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CHAPTER I 

INTRODUCTION 

Directional correlation experiments are an important tool in 
nuclear physics. These measurements yield infurmation about 
the spins and parities of excited states of nuclei, the knowledge 
of which is of essential importance in the comparison of the 
predictions of nuclear models with experimental results. 

In the past the complexity of many gamma-ray spectra and the 
poor resolution of the gamma-ray detectors caused great dif
ficulties in the evaluation of directional correlation data. Large 
volume Ge{Li) detectors have become available since 1966, of
fering energy resolutions of the order of some keV and reason
able photopeak efficiencies. With these detectors directional cor
relation experiments can be performed on complex decays. 

Usingthese detectors and a Si{Li) detector for conversion electron 
detection we have investigated several cascades following the 
decay of 176Ta to levels of 176Hf by means of gamma-gamma, 
electron-gamma and gamma-electron directional correlation ex
periments. The decay of 176Ta was chosen for several reasons. 
Some years ago very little was known about this decay, two 
different level schemes for 176 Hf were proposed1- 3>. Another 
reason was the supposed perturbation of E2 conversion matrix 
elements in the rare-earth region. Large discrepancies between 
the tabulated L-conversion coefficients and the experimental 
values were reported - among many others - by Stepic41> at the 
International Conference on Internal Conversion Processes in 
1965. The determination of the electron partiele parameters by 
means of directional correlation experiments offers the possibil
ity to test these matrix elements in a way which is more sen
sitive to small perturbations than the test by determining con
version coefficients. 

1 



CHAPTER 11 

DIRECTIONAL CORRELATION EXPERIMENTS 

The probability of emission of radiation by a decaying nucleus 
depends in general on the angle between the nuclear spin and 
the direction of emission. The distribution of the radiation from 
a radioactive souree will be isotropic, if the nuclei are randomly 
oriented in space. An anisotropic distribution can be observed 
from an ensemble of nuclei which are not randomly oriented. 

If the radioactive nuclei decay through successive emission of 
two radiations R 1 and R2, the observation of R 1 in a fixed 
direction k1 selects an ensemble of nuclei which are not ran
domly oriented, consequently the direction k2 in which R2 is 
emitted shows a directional correlation with respect to k1 • This 
directional correlation is described by the directional correlation 
function W(9), in which 9 is the angle between k1 and k2. 

The information obtained by an experimental determination of 
W(9) depends on the type of radiation that is observed. A roeas
urement of the gamma-gamma directional correlation function 
yields information about the spins of the nuclear levels involved 
and the angular momenta carried a way by the radiations. If con
version electrans are observed, the relative parities of the 
nuclear levels play a role too. 

In this chapter we will give a short outline of the theory of 
directional correlations as it has been given by several authors 4> 
as well as a discussion of the corrections that have to be applied 
to the experimental correlation function in order to find the true 
correlation function W(9). 

11. 1 Gamma-gamma directional correlations 

Let us assume that a nucleus decays from an initial level i with 
spin and parity I i and 1Ti to an int_ermediate level with spin and 
parity I and 1r. The emitted radiation R 1 with angular momenturn 
L 1 and parity ".1 is observed in the direction k1 with respect 
to a coordinate system whose origin coincides with the decaying 
nucleus, but which is otherwise arbitrary. The intermediate 
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Fig. U. 1 Quantumnwnbers involved in a nuclear radialion cascade. 

level decays to the level f with spin and parity If and 1Tf by 
emission of the r~diation R 2 with L 2 and 1r 2 , which is observed 
in the direction k 2 • 

We now ask for the function W(k 1 , k2 ) which describes the corre
lation between the directions k1 and k2 and for the directional 
correlation function W(9) which can be derived Jro!P W(i~ 1 , k2). 

An extensive discussion of the derivation of W(k 1 , k2 ) using the 
density matrix formalism has been given by Frauenfelder and 
Steffen 4>. They obtain the following equation: 

W(k1 ,k2 ) =S 1S2 E < Ifmfk2 o 2 jH2 1Im><lmk1 o1 jH1 l lim 1 >x 
mrni 
mm' 

x< I m' k 1 oliH1 ji1 m 1>*<Ifmfk 2 o~jH2 l I m' >* 
eq.II.1 

in which H 1 (i = 1, 2) is the interaction operator for emission 
of R i into the direction k i with polariza ti on o i (the component 
of the spin of R 1 into the direction k1); mi, m and mf are the 
magnetic quantumnumbers associated with 11, I and lf respec
tively; Si stands for summation over the unmeasured properties 
of the radiation R 1 such as spin and polarization. A number of 
assumptions has been made: the initial spin I i is randomly oriented 
in space (1), the intermediate spin I does not change its orien
tation befare R 2 is emitted (2), the operators H 1 are linear 
operators (3) and angle independent factors may be set equal 
to one (4), which will also be done in the following. 

The matrix elements of the type <I m k o I H I I 1 m 1 > can be 
rewritten by a transformation of the plane .wave representation 
of the radiation with quantumnumbers k and o to the angular 
momenturn representation with quantumnumbers L, M and 1r. 

The transformation is provided by the unitary matrix < k o I LM 1r>: 

<I m k o!HI I.m1 > = E dê oiLM1r><l m LM1r !Hl I.m. > 
1 LM1r 1 1 

eq. II. 2 
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The matrix <ka I LM 71'> can be expressed in the much simpler 
matrix < o a I LJ,l7T > by a rotation of k to the still arbitrary 
z-axis: 

eq. II. 3 

in which D~M are the elements of the rotation matrix. 

The second factor in the right hand of eq. 11. 2 can be rewritten 
using the' Wigner-Eckart theorem: 

in which the reduced matrix element <I 11 L7f 11 I i> does not 
depend on the magnetic quantumnumbers; the operator L11' stands 
for the radial part of the component of H which is associated 
w ith the definite angular momenturn L and parity 71'. In this way 
the matrix element <I m L M 71' I H I Iim i> is split into a factor 
which is angle -dependent, i.e. the Clebsch -Gordan coefficient 
('' geometrical part'') and · a factor which is angle -independent, 
i. e. the reduced matrix element (" nuclear part"). lf the opera tor 
H commutes with the operator of time-reversal the reduced 
matrix elements may be chosen to be real 4•6> . Introducing the 
3 -j symbol instead of the Clebsch -Gordan coefficient and using 
the fact that parity is conserved in the transitions considered, 
the matrix element< I m ka I H I Iimi> can now be written as 

<ImkaiHII.m.> = r: (-1) i 1 <o a!LJ.l1f> <IIIL7TIII.> x - -l+L-m ( I L 1· ) 
1 1 LM!l m M -mi 

0 
1 

L - -x DM
11 

(z- k) eq.ll.5 

With the aid of eq. 11. 5 the product 

occurring in eq. 11. 1 can be evaluated. 
Replacing the product of the two D-functions by the Clebsch
Gordan series and summing over mi, M and M' as occurring 
in the Clebsch -Gordan coefficients the following equation is ob
tained: 

S1 ~-<I m k1 a 1 IH 11 limi> <I m' k1 ai IH1 1 I1mi>* -
I 
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r: I; (-1)21-li+m-Li(2k + l)t c (L' L) (1, 1 k1) {1 1' k1} x 
L1Li k1N1Y1 1 k1't1 1 1 m -m N1 L1L111 

x <I IIL111'111Ii ><I liL~ "'111Ii>* D~~'t/z- k) eq. II. 6 

in which{
11 

k
1
}is a 6-j symbol, N1 == M1- M\, Tl= J.l1-J.l1. 

L1Lilt 

x <oer' IL'.U' 1r >* 1 1 1 1 
eq. II. 7 

The factors cKT (LL') are called the Racah radiation parameters, 
they depend only on the properties of the radiation and bear all 
information concerning the kind of radiation that is emitted. 

If the observa tion mechanism in an actual experiment is ins en
sitive to polarization, the third Euler angle 'Y can be chosen 
such that S 1 = I; ócr a· and the coefficients <o cr1 1 L 1J.J 17r1> are 

(11 1 1 

real4). Consequently the radiation parameters are real. More
over, if the observa ti on is restricted to the directions of the 
radiations the symmetry for rotation and reflection about k1 
and k 2 requires k 1 to be an even integer and Ti to be equal to 
zero4> (i = 1, 2). 

The function W(i~ 1 • k2 ), and in particular the function W(9) can 
now be evaluated by inserting eq. II. 6 for each of the two radi
ations into eq . II.l. Inserting r 1=r2 :o:O, using properties of the 
D-functions and the orthogonalityrelations of the 3 -j symbols 
eq. U. 8 is obtained. 

W(9) 

eq. U. 8 
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The properties of the 6 -j symbol learn that W(8) :: 0 unless the 
veetors 1, î. 'k and L1, 1\. k and Ï:2 , L'2 , 'k form triangles, 
so 

0 < k <Min (21, L 1 + LJ_, L
2 

+ L~) eq. 11. 9 

Ak(L 1 L'111I) = E (-1) 1ck*0 (L1L'1) , < IIIL 171'1 III.> <IIIL
1
'7r lil.>* L {lik} 

L L' L1 L1li I 1 1 
1 1 

eq. 11. 10 

while a similar definition holds for Ak (L2 L21r 1). 
The directional correlation function can now be written as 

W(S) = E Ak'(L1 LJ.I.I)Ak'(L 2L2Jri)P.k(cos 8) = E A' P (cos 6) 
k-=even 1 k-=even kk k 

eq. 11. 11 

To obtain the y-y directional correlation function the y-radia
tion parameters cko (L L'; î'), or more specific the coefficients 
<O aiLJ.t7r) have to be calculated. To find these coefficients the 
vectorpotenHal of the electromagnetic field, which is considered 
as the wave function of the photon, is expanded into multipale 
fields. In this way the coefficients <o aiLJ.t7r> for electric and 
magnetic 2L -pole radiation are found to be 

<oaiLJ.t7T> = 2·i(2L + l)iö 7r magn c:I)J 

<oajLJ.t7r>electric = 2·! (2L + 1)! óc:I)J a 7T = 
eq. 11. 12 

(-1)L+1 

Inserting eq.II. 12 into eq.II. 7 we get 

c (L L' ·-y) = (-1) 1 (2L +1)i(2L' +1)i(2k+1)i 1 1 L -1 CL L' kJ 
kO 1 1 ' 1 1 1 -1 0 

eq. 11. 13 

in which the summations have been carried out. As can be seen 
from this expression, cko (LL'; î') does not depend on the parity 
of the radiation, consequently the experimental directional corre
lation function does not yield information about the parity change 
in the nuclear transitions. The coefficients Ak(L 1L'1Iil) now get 
the following form: 
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1·+1-1 [ J i 
in whi.ch Fk (L 

1 
Ll Ii I) = (-1) L (2L1 +1)(2L~ +1)(2I+1)(2k+1) x 

eq. II. 15 

Values of the F-coefficients have been tabulated by Ferentz and 
Rosenzweig 5). 

The prime on Ak(L 1 L~ Iil) rneans that the coefficients are not 
norrnalized. This normalization is carried out by requiring 
A 0 (L1 L~ IJ) = 1, so 

Ak(L 1 L~Iil) 

A~(L 1 L~ lil) 

Now we obtain the following expression for \q8) 

\V(9) = 1 + A'!.'!. ~ (cos 9) + A 44 P4 (cos 9)+ 

eq. II. 16 

eq.II.17 

In most cases, the sum over L 1 in eq. II. 14 is restricted to 
two terros with L~ = L 1 + 1, and we define the mixing ratio 
6 /Y) by 

<IIIL~".1II 1i> 
61 (-y) = <IIIL 1 ~ 1 11Ii> 

eq. II. 18 

The reduced matrix elernents are real, so 6 1(y) is also real. 
Carrying out the surnrnation over L 1 in eq. II. 16 and inserting 
eq. II. 18 we obtain the following expression for .-\k(L 1Lpii) : 

•) 

Fk(L 1L 1Iil) +261 (-y)Fk(L 1LpJl + 6î(y)Fk(L~L~IJ) 

1 + 6~(-y) 
eq.II.19 

A sirnilar expression holds for Ak (L2 L~Irl). 

8 



If R 1 has a pure multipole character, i.e. is fully described 
by one L-value, the coefficient Ak(L 1 L 1 Iii) equals Fk(L1 L 1Iil), 
the reduced matrix elements are divided out. If R 1 is mixed, 
i.e. must be described by more then one L-value, the expression 
for Ak(L 1Liiii) contains the mixing ratio as a parameter. So 
the normalized 'Y-'Y directional correlation function W(9) is in
dependent of special assumptions on nuclear structure, owing 
to the fact that the F-coefficients are completely determined by 
the values of the spins and angular momenta involved in the 
transitions (cf. eq. II. 15). 

The coefficients Akk in eq. II. 17 depend on seven quantumnumbers : 
I i• L I r• L 1 , L 2, ó 1 (y) and ó2 (y). A directional correlation 
experiment yields the two constants A22 and A 44 , and additional 
information is needed to establish the spin-sequence I i - I - Ir, 
the multipolarities of the radiations and the mixing ratios. Such 
information can be obtained from a measurement of the con
version coefficients of the radiations, which may yield the values 
of L i and lói ('Y) I, (i = 1, 2). Reactionstudies may give information 
on the spins of the nuclear levels involved. Moreover, when 
the level fis the groundstate of the nucleus, other methods are 
used to determine Ir , such as the electron spin resonance method 
or the atomie beam resonance method. 

II. 2 Triple cascades 

l;lt; 

R, L1n1 

a 10 tt0 

R2 L2tt2 

b lbltb 

RJ L3n3 

I1n 1 

Fig.II. 2 Quantumnumbers involved in a triple cascade 

Let us assume now that a nucleus decays through successive 
emission of three gamma rays, cf. fig. II. 2. The quantum
numbers of the nuclear levels and the radiations involved are 
given in the figure. In principle the correlation between the 
directions of all three gamma rays can be observed, yielding 
the experimental correlation function W(k1 ,k2,k3 ). In most cases 
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however no extra information is obtained by such a difficult 
experiment compared to the measurement of the correlation 
between the first two and the correlation between the last two 
radiations. Experimentally it is sametimes easier to determine 
the correlation between the first and the last gamma ray, while 
the second gamma ray is not observed. Again the theoretica! 
expression for the directional correlation function is given by 4) 

W(S) 1 + EAkk Pk (cos 8) eq. II. 20 
k=.2,4, •.. 

with 

k s Min(21
3

, 2Ib, L 1 + Ll_, L 3 + LJ) and 

Uk(Ialb) " eq.II.21 

Akk = Ak(LlL'Jiii)Ak(L3Làlflb). U
0

(1
3
Ib) 

The coefficients Uk (1
3
Ib) describe the transformation of the density 

matrix of the nucleus in state a to the density matrix of the 
nucleus in state b and can be written as 4> 

As can be seen from eq. 11. 22 the directional correlation func
tion does not depend on the parity of the unobserved radiation, 
so the parity change in the nuclear transition I3-- Ib is not 
observed. Moreover, the "nuclear part" can be divided out of 
Akk again. 

11. 3 Directional correlations involving conversion electrons 

If one of the gamma rays is moderately converted, it may be 
feasible to measure the e-- 'Y instead of the 'Y-'Y directional 
correlation. The e-- 'Y directional correlation function also de
pends on the parity change in the nuclear transition, the nuclear 
charge, and the transition energy. 
In the derivation of the general directional correlation function 
the nature of the radiations only entered through the radiation
parameters c kO (LL'). We denote the radiationparameters for a 
gamma ray respectively a conversion electron by c kO (LL' ;-y) 
respectively cko (LL' ;e-). We define the electron partiele para
meters by 

10 



ck0 (LL';e-) 

ckO (LL' ;'Y) 
eq. 11. 23 

By this definition the partiele parameters relate the e- -'Y to 
the y -y directional correlation function. This procedure is gen
erally accepted, and also applicable in the case of an a-y or 
{3-y directional correlation. 

