéh that a chi-square bélow the 99% confid%ncé limit was

obtained for all curves overlapping with at leaQE oqs 6f the

delineated regions of §,3. The restrictions on the combina- .

!:I

.

-
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Figure 4.14

x2(6) curve and measufed cbrrelations fdr the
transition 1.61 -> 0.43 Mev:\‘1+ -> 2%, The
osé&llations outside one standard deviation in the
m=l correlation reflect the overestimation of the
experimental uncertainty from not considering any

error in background subtraction.
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Fiqure 4.15

32(623) curve and measured angular correlations
for the transition 0. 43 MeV -> g.s. from the decay
cascade of the 1.61 MeV level. The 1.61 -> 0.43
MeV transition 1is unobsepved and x2(623) is
plotted for different values of the mixing ratio
512 in the restricted range for this transition
(see Fig. 4.14). The.arroys above the abscissa in
the k2(523) plot indicate those regions of 623

which resulted in an acceptable fit for the single

transition (see Fig. 4.12). .

Ay
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tions of §;; and §,3 values are ligted in Table 4.6.

Therefore both cascades éonfirm tﬁe spin assignments
for the 0.43 and 1.61 MevV levels. Furthermore, the 1latter
correlation provides an added restriction on the mixing
ratio for the 1.61 => 0.43 MeV transition depending on the
mixing ratio for the 0.43 -> g.S. tfansition.

2.23 MeV level -

Although it had not been possible to resolve the
2.23 Mev 3ﬁ? level from the 5.74 MeV 32? level in the
particle spectrum for the Ge detéctor experiment, it was
possible to do so in this experiment since th angular range
of the detctor wés"?reatly reduced compared to the earlier
experiment. Exclusion of the 32P 2.74 MeV state from the
2.23 Mev particie windoa’ﬁas achived by setting the upper
bound of®the window progféésively‘closer to the peak until
the gamma;ray projection contained no sign of the 2l74 MeV
-> g.s. q§cay. In this way, .a clean projéttion for the 2.23
MeV -> g::i decay was bbtained without any interference from
the 2.74 -=> 0.51 MeV decay in 329. Other y-rays also
observed in this projection were associated with the
transitions 2.23 -> 0.43 MeV and 2.31 -> 0.43 MeV, although
their intensif§'was tdo low to allow reliable measurement.

The statistics for ﬁhe transition 2.23 MeVv -> g.s.,

as evidenced by the large error bars in the correlation of

Figure 4.16, were not as good as for the lower energy
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Table 4.6 Mixing ratio combinations for

110

612 (1.61->.43) and 823 (.43->g.s.)

8§12 (E2/M1)

823 (E2/M1)

.93%.26

.96%.64

e Szto 10
1/(-.01%,.08)
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particie windows. Data for the m=1 correlation were not
extracted due to the poor Nal detector resolution which'was
a cénsequenée of the higher singlgs count rate for mn=l
compared with m=0 ﬁeuteroné, The xz(e) cuéQes for the fit
of the calculated cgfreldtions with the m=0 data are shown
in the figure for the different initial spin values, 1+ and
2;. Both cleérly fail to' agree with the data for any value
_of-the mixing ratio. This is also clear from the best-fit
correlations drawn with the data. The correlation for a
pure E2 transition from a spin 3t state best reproduces the
data although the resultant x2= 12.2 is not quite within the
99%.confidence limit._ It was possible to improve on this
fit by allowing a small admixture of M3 strength (16(M3/E2) |
" € 0.15), which is still within the recommended upper limits,
RUL(M3) = 10.0 _rw(M3), ({En79). Despite this improved
agreement, the occurrence of 15% admixture of M3 is highly
unliEely and the spin 3t is included in parentheSis
indicating the-tentati&eness of this value.
- ‘ . i
" . ¢
4.74 MeV level

The true y-ray projection from the particle window
set on the 4.74 Mev level in 34p is shown in Figure 4.17.

This spectrum is included here to show the identification of

‘;“u

all the prominent observed Y-rays. The photo peak and first
escape peak for the 4.74 -> 0.43 MeV transition are labelled

in the figure. The sum of the two peak intensities was used



. Figure 4.16

.‘ _—

xz'(s‘)‘_ piot and measured angular correlations for
. “the .tz"a.nsition 2.23 MeV -> g.s.. The poor NaIl
de tector resoclution for the m=1 data made it
impossible to extract intensities for this tran-

sition.

13
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'Figure 4.15

True coincidence gamma-ray projection from the
alpha particle window for the 4.74 Mev level. The
strong peaks in the specérum are shown labelled.
The first escape peak for the 4.31 Mev gamma-r ay
is siightly weaker than the photopeak while the
second escape peak is not populated very stfongly.
This is consistent with other measured Nal effi—‘

-

ciencies for high energy gammma-~-rays (HEG4).

a—"
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‘for the angular correlations for this transition. Other

PR

strong y-rays belong to transitions in 32p and are labelled

accordingly.

