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The levels of Sm™5, Sm?, Sm!5!, Sm!%, and Sm!% have been studied with 0.1, resolution by the (d,p)
reaction at 12-MeV incident energy. Levels in Sm!7 have been observed by (p,p’) reactions at 12 MeV.
A large number of previously unknown levels have been observed at excitation energies up to 4 MeV.
Previously known levels from decay spectroscopy have, in general, been verified. It is suggested that spheri-
cal and deformed nuclear shapes are in evidence close to the ground state in Sm6.. This conclusion is based
partly on these data, on the spectroscopic structure of the neighboring even-even nuclei Sm'® and Sm!%,
and on the observed two-neutron separation energies (S2,) of odd-4 and even-4 Sm isotopes in this tran-
sition region. A fragmentation of the (d,p) intensities among the increasing number of states is observed
as one proceeds from Sm™5 (single closed shell plus one neutron) to Sm'% (strongly deformed), as expected
from the Nilsson model. Some of the levels below 2 MeV in Sm' are discussed in terms of shell-model con-
figurations. Levels in Sm!7 are compared with the (f,2)3 coupling scheme and with the excited-core model.
Using particularly the relative intensities of members of the rotational bands, which strongly characterize
the assignments, but also the observed energies for the levels and systematics of other deformed odd-A4
nuclei, the following Nilsson orbitals and some of their associated rotational states have been assigned in
Sm!% and Sm!%6: §— (521), §— (523), $— (521) and $+ (642). The (d,p) spectra indicate that the ground
state of Sm!% is the §-+4 (651) configuration and not the $— (521) as assumed previously. The ground state
for Sm!%5 is assigned as the $— (521) orbital. The previously unobserved (11/2)— (505) orbital, whose
depopulation is hypothesized to cause the sudden onset of deformation at N =90, has been tentatively
assigned at 65 keV in Sm!®. The ground-state Q values observed in the experiments are: Sm!#(d,p)Sm5,
Q=+4.533+0.012 MeV; Sm™8(d,p)Sm™?, Q=+3.648+0.012 MeV; Sm!®(d,p)Sm!%!, Q= +3.36940.016
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MeV; Sm!%(d,p)Sm'®, Q = +3.6454-0.012 MeV; Sm!*(d,p)Sm!55, Q = +3.584+0.012 MeV.

I. INTRODUCTION

HE levels of heavy deformed odd-4 nuclei in the
rare-earth and actinide regions have been the
subject of recent intensive investigation. It has been
shown recently 12 that the (d,p) reaction is particularly
useful in studying these levels because it relates in a
direct way to the deformed-core-plus-odd-nucleon
model® of Nilsson. The (d,p) reaction on spherical nuclei
can be treated as a special case where the deformation
parameter = 0. The usefulness of the (d,p) reaction has
been considerably extended by the development of the
distorted-wave Born approximation (DWBA) theory,*
which allows / values to be determined and fairly reliable
reduced widths to be extracted. DWBA analysis has
also developed a quantitative description of the (p,p’)
reaction.’

This paper represents an interpretation of (d,p) and
(p,p") data for the odd-A isotopes of samarium. The
stable isotopes of this element extend from N =82
(closed shell) to N=92 (highly deformed). Therefore,
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the changes in level structure associated with the transi-
tion from a spherical to a deformed shape may be
studied in a rather systematic manner. When combined
with previous decay studies, these data provide a great
deal of additional information on these nuclei.

II. EXPERIMENTAL METHOD

The experimental method has been described in detail
in previous publications®’; only the main points will be
given here. A beam of deuterons or protons from the
Florida State University Tandem Van de Graaff was
analyzed by a 90° magnet, deflected by another magnet
and focused by a quadrupole lens system to strike thin
targets of isotopically enriched samarium oxide. The
target material was obtained from the Separated Iso-
topes Division of Oak Ridge National Laboratories. The
enrichments for targets used in these experiments are
given in Table I. The oxides were evaporated by an
electron-gun technique® onto thin (10-30 wug/cm?) car-

TasLE I. Enriched samarium oxides for target fabrication.

A
Enriched Percentages of samarium isotopes
isotope\ 144 147 148 149 150 152 154

Sm!# 71.50 923 414 325 141 391 6.62
Sm!# 008 97.80 091 051 017 034 0.21
Sm! 036 081 9626 141 034 055 0.28
Sm1%0 0.10 100 140 840 81.0 6.50 1.60
Sm!%2 003 020 020 027 030 9720 1.80
Sm!54 002 0.12 0.09 012 0.08 0.50 99.07

6 R. A. Kenefick and R. K. Sheline, Phys. Rev. 133, B25 (1964).
7 W. N. Shelton and R. K. Sheline, Phys. Rev. 133, B624 (1964).
8 M. C. Olesen and B. Elbek, Nucl. Phys. 15, 26 (1960).
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bon films. Targets prepared for these experiments
ranged in thickness from 50 to 300 pg/cm?. The beam
spot was defined to X3 mm.

The target was located at the object point of a 60 cm
pole-face radius Browne-Buechner® type magnetic
analyzer.

Eastman NTA 50 u track plates were used as detec-
tors. In the (d,p) experiments, thin aluminum foils
were secured on the emulsion surfaces to stop deuterons
and alpha particles. The plates were scanned in 3X8
mm strips with dark-field illuminated microscopes
equipped with calibrated stages.

The spectrograph solid angle was typically 2.2 10
sr during most of the experiments described here. Typi-
cal best energy resolution achieved in these experiments
is approximately 0.1%.

In these experiments the incident energy, Q values,
and level energies were determined either by the position
of elastic scattering groups or by the position of the
following groups:

C2(d,p)CB, (Qo=2722.3+0.3 keV)
CB(d,p)C*, (Qo=25931.440.5 keV)
0%(d,p)0", (Qo=1917.4+0.8 keV).

These reference peaks were combined with the previ-
ously determined calibration curve in a consistent
manner.

