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ABSTRACT

The multipole character and E2/Mi mixing ratios of all gamma

IIDn.tu cdllu have been decermined

transitions following the decay of Ag
by messering the 1«2, 1-3, and 1-4 directional correlations waing twa
30ce coaxial Ge{Lil) detectors in tonjunction with a multichannel coin-
tidence gating system, The analysis of the data clearly demonstrated
the necassity for ecareful investigations of the effeets of the Compton
background on directional correlation measurenents using Ge{lLi)} decec.
tors., The directignal correlation functionz for mixed gammn-gtm;l
cascades are given in terms of explicitly defined reduced matrix ele-
ments and their raties B{vn}. The analysis of the 25 measured divee-

tional cotrelations yielded a conzistent set of E2/M1 mixing ratios

for al] mixed nultipole transitions, The E2/H] amplitude ratios

ﬁ{'rn} = “ﬁl“.’.nﬁE"In} ! {In+1”.-'1ﬂ '.’h_lHHIn} for the ¢atl? garma Tyl

are (emergles are Iin ke¥W): &(447) = -0,45 £ 0,20, 5(620) = -0,80 £ 0,50,

+ 0.8
L. 0.4

4(818) = -1,20 % 0,15 , §(1384) = -0.37 £ 0.03 , 6(1505) = -0.55 = 0,10,

${678) = -0,25 = 0,20, £(687) = -1, §(707) = ~1.0 £ 0.3 ,

In terms of the multipole moments {In+1" e ﬁWL}"In} of Bohr and

Mottelson the E2/Ml moment ratios A = {Imlflm{EZ}“In}ffInﬂu ¢ m1}||1n}
in pmatural unlts (A =m = ¢ = 1) are; A(447) = 3,0 £ 1.3, A(620) = =3.8 + 2.4,
2(678) = ~1.08 + 0,88, a(687) = ~4.7 T 13, 4(707) = 6.2 £ 1.3, a(818) =

=4,3 %+ 0,5, 4(1384) = 0,79 £ 0,06, A{1505) = -1.08 + 0.20,




I, INTRODUCTION

The excited states ¢of even-even nuclel in the mass regien 100 < 4 < 140
have béen interpreted as colleetive vibrational e¢scillations about 2 spherical
equilibrium zhape of the nuclear aurface.l The complete underscanding of this
class of nuclear excitations, however, 13 still far from being satisfactory.

In a phenomenological description the nuclear vibrations are considered
harmonic oscillatfons of small amplitude, This model predicts 2t first ex-
cieed staces of enexgy EI a A {one-phonon =tates) and a degeperace set of
d+. 2+ and #* secord excited stetes of enerpy E2 = 2 he (two-phonocnm states).
A displeced harmonic oacilletor potantial2 partially removes the degeneracy of
the ﬂ+, 2+, &t triplet amd the ratio Eszl can increase from 2.0 to 2.5.
These predictions are in agreement with experimental data. Withio the frame-
wotk of the harmonic vibrational model the excited states decay by emission
of pure E2 radiation ;: M1 tediatlen is strictly forbldden. Also, the cross-
over El transition from the two-phonen 2+‘ state to the O ground state iz
forbidden, The obzervation of this cross-gver transition in most of the nyclef
of the 100 < A < 140 region and the observation of appreciable M1 admixture in
the transitions from the two-phonon 2+. to the oné-phonon #* excited state are
not in accord with the harmonie vibretion model. Futhermore, pure vibratiomal
{pure phonon) stares have a static quadrupole moment that is zero, becsuse the
quadrupole moment operator 15 a linear combination of 3 creation znd aonihila-
tion operator of a phonon and thus the diagonal matrix elements vanish with
Tespect to states that have a definite nunber of phonons. The observation of
the reorientation effect in Coulomb Excitatinn3 has clearly revealed that the

first excited states of the so-called vibrational nuclei have quadrupole moments

of the order of ~ 0.5 b, clearly indicating that the harmonic vibration model 1s




inadequate.

The interpretation of the Eirsé excited state in terms of a superpesition
of the osne- and two-phenron harmonic vibratioral >¥ states can gxplain the ob-
aerved quadrcupele mﬂm&ntaa but fails to acceount for the Ml transitions, This
mixaed=phonon state model corresponds, in essence, to an anharmonic oscillater
model and the problem of the anharmonicity has been studied from different
points of view basad on a micrpscoplc description of the problem, 3355 er al.
have ereated some of the imporctant parcicle degrees of freedem, and Surensenﬁ
#has raken into aceount that the gquasi-bosons formed by the cembinarion of
Fermion oparaters do not ppasesas tha properties of fdeal bosons, Higher random-
phase-approximation calculations wsing che pairing plus quadrupole model of the
reeidual éntevactions have been performed by Tamura and Udagawa& and by
EurenBEn?. However, the computed quadrupole moments of the first excited 2t
gtates are too small (Q ~ - .08 b).

