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HIGH SPIN STRUCTURE IN °Sm

High spin states of *°Sm have been populated using the *6Cd (%Si, 4n) *4°Sm heavy ion fusion evaporation reaction.
The previously reported level scheme has been considerably modified and extended. Spin and parity assignments have
been made using the DCO and IPDCO methods. Multi-quasiparticle configurations have been assigned to various
Al'=1 and Al = 2 bands based on systematic. A band structure similar to **°Sm has been found in %Ce. So, the
alignments in both the nuclei are compared for various band structures having similar band head spin. This helps in
assigning the configuration to various band structures. Level structures have been discussed in the framework of the
tilted axis cranking model. Lifetimes of states have been measured using the DSAM method.

Keywords: y-y coincidence, Indian National Gamma Array (INGA), spectroscopy, RDCO, DSAM.

1. Introduction

Spectroscopic investigations of nuclei with neu-
tron number below 82 shell closure are important,
experimentally as well as theoretically, for the
understanding of the various excitation mechanisms
responsible for the generation of both low and high
spin states in nuclei in this mass region. In the
A =130-150 region, a variety of minima cor-
responding to spherical or near-spherical, low-
deformation oblate or prolate, triaxial, and super-
deformed shapes have been observed in potential
energy surface calculations [1]. The nuclei with
A = 140 having a few holes in the N = 82 shell clo-
sure are spherical or only slightly deformed in the
ground states and can be easily polarized by
unpaired nucleons resulting from broken pairs. For
the nuclei, there also exists a competition between
the differing shape driving effects of the protons and
neutrons. The occupied hii, proton orbitals, being in
low-omega orbitals, tend to favour prolate shapes
with y = 0° and neutron orbitals tend to favour oblate
shapes with y=-60° because they are in high-
omega orbitals of hii. Both the associated prolate
and oblate potential-energy minima are predicted to
have similar energies [2] which can drive the nuclear
shape toward triaxiality. Moreover, due to the avai-
lability of particles and holes in the hiy orbitals,
phenomena such as magnetic rotation would be
expected as possible mechanisms for the generation
of angular momentum. Indeed, several dipole bands,
interpreted as magnetic rotational bands [3, 4], have
been observed in this mass region. Interesting fea-
tures such as the coexistence of prolate and oblate
collective bands, the transition from collective
prolate to non-collective oblate shapes have also
been observed.

The high spin states in these nuclei have been
populated using the fusion evaporation reactions.
The experiments have been performed at the Tata
Institute of Fundamental Research (TIFR), Mumbai,
using the Indian National Gamma Array (INGA) [5].
Clover detectors of the INGA have been used as
polarimeters to decide the nature of the transitions of
interest.

2. Experimental details

In the present work, high spin states of °Sm
have been populated using the *°Cd (*®Si, 4n) *°Sm
heavy ion fusion evaporation reaction at a beam
energy of 128.7 MeV provided by pelletron linac at
TIFR, Mumbai, India. The target used in the
experiment was 1 mg/cm? thick *°Cd backed with
6 mg/cm? gold foil. The compound nucleus recoil
velocity was 1.9 % velocity of light, and the recoil
energy was 25 MeV.
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Fig. 1. Various channels populated
in 118Cd + 8Si reaction.
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INGA [5] consisting of nineteen Compton-sup-
pressed Clover detectors at angles of —23°, —40°,
—65°, 90°, 65°, 40°, and 23° was used to detect de-
exciting y-rays. The total number of events recorded
was 500 million. The calculated cross-sections using
code CASCADE [6] for various channels populated
in this reaction are shown in Fig. 1.

3. Data analysis

Two and higher fold y-y coincidence list mode
data were recorded in a fast digital data acquisition
system based on Pixie-16 modules of XIA LLC [7].
The data sorting routine MARCOS (Multi-
pARameter time-stamp based COincidence Search
program), developed at TIFR, sorts the time-
stamped data to generate the E,-E, matrix and
E,-E,.E, cube. The RADWARE [8] software
package was used for the analysis of these matrices.

