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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

MEASUREMENT of the y-y 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 y-y polarization-
directional correlation function W(8,¢) provides an
additional piece of information with which the assign-
ments can be made unique. It 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,! is shown in Fig. 1.
The angle between the detectors 6 is ordinarily fixed
at w/2. The scintillation detector 4 is not sensitive to
the polarization of ;. The polarization of the radiation
v2 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 (¢o=1/2)
which involves a triple coincidence between A, B,
and D, with the rate for perpendicular polarization,
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F1c. 1. Schematic diagram of the polarization-directional
correlation experiments.

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

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

The theoretical results of Biedenharn and Rose? for
the y-y polarization-directional correlation have been
rewritten using the F coefficients of Ferentz and
Rosenzweig.? The relationship between these results
and single-transition mixture curves for the y-y direc-
tional correlation®® has been demonstrated in order to
facilitate the analysis of experimental data.

II. POLARIZATION-DIRECTIONAL CORRELATION
WITH POLARIZATION OF THE MIXED
RADIATION OBSERVED

Denote 7y, 7, and 7. as the initial, intermediate, and
final momenta of the gamma cascade. Let the transition
between 7; and 7 be a mixture of 22t and 2L1*! poles.
Denote the multipolarity of the second step of the
cascade by L. (pure radiation). The polarization-
directional correlation function will be denoted by
W (6,¢) for the present case in which the polarization
of the mixed gamma ray is observed. W (8,¢) is of the
form?:

W(O) 9") =W, (07 §0)+62W2 (07§0>+26W3(97 50)) (1)

where 8 is the ratio of the intensity of the 2Z++ pole
to that of the 2% pole. The functions W1(8,¢) and
Wa(8,¢) correspond to the pure cascades 71(Ly)7(L2)72
and  71(L1+1)j(Ls)js, respectively. The function
W3(6,¢) is the interference term between L; and L;+4-1.
These can be written as follows:

Wi0,0)= 3 Fr(Lilij1j)
K even
XFK(L2L2j2j>G)K(L1L1;0€0);
Wi0,0)= 2. Fr(Li+1Li+1j:7) 2
K

XFx(LoLojsf)®Px(Li+1L141;0¢),
2. Fg(LiLi+1j17)

K even,0

XFx(LoLsjof)®r(LiLi+1;0¢),
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where

Ox(LL'; 0¢)=Px(c050)+(—1)”(ﬂ’)[

(K—2)17
(K+2) !]
C(LL'K ; 11)

X ———————c0s82¢pPg*(cosf). (3)

C(LL'K;1-1)

The coefficients Fx(LL'jj") are the F coefficients de-
fined by Ferentz and Rosenzweig.? The term (—1)7("
is equal to —1 if L' is M1 or E2 or to +1 if L' is E1
or M2. The summation over K in (2) runs from zero
for W1(6,¢) and W2:(0,¢) and from 2 for W3(8,0) to
the least of 27, 2(Li+1) or 2L,. The C(LL'K;11) and
C(LL'K;1—1) are Wigner coefficients. ¢ is the angle
between the polarization vector and the normal to the
plane of the two v rays, and Px?(cosf) is the associated
Legendre polynomial of order 2.

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

W (0)=W1(6)+8W2(6)+26W 5(6), “)

where the functions W ;(6) have a similar meaning to
the W,;(e, go) :

W)= 2., Fx(LiL1j17)Fx(LeLsjsj)Px(cosh),

K even
Wy0)= > Fx(Li+1Li+1j417)
K even
X Fg(LsLyjsf)Px(cosh),
W3(0)= Z FK<L1L1+1j1j)FK(L2L2j2j)PK(C050))
K even,>0

For the special cases of ¢=0 and w/2, W (8, ¢) reduces
to the form:
W0, ¢=0)=W(©0)— f(6),

6
W0, o=m/2)=W (0)+/(0). ©
Now define a J(§):
w =x/2)—W =
1o Ve W e =0 O

W©, ¢=n/D+WO, ¢=0) W(©)
For the special case of a dipole-quadrupole mixture:

J(0)=—3(—1)7E0{ P2 (cost) Fa(LaLeje7)[Fa(11415)
+82F2(22415) —30F2(12417) ]
—P(cost) (80" F4(LaLej25)Fa(22517)}
X {14824 Py(cost) Fa(LoLojsf)[ Fa(11717)
+82F2(22415) —20F2(12517) ]
+P4 (COS@)52F4(22]'1j)F4 (L2L2]2]) }_1. (8)

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

Q»=8//(1+38), 9)
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and
G,K(")———‘FK(LuLijj),
b =2Fg(L,L,+1j,7),
cxW=Fg(L,41L,+17,7).

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

TO)=—H(~1)7 (P (cos8)ar[ (1~ Q)ar®”
SH0(1—Q) b0+ 06— EP R (cosh)0eiVan)
X{1+Pe(cos8)a;®[ (1—Q)a:V+[Q(1—Q) I,

FQca® ]+ Py(cosd)QcsPas @},

(10)

(11)

J(®) may now be related to the single-transition
mixture curves for the -y directional correlation.t
These curves are plots of Ax™ vs Q,:

430 =(1=0)as?+[0,(1= ) b +0,62,

AP =0,640.

(12)
(13)

A straight line, intersecting the ellipse at Q=0 and

Q=1, must be added to the diagram for the present

analysis. The equation of this line is
AN =0, (c2” — ) +a.". (14)

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

Ay— 4 A0 4,0 — (5/4) A,
J(1/2)=(—1)°E» . (15)

2—Ax+3/H 44
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F16. 2. Illustration of the curves required for graphical analysis
of a y-y polarization-directional correlation in the case where
the polarization of the mixed transition is observed. This method
requires that the experimental y-y directional correlation coeffi-
cients be known,
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Using the appropriately chosen curves, «45® can now
be deduced from the experimentally determined direc-
tional correlation coefficients, 42 and A4 (see Sec. III
of reference 5). This is illustrated in Fig. 2. The value
of J(m/2) to be expected in a polarization-directional
correlation experiment then follows at once from Eq.
(15). The term (—1)° is equal to 41 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 4,® and
A;® must now be determined from a double-mixture
analysis of the y-y directional correlation data. This
method is treated in detail in Sec. IV of reference 5
and will not be repeated here.

AND WIEDENBECK

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,

—34.
J(w/2)=(—1) )Z—Az'

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

(16)

2— A (3/0) A4

Here again (—1)°® is equal to 41 if the radiation
(the polarization of which is observed) is of type E1
or M2 and to —1if it is of type M1 or E2.

J(r/2)=(=1)"® (7
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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 Ni®(n,7)Ni%, Ni®(n,y)Ni¢L, or Ni®(zn,y)Ni. 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 Ni%(x,v)Ni% at 7.65 Mev, and in Ni®(z,y)Nit!
at 7.65 Mev, and in Ni%(#,y)Ni® at 4.70 and 5.55 Mev. The spectrum of Ni®(n,v)Nif is dominated by a
strong line at 6.80 Mev, presumably the ground-state transition.
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INTRODUCTION

HE gamma-ray spectrum following thermal-

neutron capture in natural nickel has been
investigated by Ad’yasevich et al.! and Kinsey and
Bartholomew? using external conversion spectrometers,
and by Braid® using a Compton scintillation spec-
trometer. In the present work, natural nickel in the
form of nickel oxide powder and Ni®%, Ni®, and Ni® 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.

t National Science Foundation Predoctoral Fellow.
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the gamma-ray spectra were detected by means of a
single scintillation crystal and a three-crystal scintil-
lation spectrometer.* 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 2X10° neutrons/sec approximately 1 c¢cm? in
area. The Ni® 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. McIntyre, Phys. Rev. 79, 389 (1950) ;
S. A. E. Johansson, Phil. Mag. 43, 249 (1952),