It seems that the vibrational aspects play a major tole in the deserip-
tion of the gross structure of these neclei, at least fovr the [irst few excited
states, but that an undevstanding of the higher excited states and the quanti-
tative aszpects of the structure of the lower excited ztates requires a more
detafled mieroscopic description. In any case, the ceuses of the anharmonicicy
fu the "vibratienal" description are not ¢1enra, The Interplay between the
vibrational medes and the two quasi-particle states iz probably of major fm-
portance,

Hurnlevg considered the Ml and E2 transition probabilicies in "vibraticenal”
nuclef on the basis of a simple extra-palr model i{n which the pucleus is treated
a3 a maglc core plus ene or more zero-spin nucleon pairs, which interact with
the core and excite collective degrees pf freedpm. The puclear excitations are

treated as excitations of a pair in & petential well plus phencnr excitations of




the core.

The most succassful approach to 2 better understanding of the structure
- of the "vibratlonal” nuclef has baen made by Kumar and Earangerlu. They ex-
plore in detail the potential energy surfaces and masg parameters of the
quadrupole motion on the basis of the palring-plus quadrupole force and then
salve the Bahr-Hamiltonian., The success of these caleulatimms, which have
been performed for the mass Tegion 184 < A < 196, is remarkable. The pre-
dicted quadrupole deformations, as wellxas the g-factors and the EJ/M] mulei-
pole mixing ratios, agree surprisingly well with the available experimental
datall. Unfortunately, no extensive c¢azlculations of the Kumar-Baranger type
have been made as yet for the mass rveglon 100 < A < 140,

The present investigation of the relative amplitude of the Ml transitions

L1o was undertaken in order to have

in a typical "yibrational™ nuclel, f.e., Cd
avallable accurate experimental data for comparispn with future calculations
of the Kumar-Baranger type,

The E2/Ml multipole mixing ratios of the Gdllﬂ gamma transitions were
determined on the basis of y-y directional correlation measurements performed
with high resolution Ge(Ll) detectors. The multipole character of all gamma

Lo that follow the p~decay of ﬁgllnm has been determined and the

rays in Cd
results are presented in terms of ratios of explicitly dafined reduced marrix

elements.



IT. THE LEVEL STRUCTUERE OF CDllﬂ

The decay of agllﬂm to Cdlln

:nrslz_zE. Early studies of the decay scheme by directional correlatiom teche

12-15,19

has been studied by a number of investipa-

and extensive studies of bete rays &nd internal conversion

16-18,20 have Tesulted Iin a well=establizhed level scheme of Edlln.

niques
electrons
The use of sclid-state Ge{Li) decectors has permitted &n accurate determipation
of the energies and intensities of the Cdllu gamma transitionszl, and gLCempLs
have heen made Le study quadrupole, octupole, and hexa-decupele vibratienal
etates by inelastic preton scattering22

The first two excited states of Cdlln (Fig. 1} show qualitatively séﬁe of
the characteristic features of a "wibrational"” nueeleus. The ratie 22{2')IEI -
2.25 i= e¢lose to the predieted value of 2, The ratio B(E2,2'— 2}/B(E2,%— O =
1.08 £ 0,29 as megsured by Milner et 31.23 15 considerably zmaller than the
value of 2.0 as predicted by the vibrational medel, but it is in good agreement
with the ealculations of Kuralevg B(E2,2' — 2)/B(E2,2 — 0} = 1,022, The
experimentzl ratio B(E2,2" —» 0)/B{E2,2 — 0) = 0,045 2 0.014 z2lso sgrees wall
with 0.0355, the predfctfon of the Kerolev mndelg. The vibrational model gives
B{EZ,2" — Q) = 0. The brenching ratic of the cross-over / cascade tramsitions

20,22

for the decay of the two-phonon state 2' is T{2" — O)fT(2' —+ ) =

0.55 £ 0,04 in clear dissgreement with the vibraticnal model which forbids a
crass-over transiticn,
Recently a gamma radiaciom of B15.5 keV that is emicted following the

