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The level scheme of the N =78 nucleus "Sm has been investigated via in-beam gamma-ray spec-
troscopy using the " Cd(' Si, 4n) reaction. States up to I =22 and E, =8101 keV have been estab-
lished. The level structure above the known isomeric 10+ states is discussed in terms of the cou-

pling between the valence particles or holes and the N =78 and N =80 cores.

I. INTRODUCTION

In the N=78 isotones ' Sm and ' Gd two isomeric
10 states, which lie very close in energy ( ~40 keV), in-

terrupt the regular ground-state sequence at an excitation
energy of about 3.2 MeV. ' Built on top of the two 10+
excitations two independent level sequences of stretched
E2 transitions are observed. The two distinct 10+ states
of single-particle nature are due in this nuclear region '

to the coupling of two aligned proton particles or two
aligned neutron holes in the h„&2 orbital. Recent g-
factor measurements for the ' Sm nucleus assign a
mh &&&z configuration for the 10+ state at 3211 keV and a
vh &&&2 configuration for the 10+ state at 3172 keV. For
the ' Gd nucleus a g-factor measurement was only possi-
ble for the 10+ state at 3165 keV and has identified it as
the state built on the h»&2 two-proton excitation. ' These
results confirm the previous identification of the two
different single-particle configurations which was based
on the characteristically different sequences of levels ob-
served above the 10+ states. In fact the E2 cascades
feeding the two isomers closely resemble the ground-state
bands of the respective core nuclei [the N =80 core for
the levels above the (vh»zz) 10+ state and the N=78,
Z —2 core for the levels above the (nh»&2) 10+ state]. '

One may therefore, in both nuclei, interpret the known
states above 3.2 MeV simply as the addition of the N =78
and 80 core excitations to the respective aligned single-
particle 10+ state.

The alignment of valence nucleons to AI =2 core yrast
excitations has been discussed within the particle plus ro-
tor and other collective models. ' Systematic studies, in
the framework of those models, of the coupling of the
collective excitations of the core with the h»&2 proton
particle or neutron hole suggest for the %=80 and 78
cores opposite nuclear deformations, ' which therefore
coexist at the same excitation energy and at moderately
high spin in the N=78 nuclei ' Sm and ' Gd.

For the ' Sm nucleus this conclusion was based on the
knowledge of only five excited states above the 10+ iso-
mers up to a maximum spin I=16+. In order to study if
the description in terms of shape coexistence is still valid
at higher spin, we have reinvestigated the ' Sm nucleus
using a heavy-ion beam and a more advanced experimen-
tal setup. " We have been able to place in the level
scheme above the 10+ isomers 43 new levels; this allows
us to give a more precise description of the excitation
mechanism in ' Sm when the two h &&&2 proton particles
and the two h „zz neutron holes are separately aligned to
10+.

II. MEASUREMENTS

The "Cd( Si,4ny) reaction has been chosen in order
to produce high spin states in ' Sm. The Si beam was
provided by the XTU Legnaro Tandem with typical
beam intensities of 1 —3 particle nA on target. After a
short excitation function measurement a beam energy of
130 MeV has been chosen for the subsequent y-y coin-
cidence and y-ray angular distribution measurements. In
the y-y coincidence experiments two different "Cd tar-
gets were used. A stack of three 0.5 mg/cm~ self-
supporting foils was used in one case to permit the decay
in flight of the recoiling nuclei. In the second case the
target consisted of 1 mg/cm "Cd evaporated on a 15
mg/cm gold foil.

An array of four n-type Ge detectors each one sur-
rounded by a BGO anti-Compton shield was used to col-
lect y-y coincidence data. Multiplicity and total y-ray
energy information was obtained using 14 hexagonally
shaped BaFz crystals positioned vertically seven above
and seven below the target chamber and covering a solid
angle of about 70%%uo. For both experiments approximate-
ly 30 million events were stored onto magnetic tape. The
tapes were sorted on a MICROVAX II computer to pro-
duce, after careful gain equalization of the germanium
energy parameters, a symmetrized matrix of E vs E .
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The information from the BaFz detectors was used to

suppress low multiplicity events from beta decay and

from the strong target Coulomb excitation. Examples of
background subtracted gated spectra generated from the

E~ vs E~ matrix are shown in Fig. 1.