4, Results and discussion

In even-even nuclei with mass A~140, the align-
ment of proton and neutron quasiparticles in the hiy
orbitals generates low-lying 10" states which are in
many cases isomeric. These excitations have been
observed in the N =78, °Sm [9] and ***Gd [10]
nuclei. In the rare-earth region, high-j hi2 unique
parity orbital is accessible to both neutron and pro-
ton excitation. In nuclei of this region, both proton
and neutron are in the same high-j shell, i.e. hip
orbitals which allow us to study the role of p-n inter-
action and its influence on both collective as well as
single particle motion.

For N = 78 nuclei, e.g., ***Gd, *Nd, ***Ce [10 -
12], the active orbitals for protons and neutrons are
h112, dsi2, and gz2. At low spins, the presence of iso-
mers based on simple particle-hole excitations helps
to establish the active quasiparticle configurations
and test the suitability of various nuclear potentials.
The neutron-deficient rare earth nuclei are an ideal
testing ground for theoretical models and the effec-
tive nucleon-nucleon interactions that they employ.
Previously *°Sm was studied by S. Lunardi et al. [9]
using Cd(*°Si, 4ny)**°Sm reaction at 130 MeV and
a cascade of Al =2 transitions based on 10" isomer
was reported. An interpretation in terms of the
coexistence of the two shapes, which are supposed
to have different quadrupole deformations, has been
suggested. Lifetime measurements in the collective
sequences found above the two isomers can give a
more definite answer to the question of the coe-
xistence of different nuclear deformations. Earlier,
M.A. Cardona [13] reported a lifetime of a few
states above 10" states by means of the recoil-
distance Doppler-shift technique, using a precision
plunger apparatus.

Excited levels in **°Sm were populated using the
106pg(37Cl, p2n)*4°Sm reaction at a bombarding ener-
gy of 143 MeV [13]. In the present work, the level
scheme has been extended with the addition of
several new transitions. The band structure and
deformation are discussed in the framework of the
tilted axis cranking model (TAC). The lifetimes of a
few states have been measured using the DSAM
method. The level scheme of *°Sm shown in Fig. 2
is based on y-ray coincidence and intensity relation-
ships. Much of the level scheme of previous work
has been verified along with certain modifications and
additions. The level scheme of °Sm has been
modified with the addition of several new vy-rays.
Fig. 2 displays various positive and negative parity
bands labelled from 1 to 11. Newly found transitions
are marked by an asterisk. The properties of the
transitions extracted in this work are listed in Table 1.

The placement of new transitions in bands 2 and
3 is confirmed by setting double gates on 531,
952 keV y-rays and 782, 808 keV y-rays in cube
(Fig. 3). The y-ray coincidence spectrum shown in
Fig. 4 is obtained by setting double gates on the
7 —5 (312 keV) and 5 —4" (769 keV) transitions
in °Sm and it shows all the y transitions connecting
to 5 state.

5. Spin and parity assignments

Multipolarities of the y-ray transitions were
determined using the RDCO method [14]. An
asymmetric matrix was created using MARCOS
with the events detected by Clovers at 90° on one
axis and Clovers at 157° on the other axis. The fol-
lowing relation was used for the calculation of
RDCO ratios:

RDCO — I (v, :157°gatedbyy, :90°)_ O
I (v, : 90°gatedbyy, :157°)
In order to obtain information about the levels of
parities, linear polarization measurements were per-
formed using the IPDCO method [15]. In Fig. 5,
spectra containing parallel and perpendicular events
are compared by putting a gate on 442 keV y-ray in
band 6. Black lines in the spectrum correspond to
perpendicular events and red line corresponds to
parallel events. From the intensity comparison, we
can conclude that 305, 317, 373, and 378 keV y-rays
are magnetic in nature, and band 5 has been assigned
negative parity. The 241 keV y-ray seems to be elec-
tric in nature. By gating on 619 keV y-ray, we
observed 306, 366, and 454 keV transitions of band
8 (see Fig. 2) and found them magnetic in nature.
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Band 1 is connected to the 12* state of band 6, via
793 and 1322 keV y-rays which are of dipole and
quadrupole nature, respectively. Band 1 is built in the
13" state. The 1322 keV y-ray was not reported in
coincidence with 906 and 604 keV y-rays by
S. Lunardi et al [9]. But it is confirmed by setting
double gate on 604 and 906 keV transitions that these
transitions are in good coincidence with each other as
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shown in Fig. 3. Modification has been done in the
level scheme with the placement of 529 keV (14 -
13") y-ray in coincidence with 793 keV y-ray. The
850 keV y-ray connects 15" state to 13* and 808 keV
y-ray connects 15" to 14" level. The 835, 906, 604,
and 780 keV vy-rays are placed in the cascade in the
order of decreasing intensity as reported in Table 1.
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Table 1. Energies (Ey), relative intensities (Iy), RDCO values, spin assignments,
and multipolarities of transitions in ¥4°Sm.
Errors in Ey are 0.3 keV for I, > 100, and 0.7 keV for I, < 100