III. SUMMARY OF PREVIOUS WORK

The decay of Eu® has been studied by Anton’eva
el all® They deduced levels at 894(3-), 1004(3™),
1663(57), 1880, 2001, and 2424 keV. All observed tran-
sitions were fitted into the decay scheme except a line
corresponding to E,=191 keV. The Sm!5 ground state
was taken as (~) from shell-model considerations. A
more recent study" showed additional levels at 1550
and 1870 keV.

The conversion lines from the decay of Eu*’ have
been measured with a magnetic spectrometer by
Anton’eva et al.,'° and by Schwerdtfeger et al.l* These
studies have established levels at 121(3-), 198(3-),
800(3,37), 1079(3, 3, %, or 97) and 1420 (?) keV. In
another study'® of the Eu*” decay the same levels were
deduced. Considerable evidence for a level at 900 keV
has been put forth." Nathan and Popov!s have observed
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Coulomb excitation of a state at 730 keV. The ground
states of Sm'” and Sm'® have been measured as 7 from
optical hyperfine structure,'® paramagnetic resonance,!’
and atomic-beam magnetic resonance experiments.!® In
arecent review!® of Sm'*’, additional levels were assigned
at 1060, 1320, 1448, and 1545 keV.

Levels in Sm® have been observed by Harmatz ef
al?® From the conversion electron- and gamma-ray
spectrum of the decay of Eu*, levels in Sm™? at 22.5,
2717.2, 350.2, 528.6, and 558.3 keV were proposed. The
Eu'*® decay was also studied by Dzhelepov ef al.,?' using
a B spectrometer and gamma-gamma coincidence
methods. Their results were in agreement with Har-
matz et al. Levels at 285 keV (3, 37), 582 keV (§),
833 keV, and 850 keV (%, 4, 3~) were proposed by Schmid
and Burson? from a study of the Pm!*® decay. In addi-
tion to these studies, Nathan and Popov!® have re-
ported Coulomb excitation of a level at ~650 keV in
SmMQ.

Sm'® has been studied through the decay®-26 of Pm!®!
and also through the reaction Sm'%(n,y)Sm!® with a
bent crystal y-ray spectrometer.2” This has resulted in
the establishment of sixteen levels up to 821-keV exci-
tation. In addition, 8-y and y-y angular correlation
data for a few of these states are available?® although
their interpretation is not definite.

Two gamma rays of 125 keV and 180 keV have been
observed® in the decay of Pm!® to Sm!®. In addition,
gamma rays with the following energies have been seen3’
with a crystal spectrometer following the reaction
Sm'®(n,y)Sm!®: 35.8, 90.88, 119.78, 127.30, 166.65,
175.37, and 182.90 keV. A level scheme was deduced
in Ref. 30 from the above gamma energies, but this
scheme is not in good agreement with the data to be
presented here.

In the case of Sm!55, no previous information has been
published on the level scheme.
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TasLE II. Results for Sm'*(d,p)Sm5. The numbers for assigned levels correspond to the peak numbers in Fig. 1.

Other Sm Other Sm
Excitation Relative isotope® Excitation ~Relative isotope®
Level Q energy intensity % of Level Q energy mtensolty % or
No. (keV) (keV) (60°) A peak No. (keV) (keV) (60°) A peak
0 4533(12) 0 100.0 20 2104(4) 2429(10) 17.0
4254(15) 0.3 148 100 2074(12) e 148 ~55
4185(15) 0.7 148 100 21 2045(10) 2488(15) 1.5 148 ~A40
4018(12) 3.0 148 100 22 2021(10) 2512(195) 1.0 150 ~80
3943 (15) 0.6 148 100 2002 (12) 1.0 155 100
3818(15) 1.1 148 100 23 1970(5) 2563(11) 5.0 150 ~50
3770(14) 0.15 148 100 1931(10) e 150 100
3703(12) 1.0 148 100 24 1902(9) 2629(15) 4.0 150 ~80
1 3638(8) 895(4) 92.0 149 ~3 25 1872(11) 2661(17) 2.0 148 ~40
3591(10) 2.6 155 75 26 1843(3) 2690(12) 17.0
2b 3529(10) 10047 (6) 1.5 148 ~95 27 1809(10) 2724(16) 20 150 ~50
3462(10) 2.5 155 ~80 28 1783(12) 2750(18) 1.5 150 ~325
3 3425(8) 1108 (4) 8.3 148 ~10 29 1736(5) 2797(12)
3394(8) 3.0 148 100 30 1709(7) 2824(14) 13.0 148 ~15
3365(10) 1.0 150 ~170 31 1691 (10) 2842(19)
3302(10) 1.0 150 ~60 1657(6) 2.0 155 ~100
3277(8) 2.2 148 100 32 1607(3) 2926(13) 4.5
3245(9) 1.5 150 ~75 33 1573(6) 2960(16) 2.0
3195(9) 2.0 148 ~60 34 1515(3) 3018(13) 20.0
3163(9) 1.4 148 ~60 1494(5) e 155  ~100
4 3106(6) 1427(6) 19.0 150 ~8 35 1441(3) 3092(13) 31.0
3087(9) L5 155 100 36 1401(3) 3132(13) 36.0
3058(9) 14 151 ~065 37 1350(5) 3183(15) ‘.-
2992(9) 0.6 148 100 38 1287(10) 3246(20) 5.0
2947(9) 1.8 150 40 39 1258(10) 3275(20) 3.0
5 2922(6) 1611(9) 44.0 40 1231(3) 3302(13) 18.0
6 2868(5) 1665(8) e 41 1198(7) 3335(17) 5.0
2818(8) 1.0 148 ~70 42 1167 (4) 3366(14) 20.0
2764(5) 5.0 155 ~55 43 1136(4) 3397(14) ]
7 2749(5) 1784(8) 8.0 148 ~10 44 1100(7) 3433(17) 48.0
8 2723(5) 1810(8) 4.6 45 1087(10) 3446(20)
9 2679(6) 1854(9) 8.5 155 65 46 1053(10) 3480(20) 9.0
10 2650(5) 1883(8) 17.0 155 ~15 47 1025(10) 3506(20) 3.0
1 2554(5) 1979(8) 40.0 48 999(10) 3534(20) 2.0
12 2531(5) 2002 (8) 41.0 49 975(4) 3558(14) 18.0
2487(8) 3.0 150 ~065 50 937(4) 3596(14) e
2454(12) 1.0 148 100 51 900(11) 3633(21) e
13 2421(10) 2112(14) 1.5 151 70 52 878(11) 3655(21) ..
14 2395(5) 2138(9) 24.0 148 ~6 53 854(4) 3679(14) 20.0
15 2369(S) 2164(9) 23.0 148 ~10 54 807(4) 3726(14) 8.0
16 2334(12) 2199(16) 1.0 150 ~90 55 750(5) 3783(15) 17.0
2303(12) 2.0 148 ~60 56 700(5) 3833(15) 14.0
2263(12) 1.0 148 ~80 57 677(11) 3856(21) 3.0
17 2236(5) 2297(9) 210 58 651(5) 3882(15) 17.0
2204(10) 1.0 150 ~100 59 617(10) 3916(20) 11.0
18 2184(4) 2349(10) 8.0 60 523(10) 4010(20) 2.0
2158(12) 0.5 148 ~55 61 506(5) 4027(15) 24.0
19 2143 (4) 2390(10) 4.6 148 ~35

