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Transitions between states up to spin 167 populated in the *Nd(a,4n) reaction were observed using y-y
coincidence, vy-ray angular distribution and excitation function, and delayed y-ray measurements. A level
scheme was constructed up to 6.2 MeV with all levels above 3.8 MeV observed for the first time. Levels
below 4.1 MeV were interpreted in terms of the coupling between two extra-core neutrons and excitations of
the N = 82 core. Rotational structures and isomers were searched for above 4.1 MeV, but none were

found.

NUCLEAR REACTIONS:

146Nd(a, tny

measured EY’ IY(S )y Y=Y coinc., a-y delay, EY vs. E .

)L465m, E<47.9 MevV;

146

. Sm

deduced levels, J, m. Ge(Li) detectors. Enriched target.

I. INTRODUCTION

Efforts to achieve a consistent uriderstanding of the
properties of heavy nuclei a few nucleons removed from a
closed shell have been largely unsuccessful. Various
collective models have achieved some success in special
cases, but no single model has yet been devised which can
describe all such nuclei. It appears that the properties of
these nuclei depend sensitively on the underlying single-
particle structure, and it may be that an adequate
description may require a more microscopic approach such
as a large-basis shell model calculation. However, as yet
calculations utilizing a sufficiently large basis have been
largely confined to light nuclei.

The isotopes of samarium are among the most exten-
sively investigated of these transitional nuclei, perhaps
because the stable isotopes represent a wide range of
nuclear properties from the spherical nuclide '*‘Sm,
which has a closed neutron shell, to ***Sm, which appears
to be a relatively conventional deformed nuclide. Of all
the samarium isotopes, “®Sm, '*’Sm, and '“®Sm (N=84-
86) have been among the most resistant to understanding
in any simple collective model. The known low-lying
properties of these nuclides have revealed no rotational
bands and for the most part vibrational band sequences
appear to be absent as well. Nevertheless, calculations of
Bengtsson et al.! have indicated that the yrast states of
146Sm should become significantly deformed at relatively
low spins, and moreover that the deformation should be
oblate, thus favoring the existence of the oblate yrast
traps which have been predicted by Bohr and Mottelson.?
In addition, the existence of shape coexistence® in the
heavier samarium isotopes 5°Sm- !52Sm (N=88-90) sug-
gests the possibility of deformed structures appearing in
the lighter isotopes at sufficiently high excitation energy.

We have therefore undertaken an investigation of high-
spin states in the nuclides !*®*8Sm using the (a,xnYy)
reactions. The present paper reports the results of the
1%6Sm investigation. Discussion of the *8%m results will
appear in a subsequent report.*

II. EXPERIMENTAL PROCEDURE AND
DATA ANALYSIS

The present study involved four separate measurements:
1) y-ray angular distributions, 2) y-y coincidence, 3) y-
ray timing, and 4) y-ray excitation functions. For all
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measurements, the target was a foil of neodymium raetal
with approximately 6 mg/cm 2 areal density and enriched
to 97.5% in !“®Nd. The angular-distribution, coincidence,
and timing measurements were all performed using a 47.9-
MeV alpha beam from the Michigan State University
cyclotron.

The y-ray angular distributions were measured using a
coaxial Ge(Li) detector with approximately 40 cm? active
volume, placed about 12 cm from target. Singles y-ray
spectra were obtained at seven angles between 90° and
157° with respect to the beam direction. A sample
spectrum is shown in Fig. 1. Normalization was obtained

* by using another Ge(Li) detector fixed at -90° as a

monitor, with deadtime corrections accomplished by
feeding a beam-current digitizer output into the ADC's
used for the pulse-height spectra of each detector. An
effort was made to extract accurate Yoray energies by
gerforming separate runs with ’°Se, ' i Cs, and
® Co sources near the detector during the collection of a
Nd + o spectrum and using the known ° energies of the
lines in these sources to determine the energies of the
'*®Nd + o lines. The measured Y-ray energies listed in
Table I are believed to be accurate to better than 0.1 keV
for isolated peaks. The y-ray excitation functions were
obtained by taking singles spectra with the 40-cm?
detector at a fixed angle of 123° for three other energies:
40, 45.8, and 49.8 MeV. For all spectra, photopeak areas
were determined by using the peak-fitting program
SAMPO.*® .

The angular distributions were fitted using the usual
Legendre polynomial expansion: .

w(g)=I Y(1+A2 Pz(cose }+A 4P (cose)).