The correlation factor A k(LL'Iii;e-) for a converted transition 
can be written in terros of the corresponding factors for a gamma 
ray 

eq. 11.24 

in which ó(e-) = ó(y).Ja~~~;~, sign{ó(y)} = sign{ó(e-)}, and 

a(L7T) is the conversion coefficient for electric or magnetic 
2L -pole radiation, which depends on the nuclear charge and the 
transition energy. 
In the calculations of the electron partiele parameters the as
s umptions made on the wave functions of the electron play an 
important role. Numerical values have been given by Hager and 
Seltzer7) for K-L- and M-conversion and for electric and mag
netic 2 L -pole radiations up to L = 4. The electron wave functions 
were calculated using the Hartree-Fock method. For the nuclear 
charge distribution they took a Fermi-distribution. The nuclear 
properties mentioned in the above enter into the electron partiele 
parameters through the wave functions of the electron involved 
in the transition. In order to illustrate this, we will consider 
the case of Ml K-conversion. The initia! wave function Wi of the 
electron describes a bound st electron. According to the con
servation of angular momenturn the final wave function r/Jr must 
have angular momenturn j = ! or j = 3 I 2, so the possible final 
states are the s!, P!, p 3 I 2 and d 3 I 2 continuurn states. The 
parity conservation now selects the s! and d 312 states, so r/Jr 
is sensitive to the parity change in the nuclear transition. The 
relative weight of the allowed states in the wave function r/Jr is 
given (aside from a phase factor) by the ratio of the electron 
radial matrix elements: R 2IR_1•), which depends on the tran-

•) The subscripts stand for the quantumnumber K., which describes both i and .!: i = IKI - i, 
1 = K - 1 if K < 0 and D = K if K > 0. 
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sition energy, the wave functions and the interaction operator. 
The final wave function r/Jr constructed in this way carries in
formation about the nuclear properties mentioned. So the elec
tron partiele parameters depend on these nuclear properties 
through the expansion parameters <OaiL~71'> cf. eq. 11. 7. 

A nuclear model did not yet enter into our discussions, but at 
this point we have to investigate whether this was justified. 
According to theory the internal conversion should he regarded 
as a direct interaction between the electron and the charge and 
currents inside the nucleus. In the analysis of the problem the 
electromagnetic radiation is introduced as an intermediate step. 
the nucleus is regarded as the souree of this field. As long as 
the finite size of the souree can he neglected, the conversion 
coefficients and partiele parameters do not depend on details 
of nuclear structure. However, when Z increases the fini te size 
of the nucleus becomes more important, especially in the case 
of K-conversion. In this case there is a reasonable probability 
that the interaction takes place in the immediate vicinity of the 
nucleus or even within the nucleus. This penetration effect gives 
rise to a so-called penetration matrix element Me. Under normal 
conditions the matrix element Me can he neglected because of 
the small probability to find the electron inside the nucleus, 
and only the extra-nuclear region is taken into account in cal
culations, the finite size of the nucleus merely gives a slight 
distartion of the electron wave functions. These "statie" effects 
are taken into account in the calculations of conversion coeffi
cients by Rose 8>, Sliv and Band 9> and Hager and Seltzer 7>. 

In order to illustrate the influence of the static effects on the 
values of the b2 electron partiele parameters we have plotted 
in fig. 11. 3 the b2 for Z = 72 as a function of energy for various 
electric and magnetic 2L - pole radiations and for two different 
approaches : the point-nucleus approach of Rose4) and the finite
size approach of Hager and Seltzer7), who assumed a Fermi
distribution for the nuclear charge. The static effects especially 
influence the Ml partiele parameters (cf. fig. II. 3) as could he 
expected on the basis of the foregoing. 

In some cases the matrix element Me plays an important role: 
if the gamma transition is retarded by a selection rule for the 
nuclear de-excitation which does not affect the conversion process 
in the interior of the nucleus, the gamma matrix element and 
the conversion matrix element will be small, while Me still has 
its dimensional value. Now the conversion process will be 
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Fig.ll. 3 Electron partiele parameter b2 as a function of the transition energy for Z .. 72 

and various electric and magnetic 2L-pole radiations. 

governed to an important extend by the penetration matrix 
element Me, and large deviations from the tabulated conversion 
coefficients and electron partiele parameters are to be expected. 

These penetration effects were first incorporated into theory 
for Ml radiation by Church and Weneser 10- 13>. They state that it 
can be done to first order by adding to the matrix element R _1 , 

which governs the st - st transition, the pure imaginary in
crement 

3aK(Ml) 
(À - l)C(Z, k) 4 IR I 

-1 
eq. II. 25 

in which a K is the Ml K-conversion coefficient, k is the tran-
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sition energy in units m 0 c 2 and C(Z,k) the weighting factor of 
the penetration matrix element relative to the normal conversion 
m a trix element, which has been tabulated by Church and Weneser. 
The parameter À is equal to Me/My. lf both Me and ~ are 
unaffected by special selection rules, À "" 1, so the increment 
is zero. 

The penetration parameter À can only be calculated within the 
framework of a special nuclear model. Conversely, experimental 
determination of the penetration parameter provides a way for 
checking the validity of details of nuclear models. 

More recently Hager and Seltzer7) extended the calculations of 
Church and \Veneser on the coefficients C(Z, k) to the four lowest 
electric and magnetic 2L -pole radiations for K-conversion and 
the two lowest 2L -pole radiations for L- and M-conversion. 

II. 4 Correctious on experimental data 

In a directional correlation experiment one records the number 
of coincidences Nee (8) between R 1 and R 2 as a function of the 
angle 8 subtended by the axes of the two detectors. Because of 
the fini te solid angles of the detectors, and, eventually, the finite 
size of the source, these numbers Nee (8) are averages of the 
true correlation function W(8) over angles distributed around 8. 
The experimental data have to be corrected for this "smearing 
out" of the correlation function in order to yield the true cor
relation function W(8). We will discuss these corrections in the 
next section together with their applications for our special 
geometry. 

We will also discuss the distortion of the directional correlation 
function W(8) caused by scattering of the radiations in the souree 
and by the presence of extra-nuclear fields. 

11. 4. 1 GEOMETRICAL CORRECTIONS 

The relevant geometry of a directional correlation experiment 
is shown in fig. II. 4. The detectors are assumed to be cut in 
the form of right circular cylinders. The source, here assumed 
to be a point source, is placed on the intersection of the axes 
of the cylinders. The experimental and the theoretica! directional 
correlation functions can both be expanded into Legendre poly-
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nomals, and there is a simple relation between the respective 
expansion coefficients14-16): Akk(exp) = Qk x Akk(theor). The 
attenuation coefficients Q k can he calculated from the known 
geometry and detector-efficiencies. 

Fig. U. 4 Geomeuy of a directional correlation experiment 

According to Frankel14> and others the experimental correlation 
function can he written as 

W(S) = 1 + Q
2
A

22
P2 (cos 8) + Q4A

44
P4 (cos 8) + .... eq. rr. 26 

J k (i) 
i = 1, 2. 

The integrals Jk (i) are given by 

Bi 

221' ~ E1 (t3, E)Pk (cos {3) sin f3 df3 
0 

eq. rr. 27 

in which € i (/3, E) stands for the efficiency of the detector i for 
detection of the radiation with energy E emitted from the souree 
at an angle t3 with the detector axis. If the efficiency Ei(/3, E) 
does not depend on t3. then Ei(~, E) can he divided out in the 
coefficients Qk (i), and the attenuation coefficients are enti
rely determined by the geometry of the experimental set- up. 
Tables containing the factors Q k(i), calculated for NaJ(Tl) 
crystals of various sizes, a number of source-to-detector dis
tances and many gamma-ray energies are given by Yates 23). 

More rece~tly Camp24) performed similar calculations for planar 
and coaxial Ge(Li) detectors. 

In our 'Y-'Y directional córrelation experiments we used two 
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coaxial Ge(Li) detectors of approximately 26 mm diameter and 
43 mm length. The diffusion depth was 0. 6 mm, the drift-depth 
7 mm, so inside the detector an undepleted core remained of 
10. 8 x 43 mm, which was inactive for the detection of gamma 
rays, cf. fig. II. 5. 

n-LAYER 

-- -~~ DEPLE TED REGION 

~ 
SOURCE D 

-r (fÏl 
-

- - -- 1---UNDEPLETED CORE 

I--DEPLETED REGION 

Fig.ll. 5 Longitudinal senion through a coaxial Ge(Li) detector and the path traversed through 

the detector by a gamma ray. 

Consequently the efficiency E depends in a complicated way on 
the energy E and the angle f3. In all our experiments only the 
are as of the photopeaks we re taken into account, so for Ei ({3, E) 
in eq. II. 27 the photopeak efficiency has to be taken, which is 
given by 

R(B) 

-IJ(E)r(B) l -ll(E)l (E)..1n 
e l e • ~ph w. 

0 eq. II. 28 
€({3, E) 

t.t(E) h 
or E({3, E) = e-ll(E)r(B) p (1 - e-ll(E)R(B)) 

t.t(E) 

in which r({3) is the distance traversed by the gamma ray through 
the undepleted core, R({3) the distance through the depleted 
region, t.t(E) the total absorption coefficient and t.lph (E) the 
coefficient of photo-absorption for a gamma ray of energy E 
in Germanium. 

We calculated the integrals Jk (i) using a computer program for 
a great number of energies up to 3 MeV and various distances 
Di. The values for the absorption coefficients were taken from 
Avida et al17>. In fig. II. 6 the resulting coefficients Qk (i) are 
plotted as a function of energy for one of our detectors. While 
the individual Jk (i) vary appreciably with energy, the ratios 
Jk (i) I J

0 
(i) are much less sensitive. 

The values obtained by Camp 24> for the factors Q 2 (i) are con
sequently 0. 5 - 3o/o higher. We think this discrepancy is intro
duced by the simple expression €({3, E) = 1 - e '"'phR(B) he used in 
hls calculations: intensity losses along the path r(/3) and Compton 
losses along the path R( {3) are not taken into account. Both 
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Fig.ll. 6 Geometrie al attenuation coefficients 0
2
(i) and 04(i) calculated for a coaxial Ge(Li) 

detector. 

effects were taken into account by us, cf. eq. II. 28; they tend 
to lower the Q 2(i) values,especially at energies > 0. 50 MeV and 
distances > 3 cm where the greatest differences show up. 

When the souree dimensions are not very small compared to 
the souree-detector distance, the directional correlation function 
will also be attenuated due to the finite angular resolution caused 
by the dimensions of the source. The parameters which describe 
the attenuation are riDi, where r is the radius of the circular 
souree and Di the distance to detector i. Up to second order 
in these parameters source- and detector corrections are inde
pendent, mixing occurs in the fourth order terms. The necessary 
correctionscan be calculated using the formulae given by Verheul 
et al. 19). 

We have tested our calculations on Qk(i) by a determination of 
the directional correlation function of the 1. 064- 0.570 Me V gamma
gamma cascade in the decay of 207 Bi to 207 Pb, which is known 
to be a 1312- (M4) 5 I 2+(E2)t+ cascade 25), no attenuation caused 
by the 0. 1 ns lifetime of the intermediate 5 I 2+ state has been 
observed. They decay scheme of 207 Bi is shown in fig. II. 7. 
The distances between souree and detectors were 4. 0 and 5. 0 
cm respectively, indicating that effects of the fini te size of the 
souree could be ignored. The souree was circular and had a 
diameter of 6 mm. Data were taken at angles of 90° - 135° -
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Fig. Il. 8 Ex perimental directional correlation of the 1. 064-0. 570 Mev y-y cascade in the 

decay of 201Bi. 

180° - 225° - 270°. cf. fig. II. 8. Each angle took a measuring 
time of 10 5 sec. Nevertheless. only Qz could be determined 
with the required accuracy of a few percent. However. from 
the results of our calculations one can see that Q 4(i) ,.,. Q~(i). 
so Q 4 :oe: Q~. A small change AQz in Qz will theoretically go 
with a change AQ4 in Q 4 while AQ4 "' 3AQz. The result of the 
test- run was 

A
22 

= 0.204 ± 0.0075 A44 = -0.012 ± 0. 008 

Camparing A22 (exp) with the theoretica! value of 0. 221 we find 
Q 2 (exp) = 0. 923 ± 0. 033 while Qz (calculated) = 0. 914. The 
ratio Q2 (exp) /Q2 (calc) equals 1. 01 ± 0. 036. From this we 
conclude that the calculated values for Q 2 are accurate within 
4o/o. 

For the e-- 'Y directional correlation experiments we used a 
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100 mm2 x 3 mm Si(Li) detector with a circular surface. The 
attenuation coefficients Qk(i) were calculated in a similar way. 
For the efficiency we assumed the value 

€({3, E) = 1 - f({3, E) eq. 11. 29 

in which f(/3, E) stands for the backscatter-coefficient as deter
mined experimentally by Kanter lS). Edge-effects were taken 
into account, but appeared to he negligible. The results of the 
calculations are shown in fig. 11. 9. 

1.0 
Q 21il,Q41il 

t 0.8 

0.6 
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0.2 
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0 1 2 3 4 5 
-+ SOURCE-DETECTOR DISTANCE (cm) 

Fig. U. 9 Geomeuical attenuation coefficients Qz(i) and 04(i) calculated fora Si(Li ) detector. 

The calculations were tested by a measurement of the ceKl. 064-
o. 570 MeV electron-gamma directional correlation in the decay 
of 207 Bi, using the same souree as in the previous measurement. 
The distances between souree and electron detector respectively 
gamma detector were 2. 7 respectively 4. 7 cm, and a small 
correction had to he applied for the finite size of the source. 
Data were taken at three angles: 90° - 135° - 180°, each angle 
took a measuring time of 8 x 10 4 sec. 
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The result of the test-run was 

b2A~2 = 0.213 ± 0.0055 

Cumparing b2 A22 (exp) with the theoretica! value of 0. 231 which 
is obtained by inserting the b 2 value of Hager and Seltzer 7), 
we find Q 2 (exp) = 0. 922 "±" 0. 024, while Q

2
(calculated) = 0. 928. 

The ratio Q 2 (exp)/Q 2 (calc) equals 0, 99 ± 0. 024. From thiswe 
conclude that the calculated values for Q 2 are accurate within 
3%. 

Il. 4. 2 NON-GEOMETRICAL CORRECTIONS 

Souree-scattering causes an attenuation of the directional corre
lation pattern if the souree is rather thick, especially in the 
case of an electron-gamma directional correlation experiment. 
Again the factors Akk are multiplied by attenuation factors Gkk 
as has been shown by Frankel20). The corrections can be cal
culated using the formulae given by Frankel; for certain values 
of the nuclear charge Z they can be derived from the nomogram 
as given by Gimmi et al. 21) • 

The presence of extra-nuclear fields in souree material may 
cause a serious disturbance of the directional correlation pattern, 
A static magnetic field may be generated by those orbital elec
trans of which· the magnetic moments are not compensated, as 
is the case for nuclei in the rare-earth region where the 4f
electronic shell is incomplete, or in the case of hole formation 
after electron capture or convers ion. Static electric field gradients 
may be present in certain crystal lattices, also fluctuating field 
gradients have been observed in some viseaus liquids. 

As a consequence of the coupling of the magnetic dipalemoment 
;i with the magnetic field Ë or of the electric quadrupale moment 

a2v 
Q with the electric field gradient dz 2 , the nuclei will perfarm 

a precession around the symmetry-axis of the field. Quantum
me~hanically one can say that these static interacHons cause 
transitions between the m-states of the intermediate level of 
the cascade which is investigated, causing a transformation of 
the density matrix, which means an alteration of the directional 
correlation pattern. 