E,, keV Iy RDCO Gating transition Multipolarity "
39 10*—10*
44.6 10*—9-
134.0 52(5) 1.37(16) 16—15-
168 9-—8"
171.4 14(3) M1/E2 13" 512"
202.8 318(17) 1.14(9) Q E2 108"
204 96(7) 14-—13
206.7
218.2 33(3) 0.49(7) Q (15-14)
225.2 35(4) 0.91(14) Q E2 108"
226.9 1.05(15) 16-—15-
241.2 241(15) 1.01(6) Q E2 10" 58"
254.0 11(2) 0.41(10) Q M1 17° 516"
269.6 14(3) 0.41(10) Q M1 17" 516"
285.3 26(3) M1/E2 15" 14"
289.5 702) 0.26(6) Q M1/E2 18" 517"
305 16(3) 0.43(10) Q 15-—14-
306 12(2) 18" 517"
311.6 202(14) 1.23(10) Q E2 75
317.3 90(8) 0.45(6) Q M1 17—16-
324.3 30(4) 0.26(4) Q (16—15)
348.7 3(1) M1 221"
358.1 30(4) 0.44(8) Q M1 19—18"
366.4 13(3) 0.28(6) Q M1/E2 19°>18°
3735 49(5) 0.40(5) Q M1 1817
3775 29(4) 0.33(5) Q 15 —14
381.9 19(3) (1716)
441.7 621(32) 1.14(7) Q E2 12" 510"
454.3 7(2) 1.3(3) D M1/E2 20 19"
458.2 29(4) 0.68(10) Q (8—7)
465.7 22(3) (18517)
4816 18(3) 21 —20"
4955 3(1) 21" 20"
509 (9 —8)
513.6 29(3) 1.03(12) D M1 20—19-
519.4 26(3) 16" 15
529 48(5) 14513
530.7 1000(50) 1.10(4) Q E2 2" 50
559.6 14(3) 17—15-
575.2 38(4) 1.13(14) Q E2 16" 14"
603.8 60(5) 0.86(12) o) E2 20 >18°
618.9 115(7) 1.08(8) Q E2 12510
624.2 14(3) 0.91(20) Q E2 14" 512°
633.4 25(3) 0.75(12) Q M1/E2 8 —7
640.9 38(5) 0.47(8) Q El 17-—16"
681.7 44(5) 0.19(4) Q M1/E2 11°>10*
689.3 33(3) 0.49(7) Q (8—7)
706 15(3) 0.83(25) Q E2 (16" 14%)
714.9 900(45) 1.03(4) Q E2 4 D¢
731 29(3) 0.58(7) Q (109"
751.1 377(18) 1.06(5) Q E2 14 512"
768.6 202(15) 0.57(5) Q El 54"
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HIGH SPIN STRUCTURE IN *°Sm

Continuation of Table 1

E,, keV I, RDCO Gating transition Multipolarity Ji >
771.1 5(1) 0.99(25) Q E2 (20*—18%)
780.3 5(1) 0.90(23) Q E2 22* 207"
782.5 22(3) 1.12(18) Q E2 18*—16*
782.5 10(1) (9—8)
790.5 12(2) 0.63(11) D M1/E2 12t 117
792.6 14(3) 0.18(5) Q M1/E2 13*—127
801.2 122(8) 0.85(4) Q E2 9 —7"
808.3 16(3) 1.02(22) Q E2 15*—13*
808 9(2) 0.52(12) Q (10—9)
814.4 9(2) 0.52(12) Q —7"
817.6 14(3) 0.45(15) Q (11-10)
825.3 30(3) 0.44(6) Q M1 18—17-
830 14(3) —16*
835.3 69(5) 0.96(10) Q E2 16*—14*
836.1 789(40) 1.03(4) Q E2 6t—4*
850.4 15(3) 15*—14*
870.6 29(4) (9—8)
883.0 (10—9)
887.6 665(38) 1.10(6) Q E2 8*—6"
895.8 26(3) 0.82(12) Q E2 11-—9-
906.1 22(4) 1.3(3) Q E2 18*—16*
916.4 19(3) 0.89(18) Q E2 11-—9-
946.3 4(1) —147
952.2 13(2) 1.24(21) Q E2 (20*—18%)
993.6 127(8) 1.15(10) Q E2 16*—14*
1020 9(2)