[

The only other exc1ted~state 1ncluded in the par-
ticle window, whlch could have associated with its decay a

y-ray in the energy range 4.0 to 4.5 Mev, is the 9.63 Mev,

37 level in 2c. However this state ‘is unstable against

a-decay and the measured ratio of the radiation width to

total decay width for this state is ) ’ Y

I' | __7 N N :l.
Fad 41 x 107 L .
y \

-

- Assuming a cross-~section to this level comparable to that

for the first excited state-in_lzc, the gamma decay.étrength
should be negligible. Therefore the total intensity for the

two broad humps in the y-ray prOJectlon can be assigned

'entlrely to the decay 4.74 -> 0.43 MeV.

_The spectrum displayed’ in Figure 4-17 1is the

brojection obtained with m=0 deuterons. The poorer

resolution of. the m=1 projectioq mmade;'it_ impossible to
extract intensities reliably.' Tﬁe beet fit cerrelations.for
the transition éo the 0.43 Mev (2%) state, corresponding to
the different allowed unnatural parity J° values are shown
in Figure 4.18. Eventhough the =17 correlation does not
reproduce the dafa as well as -.the other JT values, it cannot

be eliminated at the 99% confldence level. Thefeéore no

T e i B T R



Figure 4.18

Calculated x2(6) curves for the m=0 correlation

data for the transition 4.74 -> 0.43 MeV. The

i

curves plotted for each J¥ value with the data

correspond to the minimum chi-square.
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restriction on the spin assignmen; is possible.

Otﬁer levels = . -

~ s
-

Several f-actors_ contributed to our “inability to

extract angular correlation data for the decay of other

levels in 34?.‘__ Often the decay was too weak to allow for an

accurate measurement of the peak intensity w1th background
subtraction. This was the case for the decay of the 2.68
and the 4.31 MeV levels. ;n other cases the transition in

34p conflicted with a transition in 325, an example of this

was the decay 2.31 MeV -> g.s. in 34? coineiding, within 80
keV, with both the decay 2.74 ~> 0.51 Mev and the first
escape peak from the decay .2.74 Mev -> g.s. in 32p. For all
-of these level.s: spin-parity assignments were made on the
‘basis of the T20 ‘analyzing lpowe'r measurem’ents and traﬁsitior‘ N

strength arguments for the observed decays from the Yhigh

resolution germanium detector experiment. -

4.3 SUMMARY

The spin- and pagity assignments for the levels in
34P resultlng from the analysis of the correlation data are
* summarized in Table 4.7. Also included ‘in the table are the

restrictions on spin assignments of other levels for wTri/h

.

correlatlon data was not avallable. In those cases the

w.

decays observed with the high resolution germanium detector

—_ SN,
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. T 34 -
., Table 4.7 J assignments in P
*
E (MeV) i
0.00 1t
0.43 2t
1.61 It
2.23 3
2.31. - %,27,3%, 47
2.68 at,27,3h
4.31 = (i*,27,3%, 47
;/4-74 (1+r2-_r3+r4-r5+)
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-7 °, .
considerations led to

in conjunction with transition rate
the restrictions on the spin values.
In summary, the spins of the first two excited

w

states, hitherto ﬁnknown, have been uniquely determined as
2* ana 1%, respectively. The level at 2.23 MeV is most
likely to have alspin of 3+, although the x2 for the fit to
the measured Forrelation, assuming a negligible amount of M3
admixture, was slightly larger than the 99% confidence
limit. The qualityzof the data, iimited largely by the low
count fate and the resolution of the NaI detectors, pre-

cluded the_aséignment of unique spin values for any of the

other levels. ~
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_ CHAPTER 5: SHELL MODEL CALCULATIONS

| ——

In this chapter, results of the shell model calcula-
tions are presented and compared with experimental results
for 34}?. A Brief outline of the relevant aspects of shell-
model theory as well as a description of._the shell-model
code OXBASH used for the present calculationfcomprise the
first section. Cofnparison of the c:alculatio; results with
experimental values is done in two parts; section two deals
wi_th positive parity ;.-',tates wﬁile the nega_tive parity states

are dealt with in the third section.

5.1'1NTR0DUC¥{0N .

An understanding of the structure of the nucleus
reguires the solution of the many-body Schroedinger lequa—
tion, |

Hy = Eyp - _ J{5.1)
wﬁzere the eigenvalue, E, corresponds to the egxcitation ener-
. <

gy and the eigenstate, ¥, is the wavefunction associated
. 4

-

with that energy level. Assuming a two-body nucleon-nucleon

L)

118
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_{interaction the Hamiltonian for A nucleons has the form

A A ' -
B= 1 T(i) + § Wi, . (5.2)
i=1 1=i¢j3 .

An exact solution of-this equétion is not possible and the
simplification is made that the overall effect of the sum oé
the two-body interacgion for all nucleons can’pe-;pbroxhna-
ted by an average potential. The expression for the Hamil-
tonian in equation 5.2 can be rewritten'as,
A A A
g = izl{T(i) + 0P+ Y wi,j) - i£1U(i)} .

1=i¢j (5. 3)

The term in the second brackets is called the residual in—
teraction and, assuming the validit; of the above approxima-
tion, this term will be small and can thus be treated using
perturbation theory.

it can, be shown, in general, using perturbation
theory that the residual interaction for n valenceAnucleons
outside an inert closed core of aA-~n nucleons can.be expres—

sed as a sum of two-body matrix elements, TBME, (BG77). The

Hamiltonian is written as,

n
= 2b
= 21 e + igi'<(¢i¢j)JT B

k,1 . (5.4)

where e, are the single particle energies (SPE) for the

active orbitals and the ¢. in the TBME are single particle

-~

wavefunctions. Therefore the essential ingredients :in a
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shell-model caléulation are the ¢i and the interaction which
is specified by éinqle particle énergies and thé two-body
(9§trix elements. Harmo%ic oscillator wavefinctions are
uhsually chosen for the single particle states because of
their ma;hématical simplicity.

