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A method is described for the graphical analysis of the gamma-gamma polarization-directional correlation 
when one or both gamma rays involve a mixture of dipole and quadrupole radiation. The case in which 
the polarization of the mixed gamma ray is observed is treated in detail. 

I. INTRODUCTION 

A MEASUREMENT of the 7-7 directional cor­
relation function W($) gives information re­

garding the spins of the nuclear levels and the multi-
polarities of the gamma rays involved. Often, however, 
this information alone does not uniquely determine 
these quantities. A measurement of the 7-7 polarization-
directional correlation function W(6,(p) provides an 
additional piece of information with which the assign­
ments can be made unique. I t also will give the relative 
parities of the levels involved in the cascade. 

The experimental situation, as it was originally 
proposed by Metzger and Deutsch,1 is shown in Fig. 1. 
The angle between the detectors 6 is ordinarily fixed 
at 7r/2. The scintillation detector A is not sensitive to 
the polarization of 71. The polarization of the radiation 
72 is measured by the polarization-sensitive detector 
composed of the three scintillation counters B, C, and 
D. If the polarization is parallel, Compton scattering 
from counter B into counter D will be favored over 
scattering into counter C. The polarization-directional 
correlation experiment therefore consists in a com­
parison of the rate for parallel polarization W(<p—Tr/2) 
which involves a triple coincidence between A, B, 
and D, with the rate for perpendicular polarization, 

FIG. 1. Schematic diagram of the polarization-directional 
correlation experiments. 

* Supported by the U. S. Atomic Energy Commission. 
1 F. Metzger and M. Deutsch, Phys. Rev. 78, 551 (1950). 

W(<p=0), which involves a triple coincidence between 
A, B, and C. 

The theoretical results of Biedenharn and Rose2 for 
the 7-7 polarization-directional correlation have been 
rewritten using the F coefficients of Ferentz and 
Rosenzweig.3 The relationship between these results 
and single-transition mixture curves for the 7-7 direc­
tional correlation4,5 has been demonstrated in order to 
facilitate the analysis of experimental data. 

II. POLARIZATION-DIRECTIONAL CORRELATION 
WITH POLARIZATION OF THE MIXED 

RADIATION OBSERVED 

Denote j \ , 7, and j \ as the initial, intermediate, and 
final momenta of the gamma cascade. Let the transition 
between j \ and j be a mixture of 2Ll and 2L l + 1 poles. 
Denote the multipolarity of the second step of the 
cascade by Z2 (pure radiation). The polarization-
directional correlation function will be denoted by 
W(6,<p) for the present case in which the polarization 
of the mixed gamma ray is observed. W(d,<p) is of the 
form2: 

W(dy<p)^W1(0,<p)+dW2(d,<p)+2dWz(d)(p)} (1) 

where 82 is the ratio of the intensity of the 2L l + 1 pole 
to that of the 2L l pole. The functions Wi(d,<p) and 
PF2(#,<£>) correspond to the pure cascades ji(Li)j(L,2)J2 
and ji(Li+l)j(L2)j2, respectively. The function 
Wz(d,<p) is the interference term between L\ and Li+1. 
These can be written as follows: 

K even 

XFniLtLijifiVKiLiL^dip), 

K even 
(2) 

XFK(LaLaj%j)<PK(L1+lLi+l; dp), 

W3(6,<p)= Z FK(L1L1+\jlj) 
K even,?^0 

XFK{L%L^J)(9K{L1L1+1 ; M , 

2 L. C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25, 
729 (1953). 

3 M. Ferentz and N. Rosenzweig, Argonne National Laboratory 
Report ANL-5324, 1955 (unpublished). 

4 R. G. Arns and M. L. Wiedenbeck, University of Michigan 
Technical Report 2375-3-T, January, 1958 (unpublished). 

5 R. G. Arns and M. L. Wiedenbeck, Phys. Rev. I l l , 1631 
(1958). 
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where 

<?K(LL' ; dip) = P*(cos0)+(-1) 
L(iT+2)! 