1105 and which 15 In colncidence with the 658 keV ground state

110

p-decay of the Ag
trapaition has heen interpreted as orlginating from & ﬁ+ excited stace in Cd
of 1473 kev excitation Energyiq. This Interpretation would complete the two-

phonon triplet in~call?,




2
The g-factor of the one-phanon 2+ state is g = .30 £ 0,12 3 in fair

agreement with the predicted value of the vibrational medel, g + = ZfA = D44,
2

The quadrupele moment of che 2% state has not been measured yeb., It fs

110

very well possible that this quadrupole moment is small, since Gd could

be in a transition vegion from positive ro negative quadrupole mnmentszﬁ,

11“, and l:du2 have quadrupole

28

The 2% srates of the naighboring neclei Pd

moments of Q(Pa’%) = - 0.45 + 0.15 27 and qecall?) & + 0.12 £ 0.35

Little i3 known about the s$tructure of the higher excited states of Edllo.
The increased resolution of Ge(Li) detectors over Nal secintillaters has
prompted a remeasurement of the dirsetiemal correlations of the gamma Tays

110 110m
. Inm-

emitted from the excited states of Cd following the dacay of Ag
ternal conversion studieszu indicate that, of the fifteen gamma rays emitted,
eight are expected to show mixed dipole-quadrupele multipolarity. Previously
it had been possible te determine the multipole mixing ratio of only two of
thesse ttansitionslg; however, the use of Ge(Li) detectors permits an investiga-

tion of the multipole character of all gamma tays emitted,

ITI. DIRECTIONAL CORRELATIONS INVOLVIHG MIXED MULTIPOLE RADIATIONS

Since the interest in this work is concentrated on the precise determimation
of the oultipole mixing ratios of the gamma trensitions in cdllu it is fmperative
thet the apalysis of the experimental deta is made on the basis ¢of well-defined
expresslions for the amplitude ratios of the various multipele compeonents. In the
past a compariscon of the experimentally determined mixing ratjos with results of
nu¢lear model calculations was difficult since [ew experimentalists took the
pains to express their measured results in terms of explicitly delined mixing

raties. In particular the signs of the amplituede ratios of the mueltipole com-

penents of the emitted radiatien have been rarely defined. Furilhermore, in many




theoretical papers on angular distributions and correlations of gamma radiations
the gamma transition operators and hence the transition matriz elements that are
used in the expressions for the angular distributions are not explicitly givanzg.
A notable exception is the review paper by Rose and Hrinkjﬂ. who, however, use &
sonevwhat vnusual naotation for their matrix elements.

In the following we present & detailed a&nd consistent definition of the
reduced matrix elements that are used in our analysis of the daca and give a
comparison with the redvced multipole matrix elements of Rose aund Erinkju and
with the widely used multipole moments of Bohr and Hnttelsann‘n.

The fransition matrix element for the emisszion of an electromapgnetic multi-
pole radizrion OL (W= E or W =MW for electric or magnetic multipale radiation,
respectively} from an Lnitiai nuclear stace [Iimi} to a final nuclear statce
(m |Iim

;Ifmf} is {Ifmfliﬂim {7 where } . (s the nuclear current operator

and Aljitﬂ} are the multipole fields in the form: {(in uwnits 4 = p = g = 1)

L -
(M) _ L —
A (e, r) = tb—=—0 j (k&) ¥, (r) (18)
LM (L)} L Ly
L 7?2 L ~

A ey - L =<

LM ;;1. 3y (ko) Yo (0) (1b)

k  [L{1+1)

€ r are apherioia £EEE unttions a i2 the tram2itioan éoer
Th L{k 3 pherical B 1f¢§ i nd ki h iLi &y

{in units mc2 Y. The vector fields {1} satisfy the equation:

*
L . {m}
A (-1} Arw (2)
Hence the interaction coperator j _ A m is related to its Hermitianm adjoint

‘rl-H "'"LH
. (myt o Tl (m)
by (i, Ay Yo -1 {(IgApy ') For loecal nuclear forces the

nuclear current pperator iz proportigmal to the nuclear momentum and spin

Ax




eperators p and o , respectively, which transform under the time-reversal
' -1

=-p &nd T G T-l = - g , Hence the intervaction
Folis it -

operation T as TpT
e

()

operatprs transform under time-rveverszl zccording teo

Aw L
LU RS RIS {m) .
T{..!,N A M {-1) (I Ay ). 1f the melear eigenstates J1m}
are chosen with their phases such that T|im} = {-ljl'mll-m}, which is always
{m}
porssible, the matrix elementcs {Iimf] jH E‘-LH llimi} are real,
A

The reduced gammd emission matrix elements (Iij N EIJ(ﬂ)”Ii} are

defined by the Wigner-Eckart theorem:

+*
hﬂﬂimﬁmﬂﬂ|ﬁﬁﬁ “dfﬂﬁ]ﬁﬁJlmﬂbum”H%>

I - Mg 1 L I

L=M+1 i |
- (DM adliga, ™y o
~Tn M m
i i
]f L I1
where iz the Wigner 3-3 symbol. Hote that the initial
-mf ~M mi

states of A transition are always written oo the ripht side in the matrix

elements. Equation {3) refers to the emission of electromagnetic radiation,i.e, E,>=R_.

