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Evidence is presented from the react /on 152

rotational band based on the 1.256-MeV 0+ st
1.417 and 1.819 Mev.

The low-lying states of nuclei around X = 88 un-

dergo a transition in character from harmonic
vibl R't1011Rl (N & 88) to I'otRtlo11Rl (N & 88). Tllls
can be interpreted as indicating a shape change
from spherical to deformed. However, these nu-

clei, especially those close to N =88, are quite
ft t hape variation Rnd probably have zero-

point vibrations whose amplitude is compara e
with their average deformation. ' ln the following
we will refer to "spher ical" and "deformed"
states, realizing that this describes only in some
average way the nuclear shape.

'"Sm (N =88) and '"Sm (N =90) are spherical
Rnd defoI med, I*espectlvely, ln their gl ound
states, but have excited 0+ states which are be-
lieved to have shapes quite unlike the ground
states. The 1.091-MeV 0+ state of '"Sm is
strongly populated by the (f, P) reaction from the
spherical ground state of Sm, "in contrast to
the usual weak population of excited 0' states by
the (t, p) and (P, t) reactions. Hinds et al. ' inter-
pret this as indicating a spherical character for
the state. Further support for this picture comes
from a recent (p, t) experiment' in which this
t t ' ot seen in pickup from deformed '"Sm.

'k ' the unusual strength with which the

(P, t) reaction connects the deformed ground
state of '52Sm with the 1.256-MeV 0' state of
"Sm' ' d' tes that the latter is a. deformed
state of a nucleus whose ground state is spheri-
cal. If the 1.256-MeV state is indeed deformed,

al band.it must serve as the basis for a rotationa
aR

The resolution of the earl1er (p, t) experiment
left unanswered the question of whether such a
rotational band exists.

We are currently studying the (p, t) reaction at
19 MeV for a range of rare-earth nuclei. Tar-
gets of m on'"S C backing have been bombarded
with 19-MeV protons from the John H. Williams
Laboratoryt MP tandem. The resultant tritons
were analyzed with a split-pole magnetic spec-
trometer and were recorded on nuclear emul-

The overall energy resolution was approxi-
rnately1 10 keV. The spectrum of tritons record-
ed at 0=25' is displayed ln Flg. 1. Table I gives
the excitation energies, angular momementR Rnd

Sm(p, t) ~OSm for the existence of an excited
ate of ~oSm, with 2+ and 4+ members at

5000-

E lOOG-

@600-
500
IOG-
60

2 $0-
IG-

gp 6
E
z

I

Distance along

l l5 l20
l~' Io'

9

IO

the plane (cm. )

2S l~o

p 05
Sm(p t)~5os

e =as'

FIG. l. Spectrum of tritons observed aat 8 =25 from
the bombardment of a ' Sm target with 10-MeV pro-

tamlnants are 1dentlf led 1n Tabm
' ' leI. The0+, 2+, and

4+ members of the excited ~ oSm rotational band are
indlc ate d.

relative cross sections for the states observe
in '"Sm.

The 1.256-MeV 0' state is strongly excited, as
in the earlier experiment, ' and candidates for the
2 and 4+ members of its rotational band appear
at 1.417 and 1.819 MeV„respectively. The 1.417-
MeV state has been assigned J =2+ by Lure,
Peker, and Prokofev' and by Smither and Buss. '
Lure, Peker, and Prokofev suggested that the
state is a rotati. on of the 1.256-MeV 0' state.
The 1.819-MeV state has recently been assigned
4" =4' by Smither and Buss' from resonance cap-

Thus the
angular momenta of these states are proper for
a K =0 rotational band.

Angular dIstrlbutlons of SII1(p, t) 8111 WItll

0 1 d t 0 final states are shown ln Flg.
2. They have nearly identical shapes, while the
VRl ious I = 2 angulRI' dlstl lbutlons shown ln Flg
3 have dissimilar shapes. This dissimilarity of
I.=2 angular distributions is reminiscent of that
noticed by Mcr atchie et al. in the reaction '"Sm(p,
t)'"Sm. ' We have demonstrated that it is not a
Q-value effect by raising the proton energy to
20 MeV and observing no change in the relative
shRpes of the I = 2 angulaI' dlstl lbutlons The I
= 2 angular distr ibutions are not sufficiently char-

lar momenta to the final states. Nevertheless,
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Level
no.