X-
C{LL'K\11) 

*C(LL'K; 1-1) 
cos2(pP*:2(cos0). (3) 

The coefficients FK(LL'jf) are the JF coefficients de­
fined by Ferentz and Rosenzweig.3 The term (--l)(r(L'> 
is equal to —1 if U is Ml or E2 or to + 1 if U is £1 
or j|f 2. The summation over K in (2) runs from zero 
for Wi(6,<p) and W2(d,<p) and from 2 for 1^(0, *>) to 
the least of 2j, 2(Zi+l) or 2Z2. The C(LL'K; 11) and 
C(LL'K; 1 — 1) are Wigner coefficients. <p is the angle 
between the polarization vector and the normal to the 
plane of the two y rays, and P^2(cos0) is the associated 
Legendre polynomial of order 2. 

It is now desirable to relate the above result to the 
ordinary 7-7 directional correlation which is assumed 
to be known experimentally. The 7-7 directional 
correlation function, W(6)} is given by 

W(d) = Wi(d)+8W2(e)+25Ws(d), (4) 

where the functions Wi(0) have a similar meaning to 
the W < ( M : 

W1(8)= E FK(L1L1j1j)FK(LiLijij)PK(cose), 
K even 

WM= E ^(i i+i£i+iyii) 
^T even 

X ^ L ^ i W c o s f l ) , 
(5) 

(6) 

Wz(d)= E FK{L1L1+ljlj)FK{ULijij)PK(.cos0), 
K e v e n . ^ 0 

For the special cases of <p = 0 and w/2, W(6,<p) reduces 
to the form: 

w(e,v=o)=w(6)-f(e), 
W(6, <p=ir/2) = W(6)+f(d). 

Now define a J (6): 

7 ^(g, »=T/2)-TT(g, y = 0 ) = /(g) 

~V(0, ?=7r/2)+FF(0, <p=O)~V(0)' 

For the special case of a dipole-quadrupole mixture: 

J(0) = - K - l)'<Ll){^22(cosg)i72(L2Z2i2i)[F2(llj1y) 
+fi»F,(22/1/)-f«/?,(12/1/)] 
-P4

2(cosg)(^2)i74(£2i:2i2i)i74(22i1i)} 
X {l+P+P»(cQaB)Fa(LtLtj»f)lFt(Uj1j) 
+m(22jij)-2BFa(i.2j1j)l 

+Pi(cosd)5*Fi(22j1j)Fi(LiLij2j))-K (8) 

Now define Q„ as the quadrupole content of the vth 
(mixed) transition: 

e,=«,y(i+*,»), (9) 

and 
a x ^ ^ F x C L ^ V ) , 

bK
iv) = 2FK(LvLv+ljvj), (10) 

^ 0 = ^ ( ^ + 1 ^ + 1 ^ - ) . 

Equation (8) becomes: (here Qi=Q) 

^ rW=-i(-l) ( r ( L l ){^22(cos0)a2 ( 2 )C(l-0a2^ 

-*K(i-e)]i*2(i)+ec2ci)]-jp42(cos^)gc4(i>a4(a)} 
X{l+P 2 (cos0)a 2®[(l~0a 2 ( 1 )+[e( l -e)]^ 2a) 

+^2 ( 1 )]+P4(C0S^)^4
( 1 )«4 ( 2 )}-1 . (11) 

/(0) may now be related to the single-transition 
mixture curves for the 7-7 directional correlation.4 

These curves are plots of AK{V) vs QV: 

A^=(l-Qv)a2^+ZQv(l-Qv)Jb2^+Qvc^\ (12) 

A^ = Qvc^\ (13) 

A straight line, intersecting the ellipse at <2=0 and 
<2=1, must be added to the diagram for the present 
analysis. The equation of this line is 

^ v ) = Qv(c2W-a2^)+a2(»\ (14) 

Using this definition and specializing to the case of 
0=r/2, Eq. (11) becomes (»=1 in present case) 

yl 2 -4^2 ( 1 M 2 < 2 ) - (5/4)^4 
/ ( T / 2 ) = ( - 1 ) ' » W . . (15) 

2-A2+(3/4)At 

FIG. 2. Illustration of the curves required for graphical analysis 
of a 7-7 polarization-directional correlation in the case where 
the polarization of the mixed transition is observed. This method 
requires that the experimental 7-7 directional correlation coeffi­
cients be known, 
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Using the appropriately chosen curves, c^2(1) can now 
be deduced from the experimentally determined direc­
tional correlation coefficients, A 2 and A± (see Sec. I l l 
of reference 5). This is illustrated in Fig. 2. The value 
of J{ir/2) to be expected in a polarization-directional 
correlation experiment then follows at once from Eq. 
(15). The term ( - l ) * ^ ) is equal to + 1 if the dipole 
is electric, or to — 1 if the dipole is magnetic. 