i" °f
The {(real) reduced matrix elements defined in eq. (3} sre related to the
reduced matrix elements of Bohr and Hattelsnn31 and of Alder =r 31.32 by
(s A, 1= K Gy " i et (4a)
flinlp i (213 1! L gt i'BM
I L ¥ e
alliga, Pl = - 3D a it ncenin),, (4b)

(211 ! |

The reduced matrix elemenes {I1]j. A l‘rﬂ""IfI‘} are related to those of
f'"_ H_.n-..L 1

Rose and Br:inkjﬂ by:



Il—IféLﬁl

adlsga, My =-en amene)) ™ ran® il W ®

Hote that in Rose and Brink's paper30 the inirial state for emission processes

is always written on the left side of the interaction operater (Ei > Ef}.

The directional correlation of two mixed multipele gamma radiations,
¥ ¥
1 2

enftted according to the scheme 11 > 1

7 > I3, i3 given by

wE) - E B, (¥;) A, (¥y) P, (cos 8) (6)
A

wvhere the nortmalized crientation cocfficient Bh{?l} is given by:

. £, () . m"
Fy (L1, ' 1305} (-1) {IEIL.j.Nf.‘.Ll I|11}{12||AH‘{L'L1.| 9%
L,mtL, 'n?
ﬂﬁﬁ']}’ 1131 1 (. ) )
R PR SR T
[y TTLAN 1
L™ (7

and the directional distribution coefficient ﬂn(YE} iz given by

‘ (My) (m,'}

(1, F]
2
E (1l 5 2L, Il
Ly, 1y

The Facoefficients Fﬂ{LL‘I‘I} are defined and tabulated in reference 33. It

ﬁ
AN

[] [}
LyToLy 1y

Ay ()

(8)

ig useful ke distinpuish between the orientatiom coeflicients Bﬂ{?l) which are
characterisrie of the {axially symmetrie) orientation of rhe intermediate state

I, and the direcricnal disrribucion coefficients Ah{vgj which ¢haracterize

2
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the direetional distribution of the gamma radiation Yy with respect to the
orientation axis 2z of the state 1,( z « propagation direction of vl} -
Most mixed meltipole tranzitions are of the type E2 + Hi. It is then

convenient to introduce the "mixing ratio!

(E} .
. (Llliy gl T (1 177t @2 ) .
" {In_!_l”ﬂ;j_“fs_lm}”l[n} B RS S 7 X 18] [
where the Initlal state of the transition is written en the right side in che
reduced matrix elements {Enb-En+1}. The matrix elements and kn in eq. (™)
Are expressed in unics A =m=c =1,
The orientation parameger i1s then simply
{10}
B, ( = 1+&2( }}-1 (F, (1l I.,1,) - 2 &§(y )F (1211}+52( YF, (22 1,1,))
Al =« it AL LRAFASLILEY: YIFA 2 Ty
and the directional distribucion coefficient is
(11

-1

2 i
Ay = (L+0870v,0)  (F (11 I,T,) + 2 8(v,)F, (12 T,T,) + 67 (v,)F, (22 1,1,))

The wmixing racies defined in eq, (9) are related to those of Rledenharn and
29

Rose ™ by
8(¥)) ™ - %5 edenhacn-Rose (12a)
ﬁ‘*z) * ﬁBiedenharn-ltos:z (12b)
The directional correlation of Yy with a gamma radiacioen v, that follows
gome unobgorved radiations Yoo Yyr +oee ?H-l which are emittad in cascade
from the criented state 1, iz given by
wW{g) = E B, {¥y) U lvpd Uy {vadennon. Uy V1) 4, (vy) B, (cos 8) (13)

i




where the regrientaticn parameters Un{Yn} for the nth transition depend
on In’ I and on the multipele intensities L, {but not cthe interference

terms) of the uncbserved radiatiopn:

i 2 L I I A 2
1} 1} i (m)
/ (-1) huﬂmgﬂﬁLn >
L | 1 L
: 1
Uﬁ{.'fn} - nn n+ ﬂ+1 'l'!. (lq_}
Ln In In ) o 2
(-1) (Tpall 3 A >
Lnﬁﬁ In+1 In+1 Ln
aor far an unobserved E? 4 M1 transition-
I a1 & -1
nTndl 2
Uy ) = (1) [(2 I +#) (2 I“+1+1}J 1 +60 ) X
In In A In In A
(8%v) - ] as
* ol I 2 E 1 1
nHl ¥l ntl n+l

The reorientation coeffivients of eqa. (l4) and (15) are normalized Ceo unity,i.e,
Ug(v,) = 1.
In the present jinvestigation only dipole and quadrupele radiations are invelved,