The magnitudes of the static perturbations are described by a 
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precession frequency w • For magnetic interactions w is propor
tional to IJ and B, in the quadrupale case propertional to C~ and 
a2 v 
022 . When time dependent perturbations are present the m-states 

of the intermediate level approach an uniform population expo
nentially with a relaxation constant ~. A detailed discussion 
leads to the condusion that with the present experimental tech
niques perturbations of the directional correlation of a cascade 
may be observed if at least WT 2: 0. 01 or ÀT 2: 0. 01 26>, where 
T stands for the mean life of the intermediate level. The ine
qualities correspond to T ~ 10-11 sec. for the customary values 

a2v 
for H of ""' 105 Oe and for 022 of~ 10 18 V /cm2. This value 

of the magnetic field is much lower than the fields realizable 
in the presence of a hole in the K-shell. These magnetic fields 
act on the nucleus for a very short time equal to 4 x 1 o-10 I Z 4 

sec. 27). The condition WT ~ 0. 01 then leads to27): 

0. 32 
21 t 1 ~ ~ o. 01 eq. 11. 30 

in which I is the spin and IJ the magnetic moment of the nucleus 
in the intermediate state. 

A complete treatment of extra-nuclear perturbations has been 
given by Steffen and Frauenfelder 22), in which they point out 
that in a number of favourable cases the perturbations will be 
absent, respectively can be eliminated using special techniques. 
A priori, however, one can never be sure that the true corre
lation will be measured. A number of rather laborious time
consuming techniques exist 22> to investigate quantitatively the 
presence of perturbations. An alternative method, much simpler, 
is to use the directional correlation of a known cascade, in
volving the same intermediate level, as a calibration cascade. 
1 his methad of course is only applicable in those cases where 
such a well-known cascade is present. 
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CHAPTER III 

EXPERIMENTAL ARRANGEMENT AND DATA ANALYSIS 

In this chapter we describe the experimental arrangement which 
was used to perform our measurements on the decay of 176Ta. 
In the first two sections the choice of the detectors will be dis
cussed and some special features of the electronica. The auto
matic equipment used for the directional correlation experiments 
will be described in the third section. The fourth section deals 
with the m~thod we used to analyse the directional correlation 
data. The results of some test measurements will be given in 
the last section. 

III. 1 Choice of the gamma-ray and electron detectors 

For the detection of gamma rays and conversion electroos 
several spectrometers are available. The main characteristics 
of these detectors are the energy resolution, the detection ef
ficiency, the time resolution and the geometry which plays an 
important role in directional correlation experiments especially. 

As far as the gamma-ray detection is concerned: only NaJ(Tl) 
scintillation crystals and Ge(Li) solid state detectors. have a 
reasonable photo efficiency, which is necessary for coincidence 
measurements. A 3" x 3" NaJ(Tl) crystal has a photo efficiency 
of about 20o/o at 1. 3 MeV, a high-volume coaxial Ge(Li) detector 
has a photo efficiency of about 2. 5o/o at the same energy. How
ever, for Ge(Li) detectors the energy resolution ( ..... 2. 5 keV at 
1. 3 Me V) is much better than for NaJ(Ti) crystals ( 6 - Bo/o at 
1. 3 MeV). As far as the time resolution and the geometry are 
concerned, both types of detectors are equally suitable for di
rectional correlation experiments. 

As a consequence of the complexity of the decay of 176Ta we 
had to choose for the gamma-ray detector with the best energy 
resolution. Two coaxial Ge(Li) detectors as described is sect. 
II. 4 were used. They are mounted in an ORTEC model 81 Right 
Angle Cryostat, placed in a Linde LD 25 liquid nitrogen dewar. 

The energy resolution of the electron spectrometer must be 
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of the order of some keV in order to be able to distinguish be
tween K-, L- and M + N... - conversion electrons. Only a 
magnetic spectrometer and a solid state detector fulfil this re
quirement. The efficiency and the time resolution of the two 
spectrometers are about equivalent. The solid state detector has 
two advantages. The first one is that its geometry is much more 
suitable for directional correlation experiments, the coefficients 
Qk {i), cf. sect. II. 4. 1, are easier to calculate and in general the 
corrections are smaller. For instance : Simms 28> gives a value 
of Q 2{i) = 0. 625 for a lensspectrometer at a transmission of 2o/o, 
while for our solid state detector Q 2 {i) = o. 94 at a solid angle 
of 2o/o and Q 2{i) = 0. 81 at a solid angle of 6. 5o/o. The second 
advantage of the solid state detector is that the total spectrum 
of conversion electrans can be recorded at the same time on a 
multichannel analyzer, while the magnetic spectrometer selects 
one energy value at a time. The use of position sensitive solid 
state detectors in combination with a magnetic 180° spectrometer 
offers the possibility to study a great part of the electronspectrum 
at the same time, but the experimental set-up becomes very 
complex. Disadvantages of the solid state detector are its sen
sitivity for gamma radiation and the occurrence of backscattering 
effects. Gamma radiation is detected mainly by the Compton 
effect and gives rise to a continuous background in the electron 
spectrum. The backscattering effects cause low-energy tails in 
conneetion with conversion electron peaks which also contribute 
to the continuous background. As a consequence weak conversion 
lines, especially in the low energy region, may be hidden under 
the background and secondly, in a coincidence experiment one 
always has to correct a coïncident spectrum for the real coin
cidences with these background radiations. 

We have used a 100 mm2 x 3 mm Si{Li) detector with a cir
cular surface which can be cooled to liquid nitrogen temperature. 

III. 2 Electronics 

Most of the electronica used in conneetion with the Ge(Li) and 
Si(Li) detectors are standard ORTEC modules, indicated by their 
module number in the block-scheme shown in fig. III. 1. The 
Control Unit represents the electronic part of the automatic 
directional correlation apparatus which will be described in the 
next section. 

Pulse spectra were analysed with the aid of an Intertechnique 
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Fig.lll.l Block-sch.;;me of the elecuonic arrangement. 

BM 96 multichannel pulse-height analyzer stabilized for peak
shift with a S. E. S. model GlOl stabilizer. 

The analyzer has two 4 MC Analog to Digital Convertere with 
a capacity of 1024 channels each and a 4K memory. The memory 
has only one memory cycle for all 4K channels so the two ADC's 
can only be used at the same time with the aid of a routing 
system. One ADC. the master, has priority above the other 
one, the slave. The slave ADC is permitted to transfer a pulse 
to the memory each time the master ADC has done so. So the 
upper limit of the number of pulses that can be analysed by the 
slave equals the number of transfers from the master ADC to 
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the memory. This arrangement is very suitable for a measure
ment of an intense spectrum and a weak spectrum at the same 
time. After each measurement the spectra can be stored on 
magnetic tape. 

As a consequence of the high counting rates in the experiments 
(up to 10 4 / sec.) and the long ahaping times in the m"in ampli
fiers, we had to expect pile-up effects in our spectra. We in
vestigated the intensity of peaks created by summation of photo
peak pulses with a 137 Cs source. The number of counts in the 
sumpeak at 1. 333 MeV was determined in dependenee of the 
counting rate and the shaping time in the multimode amplifier. 
The resolving time, defined by 2 T = Nswn /N ~ single in which 
N sum and N single stand for the number of counts per second 
in the sumpeak and the single peak respectively, did not depend 
on the single counting rate, but very clearly on the shaping 
time. In fig. 111. 2 the resolving time 2-r is plotted as a function 
of shaping time both for single and double differentiating. Using 
this result we investigated for every weak peak in a spectrum 
whether it was caused by summation. 

lOr---------------------------~ 

Cl) 6 
... 5! .. 
)... .... 
t 2 

0 

Single 
diffcrcntiating 

- SHAPING TIME 1'-'sl 

Fig.lll. 2 The resolving time for summation of photopeak pulses. 

The module 260 Time Pick-off used in the coincidence meas
urements (cf. fig. 111. 1) was originally designed for input pulses 
from solid state detectors directly. lt has a threshold voltage 
equivalent to a pulse of about 0. 4 MeV, this, however, is far 
too high for our purposes. Therefore we derived our timing 
signal from the preamplifier pulses. A disadvantage of this 
method is the long decay time (50 IJS) of these pulses causing 
multiple triggering of the module 260 tunnel diode circuit by 
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one input pulse as the tail of the pulse is mostly still above 
threshold voltage when the tunnel diode is reset. To delay the 
resetting we changed the value of the 56 ns time-constant de
termining the moment of resetting to 470 ns . by replacing the 
0. 56 PH inductor by a 4. 7 pH inductor. Now multiple triggering 
did not occur in all cases of interest. Another disadvantage of 
using the preamplifier pulses is due to the long rise time of 
these pulses (80 ns). The time shift between the preamplifier 
pulse and the timing signal depends on the preamplifier pulse
height, the smaller the pulse, the longer the time shift. We 
have measured this time shift with the aid of a module 419 pulse 
generator. The rise time of a detector pulse is smaller than 17 
ns, the rise time of the pulse generator pulses was 20 ns. The 
block-scheme of the electronic arrangement is shown in fig. III. 3. 

419 PULSE 
GENERATOR 

EXTERNAL 
TRIGGERING 

118 A 
PREAMPLIFIER 

VERTICAL 
DEFLECTION 

260 TIME 
PICI<-OFF 

403A 
CONTROL 

Fig. lil. 3 Electrooie arrangement in the time shift measurement. 

The external trigger pu1se was equivalent to a 2 MeV detector 
pulse, and was also sent to a preamplifier through a second out
put A where the pulse could be attenuated. The discriminator
level in the module 260 was set just above the preamplifier noise. 
The time shift of the module 403A output pulse with respect to the 
original pulse generator pulse was observed on the oscilloscope 
in dependenee of the height of pulse A. The results of these 
measurements are shown in fig. lil. 4. 

In order to test the fast- slow coincidence set- up as gi ven in 
fig. liL 1 for these time shift effects we measured the number 
of coincidences between the 1. 33 MeV 6°Co line and the whole 
6°Co gamma-ray spectrum as a function of the ns-delay in one 
channel, using two Ge(Li) detectors. The resolving time of the 
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Fig UI. 4 Time shift of the mod ule 403A output pulse with respect to the puls generator 
pul se. 

fast coincidence was set at 2 T = 100 ns; the discriminato r s in 
the modules 260 were set just above noise; one of the single 
channels selected the 1. 33 MeV line, the other one was used 
as a discriminator and set a t various discriminating levels . The 
results are shown in fig. III. 5. The curves A respectively B cor-

100 

- OELAY Ins) 

Fig.lll. 5 Number of coincidences (arb. units) as a function of the de lay in one channel. 

respond to settings of the slow discriminator just above noise 
and at 0. 05 MeV respectively. Curve A shows that even a small 
delay causes a loss of coincidences, indicating that the time 
shift between the 1. 33 MeV pulses and the smallest pulses is at 
least 50 ns, which is in agreement with the pulse generator 
measurements. Curve B has a flat top, so the time shift between 
a 1. 33 MeV pulse and a 0. 05 MeV pulse is equal to the re
sol ving time T minus the width of the flat top, resulting in a 
time shift of 25 ns (the pulse generator measurements sugges-
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ted 35 ns). So the performance of the system is even somewhat 
better than could be expected on the basis of the measurements 
with the pulse generator. In all our coincidence measurements 
the resolving time was set at 2 T = 100 ns in order to cover the 
energy region from 0. 05 to 3 MeV. 

All other ORTEC modules shown in the block-scheme (cf. fig. 
liL 1) were operated in accordance with their instruction manuals. 

III. 3 The directional correlation apparatus 

The directional correlation apparatus consists of two parts , 
an electronic Control Unit (Automaton) and a mechanica! part. 

A schematic drawing of the mechanica! part is given in fig. 
liL 6. In the centre of the circular steel basis plate a vertical 
steel axis is placed. At regular distances along the circum
ference of the basis plate, corresponding to intervals of 15°, 
little neon tubes are mounted, each of them illuminating a photo
diode. A horizontal table is rigidly connected to the steel axis 
while a second table can be moved around it with the aid of a 
servo-motor. These tables carry the liquid nitrogen dewars by 
which the detector-cryostat systems are cooled. On the movable 
table a little vane is mounted covering the entrance slit of a 
photo-diode when passing by. Then the photo-diode produces a 
signa! which stops the servo-motor if this position of the movable 
table is preselected. The precision of the position settings is 
better than 30'. On the top of the steel axis a souree holder 
can be placed; the position of the souree is adjustable in all 
direcUons in order to be able to centre the souree with respect 
to the detectors. This is done by means of a comparison of 
the single counting rates at various angle settings. For the meas
urements on conversion electrons the Si(Li) detector is mounted 
on the cold finger of a cryostat of the same type and dimensions 
as the cryostats by which the Ge(Li) detectors are cooled (cf. 
fig. III. 6). The detector can be moved over a distance of 5 cm 
in the direction of the source. The vacuum chamber rests on the 
top of the steel axis (see above) ; in this case the souree is placed 
in the vacuum chamber on the intersection of a vertical through 
the steel axis and the horizontal axis of the Si(Li) detector. The 
Ge(Li) detector now moves over its range of 180° around the 
wall of the vacuum chamber (thickness 1 mm AR) which is made 
cylindrical over this are. The ciosest distance between souree 
and Ge(Li) detector is 4. 5 cm. In order to reduce backscattering 
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Fig. UI. 6 The mechanica! part of the direction al corre lation apparatus ( schematic). 

of electrans against the inner walls of the vacuum chamber these 
walls are covered with a 1 mm Teflon layer. The smallest wall
to-source distance is 3. 5 cm. 

The Autornaton controls as well the operation of the multi
channel analyzer as the settings of the angles between the detec
tors. For each experiment we can choose the desired angle set
tings, the measuring times and the number of times the partic
ular combination of angles must be repeated. The angles can be 
varied from 90° tot 270° in steps of 15°. The measuring times 
are selected by means of two presets adjustable between 0. 1 
and 105 sec. , one for single measurements and one for coin
cidence measurements; they count the pulses from a quartz - crystal 
oscillator. 

The directional correlation experiment is started at the first 
angle in the single mode: the master ADC is gated by the pulses 
of single channel analyzer no. 1, the slave by the single channel 
analyzer no. 2 (cf. fig. III. 1). After the preset time for single 
measurements the spectra are recorded on magnetic tape. Now 
the coincidence measurement starts, the master ADC is gated 
by the pulses from the slow coincidence unit, the slave is not 
gated. After the preset time for coincidence measurements the 
coïncident spectrum is recorded on magnetic tape and the single 
measurements are repeated. Then the movable detector is turned 
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to the next angle and the whole procedure is repeated. 

The single measurements are done in order to be able to 
correct for chance coincidences (1), drift effects in the single 
channel analyzers (2), decay of the souree (3) and non-perfect 
eentering of the souree ( 4). 

III. 4 Analysis of the directional correlation de 

The experimental data, being the number of coincidences be
tween the radiations of the stuclied cascade at different angles, 
can be analysed by computing the coefficients A kk occurring in 
the equation 

W(8) = 1 + A 22P2 (cos 8) + A44~ (cos 8) +... eq. lil. 1 

For the following we confine ourselves to the case that only 
one of the radiations is mixed. For each spin sequence and 
value of the mixing ratio ó the theoretica! coefficients Akk a:re 
easily calculated from the tables of Ferentz and Rosenzweig">. 
In general the analysis is carried out by means of the para
metrie plot as introduced by Coleman 29> and Jastram 30>. In the 
A 22 - A 44 plane one draws the elliptical plot of A 44 as a function 
of A 22 for every possible spin sequence. Tables to facilitate 
the calculation of such plots are given by Arns 48>. Along these 
curves the value of ö, or more conveniently ó' e qual t o 6/ 1 +lö 1. 
varies. Then the experiment al values of A 22 ± LlA22 and A44 ± LlA.H 
are represented by a right angle in this plane. From the overlap 
of this right angle with the different parametrie plots conclusions 
are drawn with respect to the spin sequence and the mixing ratio. 

