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1have been a major concern of physicists f o r  
a t  least two decades. I n  the concerted effort 
which has been brought to bear on these prob- 

lems, the primary question has been concerned with 
nuclear structure. That is, how are we to understand 
the existence of the known stable nuclei with specified 
neutron and proton numbers, the occurrence of un-
stable nuclei with their various modes of spontaneous 
decay, and the rates of such decay processes? These 
questions, as well as  many others concerned with the 
binding energies, or, more generally, with the energy 
levels of stable as well a s  unstable nuclei, could be 
understood (in principle) if we were in possession of 
all the facts concerning nuclear forces and had the 
means of applying this knowledge in a detailed solu- 
tion of the problems of nuclear dynamics. During the 
past twenty years considerable progress has been 
made toward the solution of this difficult problem; 
but, in many important areas, our understanding is 
not oilly qualitative but, frankly speaking, raCher 
crude. I n  part,  the difficulty is that  while the general 
principles of the dynamics are well known, sufficiently 
complete information concerniilg nuclear forces is not 
get available. 

I n  view of the formidal~le character of the problem 
with which the nuclear physicist is faced, it  is under- 
standable that considerable effort has been expended 
in recent years along the lines of a phenomenological 
approach. Short-circuiting the nuclear force problem, 
a t  least temporarily, one asks if a more or  less simple 
model can be invented which will account f o r  the ex- 
perimental facts, or a t  least some features of them. 
This type of ad  hoe attack has the virtue that (a)  
progress can be made, ( b )  a "set of rules" can be 
established whereby experimental results can be inter- 
preted and our knowledge advanced, and (c) an in- 
sight into the nature of the operative forces can be 
gained. 

Once a model has been postulated, its validity (or 
degree thereof) can be demonstrated only by compari- 
son with experiment and this in itself is no trivial pro- 
gram. The example, p a y  excellelzce, of such models is 
the so-called shell model (1,2 )  which makes a specific 
assumption with regard to the dependence of the 
forces on the angular momenta of interacting particles 
(coupling scheme). From this deductions as  to the 
angular momenta of ground and excited states, the 
1.4 much more detailed and comprehensive survey of this 

subject appears in the article by L. C. Biedenharn and M. E. 
Rose, Rev.Mod.  Phfis., 25, 729 (1953). I n  tha t  paper, which 
will be referred to as  BR, numerical results a s  well a s  a com- 
plete quantitative account of the theory will be found. A 
much more complete list of references is also to be found in 
that  surrey article. 
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occurrence of isomers (long-lived energy states), the 
systematics of beta-decay and many other aspects of 
nuclear structure can be made. However, to take the 
example of angular mamentum values of nuclear 
energy levels, the deduction of these from experiment 
is by no means direct, and a considerable body of 
auxiliary theory must be developed f o r  this purpose. 
We return to this question below. 

The general objective to be considered now is the 
determination of the properties of nuclear levels and 
the investigation of dynamic characteristics of the 
radiations emitted when a n  unstable nucleus is formed. 
To take a simple example, CoS9 irradiated in a pile 
provides radioactive Co60 by capturing a neutron and 
emitting Y-rays (a- y reaction). From the ground 
state, as  well as  from the first excited state electron 
emission (B-) takes place, forming Ni60 in second and 
first excited states respectively. Stable Ni60, in  the 
ground state ensues by Y-emission. I n  the case of the 
0.32-Mev $--emission, there is a cascade of two y-rays 
of energies 1.17 and 1.33 Mev in temporal order. Fig- 
ure 1shows the decay scheme f o r  this chain of events. 

FIG.1. Decay scheme of Cooo. The y-ray energies in Mev 
are shown in parentheses ( 3 ) .  

The genealogy of the Co60 decay is established by 
0-Y coincidence studies (3). The angular momentum 
and parity2 changes involved in the $-transitions are  
established from a study of the shapes of the $-spectra 
and the measured $-lifetimes. The angular momentum 
and parity change between the two lowest Co60 states 

aPar i ty  is a certain symmetry property of the wave func- 
tion describing the nuclear s tate  considered. The concept of 
parity has no classical analogy. The parity of a s tate  is "even" 
if an inversion of all spatial coordinates does not change the 
sign of the associated wave function. When the inversion of 
the spatial coordinates in the wave function does change the 
sign, then the parity of the s tate  is said to be "odd." 
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is determined by measuring the internal conversion 
coefficient (ratio of conversion electrons to y-rays) 
emitted in this transition. The designation M3 in Fig. 
1means a magnetic octupole Y-ray. The angular mo- 
mentum and parity of the Ni60 ground state is almost 
certainly O+, since without exception this is true of all 
nuclei with even numbers of protolls (28 here) and 
neutrons (32 here). The remaining information (an- 
gular momentum and parity of the two excited states 
of Ni60) can also be obtained by internal conversion 
and relative gamma intensity measurements. Internal 
conversion effects, however, are quite weak for  these 
gamma rays, and lifetimes for  Y-transitions are here 
too short to be measured. Consequently the independ- 
ent determination of the angular momenta and the 
parities of the Ni60 states b y  angular correlation 
measurements is of major interest. This particularly 
straightforward case illustrates the fact  that the un- 
raveling of decay schemes involves the combined use 
of several kinds of experimental techniques and the 
pooling of information derived from all of them.3 I n  
very many cases the method of angular correlation 
measurements is the only way to determine angular 
momenta of nuclear states. 

