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about the 1315-kev level in Gd'" althou ha t ough there was

iree experimental evidence to support this a,t the
time the present work was initiated.
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FrG. 2. The directional correlation coefficients A2 and A4 are
plotted for various choices of spin J for y —y cascades having the
spin sequence J—2 —0. The possibility of mixtures is considered
for J=2, 3, and 4 and the curves for these spin values are paramet-
ric in the quadrupole to dipole mixing ratio B. Markers are placed
along the curves to indicate the points for 8=0, &0.2, ~0.2,
&0.5, ~ 2, ~2, &5, &20, and ~ but only the values 0, ~ 2,
and ~ are labeled. A rectangle is plotted to show the experimental
limits on the measurement of Cascade C {see Table I}. The
corresponding rectangle for Cascade D lies within the rectangle
plotted for Cascade C.

'4 S. Ofer, Nuclear Phys. 4, 477 {2957).

were performed for three angles between the counters,
90', 135', and 180', and were fitted by an expansion in
I.egendre polynornia!s, 1+3&P2(cos())+.4484(cos()). The
directional correlation coeKcients, A2 and A4, were
adjusted to fit the measured distribution and are given
in Table I for the four cascades measured. For all four
cascades a —,'-mm thick Cd absorber was used before
the counter detecting the lower energy photon in
order to reduce E-capture x-rays. A 3-mm Pb absorber
was used before the counter detecting the higher energy
photon to absorb 122-kev photons in addition to the
x-rays. In the case of the 970—340 kev cascade a lead
shield was positioned between the counters to reduce
spurious coincidences due to Compton scattering.
Corrections were applied for source decay, for random
background counts, for coincidences due to 12-year
Eu'", and for the finite angular resolution of the
counters. The 842—122 kev cascade has been previously
studied by Grodzins. ' The present results are consistent
with his assignment of spins 1—2 —0 to the levels
involved in this cascade. The 1415—122 kev cascade
in the 12-year Eu'" was measured in order to further
check the apparatus and the results agree with Ofer's
measurements" and are consistent with his assignment
of spins 2—2 —0 to the levels in this cascade.

TABLE I. The results of directional correlation'measurements on
cascades following the decay of 12-year Ku'" {Cascade A} and
9-hour Eu'" {Cascades 8, C, D}.The results are given in terms
of A 2 and A 4,the coe%cients of expansion in Legendre polynomials.
The errors quoted are standard deviations and do not account
for possible systematic errors.

Casca, de

A Sm'" 1409—122 kev
8 Sm'" 842—122 kev
C Sm"2 1389—122 kev
D Gd'" 970—344 kev

Ag

+0.250&0.017—0.232+0.023—0.221~0.019—0.226+0.014

A4

—0.009~0.032
+0.004+0.018
+0.006&0.028
+0.009&0.021

POLARIZATION-DIRECTION CORRELATION
MEASUREMENTS

The polarization-direction correlation apparatus con-
sisted of four scintillation counters using NaI (Tl)
crystals mounted on RCA-6342 photomultiplier tubes
arranged as shown in Fig. 3. The direction of one
y ray in the cascade is determined by the "direction
detector, " Counter 1. Both polarization and direction
are determined for the other p ray by the "polarization
detector" consisting of Counters 2, 3, and 4. Here,
Compton scattering is the polarization sensitive
process. The scattering occurs in the scintillation
crystal of Counter 2 and the scattered p ray may be
detected in either Counters 3 or 4. Counters 3 and 4
can rotate together about the axis of Counter 2 but
are fixed relative to each other so that the planes defined
by Counters 2 —3 and 2—4 are perpendicular. The
polarization sensitivity of Compton scattering to a