Once the configuration space is defined the enerqgy
levels are obtained by solving the eigenﬁélﬁe problem using
matrix diagonalization jin the chosen set ®f basis states.
There are two methods for choosing a basis. One method is
to form states with good J and T; however this requires
extensive tables of coefficients of fractional parentage in
order to do further calculations:in this basis. The other
method circumvents this large req;irement of computer memory
by using the basis states in an m-scheme represeﬁtation and
translating the effective interaction into this basis. This
latter method exploits the péwer of binary computation since
the value of a single bit, 1 or 0, is used t§ denote the
presence or absence of a particle in a given orbit.

The shell-model codc OXBASH (BES4) used for thé cal-
culatioﬁs presented below uses the m-scheme representation
which greatly reduces calculation time. The problem of
diagonalizing #hg large matrices 'which oféen result is
handled using the LANCZOSfmethod. Thfs method calculates
the lowsr energy eigenvalues -and eigenstates withoup_

diagonalizing the entire matrix. More information about the

structure of this code 1is available in the lucid and

\
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thorough documentation évailable ffom the authors.

~ An extensive treatment of effective interactions is
éresented by Brussard and Glaudemans (BG77), and included
here is a brief summary in order to provide a framework: for
later discussions of the effective interactions used in the
shell model calculations for S%p. The two-body matrix
elemengs and single-particle energigs which constitute the
effective nuclear interaction for the chosen configuration
spaée can be determined in several ways. The empirical
wethod assumes that the TBME are constant over the mass

%

region and determines thelr value by‘501ng a least-squares

fit to the low-1ying energy levels with known J and T in

: —ThicTei included in the région. In this method the gnalytlc—

al form of the 1nteractlon need never be specified. At the
other @xtreme, the TBME are calculated starting with the

nucleon—nucleon interaction obtained by fitting phase—shlfts

 from scattering data and properties of the deuteron wave—

-

function. Because the shell model calculation is ’yentually
carried out in a truncated basis, a realxstlc 1nteract10n of
this kind does not yield good agreement with spectroscopic
data. Perturbation theory can be used to take account of
intefactions outside the configuration Epace, however this
often proves a complex and difficult task plagued with
problems of ébnvérgence. & compromise to the above
approaches is to calculate the TBME ffo:n a2 schematic

nucleon-nucleon interaction such as an attractive central
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-potential plus. exchange potentials, This approach is

partlcularly useful for large configuration space calcula-
t:onsf A widely used schemat1C~1nteraction, because of 1ts
mathema;ical simplicity; is the surface-delta interaction
(SDI). o g

) The basic test of‘the validity of the chell modei
calculation is to determine its accuracy in the predlctlon
of observed level schemes for nuc1e1 in the region of appll—
cability. A more stringent test, since it %g more sensitive
to the various components of the-wavefunctig;s, is the pre-
diction of measurable quantltles such as the spectroscoplc
factors, electromaqnetlc transition strengths and 8-decay
strengths. Spectroscopic factors will not Be dealt with
here as there are no‘such data in 3%p available in the pre—

sent literature.

- The electromagnetic and B-decay transition operators

are single particle operators. The general expression for

such an operator, using the creation and annihilation bpera—
tors of second quantization, has the form
A P A . . 3
Q, = I <el3ats)t q* 148(d,e5)> 3 {(3myau{jm,) X
J1dat3 - mmz s
al Jomats3)’ al jjmyt3)}

- (5.5)

The first factor on the right is:called the reduced single-
particle matrix element (RSPME) and includes the quantities
~

specific to that operator. The second factor, a sum of pro-

-
-

&
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ducts of Clebsch-Gordan coefficients and, creation end,aﬁni-

hilation operators, contidins the details of the coupling of

- s
= —_

single-particle wavefunctions. This latter sum. can be writﬁ

ten as a coupling of the creation and annihilation operators QT\“\

- —

£6 a final value of A, to vield a final expression for the _
reduced matrix elément for the operator Ql between two j&bw
clear states given by:

23241

<¥(I T QP 193, T3> = § 172
' Jijats 22+1

X

<eliat3) 1 a 1a(j t5)> <EI T3 (aTx a)? 19(3,T3)>
A

. ‘ - . (5.6)

where the arguments for the creatlon and annlhllatxon opera-
tors have been suppressed The first matrix element is the
RSPME and. the second deflnes the one—body tranSLtlcn densxty
(OBTD). Al 51ng1e-part1c1e—operator matrix elements can be
expressed in this form. The OBTD are common to all ;bera—
tors and - are caiculated in the shell-model code once the
eigenfunctions fot the different nuclear states have g&en
determined. “‘The RSPME are calculated a priori from the
known form of the real operator interaction. However,‘oftee
an effective interaction for the operator must be introduced
to compensate for the effect of the truncated shell model
5
space and the dszerence between the boundéend free nucleon

form of the operator. Similar methods to. ones outlined

above for the TBME are used Eg*fbtain the RSPME from an
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effective-operator interaction.
5.2 POSITIVE PARITY STATES . . : <
In the simplest shell-model description of igPlg
.there ai-_e eighteen nucleons in the sd-shell outside a closaed’

1308 core. With space for a total of 24 nucleons im the sd

shell, the low-lying positive parity states are expected to
correspond to excitationg within this shell. The configura-
ltipn space used in the calculatidon consisted of the three
orbitals, 1ds,2, 253,72 and 1d3,,, with Kiestrictions on

the distribution of the 18 valence nucl

-

s. The larc_:.;est‘
basis dimension was 232 for J'=3% states. and th;e cpu time
required for the calculation was on the order of one-hour..