The y-ray intensities I and the A, and A4 coefficients
are listed in Table I. 'It was found that for this, and a
148Nd(a,4ny) 1*®Sm experiment performed at the same
time, the extracted A, coefficients for known stretched-
El and stretched-E2 transitions depopulating the same
level were attenuated by significantly different amounts
from the expected values for maximum alignment.’
However, a correction term of +0.05 added to the A,
coefficients was found to yield consistent A, attenuation
coefficients within uncertainties for all strong, well-
resolved transitions. The A, coefficients listed in Table I
have been corrected by this amount and an estimate of
the uncertainty in this procedure is included in the quoted
uncertainties. The attenuation factors for the extracted
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FIG. 1. In-beam y-ray spectrum in a Ge(Li) detector at 125° with respect to the beam from the

bombardment of a !*®NG@ target by 47.9 MeV. o particles.

A 4 coefficients of strong stretched-E2 transitions were
consistent (given the usual gaussian assumption for the
angular momentum substate populations’) with those for
the corrected A, coefficients of the same transitions
within uncertainties. Thus, no corrections to the Ay
coefficients seem to be required.

The coincidence measurements were carried out using
two coaxial Ge(Li) detectors (40 cm® and 60 cm? active
volume) placed at +90° and -90° with respect to the beam

- direction and approximately 2.5 cm from the target. The
pulse heights from each detector and time-to-amplitude
converted (TAC) signals indicating the time separation
between the two y-rays were recorded on magnetic tapes
in a three-parameter event-by-event mode. The data
consisted of about 2.7 x 107 events, and the tapes were
scanned with windows set on the photopeaks of y rays in
the pulse-height spectrum from one detector and on the
prompt portion (approximately 50 ns wide) of the TAC
spectrum. Subtraction for random coincidences was
performed by setting windows away from the prompt peak
in the TAC spectrum, and that for Compton background,
by setting windows on regions above and below the photo-

peaks in the pulse-height spectrum. The spectra obtained -

from five sample gates are shown in Fig. 2.

The y-ray timing measurement was performed by using
the 60-cm?® Ge(Li) detector in the same geometry as in
the coincidence measurement. The TAC was started by
the Ge(Li) signals and stopped by a signal from the
cyclotron rf. Delayed y-ray spectra were then generated
on line by dividing the portion of the TAC spectrum
between cyclotron beam bursts (48ns) into nine bins and
using these to gate the Ge(Li) signals. Delayed y-rays
from }“®Sm were observed in only one spectrum, and the
energies and relative intensities correspond to decay from
the 2797.6 (97) level. We have estimated that the half life
of this state is between 0.6 and. 1.6 nsec and that other

levels populated with significant strength in the
196N d(q,4n) reaction have half lives shorter than
~ 0.6 nsec.

The '*6Sm level scheme derived from these measure-
ments is shown in Fig. 3. The placement of all y-ray
transitions indicated with solid lines was based on the
coincidence data, with the singles and coincidence intensi-
ties used to determine the ordering. The dotted lines
correspond to transitions for which the evidence in the
coincidence data is very weak or which appear in the
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FIG. 2. Sample Y-y coincidence spectra.

singles spectra but which are too.- weak to appear in the
spectra of the coincidence gates. All possible dipole and
quadrupole transitions between levels below 3600 keV
excitation have been searched for in the singles spectra.
Transitions between states above this energy are all based
on the coincidence data. Several peaks in the spectra
correspond to multiplets of y-ray lines which could not be
resolved using the peak-fitting program. For these lines,
the approximate energies and relative intensities were
determined from the coincidence data. )

The spin assignments of the levels are based primarily
on the measured A, and A 4 coefficients combined with
the assumption that levels near the yrast line tend to be

preferentially populated in fusion-evaporation reactions.
Hence, most y-ray transitions will be from a higher to a
lower spin state. The excitation-function data were used
as an additional check on the spin sequence in a y-ray
cascade, since higher-spin levels will tend to be more
easily populated at higher energies than the lower-spin
levels due to the higher angular momentum of the
compound nucleus. The excitation: functions of the
relative y-ray intensities for the strongest lines, normal-
ized to 1.0 at 49.8 MeV, are shown in Table I. Since the
angular-distribution coefficients can at best determine
only the multipolarity and not the parity of the y rays,
parity assignments were made only by using transitions
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The dotted lines correspond to transitions for which the coincidence data gave only

weak evidence or which appeared only in the singles spectra.

with A 2 and A, coefficients consistent with stretched-
quadrupole transitions, which were assumed to be E2.