s When there is no Sm45 contribution to the peak, the dominant isotope
and its percentage contribution are listed; when there is a Sm46 contribu-
tion, the most important contributing isotope is indicated, but the percent-
ageihown is the contribution of all other (i.e., A #145) Sm isotopes to the
peak.

IV. RESULTS AND Q VALUES
Sm45

Proton spectra for the reaction Sm'**(d,p)Sm5 were
observed at 45° and 60°. The 60° spectrum is shown in
Fig. 1. Note that groups 0 (ground state) and 1 are
reduced by %, and groups 12 and 36 by } in vertical
scale. The solid angle subtended by the analyzer was
2.2X107* sr for these spectra. Unlabeled groups were
assigned to light impurities by their kinematic shift.

Owing to the relatively low enrichment in Sm'#, a
large number of levels from other isotopes of samarium
have been observed. These have, for the most part, been

. b Although decay work places a level at this energy the observed (d,p
intensity is accounted for by Sm"7(d,p)Smu8,

accounted for, since the (d,p) spectra of these other
isotopes have been determined.® The peak at Q=-+-3529
keV, which is a known Q value for Sm'*7(d,p)Sm™?, is
only slightly stronger than would be expected from the
intensities of other groups due to the reaction Sm'(d,)-
Sm!8, If the increase is assumed due to a state at 1004-
keV excitation in Sm!%%, this state is very weakly excited
by (d,p) reaction. For this reason the state is considered
tentative. () values, excitation energies, relative inten-
sities, and isotopic assignments are given in Table IL.
The ground-state Q) value for Sm'*(d,p)Sm' was deter-
mined to be +4533412 keV.
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Fic. 1. The Sm'(d,p)Sm!* proton spectrum at 60°. Only the groups assigned as levels in Sm!*5 are numbered.

Sm147

The reaction Sm¥(p,p’)Sm'¥” was studied at 1223°
and 133° with an incident proton energy of 12 MeV.
The main exposures were 4000 and 7500 uC, respec-
tively, for these angles. Beam spot size during these ex-
periments was X3 mm and the solid angle subtended

by the spectrograph was 3.5X10~* sr. The 133° spec-
trum is shown in Fig. 2. Groups from Sm"*’ are num-
bered sequentially, beginning with zero for the elastic
group, which appears in reduced scale at the left. Peaks
from the elastic scattering on target impurities are
labeled. Level No. 4 is obscured by the CI® peak in the
displayed spectrum (133°), as is level 21 (obscured by
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the F'? ground state). Level No. 6 appears on the front
edge of the S elastic peak. Only the front edge of level

No. 13 is seen at 133° because it, unfortunately, is asmn
located at a joint in the track plate array. All levels 1690 1o
except level No. 22 are observed, or inferred by intensity 1629 18
changes, at both reaction angles. Two very weak groups 1388 1
are observed at both angles. These levels (levels 5 and 1440 1
7) check well in energy at the two angles of observation. %éizgg L
However, because of their rather low intensity they are 131 12
considered as tentative. A level scheme for Sm'*” based 1310 1
on these spectra is shown in Fig. 3. 2 10
1162 9

Sm!4® Fic. 3. A level scheme 1097 8

for Sm*’ from these data. 1930 ?

al di p 148 3 : Spins and parities shown (978)
Several different targets of Sm!*® enriched oxide were to the right are from other e s

used to study the levels in Sm!®. The spectra were taken experiments. The level
at 45°, 65°, and 133°. One of the 65° spectra is shown numbers correspond to 803 3- 4
in Fig. 4. As in the Sm*(d,p)Sm™5 spectra, the z—  thosein Fig. 2.
ground state is strongly excited. This ground-state
group displays a definite broadening at its base on the
low-energy side. This was observed at all angles and
could be accounted for by a peak with intensity ~1/100
of the ground state located 20-25 keV from it. On some
occasions such a broadening has been observed to be
due to target thickness or slit scattering. However, if
such were the case, all peaks in the spectrum should 198
show the same characteristic shape. This is not the case 121
in these spectra and a level is therefore tentatively
placed at ~22 keV, in agreement with previous work. 0

-0
The group at 285-keV excitation (levels No. 2 and 3) sa ! keV Jw Level No.

2

1
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Fic. 4. The Sm!#(d,p)Sm™ proton spectrum at 65°. Only the groups from Sm"? are numbered.
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TaBLE III. Results for Sm¥8(d,p)Sm!¥. The level numbers correspond to peak numbers in Fig. 4.