~ The single-particle energies for the three orbitals
plAus the 63 two-body matri;c elements employed in the.‘
calculation were those of Wiléienthal's universal _sd-shell
interaction (Wi82). The TBME and SPE were obtained from a
realistic effective interaction based on the Hamada—i:ﬁston
potential for the nucleon-nucleon interaction after™w ich,
selected two-body méat:‘ix,elements ‘were adjusted to obtain a
' best fit betwegn .the measured excitation enérgies of known
J" levels in the A=17-39 mass region and the correspondi;xg

shell-model eigenvalues-. Incorporated into this empirical

calculation of the matrix elements was a mass dependence of -



the £orm'f18/A)°'3 {PW72), (WiﬁZ). Althqugh the excitation
energles of the first three exc1ted<sta:g§ 1n 34P were known
at the time this interaction was derlved, these states were
not - used slnce their spins and parities remained unknown.

- The level scheme for 34? obtalned with this 1nter—
actlon as well as that’ resultlng from the angular correla-
tlon experzments are zllustrated y: Figure 5.1. 'iThe
dominant conflguratlon in the ground state and firs;
excited state wavefunctidns- is 7[(165,2);2 '(251,2)3,2
fld3,2)§,2]1+r2+_with probability amplftudeemof 73% and 78%,

,resﬁecti%eiy; The51+ state corresponding to the observed
level at 1.61 MeV ﬁ;s a probability amplitude of 558 for the
configuration [(1d5/2}; (251,2)0(1) (ldsjz)l(o)] r where
the odd proton is in elther the 1ldy3,; or 2s;,, subshell.
The calculatzon v1elds excellent agreement with the measured
levels at low excitation energles, where the average

dev1at10n is w1th1n 200 kev. It should be noted that

populatlon of the 0 state predicted at 1.5 MeV is forbidden

—

in the (d,a). reaction at Oo because of conservation- of
parity and angular momentum. Therefore this state would not

have been observed in either the tensor analyzing power or

he angular correlation. measurements. In tns (d,e)
scgattering experiment away fromﬂzero degrees the spectra did
T . ~
n how any evidence for the existence of this state. \hj.

A more rigorous test of the shell—model 1nteractrpn

can be obtalned from a comparison of the predlcted and

S
-

s

- —
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—//
‘\\‘./‘ Figure 5.1

34

Level diagrams for ~'P,. Details of the VDP and

usd inter:act;ions‘ for the shell mpdel calculations
are given in the. text. The experimental 1level .
scheme comprises the sbin and parity assignments

from the angular correlation and tensor analvzing

power measurements. -
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meaSured. electrofnaonetic St@h' Sa. S1nce lifetime measure-

ments were ‘not performed direct v\alues for these quantities

could not be extracted from the ‘experimental results.
\" L_/“Kowever, the ratlo of the calculated tran.s:.tlon‘strengths.
can be compared wlth the experlmentally determined
rm:.x:.ng-‘-ratlo values for transitions between the lowest
excited states.

Several studies documented in the 11terature have
1nv*€stlgated t;e form of the effective operators in the
ftamework of Wildenthal's usd shell-model wavefunctions
which best reproduce’ measured multipole moments (up to and
including dyotrlakontupole) in this mass region. The
comprehen51ve review by Wildenthal and .Churig (WC79)
summarizes the results from these studies. ' Values for the
single-particle matrix elements constituting the M1 operator.
were obtained by fitting the 42 measured magnetic /moraents
for sd-shell nuclei.l In the 'upper- part of the shell,
A=28—3:§', the model -pr:edictions with this effective operator
were within ten percent (i.e. 0.1 nuclear magneton) of the
measured values.

The form of the E2 opetator ~used with the Wildenthal
wavefunctions has been d}soussed by Wildenthal and Chung
(WC79) for collective E2 transitions and by Brown et al.
(BCBO) for qoadruoole noments in sd-shell nuclei. - Owing to

truncation effects the observed features of electric

quadrupole moments and B(E2) ' strengths across the whole
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sd-shell could not be explalned u51ng the free proton and

neutron charges. " The best agreement w1th the measured'

values resulted with effective charges of 1.35e and -0. 35e .

for the proton and neutron,. respectively. With these values

for the effectlve charge strong Ez transxtlons were
reproduced to an average dev1at10n of ten percent while the
predictions for. the much weaker transitions were within
fifty percent of the measured ualues. Quadrupole moments in

the mass region a=17-37 were also reproduced to within ten

percent.