Hence Lhe directional cortelations are of the form;

vhere the diregctional correlation coefficients Aﬁh are given by

Due to the finite size of source and detectors the exparimentally observed

directional correlation function 1is ziven by

W(ay' = A '+ ﬁzz' Pzicus B8) + A

00 ﬁﬁf Pﬁ(cus 0) (18)
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from which the theoretical correlation coefificiernts Ahﬂ can be extracted on

the basis of

A'nn 1

*-;m Q N (viju ﬁ{vz}

ﬁﬁﬂ =

where ﬁh(vi} & qﬂ(vi) ! qn(?i) are the normalized geometrical correction

copefficients for the detector that observes vi .

IV, EXKPERIMENTAL PROCEDURE )

For the y-y coincidence measurements, two ¢oaxial Ge{lil) detecters {CORTEC,

30 ¢¢) having a resolution of 3 keV for HiEn

yuTays were employed., A block
diagram of the coincidence electronics used for the direct y-y measurements
is showm in Fig. 2., Four single chamnnel analyzers were uged to perform the
energy s¢lection for each detector; two single chamnel analyzers were set on
the output of the time-to-amplitude converter. In this wey both true and
accidental ceolnclidences could be simultanecusly measured for up teo four co-
incidence configurationa, The effective resolving time of the coincidence
circuit was approximately 50 nsec,

For the measurement of ceolnclidence spectra (indirect y-y measurement),
the entfire gamma spectrum was accepted by oune of the single channel analyzers:
the output of the appropriate coincidence module was used to gete the mulri-
channe]l apalyzer, This left three ceoincidence modules available for direct
Y=Y measurements,

In the dircet Y-y measurement, singles and coincidence darz vers accumu=-
laked for fixed kime intervals in an automatic angular corrclation apparalus,

Afrer normalization for variarions in the singles counting rates and for Source

{19)



13

decay, the data were fitted to eq. ?13} by the wmethed of least squares. The
results were then correcied for finite detector angular resolution and finite
source dimension according to eq. (19}, using carrection Eactors which were
calcelated as described below. |

The geomecrical correction facteors ‘Eﬂ(Yi} constitute a significant pare
af the analysis of directional correlation results, For ceaxial Ge(Li) de-
tectars and source discances af a few centimerers, the product .ah(vijaﬁ(?ﬂj
may give rise to a 10% correction for A = 2 and & fiﬁ correction for A = &, ¢
Thus # careful determination of the apprepriate 'Eh(vij i5 called For. In
the present cage, these factors were measured uging positron annihilatiun

radiatian.35 The reszulting factorsz were chacked with the ot .2

cional carrelarion in Hi?ﬂ

106

+ . D+ diree-

+-2+-.|:}+

and the 0 direcrional corralation

in'Pﬁ In addition, caleulation:s &f the Eh{vi} have been made ﬁéing the
Mal (T} method of Rose36 adapted to coaxial Ce{Li) detectursa?, and also using
the Monte Carle m&thodza. The results of these calculations are in excellent
agreement with the measured values, and in addition demonstrate that the depen-
dence of the; Eh(?i) -on the gamma-ray energy cam be neglected within the tange
of gammz energles encountered in our measurements, Due to the short lifetimes
of the excited states 1n;01ved, ne corTections For external perturb;tions were
expected, néﬁe was pbserved to be necessary.

In the case of the coincidence spectra measyrements, thg data were sﬁmmed
over all channels comptising the peak in the multichammel aﬁalyzer Epectrum,
A reasonable estimate was made for the background under the peak, which ﬁas
assumed_tulbe tipnear; this was then subtracted Erqm the datz. This method was

Judged superior to fitring the peaks to a Gaussian shape function; the Gaussian

method yielded the same results for the lines of high intensity as the summing
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method, buk was not as good for fit?ing the weaker lines., The method of inte-
grating the intensity of each line proved more successful than firting the data
chennel-by-charmel, since it wminimized effects due to electronle instability of
the lineay analysis c¢ireuwitry., A separately measured chance coinecidence spectrum
was used to correct for chance coincldence effects, The integrated peak inten-
sities at -the various apngles were fitted t¢ eq, {18) by the method of least
equares, with the appropriate normalization and geometrical correction factors
applied as described above,

A liquid source ¢consisting of ﬁgﬂﬁj in dilute Hﬂﬂj was used for the
directional correlation measuvrements of the ﬂdllﬂ gamma rays, ‘The source, of
roughly 15 pc activity, was placed in a thin-walled glass ampule of approxi-
mately 2 mm diameter and 8 mm  length, Due to the long half-1ife of the
source (253 days), it was not necessary to accumulate peak and background spectra
simultanegusly; hence the full range of the multichannel analyzer could be used
for ¢ach measyrement, and optimum resolution conditions could be gbtained, The
aingles ganma spectrum of the Cdllﬂ germs raye is shown 1in Fig. 3,