1L
A. Comparison with other

DISCUSSION

1 “Sm data

Low-spin (I<6M) levels in !“¢Sm are populated in the
decays of '*SEu-and !“*®Pm. Measurements®’® of y rays
and conversion electrons following -these decays have
resolved the 634 and 633 keV as well as the 702 and
703 keV lines and thus have established the existence of
the 1381(4%)-1380(37) doublet. Since these lines were
unresolved in the present data, we have used the earlier
measurements to infer the existence of this doublet. The
spin assignments and y-ray transitions involving the few
other low-spin levels seen in this experiment are in accord
with the assignments from the decay studies, and the spin
assxgnments are in accord with other exper:ments populat-
ing low-spin levels such as two-nucleon!® and single-
nucleon®’!! transfer reaction studies.

Transitions involving levels up to I=11h and 3.8 MeV
excitation energy have been observed in !*“Nd(a, 2n)
experiments by Singh and Johns® and Kownack1 et al.
Kownacki et al. have so far reported only the yrast
transmons, , and our assignments agree with theirs up to
the 2737(8") level. However, they place the 985.9 keV y
ray as feeding directly into this 8" level, thus inferring a
10* state at 3723 keV. Our coincidence data are clearly
in disagreement with such an assignment, as can be
observed in Fig. 2 where a strong 197.3 keV line appears in
the spectrum of the 985.9 keV coincidence gate. This, as
well as the appearance of a 985.9 keV coincidence in the
60.5 keV gate and the absence of coincidences between
the 197.3 keV and 925.5 keV lines, supports our assignment
of the 985.9 keV line as the 3783.5(117) to 2797.6(97)
transition, with the 60 5 keV transition connecting the
2797.6(97) and 2737.1(8") states (see Fig. 3). Singh and
Johns agree with this assignment. Thus, we suggest that
the 3723(10%) state of Kownacki et al. is spurious.

On the other hand, Singh and Johns suggest that the
986 keV line is a doub!et with one component feeding
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FIG. 4 Comparison of selected levels and transitions in the N=84 isotones l“"Nd, 146 Sm, 1us Gd, and 150 Dy.

The '"“Nd data are taken from refs. 13 and 14, the

ref. 17.

directly into the 2222(6™) state, presumably based on the
strong coincidence with the 411 keV line. Although we
cannot rule out this possibility from our data, there is no
evidence in our spectra that the 986 keV peak is a doublet.
The 411 keV peak is, however, clearly a doublet. We
therefore prefer to attribute the strong 986-411 coinci-
dence to a component of the 411 keV peak feeding into
the 3783.5(117) state, as is indicated in Fig. 3. This is
supported by the fact that the energy of the 411 keV peak
in the 985.9, 1011.4, and 490.9 keV gates is consistently
higher than that in the 207.2, 524.3, and 820.7 keV gates,
which suggests that the 411 keV Y rays in coincidence
with these two cascades come from different transitions.
The only other major discrepancies between our assign-
ments and those of Singh and Johns concern the 3043 keV
state and the transitions feeding it. The angular distribu-
tion coefficients we measured for the 820.7 keV transition
(see Table I) are consistent with those for a stretched E2
and hence we have given an 8" assignment to the 3043 keV
state. In their !**Nd(a,2n) experiment, Singh and Johns
measure an A, coefficient for this transition significantly
larger than that expected for a stretched E2, and using
this information together with arguments of systematics
with other Sm isotopes give a 6" assignment to the
3043 keV level. It should be noted that the excitation
function we measure for the 820.7 keV intensity indicates
a possible weak additional component to this line from vy
rays not in !“®Sm, and this may account for the
discrepancy between our two measurements. On the other
hand, the 3043 keV state is fed from the 4461.4 keV state
through the 259-207.2-427.5-524.3 cascade, and the spin
of the latter state is established to be 1ZR based on the

18G4 data from refs. 15 and 16, and the 150Dy data from

strong transitions between the negative-parity states
shown on' the right-hand side of Fig. 3. Moreover the
angular distributions of the 259, 207.2, 427.5 and
524.3 keV transitions appear to require spin change A<2h.
Thus, it is unlikely that the spin of the 3043 keV state is
less than 8h. In addition, systematics with other N=84
isotones, as shown in Fig. 4, make an 8" assignment
plausible as well.

As for the cascade feeding the 3043(8") state, Singh and
Johns observe the 207.2 and 524.3 keV transitions but not
the 259 and 427.5 keV transitions. The 259-keV transition
was missed, presumably because the spin of the
4461.4 keV state is too high for this state to be populated
in an (@,2n) reaction. The 427.5 keV line is barely resolv-
able in our spectra from the strong %30.3 keV line, and
since it should be weaker in the (0,2n) reaction, it is not
too surprising it was not found. Coincidence gates we
have set on 820.7, 524.3, 427.5, 207.2, and 259 keV lines
clearly indicate that the 427.5 keV transition is a member
of the cascade. The 524.3 keV transition can be placed at
the bottom of the cascade and the 259 keV transition at
the top based on singles intensities. The ordering of the
427.5 and 207.2 keV vy rays is ambiguous. We have placed
the 207.2 transition above the 427.5 based on the equality
of the 427.5 and 430.3 intensities in the 207.2 gate.
However, our data are not inconsistent with the other
ordering.