This method ha s two disadvantages . Firstly, if the expe r imental 
errors are not very small it m ay be difficult to make a choice 
between the various possible spin sequences, because the dif
ferent parametrie plots may be quite close to each other. Second
ly, the errors LlA 22 and LlA 44 are not independent, the right 
angle (see above) should be replaced by an ellipse within this 
right angle . 

The choice between the various spin sequence s is facilita ted 
when more data about the cascade are known. lf for instanee 
the K-conversion coefficients of the radiations are known, the 
values of ló I for each possible combination of magnetic and 
electric 2L-pole radiations can be determined. 
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We preferred a more objective way to <.:ompare the various 
possible spin sequences and values for 6 by using a X\!- analysis 
of the experimental data, assuming the data to be uncorrelated 
and the errors to be purely statistica!. In the cascades we 
studied, the K-conversion coefficients of the mixed transitions 
were also known. So the available experimental data were: 

Nee (9) = A
0

{1 + A 22 Q 2P 2 (cos 9) + A 44 Q 4P 4 (cos 8)}= A 0 W(8) 
eq. Tll. 2 

and 

aK,exp (L, L') eq.III.3 
1 + ó2 

in whi<-h Nee (9) is the number of coincidences at the angle ij, 

A0 is a normalization constant, W (9) the normalized directional 
correlation function as discussed in eh. II (eq. II. 26) and aK (L, 1r) 
and aK (L', 7T) the theoretica! K-conversion coefficients for 
radiations characterized by the quantumnumbers L1r and L'7r. 

Now x.2 is defined by 

+ { aK,exp- a K,th } 2 

~K,exp 
eq. III. 4 

in which ~Nee (Sd and ~K. exp denote the errors in the ex
perimental data. The constant A 0 follows from the condition 

a x. 2 . ld. ,_A = o, y1e 1ng 
a o 

eq. III. 5 

\\"e wrote a computer program which carries out the following 
procedure: for all possible spin and parity sequences the value 
of 61 is varied from -1 to +1 in steps of 0. 002. At each value 
of 61 the constant A

0 
and r? are calculated. The minima in Y. 2 

indicate possible solutions for the spin and parity sequence and 
ó'. The error in 6' corresponds to an increase in ·c of 1 above 
the value at the minimum. 
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Separately the analysis is carried out for the directional cor
relation data only. 

It is possible to define a likelibood L 31> for all possible so
lutions: the i-th solution has a likelibood equal to 

2 e-'Xi 12 

L(i) 
eq. III. 6 

This definition of L (i) holds only if two conditions are ful
filled. Firstly the number of indicated possible solutions must 
be finite and secondly one and only one of the possible solutions 
must be the correct solution. Both conditions are fulfilled in our 
case if one assumes that the experimental data are correct and 
the errors are purely statistical. 

III. 5 Test nzeasurements 

The energy resolution of our Ge(Li) detectors in conneetion 
with a module 118A preamplifier was 4. 0 keV at 0. 661 MeV and 
10 f.JS pulse shaping in the main amplifier. The contribution of 
the electranies was 3. 0 keV, the detectorcapacity being 47 pF . 

. 'he photopeak efficiency curve of the detectors was determined 
experimentally with the aid of calibrated sourees of 2~a. 54Mn, 
57co, soco, ssy, 137cs, 203Hg and 241Am, supplied by the 
I. A. E. A. at Vienna. Due to the coaxial geometry of the detectors 
and the rather low absorption coefficients for gamma rays in 
Ge the detection efficiency depends very strongly on the source
to-detector distance. In fig. 111. 7 we plotted the product WE: (solid 
angle times detection efficiency) against energy for two source
to-detector distances, 3 and 6 cm, for one of our detectors. At 
these distances the product WE: depends nearly linearly on the 
source-to-detector distance. At longer distances the detected 
gamma-ray beam becomes more and more collimated and the 
dependenee becomes quadratic. In fig. 111. 7 the calculated 
values of J0 (i), cf. se ct. II. 4. 1, which are equivalent to WE:, are 
indicated by open circles. Up to the energy of 0. 15 MeV these 
points follow the experimental WE: -curve. Above this energy WE: 
exceeds J (i) due to multiple scattering effects contributing to 
the contents of the photopeak. The single and double escape 
peak efficiencies relative to the photopeak efficiency determined 
with a 56•58 Co source, are shown in fig. liL 8. 
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Fig. lil. 8 Single and doub.le escape peak efficiencies relative to the photopeak efficiency 

The energy resolution of the Si(Li) detector in conneetion with 
a module 118A preamplifier was 3. 8 keV at 0. 1 MeV and 1 I-JS 

pulse shaping in the main amplifier. 

We have tested our directional correlation apparatus and our 
calculations on the coefficients Qk(i) with the aid of the 
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13/2-(M4)5/2 .. (E2)Î+ cascade in the decay of 207Bi to 207Pb, 
cf. sect. 11. 4. 1. We like to present the same data here· in a 
somewhat different marmer. 

Tlw t·esults of the gamma-gamma directional correlation meas
urem ent, corrected for geometrie al attenuation, are 

A .", 

experiment 

0.223 ± 0.008 

-0. 016 ± 0. 011 

theory 

0.221 

-0.0179 

The relevant part of the parametrie plot for a 13/2- (M4 + E5) 
5/2+(E2}!+ cascade and the experimental values of A

22 
± ~A 22 

and A.1•1 ± ~A_._. are shown in fig. III. 9. 

008 

A44 
f 

6
1
:02 

b':-0.6 

0 0.05 

-0.02 

-0.06 

Fig. III.9 Parametrie plotfora 13/2-(M4 + E5) 5/2+(E2)i+ cascade; the experimental values 
A22 t aA

22 
and A_._. t llA _._. are sbown 

\\'e also analysed the data with our computer program, again 
assumingthecascadeto be of the form 13/2-(M4 + E5}5/2+(E2)Î+· 
The indicated solutions are 
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-0 . 007 ± 0.022 

-0.87 ± 0.04 
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The results of the e- -'Y directi l>nal correlation meas urement, 
corrected for geometrical attenuation, are 

experiment 

0.230 ± 0.006 

-0.035 ± 0. 008 

theory 

0. 231 

-0.023 

Combining our results on the -r- r and e---y directilmal corre
lations we find b 2(ceK, 1. 064) = 1. 031 ± 0. 043, while the theo
reticd value is 1. 048 7). McGowan found the value 1. 09 ± 0. 018, 
which is too high. A possible explanation for this fact is that he 
did not separate K- and L- conversion electrans well enough49~ 

From the above we conclude that o ur measurements gave re
sults which are - within statistical accuracy - in agreement 
with the•)ry, indicating that our directional correlation apparatus 
does not introduce systematic errors. 
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CHAPTER IV 

THE DECA Y OF 176Ta 

Thc electron capture and /3+ decay of 176Ta and the {r decay 
of 17HLu and 176111Lu to 176Hf have been studied by several 
aqthors 1• ::, :l , :t.!, :l:l, :l.J) • As yet no re action data on low spin 
levels above 0. 3 MeV in 176 Hf have been published. A decay 
scherne for 176Ta was constructed by Verheul1) and Staehle 2> 
frorn their spectroscopie data. These decay schemes disagree 
with each other on several points 3). 

Fominikh et al. 35) reported the existence of a 3. 000 ± 0. 080 
1\1eV branch in the J3+ spectrum, which gives a total decay energy 
of at least 4 MeV, in serious disagreement with the value of 
"' 3. 2 l\'leV derived from 13-systematics 3). 

Befare performing directional correlation experiments we re
investigated the decay of 176Ta. The results of this re-investi
gation, reported in the following five sections, have been published 
previously 36)•). A small correction has been applied later on the 
experimental value of the transition energy (cf. sect. IV. 4). 

Recently Bernthal 37) reported the results of his experiments on the 
gamma-ray and conversion electron spectra following the decay of 
176Ta, which will be compared with our results in sect. IV. 6. 

After we had constructed a consistent level scheme for 176Hf, 
1'-'Y, ')'-e- and e--1' directional correlation experiments were 
performed. 

IV. 1 Souree preparation 

Targets of natural Lu20 3 were irradiated with 48 MeV a-part
icles in the synchro-cyclotron of the Instituut voor Kernphysisch 
Onderzoek (I. K. 0.) at Amsterdam. The 176Ta activity was pro
duced by the re action 175Lu (a, 3n) 176Ta. The Ta was chemically 
separated from the target material by means of an ion-exchange 
column following a procedure aft er Miss J.C. Kapteyn 38), The 

") Reproduced with permission of the Nonh·Holland Publishing Company. 

3"6 



Ta activity was obtained solved in about 1 ml HF. The souree 
was prepared by depositing one or two drops of this solution 
ona 125 f.'gr/cm2 Zapon foil and evaporating the HF. The sourees 
were nearly circular and had a diameter of about 6 mm. They 
contained an amount of Ta of the order of nanograms/cm2 but 
also a certain amount of organic material from the ion-exchange 
column. 

We tried to determine the actual souree thickness by means of 
an a-thickness meter, but no significant difference between the 
thickness of the Zapon foil and the thickness of the Zapon foil 
plus souree material was observed. The measurements were 
performed at 12 points on two different sources. The upper limit 
for the thickness of the souree was determined to be 20 f.'gr/cm2 

of organic materiaL According to the formulae given by Frankel 20> 
and the nomogram of Gimmi21> the influence of the thickness 
of the souree in our 'Y-'Y, e--'Y and 'Y-e- directional correlation 
experiments was negligible. 

In all sourees 175Ta, 177Ta and 17&ra activities were present 
as a contamination. The different Ta activities could be re
cognized during the experiments by means of their half-lives. 

IV. 2 Single gamma-ray measurements 

The single gamma-ray spectrum was measured from many 
sources. The distance from souree to detector was always 
greater than 20 cm; summation effects were negligible (cf. sect. 
111. 2). As an example one of these spectra is given in fig. IV. 1. 

For the assignments of the peaks in the spectrum, their 
decay was foliowed over periods up to 40 h. In all sourees 
175Ta( T = 10. 5 h) was present in a reasonable ·amount. Only 
when a ~alf-life of 8 h was found, and a value of...., 10 h could 
be ruled out definitely, the peaks were assigned to the decay 
of 176Ta. With the measured efficiencies (cf. sect. Ill. 5) for each 
peak, conclusions were drawn on being a photopeak, a s ingle 
escape peak or a double escape peak. In this way 92 gamma 
rays listed in table IV. 1 could be assigned to the decay of 176Ta. 

The energy eaUbration of the gamma- ray spectrum was ac
complished with the aid of 56• 57 •6°Co, 22Na and I37Cs sources. 
For the energies of the relevant gamma rays, the values given 
by Marion39) were used. The energies of the 176Hf gamma rays 
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TABLE IV.1 
1' . . b ed . h d f 176 

rannuons o serv w t e ecay o Ta 

E a) i1E I b) i1I I 
c) 

Multi- Placement e) 
y y y y eK 

polarity d) in decay 
{Me V) 

scheme 

0.0881 5 1'10.4 f) 12 > 8'1 E2 ba 
o. 0913 g) 1.1 h) > 1.1 E2 ed 
o. 0996 g) 0.92 Xt 
{0.1034) I) 0.64 

{0. 1256)g)
1
) 3.93 (yt, kh) 

0.1311 0.6'1 pn 

0.1460 6 2 3.22 nk 
o. 15'11 j) 6 '1 2. 24 or 3. 36 

0.1'162 8 12 3.'15 

0.1894 '1 6 b) 3.~ ok 

o. 2010 6 100 16 c Jl2 eb 
0.2391 6 '1 2.52 sq 
o. 3665 g) 0.11 

0.4129 weak 0.10 (mf) 

0.465'1 6 19 2 0.92 (nf) 

0.4'141 6 1'1 2 0.24 jd 

0.50'19 6 46 4 0.84 yr 
+ y· 12 2 

0.5120 6 12 2 0.31 of 
0.5208 6 51 5 1.46 E2 + M1 me 
0.531'1 6 44 1 0.1'1 

0.5454 6 13 2 0.39 ld 

0.5'10'1 6 9 1 0.39 ql 

o. 6112 6 2'1 3 0.53 rm 
o. 6158 6 1~ 2 ~ 0.1 oe 
o. 6404 6 5 2 weak qj 
0.6~3 6 16 2 0.36 $0 

o. 6'160 g) 6 12 2 0.15 (rl) 
0.6863 weak sn 
0.'1018 6 5 2 pe 

o. '1102 g) 5 100 5 1.52 (Ml) od 
o. '1233 weak qh 

o. '1415 weak (= 3) weak sm 
0.7999 weak (: B) 

0.8034 weak (: 6) ri 
o. 93'18 6 13 3 = 0.042 
1. 0228 5 57 5 ~ 0.0'1 El yo 
1. 0616 weak (: 9) tl 
1.0663 6 14 2 yn 
1. 1368 \~eak {: 9) 0.22 tj 
1. 15'15 10 40 15 } fc 
1.1588 5 460 20 

0.84 
db 

1.1899 6 82 4 o. 28 uj 
1.1991 weak {:< 5) = 0.042 vj 
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TABLE IV. I 
(continue<.!) 