Spectya were accvmulated ip coincidence with each of the four mest intense

transitions cobserved in the ﬁgllum

decay - (658 keV, 764 keV, BB3 kev, 937 kev).
All except the 885 keV 1ine were measured at three angles (9¢°, 135°, 1807): the
885 keV line was used as a calibration measuTement and was measuyred at only two
angles (90%, 180°). Hence only the correlation anisotxopy may be extracted from
measurements gated on the B85 keV line.

In most direct y-vy angular correlation messcvrements, the energy region
aecepted for each y-ray alse includes a background due to Compton-scattered

photons from higher energy y-rays. These photons give rise to spuriout coin-

cldences having in general differcnt angular distributions than the cascade under
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investcigation, Such coincidences result in two first order effects on the
measured corvelzrion, caused by coincidences between one gamma ray and the
background under the onther, There 1% also a second order effect caused by
colneidences heqHEEn the two Compton baclkgrounds, which can in most cazes be
neglected; however, fox weak y-vays, the second order e¢ffect can be larger
than the first order,

In general, then, at least three measurements are required for an unam-
biguous analysis of a y-y directional correlation. One must measure coinci-
dences between the two gamma rays, including their respective Cﬁmpton bagk-
grounds, and also becween each gamma ray and the Compton background below the
other. Thils requires that each gamma ray have a flat background, and that it
be isplated enough from other y-rays to make that background accessjble; these
conditions are seldom wet in prackice,

These difflculties can in part be overcome by the indivect y-¥ correlation
method, One gamma ray is measured in coincidence with an entire ganma spectrum;
the results of measurements at several angles are scored in a mulcichannel anar
lyzer. The resulting coincidence zpecira are examined to determine the inten-
sitfies of the peaks above the background. This not only allows cue to separate
a peek from the background below it, but elsc to examine simultaneously several
different peaks, By making wmeasurements garing fivst on a gamma pezk and then
on the background represented in an energy region slightly above or below that
peak, the correlation daca, free of any interfering Compton background effects,
can be measured. This requires that only one line have a flat and accessible
Compton background, and thus &llows a wider range of measurements to be made,

An exawple of the necessity of measuring sueh corrections is given by the

measurcments of the 437 keV - 885 keV cascade in Gdllﬂ. Both lines arc of high
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intensity apnd one would expect that the interfering effects of the Lompton back-
ground would be small. However, a direct y-y cotrelation measurement yielded

the result

Byy = 0.055 £ 0.01¢ .

This is not in agreement with the expected result for the 6 - 4t Lot spin
sequence (A, = 0.102)}. In order to explain the low measured value, it is
necessary to consider only 2n admixture of 10% of the 1384 keV - BES LeV corre-
latien {ﬁzz = = .284) , with the energy regicn accepted foxr the 937 keV line
including Compron events due to the 1384 keV transition., The result of the

indirect coincidence spectrum meazurement, a2fter maling corrections for back-

ground effects, was

A,, = 0.098 % 0.010 ,

in good agreement with the expected value, A, = 0,102,

22
A dramatic 1llustration of the effeces of background corrections on coin-
cidence specers is provided by the spectra showm in Fig, 4. Part (&) shows a
spectrum taken in coincidence with the 658 keV {21;;ﬂ+} transition. HNote the
skxong presence of the 658 keV live in the spectrum, due to the presence in the
gating energy region of background events of transitions which are in coincidence
with the £58 keV line, Part (b) shows the effect of these hackground events anly;
the apectrum 15 obtained by gating ¢n an energy repion slightly lower than the
658 keV line., Here we see the strong presence of the 658 keV line. FParc {c)
ghows the difference between {a) and (b}, HNHow the 658 keV line has almost dis-

appeared, demonstrating the extreme care that must be taken in apalyzing y-v

coincidence results obtained from Gelli} detector measurcments,
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V. RESULTS

The results for the directicnal correlation coefficients AZE and A,
extracted from the indirect amgular correlation measurements are given iIn
Table 1. The quoted errors are mainly caused by the uncertainties assoclated
with the Cempton background subtraction (about 5 petcent}.