Whenever a nucleus in  a n  unstable state emits two 
(or more) radiations in  succession there is a possi-
bility that the directions of emission are not randomly 
distributed with respect to each other but are  corre-
lated (4) .  Some angles 8 between the two propagation 
vectors are more or less favored over others. This 
result will also apply, in  general, if the radiations are  
not consecutive. Only in  special cases will this corre- 
lation fail  to appear, and all relative directions are 
equally probable. One then speaks of isotropy. When 
the correlation is isotropic one can often deduce val- 
uable information from this fact as well. Two facts 
must be emphasized: (a)  The radiations need not be 
two y-rays, as in Ni60. Either one or both transitions 
may involve emission of a-particles, 0+- or 0--particles, 
protons, neutrons, deuterons, conversion electrons, or 
even x-rays following conversion or K-capture. We 
refer in the sequel to a set of nuclear levels with 
specified properties (energy, angular momentum j, 
parity i),but these levels need not belong to the same 
nuclear species. ( b )  I n  the above we refer to a corre- 
lation measurement in which the directions of emis- 
sion of the two radiations are observed. This is the 
easiest measurement to make and, in  a large number 
of cases, it suffices to provide all the information 
needed. However, in  one important case, that is, y-ray 
emission, the parity change is not fixed by the angular 
correlation observations. This information is provided 
by a so-called polarization-direction correlation meas- 
urement. This is discussed inore completely later. 

a Niw is also formed by the decay of Cu60 which emits posi- 
trons (@+). I n  other cases there is appreciable competition 
between B+-emission and the capture of orbital electrons 
(mainly from the K-shell). The measurement of the branch- 
ing ratio, K-captures to @+-emissions, is also useful in some 
cases. 

FIG.2. Schematic angular correlation arrangen~ent  

The experiment envisaged (5) is the measurement 
of the coincidence rate of two detectors, see Fig. 2, as  
a function of the angle 8. I n  most cases one can easily 
arrange matters so that one particular detector records 
only one of the two radiations, the other detector re- 
cording the other radiation (6, 7') .  When this is not 
convenient it is only necessary to consider the weighted 
average of the expected coincidence rate for  radiation 
1to detector D, and radiation 2 to detector D, with 
the rate for  the radiations interchanged. The weight 
factors a te  overall detector efficiencies which are easily 
measured. 

It is important to understand why there should be 
a n  anisotropic correlation a t  all. F o r  this purpose only 
very simple facts need be adduced. First,  consider n 
single transition taking place from a level of angular 
momentum j to another of arbitrary angular momen- 
tum. All angular momenta and components are meas- 
ured in units of ti= Planck's action constant divided by 
2 ~ ;i.e., F, = 1.05 x erg see. The first fact is that, 
as a consequence of space quantization of all angular 
momentum vectors, these vectors can assume only a 
finite number of orientations. F o r  the initial level there 
are  2 j t l  orientations possible corresponding to the 
fact that the component of angular momentum in any4 
one direction can assume the values m =- j ,  - , j t 1, 
. . . j -1,j. I n  the absence of magnetic fields (internal 
or external) and homogeneous electric fields, these 
2 j  +1states are degenerate, that is, they have the saiiie 
energy. Consequently all these states with different q ~ z  

are equally populated. The total intensity radiated in  
any direction is the sum due to transitions from the 
2 j  +1 substates and these enter with equal weights. 
As a consequence, one finds the expected result that 
the radiation is isotropic. On the other hand, if n n  
external magnetic field were present the 2 j  + 1 sub-
states would be no longer degenerate but would show 
a very small Zeeman splitting. The ensuing unequal 
populations distributed according to the Boltzmanii 
law, would have the effect of introducing anisotropy 
(with respect to the magnetic field direction) because 
the unequal weights with which each substate enters 
would prevent the exact cancellation of anisotropic 

4The direction is arbitrary because there is no physical 
distinction between various directions in the situation con-
sidered. Thus, in the absence of a magnetic field, which would 
malre one direction preferred, space is isotropic. 