E 
a) 

Ó.E I 
b) 

Ó.I 1
eK 

c) 
,\lul! i- l'lac<.:Jncut c) 

r r r r polarity 
u) 

in dccay 
(Me V) schciiiC 

1. 2242 5 154 7 0. 7!:l rd 

1. 2490 5 40 3 u a 

1. 2531 5 57 3 0.12 E~ eb 

1. 2682 6 18 2 0.076 wi 

1. 2901 5 26 4 0 . 92 ge 
1. 3409 5 54 4 0. O!:l4 E2 ca 
1.3564 5 31 4 < O.O!:l4 lb 
1.4751 7 weak ("' 7) kc 
1. 4884 5 15 3 weak gb 
1.5029 5 11 3 0 . 034 Ie 
1. 5094? weak (:. 5?) xf 
1.5155 weak (!:! 9) te 

1. 5389 5 6 3 

1. 5530 5 60 4 ::: o. 034 El hb 
1.5621 5 11 3 

1.5812 5 122 5 0.098 El (+M~) ib 

1. 6152 7 34 3 = 0. 042 xe 

1. 6311 7 87 4 0.078 El + M2 jb 

1. 6418 7 31 2 ha 
1.6579 7 7 2 

1.6713 7 35 2 0.062 El + M~ vd(ia) 

1. 6785 7 20 2 weak kb 
1. 6948 7 97 3 0.13 wd 
1.7052 7 20 2 ::. o. 022 lb 
1. 7211 7 65 3 oe 0.022 El ja 
1. 7442 7 2 
1.7658 7 14 2 ka 
1.7732 7 27 2 = 0 . 039 E2 + M1 mb 
1.7923 7 40 2 la 
1. 8251 7 94 3 0.098 nb 

1. 8614 g) 5 82 3 0.076 E2 ma 
1.909 weak 

1. 9504 7 4 2 
1. 9569 7 12 2 weak pè 
1.9750 7 17 2 

2.0442 g) 7 27 2 0.034 Ml pa 
2. 0810 g) = o. 022 
2.137 0. 0022 
2.1928 12 6 2 
2.2198 12 6 2 0.0056 
2.247 weak <= 2) 0.00056 
2. 2784 12 4 qb 
2.3109 12 6 0. 0034 se 
2.3622 12 4 qa 
2.3964 12 3 0.0050 
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TABLE fll .I 
( continued) 

a) b) .:11 
c) Multl- Placement 

e) 
E .iE I I 

y y y y eK polarity 
d) 

in decay 
(Me V) scherne 

2. 467 
g) 0,0017 

2.5160 12 11 0,0017 sb 

2.6006 12 3 o. 0028 sa 

2.622 
g) 0,0017 uc 

2. 7677 12 3 0.0022 tb 

2.'7895 20 1 
2.7965 20 1 
2.8252 12 8 2 ub 

2.8315 12 78 2 0,013 El vb 

2.8631 12 2 xb 

2.8849 12 2 

2.9133 12 4 ua 

2.9196 12 36 0.0059 El va 

2.9413 12 0.6 3 wa 

2.9533 12 0,7 3 x a 

2. 9804 12 0,5 z ya 

a) The errors are the standard deviations due to stalistics and calibratlon. lf a yo..ray was oot 
observed in the present experiment, the energies given by Harmatz32) and Verheull) are 
quoted, 

b) 
Relative y-intensities normalized to 100 for the 0, 2010 Me V gamma ray. The errors are 
standard deviations due to statistics, calibration and Campton background. 

c) Relative I k. intensities from Harmatz32) and Verheul1) normalized to 16 for the 0, 2010 
Me V tran:Îuon to give lek/Iy = aK = 0. 16, which is the theoretica! E2 value 7). 

d) Proposed multipolaritles. For the 0, 0881, 0. 0913 and 0. 2010 Me V gamma rays the multi
polarity E2 follows from the subshell ratios given by Harmatz32) and Stepic41). The other 
assignments are based on the aK values deduced from the preceeding columns and the proposed 
decay scheme. See also sect,IV. 8, 

e) 
Characters refer to proposed decay scheme (cf.fig.IV,5), 

f) I corrected for 0,0913 MeV gamma, 
g) y 

Gamma nat observed. 

h) I calculated from 1 • 
I) "( eK 

Peaks seen at these energies in the gamma-ray spectrum completely attributable to the 
decay of 175-ra. 

j) Harmatz32) saw a 0,1568 and a 0.1582 MeV transition. One of these was asslgned to the 
decay of 175Ta by Faler42). 
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were calculated from the result of a three-parameter least
squares fittothese calibration points. The quoted errors in the 
energies and relative intensities (cf. table IV. 1) include the 
statistica! errors and the errors from the energy and efficiency 
c alib ra ti ons . 

To compare the shape of the peak at 1. 1588 Me V with the shape 
ofthe 1.1732 MeV 6°Co peak, both were recorded simultaneously. 
From the resulting spectrum it has to be concluded that the peak 
at 1.1588 MeV is broadened (cf. fig. IV. 2). From the coincidence 
measurements (cf. sects. IV. 3 and 5), it follows that a st rong 
gamma ray of 1. 1588 MeV, intensity 460 in units of table IV. 1, 
de-excites a level at 1. 2483 MeV. In the gamma-ray spectrum 
measured in coincidence with the 0. 2010 MeV transition, a peak 
is seen at 1. 1575 ± 0. 0015 Me V. If this gamma feeds the 0. 2891 
MeV level directly, its intensity should be ""' 40 in units of table 
IV. 1 as can be calculated from the number of coincidences. The 
shape of the 1. 1588 MeV gamma peak cannot be explained as
suming these two gamma rays are the only components. Other 
contributions can be a gamma ray of 1. 159 ± 0. 003 Me V seen by 
Rezanka33>, Staehle 2> and Riehl34> in the decay of 176mLu and a 
transition of 1. 152 ± 0. 003 Me V seen by Fominikh40> in the 
conversion electron spectrum of 176Ta. 
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Fig. IV. 2 Part of the gamma-ray spectrum (Comptoo background subtracted). The complex 
1,1588 MeV peak is shown as well as the 1.1732 MeV 60co peak, which was 
recorded simultaneously. The curves s and p represent the shapes of the 1.1588 
MeV and the 1,1732 MeV peak respectively. 
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The half-life of 176Ta was calculated from the decay of the 
0. 0881, 0. 7102, 1. 0228, 1.1588, 1.1899 and 1. 8614 MeV gamma 
rays to be 

T! = 8.08 ± 0.07 h 

TV. 3 Coincidence measurements 

The gamma-ray spectrum from 0. 050 Me V up to 3. 2 Me V was 
measured in coincidence with the gamma rays of 0. 0881, 0, 2010, 
0.5208, 0,7102 and 1.1588 MeV. 

Each run took about 5 h and was foliowed b.y a run in which 
the single channel analyzer was placed next to the peak in the 
Campton background. The distance between souree and detectors 
varied between 1. 5 and 3. 0 cm, the detectors were placed 
opposite. After applying the necessary corrections for random 
coincidences, decay of the source, backscattering from one 
detector into the other and summation effects, both spectra 
were subtracted from each other. The results of the analysis 
of the remaining spectra are given in table IV. 2. 

Moreover coincidences between the 1.1899 MeV gamma ray and 
the gamma rays of 1.6311 MeV and 1.7211 MeV and between 
the 1. 2901 Me V gamma ray and the gamma rays of 0. 0881 and 
0. 2010 MeV were observed. 

The gamma-ray spectrum was also measured in coincidence 
with the (L + M)-conversion electrons of the 0, 0881 MeV tran
sition. The distance between the souree and the Ge(Li) and 
Si(Li) detectors was 4. 0 cm and 1. 0 cm respectively. The 
coin<;ident spectrum was corrected for random coincidences, 
the results are summarized in table IV. 3, 

The data summarized in tables IV. 2 and 3 are not corrected 
for the influence of directiona1 correlation effects. 
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TABLE N.2 
Results of the yy-coincic.lencc nH.~a s urcments 

E /Gate 
0.0881 a 0.2010 0.520~ 0.7102 1.15~~ a 

y 1 I f) I I I I I I I I 
exp lev.sch. exp lev. sch. exp lev. sch. exp lev. sch. cxp lev.sch. 

o. 0881 100 b) 100 b) 7t5 5 100 b) 100 b) 100 b) JUO b) 
0.1571 1. 1t0. 3 
0.1762 1.3t0.3 
0.1894 0.3:t0.3 1. 2 
0.2010 18.0tl.O 22 17±~ 55 

0.2391 1.5:t0.9 0.4 19.0t5.0 2.5 
0.4129 2. 2:t1.1 
0.4657} 
o. 4741 6.5:t2.0 22.0±17.0 

3.4 none 

o. 5079} 1.0t4.0 330:t30 c) 49,0 40:t15 55 
0.5120 

11,4 

0.5208 7,5;t1.6 5.8 
0.5454 2.0t1.3 2,4 
0,5707 2.8±2.0 1.0 

63,0t25.0 none d) 0,6112 4.0:t2.0 2.1 
0.6453 3.5t2.2 2.6 

56.0:t25.0 none d) o. 7018 0.6 
0.7102 29.0t2.5 20,0 125t20 130 
1. 0228 10. Ot13.0 10.0 135 . 0:t60.0 25 .0 175t80 355 65±40 73 
1.1575 

100 b) 100 b) 
230:t60 275 

1. 1588 a) 5:t4 6 1100t200 800 
1.1899 13.0;t3.5 11,0 
1.2242 31,0~4.0 31,0 

100 b) 100 b) 
135±.30 190 

1,2531 9.5t3.5 6.0 
1. 2682 5.0;t1,7 4. 2 
1.3409 95:t40 94 
1.3564 5.0:t3.5 3,0 
1,5029 2,1 60t30 72 
1.5530 4.0:t2.0 13.0 e) 

1.5621 
27.0 e) 

55t25 
1.5812 5.5:t1.7 

50t45 none d) 1.6152 2.2t1.6 3,9 
1. 6311 5.0t3.5 19,0 e) 

1. 6948 16.5±3.0 19.0 155t30 128 
1,8251 19.0t1.8 21,0 
2.8315 21,5±2.2 18,0 

a) 
b) Complex, see table N .1. 
c) Used for noanalization . . 
d) Not corrected for backscattering of 0. 7102 Me V gamma rays. 
e) Disagreement not convincing because of large experimental error. 

Experimental number of coincidences is too low, however, much herter agreement was achieved in 
the coincidence measurement with the L + M conversion electrons of the 0.0881 MeV transition 
(see table IV. 3). 

f) I stands for the inteasity calculated from the proposed level scheme. 
lev.sch. 
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TABLE IV.3 

Resulls of the e y·coincidence measurements 

E (Me V) I I b) E I 1
Ievel sch. r exp level sch. r exp 

0.0881} 1. 2531 10. 2±1.3 6.0 

0,0913 
1,0 ±1.2 2,5 

1. 2682 4.0;t0.9 4.2 

0,1571 1,4 ;t0.2 1. 2901 4. 6±1. 3 5.7 

0.1762 0,9 ;t0.2 1. 3564 1. 9±1. 0 3.0 

0.1894 1,4 ;t0.2 1, 2 1. 4884 1.5±1.1 3.4 

0.2010 18.8 ±0.3 22.0 1,5389 3.l;i1, 0 

0.4657} 1.5530 13.2;t1.0 13,0 

0, 4741 
5.1l ;t0. 5 

3.4 1. 5812 22.5±1.5 27.0 

o. 5079} 1,6152 4.8±.1.0 3.9 

0.5120 
7,9 ;t0 .7 11,4 

1. 6311 15. 0±1. 0 19.0 

o. 5454 2,1 ;t0 . 6 2.4 
1, 6713} 0,5707 1,0 ±.0. 6 1,0 
1. 6785 

7. 8±.1. 0 6. 7 

o. 6112} 6.2 ±0.~ 4,4 1. 6948 22, 0±1. 5 19.0 
0.6158 

1. 7211 ? none 
o. 6404} 5,1 t0. 8 3,2 1. 7658} o. 6453 

1.7732 
6. 0±0. 5 

0.7102 18.0 tl.O 20.0 5. 7 

I. 0228 9.0 ±1.4 10.0 1.ll251 22.0±1.0 22.0 

1.0616 3.7 ±1.0 1.0 . 1. 9569 3.3±0.8 2.7 

1.1588 100 a) 100 a) 1. 9750 3. 3±0. 8 

1,1899 4,2 :tO . ;.l 11.0 2,5160 3.6±1.1 2.3 

1. 2242 24. 8 :tl. 3 31.0 2.8315 15. 6±1. 0 16.8 

;1) 
Used for norm a lization. 

b) 1
1evel sch. 

stands for the intensity calculated from the proposed level scheme. 

IV. 4 The 13+ and electron capture decay of 176Ta 

The total {3 + intensity of 176 Ta was determined by a precise 
measurement of the relative intensity of the annihilation radia
tion. In the gamma- ray spectrum, the yt is obscured by the 
gamma transitions of 0. 5079 and 0. 5120 Me V. To reduce these 
peaks, a 176Ta souree was packed between two 5 mm thick Al 
absorbers and placed between two facing Ge(Li) detectors. The 
gamma-ray spectrum from detector 1 was measured in coin
cidence with the 0. 511 Me V radiation counted in detector 2. In 
the coïncident spectrum, the 0. 5079 and 0. 5120 Me V gamma 
peaks will be reduced with respect to the 0. 511 Me V peak 
by a factor at least equal to the relative solid angle to detector 
2. In the present experiment, this solid angle was about 1o/o. 

The ratio of the coïncident and single counting rates in the 
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peak at 0, 511 MeV was determined experimentally with a 22 Na 
souree (end-point 0. 543 Me V) and a 66Ga souree (end-point 
4. 15 MeV) and appeared to be 0. 045 ± 0. 005, 

During the 176Ta experiments, the intensity of the 0, 511 Me V 
peak in the coïncident spectrum was foliowed in time over a 
period of 24 h, The half-life was consistent with the half-life 
of 176Ta. The single counting rate of the yt calculated from 
the coïncident counting rate yields for the relative intensity of 
the yt the value 12.4 ± 1.4 in the units of table IV. I. From 
this and the proposed decay scheme (cf. sect, IV. 5), it follows 
that 176 Ta decays by {3+ emission for 0. 38 ± 0. 04%. 

Todetermine the total transition energy, the gamma- ray spectrum 
was measured in coincidence with the gamma transition of 2. 8315 
MeV, which de-excites a level at 2. 9196 MeV. For this exper
iment two Ge(Li) detectors were placed opposite, the souree at 
3 cm from detector 1 and 1 cm from detector 2. Three peaks 
were present in the coïncident spectrum; i.e. Ka, Ka and the 
peak at 0, 0881 Me V (cf. fig. IV. 3). The theoretica! ratio of the 
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Fig.IV.3 Gamma-ray specuum measured in coincidence with the 2,8315 MeV gamma ray. 
The Ka• Ka and the 0. 0881 Me V peaks are shown. 
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intensities of these peaks is 

eq. IV. 1 

where wK is the fluorescence yield, PK the K-capture probabil
ity, which is transition energy dependent 43

) and a K and at the 
K- and total conversion coefficients of the 0. 0881 Me V trans
ition. For wK the value 0. 94 was used 43

); for aK, aL and aM 

the values calculated by Hager and Seltzer were used 7>, aN..O 

was extrapolated from the aN+O calculated for Z = 80 by 
Borisoglebskiï+--J), which gives aN+O = 0. 45. 

7.0 ,-----=::::;::::::;:==---~ 

I ( k4 + k11) 

I( 0.0881) 

i 6.0 

5.0 

---+ TRANSITION ENERGV (Me V) 

Fig.IV.-l The theoretica! ratio l(Ka + Ka)/1(0,0881 !\leV) plotred against the transition 
energy to the :2.9196 Me V level • . 

In fig. IV. 4 the theoretica! ratio J(Ko: + Ka)/J(O. 0881) is plotted 
against the transition energy to the level at 2. 9196 1\IeV. The 
experimental ratio has to be corrected for differences in photo
peak efficiency and directional correlation effects. The photopeak 
efficiency for the complex Ka +Ka was determined to be 1. 45 ± 
0. 11% and 1. 85 ± 0. 14o<o for the 0. 0881 l\IeV transition. The 
same efficiency calibration gave for the aL and aL of the 

II lil 
0. 0881 1\leV transition a value which is in agreement with the 
theoretica! values within 7C:o. More over, the ratio /(Ka)/ /(Ka) 
= 3. 65 ± 0. 50 as calculated from the coincident spectrum is in 
agreement with the value 3, 80 ± 0. 15 reported by Nijgh, Wapstra 
and Van Lieshout 45>. 
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After correcting the 0. 0881 Me V intensity for the effect of the 
1-(E1 + M2)2+(E2)o+ directional correlation (cf. sect. IV. 8), the 
experimental ratio was 

/(Ka +KB) 

/(0. 0881) 
= 6.0 ± 0.7 

With the aid of fig.IV.4 the transition energy to the 2. 9196 Nl eV 
level was determined to be 0.1~·~:~~ MeV, and therefore the 
total transition energy is 3. 09 ~ ~: :~~ Me V. The errors are the 
maxi ::1um possible errors m ainly due to the errors in the 
efficiency calibration. 

IV. 5 The proposed decay schcme 

The de:!ay scheme of 176Ta ded'J.ced from all our experimental 
results (including those reported in sect. IV. 8), is given in 
fig. IV. :) . The energies of the excited states of 176Hf are calcu
lated from the energies of the de-excitation gamma rays as given 
in table IV. 1. 

From studies of the decay 2• 33• 34>or 176 Lu and l?f;mLu to 176Hf 
and from reaction experiments 46), the following low-spin ($.4) 
excited states in 171;Hf are known: 0, 0881 Me V (2+), 0. 2891 Me V 
(4 +) and '-"' 1,150 l\IeV (probably 1-). The levels at 0. 597 Me V 
(6+), 1.335 i\IeV (6+), 1.508 MeV (7+) and 1.562 MeV (8-) known 
from reaction studies 46> are clearly not excited in the decay 
of 176 Ta, because their de-excitation gamma rays are not ob
s e rved. 