For the purpose of spin determination a y-ray angular
distribution measurement was performed, at a beam ener-

gy of 130 MeV, using two movable BGO-shielded Ge
detectors positioned at five different angles spanning the
range 90'—150' and 30 —90', respectively. Two other Ge
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FIG. 1. Background corrected y-y coincidence spectra for selected transitions in ' Srn.
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TABLE I. Energies, relative intensities and angular distribution data for transitions in ' Sm ob-
served in the "Cd+' Si reaction.

E~ (keV)

134.3(3)
171.3(3)
202.6(2)
204.2(3)
206.9(3)
218.3(2)
224.9(2)
226.9(3)
233.5(3)
241.4(1)
254. 1(3)
269.7(3)
285.5(3)
289.6(3)
305.0(3)
305.0(3)
311.7(1)
317.4(2)
324.3(2)
349.2(3)
358.1(2)
366.1(3)
373.5(4)
377.9(3)
381.9(3)
441.9(1)
454.2(3)
465.5(5)
482.4(3)
495.6(4)
514.0(3)
519.5(3)
530.7(1)
575.3(2)
604.1(2)
618.7(1)
632.9(4)
640.9(3)
681.7(5)
686.2(4)
715.0(1)

60(7)
19{5)

337(34)
110(30)

24(7)
46(10)
41(12)
97(19)'
66(13)

264(26)
21(5)
23(6)
43(8)
is(4)b

45(10)
17(4)

189(12)
160(32)

42(7)
9(3)

53(5)
15(4)'

74(15)'
21(9)
38(4)

871(70)'
is(5)'
7(3)'
9(3)
9(3)

19(4)
7(3)

1000
64(6)
41(5)'

196(20)
23(7)
61(6)

116(12)
i8(5)b

948(50)

Aq/Ao

—0.16(13)
+0.07(10)

—0.04(5)
—0.37(14)
+0.26(10)
—0.23(9)
—0.19{11)
+0.23(2)

—0.19(33)

—0.31(3)"'

+0.38{2)
—0.27{2)
—0.55(6)

—0.37(5)
d

—0.28(9)
—0.31(4)
—0.28(9)
+0.46(1)

g

g

+0.26(2)
+0.52(7)

+0.45(3)

g—0.29(10)
—0.67(11)

+0.22(1)

4/Ao

—0.13(24)
—0.05(14)

—0.01{6)
—0.07{19)
+0.14{14)
—0.24{12)
—0.24(15)
—0.02(2)

—0.99(47)

—0.18(5)'

—0.07(3)
—0.14(4)
—0.20{8)

—0.18{7)

—0.06(3)
—0.10(6)
—0.28(14)
—0.05(2)

+0.00(3)
—0.22(9)

—0.05(4)

—0.09(14)
+0.08(15)

—0.04(2)

5706
4854
3172
5194
5706
4180
3194
5706
5088
3211
6420
6436
5373
6725
5499
6725
2326
6024
4505
8101
6755
7092
6397
5572
4887
3653
7546
5352
7752
8041
7269
5893

531
5489
5998
3791
2959
6039
3092

1246

Assignment

16~15
13+ 12+
10+ 8+
14 ~13

16~15
15 14+

8+ 8+
16~15

(14+) 13+
10+ 8+

{15+) (14+ )

15 ~14

4+
17—+16
16~15

(22)~(21)
19~18

18~17
15 —+14

17~16
12+~10+

18~17
(21)~(20)

(20)~ 19
(16+ )~(15 )

2+ 0+
16+ 14+

12+~ 10+
~7

17~16+
i 1+ iO+

unplaced
4+ 2+

detectors, kept at a fixed position, were used as monitors.
In order to obtain clean spectra, only events firing one of
the germanium detectors and at least three detectors of
the multiplicity filter were accepted and written on mag-
netic tape in list mode for off-line analysis.