contributions arising from each of these substates. 
Now then does anisotropy arise in  a correlation of 

radiations in coincidence, even though there are  no 
fields producing level splitting? The answer is that  
by selecting a specific direction for  one of the radia- 
tions (say, the first) we select a particular subset of 
all possible transitions originating from the inter-
mediate level (see Fig. 3).  While all 2 j  + 1substates 
are  equally populated the transitions from the sepa- 
rate rn values do not contribute equally. Selecting a 
direction for  the first transition makes space aniso- 
tropic. I n  detail, suppose we consider two y-rays 
emitted successively and further, suppose that  j, = 0, 
j = 1,j, = 0 in Fig. 3. The angular dependence of the 
intensity of y-radiation from j, to  j is :  

where the subscripts are  the values of Am = m, -m and 
here m, = 0. C is a constant and 6 is the angle between 
the propagation vector of the first y-ray and the axis 
of quantization-axis with respect to which m is meas- 
ured. This axis can be taken arbitrarily. I f  it is taken 
along the direction of the first y-ray, 8 = 0 and only 
I,, # 0. The state m = 0 is not populated a t  all so f a r  
a s  the experiment is concerned. Consequently, in  the 
second transition only Am = ?; l is possible and the 
correlation function giving the coincidence rate is pro- 
portional to  1t cos2 8 - anisotropic! This result can be 
expressed by the observation that a Y-ray can have 
coniponents of angular tnomentum along its direction 
of propagation equal to  t1 only. Similarly, f o r  an 
a-particle only a zero component of angular momen- 
tum along the direction of tnotion is possible. I n  the 
above example the correlation for  a n  u - y or y - a 
transition is proportional to sin2 8. I n  all cases only 
the angular shape is important and proportionality 
constants are  irrelevant. 

The application of the data can now be seen. I f  one 
considers the scheme of Fig. 3 and the case of y-rays 
emitted in both transitions as  an example, the first 
transition will be a 2L1 pole y-ray, where L, is an in- 
teger between the limits 1j, - jl 'and I j, + jl and the 
second will be a 2Lz pole v-ray, 1 j, + jl > L2 >, 1 j, - j 1. 
Because the radiation wavelength is always consider- 
ably larger than the size of the nucleus, usually the 

FIG.3. Level diagram for angular correlation of successive 
radiations. The three levels are  23, + 1, 23 + 1, 2 j ,  + 1-fold 
degenerate, reading from top to  bottom. The symbols L, and 
L, refer to the angular momentum of the emitted radiations. 

smallest L value ( L  > 0) consistent with parity con- 
servation will be important. This is the case of pure 
aiultipoles. It is possible that either o r  both transi- 
tions contain a n  admixture of the next higher pole 
(2%+ and 2 ~ 2  I), where L, and L, are the minimum + 

values. This will not occur unless both j's involved in 
the transition differ from zero. I n  any case, the theo- 
retical evaluation of the correlation function will give 
a coincidence rate W ( 8 )of the form (8-10) 

W(H) ~Y>,P,(COS8) ( 2 )  
v = o  

where P, is a Legendre polynomial and the A, depend 
on j,, j, j, and on L,,L,. I n  the mixed case A, will 
also contain the relative intensity of the 2~1  to  2% 
poles if, say, only the first y-ray is mixed. I n  Eq. (2) 
Y is always an even integer and v,,, is the smallest of 
2L,, 2L, and 2j. Since P,=1,it follows that fo r  j = 0 
or j=+ only isotropy results. This is obvious, a t  least 
in the j = 0 ease. I n  the case j = 4 the isotropy is a 
consequence of the fact that there are only two suh- 
states, and the increase of population of one is equal 
to the depletion in the population of the other. The 
anisotropy results from a n  effective alignment of the 
nuclear spins i n  the intermediate level. That is, con- 
sidering the substates of this level in the way they ac- 
tually contribute, then the pertinent populations are 
not uniform. Since L, and L, 2 1for  y-rays, the ob- 
servation of isotropy tells us a t  once that  j = 0 (for 
even mass nuclei) and j = 4 (for odd mass nuclei), 
provided there are  no disturbing effects whieh wash 
out the angular correlation (see belo~v) . Otherwise 
when anisotropy occurs, and this is the more fre-
quently occurring case, comparison of observed re-
sults and theory enables one to assign j-values to  the 
nuclear levels and L-values to  the radiation. Numer- 
ical values of A, fo r  pure and mixed multipoles are 
given in BR. Comparison of these results with the 
observations ( 5 )  leads to the assignment shown in 
Fig. 1.Both Ni" y-rays are  electric quadrupole radi- 
ations ( E 2 ) .  

I n  an a - y or y - a correlation, to take another ex- 
ample, the A, are diberent. I n  fact, isotropy here can 
occur f o r  La = 0 (j ,  = j or ,j= j,) which means that the 
a-particle has zero orbital angular momentum. The 
difference between the A, coefficients fo r  the a - y and 
Y - Y cascades is 

A,(a- V )  = b V ( a ) 4 ( y  - Y )  ( 3 )  

where b ,  (a)  is a so-called particle parameter which 
depends on properties of the a-particle only and not 
on the nuclear properties like j,, j, j,. There is a n  in- 
direct dependence on the parities of the iluclear states 
in  that  between two states with the same parity, parity 
change "no," only a-particles with even L can be 
emitted and for  parity change ((yes," only a-particl2s 
with odd L are possible. I n  general, fo r  a transition 
j, -+ j, the possible L values are (j,- jl L L Llj, t jl 
and for  a-particles only every other value is permitted 
because of the parity conservation. I n  many cases the 
barrier due to  centrifugal forces depresses the eontri- 



butions of all but lowest possible L value. I n  this case 
we have a situation analogous to the pure multipole 
Y-ray case. F o r  a-particles with a pure L the para- 
meter b, ( a )  depends only on v and L and not on the 
a-particle energy or other nuclear properties. 

