
~UM ~@RvogUME 1 g959FEgRUAR&R EV I EVEPH YSICA

152he Decaya~s Followorrelation of Gam~a a e

A Abs', '
rszt o 3A'c zgae,Ph szcs, Uezversz y

' e
dO ob 219 )(Receive

k -122 kev, 111k —,8969 kev-on the
d hsin Sm-245 kev cascades-245 kev, and 1170 s

n fo d to b 0,
3 l Th 2438-k 1

l 2%di ol; th 9
0'~2% d Pol ' th1118-kev gamma ray is

le; the 1.416-kev gamma ray a rup
eve i be 3 and the 782-kev gamma y

uld not be inconsistent w
1 . th d

ev level woul n

must be mos ytl dipo e;

iste

l52
ssEUss

1&y

I240

ns d of NaI(T1)n detectors cons oer."The scintillation
1' ' . diameter by 1-in.

NTRODUCTION

292 hot lti 1'
f the decay

yo
coun e-

el al ' are shovrn in igsscheme propos
e s in of the grou

iedling' ave stmann and

1 . Since t e
ro osing a spin seq

ls respectively.

Ia5

, and 1538-kev levels,
resent inve ""'"'""""' ' "'k--' 5keve an ular correlation

122 kev —1118kev an12 kev —969 kev, ev

d Heassignsa p

d 1127-k 1 1 in 634S, an

445
da

'
n of theangu ar

es in Sm' av

I092

kev——1170 kev casca es in

here.and are reported ere.

AL PROCEDUREII. EXPERIMENTA

'de ' '
having a resolving

'
ence circuit avin

ment.
ious

f 3&10—s secon
'bed in a previo

time o
nt h been descri eThis instrument hnt has

al Research.u
' artbyt eh Ofhce of Nav

ee Knoxvl e,rsit of Ten edress: Universi y ee

rII7 1,
and Wiedenbeck P yry

~ L. Grodzins an

oner, Nuclear Phys. 2, 54
(1956/57).

an and Sahara,a Nainan Raman, an

e and Jeffries, Phys. Rev.
T khli d

1957) Lt l to:
(1957)j.

nd T. Wiedlin Ar iv' B. Hartmann a' S. Ofer, Nuclear Phys.

I I? 0
872

1416
II I 8

1092

567

245

122

0
I52

82S ffl 90

e for t e me h Sm'" nucleuus according to or
4 d 1 els are s ow

the present inves &gare pertinent to t e p

M. L. Wie en e"W. H. Kelly and
(1956).



D I RECTIONAL CORRELATION OF y RAYS 841

TABLE I. Summary of results of several correlations.

Cascade

245 kev —122 kev
969 kev —122 kev

1118kev-122 kev

A2

0.089&0.013
0.023%0.035

—0.169~0.024

A4

0.010+0.017
0.375&0.050

—0.064&0.022

Spin sequence

4-2-0
2-2-0

3-2-0

Character of
gamma rays

245-kev E2; 122-kev E2
969-kev, P=0.983&0.011

(b = +7.68)
1118-kev, Q=0.9980 p. ppez

(S= —22.2)

The source material for the present investigation was
made available to us by J. M. Cork. It was in the form
of Eu203 dissolved in dilute hydrochloric acid. The
isotope Eu'" had been enriched to 92% before irradia-
tion in the Argonne reactor.

III. METHOD OF ANALYSIS

To correct for source alignment and instrument drift,
the real coincidence rate was divided by the energy-
discriminated single rates and the mean value of these
6gures for each angle determined. A least-squares fit of
these values was made to a finite series of even-order
I egendre polynomia1s. The coefficients of these poly-
nominals were corrected for the finite angular resolution
of the detectors by the method of Rose" to yield a cor-
rected function of the form W(B) =1+AsPs(cosB)
+A4P4(cosB), where Pt, is the I egendre polynomial of
order k.

For those cases in which there appeared to be a mix-

ture of dipole and quadrupole radiation the results were
further analyzed by a method due to Arns and
Wiedenbeck " It has been shown that 22=22(')A2&'&

and A4 g 4"'g 4( where A, o' and A4(" depend only
on the erst transition, and A2&'& and 24&'& depend only
on the second transition. If the first gamma ray is mixed
dipole-quadrupole and the second pure quadrupole,
these coeKcients are given by the relations:

As&' =Fs(11jij)(1—Q)+2Fs(12jrj)
&& LQ(1 —Q)3'+Fr(22j~j)Q

A4~" F4(22jij)Q,
——

As&'& =Fs(22jsj),

A 4&@=F4(22jsj).