The obtained experimental angular distributions were
analyzed in terms of the usual Legendre polynomials ex-
pansion:

W(8)= Ao+ AzPz(cos8)+ A4P~(cos8),

where L9 is the angle of the detector measured with
respect to the beam axis. The A z /3 o and A 4/A o
coefficients extracted from the fit are listed in Table I. As
may be noted the obtained values are somewhat bigger
than usual results. This shows that the coincidence with

the BaF2 detectors, which were positioned in a direction
normal to the angular distribution plane, produced a
slight alignment of the decaying nuclei.

Additional information on y-ray multipolarity has
been derived from angular correlation results obtained
from the " Cd( Si,3n )' Sm reaction where the ' Sm
nucleus is also populated with considerable cross section.
In the y-y coincidence experiment with the Si beam
(E29 =128 MeV) six Ge detectors have been used, two

Si

positioned at angles close to 90 and the other four posi-
tioned as close as possible to the beam line ( =+37 ). An
angular correlation array has been created with the 90
detectors on one axis and the 37 detectors on the other
axis. Gates have been set along both axes on the known
E2 transitions of the ground-state band, and the intensity
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TABLE I. (Continued).

E,, (keV}

751.3{2)
768.8(3)
771.1(3)
780.3(4)
782.5(2)
790.2(4)
790.5(4)
792.6(4)
801.3(2)
808.3(3)
825.5(3)
835.3(5)
836.1(2)
850.5(3)
887.6(1)
896.3{4)
906.0(5)
916.4(3)
993.8(3)

1063.4(3)
1075.0(2)
1095.1(2)
1103.0(4)
1112.8(3)
1123.5(3)
1151.5(3)
1223.1(4)
1252.0(4)
1322.8(7)
1337.4(2)
1406.6(4)

637(70)"
286(29)

18(5)
21(6)

51{10)
20(5)
26(8)b

44(5)
120(12)

13(4)"
73{7)

110{12)
710(60)

54(5)
659(33)

13(5)
77(8)
33(6)

110(9)
53(5)
83(8)
58(6)
22(3)
50(8)

180(30)'
70(9)
21(4)
40(4)
31(4)
92(9)

7(3)

Aq/Ap

+0.43(2)
—0.17(3)

d

g
+0.38(7)

g
+0.29(4)

d
+0.35(7)

+0.22(1)
—0.65(9)
+0.21(2)
+0.54(7)
+0.03(5)
+0.36(15)
+0.46(3)
—0.38(8)
—0.17(6)
—0.14(7)

+0.15(9)
+0.24(6)
+0.25(7)

d
+0.22(11)
+0.56(13)
—0.16(5)
+0.80(40)

A4/Ap

—0.09(2)
—0.00(4)

+0.16(10)

+0.01(6)

—0.07(10)

—0.03(2)
—0.01(12)
—0.06(3)
—0.47(10)
—0.27(7)
—0.02(22)
—0.11(4)
+0.09(12)
—0.15(9)
+0.10(11)

—0.10(13)
—0.17(8)
—0.13(10)

—0.28(16)
—0.10(17)
+0.00(8)
—0.48(56)

E

4404
2014
7320
6778
6272
5194
4683
4445
3127
5254
6864
4488
2082
5254
2969
4024
5394
4044
5398
4854
5479
5499

3194
4914
6549
7772
6166
5811
4990
5811

Assignment

14+ 12+
5 4+

(20+ ) 18+

18+ 16+
14 14+
12+~ 11+
13+~12+
9 ~7

15+ 13+
19~17

14+ 12+
6+ 4+

15+~14
8+ 6+

11 ~9
(16+ ) 14+

11 ~9
16+ 14+
13+ 12+
15 14+
15 ~ 14+

unplaced
8+ 6+

14+ —+ 12+
18 16+

(20+ )~18+
16+~ 14+
16+ 14+
13 ~12+
16+~ 14+

'Unresolved from 226.9 keV line in ' Pm. A2/Ap and A4/Ap given for complex line.
Transition intensity taken from y-y coincidence data.