The directional correlatfon coefficients Ayq and A, obtained from
direct angular correlation measurements are given in Table IT, The first three
entries are for cascades in which the eoncribucions due te the Compton backs
ground are expected tp be small; the lasc entry was derived by measuring the
directional correlation of the Compton background both above and below the
818 keV line and by applying these results to the analysis of the directly
measured 818 eV - 638 keV directional correlation,

The results given in Tables I and IT show a high degrea of internal con-
stgtency, with overlap well within the expected error limics. Indirect direc-
tional correlation measurements involving any tws members of the v,, - Y4 - ¥

1

cascade (67-47-27-0") yield the expected coefficient A,, = 0.102. In additionm,

2
all three of these transitions are in coincidence with Yy the three results
for meagsurements imvelving Y, 4agree quite well, In generazl, good agreement

iz obtained between the results of the direct and inditect methoads .

The E2/M] mixing ratios E{yn] were ghtained from either eq. (10) or
eq, {11) depending on whether the gamma transition Y, was the first or second
radiation emitted in the gamma-gamma cascade under consideration,

The obscrved coefficients ﬁnﬁ for 1 - 3 and 1 ~ 4 directional correla-
tions nust be analyzed in terms of several factors as given im eq. (17), 1In

most coascs there are unknown mixing parameterxs involwved in the Uﬁ{vh] as well
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as in the Bﬁ{vl) (1 4 Fhe AA{?H}. Thus an unambiguous gnalysis to determine
all unknown values of the mixing parameter 6(?“) is impossible. However, the
- inﬁirEqF dire;tiunal correlation method resclves tﬁe difficulty at once, 1If a
given méanuremEnt includes the cascade ?1- vi- *3 talkken in codincidence with
the pure Y3» then the Yom ¥q anﬁlysis will yield fh& correct value for 5{?2},
which leads to the valué of Uﬁ{?z} that 1s required to analyze the Y1~ Y3
cﬁtrelatidn and ko extrack 5{?1}, If Yq iz a pure multipole transition this
methad pruvides:tﬂu independent determinations of E(yi}. Many of the Edllq
gamma transitions were invnived in several of the gamma-gamma directiomal corre-
lation measurements either-gs a first, second or Lntermediste {uncbserved) tran-
aition; ‘Hence in many cases the mixing ratic of a partiaular-ttansition_ccﬁld
be extracted f;nm several independent meaaurements, and the results cnuld_be
checked for internal consfstencies,
The values of the E2/HM1 mixing ratios 'ﬁ{?n} are tabulaied in Table III.
The ﬁ(vh) are defiqed in eq. (9). The mixing amplitude ratios ﬂ(vn) in

terms of the Bohr-Mottelson teduced matrix clements

(Tl mEi )
¢, mewylfr,s

A (*rn) =

ﬁhere the multipole moments are exprecssed in natural units {4 = m (electron
mass}) = ¢ = 1)} are given in column four of Table III.
Frequently, the E? multipole mements are given in units of (e x by

lﬂ'zﬁcmz) and the M! multipole moments are expressed in terms of the

® =
naelaar magneton Py ™ ehfiMe, The ratios ﬂ(?ﬂ] in unite of (e % b}fpm are
tisted in column five of Table IIL. All mixing ratfos have been extracted from

at least three Lndependent measurements, The analyéis of the numerous AZE and

hﬁ4 data in terms of the mixing vatios & rTesulted in a cnmpletély consistent




19

set of 5 Jdara.
43 a by-product of the analysis of the directional correlation dataz, all

20,21 10,

previously assumed spin assipnments for the excited states of Cd
been verified, and a definite spin-paricy assigrment of ﬁ+ could be made o
2219.9 keV .state. . |

" Flg. 5 shows the excited states and the gamma translt;un af Cdllﬁ. The
relative intensity of the MI componentcs in fhe mixed EZ - Ml transitions

are indicated in brackets (in percent of the tot2l E2 + Ml fntensity).

VI. DISCUSSION

.IhE mixing ratios of the 138% keV and the 1505 keV ﬁammﬂ transition have
been measured before with NaI(T£) scintillatinn detectnrsla’la'lg. Our reaulks
are in pood agreement with the most recent of thaze measurementslg {taking inco
account the different definitions of & !). The mixing ratio of the 3518 kev
gamma transition has been measureﬁ by Milner et 31.23 in Coulombk excitation
experiments, Their result &6 = - 1.5 iz in fair éualitative agreement with
our resule & = - 1,20 + 0,15,

The mixing ratfos extracted from the v~y direectional correlatfon measure-
ments are conslatent with the  K-converazion coefficfents which were obraiped
by Moragues et al.zn{ Unfart;nately, the K-conversion :neﬁficients are not
atrongly defendent on the relative amount of the ML and B2 intensities for
-~ % = 48 and fﬁr k = 0.7 (a 360 keV). Hence fﬁe K-conversion data 4r¢ not very
useful for an independent determination of the E2/Ml mixiﬁg ratio,