The results expressed by Eq. (3)  is a special case 
of a general rule (10-12). A standard correlation, 
such as  the Y - Y, can be adopted. Then all correlation 
functions are  of the form Eq. (2) and if the radiations 
are generally labeled x and y 

A"('-9) =bV(x)bv(y) Av(y - Y )  (4) 

where the particle parameters bv (z)depend only on 
the properties of the radiation x and -4, contains all 
the dependence on nuclear j-values. The introduction 
of these particle parameters greatly simplifies the 
theory and the presentation of the results, see BR.5 
I t  also enables one to  view the angular correlation 
process from a sinlple point of view i n  that par t  of 
the theory which is concerned with the properties of 
angular n~omentuin and this is the same no matter 
what kind of radiations are emitted as long as they 
carry given amounts of such angular momentum. This 
part  is expressed essentially by the coefficients A,.  The 
reinainder of the considerations pertinent here is the 
physics of the radiations. F o r  example, this involx-es 
the potential field in which a lC-electron moves in  the 
internal conversion process (11). All such factors, de- 
pending on a physical model, are contained in the b,. 
I n  particular, for  the P - y or $ -a (in fact 6 - lr) 

correlations, the b,, depend not only on the energy of 
the 0-particle and the Coulomb field in  which it  moves 
but also on the form of the $-decay theory and on 
quantities (nuclear matrix elements) whose values are 
dependent on the details of nuclear forces. When the 
form of the P-decay theory is firmly established by 
purely P-spectroscopic experiments, the correlation in- 
volving $-transitions would be usefnl f o r  the purpose 
of fixing the values of these nuclear matrix elements 
and hence obtaining a clue as to the fine points of 
nuclear structure. 

Other applications of angular correlation observa- 
tions are considered later. At this juncture it  suffices 
to say that, except in the case of y-ray emission, a 
parity change determination is also provided by the 
angular correlation measurements and the analysis 
thereof. As mentioned, the directional correlation with 
a-particles fixes L, the a-particle orbital angular, mo- 
mentum, and the parity change is An: = (-)= where Ax 
is the product of parities of the initial and final states 
of the transition (t1 fo r  even or  symnletrical states, 
-1 fo r  odd or antisymmetrical states). This statement 
is also true $or any particle which can be treated non- 
relativistically, in which case intrinsic spin effects do 
not enter. Thus, i t  applies fo r  neutrons, protons, 
deuterons, etc. But  fo r  conversion electrons and $-par- 
ticles, which must be treated relativistically, the parity 

5The only important cases where the  codification expressed 
by Eq. (4) is not applicable is in the case of neutron or pro- 
ton emission (or absorption). In this case one pair of j-values 
differs by n + Y2 where n is an integer while in the y-ray case 
the difference is a l w a ~ s  an integer. 

FIG.4. Decay scheme showing a @-branching. The allowed 
shape occurs for B, if I. j , - j  I = 0 or 1 and the parities of 
these levels are the same. 

change cannot be expressed in such a simple way. 
Nevertheless, the correlation processes involving such 
particles do depend on the parity changes involved 
in the corresponding transitions. This is clear when it  
is noted that for  conversion electrons, the total inten- 
sity, or alternatively the internal conversion coefficient, 
is strongly parity-change dependent (11, 23). The 
nucleus, regarded as  an electric dipole (of dynamic 
character) has a different probability f o r  ejecting 
orbital electrons than a nucleus which behaves like a n  
oscillating current loop (magnetic dipole). F o r  0--
transitions the shape of the energy spectrum of the 
8+ or 8- is parity dependent and the $-decay lifetime 
is strongly so. I n  fact, fo r  conversion electrons and 
P-particles parity determinations are  usually more con- 
venient by total intensity measurements. 

This brings the discussion to the question of the 
relative advantage of correlation measurements over 
other procedures for  obtaining the same information. 
With regard to  directional y - Y correlations the in- 
fol+rnation provided ( L  and j values) is also obtainable 
frorn separate internal conversion measurements fo r  
each transition. Aside from the fact that  a n  angular 
correlation prorides inforination about both transi-
tions (three levels) in one experiment, there is also 
the important factor that both f o r  low atomic numbers 
( 2 ;  less than about 20) and high transition energy 
(E greater than about 2 Nev) internal conversion 
becomes a rather weak effect. On the other hand, Y - Y 
correlations are not affected by either of these two 
considerations. The coefficients 8, (y - y) are neither 
Z nor E dependent. On the other hand, we shall later 
discuss an i ~ ~ i p o r t a n t  effect which causes some trouble 
in  the interpretation of all correlation measurements 
but does not affect total intensity measurements. How- 
ever, as will be erident, these effects are  of consider- 
able interest in that they may provide a means of 
studying solne very interesting extranuclear phe-
nomena which would be difficult to  investigate in any 
other way. 