Excitation  Relative Excitation  Relative
Level Q ener intensity l Level Q energy intensity !
[ (keV) (keV. ° value No. (keV) (keV) (65°) value
0 3648(12) 0 1.00 3,4 52 1290(6) 2358(13) 0.11
1 3628(14) 20(8) 0.01 53 1271(8) 2377(15) 0.05
2 3368(11) 280(2) 0.38 >3 54 1261(3) 2387(10) 0.19
3 3363(11) 285(2) i = 55 1230(4) 2418(11) 0.10
4 3298(11) 350(2) 0.23 0,1,2 56 1205(4) 2443(11) 0.15
5 3250(10) 398(3) 0.19 0,1,2 57 1154(4) 2494(11) cee
6 3113(10) 535(3) 1.31 0,1,2 58 1140(4) 2508(11) e
7 3082(10) 566(3) 0.04 59 1114(4) 2534(11) 0.17
8 3008(10) 640(3) 0.03 3,4 60 1080(4) 2568(11) 0.16
9 2975(10) 675(3) 0.03 >3 61 1058(4) 2590(11) 0.26
10 2948(9) 700(4) 0.52 62 1026(4) 2622(11) 0.12
11 2936(11) 712(6) ) 63 1008(4) 2640(11) 0.18
12 2806(11) 842(6) 0.01 >3 64 977(4) 2671(11) 0.14
13 2767(8) 881(5) 0.16 >3 65 937(4) 2711(11) 0.12
14 2720(10) 928(7) 0.05 66 925(8) 2723(15) 0.09
15 2692 (8) 956(5) 0.09 3,4 67 911(5) 2737(12) 0.14
16 2635(7) 1013(6) 0.31 0,1,2 68 886(5) 2762(12) 0.24
17 2564(9) 1084(8) 0.07 69 851(5) 2797(12) 0.19
18 2523(9) 1125(8) 0.15 70 818(5) 2830(12) 0.13
19 2490(7) 1158(6) 0.34 IA! 790(5) 2858(12) cee
20 2458(9) 1190(8) 0.12 3,4 72 757(5) 2891(12) e
21 2368(11) 1280(10) 0.01 3,4 73 725(5) 2923(12) 0.13
22 2332(6) 1316(7) 0.16 3,4 74 699(5) 2949(12) 0.22
23 2263(9) 1385(10) 0.07 3,4 75 680(5) 2968(12) 0.18
24 2183(5) 1465(6) 0.39 76 653(5) 2995(12) 0.18
25 2164(8) 1484(9) e 3,4 71 633(5) 3015(12) 0.24
26 2092(5) 1556(6) 0.10 >3 78 575(5) 3072(12) 0.13
27 2069(7) 1579(8) 0.08 3,4 79 554(5) 3094(12) 0.19
28 2027(8) 1621(9) 0.03 80 488(5) 3160(12) 0.10
29 1986(8) 1662(9) 0.24 81 454(5) 3194(12) 0.13
30 1970(10) 1678(15) e 82 430(5) 3218(12) 0.16
31 1943(7) 1705(13) 0.03 83 391(6) 3257(13) 2.711
32 1896(3) 1752(10) 0.36 84 345(6) 3303(13) 0.42
33 1866(3) 1782(10) 0.17 85 324(6) 3324(13) 0.18
34 1832(3) 1816(10) 0.28 86 271(6) 3377(12) 0.17
35 1767(6) 1881(13) 0.09 0,1,2 87 255(7) 3393 (14) 0.17
36 1738(8) 1910(15) 0.02 88 229(7) 3419(14) 0.10
37 1705(3) 1943 (10) 0.27 89 212(7) 3436(14) 0.20
38 1673(5) 1975(12) 0.10 90 187(7) 3461(14) 0.15
39 1649(5) 1999(12) 0.10 >3 91 170(7) 3478(14) 0.13
40 1624(5) 2024(12) 0.09 92 115(7) 3533(14) 0.21
41 1589(3) 2059(10) 0.24 93 103(8) 3545(15) 0.20
42 1547(3) 2101(10) 0.23 94 73(8) 3575(15) 0.22
43 1511(5) 2137(12) 0.10 95 53(8) 3595(15) 0.12
44 1489(8) 2159(15) 0.04 96 25(8) 3623(15)
45 1457(8) 2191(15) 0.06 97 12(8) 3336(15)
46 1438(3) 2210(10) 0.14 98 —13(8) 3661(15)
47 1406(3) 2242(10) 0.19 99 —39(8) 3687(15)
48 1384(8) 2264(15) 0.09 100 —52(8) 3700(15)
49 1368(8) 2280(15) 0.07 101 —86(8) 3734(15)
50 1353(8) 2295(15) 0.07 102 —117(8) 3765(15)
51 1316(8) 2332(195) 0.06 103 —158(8) 3806(15)

is one millimeter greater in width at half-maximum than
the neighboring peaks. This indicates the presence of
two levels of approximately equal intensity separated
by ~8 keV. Similarly, the group at 700 keV (levels No.
10 and 11) is 1.5 mm broader than its neighboring
groups. This indicates two levels separated by approxi-
mately 12 keV. The 712-keV upper member of this
doublet appears from the shape of the peak to be ap-
proximately one-half as intense as the 700-keV member.

A level at 1484-keV excitation (level No. 22) is not
observable in the 65° spectrum because it happened to
fall at a joint in the nuclear emulsion surface.

No peaks were found in the spectrum that could be

attributed to the other samarium isotopes known to be
present (see Table I). Q values, relative intensities, and
excitation energies for the peaks from Sm!®(d,p)Sm"?
are given in Table III. The ground-state Q value for
the reaction Sm™#(d,p)Sm!? is determined by these ex-
periments to be 3648412 keV.

Sml 51

Spectra were obtained at 45°, 65°, 90°, and 133° for
the reaction Sm'%°(d,p)Sm!%.. This target had a particu-
larly thick carbon backing and it proved difficult to
obtain high-resolution spectra, due primarily to energy
spread introduced by the carbon. Light impurities were
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TaBLE IV. Results for Sm'®(d, p)Sm's!. Level numbers
correspond to the peaks numbered in Fig. S.