The measured coincidence of the 1. 1588 M·zV gamma rà.y with 
the 1. 6948 Me V gamma ray and the coincidence of these gamma 
rays with the 0. 088 1 Me V transition prove the existence of 
levels at 1. 2483 r..'leV and 2. 9400 Me V, as the toial decay ener
gy is 3. 090 :\•leV. Interchanging of the order of the 1. 1588 MeV 
and the 1. 6948 Me V gamma rays would suggest levels at 1. 07 3 
:\leV and 0. 557 ::\leV, as the 1. 1588 Me V gamma ray is also 
coïncident with the 0. 7102 l\1eV and the 1. 2242 MeV gamma rays. 
From such levels no de-exci~ation gamma rays are observed. 
From the measured coincidence of the 0. 7102 Me V and the 
1. 2242 l\leV gamma rays with the 0. 0881 MeV and the 1. 1588 
:!\leV gamma rays, the existence of levels at 1 . 9567 MeV and 
2. 4726 Me V is deduced. The same reasoning does not hold for 
the measured coincidence of the 1. 1588 Me V gamma ray and the 
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• 
Fig.IV.5 Proposed decay scheme of l76Ta to l76Hf. 
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1. 0228 MeV gamma ray, because the 1. 0228 Me V gamma ray 
is also coïncident with the 0. 2010 Me V transition. As the 
1. 0228 Me V gamma ray is also coïncident with the 0. 7102 MeV 
transition, a level at 2. 9800 Me V is proposed. 

From the measured coincidences with the 0. 0881 MeV and the 
0. 2010 Me V transitions, the existence of a number of levels is 
deduced. A criterium for the existence of a level was the ob
servation or the absence in the coïncident spectra of at least 
two gamma peaks corresponding to gamma rays de-exciting the 
level to memhers of the groundstate rotational band. A peak 
is said to be absent when its intensity in the coïncident spectrum 
is less than 10% of the intensity to be expected in the case of 
a 100% coincidence. This criterium leads to levels at 1. 3410 
MeV, 1.4448MeV, 1.5773MeV, 1. 6414 MeV, 1. 7207MeV, 1.8615 
Me V, 2, 0438 Me V and 2. 9196 Me V. Levels are proposed at 
1.6693 MeV and 1.9132 MeV on the basis of the coincidences 
of the 1. 5812 MeV and the 1. 8251 MeV gamma rays with the 
0. 0881 Me V transition as the only other possible placement of 
these two gamma rays, namely feeding the 1. 2483 Me V level, 
is ruled out by the fact that they are not observed in coincidence 
with the 1. 1588 Me V gamma ray. 

Theexistenceoflevels at 1.7657MeV, 1.7927MeV, 2,3631 MeV, 
2. 6022 lVIeV, 2. 8558 Me V, 2. 9121 Me V and 2. 9544 Me V was 
deduced from the requirement that at least two transitions to 
memhers of the gr oundstate rota t ional band were observed, 
and at least two other gamma rays could be placed to or from 
excited states discussed above within the errors of the energies. 
Additional proof can be given in some cases. The 1. 5023 Me V 
gamma ray de-exciting the 1. 7927 Me V level is coïncident with 
the 0. 2010 Me V transition; the 2. 5160 MeV gamma ray de
exciting the 2, 6022 Me V level is coïncident with the 0, 0881 Me V 
transition and the 1. 1899 MeV gamma ray de-exciting the 2. 9121 
Me V level is coïncident with the 1, 6311 Me V and the 1. 7211 
MeV gamma rays. 

The proposed decay scheme is fully in agreement with all our 
data on coincidences as far as transitions with an intensity 
> 1. 8% are concerned. 

Between the levels discussed above, more gamma rays can be 
placed, in total 76 of the 104 observed transitions, accounting 
for 94 % of the tot al intensity of the gamma- ray spectrum. The 
intensity balance for each level shows that the levels at 0. 2891 
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MeV and 1. 3410 MeV are not fed by electron capture or 13+ decay 
directly. For the 0. 0881 MeV level, there must be additional 
feeding. The (3+ decay of 176 Ta accounts for 0. 38% of the total 
decay, the EC/(3+ ratio for the 0. 0881 Me V level is 1. 4, there
fore the upper limit for direct feeding(s) of the 0. 0881 Me V 
level (and the groundstate) is 0. 95%; the additional feeding which 
is still needed, must be due to the transitions which are not placed 
in the level scheme, In general, the transitions not placed in 
the level scheme, will influence the intensities of the electron 
capture feedings as given in fig. IV. 5 by no more than 1% (except 
for the 0. 0881 Me V level). The log ft values change in no case 
so much that a transition which is allowed according to its log 
ft value as given in fig. IV. 5 would be first-order forbidden ac
cording to the revised intensity or vice versa. For a number 
of levels above 2. 3 MeV, only an upper limit for the log ft va
lue is given, because of the relatively large error in the small 
transition energy to these levels. 

For some levels, spins and parities can be given uniquely on 
the basis of the character of the groundstate transition, i.e. 
the 1. 3410 Me V level: 2+; the 1. 7207 Me V level: 1-; the 1. 8615 
MeV level: 2+; the 2. 0438 MeV level: 1+ and the 2. 9196 MeV 
level: 1-. The spins and parities of the levels at 1. 2483 MeV, 
1. 6414 Me V, 1. 6993 lVIeV, 1. 9132 l\1eV, 1. 9567 Me V, 2. 9196 
MeV and 2. 9400 Me V are deduced from the analysis of our 
directional correlation data and conversion data (cf. sects. IV. 7 
and 8). The groundstate of 176 Ta must have spin and parity 
1- or 2- as is deduced from the log ft values: the transition to 
the 1- level at 2. 9196 MeV is allowed, the transition to the 2+ 
level at 1. 8615 MeV is allowed or first forbidden. The coupling 
rules of Gallagher and Moszkowski predict from the *-.ground-

. 173 7+ . 181 -state spm of Yb and the 2 groundstate spm of Ta for the 
spin and parity of the groundstate of 176Ta: 1-. 

IV. 6 Comparison withother experimental data on the decay of 176Ta 

A comparison of the present work with the previous work of 
Verheu1 1> and Staehle 2> shows that the single gamma-ray meas
urements agree with each other except for a number of newly 
observed weak gamma rays. As a consequence of the resolution 
of Nai(T.t) crystals, the poor statistica in the coïncident spectra 
and the complexity of the ')'-spectrum coincidences were in
correctly assigned in some cases, however. 
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The energies of the gamma rays as given in table IV. 1 are 
systematically lower than the values Harmatz 32> deduced from 
his measurements on the conversion electrons. The deviation 
is in agreement with the systematic difference between the values 
quoted by Harmatz 32> and West et al.. 47> for the energies of 
transitions in 177Ta. 

Fominikh et al. 35> reported the existence of a {3+ branch with an 
end-point of 3. 000 ± 0. 080 Me V and a total (3+ intensity of 1. 3o/o. 
Both are excluded by the experiments described in sect. IV. 4. 
We think that the counts in their spectrum above 2. 0 MeV re
sulted from scattering of high-energetic gamma rays, as the 
sourees used in their magnetic spectrometer were very strong 
(1 to 2 mCi). A total transition energy of 3. 090 MeV as reported 
by us is in agreement with the value of"' 3, 2 Me V deduced 
from {3- systematics. 

Recently Bernthal 37> reported the results of his study of the 
decay of 176Ta using high-resalution Ge(Li) and Si(Li) detectors, 
a pair spectrometer and a Compton surpression spectrometer. 
In general the energies . and intensities of the gamma rays as 
we found them are in good agreement with the values quoted 
by Bernthal. The most important exception is that Bernthal reports 
an intensity of 225 in units of table IV. 1 for the 0. 0881 MeV 
transition and his intensity for the corresponding L-conversion 
line is higher than the intensity reported by Harmatz32> to the 
same percentage. A probable explanation for this discrepancy 
could he that his 0. 0881 MeV peak was contaminated by the 
0. 0888 MeV transition occurring in the decay of 178Ta (Tl. = 
2. 2 h) which is produced to a great amount at the a-energy

2 
of 

40 Me V in the 175Lu(a, xn)179-xTa reactions. However, it is not 
clear from the presented data whether the other 178Ta transitions 
were observed with an equivalent intensity too. Certainly the 
extra intensity cannot result in a direct feeding of the 0. 0881 
Me V level of the corresponding strength (cf. sect. IV. 5). We 
missed, however, nearly all of the 171 weak transitions reported 
by Bernthal with an intensity <1o/o of the 0. 7102 MeV intensity, 
and did not recognize a number of multiplets. 

The energy-values quoted by Bernthal are in better agreement 
with our results than with the results of Harmatz 32>. 

F or his 'Y- 'Y coincidence studies Be rnthal had at his dispos al 
anadvanced multiparameter system employing a PDP7 computer. 
With this system he reeortled spectra in coincidence with 80 
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different gate energies. Again our results agree with Bernthal's 
except for the 0. 2010 - 0. 7018 MeV and the 0. 7102 - 1. 0228 
MeV coincidences, both having large experimental errors, which 
were not observed by Bernthal. 
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Fig. IV. 6 Partial decay se he mes according to Bernthai (b) and present work (a). 

The key to a solution for the level scheme of 176 Hf is a correct 
understanding of the cascades in which the complex transition 
of 1. 1588 Me V is involved. In fig. IV. 6 we give partical decay 
schemes after Bernthai (b) and ourselves (a). We were able to 
identify definitely 2 components in the 1. 1588 Me V peak (cf. sect. 
IV. 2), while Bernthai finds three: 1. 1555 Me V, 1. 1574 MeV 
and 1. 1593 MeV. He established the existence of a 1.1574 -
1. 2249 Me V cascade in addition to the 1. 2229 - 1. 1593 Me V 
cascade we had already found. 

Bernthai completed his version of the level scheme using his 
coincidence data only, 47 levels are proposed, they are listed 
in table IV. 4. His evidence for the existence of two doublets 
at 2. 308 Me V and 2. 920 Me V seemsnot very convincing however. 
Three levels proposed by us on the basis of energy sums only 
(2. 9544, 2. 8558 and 2. 3631 MeV) are not proposed by Bernthal; 
the transitions depopulating these levels were observed, but not 
placed in the level scheme. 
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The log ft values given by Bernthai for the direct feedings of 
the 176 Hf levels need correction, because they were calculated 
using the incorrect transition energy of 4. 080 ± 0. 100 Me V 
reported by Fominikh35> • 

Only a few spin and parity assignments could be given definitely 
on the basis of the conversion data and placements in the level 
scheme. 

TABLE IV,4 
176Hf levels as reported by F. M. Bernthai 

E(MeV) 111' E(MeV) 111' E(MeV) 111' 

0 , 0883 2+ 1. 7675 <na) 2,4320 

0. 2902 4+ 1. 7861 (3+) 2. 4707 <n 

1,1499 o• 1. 7937 (s-} 2.6022 (C} 
1. 2266 i.+) a) 1. 8190 2, 7626 

1. 2477 2- 1.8540 (s-} 2.7915 

1.2932 o• 1,8569 (2+) 2. 8176 

1.3133 3- 1,8628 (1+) a) 2. 8782 

1, 3413 (2+) a) 1. 9120 (2+) 2,9122 

1,3794 (2+) 1. 9246 (2-) a) 2. 920 b) 1-

1.4046 (3+) 1. 9497 2,9441 <n 

1.4458 (3-) 1.9581 (s-} a) 2,9690 

1,5777 <na> . 2. 0448 en 

1,6434 1- 2,0662 (2+) 

1,6723 (2+) 2.2652 en 

1.7046 (2+) 2.2808 <n 

1. 7102 (s-) a) 2. 308 b) 

1,7221 c 2.4054 en 

a) ( ) placed by present author, other assignments cannot be ruled out on 
the basis of the reported experimemal data. 

b) Possible doublet. 

IV. 7 Gamma-gamma directional correlation experiments 

In order to establish the spins of excited states of 176 Hf we 
performed experiments on the directional correlations between 
st rong 'Y- rays following the decay of 176Ta. The whole spectrum 
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of 'Y-rays was recorded in coincidence with the 0. 0881 Me V tran
sition at different angles between the detector axes during 104 

or 2 x 104 sec. per angle, depending on the number of angles 
selected. For 4 sourees measurements we re performed at 5 angles 
namely 90° - 135° - 180° - 135° - 90°, for the last 6 sourees 
at 90° - 135° - 180° and 180° - 225° - 270° alternately. The 
last 3 measurements were background measurements, see below. 
In all experiments the souree was placed at 2. 0 cm from the 
detector in which the 0. 0881 Me V 'Y-ray was detected, and at 
4. 7 cm from the other detector. 

The coïncident spectra were corrected for random coincidences 
and normalized by means of the single spectra recorded before 
and after each coincidence measurement (cf. sect. Ill. 3). The 
data had also to be corrected for dead time losses in the slow 
channels, depending on the pulse-height distribution in the spec
trum. The de ad time of the single channel analyzer which selected 
the 0. 0881 l\1eV transition was 10. 0 ± 0. 1 J.lS, The dead time 
in the other side of the coincidence set-up (cf. fig. 111. 1) was 
15.7 ± 0. 1 J.lS. The extra contribution to the latter was intro
duced by the multichannel analyzer, which has a dead time for 
every incoming pulse even when it is not accompanied by a 
gate pulse. We had to take this contribution into account because 
in the actual experiments the incoming spectrum was intense, 
the number of gate pulses per second very little, while the 
measurements were real time measurements. 

The background contribution to the coïncident spectra was deter
mined experimentally. In these measurements the single channel 
analyzer was set just above the 0. 0881 Me V peak in the Compton 
background. Again the data we re corrected for random coincidences 
and dead time losses. After proper normalization by means of 
the single counting rates the background contribution was sub
tracted from the summed coïncident spectra. The results are 
given in table IV. 5. 

The analysis of the data was carried out in the following way: 
first all cascades of the type I11(L 171'1+L1n)2+(E2)o+ were analysed. 
All necessary F-coefficients for I11 = ot, 1±, 2±, 3±, 4t and 
st were fed into the computer program, as well as the calculated 
geometrical attenuation coefficients Qk and the theoretical and 
experimental conversion coefficients of the relevant radiations, 
taken from Hager and Seltzer respectively table IV.l. Correct
ions for the finite size of the souree were not applied because 
they would be very small (""1%) compared with the accuracy 
obtained. 
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TABLE IV.5 

Results 'of the y-y directional correlation expcriments. 

Cascade Ncc(90o) Ncc(135°) N (180°) 
cc 

0,2010 - 0.01181 20910 ± 360 22240 t 350 23160 t 400 

0.7102- 0.0881 3480 t 190 3390 t 200 3370 t 230 

1.1588- 0,0881 9850 ± 220 9620 t 220 9960 t 250 

1,2242- 0,0881 2230 t 140 2190 tl40 2320 t 150 

1.8251- 0.0881 470 ± llO 480 ± 100 720 t 110 

2,8315- 0.0881 500 ± 35 440 t 35 390 t 35 

Once the direct cascades had been analysed the triple cascades 
were examined using the experimental results on the 1. 1588 -

<M2 > 
0. 0881 MeV cascade: ö"'/(1. 1588 MeV) =<El> = -0.37 ± 0. 015 

and the level at 1. 2483 Me V has spin 2- (cf. sect. IV. 8). 