1063.2 18(3) 0.36(6) Q 13*—12*
1074.6 45(4) 0.52(6) Q E1l 15—14*
1094.9 34(4) 0.74(12) Q El 15—14*
1102 3(1) (18*—16%)
1113 8*—6"
1123.4 76(6) 0.96(12) Q E2 14*—127
1151.2 36(4) 1.10(16) Q E2 18*—16"
1223.1 11(2) 0.90(24) Q E2 20" —18"*
1237 11(2) — 14
12515 22(3) 1.15(18) Q E2 16" — 14"
1322.3 22(3) 1.30(20) Q E2 14*—127
1336.9 57(5) 0.59(7) Q El 13 —12*
1406.1 7(1) 0.9(2) Q E2 16" — 14"
120 o S _— 8 w double gate 531, 952
oof § 2 u Te 8 o
a0 |- ﬁ - ‘ ’l J‘ &3 7]
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Fig. 3. Double-gated coincidence spectra for 4°Sm.
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Fig. 4. Double-gated coincidence spectra in *4°Sm.
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Fig. 5. Comparison of parallel and perpendicular scattered
events in 14°Sm. (See color Figure on the journal website.)
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Bands 2 and 3, which are weakly populated, are
established from the present work. Band 2 consists
of a regular cascade of 706, 901, and 952 keV transi-
tions. From DCO ratio measurements, these transi-
tions are of quadrupole nature. The transition con-
necting to 14" is also quadruple type. Band 3 con-
sists of cascades of 782, 808, and 818 keV y-rays
and are of dipole nature, concluded from DCO
measurements. Parities of these states are not con-
firmed because they are weakly populated and
IPDCO measurements are not possible. Band 4 was
tentatively placed in the previous work [9]. Spins of
this band have been assigned in the present work by
RDCO measurements. The 218 keV y-ray connec-
ting band 4 to the 12" state of band 6 is of dipole
nature.

Band 5 is of a dipole nature with negative parity.
Spins and parities of 317, 373, 358, 514, and
482 keV transitions have been assigned using DCO
and IPDCO measurements and are magnetic in
nature. The 1337 keV transition connects 13" state to
12" state of band 6 and is E1 in nature. The 1075 and
1095 keV transitions connect 15~ state to 14" state.
The intense band 6 above the 10" state at 3200 keV
with Ty, = 6.2 ns was assigned (mhi12)? configura-
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tion from the systematics of the 10" states in the
N = 78 isotones and from the comparison with the
36Ce configuration. We confirm nearly all transi-
tions observed in Ref. [9]. The 771, 830, 946, 1102,
and 1237 keV y-rays are observed in the present
study connecting to the states of this quadrupole
band. A particular feature of the level scheme of
199Sm at medium spins is the existence of cascades
of dipole transitions. Band 7 is a dipole band. Tran-
sitions connecting the states of this band are of
mixed nature (M1/E2).

Band 8 at 3172 keV above the 10" state has been
assigned (vhip)? with Ty, =22.3ns. There is a
cascade of E2 transitions from 10" to 16". Above 167,
transitions connecting to high spin states are
observed in the present work. Transitions of 270,
290, 306, 366, and 454 keV are of mixed nature
(M1/E2). In the present study, spins and parities of
high spin states above 16" have been assigned.
Sequence 9, which decays by an E1 y-ray (769 keV)
to the last band is developed on the 5 level
(2015 keV) and extends up to 11~ (4044 keV).
Bands 10 and 11, which are weakly populated, have
been established from the present study.