The measured directional correlation functions for
the three Cascades 8, C, D are all identical within the
experimental limits. The measured directional correla-
tion coefFicients for the unknown Cascades C and D
are compared in Fig. 2 with the theoretical values for
different spin choices J—2—0 (J=O, 1, 2, 3, 4) to
the levels involved in these cascades. The use of this
form of representation was discussed previously in
references 10, 12, and 13. The curves are parametric
in 6, the ratio of the quadrupole to dipole reduced
matrix elements. ' The experimental limits on A~ and
A4 for Cascade C are indicated by the rectangle on Fig. 2.
The corresponding rectangle for Cascade D is omitted
for the sake of clarity, but lies within the rectangle for
Cascade C. It is seen that the measurements are con-
sistent with the spin values 1 or 3 for the initial states
but not with spin 0, 2, or 4. If in either case the spin
of the initial state is 1, the first transition of this
cascade must proceed by an almost pure dipole radiation
with P, the ratio of the quadrupole to dipole transition
probabilities, less than 0.001. Ho eever, the slight
deviation of the experimental results from the theoret-
ical value A&= —0.25 for a pure dipole transition may
also be explained by small extranuclear attenuation
effects. ' If the spin of the initial state is 3, the first
transition proceeds by a mixed dipole-quadrupole
radiation with the mixing ratio 2=0.035~0.005.
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Fro. 3. A diagram of the counter arrangement used in the
polarization-direction correlation experiments. Counter 1 is the
direction detector. Counters 2, 3, and 4 make up the polarization
detector with Compton scattering taking place in Counter 2. The
axis of Counters 3 ancl 4 which detect the scattered y rays are
shown lying in planes parallel and perpendicular, respectively,
to the plane defined by the axes of Counters 1 and 2. Counters 3
and 4 can be rotated together through 90' to the point where
Counter 4 has the position shown by Counter 3 in the diagram.
All four counters employed NaI(Tl) scintillation crystals in these
experiments. P.M. : Photomultiplier.

R. Stump and H, E. Talley, Rev. Sci, Instr. 25, 1132 (1954).

& ray initially plane polarized and having a given energy
and angle of scattering is characterized by the "asym-
metry ratio, " 8, which for point detectors is defined
as the ratio of the Klein-Nishina differential cross
sections for scattering in planes perpendicular to
parallel, respectively, to the initial plane of polarization.
In the actual apparatus the asymmetry ratio can be
defined as the ratio of coincidence rates 2 —4 to 2 —3
for a beam of p rays incident on Counter 2 with plane
of polarization in the plane of Counters 2—3. The
asymmetry ratio of the apparatus is, of course, reduced
over the ideal case due to the 6nite angular resolution of
the counters and the fact that the p rays may scatter
more than once in the scatterer crystal. XaI was
employed for the scatterer crystal since it gives approxi-
mately three times greater Compton sca,ttering cross
section than organic crystals such as anthracene. It is
possible to use NaI in the experiments reported here
since the photons whose polarizations are detected are
of suKciently high energy (842 to 1409 kev) that they
are not strongly absorbed by photoelectric eGect in
the crystal. NaI is also more convenient since the
photopeaks can be used for pulse-height calibration.
As seen in Fig. 3 the angle between the direction and
polarization detectors is fixed at 90' since this angle
gives the maximum polarization eGect for the y —y
cascades investigated in this work.

A block diagram of the fast-slow coincidence arrange-
ment is shown in Fig. 4. The last three dynode voltages
of each photomultiplier are stabilized against high
counting rates by replacing the last three resistances in
the photomultiplier voltage divider by 150-volt neon
tubes. " Fast pulses are taken directly from each
photomultiplier collector through RG 114 cable into a
Hewlett Packard Wide Band Amplifier 460 A. In the

fast coincidence circuit input, pulses are shaped and
added and coincidences are selected with a biased
germanium diode in a conventional manner. The slow
pulses on each counter come from the last dynode of the
photomultiplier through a cathode follower and are
coupled directly without amplification to pulse-height
selectors. Pulses from Counters 2, 3, and 4 are added in
pairs 2+3 and 2+4. The sum spectra give full energy
peaks having pulse height and width equal to the
corresponding photopeaks in Counter 2."Then energy
selection is obtained in the polarization detector by
picking out the appropriate full energy peak with a
pulse-height selector. The pulses from Counters 3 and
4 trigger integral discriminators biased low. In addition,
pulses from Counter 2 are pulse-height selected with a
relatively wide window. Thus, limits on the distribution
of scattering angles in the scatterer crystal are defined
for a given photon energy. Also with pulse-height
selection on Counter 2, one can eliminate spurious
scattering of photons from Counters 3 and 4 to Counter
2. As shown in Fig. 4 the outputs of the fast coincidence
circuits, F 234 and F 12, and the pulse-height selectors
51, 52, 53, 54, 52+3, 52+4 are combined in slow
coincidence circuits (2~ 0.4 @sec) giving fast-slow
coincidences 1—2„2—3, 2 —4, 1—2 —3, and 1—2—4.