'A2/Ap and A4/Ap coefficient given for complex line.
"I(90')/I{37')~ 1 from the angular correlation data.
'Unresolved from 374.1 keV line in ' Pm. A2/Ap and A4/Ap given for complex line.
'Unresolved from 441.5 keV line in " Sm. The contribution of the " Sm line is estimated to be 40% of
the total intensity.
gI(90') /I(37') ~ 0.8 from the angular correlation data.
"Unresolved from 751.2 keV line in "'Pm, which gives -50%%uo contribution to the complex line.
'Unresolved from 1124.5 keV transition in '"'Sm. A &/Ap and A4/Ap given for complex line.

of other transitions observed in the two spectra has been
extracted. If l(90') and I(37') represent the intensity of
the transitions when gating on the 90' and 37 axis, re-
spectively, the ratios I(90')/I(37') which we obtain are
typically ~ 1 for quadrupole transitions and ~ 0.8 for di-
pole transitions. Angular distribution results, relative in-
tensities, and energies of the y-rays associated with the
decay of '" Sm are listed in Table I.

The quoted y-ray intensities have been extracted from
direct spectra taken at 120', correcting when necessary
for contributions of unresolved lines coming from other
nuclei. For weak lines the relative intensity has been de-
rived from the y-y coincidence data.

III. THE LEVEL SCHEME OF ' Sm

The level scheme of ' Sm obtained from our measure-
ments is shown in Fig. 2. The data confirm the results re-
ported in Ref. 1 and extend the knowledge on the high
spin states of ' Sm up to I=22 and E =8. 1 MeV.
Many new y-ray cascades have been observed above the
known 10+ isomers at 3172 keV (T, &2

=22.3 ns), and at
3211 keV ( T~ &2

=6.2 ns). Moreover a few new levels are
identified also below the two 10+ states. One of these
states lies at an excitation energy of 3194 keV, just be-
tween the two 10+ isomers. This level deexcites to the
8+ state at 2969 keV and to the 6+ state at 2082 keV
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with two y transitions of 224.9 and 1112.8 keV, respec-

tively. The decay branching and the angular distribution
results give for it I =8+. This new 8+ level is populated
through an unobserved 16.5 keV E2 transition from the

(mh»&z) 10+ state. The branching ratio and the known

lifetime of the 10+ state at 3211 keV give, for the 16.5
keV transition, a 8(E2) value of 26 W.u. Three new lev-

els have been observed in the known negative parity se-

quence at 2959, 4024, and 4044 keV, respectively. For
the last two the angular distribution gives I"=11

Above the 10+ isomers the two main E2 sequences,
which have been characterized before as the core
ground-state bands built on the mh» &z and vh,

& &z excita-
tions, have been extended up to 7.8 and 6.2 MeV, respec-
tively. The second one is suddenly interrupted at
I"=16+and above that state a series of low-energy tran-
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FIG. 2. Level scheme of ' Sm deduced from the present work. The half-lives are from Ref. 1.
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sitions continues the level scheme up to an excitation en-

ergy of 8041 keV. Spin and parity assignments, based on
the angular distribution data and on decay branching ra-
tios, confirm the previous assignments to the states up to
16+. This fact gave us confidence in establishing the spin
and in some cases the parity of the newly identified levels
too. Some y lines show angular distributions with a
strong negative value of the A z /A o coefficient [or
equivalently they show an unusually small I(90')/I(37')
ratio in the angular correlation data] and we assign
M1+E2 multipolarity to the y lines showing this behav-
ior. Accordingly, when the Az/Ao coefficient is typical
for a bI = 1 stretched transition an E1 assignment which
implies a change of parity is also possible. An example of
this is the 769 keV transition connecting the known 5
state to the 4+ level of the ground band. The Az/Ao
and 3~/3 o coefficients of the 769 keV line may be taken
therefore as characteristic of a pure AI =1 E1 transition.
The 1337 keV transition deexcitating the state at 4990
keV also has such an angular distribution, and the level
sequence built on that state suggests a change of the
structure of the nucleus. On this basis we assign I = 13
to the 4990 keV level.

IV. DISCUSSION

As already pointed out in the Introduction, in the
Sm nucleus the excited states above the proton and

neutron h» &z isomers have been successfully interpreted

up to 16+ as the core states coupled to the 10+ single-

particle excitations. In the same spirit we can interpret
the new 18+ state at 6549 keV as the 8+ excitation of the
core nucleus ' Nd coupled to the (nh»/z) 10+ level.