6. Configuration of various bands

Experimental alignments, ix = Ix — Ixer for diffe-
rent bands are plotted in Fig. 6 as a function of rota-
tional frequency. Here Iy was estimated as Ix =
= [(1 + 1/2)* = K", I4er is based on the frequency-
dependent variable moment of inertia reference,
Sref = 30 + 31 o® where Harris parameters 3o =
=8.9h°MeV™' and J;=14.8h"MeV~® are used
[16]. A band structure similar to *°Sm has been
found in **Ce. So, the alignment in both the nuclei
is compared for various band structures having
similar band head spin.

ISSN 1818-331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2024 Vol. 25 No. 4
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Fig. 6. Experimental alignment for *4°Sm and **Ce.
(See color Figure on the journal website.)
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TAC Angle

30

As already pointed out in the introduction, the

excited states in **°Sm nucleus above the proton and

neutron hj,, isomers have been successfully inter-

preted up to 16" as the core states coupled to the 10"
single-particle excitations. Band 5 based on 14~ has
been assigned 4-quasiparticle configuration zw[gzp,
hi12] @ v[hi2]. The results of TAC [17] calcula-
tions for band 5 are shown in Fig. 7. This configura-
tion resulted in the minimum total energy at defor-
mation & ~ 0.108 and y = 51° with TAC angle = 30°.
The pairing for proton, 6, = 1.191 MeV and neutron,
on = 0.958 MeV was calculated from the atomic
mass table 2012 [18]. The experimental behaviour of
| versus @ matches with TAC model calculations.
B(M1) and B(M1)/B(E2) behaviour predicted by the
TAC model is shown in Fig. 7.
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Fig. 7. The upper panel — the dependence of the angular momentum I(h) on the rotational frequency ®» and B(M1)
values versus spin I(h). The lower panel — the TAC angle and B(M1)/B(E2) ratio versus I(h).
(See color Figure on the journal website.)
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Lifetime information of the states is necessary to
confirm experimental B(M1) values. TAC calcula-
tions for bands7 and 8, with pairing for proton
1.191 MeV and for neutron 0.958 MeV (80 % of
pairing from masses with 2012 mass table), have
been performed. For band 7 the configuration
assigned from systematic seems to be n[g72, h11/2] ®
v[g7s2, h112] and resulted in total energy minimum at
deformation, &, = 0.100 and y = 30°, here TAC angle
is very stable with average value about 35°.

The I versus o behaviour for this configuration is
displayed in Fig. 8 with the dashed line. For band 8,
the configuration is n[hi12]* ® v[h112] 7 with mini-
mum at & = 0.140, &4 = 0.012 and y = 58°. At low
frequency, the band nearly obeys principal axis
cranking which is seen experimentally with the
observation of strong E2 transition below 14°. Also,
it has low values of B(M1)/B(E2) at high spins
(above 17%) which suggests that we should observe
the E2 transition for this band at high spins. How-
ever, we are not able to place such E2 transitions in
the present study. The low-lying negative parity
states of band 9 were assigned two neutron configu-
rations, v[hiis, S1/2/dsr2] from the energy information
of 5™ states in Ba [19] and Nd isotopes [1].

7. DSAM lifetime measurements

Lifetimes of states have been measured by the
Doppler shift attenuation method. For this, asym-
metric matrices were constructed by keeping the 65°
detector on one axis and the rest of the detectors on
the other axis for forward analysis. For backward

6000

line-shape analysis, —65°(115°) detectors were kept
on one axis and the rest of the detectors on another
axis. Similar matrices were constructed for detectors
placed at +40° and —40°. To check the contamina-
tion in forward and backward data, matrices were
constructed for 90° versus all detectors. For line-
shape analysis of the transitions, the LINESHAPE
program [20] was used. The program takes into
account the energy loss of the beam through the
target, the energy loss, and the angular straggling of
the recoils through the target and the backing. For
the energy loss, we used the shell-corrected North-
cliffe and Schilling stopping powers [21]. The value
of the time step and the number of recoil histories
were chosen to be 0.001 ps and 5000, respectively.
Apart from the mass and density profile of the
projectile and target, the inputs of code DECHIST
and HISTAVER are: target to detector distance,
which is 25 cm in our case, and the radius of the Ge-
detector, which is 6 cm. Fitting was started at the top
level with all the parameters of other levels kept
fixed. Once the ¥* minimization was achieved by the
MINUIT program, the background and the contami-
nant peak parameters were fixed, and the procedure
was followed for the next lower level.