For one of the runs an antipile-up circuit" was
added to the system. Pile-up events are first detected
in the mixed train of pulses from Counters 1 and 2.
A pile-up event may be due to two pulses originating
in the same counter (either 1 or 2) or to single pulses
from the two counters piling up when mixed. Should
there be a fast-slow coincidence 1—2 associated with
one of the pulses in the pile-up event, it will be rejected
by an anticoincidence circuit. The pile-up detection is
accomplished in the following way. Pulses from the
fast outputs of Counters 1 and 2 are differentiated,
mixed by addition, amplified, and limited. A single pulse
at the limiter output consists of a positive spike of 0.1
microsecond duration followed by a negative under-
shoot. A Schmidt trigger circuit is turned on by the
first pulse in a pile-up event and is turned off at the
time when the slow outputs of Counters 1 and 2 become
cleared of pulses. Finally the Schmidt trigger output
is delayed by 0.1 microsecond and pile-up events are
detected as coincidences between these delayed pulses
and the fast limiter output. Thereby, most of those
events which would otherwise be incorrectly counted as
to pulse height are eliminated. This is of value partic-
ularly in polarization-direction correlation experiments
where it is often necessary to use high counting rates

( 100000/sec total counting rate per channel) in

order to achieve reasonable triple coincidence counting
rates.

In orcler to make the measurement of a polarization-
direction correlation, the numbers of coincidence counts

"The author is indebted to Dr. R. E. Bell for the idea of
cleveloping an antipile-up circuit, and for its basic design.



1502 G. T. WOOD

COUNTE, R FO

-SO
FAST AM P

PUD FC
1-2

-8
2P 6 x10 sec

«
2W ~ 1,5&10 4&c

FC
2-3-4

0

PH S

1

PHS
2

D a

SC

Q
SC SC
2-3 2-4

SCALAR

2-3
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polarization-direction correlation
electronics. FC: fast coincidence
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D: discriminator, PUB: pile-up
detector, A: anticoincidence input,
FO: fast output, SO: slow output.
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'V.g, lV24, lYI23, and &V~24 are recorded on scalers for
runs involving two positions of the Counters 3 and 4.
In the first position the planes defined by Counters
2 —3 and 1—2 are parallel and in the second position
these planes are perpendicular. For the first position
we compute the ratio of normalized triple coincidence
counting rates S(1)=(Si~~/cV»)/(iV»4/xV~4) and for
the second the ratio S(2)= (iY»4/X&4)/(iV»q/iV~3) In.
first order the ratios S(1) and S(2) should be indepen-
dent of variation of counter efficiency associated with
electronic drift and should be equal provided the
pulse-height selection is approximately the same for the
2 —3 and 2 —4 coincidence combinations. However,
should there be a small difference between the ratios
X123/1VQ3 and iV»4/iV&4 (apart from statistical varia-
tions) when measured in successive runs in which
Counters 3 and 4 have the same position, then this
asymmetry will cancel in the geometric mean quantity
S=. [S(1)S(2)]'. If there is no polarization effect. ,
5= 1. This procedure described here using two counters
instead of one to detect the sca.ttered radiation has
the advantage of giving greater stability against
electronic drift in addition to doubling the rate of

data taking. Moreover, the results are independent of
source decay during the runs.

The measured quantity 5 is to be compared with the
corresponding theoretical value obtained from the
relation S= (p+R)/(pR+1), where p is the ratio of
probabilities of polarization parallel to perpendicular
with respect to the plane of the two radiations for the
gamma-ray detected in the polarization detector and
R is the asymmetry ratio of the polarization detector.
The quantity p can be calculated from the formula
and tables of Rose' for various assignments of spin to
the levels involved in the casca,sde.