III. DOUBLY-MIXED CASCADES 

If both steps of the cascade are a mixture of dipole 
and quadrupole radiation, the result of the polarization-
directional correlation experiment is again given by 
Eq. (15). However, the partial coefficients ^2(2) and 
c^2

a) must now be determined from a double-mixture 
analysis of the 7-7 directional correlation data. This 
method is treated in detail in Sec. IV of reference 5 
and will not be repeated here. 

IV. PURE RADIATIONS OR SINGLE-MIXED 
CASCADES WITH POLARIZATION OF 
THE PURE RADIATION OBSERVED 

If both steps of the cascade are pure radiation or if 
the polarization of the pure radiation (in a singly-
mixed cascade) is observed, the result of the polariza­
tion-directional correlation is given as follows: 

(a) If one or both gamma rays is a pure dipole, 

7(,r/2)= (-!)'<*>• 
-3A2 

2-A2 

(16) 

(b) If both gamma rays are pure quadrupole, or if 
the mixed gamma ray has an appreciable quadrupole 
content, 

- 34 2 - (5 /4)4 4 

J(w/2)= ( - l ) ' W . (17) 
2-A2+ (3/4M4 

Here again (—l)(r(L) is equal to + 1 if the radiation 
(the polarization of which is observed) is of type El 
or Ml and to —1 if it is of type Ml or El. 
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The spectra of gamma radiation following pile-neutron capture in separated isotopes of nickel have been 
measured with a three-crystal scintillation pair spectrometer as well as with a single-crystal scintillation 
counter. Energies and intensities of the gamma rays from each isotope are reported. Each of the lines 
observed with natural nickel has been assigned to Ni58(^,7)Ni^, Ni60(w,Y)Ni61, or Ni62(#,Y)Ni63. In some 
cases, gamma rays of nearly identical energies are found in two, or in all three, isotopes. Additional gamma 
rays not resolved in the natural nickel spectrum appear in Ni58(#,y)Ni59 at 7.65 Mev, and in Ni60(w,y)Ni61 

at 7.65 Mev, and in Ni60(w,7)Ni61 at 4.70 and 5.55 Mev. The spectrum of Ni62(w,r)Ni63 is dominated by a 
strong line at 6.80 Mev, presumably the ground -state transition. 

INTRODUCTION 

THE gamma-ray spectrum following thermal-
neutron capture in natural nickel has been 

investigated by Ad'yasevich et al.1 and Kinsey and 
Bartholomew2 using external conversion spectrometers, 
and by Braid3 using a Compton scintillation spec­
trometer. In the present work, natural nickel in the 
form of nickel oxide powder and Ni58, Ni60, and Ni62 in 
the form of isotopically enriched metallic bars and 
lumps were irradiated in a neutron beam at the Ford 
Nuclear Reactor at the University of Michigan, and 

* Work supported by a contract with the U. S. Atomic Energy 
Commission. 

f National Science Foundation Predoctoral Fellow. 
1 V. P. Ad'yasevich, L. V. Groshev, A. M. Demidov, and B. N. 

Lutsenko, Atomnaya Energ. 1, 28 (1956); J. Nuclear Energy 3, 
325 (1956) [translation: Soviet J. Atomic Energy 1, 171 (1956)]. 

2JB. B. Kinsey and G. A. Bartholomew, Phys. Rev. 89, 375 
(1953). 
' * T. H. Braid, Phys. Rev. 102, 1109 (1956). 

the gamma-ray spectra were detected by means of a 
single scintillation crystal and a three-crystal scintil­
lation spectrometer.4 The single crystal was used in 
the 0-2.0 Mev energy range and the three-crystal 
spectrometer in the 1.5-10.0 Mev range. 

EXPERIMENTAL CONSIDERATIONS 

Geometry 

The nickel samples, whose masses and isotopic 
constitutions are indicated in Table I, were placed in a 
beam of 2X106 neutrons/sec approximately 1 cm2 in 
area. The Ni60 sample was not large enough to intercept 
the entire beam, requiring a correction in the intensity 
measurements. Each sample was thick enough to 
capture or scatter nearly all of the neutrons impinging 
upon it. 

4 R. Hofstadter and J. A. Mclntyre, Phys. Rev. 79, 389 (1950); 
S. A. E. Johansson, Phil. Mag. 43, 249 (1952). 