Another advantage of correlation measurements can 
be illustrated by the simple decay scheme of Fig. 4. 
The excited state of the nucleus of charge Z t l  
branches, giving two P groups, P, and P,. Unless the 
lower energy group 6, is very much more intense than 

the shape of the @,-spectrum would be difficult t o  
measure in the presence of PI. However, a P, - y cor- 

mailto:@-branching


relation is unaffected by the presence of 0, and this 
provides the same (and, in fact, additional) informa- 
tion. I f  B, has a n  "allowed" shape, which occurs, for  
example, if in the B-transition A j = 0, i1and An =1, 
the angular correlation will be isotropic. I11 measuring 
the 0-spectrum there are always instrumental deria- 
tions a t  low energies from the theoretically permitted 
shapes of the B-spectrum due to backing and source 
thickness distortion. This need not be a source of diffi- 
culty in the correlation measurement because it is per- 
missible, and moreover advisable, to use pulse height 
discrimination in such a way that only the higher 
energy B-particles are acceptpd. I f  one accepts the low 
energy B-particles the correlation tends to be more 
isotropic. This is because the low energy B-particles 
carry essentially zero orbital angular momentum and 
the direction of motion of such particles is not defined. 

Polarization-Divectio?~ Correlations. I n  the fore- 
going mention was made of the fact that the direc- 
tional y - y cascade provides no parity-change infor- 
mation. The reason for  this is to be found in classical 
terms. An electric multipole wave is one with no radial 
.component of magnetic field strength. It is a TM wave 
in another terminology. A magnetic multipole wave 
has a zero radial component of electric field strength. 
I t  is a T E  wave. I n  fact these two waves are dual to 
each other; namely, aside from constant rnultiplicative 
factors of no importance here, the electric and mag- 
netic fields, E and H respectively, of one are  obtained 
from the other by the duality transformation 

Now the Poynting flux ( - E x H) is unchanged by 
this. Hence electric and magnetic multipoles of the 
same angular momentum have the same Poynting flux, 
and hence the same intensity, a t  all angles. 

The above statement applies only to unpolarized 
~vaves. Hence, if the polarizxtion of one of the y-rays 
i s  measured, as well as its direction, one can expect to 
find the parity change involved in the transition in  
which this y-ray was emitted (14). 

The arrangement, originally used by Metzger and 
Deutsch (15) is schematically shown in Fig. 5.  Here 
the polarization sensitive detector is a Compton scat- 
terer C and an ordinary (scintillation crystal) detector 
Dl  fo r  the Compton scattered radiation. The other de- 
tector D, is as  before. The angle 0 is as  defined above 
and 9 is the angle between the electric field vector of 
the Y-ray going to the polarization-sensitive detector 
and the normal ( n )  to the plane containing the two 
y-ray directions from the source S. One measures the 
number of triple coincidences in which one y goes io  
D,and the other to C and Dl as a function of 9. The 
theory gives a correlation function 

where A, is as  before and 
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F I G .  5. Scheinatic iliagra~n for polarization-direction cor-
relation. 

Here a =  0 fo r  electric and 1for  iilagnetic radiation and 
the parity dependence enters through the factor (-)%. 
The subscript 1implies that it  is the electric or mag- 
netic character of the first photon ahich is pertinent. 
I n  Eq. (6)  

d'P,P , ~ c o s  0) = sin" - - ( 7 )dcosOa 

is the usual associated Legendre polynomial and u. ,, 
depends on L,, see BR. Pure rnultipoles are  assumed 
for  the sake of discussion. 

One can expect that the second photon will also :;o 
to the polarization-sensitive detector (C - D l ) ,  ihe 
first to the polarization-insensitive one (D,). The cor- 
relation function for  this is obtained by replacing 
0, by a, and L, by L, in  a,,. Let this correlation func- 
tion be denoted by W,(O, 9) .  I f  the overall efficien- 
cies f o r  the W, and W, arrangeinents are  1112 and q,, 
then the measured quantity is 

These results provide the basis for  the interpretation 
of all experiments with pure multipoles. I f  there are 
mixtures present the correlation function is somewhat 
more complicated but has the essential properties of 
that given above, see BR. I n  general it suffices to make 
measure men*^ a t  9 = 0 and 9 = n/2. I f  the coincidence 
rates in  these two positions are  denoted by TV,, and 
W L ,  it  is possible to deduce information concerning 
relative parities from the sign of ( J v l l / W I )  -1. I n  
particular, fo r  transitions with Ll  =1, L, = 2, or 
L, = 2, L, = 1with a, = a ,  and for  L, =L, but a, f a, 
it  is possible to determine both parity changes simply 
by measurements of the above-mentioned sign and 
that of [W (JC) /W ( J G / ~ )1 -1,which is ref erred to as  
the anisotropy in the directional correlation. This is 
also possible in the case L, = 1,L, = 2 or L, = 2, L,= 1 
but with 6, f 6, and Ll  =L, with 0, = 0,. These are  
all very frequently occurring cases. 