The mixing ratioc can be determined from the calcula-
ted shell model reduced transxtlon probabllltxes, B{L+1) and
B(L), using the expression:

Y3 B(E2) 1/2

§ =tk. — |
10 B(M1)

(5.7)

where k is the uavenumber of the emittéqkphotou; Thus § is
determired to within a phase factor, .

For purposes of comgarison the experimental values
for the mixing ratio of the transitions from the first and
second excited statres are listed along with the shell model
predictions in Table 5.1. In- terms of absolute magnitude,
the shell model values generally underestimate the experi~
mental values but give acceptable agreement for all but the

‘\-

transition from the first excited state to the ground state.

»

In that case the predicted ratio is too small by two orders

G



Tablé'5;l Mixing ratio values

experiment  shell model

By -> B 6(E2/M1) § (E2/M1)
0.43->g.s. . 1/(.01%.08)%
- b} s
-.52+.10 1.02%x10"
1.61->g.s.  =-.13%.06
: Lo 2
-1/(.13+.06) 2.0%x10
1.61->0.43 © .96%.642)
1
.96+, 26°) 1.4x10

a), b) métching'superscripts indicate the
correlation between §6-values obtained
from angul ar correlation data.
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of magnitude indicating that either the E2 strength is. teoo

small by at most that much or the Ml strength is too large

by that same amount. Aan explanation for this discrepancy

may lie with the E2 strength since those E2 transitions with
intensities much weaker than the Weisskopf estimaté; we%e
not well reproduced by the shell model calculation (WC79).
Wildenthal's shell-model wavefunctions for-34P have
been verified with results from B—decay measureménts.
Detaiis of the effective Gamow;Teller operator employed in
the calculation are presented in a comprehensive paper on
the g-decay of neutron-rich sd:shell nuclei by Wildenthal
‘et al. (WCB3). Their prediction of 3.07 seconds for the

/ : 34
lifetimep of the 0F groUm, state of " si, which dediys

predominantly to the\ground(§tate and the 1t state at l.61
MeV via a super-allowed GT transition, is remarkably close
to the measured value 2.77:0.20 sec ébgained by Nathan and
Alburger {NA77) fgém their delayed B-v coincidence.work. No
comparison can bé made for the brénching ratio to these two
states sfggé the B8-decay branch to the ground state could

not be measured in the experiment.

Y
5.3 NEGATIVE PARITY STATES ’

-~
-

The calculation for negative parity states *must.

include configurations with an odd number of p-h excitations
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between either the lower -energy lp shell and the sd shell or
the sd .shell and the hlghe:_erergy fp shell. In the-caﬁe-of
the neutron rich 34?, one neutron short of a full sd shell,
one expects the low energy negative parity states to consist
predominantly of excitations into the fp shell. A calcula-
tion including both the sd and fb shell must involve some
tfuncation of the model space othérwise the basis dimension
is too largé and matrix diagbnaiizatibn becomes urmmanagea-
ble, The simplest viable truncation scheme includes the
1d3/2+ 2s1/2+ 1£7,2 and 2p3,» .subshells. The largest pasis
dimension, with the population of-the €p shell limited to at
most équp particles, was 588 occurring for the J =3
states..

J// Two interactions for this model space have been
studied recently. The first, by Hasper (Ha79), used .a
modified surface-delta interaction with the strength para-
meters optimized separatelv for positive and negative parity
states of nuclei in the region A=36-39. As well as not
‘predicting the -relative exéitation energy ‘of the positive
and negative parity states, this ;nteractlon also calculates
a large amount of mixing between the sd and- fp conflgura—
tions which is not supported by measurements, particularly
in the lower end of the mass region (VES2, NV84).

Accordingly van der Poel et al. (VEB2) derived a

single set of two-body matrix element$ and single particle

energies for both positive and négative parity states for

-t
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A=34-39 nucei. They assuméd a sutface—delta'interaction for
the resésual interaction with the strength parameters and
single-particle ehergies obtaingd from a leastésauares fit
to the excitation energiés of 37 well-established levels in

the nuclei 338, 33?, 348, 34Cl and 35

Cl. Although the
interaction was initially derived to study high spin states
in these nuclei, it has also been used successfully to

37Cl (NV84). In that nucleus a

explain lowerlspin states .in
one-toone correspondence resuléed between shell model states
and experimentally observed stafes below 5 MeV with an
average deviation of 300 keV. The discrepancy in excitation
energy was most pronounced for the low-lying positive parity
states. A similar discrepancy has been observed for
calculations in all nuclei in this range and is known to be
due to the low single-particle energy spacing E(1f7,2) -

€{1ld3,2). Our interest, however, is in the negative parity

states and their excitation energy relative to the positive

<@

parity ground state. In this respect the predictions of-

this interaction have been demonstrated to give' excellent

agreement with observations in this region.