)o.o
0 " 1~2Sm g. s ~

148
Sm g. s.

147Sm g. s.
2 .334

(.685 NeV)
4 .741

, 774
1.046

7 1.072
qi 1.165
)1.194

gf'1. 256
[1.279

1Q l. 357
11 1.417
12 1.449
13 1.604~.010
14 1.642
15 1.684

~~1. 759
sm (1.775 Nevi

17 1.794
18 1.819
19 1.833
20 1.925'. 010
21 1.949
22 2.006'. 010

Q+
Q+

Q+

7/2

0
Q+
4+
2+
3
2+
2+
Q+

3+, {6+)
3
2+
4+

(25')
{arbi tX'GX'Y

units)

5537y250
~ 66
& 31

'7
527y23

17
4718-L200

185F25
241~18
78qj5
15y8

346y20
3172+100
~ 50

30y10
231+25

89y20
22y7
16y6

8W

192+18
41y9
91+12
23+7
46*8

352+20

~See Ref. 3.
b See Ref. 6.

See Hef. 7
. K. Smother, Phys. Hev. 150 964 (

. Lederer, J. M. Hollander, and I. Perlman,
TaMe of Isotopes (Wiley, New York, 1967), 6th ed.

the angular distribution for the 1.41V-MeV rota-
ional state is at least compatible with h

'F +ment of J =2' to the state. Thus, the (, I an-
gular distributions for the excited rotational
states support the angular momentum assi n-
ment for the 0' m0 member and are consistent with

um assIgn-

the assignment for the 2+ mernb+ mern er. The angular

3
istribution of the 1.819-MeV t t he s a e shown in Fig.
cannot be used to confirm the 4+e assignment.

these
Fuxther evidence for the t te ro a zonal nature of

ir exes ation ener-ese states comes from thei t t
gies. Figure 4 shshows the energy spacings of the
ground-state rotational ba d

'
dn s ln eformed even-

even samarium nuclides and f thn o e proposed ex-

va Ues~ and rela-Table I. Excitation energies J" l
tive cross sections of the levels numbered in Fi . 1
States in ~oSmm whI. ch have been observed previousl
are assi ed thesigne e previously measured energies (with-

prevlous y

out errors) and J" values States not
serve ave been assigned excitation energies (with
errors) by interpolation from known excitation' a ion energies.
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FIG. 2. L =0 an ularg distributions of tritons from
the reaction ~5~Sm( I;). The cross sections for three
'i ferent 0+ finald f states ln SID ale given iI1 the saln
arbitrary units.
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gular distributions from "2Sm(FIG. 3. Triton an om p, f)
l " a es in Sm rvith J =2+ (I =2)

all poorl defin
=O'. The I =4 an largU c4strlbutlons are

r y e Died due to the proximity of the 4+ stiyo t e4 states
g s aes. The ang . ar dhstribution

gal d.
e . -MeV 4+ state ise -M + is typical in this re-
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cited rotational band in '"Sm. The adherence of
these spacings to a Z(8+1) dependence supports
the rotational picture. The systematic increase
in the rotational energies with decreasing neu-
tron number reflects a decrease in the moments
of inertia. This systematic N dependence of the
moment of inertia indicates that the intr insie
shape of the excited '"Sm rotational band is
smoothly related to the ground-state shapes of
the deformed samarium nuclides.

The strengths with which the ( p, f) reaction pop-
ulates the 2 and 4' members of the excited
'"Sm rotational band, relative to the 0' member,
are 0.20+ 0.04 and 0.03 ~ 0.01, respectively. The
numbers are the relative differential cross sec-
tions summed over a distance set of reaction an-

I I I I
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FIG. 4. Energy spacings of %=0 rotational bands in
even-even samarium nuclides. The energy of the
state J relative to the 0+ band head is shown for J= 2

(closed circles) and for 4=4 (open circles). The solid
line connects the energies which are predicted from a
Z(J+ 1) formula. The spacings shown are for the
ground-state bands of II2 "4~"6Sm (E&

——0) and the ex-
cited band of MSm (Ell=1.256 MeV). For MSm, the
energy of the first-excited 2+ state (2I+) relative to
the ground state is shown for comparison.

gles. We have measured the corresponding
strengths for the ground-state rotational band of
'"Sm in the reaction '"Sm(P, t)'"Sm, E~=l9
MeV. They are 0.272+ 0.015 and 0.045+ 0.005.
Broglia, Riedel, and Udagawa' have shown that
the relative strength to the state J observed in
two-neutron-transfer reactions on deformed nu-

clei measures the Jth multipole component of
the deformation carried by the transferred pair.
Thus, the similarity of the relative strengths
points to a similarity in intrinsic shape for the
ground-state '"Sm and excited '"Sm rotational
bands.

In summary, the levels at 1.256, 1.417, and
1.819 MeV in '"Sm have angular momenta, ener-
gy spacings, and two-neutron pickup intensities
which identify them as members of a rotational
band with properties similar to the ground bands
of the neighboring samarium nuclides.
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