Other Sm
Excitation  Relative isotopes
Level Q energy intensity % of
No. (keV) (keV) (45°) A peak
3645(12) 1.00 150 85
3579(14) 0.50 155 80
3465(13) 0.54 153 70
3384(14) 0.54 153 100
0 3369(16) 0 1.84 150 25
1 3309(10) 60(2) 17.00
2 3284(12) 83(4) 1.87
3246(12) 1.17 153 60
3 3232(12) 137(3)
4 3203(12) 166(3) 9.10 150 15
5 3159(12) 210(3) 0.45 150 50
3141(12) 0.29 150 100
3114(10) 1.04 153 60
3097(14) 0.15 153 50
6 3062(9) 307 (4) 26.4
7 3018(12) 351(7) 1.21 150 40
2950(10) 2.11 153 60
8 2921(8) 448(6) 5.14
9 2900(8) 469(6) 291 150 35
2760(13) 0.73 150 60
2722(13) 0.71 153 100
10 2700(7) 669 (8) 3.88
11 2665(7) 704(8) 8.56
12 2655(11) 714(13) -
13 2614(7) 755(8) 1.65
2565(11) 0.15 150 70
2535(11) 0.40 150 50
14 2524(8) 845(12) 2.79
15 2491(8) 878(12) 1.7
16 2483(8) 886(12) 1.1
17 2418(5) 951(10) 12.20
18 2351(5) 1018(10) 3.39
2305(10) 0.50 150 100
19 2290(10) 1079(18) 2.82
20 2180(6) 1189(14) 2.92
21 2156(4) 1213(12) 7.88
22 2105(4) 1264(12) 2.96
23 2061(4) 1308(12) 3.15
23’ 2024(4) 1345(12) 6.00
24 1974 (4) 1395(12) 3.80
25 1956(8) 1413(16) 5.77
26 1925(4) 1444(12) 5.66
1742(10) 6.09 1
1677 (10)
1664 (10) 4.85
1648(10)
1609(10) 2.22
1576(10) 0.78
1562(10)
1550(10) 4.79
1536(10)
1503 (10)
1479(10) 5.24
1468(10) vb
1430(10) cee
1365(10) 1.21
1336(10) 2.37
1185(10) 4.00
1117(10) 2.48
1078(10) 3.90
1031 (10) 2.57
1001 (10) 2.15
972(10) 6.69
935(10) 2.00
878(10) 8.15 J

= Same as footnote a for Table II.

b Although ‘many of these peaks are from Sm!%(d,p)Sm1s! the high level
density, relatively poor enrichment of the target, and uncertain light im-
purities do not allow their definite assignment from these data.

ISOTOPES OF Sm B 1485

extracted from the spectra by their kinematic shift in
the usual manner. In addition, because of the relatively
low enrichment, considerable care had to be taken in
locating (d,p) reaction groups from other samarium
isotopes. The result of this extraction is given in Table
IV for the 45° spectrum (Fig. 5) including all the as-
signed groups and their relative intensities. The highest
energy group not assignable to another samarium iso-
tope is a doublet at Q=3368—3384 keV. The 3384-keV
member is partly due to a state in Sm!®. For all the
nuclei included in this study, but especially here in
Sm'%, the high level density for Q values less than +2
MeV makes elimination of peaks due to other isotopes
very difficult, and some erroneous assignments of weak
states in this range are to be expected. Further con-
sideration of the levels of Sm'® is given in Sec. V.

Sml 53

Proton spectra for the reaction Sm'%(d,p)Sm'* were
taken at 12 MeV at 25°, 35° 45° 65° and 133°. The
35° spectrum is shown in Fig. 6. The 65° spectrum
showed rather good resolution, approaching 6 to 8 keV.
Groups were assigned to impurities in the usual manner.
No observed groups were assignable to the small quan-
tities of other samarium isotopes known to be present.
Q values for all Sm!% groups were in excellent agreement
between the various angles. The ground-state Q value
for the reaction Sm?%2(d,p)Sm!® is determined as 3645
+12keV. Although the ground-state group is not strong
it is observed at all angles in good energetic agreement
and is considered a quite certain assignment. Table V
gives the Q values, excitation energies, and relative in-
tensities at 45°.

Sm155

Several targets enriched in Sm'®* were utilized in this
study, primarily because of breakage due to inferior
backings. A large number of spectra was taken (25°,
35°, 45°, 65°, 133°) at incident energies from 10.4 to
12.6 MeV. A typical spectrum is shown in Fig. 7. The
10.5-MeV spectrum at 65° gave the best resolution,
which was approximately 9 keV. Only groups assigned
to Sm!% are numbered. We discuss here only groups
about whose existence there might be some question.
Groups No. 1, 2, and 3 are extremely weak and appear
clearly only at 45° in a spectrum at 10.5 MeV. At other
angles they are either obscured or too weak to be seen
(however, at 45° group No. 2 is seen in the 12 MeV-spec-
tra). Groups No. 7 and 8 shift greatly in intensity from
angle to angle and are assigned mainly on the basis of
the 133° spectrum, where they are relatively strong.
Groups No. 11 and 12 are weak, but appear at both
65° (10.5 MeV) and 45° (12 MeV); the other spectra
are inconclusive. Group No. 12 could, however, be due
to CI3 in the 65° spectrum, as could group No. 15 at
65°. Group No. 38 is not assignable to any expected
impurity but appears strongly only at 65°. Q values for
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TaBLE V. Results for Sm152(d,p)Sm!%. Numbers for the levels correspond to peak numbers in Fig. 6.