In order to compare theory with experiment it is
necessary to know the asymmetry ratio, R of the
apparatus for the photon energies involved. Although
R can be calculated from the Klein-Nishina formula for
Compton scattering, the calculation is made difficult
due to the finite sizes of the detectors and the effect of
double or higher order scattering. In these experiments
R was determined experimentally by measuring the
polarization-direction correlations of two known cas-
cades, the 1409—122 kev cascade in the 12-year decay
of Eu'" and the 842—122 kev cascade in thy 9-hour
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decay of Ku'" . The levels involved in these cascades
have been studied previously from directional correla-
tions and internal conversion measurements and have
been assigned spins and parities 2 (E1)2+(E2)0+,'4'
and 1 (E1)2+(E2)0+,' ' respectively. From the polariza-
tion-direction correlations of these cascades, R was
determined for the photon energies 1409 and
842 kev. An interpolation with respect to energy is
used to determine E. for other photon energies inter-
mediate to the above. The polarization-direction
correlation results for the known and unknown cascades
are presented in Table II.

From the measured values of S, the quantity p is
calculated for the unknown Cascades C and D. The
quantity p, so determined, is compared with the
theoretical possibilities in Fig. 3. Here, p is plotted
~ersls the directional correlation coeKcient A2" for
the various possibilities of spin sequence J—2 —0 where
J=O, 1, 2, 3, and 4. The curves are parametric in the
quadrupole to dipole mixing ratio 8. For p) 1, 1/p is
plotted versus A2 instead of p. From the comparison of
theory with the polarization-direction correlation
results in Fig. 5, it is possible to rule out some of the
possibilities consistent with the directional correlation
measurements alone. From Fig. 2 it was seen that the

Cascade
p 5 1/~

(theory) (experiment) R (calculated)

A. Pol. 1409—Dir. 122 kev
B. Pol. 842—Dir. 122 kev
C. Pol. 1389—Dir. 122 kev
D. Pol. 970—Dir. 344 kev

0.4 1.26&0.03
2 0.78&0.01

~ . 0 79&0 04
~ . 0.84+0.04

1.73
2.19
1.74
2.07

~ ~ ~

0.40&0.13
0.60&0.10

a For this measurement of Cascade C an antipile-up circuit was used in
order to reject pile-up events which were present due to high counting
rates. Two measurements made without the use of the antipile-up circuit
gave .S' =0.90 &0.04 and S =0.91 &0.04.

directional correlation measurements could be fitted
if spins and parities 1+—2+—0+ or 3+—2+—0+ are
assigned to the levels involved in the 1389—122 kev
and 970—344 kev cascades. For both of these cascades
only the spin and parity assignment 1 (E1)2+(E2)0+
gives a reasonable fit to the polarization-direction
correlation results as is seen in Fig. 5. Consequently,
we are led to assign spin 1 to both the 1511-kev level
in Sm'I and the 1315-kev level in Gd' ' and E1 to the
1389- and 970-kev transitions emitted from these states.

TABLE II. Polarization-direction correlation results for cascades
in 12-year Eu'" (Cascade A) and 9-hour Eu' ' (Cascades B, C,
and D). The polarization and direction detectors subtend an
angle of 90' on the source. For Cascades A and B, R is calculated
from S which is measured and p which is calculated from the
known spin values. In Cascades C and D, R is obtained by inter-
polation in photon energy of the values determined from Cascades
A and B for energies 1409 and 842 kev, respectively. Then 1/p is
calculated from the measured S and the computed R. These
experiments were performed with a —',-mm Cd absorber before
Counter 1 in order to reduce E-capture x-rays and a 3-mm Pb
absorber before Counter 2 to absorb both the 122-kev photons
and the x-rays.

1
p(90')

p 80')

05-

1(E1

-0.5 0

A,
0.5

(M1,E2) 2( 2)0

DISCUSSION

Wood and Nathan3 searched for the 1315- and
1389-kev E internal conversion lines in the Copenhagen
six-gap "orange" type P-ray spectrometer set to an
energy resolution of 1'%%uq. Only weak indications of
these lines were found above the continuous I()-ray

background of the source. As shown in Table III,
these measurements suggested Ji1 for the 1315-kev
transition and M1 for the 1389-kev transition although
the possibility of E1 in the later case was not excluded.
Marklund eI, al.4 have measured both the internal and
external conversion lines for the 970-, 1315-, and
1389-kev transition in the Uppsala double focussing
iron yoke spectrometer used at energy resolutions of