The Ft, (1.1.'j'j) are the F coeKcients defined and
tabulated by Ferentz and Rosenzweig, "and j&,j, j2 are
the angular momenta of the initial, intermediate, and
6nal states, respectively. Q is the quadrupole content

Ofer has previously reported the results of the angular
correlation of the 245 kev —122 kev, 969 kev —122 kev,
and 1118kev —122 kev correlations in Sm'", These cor-
relations have also been carried out in the present work
and are summarized in Table I for completeness. The
errors which are quoted include the uncertainties arising
from the correction of any interfering cascades.
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of the first radiation and is equal to 5'j(1+5s), where 6
is de6ned as the ratio of the reduced matrix elements
P and n for quadrupole and dipole radiation, respec-
tively. "Arns and Wiedenbeck" have plotted 22&"' and
34&") for many cases. The pertinent curves have been
taken from this source and the experimental results
superimposed to obtain the values of Q consistent with
experiment.

IV. RESULTS

"M. E. Rose, Phys. Rev. 91, 610 (1953)."R. G. Arns and M. L. Wiedenbeck, University of Michigan
Engineering Research Institute, Technical Report 2375-3-T,
January, 1958 (unpublished).

"See for instance H. Frauenfelder, in Beta- amd Gamma-Ray
Spectroscopy, edited by K. Siegbahn (Interscience Publishers, Inc. ,
New York, 1955), p. 549.

'4 M. Ferentz and N. Rosenzweig, Argonne National Laboratory
Report A~5324, 1955 (unpublished),
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Pro. 2. Level scheme for the Gd'" nucleus according
to Cork et al.4

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



R. W. LI DE AND M. L. WIEDENBECK

8'72 kev—245 kev Correlation in Sm'52

The 872-kev gamma ray does not appear distinctly
in the gamma-ray spectrum of Eu'~'. However, it
appears quite strongly in that part of the spectrum in
coincidence with the 245-kev gamma ray as shown in
Fig. 3. YVith one discriminator window set on the 245-
kev photopeak, the other discriminator window was
set to straddle the position of the 872-kev photopeak.

After all background correlations had been sub-
tracted, the correlation function was found to be

W(8) =1+ (0.141&0.034)Pt(cos8)
—(0.235&0.046)P4 (cos8).

Assuming that the 122-kev and 367-kev levels in Sm' '
have spins of 2 and 4, respectively, one obtains
A~o~= —0.315&0.076 and rf o~=+0.772&0.152. This
large positive value for A4"' can only be explained by
assigning a spin of 3 to the 1240-kev level of Sm'". The
best value of Q is 0.979&0.013 corresponding to
8=+6.90.
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FIG. 3. Part of gamma-ray spectrum of Eu'". The broken curve
is the singles distribution. The solid curve is that part which is in
coincidence with the 245-kev gamma ray. (Data taken by
R, G, Heimer, )

If one assumes positive parity for the 1240-kev,
367-kev, and 122-kev level in Sm'", the experimental
value of Q means that the 872-kev transition is mostly
82. Nathan and Waggoner's' E-conversion coeKcient
is closer to the theoretical one for an 3f1 transition.
However, their value is not inconsistent with E2 radia-
tion when one considers that conversion coe%cients are
only accurate to +40%.

1170 kev —245 kev Correlation in Sm'"

The 1170-kev gamma ray reported by Cork et al, 4 is
apparently the same as the 1210-kev gamma ray
reported by Grodzins and Kendall, ' and the 1200-kev
gamma ray reported by Nathan and Waggoner. ' It has
been observed only by gamma-ray coincidence methods;
its conversion electrons have not been observed. Evi-
dence for its existence is shown in Fig. 3.

The 1170 kev —245 kev cascade is relatively free of
background coincidences because only the 1416-kev
gamma ray, which is not in coincidence with the 245-kev
transition, has an energy greater than 1170 kev. The
weighted mean of two sets of data gives

W(8) = 1+(0.140&0.039)P1(cos8)
—(0.217&0.060)P4 (cos8).

The errors quoted above are the standard deviations
calculated by the method given by Rose."The experi-
mental results are shown in Fig. 4.

Because of the large negative balue of A4, the only
possible interpretation of this correlation is 3 (D,Q)4 (Q)2.
Dividing by the appropriate Ii functions of the second
transition gives A 2&') = —0.313&0.087 and A 4(') ——

+0.71&0.20. Figure 5 shows that to fit both 22&'& and
A4 "&, Q must be 0.979+0.015 corresponding to
8=+6.81. The conclusion is that the 1170-kev gamma
ray must come from a level whose spin is 3 and must be
98% quadrupole and 2% dipole.