B. States below 4.1 MeV

A comparison between some of the yrast and near yrast
levels of the N=84 nuclides is shown in Fig. 4. These
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include the levels determined in the present and other
studies of 1“®Sm together with levels from in-beam y-ray
studies!¥"!7 of '“*Nd, '*®Gd, and '5°Dy. !*%Ba and
1%2Ce levels are only known!®1? for I<4fi and thus were
not included in the figure. -

The similarities in structure among these nuclides are
quite striking. One common feature is the 07 -23 -4; -
6‘5_ structure, with the energy spacing decreasing with
spin. Since the first neutron orbit outside the N=82 closed
shell is 2f, ,,, it is natural to interpret this in terms of a
(2f5 ) 2 cohfiguration. However, the E(1)/E(I pay) ratios
are fmuch smaller than one expects for a pure two-particle

~ configuration, suggesting that significant particle-core
interactions and/or admixtures of other valence orbits are
important. Calculations of the structure of the N=84
nuclides in which interactions are explicitly included
between the extra-core nucleons and vibrational excita-
tions of the core have been carried out by Heyde and
Brussard 2° and by Vanden Berghe.?! (The latter calcula-
tion included the p,f, hg /2 and i3, orbitals). For the
positive-parity states in both calculations, only quadrupole
vibrations of the core were allowed with one-, two-, and
three-phonon states included. These calculations indicate
large mixing among the valence (2f, )% (17/2,3p3/2)
and (3p 3,9 * and core-excited configurations.

The excitation energies and wave functions calculated
by Vanden Berghe for the 0%, 2* and 4" states are given in
Ref. 21. His results?? for the 6* and 8" states are given
in Table II. The excitation energies of the 6{ , 8% and 83
states are in good agreement with experiment. Our 63
state at 2222 keV may correspond to the coupling of the
two valence neutrons to the 2323-keV 6" state in 1**Sm;
this configuration was not included in Vanden Berghe's
basis set. However, the strong 8;-»6 transition relative
to the 8} 6] transition cannot be understood unless
either both the 8+2 and 6+2 states correspond to those
calculated by Vanden Berghe or both correspond to I =6 or
8h excitations of the protons in !**Sm as suggested by the
comparison in Fig. 5. It will be interesting in the future
to extend this calculation to include more than the 2*
phonon in !**Sm and to calculate electromagnetic transi-
tion matrix elements between these high spin states.

Higher spin positive parity states up to I=12f can be
explained in terms of the (i;3,7)? configuration, but
again mixing with core-excited ‘configurations are pro-
bably important. The effect of the core excitations
probably accounts for the difference between !5°Dy and

TABLE II. Wave functions obtained by Vanden Berghe
(Ref. 22) for higher spin states which were not listed
in Ref. 21. The notation is the same as in Ref. 21.

+ .
1812 keV | 67>=0.68 |(f 7/2) 226;OO>-O.29|(p3/2 ,fzm ;12>
-0.33 (£, ,) *4;12>-0.37 |(£, /) 26512 >
2769 keV |67,>=-0.28 |(f,, ,)26;00>+0.25] (£
-0.50 |(f 2/ ) 24512>+0.28|(
-0.30|(f,, ,)* 0336 >

7/22‘9/2)6;00>
7 /2) 6;12>

7/ 2
2781 keV |87 =0.38 |(f

-0.24 |(f
+0.24 |(£

. 2 .
7/20g 2)8;00>-0.70 I(f7/2) 612>
2/2 M g2)8512> +0.27 |(p 3/2 £ 4524>

7/ 2) H24>+0.22| (£, ) 26524 >

ts_ . 2¢.
3049 keV |87>=0.65 |(f7/2h9/2)8,00>+0.41|(f 7/2) 6;12>
» -0.46 ](f7/2h9/2)8;12>. .

the other N=84 nuclides in the structure above the second
8" state. The closure of the 2dg,, proton shell'’ at
Gd(z=64) makes lhj;,, the valende proton orbit in Dy
(z=66) and allows fdr a low-lying 10* state with a
(lh 1y, 9)? configuration in !5y,

The' negative parity states in the N=84 isotones are alsa
quite similar. These states can be qualitatively intefrpret-
ed in terms of coupling between the positive parity levels
and the 37 octupole vibration. This is illustrated in Fig. 5
where the negative parity levels up tol =11 are placed
next to the positive parity levels, with the energy of the
3" excitation removed. The depression of the negative
parity stretched states relative to the positive parity
states can be interpreted as resulting from the interaction
between the positive-parity and octupole excitations.
Explicit calculations for the case of the 2* & 3~ multiplet
have been carried out?!?23% and have obtained a reason-
ably good reproduction of the experimental spectrum.