FIG. 5. The polarization-direction correlation function, p, is
plotted for an angle of 90' between the cascade photons versus the
directional correlation coefFicient, A2, for gamma-gamma cascades
having the spin sequence J—2 —0. The possibility of mixtures is
considered for J=2, 3, and 4 and the curves are parametric in
the quadrupole to dipole mixing ratio B. Markers are placed along
the curves to indicate the points for () =0, ~0.1, ~0.2, ~0.5, +1,
&2, &5, ~10, and ~, but only the values 0, &1,and ~ are label-
ed. Rectangles are plotted to show the experimental limits of the
measurements of p and A 2 for the Cascades C and D (see Table II).
The rectangles labeled C' and D' are the mirror images about the
p=1 axis (i.e. , p, =1/p, ') of the rectangles C and D, respectively.
Sy comparing the rectangles C' and D' with the theoretical
curves it is possible to consider the cascades in which the first
transition has the opposite parity change from the one indicated
by the label on each curve,

Transition

970-kev Gd'52
13].5-kev Gd'»
1389-kev Sm'"

Wood and
Nathan&

~ ~ ~

(0.7
1.5+0.6

radii X10~
Marklund

et al, b

1.0&0.5
0.5~0.2
0.4+0.2

Sliv and Band'
B1 B2 M1

0.9 2.2 3.6
0.6 1.4 2, 1
0,5 1.1 1.6

a See reference 3.
b See reference 4.'L. A. Sliv and I. M. Band, Leningrad Physico-Technical Institute

Report, 1956 Ltranslation: Reprt 57 ICCK1, issued by Physics Department,
University of Illinois, Urbana, Illinois (unpublished) j.

TABLE III. Measurements of E internal conversion coefficients of
transitions following the decay of Eu'5
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0.3—0.4%. As seen in Table III their results a.re consist-
ent with an assignment of Ii1 to all three transitions in
agreement with the present angular correlation work.

The assignment of spin 1 to the 1511-kev level in
Sm'" raises the problem why no transition is observed
between this level and the ground state. If we consider
this state to be described by a pure quantum number
@=1 then the theory' governing branching to levels
in a rotational band predicts that the intensities of the
1389-kev and 1511-kev gamma rays should be in the
ratio of 0.39 to 1.However, examination of the gamma-
ray spectrum both on a scintillation spectrometer'
and by external conversion in a double focussing
spectrometer" indicate that the intensity of the
1511-kev crossover gamma-ray is less than 1% of the
1389-kev gamma-ray intensity. There is the possibil-
ity that this effect is caused by a mixing interaction
between two E-bands. It is presumed that the two 1
levels a,t 1511 kev and 963 kev are the lowest energy
levels, respectively, of two rotational bands having
E=1 and E=O. Then the 963- and 1511-kev levels
which we call n and P, respectively, can be described
by mixed wave functions:

+a &41lIII.=-P ,+44%1,K 1

+p II/1&I, K 1 f14'ill, K——=p

where a and b are treated as adjustable parameters.
We define the "mixing parameter" x=b/a and t—he
ratio of matrix elements between the initial and final
intrinsic states y' and yf, as

~2(xK=pI
I ~(E1)

I
~K=1')

(XK=pI)M(E1) ~&K p')

The V2 factor in the expression for y comes about as the
result of symmetrization of the wave function

I=1
3f,K=1

' I. Marklund, Nuclear Phys. 9, 83 (1958).

The following expressions are deduced" for the branch-
ing of the n and P states to the ground state and first
excited states in terms of ratios of reduced transition
probabilities:

B[E1,n —+ II=2, Eg=0] 1+-',xy '
=2

B[E1,n ~ If 0, E——I=0j 1 xy

B[E1,p —+ II=2, IfI=Oj 1—2x/y

B[E1,P —& Ig 0, EI=——O] 1+x/y

The observed p-ray intensities can be fitted if one sets
x= —y=+0.27. However, to support or reject this
result more experimental information is needed. One
possibility would be to measure the ratio of the lifetimes
of the two 1 levels. Using the values of x and y found
above, the ratio of these lifetimes can be predicted to
have the value rs/7 =2.5. In addition it would be
illuminating to determine the energies of the rotational
levels built on the two 1 levels in order to compare
with the predicted distortion of the level spacings in
rotational bands due to E-band mixing.
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