Correlation of Nolzcoasecwti~e Radiations. Many 



decay schemes are quite complex, and it is not unusual 
that great difficulty is encountered in fitting the ob- 
served y-rays into a proper order. I f  there are three 
(or more) y-rays in cascade, the order of these can 
be determined by measuring their correlations in  pairs. 
Thus, if the y-rays are denoted by their energies El ,  
E,, E, one measures the three correlations W (E,  E z )  , 
TV(E, E , ) ,  W ( E ,  E l ) .  I n  this connection it  is to be 
noted that in  any correlation, if the time order of 
events is reversed, the correlation function is un-
changed. 

I f ,  for  the sake of argument, we assume that the 
order of emission is El, E,, E, or E,, E,, E,, then the 
first two correlation functions are  described by the 
theory outlined in the preceding section while the third 
one is given by 

The coefficients B,, different from A,, depend on three 
L values and four j-values. They are given in BR. 
There is a n  extra limitation on v,,,; that is, v,,, is 
the smaller of the four  integers 2L1, 2L3, 2j, 2j', where 
L, and L, refer to  the observed (first and third) 
y-rays, j and j' are the mo~nenta of the two intermedi- 
ate states, see Fig. 6. 

RIG. 6. Level diagram for  correlation process involving 
three y-rays. The correlations between the  three pairs of 
y-rays is to be measured. 

All three correlations give information concerning 
a t  least some of the three L's and four j's and the in- 
formation from each experiment overlaps. I n  general, 
only when one assigns the order of the Y-rays cor- 
rectly will this overlapping information be free of 
contradiction. 

Another possible application of the measurement to  
which Eq.  (9) would apply, arises when the inter- 
mediate (unobserved) Y-ray is of such low energy and 
low intensity that its observation would be very diffi- 
cult. 

Measurement of Magnetic Moments  of Elrcited 
States.  It has been emphasized that the correlation 
depends in  a vital way on the fact that the populations 
of the substates of the intermediate level were non-
uniform. Clearly any type of extranuclear field which 
can cause transitions between these substates will alter 
the correlation function ( 1 6 ) .  I f  the strength and di- 
rection of this external field is given, the observed 
alteration of the correlation provides information con- 

cerning those parameters of the nucleus which meas- 
ure the amount of interaction or coupling energy to 
the field. Now, it  was seen that fo r  an anisotropic cor- 
relation j > 1,and this means that in the intermediate 
state the nucleus will, in general, have both a magnetic 
dipole and electric quadrupole moment. Higher mo-
ments (magnetic octupole, e.tc.) could exist if j >/ 3/2, 
but are f a r  too small to  give rise to observable effects. 
For  historical reasons we confine our attention to coup- 
ling to the magnetic dipole moment, and this implies a 
comparison of the correlation with and without a n  ex- 
ternal magnetic field. 

I t  is important in such an experiment that only the 
external magnetic field acts. Otherwise one has a hope- 
less tangle of effects of a quadrupole moment coupled 
to a n  inhomogeneous electric field and/or the coupling 
to a n  essentially unknown magnetic field of variable 
direction arising from the magnetic moment of elec-
trons in the immediate vicinity of the nucleus. These 
effects can be made negligible in a manner to be de- 
scribed in the following section. 

Whatever the nature of the coupling, two things 
are clear. First, the coupling will split the levels and 
there will be a characteristic frequency whose mag- 
nitude is a measure of this splitting. I n  the case of 
the magnetic field this is the well-known Larmor fre- 
quency 

where p is the nuclear magnetic moment of the state j . 
I n  the magnetic field H, the nuclear angular momen- 
tum j precesses with this frequency. I f  the mean life 
of the intermediate state is t, the number of radians 
through which the precession progresses is at. Unless 
this is comparable to unity the effect will be too small 
to  detect. On the other hand wt 1is undesirable since 
this will give isotropy. Since p - cgs, this im- 
plies t - sec fo r  H -.5000 gauss. This is just in 
the range of many dipole and quadrupole y-rays. 
For  high-energy dipole and quadrupole radiations for  
which t is less than about 10-l2 sec the requisite field 
strength is too large. Moreover, a measurement of 
t in this range is not feasible a t  present. F o r  slower 
transitions ( t  greater than about sec) other diffi- 
culties arise. 

The second fact, which emerges clearly, is that any 
coupling to the nuclear spin will attenuate, that is, 
"wash out" the correlation so that the anisotropy will 
tend to disappear. This comes about because preces- 
sions, or more exactly transitions between different 
substates will proceed most rapidly from rich popu- 
lated to poorly populated substates. Hence, in  certain 
cases, if allowed to proceed long enough the system 
saturates when the populations are equal. F o r  this 
reason t must not be too large. 