For the 0.2010 - 0.0881 Me V cascade we found: 

possible solutions with L > 1"/o 61 (y) x2 L 

4+(E2 + M3) 2+(E2) o+ 0.013 t 0.035 0.45 35"/o 

3-(El + M2) 2+ (E2) 0+ -0.23 t 0.02 0.16 40"/o 

2-(E1 + M2) 2+(E2) 0+ -0.23 ±0. 02 1.05 25% 

As can be seen, the results on the 0. 2010- 0. 0881 Me V cascade 
agree with the known 4+ (E2)2+ (E2)0+ character of this cascade 
in +J,e groundstate rotational band. So no effects of extra-nuclear 
fielu;.:; or attenuation due to souree thickness have to be taken 
into account. 

The results of the analysis of the other cascades will be given 
in sect. IV. 8 in combination with the results of the analysis of 
the 'Y-e- directional correlation experiments. 

IV. 8 Electron gamma directional correlation experiments 

In the electron-gamma directional correlation experiments the 
whole gamma- ray spectrum following the decay of 176Ta was 
measured in coincidence with the L-conversion electrans of the 
0. 0881 MeV transition and with the K-conversion electrans of 
the 0. 2010 Me V transiti.on. For the former experiments 19 
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sourees were used, 3 for background measurements, for the 
latter experiments 21 sourees were used, 2 for background 
measurements. Data were taken at angles of 90°-135°-180° and 
180°-225°-270° alternately, each coincidence measurement took 
2 x 10-l sec. The souree was placed at 5. 0 cm from the ')'
detector and at 1. 0 cm from the electron detector. 

Again the coïncident spectra were corrected for random coin
cidences and dead tiine losses, and normalized with the aid of 
the single spectra recorded before and after each coincidence 
measurement. The dead time in the single channel analyzer was 
7. 5 ± 0. 5 f.lS in this case. Finally the background contribution 
was subtracted after proper normalization. The results are 
given in table IV. 6. 

TABLE IV,6 

Results of the e--'! and 1-e- directional corcelation experiment>. 

Cascade Ncc(90o) Ncc(135°) Nee (180°) 

0.::!010., - ceL0.0881 171.700 t 1500 184.100 :1: 1400 195.400:!:. 1400 

o. 710::!., - ceL0.0881 ::!9.-l60:!:. 690 30.600 ± 630 30. 370 :t 630 

1.0228., - l'CL 0. 0881 9.-l40 :t 580 9.270 t. 540 8.650 t. 540 

l. 1588., - çeL0.0881 86.030 :t 720 83.750 t 630 82.030 :1: 630 

l. 22-l2'f - ceL0.0881 :20. ~qo t 510 ~0.510 t 460 19. 660 :t 450 

1.5530., - ceL0.0881 9.660 ± 3-lO 9. 350 ± 310 9.590 t. 310 

1,581:2., - ceL0.0881 10.330 t 330 10.950 t 300 11. 740 :t 310 

1,6948., - ceL0.0881 8. 410 ± 260 8, 970 ± 240 8.990 :!:. 250 

1.8:251., - ceL0,0881 7.670 t 350 8.200 :1: 320 8.600 :t 320 

2. 8315., - ceL 0. 0881 3. 820 ± uo 3. 780 ± 90 3.590 t 95 

ceKO. 2010 - 0.0881., 17.60o t 68v 19.ll0 :t 670 20. 930 t 700 

The analysis took somewhat more care because of the cor
rections for finite size of the source. These corrections were 
applied using the formulae given by Verheul et al. 19> , which 
we re built in into our computer program . First the cascades 
0, 2010-y - ceL 0. 0881 and eeK 0. 2010 - 0, 0881-y were fitted to 
the form of a 4+(E2)2+(E2)0+ cascade by means of our compu
ter program which varied the values of the partiele parameters 
in this case until the best fit was obtained. In the analysis the 
well-known recurrence relations between b 2 and b 4 were used. 
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TABLE lV,7 

Analysis of the dilectional correlation data, 

Cascade Solutions with L > 1"/<> &1<rl x2 L 

0 1,1688 - o. 0881 1-(El + M2) 2+(E2) o+ 0.19 t o. 01 6.00 23"/o 

Z""(El + M2) 2+(E2) o+ -o. 37 ± o. 016 3.60 77"/<> 

1. 6630 - 0. 0881 1-(El + M2) 2+(E2) o+ 0.19 t 0.035 3.46 96"/<> 

z-(El + M2) 2 + (E2) o+ -0.26 ± 0. 036 a. 10 fl'/o 

1. 6812 - o. 0881 1-(El + M2) 2+(E2) 0+ 0.30 ± 0.036 1.16 23"/o 

2-(El + M2) 2+(E2) o+ -0.20 t 0.04 0.10 39"/<> 

3""(El + M2) r(E2) o+ 0.24 ± 0,04 0.16 ssop 

0 1.8261 - o. 0881 2+(Ml + E2) r(E2) o+ <-17.5; >14 3.60 l7"lo 

Z""(El + M2) r(E2) o+ 0.46 ± 0.06 4,30 12"/<> 

3+(Ml + E2) 2+(E2) o+ -2.3 t. 0.5 2. 70 27"/<> 

3"" (El + M2) 2+(E2) 0 + -0, 31 t. 0.09 4.60 10"/<> 

4+(E2 + M3) 2+(E2) o+ o.o '± 0.08 2.30 34% 

"2.8315 - o. 0881 C(El + M2) 2+(E2) o+ 0.16 t 0.025 3. 40 90"/<> 

Z""(El + M2) 2+(E2) o+ -0.40 t 0.045 7.80 10"/<> 

•o. 1102- 1.1688- o. 0881 C(Ml + E2) Z""(El + M2) 2+(E2) 0+ o. 26 t 0,06 1.35 31"/<> 

2~(Ml + E2) 2-(El + M2) 2+(E2) o+ -0.27 t 0.08 1.10 36% 

3""(Ml + E2) z-(El + M2) 2+(E2) o+ -0.16 ± 0.08 l. 25 33".1> 

1.0228-0,2010-0.0881 3-(El + M2) 4+(62) 2+(62) o+ 0.10 t. 0. 035 l. 25 100"/<> 

1.6948- 1.1588-0,0881 1+(61 + M2) 2-(El + M2) 2+(E2) o+ 0.37 t 0.07 2.30 21"/<> 

1-(Ml + E2) 2-(El + M2) 2+(E2) o+ <-7.6 4.45 7"/<> 

1-(Ml + E2) z-(61 + M2) 2+(E2) o+ 0.34 t0.07 5. 30 4. 6'J> 

2+(El + M2) z-(61 + M2) r(E2) o+ -0,27 t 0.10 4.60 6.5"/<> 

2-(Ml + E2) 2-(61 + M2) 2+(62) o+ 3.6 
+ 2.0 

0.20 61% 
- 1.0 
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The experimental values of the b2 electron partiele parameters 
thus obtained are 

b2 (ceL, 0. 0881) 

b2 (cek, 0. 2010) 

1.22 ± 0.10 with x2 = 0.05 
+0.45 . .2 

1. 65 _ o. 29 wlth X = 0. 07. 

Inserting the experimental value of b 2 (ceL, 0, 0881) the other 
direct cascades were analysed. All cascades were assumed to 
be of the type 111(L 1 7r1 + q .1r 1)2+ (E2)0+ with 1,.. = o:t, 1:t, 2:t, 
3t. 4.± or 5.±. All necessary F-coefficients, attenuation coef
ficients Q k(i) and theoretica! and experimental conversion coef
ficients ~ere fed into the computer program. Once the direct 
correlations had been analysed the triple correlations were an
alysed using the experimental results on the 1. 1588 - 0, 0881 Me V 

<M2> 
cascade: 6y(1.1588 MeV) =<El>= -0,37 ± 0.015 and the level 

at 1. 2483 Me V has spin 2-. 

The results of the analysis are given in table IV. 7. For the 
cascades marked with a star the solutions were obtained by 
combining the data of the 'Y-'Y and the ')'-e- directional correlation 
experiments. In some cases the number of possible solutions 
was restricted by the requirements I I 0 and I s_ 2, namely 
for cascades with upper levels which decay to the ground state 
and the first excited state by gamma radiations with intensities 
differing by not more than one order of magnitude, 

The levels for which spin assignments can he given on the 
basis of the foregoing are 

1. 2483 Me V 2-
1.6414 MeV 1-

2. 9196 Me V 1-
2,9400 Me V 2-

According to Bernthal37> the 1. 0228 Me V transition de-excites 
a level at 1. 3133 Me V. For the spin and parity of the 1. 3133 
Me V level we find then, using our experimental data: 3-. 

The 1. 1588 Me V transition is complex (cf. fig. IV. 6), In this rare 
case however, the influence of the interfering cascades is neg
legible as can be calculated with the aid of eq. 11 21 - 23 and 
the known intensity ratios. 

In the view of Bernthais results (cf. fig. IV. 6) on the complex 
1.2242MeVtransition we were unable to analyse the experimental 
data on the 1. 2242 - 0. 0881 Me V cascade, 
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CHAPTER V 

DISCUSSION OF THE DECAY SCHEME OF 176Ta 

The nuclei in the rare-earth region are assumed to have a non
spherical equilibrium shape. Nuclear models descrihing non
spherical nuclei have been initiated by Bohr, Mottelson and 
Nilsson50 -53>. For low excited states the motions of the indi
vidual nucleons in a deformed potential well, the collective vi
brations of the nucleus around its equilibrium shape and the 
collective rotational motions were originally treated separately 
in these models (adiabatic assumption). 

V. 1 Collective motions 

Let the surface of a nucleus be described by R(9, l/>) in which 9 
and q, are polar coordinates with respect to a space-fixed coor
dinate system. Expanding R(9, l/>) into spherical harmonies we get 

eq·. V.1 

in which R
0 

is the radius of a sphere with the same volume as 
the nucleus. Surface oscillations with À= 0 correspond to a vol
ume change; as nuclear matter is assumed to be incompressible 
these oscillations are not of interest here, neither are the os
cillations with À = 1 because they describe a translation of the 
centre of mass of the nucleus. For the moment we break off 
the expansion at À= 2. To facilitate further calculations a trans
formation is carried out to a coordinate system whose axes co
incide with the principal axes of the nucleus. Instead of the 
parameters a 2 , the parameters 91' 92 , 9 3 , f3 and 'Y are now 
used; the Eule/ angles 91 , 92 and 93 determine the orientation 
of the nucleus in space and the parameters f3 and 'Y describe 
the shape of the nucleus. The increments of the axes of the el
lipsoid are given by 

óRi = V5/471 R
0 

f3cos (y - 2d/3), i = 1, 2, 3 eq. V. 2 

As f3 = EI a 2 1
2 it is a me as ure for the tot al deformation of the 

11 11 

nucleus. For the following we confine ourselves to axial sym
metrie even-even nuclei with 'Y = 0. The collective motions of 
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these nuclei can he understood in terms of the new parameters. 
Rotations are described by variations of the Euler angles 8i 
(i = 1, 2, 3). Variations of the total deformation {3 are called 
{3-vibrations, these vibrations carry no angular momenturn along 
the symmetry-axis of the nucleus (z'-axis). The 'Y-vibrations 
which describe deviations from axial symmetry carry two units 
of angular momenturn along the z'-axis. The {j- and 'Y-vibrations 
have positive parity. Octupole-vibrations are also described by 
the model if we break off the expansion in eq. V. 1 at À = 3, 
These vibrations have negative parity and carry 0, 1, 2 or 3 
units of angular momenturn along the z'-axis. 

z' 

Fig. V. 1 Angular momenturn coupling scheme (deformed nucleus). 

The total angular momenturn Î of the nucleus is the veetorsurn 
of the intrinsic angular momenturn :! and the rotational angular 
momenturn R, cf. fig. V. 1. The projections of Î and 1 on the 
z'-axis are denoted by K and n respectively. Rotations around 
the z'-axis have no physical meaning, so R 1 z'-axis, n = K 
and all memhers of a rotational band have the same K-value. 
In the groundstate of the band I0 = K (except for K~~" = o-, see 
below), The energies of the rotational levels of a band are given 
by 

h2 
E 1 = EK +-I (I + 1) 

2Jo 
eq. V. 3 

in which J
0 

is the moment of inertia of the nucleus in the ground
state of the band; EK the groundstate excitation energy; I = K, 
K + 1 . . . if K F 0; I = 0, 2, 4 . . . if K~~" = o+; I = 1, 3, 5 .•• 
if Kil" = o-. 
Rotational bands may be built upon every intrinsic state of the 
nucleus, e.g. the groundstate (K~~" = o+). a {3-vibrational state 

6~ 



(K 11 = o+), a 'Y-vibrational state (K'~~' = 2+), an octupole-vibrational 
state (K'~~' = o-, 1-, 2-, 3-), or a partiele excitation. 
The quantumnumber K gives rise to a new though not rigourous 
selection rule: in any nuclear transition 1&1 ~ L, in which L 
denotes the multipolarity of the radiation. In general K-forbidden 
transitions are retarded, the degree of forbiddenness equals 
I~KI - L. . 
For allowed transitions the Alaga branching rules 54

) give the 
ratio of the reduced transition probabilities of transitions from 
a state with Ii and Ki to memhers of a rotational band with K = Kr 

B(L; Ii -+ I;l 

B(L; Ii -+ If) 

<Ii Ki L(Kr - Ki)II} Kr>
2 

<Ii Ki L(Kf - Ki)IIf Kr>
2 

V. 2 Single partiele motions 

V. 2. 1 THE NILSSON MODEL 

eq. V. 4 

An odd-A nucleus may be thought of as an even-even core in 
which all nucleons are paired plus one single nucleon moving 
in a deformed potential well. Nilsson52> calculated the single 
partiele states of this nucleon using an axial symmetrie har
monie oscillator potential plus a spin-orbit term and a term 
proportional to ~ 2 • 

The single partiele wave functions calculated by Nilsson with this 
Hamiltonian are characterized by the values of K and 1f and the 
set of quantumnumbers (N, nz, A), in which N is the total num
ber of oscillator quanta, n 2 the number of oscillator quanta a
long the z'-axis and A the component of orbital angular momen
turn of the partiele along the z'-axis. The single partiele states 
of odd-N and odd-Z nuclei are given in fig. V. 2 as a function 
of deformation ( ó s:.t. 0. 95 {3 for small {3) for 5 0 < Z < 82 and 
82 < N < 126. 
In an odd-even nucleus the spin of the groundstate is determined 
by the angular momenturn of the last odd particle. In an odd
odd deformed nucleus the angular momenta np and fl

0 
of the 

last unpaired proton and the last unpaired neutron determine the 
groundstate spin. We may have I0 = flp + fl0 or I 0 = lflp - fl 0 l 
The coupli.ng rules of Gallagher and Moszkowski 55> determine 
which one of these states is the groundstate: 

n + n if n = A ± ! and n = A ± ! p n p p n n eq. V.5 
I n - n I if n = A ± ! and n = A "=~= ! p n p p n n 
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V, 2, 2 PAlRING EFFECTS 

A nuclear model incorporating the experimentally found pa1rmg 
effects is the superfluid model or BCS model, named after 
Bardeen, Cooper and Schrieffer 56>. The basis of this model is 
that for two like nucleons with the same value j of the angular 
momenturn it is energetically favourable to couple to a pair with 
total angular momenturn zero. An even-even nucleus in the 
groundstate is supposed to consist of such pairs. The Hamiltonian 
H has two terms: a term containing the short range pairing in
teraction and a term containing the relevant single partiele en
ergies (e.g. the energies of the Nilsson states at a given defor
mation). The BCS groundstate can now be found57> by minimizing 
<H> under the conditions that 1) every doubly degenerate single 
partiele level is either empty or occupied by a pair 2) the ex
pectation value of the number operator equals the number of 
nucleons in the nucleus. Excited states implying the breaking 
up of a pair are described with the aid of the quasipartiele op
erators introduced by Bogoliubov58> and Valentin59>. A quasi
partiele may be thought of as a combination of a partiele in a · 
state (j, m) and a hole in a state (j, -m). So in an even-even 
nucleus the breaking up of a pair creates two quasiparticles. 
The minimum excitation energy of such a state equals 2 t:., in 
which A is proportional to the strength of the pairing interaction. 
The value of the parameter A can be determined from the well
known energy gap in the spectra of even-even nuclei, and from 
the odd-even mass differences. 
Excited stat es with Iw = o• can be generated by exciting a pair. 
Moreover, Bohr 60> suggested that in a way analogous to the way 
in which fluctuations in the average quadrupale field give rise 
to t3-vibrations, fluctuations in the average pairing field will 
give rise to other collective excitations, the so-called pai ring 
vibrations. Instead of a distartion of the shape of the nucleus 
a fluctuation of the energy gap occurs. An extensive discussion 
of pairing vibrations and their analogy to quadrupale vibrations 
has been given by Bés and Broglia 61). 