The configuration spaces considered in the calcula-

tions mentioned above with the VDP ‘interaction all had the
form (1d3,2,281,5)%(1f7,,,2p3,2)° where a+b=a-28 and A is
the number of nucleons. Limitations on the size of the cal-
culations restricted the sbace to configurations with b = 0

or 2 for positive parity states and b=1 for negative parity

——
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states. For‘the nucleus 34?, with only € valence nucleons

28
outside a closed Si core, it was possible to also include

configurations with up to three nucleons in the fp shell.
Two calculatlons were performed for the negative parity
states; the first with b = 1 .and the other with b = 1 or 3.
The low-lying states in the level schenme obtained with the
tuo different configuration sSpaces had similar wavefunctions
and relative excitation energies. . However, the states
predicted using the larger configuration Space were shlfted
down in excitation energy by one Mev compared to those
obtained with the smaller configuration. Because this
interaction has been successfully used previously for
configuration spaces with only one single particle in the
fp-shell, the calculation results presented here, are those
using the smaller configuration space. Hence, the. lowest
negative parity states in 34?, which are expected to consist
mostly of single particle txXcitations into the fp shell,
should be well reproduced with this calculation.

- The spectrum for negative parity states is displayed
in the right hand side of Figure 5.1. The two lowest
excited states are the 3~ and 4~ member of the configuration
[(ld3,2)§ (251,2)312 (1f7,2);,2] 37,4 whzlé\“the domlnant
configuration for the next two .excited states is [(163,2)0
(281,2)1;2 (2p3,2)3,2]1—’2—. There is no experimental
evidence for the natural parity 37 state predicted at 1.8

MeV, however the 4~ could correspond to the observed level

of
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at 2:31 MeV.  Above this -energy the large number of
predicted states renders esﬁablishmént of a correspondénge
with measured energy levels impossible. Also, above 3 Mev
the validity of the calculation is dubidus since
?configuratiéns with holes in the dss2 subshell, predicted to
be dominant for states above  this exciéation energ? by

Wildenthal and Chung's full sd-shell calculation, are not

considered in this present calculation.
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. CONCLUS ION

‘The usefulness of Litherland and Ferguson method II

angular correlations using polarized beam, combined Wwith

tensor analyzing power measurements at zero degrees has been

.

demonstrated in application to spin and parity assigmments
in the odd-odd nucleus 342’_, The advantages of a polarized
deuteron beam in this method, where two polarization ‘states
vield two independent correlations, was first studied by
Jones et .‘31. (JG75). The results of their studv for initial
spin values J1 < 4 have been summarized in Figure 1l.2. The
assumptions of 100% po;arized beam and detection of the out-
going particle at zero or 180° in this study had to be
relaxed in the analysis of measured angular correlations.
These two factors lead to the population of substates in the
residual nucleus other than the selected beam substate, with
a2 magnitude which necessarily de;ends on the nuclear
reaction mechanism. In chapter one it was shown that the
measurement of reaction yields for both beam substates
c'ombin-ed with an order of magnitude estimate Eor the finite
angle correction, based on a first order expansion of the

particle detector efficiency tensor about the z-axis,

136
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permitted a unigue determination of the population
/-l . = .
parameters for "the residual nucleus. This eliminated the

one variable descrxbing the orientation of the initial state
and _allowed a snnultaneous minimization of the combined
chi-square for the two correlatlons in the parameter space

f‘\

con51st1hg of Wm =0,1 .and §,

The spin and parity assxgnments for the low-lying
excited states in 34P, obtaired using these techniques, are
in complete agreement w1th the shell model calculatlons

3ldenthal's universal sd-shell 1nteract10n { see

Flgure 5.1). Assxgnments of .definite spin values were 11m1—
ted to these'low—lylng states since the level density at

higher excxtatlon Qnergy was too high and the levels were

not’ strongly populated.

Q;he most important factor affecting " the ability to

make spin and parity assigmments using this technique - was

the large uncertainty in the measured correlation points due
to poor statistics. dnfortunately, areas where changes
could potentia11§_ result in an increased count rate are

constrained for varioue reasons ;
(1) Increasing the target current would result in a
higher singies count fate in the gama-ray detector

and the ratio of real to random coincidences, which

’/’ﬂj“\\ varies inversely with the current, would decrease.

(2) An increase in 'the target thickness is lnnlted

- since the resulting increase in energy loss of tlle
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" alpha partlcles would deterlorate the partlcle

. -

‘rssolutlon. S '

. (3) The particle detector -solid _angle” E;hno.t be increa?
sed since th:.s would destroy the al:.qned geane/tpf{
regui :ed for method IT angular correlations. f,

(4) Similarly, ‘increasing the ’gamma—ray detector effi-

_ciency by inoreasing the solid angle subtended would

resulﬁ in greater attenuation of the observed corre-
lation. | ’

Although the statistical uncertainty of the measure—-
ments could not be improved upon within the bounds set by -
the _gxper:.mental methed, mprovements_ in the resolution of
the  Nal deoectors would have been possible. Evidencé- of
this is contained in Table 4.2 which shows an increase of 20
percent in the EWHM for in-beam ccxn?ared_ with source detec-
tion. This deterioration in the resolution is attr;butable
to gradual gain shifts in the detectors J::auSec} by the high
singles count rate. These gain s’hifts could be eliminated
through the use of a gain stabilization system. One such
system could be a pulsed LE:D mounted on the side of the
crystal, whose signal: out of the photomultlpller stage would
be regorded and used later to calculate a gain ;:orrec‘tlon.
Given sufficient interest in setting up a dedicated acility
to do thi type of measurements, one could justi the
laborious task of installing such a gain stabilizing s&t_éa

- for every NaI detector.

vl
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- 7 In conclusion, method II (E,GT) angular correlations
combined with the tensor analyzing. power measurements; 20,'
at zero degrees have proved useful in measuring the ‘spin and

par1ty of the low-kving levels in the neutron rich lsotope :