Because there are now three directions specified, the 
magnetic field direction and that of the two Y-rays, 
the correlation function takes on a somewhat more 
complex form than Eq.  (1) .  However, a practical ar-  
rangement is one in  which the magnetic field is per- 
pendicular to the plane of the two y-rays (12). Then 



where S, are the coefficients without magnetic field 
and are simply related to the A, of Eq. (1 ) .  Equation 
(11) shows that isotropy results fo r  large oz. 

It is clear that a comparison of anisotropies gives 
co t  and a life-time measurement gives t. Since j is 
known from the usual directional correlation in zero 
field the magnetic moment p in the intermediate state 
can be measured. Since only o2enters it  appears that 
only the magnitude of the magnetic moment can be 
measured. However, Eq. (11) refers to the case that  
the overall efficiencies of the detectors is the same when 
the photon directions are interchanged. I t  is clear that 
interchange of photon directions is equivalent to re- 
versing the direction of the magnetic field. Therefore, 
with unequal efficiencies (using energy discrimina-
tion) one can also measure the sign of ,u. 

While other means for  obtaining this information 
have been developed recently, using polarized nuclei 
a t  low temperature, the procedure described here has 
some obvious advantages. I t  has been carried out suc- 
cessfully in  one case thus f a r  (17, 18). 

Very recently attenuation effects of the quadrupolar 
coupling in single crystals have been discovered (19). 
It must be recognized, however, that here one starts 
with an additional unknown factor. The inhomogene- 
ous electric field is not a '(synthetic" one and its prop- 
erties are not specified a priori. 

The use of a magnetic field as  just described consti- 
tutes what might be called a beneficial effect of spin- 
coupling. As already intimated it  may be that other 
couplings due to fields whose properties are not so 
well known are also present. Moreover, these fields 
cannot be turned off in any obvious way. They arise 
from magnetic interactions, which are  also manifested 
by hyperfine structure, and from quadrupole inter- 
actions. 

Let us consider a nuclear cascade initiated by K-
capture. Before the K-capture takes place one may 
assume, for  the sake of simplicity, that the electronic 
environment possesses no magnetic moment. I n  this 
state no magnetic interaction occurs. However, the 
K-capture results in  a I<-vacancy. I n  a time of order 
10-14 sec this will be filled by x-ray eillission or Auger 
transitions, thus removing the hole to outer orbits, and 
to some extent, producing new holes. The K-capture 
is followed by a cascade of two y-rays or other radia- 
tions. 

We further assume that the ion is embedded in a n  
environment in which, by some process involving elec- 
tron transitions, the ground state with zero coupling 
can be reestablished. There will be a characteristic re- 
laxation time telf o r  this process. Then one of several 
possibilities may apply : 

1) The lifetime r ,  in  the initial (j,) nuclear state 
is long compared to tel.Then if the first radiation 
does not produce any appreciable disturbance in the 

electronic environment, the intermediate state is es-
tablished without spin-coupling and the theory de- 
scribed above for  a n  isolated nucleus applies. I f  by 
recoil or sudden charge change, the first radiation 
excites or ejects a n  electron the intermediate state is 
subject to  spin coupling. 

2) I f  the spin-coupling attenuation is operative in 
the intermediate state, the effect will be large or  small 
according as to whether t is about equal to or greater 
than about t,, or t c t,,. Here z is the intermediate 
state mean life and t,, is the precession period 
( - 1,'~). 

3) I f  telc t the ion will "healJ' rapidly, but fo r  no 
appreciable attenuation it  is necessary that z,$ ze, as  
well. 

It is clear that what is going on is a series of com-
plex electronic transitions which are concomitant with 
and strongly conditioned by the nuclear transitions. 
Everything depends on a comparison of zel, z, and z,, 
in the intermediate state. The first is a function of 
only the electronic environment, the second is essen- 
tially a purely nuclear property, and the third is a 
property of the coupling between nucleus and en-
vironment. This strong interplay of nuclear and non- 
nuclear phenomena is due to two facts. First, we are 
dealing with a n  angular distribution. I n  contrast, if 
we require a knowledge of the total number of tran- 
sitions regardless of which substate of the intermedi- 
ate level was involved, the precession of the angular 
momentum j is irrelevant. Hence total intensity meas- 
urements are free of these effects. Second, the nuclear 
lifetimes are  often of the same order of magnitude as  
the time constants fo r  the coupling and extranuclear 
processes. 

From the viewpoint of the nuclear physicist there 
a re  two ways to treat the situation in which spin- 
coupling modifies the correlation. First, one may at- 
tempt to include it  in the calculations. Secondly, one 
may attempt to remove spin-coupling or minimize its 
effects. These effects are often too small to  be im- 
portant, and even where they are observable they may 
not becloud the issue entirely because the experimental 
results are to be compared with a finite number (often 
a small number) of distinct possible theoretical curves. 
However, in a second class of correlations the degree 
of spin-coupling is too large to ignore. 