1416 kev —'122 kev Correlation in Sm, '"
The angular correlation function for this cascade was

found to be

W(8) =1+(0.191+0.011)Pt(cos8)
+ (0.003&0.015)P4 (cos8).

These results are the same within experimental error
as those obtained by Ofer. ' The A2 term is slightly
smaller than that obtained by Hartmann and Wiedling
while the A4 term is within experimental error of their
value.

This correlation function can be explained theoreti-
cally as due to a 6-2-0 spin sequence (the interpretation
given by Hartmann and Wiedling'), a 5-2-0 spin
sequence, a3(D,Q)2(Q)0spinsequence, or a2(D,Q)2(Q)0
spin sequence (the interpretation given by Ofer').

The interpretation depends on whether one adopts
the decay scheme of Cork et al. ,' or the decay scheme of
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that the 1415-kev and 1170-kev gamma rays come from
diGerent levels in Sm'", then the present investigation
leaves the spin of the 1537-kev level in their level
scheme for Sm"' undetermined, but other considera-
tions would favor a spin of 2 in agreement with Ofer. '

If, however, one follows Cork et al.' (as is done here)
and assumes that the 1416-kev and 1170-kev gamma
rays following the decay of 13-yr Eu'" come from the
same energy level (this would seem to require the
assumption that the 1380-kev gamma ray following
the decay of 9-hr Eu'"" comes from a different level),
then one is led to the conclusion that the 1416 kev-
122-kev cascade must be 3(D,Q)2(Q)0 with Q=0.153
+0.018 corresponding to 3= —0.425.f.

A third possibility is that the 1416-kev gamma ray
following the decay of 13-yr Eu'" is in reality two
gamma rays of nearly the same energy and comparable
intensity. If this is so, then there is insufhcient informa-
tion to interpret the present data on the 1416 kev —122
kev correlation.
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FIG. 4. Directional correlation of the 1170kev —245 kev cascade
in Sm'". The triangles represent the first and the circles the second
set of data corrected for finite geometry. The solid curve is the
least-squares fit to both sets of data. The broken curve is the
theoretical correlation function for a 3(D,Q)4(Q)2 sequence with
a 97.9% quadrupole, 2.1'%%uo dipole mixture in the first transition. -.2 5

Nathan and Waggoner. ' Since the 1170-kev gamma ray
has not been observed by electron conversion, its energy
is uncertain to about &30 kev. In the decay of 9-hr
Eu'", Grodzins and Kendall have observed a gamma
ray of 1380 kev in coincidence with the 122-kev gamma
ray. Nathan and Waggoner' have measured the energy
of this gamma ray to be 1416kev and concluded that it
was the same Sm'" transition as the 1416-kev transition
following the decay of 13-yr Ku' '. It is unlikely that
this gamma ray, the 1416-kev gamma ray from 13-yr
Ku'", and the 1170-kev gamma ray all result from the
de-excitation of the same Sm'" level. This is because
the spin of 9 hr Eui52 is most, probably O~ie, iv and the
present investigation shows that the 1170-kev gamma
ray comes from a spin 3 level of Sm' '. A 0—3 spin change
should give a high logft value so that one would not
expect to observe the decay of Eu'" to a spin-3 level of
Sm'".

If one follows Nathan and Waggoner' and assumes

l
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Pro. 5. Partial Legendre coeKcients A2&'& and A4&') versus Q,
the quadrupole content, for a 4(D,Q)3 transition, where the spin
of the intermediate state is 4 and that of the initial state is 3. The
shaded regions show the values of Q consistent with the experi-
mental values of A2&» and A &'& obtained for the 1170kev-245 kev
cascade in Sm'~.

' L. Grodzins, Phys. Rev. 109, 1014 (1958).
"Goldhaber, Grodzins, and Sunyar, Phys. Rev. 109, 1015

(1958).

f Pote added in proof.—Recent measurements by I. Marklund
LNuclear Phys. 9, 83 (1958)g have shown that Eu'I and Eu'"~
decay to difkrent levels at 1530 kev and 1511kev, respectively.
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7'82 kev—345 kev Correlation in Gd'52

With one discriminator window set on the 782-kev

photopeak and the other discriminator window set on
the 345-kev photopeak, the correlation function ob-

tained after correction for finite geometry was

W(8) = 1—(0.081&0.013)Ps(cos8)

+ (0.014&0.019)E4 (cos8).