Excitation Relative Excitation Relative
Level Q energy intensity l Level Q energy intensity 1
No (keV) (keV) (35°) value No. (keV) (keV) 5°) value
0 3645(12) 0 1.00 0,1,2 67 1457(8) 2188(15) cee
1 3610(12) 35(2) 2.50 0,1,2 68 1443(5) 2202(12) 11.50
2 3580(12) 65(2) 1.40 >3 69 1405(6) 2240(16) 7.90
3 3554(14) 91(4) 0.53 0,1,2 70 1359(5) 2286(11) 5.25
4 3520(12) 125(2) 1.80 0,1,2 71 1343(7) 2302(14) 4.00
5 3469(11) 176(3) 580 >3 72 1313(8) 2332(15) 3.00
6 3463(14) 182(5) ’ = 73 1290(8) 2355(15) 2.50
7 3383(11) 262(3) 6.80 >3 74 1279(8) 2366(15) 4.35
8 3323(13) 322(5) 1.75 0,1,2 75 1251(8) 2394(15) 3.70
9 3275(14) 370(6) oo 76 1232(6) 2413(15) 4.00
10 3234(10) 411(4) 5.90 77 1189(4) 2456(11) 6.40
11 3225(13) 420(7) 6.40 78 1161(4) 2484(11) 5.35
12 3195(10) 450(4) 1.15 0,1,2 79 1139(7) 2506(14) 4.20
13 3144(13) 501(7) 0.42 >3 80 1111(4) 2534(11) 3.95
14 3118(10) 527(4) 3.40 >3 81 1084(4) 2561(11) 5.40
15 3097(10) 548(4) 7.00 >3 82 1070(8) 2575(15) 7.40
16 2947(9) 698(5) 13.50 0,1,2 83 1044(8) 2601 (15) 420
17 2906(12) 736(8) 0.69 84 1026(8) 2619(15) 3.95
18 2891(10) 754(6) 3.90 0,1,2 85 1011(8) 2634(15) 4.30
19 2846(9) 799(5) 4.70 >3 86 977(8) 2669(15) 3.55
20 2722(8) 923(6) 5.00 >3 87 959(4) 2686(11) 12.00
21 2679(11) 966(9) 0.38 88 924(5) 2721(12) 3.95
22 2658(8) 987(6) 2.00 89 894(5) 2751(12) 3.40
23 2579(8) 1066 (6) 0.26 90 857(7) 2788(14) 3.40
24 2565(8) 1081(6) 1.75 91 813(4) 2832(11) 10.90
25 2531(9) 1114(7) 0.48 92 765(5) 2880(12) 3.15
26 2506(9) 1139(7) 0.20 93 733(7) 2912(14) 3.50
27 2477(7) 1168(7) 3.40 94 701(7) 2944 (14) 3.25
28 2441(7) 1204(7) 1.60 95 673(8) 2972(15) 7.10
29 2389(12) 1256(12) s 96 651(8) 2994(15) 5.40
30 2416(12) 1229(12) ces 97 624(8) 3021(15) e
31 2350(10) 1295(14) 0.39 98 598(8) 3047(15) e
32 2335(10) 1310(10) cee 99 572(8) 3073(15) 10.30
33 2318(10) 1327(12) e 100 548(5) 3097(12) 8.50
34 2296(10) 1349(12) 0.30 101 532(9) 3113(16) 7.30
35 2278(6) 1349(12) 1.30 102 510(5) 3135(12) 13.60
36 2250(6) 1396(8) 1.40 103 487(7) 3158(14) 6.60
37 2214(8) 1431(10) 0.88 104 458(9) 3187(16) 5.75
38 2173(8) 1472(10) cee 105 431(9) 3214(16) 6.80
39 2154(10) 1491(12) cee 106 409(9) 3236(16) 4.85
40 2139(6) 1506(8) e 107 392(9) 3253(16) 4.95
41 2105(6) 1540(8) 3.90 108 377(9) 3268(16) 3.30
42 2081(6) 1564 (8) 5.35 109 354(5) 3291(12) 6.20
43 2042(5) 1603(9) 110 329(9) 3316(16) 3.90
44 2033(8) 1612(12) 8.20 111 299(S) 3349(12) 9.10
45 2021(8) 1624(12) 112 284(5) 3361(12) 4.20
46 2002(S) 1643(9) 4.50 113 265(8) 3380(15) 5.90
47 1966(5) 1679(9) 9.10 114 249(8) 3396(15) 3.95
48 1926(5) 1719(9) 2.35 115 231(8) 3414(15) 3.40
49 1904(5) 1741(9) 7.17 116 176(10) 3469(17) 5.95
50 1894(8) 1751(12) cee 117 144(10) 3501(17) 4.50
51 1871(8) 1774(12) 1.80 118 132(10) 3513(17) 5.40
52 1853(8) 1792(12) 1.70 119 187(10) 3558(17) 530
53 1833(8) 1812(12) 1.10 120 82(12) 3563(19) ’
54 1815(5) 1830(9) 2.70 121 66(10) 3579(17) 5.65
55 1807(8) 1838(12) 3.00 122 44(12) 3601(19) 3.65
56 1758(7) 1887(11) 1.90 123 10(12) 3635(19) 4.85
57 1742(5) 1903(9) 11.20 124 —31(6) 3676(13) 8.25
58 1710(10) 1935(14) 1.66 125 —71(10) 3716(17) 4.90
59 1677(5) 1968(12) 5.90 126 —91(10) 3736(17) 5.80
60 1654(3) 1991(10) 4.50 127 —114(6) 3759(13) 6.90
61 1616(3) 2029(10) 3.60 128 —164(9) 3809(16) 4.60
62 1569(3) 2076(10) 3.00 129 —189(6) 3834(13) 7.20
63 1524(8) 2121(15) e 130 —211(6) 3856(13) 9.80
64 1517(8) 2128(15) e 131 —245(10) 3890(17) 3.70
65 1501(8) 2144(15) e 132 —265(10) 3913(17) 4.90
66 1480(8) 2165(15) e 133 —284 3929(17) 5.00