The collective sequence based on the 10+ state of proton
character continues then with a 1223 keV transition giv-

ing a state with I"=(20+)at 7772 keV. This state has no
counterpart in the core nucleus; instead at lower energy a
20+ level is expected due to the alignment of two h»~z
neutron holes. In the core nucleus ' Nd, the 10+ state
of neutron character lies 3.2 MeV (Ref. 12) above the

ground state, and the corresponding state in ' Sm should
lie therefore at 6.4 MeV if no residual interaction is act-
ing in the coupling of the two h» &~ neutron holes and the
two h»&z proton particles.

We observe indeed a level at 7.32 MeV with probable
spin 20 which deexcitates through a 771 keV y-ray tran-
sition to the 18+ level causing a discontinuity in the regu-
larly increasing energy of the transitions of the band built
on the (7rh»/z) 10 state. We interpret the level at 7.3
MeV as the 20+ fully aligned member of the
7Th

& & /p vh
~ ~ /'z multiplet, which is pushed up in energy by

0.9 MeV with respect to the unperturbed 6.4 MeV ener-

gy. This can be easily understood since the two h»&z
protons and the two h»z~ neutron holes coupled to 10
have opposite quadrupole moments. ' ' An analogous
situation is also evident in the odd-Z N =78 nuclei ' Pm
(Ref. 15) and ' 'Eu, (Ref. 16) where the fully aligned —",

multiplet member of the m.h»»zvh, , &z configuration is
pushed up by at least -0.5 MeV with respect to the core
(vh, &/z) 10 state, since one particle and two holes
contribute to this three-nucleon configuration. Further-

more, the ' Pm (Ref. 17) and ' 'Eu (Ref. 18) nuclei show
collective E2 sequences built on the —", P-decaying iso-
mer which present two discontinuities; the first one due
to the alignment of two h»&z protons at spin —", , the
second one due to the alignment of two h»&z neutron
holes at spin —", ~ The spin —", lying 7.5 and 7.0 MeV
above the —", isomer in ' Pm and ' 'Eu, respectively, is

just the fully aligned member of the (~h»/zvh»/z)
configuration and corresponds most probably to the 20+
state at 7.3 MeV in ' Sm.

Beside the 20+ level there is a close correspondence be-
tween the level scheme of ' Sm above the 7Th ]&yp state
and the level structure of the odd-proton nucleus ' Pm
(Refs. 15 and 17) above the —", state. Similarly, as we

will discuss later, we observe also a close resemblance be-
tween the states built on the vh,

& yp state in ' Sm and the
excited states of the odd-neutron nucleus ' 'Sm above the

level. ' In both cases it is apparent that the coupling
of one or two h»/z valence particles (or holes) to the cor-
responding core nucleus (' Nd and ' Sm, respectively)
gives rise, in the odd-even and even-even nuclei with one
or two more (or less) particles, to a level structure very
similar to that of the core nucleus itself.

In our experiment we have identified a series of nega-
tive parity states with spin from 13 to 15 at E„=5.3
MeV which deexcite to the 12+ and 14+ states of the
mh „/z sequence; a similar series of levels is observed in
the odd-Z nucleus ' Pm too. ' ' The level scheme of
that nucleus (and also of '~'Eu) is characterized by a
strong E1 1298 keV transition feeding the —", state and
which gives origin to a sequence of positive parity states
connected by BI=1 low-energy transitions. In the ' Sm
nucleus the (m.h f, /z2, +„,)12+ level at 3653 keV is the
counterpart of the —", state of the ' Pm nucleus and
also here we observe a strong b,I=1 transition (1337
keV) depopulating a 13 state at 4990 keV above which,
again, a sequence of low-energy transitions connecting
states of negative parity is observed. These AI=1 level
sequences, which appear consistently in the odd-Z N =78
nuclei and in the ' Sm nucleus when two h~&&z protons
are aligned, most probably involve the (vh, , /zs, /z)5
and (vh»/zd3/z )7 excitations which occur systematical-
ly in the doubly even N=78 isotones. Through the cou-
pling of the (nh»/z) 10+ state to the higher lying nega-
tive parity states of the nucleus ' Nd we can also inter-
prete the two states with spin 17 and 19 which deexcitate
through the 641 and 825 keV transitions.