The uncertainty of the A4 term is larger than the term
itself. If one assumes that 34=0, the correlation func-

tion becomes

W(8) = 1—(0.076~0.011)Ps (cos8).

This is in agreement with the theoretical correlation
function for a 3(D)2(Q)0 cascade, namely W(8)=1
—0.0714Ps(cos8). Iience, a spin of 3 may be assigned
to the 1127-kev level in Gd'". This result is in agree-
ment with Ofer. ' Grodzins and Kendall, ' Nathan and
Waggoner, ' and Bhattacherjee et al. ' obtain E-conver-
sion coe%cients for the 782-kev gamma ray that are
consistent with E1 radiation. Hence the 1127-kev level
in Gd'" is probably a 3—state.

PHYSICAL REVIEW VOLUME 113, NUMBER 3 FE BRUAR Y 1, 1959

Neutron-Capture Gamma Rays in CP'f

R. E. SEGEL
Aeronautical Research Laboratory, S'right-Patterson Air Force Base, Dayton, Ohio

(Received October 13, 1958)

y-y coincidences on the gamma rays following thermal neutron capture in CP' have been measured.
Combining these results with the energy levels in CP' known from the CP'(d, p)CP' reaction and the
Cl" (n,y)CP' gamma-ray spectrum measured by other workers, a decay scheme is constructed which un-
ambiguously places most of the known gamma rays in Cl . An examination is made of the reduced widths
of gamma rays emanating from the capturing state, and it is shown that the reduced widths for gamma rays
of the same multipolarity can Auctuate widely, and that these Auctuations do not appear to be correlated
with the final-state shell model configuration. It is also shown that the reduced widths for Ei and M'1

transitions emanating from the capturing state are significantly smaller than those calculated from the
single-particle estimate, and that Ei transitions are more intense than 351 transitions by about a factor of
four. Evidence is presented for there being collective motion present in some of the higher excited states
in CP'.

'HE experiment reported herein represents a
continuation of the program of investigations

of gamma-ray cascades following thermal neutron
capture undertaken by the Aeronautical Research
Laboratory group at Brookhaven National Laboratory.
The experimental technique and philosophy are
virtually identical to that employed in the previously
reported' measurements of gamma-ray cascades in
Hg"'. Briefly summarized, this technique consists of
placing a target in a thermal neutron beam, and
measuring coincidences between two gamma-ray detec-
tors placed close to the target. One detector is a
3-in. &&3-in. NaI(Tl) crystal, while the other is a three-
crystal pair spectrometer, also composed of NaI(T1)
crystals.

The gamma-ray spectrum resulting from thermal
neutron capture in Cp' has been measured by Groshev,
Adyasevich, and Demidov. ' Their results are shown in

t Work performed under the auspices of the U. S. Atomic
Energy Commission.

* Guest scientist at Brookhaven National Laboratory, Upton,
New York.

' R. E. Segel, Phys. Rev. 111, 1620 (1958).
~ Groshev, Adyasevich, and Demidov, Proceedings of the

International Conference on the Peaceful Uses of Atomic Energy,
79H (United Nations, New York, 1956).

Table I. The energy levels in Cl" have been investi-
gated by Paris, Huechner, and Endt, ' who magnetically
analyzed the protons produced by the CP'(d, p)CP'
reaction. These results are shown in Table II. From
the Paris et a/. measurement of the Q value of the
ground-state group, the neutron binding energy can
be deduced to be 8.58 Mev, in agreement with the
value of 8.57 Mev derived from the mass measure-
ments. 4 Comparing Table I with Table II, one can see
that all of the higher energy gamma rays measured by
Groshev et at'. ' correspond to transitions from the
capturing state to states found in the CP'(d, p)CP'
reaction, with the highest energy gamma ray cor-
responding to the ground-state transition. However,
at excitation energies in Cl3' greater than 2.5 Mev,
the level spacing is comparable to the resolution under
which the gamma-ray measurements were made.

The angular distributions of several of the proton
groups from the CP'(d, P)CPs reaction have been
studied by Teplov. ' The angular distributions could
be analyzed in terms of a stripping mechanism, and the

' Paris, Buechner, and Endt, Phys. Rev. 100, 1317 (1955).' C. F. Biese and J. L. Benson, Phys. Rev. 110, 712 (1958).' I. B.Teplov, J. Exptl. Theoret. Phys. U.S.S.R. 31, 25 (1956)
LTranslation: Soviet Phys. JETP 4, 31 (1957)g.