the groups above group No. 40 are weighted heavily Sm!*(d,p)Sm!%5. The observed Q values, excitation en-
by the high-resolution 65° spectrum. The ground-state ergies, and relative intensities are given in Table VI.
Q value was measured as 35842-12 keV for the reaction We have used the relative intensities observed at the
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TasLE VI. Results for Sm%(d, ) Sm%. Level numbers correspond to the peak numbers in Fig. 7.
Excitation  Relative Excitation Belatiye
Level Q energy intensity ] Level Q energy intensity !
No. (keV) (keV) (65°) value No. (keV) (keV) (65°) value
0 3584(12) 0 1.00 0,1,2 53 1652(4) 1932(10) 1.44
1 3559(17) 25(7) 0.04 54 1620(6) 1964(12) 0.71
2 3533(17) 51(7) 0.06 55 1595(4) 1989(10) 0.42
3 3504(17) 80(7) 0.02 56 1574(4) 2010(10) 0.81
4 3456(12) 128(2) 1.58 2,3 57 1541(4) 2043(10) 0.51
5 3433(12) 151(2) 0.29 2,3,4 58 1518(4) 2066(10) 1.15
6 3357(13) 227(3) 0.12 59 1490(4) 2094(10) 1.03
7 3246(13) 338(5) 0.04 60 1471(4) 2113(10) 1.39
5 hao  mey  om & lown ooy 207
10 3085(10) 499(3) 1. 1‘71 2,3 234 lg;g 543 g%gg g }83 0:56
11 3044(12) 540(6) 0.0 1 4 oee
3 omdny a1 009 S Do  asaa0 09
13 2983(12) 601 ( X .
2 Beny  ase  ow & Doaw @00 1o
15 2939(12) 645(8) 0.0 K
16 2868(10) 716(7) 0.05 69 1184(4) 2400(10) 2.90
17 2836(10) 748(7 0.07 70 1153(6) 2431(12) 0.71
18 2798(8) 786(5) 0.18 0,1,2 71 1138(4) 2446(10) 2.17
19 2760(8) 824(5) 1.67 01,2 72 1104(4) 2480(10) 1.10
20 2710(8) 874(5) 0.36 73 1071(7) 2513(13) 1.13
21 2675(8) 909(5 1.99 74 1037(7) 2547(13) 0.50
22 2647(8) 937(S) 1.02 75 1018(4) 2566(10) 0.30
23 2621(8) 963(5) 0.89 >3 76 1000(4) 2584(10) 0.65
24 2585(10) 999(10) 0.16 >3 77 985(6) 2599(12) 0.93
5o ozew e o Boome o
27 2508(7) 1076(7) 0:64 >3 80 865(8) 2719(14) 1.25
28 2477(10) 1107(10) 0.06 81 799(4) 2785(10) 1.01
5 omo  ueo g sy oz o
31 2359(11) 1225(11) 0:02 84 697 (4) 2887(10) 0:61
32 2245(7) 1339(7) 0.11 85 667 (4) 2917(10) 1.17
33 2212(11) 1362(10) e 86 639(8) 2945(14) 1.02
34 2176(11) 1408(10) .. 87 624(4) 2960(10) 0.77
35 2135(6) 1449(8) 0.62 88 564 (4) 3020(10) 0.90
¥ e 1 o S oo  sonsae)  1ad
38 2022(10) 1561(12) 0:69 91 488(8) 3096(15) 1:02
B loosoy  ismean ) 198 % dlom  slesas 066
41 1956(5) 1628(9) 0.67 94 383(5) 3201(11) 0:82
42 1921(6) 1663 (10) 0.24 95 368(9) 3216(15) 1.32
43 1903(5) 1681(9) 0.66 96 323(8) 3261(14) 0.83
#oosey e o g ome mw
46 1822(5) 1762(9) 0.48 99 254(5) 3330(11) 2.64
47 1803(7) 1781(11) 0.19 100 234(7) 3350(13) 1.64
48 1783(7) 1801(11) 0.20 101 222(7) 3362(13) 1.93
5 omg o me e m e oy
51 1721(10) 1863(13) 0.35 104 134(5) 3450(11) 1.72
52 1696(9) 1888(12) 0.49

various reaction angles studied in the above nuclei as
a very rough guide to the approximate orbital angular
momentum transfer for some of the new levels. In all
cases a state which has a previously definitely deter-
mined spin and parity, or a state for which theoretical
considerations allow only one possible interpretation,
is available for comparison. The basic fact that allows
this kind of comparison to be done is the following : The
over-all change in the (d,p) cross section from forward
to backward angles is a considerably larger effect than
the local maxima and minima. That is, they are rather

smooth functions of angle. Furthermore, the higher I
values drop off considerably more slowly toward the
back angles. Referring to Fig. 8, we see that /=0, 1, 2
could be differentiated from /=3, 4, 5 even on the basis
of our limited data. Even such a crude distinction as
this may often, when used with other knowledge, narrow
the possible assignments for a level down to only one.
This approach appears to work quite well in the de-
formed nuclei Sm'% and Sm!%5 where the properties of
the low-lying orbitals will be very similar to the neigh-
boring deformed nuclei.
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V. COMPARISON WITH PREVIOUS STUDIES
Smi4s

All states previously reported by Anton’eva et al.,!°
and Aleksandrov, ef ¢l.,'' in Sm'*® have been observed.
However, our evidence for the 1004-keV level is weak
and it is considered to be only tentatively verified. In
addition to these levels, fifty-five new levels were deter-
mined. Owing to the relatively low (71.59,) enrichment
in Sm'#, some of these assignments, especially the very
low intensity ones, may be due to other isotopes. This
is so in spite of a careful analysis designed to minimize
such cases. Thirty-one groups have been rejected as due
to other isotopes, but these were mainly in the higher
energy part of the spectrum where the level density and
background are low and accurate intensity comparisons
can be made. The lower energy (higher excitation) part
of the spectrum is much less definite where low-intensity
groups are concerned, and the majority of erroneous as-
signments will be of low Q value (Q<+2 MeV).