After obtaining ¥*> minimization for each level, a
global fit was carried out, with the background and
the contaminant peak parameters of all the levels
kept fixed. However, it should be noted that quoted
errors do not include systematic errors in stopping
power values which may be as large as 20 %. Fig. 9
displays y? fit for 1151 and 994 keV y-rays.

6000

4000 - 994 keV

2000 |-

T TS
i " T

4000 -

2000 -

o

994 keV

980 990 1000 1010

Counts

10

0 , e
20 960 970 980 990 1000 1010 1020

1600

1200

1151 keV

800 -

1151 keV

1200

800

400

T T T T T T
1120 1130 1140 1150 1160 1170

T T T T T T
1120 1130 1140 1150 1160 1170 1180

Energy (keV)
Fig. 9. Results of 2 fits of the line shape analysis.
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Table 2. Lifetime and B(E2) values of quadrupole bands in *40Sm.
Error bars on measured lifetimes include fitting errors and errors inside feeding intensities

E,, keV I T, ps B(E2) (e?b?)
994 16+ 2.47°01 0.034°3 951
1151 18* 1.32/007 0.031750%
412 12" 22
619 12" 11
751 14" 17

The B(E2) values are calculated using the follo-
wing equation
0.0816BV(E2)

B(E2)- E®(E2)<[1+ 0, (E2

1 (eb)’. (2)

Earlier lifetime measurements in **°Sm have been
carried out by M.A. Cardona et al. [13] using the
RDM technique for 12" and 14" states and are listed
in Table 2. The values quoted for lifetime in Table 2
for 442 keV (12°—10%), 619 keV (12*—10%), and
751 keV (147—12) are taken from reference [13].

5. Summary

In the present work, high-spin states in **°Sm
have been investigated using the INGA facility at

TIFR, Mumbai following the **Cd (%Si, 4n) **°Sm
heavy ion fusion evaporation reaction. The level
scheme has been modified with the addition of
several new transitions. The DCO and IPDCO
were calculated to assign the spins and parities to
the levels. The lifetimes of various levels have
been determined using the LINESHAPE program.
The TAC model calculations have been performed
for bands 5, 7, and 8. The band 5 has been
assigned  4.quasiparticle  configuration, i.e.,
n[g772, h112] @ v[h112] 2. For bands 7 and 8, the
configurations were assigned from systematic and
found to be n[g72, h11/2] ® v[g7s2, h11/2] and TE[hn/z]2
® y[hi12] 7, respectively.
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BUCOKOCIHIHOBA CTPYKTYPA B %Sm

Bucokocninosi cranu “°Sm 6y 3aceneHi 32 JONOMOIO0 Peakiii 3IUTTs BaXKKHX i0HIB 3 BUMapoByBaHHaM 6Cd
(%®Si, 4n) 9Sm. Bimoma panime cxema piBHiB GyJa 3Ha4HO MOAM(IKOBaHA Ta PO3LIMPEHA. IIpU3HAYEHHS CHiHy Ta
napHocti Oyio 3pobieHo 3a jgomomoroto MeroniB DCO rta IPDCO. BararokBa3ziuacTuHkoBi KoH(iryparii Oyiu
npusHadeni pisiuM Al = 1 i Al = 2 cmyram Ha ocHOBi cuctematuku. CTpykTypa cmyr, noniona go *°Sm, 6yna
sHaiiziena B 1%Ce. TakuM 4MHOM, CTPYKTypa B 000X sipax MOPIBHIOETHCSA Ui PI3HMX CMYT, IO MalOTh IOMIOHHIA
rooBHUH cmiH. Lle nomomarae BuzHaunTH KOH(pIirypamiro pisHux cMyr. CTpyKTypH piBHIB 0OTOBOpIOBAIMCS B PaMKax
mozeni TAC. TpuBamicTs XHUTTS cTaHiB Oyna BUMipsiHa 3a JjoroMororo metoxy DSAM.

Kniouosi crosa: y-y 30ir, Inpificbka HanionansHa ramma-peritka (INGA), cnekrpockomis, RDCO, DSAM.
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