110

It 135 Interesting te note that all gawmma transitions in Cd for which

the angular momentum selection rules allow the emission of ML radiation

(AL = 0, £ 1), contain a sizeable ampunt of the M1l component., 1t is- alseo

.a]u’f
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noteworthy that the relative phases of the E2 and Ml reduced matrix
elanents in all mixed transitions of Edlln are the same. Thera is no pro-
nounced eystematic trend of the amount of M1  admixture as one goes to
higher excited states, Qne might expect a larger ML admixture in the
teansitions between higher excited states which are expected to conform less
to the wibratfonal picture. 1In fact, the smalleat Ml admixture iz found in
the 818 keV gamma transition from the "two-phonon™ i+'state to the one-phonon
#*state, However, the intensity of the M1 cowponent (41 percent) {5 still

Large and in clear disagreement with the predictions of the simple vibrational

madel.
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TABLE I, Results for the Directional Correlation Coefficients Extracted from

the Indirect Correlation Hesasuremsnts on the cdlln Gamma Transitions

G;:$a Gating Tranaition
Enecgy Yy 658 kev ?E 764 key Y1p B85 kev 11 237 kev
(keV)
?1 447 ﬁzzn 23+ L 20 A?2= 21 + 22 Azz- 20 L15
A4a= - 01 £ .29 Aﬁh= Lo = |15
?2 620 AZZ' :ﬁi + &0 Azz= L0400 + (105 h22= .40 £ ,15
ﬁ&ﬁh - .18 + .59 aﬁh- -.050 £ 103
Ya 653 Azzn 050 & 028 &22- L1072 £ .011 ﬁ22= L097 + D25
Aﬁﬁ- LO0E = 035 Ahﬁ- 325 £ 035
Y& 673 &22- L2500 £ .08l Azz= L2541 £ D46 |
ﬁﬁ&- -.066 £ 120
*5 687 Azz= - 086 £ 2% Azz- -.233 £ .05D
Aﬁh- .03 £ 34 Aﬁ&= -, 004 £ 065 _
Y& ¥az? AZE- -. 233 + .0BQ AZZE -,339 & 050
ﬁ¢&= -, 076 + ,133
*? Thds Azz- A0 £ 40
ﬁﬁ&- - 07 £ .54
?S 764 322= 064 £ ,040 ﬁ22= -, 073 £ ,102
h#ﬁ= - 027 £ 043
Yy 818 | Ay,= 4Bl & ,082 | Ay,= 032 £ .050
A (155 % 112 | A= 018 + .056
Y10 805 |Ag= 098 & 013 | A= 201 £ 100 Ayy= 102 ¥ 016
_ ﬁ44= ,016 £ .Dlé hﬁ&- 018 + 130 ﬁgqﬂ 028+ .GZE'
Aﬁhﬂ LS &L 025
+
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TABLE Il. Eesults for the Directlional Correlation Coefficients

Extracted from the Direct Correlation Measurements

on the cd

110

Ganmma Transfitions

¥

Cascade AEE ﬁﬁﬁ
1505 - &58 «0,403 £ 0,014 -0,027 £ 0,020
764 - 1505 -0, 184 £ 0,024 =0,031 & 0,037
1384 - 885 -0,281 £ 0,012 =0,010 + Q4,019
Bl8 - G558 0,375 £ 0.050 0,180 £ 0,050




TABLE 11T,

110

Thae E2fMl Hixing Ratiocs of the Cd

Gamma Transitions

Tramsition | 3,1, |6 (v,) = PRLEREIL, 8y = Tl 2 EDIE,) Ay = |12 €2 0 ¢ X 0
ke | * TGl f‘.-1H|r|In} Ayl T Gulltem il den am
i {in natural units)
| 446.7 -1 - 0.45 £ 0.20 - 3.0 1.3 - 1.2%0.5
620,2 -1 - 0.80 £ 0,50 - 3.8%2.4 - 1.55 % 0,95
657.7 +2 = = »
677.5 ) - 0.25 + 0,20 - 1.09 & 0,88 - 0,45 % 0,36
$36.8 | +1 -1t - a7t - et
706.7 +1 - 1.0%0.3 - 4.24+1.3 - 1.7 % 0.5
Fhb .2 +12 w = o v
762.9 +2 = o o
g1g.0 0 - 120 £ 0,15 - 4.320,5% - 1,75 £ 0,22
884,7 +2 ] - o
937.5 +2 = o o
1384 .2 +1 - 0,37 £ 0,03 - 0.79 £ 0,06 - 4.32 + 0,03
1475,V +2 o ] =
i 1504.9 +1 -~ .55 £ 0,10 - 1,08 2 0,20 - 044 £ 0.08
:I 1562.2 +2 - " "

Li
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