34, g -
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<APPENDIX

A DERIVATION FOR THE SIMPLE Y-RAY CORRELATION

- e .
pY

- . e .
o . - . LN
Several Ssources in the literature comprise a

complete formulation of angular correlation theory with
appllcatlons to diverse problems in nuclear physics. The

incipal reference consulted for the followlng derivation

was that by Ferguson (Fe65). His_notation, using dgtatis-

tical and efficiencyttensors, pkq and ¢+ analogous- to the

€
kg
respective tensors used in.polarization measurements, was

employed.  In tﬁe end, the final- expressxon was wrltten
using the notation of Rose and Brink (RB67) since their
notation and, specificelly, their definition of the mixing
ratio ' in terms of the reduced matrlx elements for\ the
electronagnetlc operatars, is used extensively 1n shell’
oodel calculatlons and 1n the analysxs of correlatlon'data.
The simplest Y-ray correlatlon occurs when ;he angu-
lar dlstrlbution of the Y-ray decay oE the ‘residual nucleus - -
populated in a nuclear reacgtion lS measured relative.to the =
be&m dvrectlon (z-axls). This 51mple caselis depicted in’

I

‘Figure 1.1 of chapter one, . o . o : .

N

F
(o)
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As dlscussed in chapter one, the angular distribu-

P

tion yleld can be expressed as a product of the statlstlcal

tensor: of the reactlon products, p, and the efficiency

kg’
tensor,-ekq, for detecting thesa products. That is,
W=3 e - (A.1)
= P . - -~
kq kg kq

_The eff1c1ency tensor is analogous to that in (1. 7), aside
from the normallzatzon, and’ the ‘statistical tensors of

equations (1.1) and (A.l) are related by,

-

-

S (s)-1 £3 . with s = v2g5+1 -,

pkq = kq

et

In this simple-example the emitted particle is not detecteq_
and the reaction products considered include the residual
nucleus " in state J2 and the emitted Y-ray.. The angular

distribution function is then,

8y = 2 € * e* 2)
W(e) = (JZ) pkq(L) {(J7.) kq(L) ’ {(a.

pkzqz kzg2 "2

where the sum runs over k2, g2, k, and q. Note that the

above expfeseioh holds for >well-defined spins, and a

JZ;
pure Y-ray ‘transition of wultipolarity L. In order to

express W( 8) in terms of ‘the spin of the initial state Jye

which is . usually the desired quantity, one needs to relate

- .the statistical tensor for the coupled 32 and L to that fér

re

. -> - - . .
-JI, where J1= J2+ L. These are related as follows;

. . ® -

~



A T et g e

142
. J2 L 3y
Peaq2(T2) Pyqll) = k§q1 Priqi{Tr? (kadyrkalkyq) daz ¢ 31
k2 k ki

¢
- ~

X (Jl)2 ky k x I<JZILIJI>12 . (A.3)
THe first factor in the summation is the statistical tensor
for the initial state Jll__The next two terms are a Clebsch-
Gordan coefficiept, { -} );“and'a 9—j_§ymbol; {‘ },'which
contain the angulér momentun coupling algebra. The 1ast_q&
factor is the modulus of the reduced matfix element for the
electromagnetic-operaﬁor of multipolarity L effecting the

~—

transition, and which; by.definition,.is proporfional to the
transitiod-probability. | +

Since the residual nﬁcleus is’ not detected it's
effiéiency tensor ‘is equivalent te that of a detector with

4T solid angle which cannot have any tensorial moments.

Therefore,

*

£ -
k2gz J

) )
2 k2,0 qz;O *

With this reduction the C-G coefficient and the, 9-3 symboi

in {3) can be rewritten

y =& 3

19 kek1 q,q1
J2 L 31 (-1 ' »
~ and Jz2 L 31} = =——= WJI.L I Lid k) (A.4) -~
. lo Kk k Tp K

q -
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In the above equations a = J2-31+1+k and W is a Racah

~ coefficient (Fesﬁ). Sﬁbstituting into the equation for the
he . .

angular distribution yields,
L]

2
W(e) = J L:J k) [<32!L1J1>|

-~ .2
(3,) (=)% (3,)° W(I.L J
£q 1 1 1

°kq 1

X £yq (L) : (a.5)

&
It should be noted that the reduced matrix element contains
all the nﬁclea structure information and does not have any-
angular dependence.

The explicit angular dependence can be obtained by
evaluating the efficiency tensor for the y-ray detector.
The general case of two multipolarities L and I, is presen-
ted here agd the case of one y-ray multipq}arity is obtained .
by letting L=L', Using the transformation properties for
tensors under rotation, the efficiency tensor for a.cylin-
drical, polarization insensitive y-ray deteétor with it's

symnetry axis along the z-axis is,

ggq(LL') =81 Cqg(LL') J & (A.6)

a,0

t

where I = IB' e(8") P (cose") sing"aﬁ' .