In this context, it is interesting to compare the E1/E2
branching ratios from the negative-parity levels in 1*6Sm
and !““Nd with those expected in the interacting boson
model. 2* In this model,

B[EL;(I=2n43) »(1=2n+2)"] _n+l
B[EZ2;(I=2n+3)>(0=2n+)"]1 ~ n

where c is a constant which depends on the nucleus. In
Table III, we compare the predictions of this model with
our measured values, where we have fixed c to give the
correct

BIE1;5+4%]1/B[E2;5 +37]

branching ratio. As can be seen, while the !“$Sm and
1**Nd branching ratios agree, the interacting boson model
is in disagreement, especially for the 9~ branching ratio.
This is not particularly surprising in nuclei only. two
neutrons away from a closed shell.

C. States above 4.1 MeV

Above the second 11” state in !*®Sm, a large number of
high-spin states are populated in the (a,4n) reaction.
Many more levels are observed up to a higher excitation
energy than in any of the N=84 nuclides so far studied.
Indeed, more levels appear than can easily be accounted
for in terms of the simple coupling schemes described in
the last section. For example, five spin 11 states appear
between 3.7 and 4.3 MeV, only two of which can easily be
explained by coupling the octupole vibration to known
positive parity structures. It is likely that more compli-
cated models will be required to explain the observed
structure.

On the other hand, it is interesting that we have
observed no rotational structures, although we see transi-
tions between states up to 6.2 MeV. Not only do the
energy levels fail to follow any rotational pattern but also
the transitions indicate a lack of quadrupole collectivity
in the dominance of Al=1h over Al=2h transitions.

The.lack of rotational bands should not necessarily be
construed as evidence that !*®Sm remains spherical up to
the excitation energies observed. Should the nucleus
become oblate, as has been predicted,! ’2® the yrast
levels are expected to be a sequence of intrinsic, rather
than rotational, states. The energies of intrinsic states

2
B HI+1),
28rigia

where g.; .. corresponds to the moment of inertia for
rigid body rotation about the symmetry axis.? On the

other hand, the moment of inertia associated with
collective rotation about an axis perpendicular to the

should, on the average, be given by E-~
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symmetry axis is considerably smaller because of pairing
effects. As a consequence, rotational bands in an oblate
nucleus are not expected to be yrast and, hence, not
favourably populated in the (a,4n) reaction employed in
this study.

Therefore, it is difficult to distinguish between oblate
and spherical shapes unless they are manifested through
significantly different shell-effects in the two cases. One

possible signature of oblateness is the occurrence of high
spin states, such as yrast traps, at lower energies than
might be expected with a spherical core. However, as was
mentioned in Sec. II, no high spin isomers were observed
(for 1<16h) despite indications® that '*®m might be a
likely candidate for yrast traps. This is perhaps not too
surprising in view of more recent calculations*® which
indicate that such isomers should not occur until 1=53h.
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TABLE III.Comparison of E1/E2 Branchirig Ratios?

146, 144 b 58S
B(EL;5] +4I)
- . 1 L
B(E2;5] +3]) '
B(E1;7] +6I)

o 0.9+0.1 0.75
B(E2;7] »5))
B(El;QZ *841')

1 1 2.8%0.4 3.1#1.1 0.67
B(E2;9] +7))

3yormalized so that B(EL; 5 +4%)/B(E2;5” +37)= 1.
bRef. 13.
CRef. 24.

IV. CONCLUSION

We have studied the nuclide !*® Sm using the
1*6Nd(a,4n)**® Sm reaction, measuring Y-y coincidence,
Y-ray angular distributions and excitation functions, and
delayed y-rays between beam bursts. A level scheme for
this nuclide was constructed up to 6.2 MeV and spin 16h.
Below 4.1 MeV, the levels, like those in other N=84
nuclides, can be understood in terms of coupling the two
extra-core neutrons to excitations of the N=82 core.
Above this energy many high spin levels appear which are
difficult to account for in such a model and which also do
not appear to be grouped in rotational bands. No isomers
were observed above 4.1 MeV.
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