Through in-beam experiments the unfavored members
( —", , —", , —", ) of the decoupled h»&z band in the odd-
even %=78 ' Pr (Ref. 20) and ' Pm (Ref. 15) nuclei are
also weakly populated. Analogously we interpret the
positive parity states shown on the far left of Fig. 2 as the
unfavored members of the (vrh» /z score) band.

Another characteristic feature of the odd-Z nuclei with
N=78 is the presence of a fairly strongly populated
AI=1 sequence' ' ' built on a —", state which is inter-

preted as the I,„—2 member of the (eh»/z vh, , /z ) mul-

tiplet. In view of the very good agreement between the
level scheme of ' Sm above the 10 of proton character
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FIG. 3. The level spectrum built on the aligned (vh»z&) 10+ excitation in ' Sm compared with some energy levels of the ' 'Sm

nucleus above the h
1 &z& neutron state and with a partial level scheme of the core nucleus ' Sm.

and the ' Pm level scheme we are tempted to interpret in
the same way the strong AI=1 sequence built on the
I=16 state at 5706 keV for which we suggest, therefore,
a positive parity. Indeed shell model calculations with a
surface delta residual interaction indicate that, while the
maximum spin 20+ of the m h» zz vh» zz configuration is
pushed up in energy, the I,„—4(16+ ) coupling is partic-
ularly lowered when compared with the other couplings
of the same configuration. The same result is obtained
for the I,„—2 coupling giving I =—", of the
m.h„zzvh, , zz configuration in the odd nuclei ' 'Eu and

Pm. The b,I=1 level sequence built on the I=16 level
at 5706 keV may have the same structure of the sequence
observed in the odd-Z nuclei above the —", state and
which is interpreted as a band based on the
(n.h»zzvh, ,zz) configuration with an oblate collective
shape zo

As we have compared the states of ' Sm above the
(nh»&z) 10+ isomer with the one-proton nucleus ' Pm,
we will compare now the states built on the (vh»zz)
10+ isomer at 3172 keV with the %=79 nucleus ' 'Srn,
which has one neutron hole with respect to the core nu-
cleus ' Srn. In Fig. 3 the main gamma-ray cascade built
on the 10+ state of neutron character in ' Sm is shown
together with the excited states of ' 'Srn above the —",

state. ' In the same figure some of the excited states of
the core ' Sm are also reported. The close similarity be-
tween this part of the ' Sm excitation spectrum and the
' 'Sm level scheme once more stresses the fact that the
same core states are involved in the excited levels of both
nuclei: in one case they are coupled to one h» z~ neutron

hole, in the other case to two h»zz neutron holes.
Above 3.2 MeV there are two other series of excited

states in the ' Sm spectrum which we have not yet dis-
cussed and which are not easily understood in the frame-
work we have used up to now. One of these series can be
viewed as a band starting from the I =15 level at 4627
keV which deexcitates to the 14+ level of the main cas-
cade through a 218 keV transition. The excitation energy
of the levels follow closely the I(I+ 1) rule giving a possi-
ble indication of a rotational behavior. The other se-
quence of states is the only one observed in our experi-
ment to deexcitate to both the nh i, zz and vh, , zz aligned
bands known to have opposite shapes. This level se-
quence connects therefore levels of opposite deformation,
but, at the moment, the interpretation of such states is
not clear.

V. CONCLUSIONS

The level scheme of ' Sm has been extended up to
I=(22) and E„=8101 keV. The rich level structure
which is observed above the isomeric 10+ states can be
almost completely understood if one considers separately
the states above the (~h»&z) 10+ level and the states
built on the (vh»&~) 10+ level. In both cases the exci-
tation spectrum above the aligned 10+ isomeric states is
explained in terms of the coupling of two valence proton
particles or neutron holes to the respective %=78 or 80
core nucleus. A remarkable agreement is observed be-
tween the level spectrum of the odd-even nuclei ' Pm
and ' 'Sm (with respectively one particle and one hole
outside the %=78 and 80 cores) and the excited states of
140S
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