~

e(8') is the efficiency of detector material. and the inte-
gration is over the active volume of the detector. The Jk‘s
represent the attenuation of the finite detector relative to

the same efficiqncy ‘point* detector. Thus, the attenuation
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ccefficients are defined as

- The radiation parameter, CrofLL'), takes into account the

coupling of the Y-ray spin and aﬁgulér momentum; -

L'-1 (L L
8w

1

CrolEL®) % (=) ) (L1,L'-11k0) . (A.8)
The supersé ipt '9o' on "€ in ‘equation (6) denotes the

) . . /- .
orientation of the detector symmetry axis along the z-axis.

Applyihq & rotation to the detector to place it at (8,¢) in

the laboratory frame vields, -

-

.86) = pk o

The rotation matrices,: Dgo' are related to the spherical

harmonic functions,

qu( r¢)‘——£— qu( ?)

and substitutinqhwith (6) and (8), the expression for the
efficiency tensor beccmes,

L'-1

..~ *
t. 8 = (- v L. 8’
Ekq(LL ; 8¢) (-) L L' (L1,L'-11k0) I qu( L8 .

=14

-

Substiﬁzﬁiﬁg for the efficiency tensor in equation (2) for
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r .
the anqular corr&iition yields:
a""'L"I '4’ ~ o~ 2
W98y = 1 e (3) (<) () (x 3% (L1,1-11k0) .
. kg k :
X W(3L 3)L:d, k) |<J !LIJ >I2 JkY (8,6). (A.9)

L\

With the explicit angqular dépendence included in- the cor-
relation function one obtains that for a uniformly populated
initial state Jl' since ﬁhe only non—vanish;ng statistiéal -
tensor 1is P00’ the angular qgstributidn is isotropic, as
expected. In the more genefal case, since the oﬁthLng
partlcles from the nuclear reaction are not detected the
state populated in the ;e51dual nucleus w111 have axial
- symmetry and the components of the statistical tensor with
q¥0 vanish. Also, for a scattering reaction with unpolari-

zed beam, assuming the staté Jl.has definite parity, the

residual nucleus is aligned and pkq is zero for odd k \\
values. Therefore the sum in (9) is over even k only, and [
A
with g=0, the ¢ dependence disappears since, ( /
4T :
. Yk0(9,¢) =.Pk(cosﬁ) .
- - k

Writing the correlation function with the notation of Rose

and Brink (RB67) since thlS was the notation used in the

(A

aﬁalysxs pregram, we wake use of the following correspon-

dences: i

ﬁ

~
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Bk(Jl) = Jl pk(Jl)

' = - G' -~ . _ .
Rk(LL 3132) (=) JILL' (L1,L'-1]k0) W(JlL JlL',Jzk)

with o' = 1+3 -3, +L'-L-k .

With this notation the y—ray angular correlation function
for a particle -induced reaction, where the’ T—ray is emitted

by ‘the’ initial state populated in the res:.dual nucleus,

)

becomeés
Wig) = Wo z Bk(Jl) Rk(LLJlJL)'Qk Pk(cose) ~(A.10)
. k even
where Wo = < >|2 Jo r and vok is defined in (7).

The normalization Wo is chosen such that the k=0 coefficient
of P, (cosg) in the sum is unity.

For the more general ‘case one has to allow for ;r;)re
than one multipolarity for the Y-ray traR\sz.txon, and for
nuclear states with definite parity one expects only two
multipolarities to contribute; L=]3,-3,| and’ L'=L+l. In

this case the initial expression for the correlation, (2),

would include-a coherent sum over both mul tipolarities. If

" the mixing ratio, §, is defined as the ratio of the reduced

- Y .
matrix elements for the electromagnetic operators in the

~--—following—way,~——— - - - - S -

~
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i

<JI|L+1 *3*2> / (2£.+3)1/2
§ = : (a.11)

I 1L13> / (2141)1/2

then the correlation function can be written as,

W) = W, 1l B(J)) Ri(313,) Q P (cos®) (a.12)
k even

where R (3,9,) = { R (LLJ,J,) + zé‘R (LL'3,J,)

+ R(LLJ )}(1+62)’1

Again the normalization W, is chosen such that the'b

coefficient of Po(cose) is unity.

Methed II anqular correlations

-
»

In dériving the expressions in (10} and (12) no
information about the nuclear reaction producing the
residual nucleus was considered except the incident -beam
direction which was used to define the quantization axis in
order to exploit the cylindrical symmnetry of the problem.
For a complete discussion of method IT angular correlations
one should carry through the expansion of the §tatistical
tensor, Dkq(Jl)' in (9) and obtain an expression in terms af
the iqgident beam and the appropriate reduced ‘matrix
elements for the operaﬁgrs gffecting the nucléar reaction.
As well, the efficiency tensor for the particle detector
must be includedain the expression for W(©) where it must be
evaluated for the particular detector geometry. This

~

iy

— —_
-
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derivation has been outlined in the original paper on me thod
IT angul ar corre}at{oné (LF6l). The resul ting expression is
discussed in section 1.3.2.

Ultimately one is interested in de termin ing the
population parameters of the initial| state J,- The method
employed in.section l1.3.4 to deteLmine the population
parame ters treats the nuclear reaction as a—;:lack box and

expresses the density matrix of the ensemble .of residual

nuclei in terms of that of the incident polarized beam:;

out _ p _in _uv*
Pmn = L FnPuv Fro -
v

’

Using this approach one is able to estimate the effects of
less than 100% polérized bear‘ul and a finite detector solid

angle on the population parameters,
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