The first possible course, wherein spin-coupling 
effects are calculated, can be carried out only if one 
assumes that  the electrons remain in a fixed state. 
Then, as is expected, the correlation function assumes 
the form 

where Q ,  are the attenuation coefficients. Of course, 
Q ,  = 1 and 0 < Q ,< 1. They depend only on parame- 
ters describing the physical situation in the intermedi- 
ate state. Thus, fo r  magnetic interactions Q, depends 
on t, j, P, Y, and on He,, where the latter is the effec- 
tive magnetic field produced by the environment. This 
latter, unfortunately, is not known but a n  empirical 



set of attenuation coefficients may be determined from 
comparison of (12) with the data and the v-depend- 
ence of these compared with what is expected. 

I t  is of interest to  note that the same attenuation 
factors Q, apply whatever the nature of the radiations 
and whatever the nature of the observations made on 
the radiations. Thus, in the polarization-direction cor- 
relations the A, are replaced by &,A, as above. I t  
can be shown quite easily that, to  a large extent, con- . 
clusions concerning parity changes as  deduced from 
polarization correlation measurements are independ- 
ent of the precise form of the coefficients A,. Thus, 
if the experimental coefficients are used here spin-
coupling is automatically taken into account in  a cor- 
rect manner. This fact that the attenuation is inde- 
pendent of the nature of the radiations or observations 
made is understandable since, f o r  given spin-coupling, 
i t  does not matter how the intermediate state is 
reached. 

As Co the second possible course, two procedures to 
remove spin-coupling effects have been developed. The 
first involves the use of thin evaporated or electrode- 
posited metallic films. This method has been more or 
less outmoded by the second, which involves the use 
of dilute aqueous solutions. However, since some in- 
teresting solid state phenomena are involved in the 
thin film method, a few words regarding i t  may be in 
order. The method was developed and used mainly by 
the Swiss group of experimenters (20). By using an 
Inl l l  source (decaying to Cdlll) the Inlll  ions were 
embedded in a thin metallic film by evaporation of 
both the I n  and the metal from two sources. Oddly 
enough i t  was found that most metallic environments 
did not give the maximum anisotropy, corresponding 
to no spin coupling, but only Ag worked well. The 
results depended on the film thickness (of order l O 3 -
l o 4  A) ,  the nature of the backing, temperature, and 
rate  of evaporation or electrodeposition. For  the most 
par t  the pertinent properties of such films have not 
been studied. The angular correlation is very sensitive 
to the various properties listed above, and the results 
could presumably shed some light on the structure of 
such thin layers. 

With regard to the dilute solution sources (81-23) 
it is clear that one once again is confronted with a 
physical problem of which little is known. The evi- 
denee that dry sources of a large variety of corn-
pounds give a diminished anisotropy and that dilute 
solutions of these same sources uniformly exhibit a 
maximum correlation is now quite convincing (21,22). 

I n  a liquid one would expect a fairly homogeneous 
environment. Due to the averaging effect of the Brown- 
ian motion there should be only small magnetic fields 
and inhomogeneous electric fields, if any a t  all. That 
residual small quadrupolar couplings may exist seems 
to be rather plausible, and the possibility of studying 
these, using angular correlations measurements as a 
tool,, has recently opened up. 

It should be noticed that the use of dilute solutions 
would make correlation measurements with charged 

particles (conversion electrons and P-particles) impos- 
sible. The amount of liquid is necessarily such that a 
large amount of scattering will occur. On the other 
hand, by using a dry thin source for  which the scatter- 
ing is such that corrections can easily be made, one 
can eliminate attenuation effects by comparing two 
cascades Y. - Q. and Q-conversion electron. The inter- 
mediate state is the same in these two cases so that 
the Q cancel out in the ratios of experimental cocffi- 
cients. However, this procedure cannot apply to P-par- 
ticles. I t  is also clear that correlation measurements in  
which the P-particle is emitted as  a second radiation 
are not feasible. This follows since P-emitting states 
are long-lived and all types of weak spin-coupling 
would then play a role. 

I n  addition to  scattering corrections fo r  electrons 
or positrons, corrections fo r  the finite solid angle sub- 
tended by the detectors are  also important. Both of 
these introduce attenuation (or  '(smearing") factors so 
that experimentally Q ,  may be the product of as many 
as  three factors. Of course, fo r  scattering the attenu- 
ation factors depend on the nature of the particle 
since they involve the scattering properties. The finite 
solid angle corrections are  geometrical and in addition 
depend on detector efficiency as a function of positio~l 
in the detector. 

I n  summary, i t  may be said that the study of angu- 
lar correlation processes has already been demoa-
strated to be one of the inore valuable tools in the 
attack on the problems of nuclear structure. This is 
based in no small measure on the circumstance that 
the theory rests on as firm a f ouhdation as  any modern 
development in physics. F o r  the rest, the utilization of 
this tool has been made possible by the very gratify- 
ing development in  detecting techniques which has 
taken place in  recent years. 
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