V. 3 The decay of 176Ta 

In this section we will try to give an interpretation of the ex
perimentally found excited states in 176Hf (cf. fig. V. 3) in terms 
of the models briefly discussed in the preceeding sections and 
a number of more complicated theoretica! calculations. lf the 
spin and parity of an excited state are unknown, it is impossible 
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todetermine the character of the state, but even when they are 
known, it is difficult to assign definitely a certain character to 
it. In many cases the knowledge of the quantumnumber K facil
itates the assignment. So our first aim must he to find the value 
of K for each level from the Alaga branching rules 54>. 

V. 3. 1 INTERPRET A TION OF THE EXPERIMENT AL RE SUL TS 

Fora number of levels in 176 Hf the value of the quantumnumber 
K can he found on the basis of the experimental branching ratios, 
applying the Alaga branching rules. They are listed in table 
V. 1. The 11rK = 0 + 0 states at 1.1499 MeV and 1. 2932 MeV 
are found by Bernthal37> as well as the 17rK = 3-(2) state at 
1. 3133 MeV. 

Table V.1 

K-values of excited states of 176Hf 

E{MeV} 111' K Possible level character 

1.1499 o+ 0 8-vibration 

1. 2483 T 2 octupole-vibration 

1. 2932 o+ 0 8-vibration 

1. 3!33 3- (2) 

1.34!0 2+ 2 y-vibration 

1.6414 c 0 octupole-vibration 

1. 6693 r. 2-, 3- 0 or 1 

l. 7207 1- 0 or 1 

1.86!5 2+ 2 y-vibration 

1. 9132 2, 3, 4 1=3 wirh K=2 

2.0438 l+ l partiele excitation 

2.9196 1- 1 

2.9400 2-

The levels at 0. 0881 Me V (2+), 0. 2891 Me V (4+) and 0. 597 MeV 
(6+) are memhers of the groundstate rotational band, so K = 0. 
The energies follow the 1(1 + 1)-rule, although a much better 
agreement is achieved when the rotation-vibration interaction is 
taken into account (see e.g. ref. 62-64) with the well-known 
energy rule 

E 1 =A 1(1 + 1) + B{l{l + 1>} 2 eq. V. 6 

The level at 1. 2483 MeV has K = 2 on the basis of the intensity 
ratio of the groundstate transition and the M2 component of the 
1.1588 MeV transition. The El component of the 1. 1588 MeV 
transition is obviously retarded; we can at least partially un
derstand this retardation now, because the El component is K-
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forbidden. The 3- -member of the rotational band built upon the 
1. 2483 MeV level may be the level at 1. 3133 MeV. The assign
ment K = 1 to the level at 2. 9400 MeV is based on the fact 
that the level decays to the groundstate while no transition to 
the 0. 0881 MeV level has been observed. Probably this level is 
the 2--member ofthe rotational band built upon the 2.9196 MeV 
level. The small energy difference between these states may 
be caused by Coriolis coupling to a near lying Kw = o- band, 
which displaces the odd memhers of the K~~" = 1- band upwards 
relative to the even members. 
The structure of the groundstate of 176Ta is assumed to be 
(p[404]7/ 2 +, n[512] 5/ 2 -)1-. The low logjt values of the E.C. 
decay to the 176Hf levels at 2. 9196 MeV and 2. 9400 MeV would 
suggest that these levels have a simple two-particle configura
tion invalving the n[512] 5/ 2 - state, coupling to K = 1. Unfortu
nately, however, such a configuration is not available. Then 
the low log ft values can only be understood by assuming that 
the wave functions contain four-particle components. A similar 
reasoning holds for the level at 2. 9800 Me V of which the spin 
and parity are not known. 

V. 3. 2 COMPARlSON WlTH MORE DETAILED THEORET!CAL CALCU!.ATIONS 

In fig. V. 3 the experimental results now available on the 176 Hf 
levels are shown, tagether with the levels calculated by several 
authors. Without discussing the work of these a ut hors in detail, 
we will briefly mention the main features of their calculations. 
The {3- and 'Y- vibrational states we re investigated by Marshalek 62• 65> 
and Bés 63·66), taking into account the interaction of the {3- and 
'Y-vibrational states with the groundstate rotational band. The 
calculations of Bés, however, do not include the non-adiabatic 
effects that more recent calculations of this type include (cen
trifugal stretching and Coriolis anti-pairing effects 67>) . Never
theless there is reasonable agreement between experiment and 
Bés• predictions (cf. fig. V. 3). 
The early results of Marshalek65> on the {3- and y-vibrational 
states, shown in fig. V. 3, provide a microscopie description 
of the 176 Hf levels. These results were obtained with a pure 
harmonie oscillator potential and Nilsson asymptotic wave func
tions. There appears to be a good agreement with experiment. 
Wold 68> explains the deviation from the I(I + 1) - rule in the 
groundstate rotational band in terms of the centrifugal stretching 
of a rotor extending the calculations of Sood 69). 

Mikoshiba 70) performed calculations on pairing vibrations plus 
quadrupale oscillations in 176Hf, taking into account centrifugal 
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stretching and Coriolis anti-pairing effects. The results of these 
calculations suggest that the lowest o+ states in 176Hf are pri
marily of pairing vibrational character, 
Malov and Soloviev 71> gave a microscopie de scription of the 
vibrational states in 176Hf in terms of the superfluid nuclear 
model. Their results were obtained with single partiele energies 
and wave functions calculated for A = 181 with a Saxon-Woods 
potential at a deformation f3 = 0. 23. More recently Soloviev 72> 
performed similar calculations, his results are given in table 
V. 2. Experiment al counterparts can be found for most of the 
predicted levels, 

K1T E(MeV} 

o+ 1.2 
2- 1.2 
o+ 1.5 
2+ 1.5 

o- 1.6 

r 1.6 

1- 1.8 
2- 2.0 
2+ 2. 0 
o- 2.3 

Table V,2 
176Hf levels calculated by Soloviev 

Structure 0
} 

nn624f512t 59"/o; pp402t514t 24.6o/o; nn6:j3f52lt 2o/o 

nn512f510f 51.2"/o; nn514J512~ 13"/o; nn624f642t 7.6o/o; 
nn512J510t 3. So/o; pp402f411J. 2. 9"/o; pp411 t41H 2.6o/o 
nn514J633t 30o/o; nn512f642f 8. 2o/o; pp541J.411~ 6. 8o/o; 
nn615 t 505 t 6o/o 
nn633t512f 57"/o; nn624t514J. 12o/o; pp404~514t 12o/o; 
pp402 t 523 t 2o/o 
pp514t404J. 87.4o/o; nn633t512t 9"/o; nn624f514J. 2.8o/o 
pp514f402t 70.5o/o; nn624t512f 29.5o/o 
pp402 t41U 97o/o; nn512f SlOt 2"/o 
nn514 ~633 t 67. 8o/o; nn512t642f 10, 2o/o; pp541H1U. 4. 6o/o 

0
} The number ui plets stand for [N, nz,A ]; t stands for K .. A + i, J. stands for K .. A - i. 

From the above conclusions can be drawn with respect to what 
further studies would be appropriate. Due to the complexity of 
the decay of 176Ta it will be very difficult to give more spin 
and parity assignments on the basis of decay studies. Reaction 
studies, however, could yield much information. For instance, 
collective levels can be found by (p, p') or (d, d') reaction studies. 
The simultaneous observation of the associated gamma rays 
would give further information on the placement of weak gamma 
rays. Moreover, the predictions of Mikoshiba 70> on the pairing 
vibrational statea can be tested by means of (t, p) reactions on 
174Hf. 
A half-life of 4. 75 ± 0. 25 ns was observed in the decay of 176Ta 
by Hönig73} and assigned by him to the 1. 2266 Me V level. How
ever, his results can only be brought into agreement with the 
most recent experimental results on the decay of 176 Ta by as-
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suming this half-life belongs to the 1. 4448 Me V level. We sug
gest that this half-life he remeasured with the aid of a Ge (Li) 
detector )n order to prove this tentative assignment which was 
not used in the interpretation of the decay scheme because of its 
uncertainty. 

V. 4 The electron partiele parameters 

The experimental values of the electron partiele parameters 
b::!(ceL, 0.0881) = 1.22 ±0.10 and b 2(ceK' 0.2010) = 1.65~~·~5 
are fully in agreement with the values 1. 24 respectively 1: ~2 
calculated by Hager and Seltzer7>. Within the limits of our ex
perimental errors we do not observe the perturbation of the E2 
conversion matrix elements which was suggested to exist some 
years ago (cf. eh. I). In the view of more recent publications 
we do not have to be surprised about this result. Mate se 74> 
calculated the influence of the static quadrupale moment of de
formed nuclei on the values of the L- she ll conversion coefficients. 
He found an effect which was two orders of magnitude too low 
to account for the reported discrepancies. Dingus and Rud 75> 
have found that many of the reported anomalies are due to de
fective interpolation of the conversion coefficients as a function 
of Z, which gave errors in the tabulated values of RoseS> and 
Sliv and Bands>. The recent calculations of Hager and Seltzer7) 
were performed for every Z-value between 30 and 103 to avoid 
these interpolation errors. However, all calculations on conver
sion coefficients now available give values for the Lesheli E2 
conversion coefficient which are 15 - 20o/o too low, due to a can
cellation effect occurring in the calculations. 
In general a good agreement is found between theoretica! and 
experimental values for K-shell E2 partiele parameters7,76) in 
the rare-earth region. For the L-shell few experimental results 
are available, but agreement with theory seems likely. For some 
values of K- and L-shell E2 partiele parameters in 152Sm and 
154Gd a comparison between theory and experiment cannot be 
made: several authors (see ref. 77) report values differing sig
nificantly from theory, while others (see ref. 78) report agree
ment with theory. This discrepancy between the different ex
periment al values must he due to systematic errors occurring 
in the experiments of either group of authors. 
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SUMMARY 

In this thesis directional correlation experiments on the radiations 
following the decay of 176Ta to 176Hf are reported. 

In chapter II we give an outline of the theory of directional cor
relations. Special attention is paid to some features of gamma
gamma and electron-gamma directional correlations. Finally a 
number of experimental difficulties which arise, i.e. geometrie al 
attenuation, attenuation due to extra-nuclear fields and attenuation 
due to source-thickness are discussed. Values of the geometrical 
attenuation coefficients for Ge(Li) and Si(Li) detectors are cal
culated and given graphically. 

In chàpter III we describe the apparatus which was used for the 
experiments. The radiations were detected with the aid of two 
Ge(Li) detectors and a Si(Li) detector. All electranies were 
ORTEC modules. The special problems arising in the coincidence 
measurements from the low energy of the radiations are discussed 
together with their solutions. The directional correlation exper
iments were controlled by an automaton. We tested the directional 
correlation apparatus with the aid of the well-known 
13/2-(M4)5/2+(E2)Î+ cascade occurring in the decay of 207Bi to 
207Pb. In this chapter we also describe an objective method for 
the analysis of directional correlation data with the aid of a 
computer program carrying out a X2 -test. Some disadvantages 
of the method employing parametrie plots are discussed. 

Chapter IV deals with the experiments on the decay of l76Ta. 
As no definite level scheme for 176Hf was known when this in
vestigation was started, we first established the decay scheme 
of 176Ta using the results of single gamma-ray and conversion 
electron measurements as well as coincidence measurements. We 
also determined experimentally the total EC I~ ratio and the 
transition energy. From the view-point of the interpre~ation 

directional correlation experiments became appropriate now. 
We performed these experiments examining all cascades invalving 
strong gamma rays or conversion electron transitions. As a 
consequence of the half-life of 8. 08 h we had to use many sources. 
All coïncident spectra were properly normalized, summed and 
corrected for background contributions. The results of the analysis 
of the data are given in sect. IV. 8. 
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In the last chapter we mention some features of nuclear models 
describing nuclei in the rare-earth region. Calculations on the 
levels of 176 Hf as reported by several authors are compared 
with our experimental results. The recent calculations of Soloviev 
give a reasonable agreement. The experimental values of the 
electron partiele parameters agree with the theoretica! values 
calculated by Hager and Seltzer. 
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STELLINGEN 

1. Ten onrechte gebruiken vele auteurs de uitdrukking "angular 
correlations" waar "directional correlations" bedoeld is. 

2. Hoewel Agarwal et al. zeggen dat hun e~erimentele waarden 
voor een aantal deeltjesparameters in 15 Sm in overeenstem
ming zijn met de theoretisch berekende waarden, is hiermee 
de bestaande controverse tussen theorie en experiment niet 
opgeheven, daar zij mogelijke systematische fouten onvol
doende discussieren. 

Y. K. Agarwal et al. Nucl. Phys. A 127 ( 1969) 661. 

3. Ten onrechte heeft Schmidt-Ott bij het bepalen van de fout 
in zijn experimentele waarde voor de overgangsenergie van 
185os naar 185Re geen rekening gehouden met het onbekend 
zijn van het karakter van de overgang naar het 0. 9311 MeV 
niveau. 

W. -D.Schmidt·Ott, Z. Physik 232 (1970) 398. 

4. De door Lycklama en Kenneth beschreven computerprogram
ma's COMB en RCMB die zij, uitgaande van hun experimen
tele gegevens uit (n, y) reacties, gebruikten voor de construc
tie van een niveauschema van 88Sr, dienen te worden uitge
breid met een test op de betrouwbaarheid van het verkregen 
resultaat. 

H.Lycklarna and T.J.Kenneth, Nucl. Phys. A 139 (1969) 625. 

5. Het is niet zinvol geometrische verzwakkingscoefficienten voor 
coaxiale Ge(Li) detectoren te berekenen met een nauwkeurig
heid beter dan 1%. 

6. Bij de door Heighway en MacArthur uitgevoerde berekeningen 
ten aanzien van de invloed van de afmetingen van de tref
plaat op de hoekverdeling van reactiegamma's zijn de hoek
afhankelijke correcties op onjuiste wijze berekend, terwijl 
tevens ten onrechte de schijn wordt gewekt dat deze correc
ties van weinig belang zijn. 

E.A.Heighway and J.D.MacArthur, Nucl. Instr. and Meth. 79 (1970) 224. 



7. Het nuttig effect van het natuurkundig practicum voor studen
ten in de geneeskunde kan worden verhoogd door naast de 
natuurkundige methoden de toepassingen hiervan in de ge
neeskunde expliciet aan de orde te stellen. 

8. Het verdient aanbeveling dat de Gereformeerde Kerken in 
Nederland, met name in de grote steden, komen tot een cen
traal beleid op het gebied van beheer. 

9. De vigerende Wet Gewetensbezwaren Militaire Dienst bevor
dert de "grote leugen". 
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H. G. Boddendijk 
Amsterdam, 1970 