It should be noted that the excitation energies from
these (d,p) spectra are slightly higher than the 8-spec-
trometer values (895-894, 1004-1004, 16651663, 1883~
1880, 2002-2001, 2431-2425 keV). This trend should be
kept in mind when other studies of Sm!45 are compared
with these results.

Sm147

The levels in Sm'¥7 at 121, 198, 800, 900, and 1420
keV deduced from the Eu'#” decay have been confirmed
by (p,p’) excitation. Both the energy and the high cross
section of the 708-keV level (evidently due to a large
Coulomb excitation contribution) agree with the Cou-
lomb excitation work of Nathan and Popov!s which
showed a Coulomb-excited level at ~730 keV in Sm!*7.
The level previously assigned at 1080 keV is not ob-
served in the (p,p’) spectrum. It is interesting to note
that the 121 and 198-keV levels are no more intense
than the higher levels, especially in the case of the 198-
keV (37) level which would be Coulomb excited. This
is quite different from the situation in Sm!8, Sm!%,
Sm!%2 and Sm!% and indicates the noncollective nature
of these states.

Sml49

These experiments confirm the observations of Har-
matz ef al.,”® Schmid and Burson,? and Dzhelepov et
al.,” on the decay of Eu. Levels at 22, 280, 350, 535,
and 566 keV are observed which compare with their
values of 22.5, 277.2, 350.2, 530, and 558.5 keV.

A level at 285 keV corresponds to one of the levels
observed by Schmid and Burson. However, no level
corresponding to the 582-keV state was observed. A
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a solid line. For compactness of display the pattern for each level has been arbitrarily displaced vertically; however, the observed in-
tensities at 65° (given in Table III) give directly the amount of this displacement. The identifying numbers to the left of each pattern
correspond to Fig. 4 and Table IIL. (c). Observed relative intensities for Sm?%(d,p)Sm!%3. The mode of display is identical to that for
Fig. 8(b) and the level numbers correspond to Fig. 6 and Table V. (d). Observed relative intensities for Sm?%(d, ) Sm!%, The mode of
display is identical to that for Fig. 8(b) and the level numbers correspond to Fig. 7 and Table VI.

weak and somewhat broad group is in evidence at 842-
keV excitation, but it is too weak to definitely ascribe
it to two separate levels.

Levels at 640 and 675 keV observed in these (d,p)
experiments are possible candidates for the ~650-keV
Coulomb-excited level which was previously observed.

Sm! 51

By comparing the energy differences between Q values
for the (d,p) peaks assigned to Sm!*’(d,p)Sm!* with the
energy differences between Sm'® excited states, a cor-
respondence may be obtained between the levels ob-
served here and in the previous work. However, various
selection rules prevent a one-to-one correspondence.

The Q=+43369 keV and Q=+43203 keV (AE=16645
keV) then match the already known ground state and
168 keV levels. This then gives other points of corre-
spondence as follows: Q=4-3158 (209 keV), 0=+2921
(444 keV), 0=+2900 (464 keV), 0=+2614 (741 keV),
and Q=+42535 (821 keV). This matching process in-
dicates that the ground-state Q value for the reaction
Sm!55(d,p)Sm!® is 4336916 keV. Excitation energies
from the present study, based on the above considera-
tions were given in Table IV.

Sm!53

Our data do not support the previously suggested
level scheme for Sm!%., However, the (n,¥) data® on
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which that scheme was based and some additional data?®
from the decay of Pm!% are connected with our results
in the discussion of Sm!* in Sec. VI.

VI. DISCUSSION
Sm!%® and Sm!5?

Of the odd-4 samarium nuclei studied here, Sm!%
and Sm!®® present the best opportunities for interpreta-
tion of the levels. This is due to two factors. First, the
rotational 7(/41) energy systematics in deformed nu-
clei will greatly aid in picking out such bands; second,
relative strengths of (d,p) transitions in deformed odd-A
nuclei can be predicted theoretically® in a fairly reliable
way and can be used to check the levels suggested by
rotational systematics. Further, working back the other
way, once assignments are made we can derive informa-
tion on the deformation, energy gap, moments of inertia,
and single-particle level ordering by analysis of the
data. The available orbitals are well known from the
work of Nilsson® and are shown in Fig. 9 using his
notation.

The energies of rotational states in an odd-4 nucleus,
built on a given single-particle state (in the terminology
of Nilsson) are given by the relation

#?

EJK= E()K+—2‘;[J(]+ 1)—2K'~’+6K§a(— I)J'H (J—f—%)]

for a state with spin J, moment of inertia 9, and A pro-
jection on the symmetry axis Z. Rotation-vibration cor-
rections lead to higher order terms in 7(/+1), but in
most nuclei these have been found to be quite small.
The corrections would, in most cases, go undetected
for energy determinations of our precision. The decou-
pling parameter, @, is a unique property of bands built
on K =14 states and can be predicted from theory.

The cross section for the (d,p) reaction on a deformed
nucleus is given by

do
—=23 (BAZ|JQayn | (uijus)|2U #¢i(6)
aQ A

=2C7* | (uilus) |2U201(6),

tum transfer to a given state is considered and we have
restricted ourselves to the case of even-even targets. The
ayin, are the expansion coefficients of the single-particle
state for spherical shell-model base vectors. The C,’s
are the usual vector-coupled amplitudes (tabulated in
Table VII for the states considered here—see also Refs.
1 and 32), (u;|us) is the vibrational overlap of the
initial and final nuclei, U? is the probability that the
single-particle state is empty in the target, and ¢;(6)
is the single-particle (d,p) stripping cross section in the

3L G. R. Satchler, Ann. Phys. (N. Y.) 3, 275 (1958).
3 A. Tsoya, Phys. Rev. 130, 234 (1963).
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I'16. 9. The Nilsson orbitals for odd-neutron nuclei with
N=82to N=126 and §>0.

where only the lowest parity-allowed angular momen-
direct interaction distorted-wave Born approximation
(DWBA) as calculated, for example, by the codes of
Tobocman,? Smith,* or Satchler.* The sum term can
lead to remarkable variations in intensity in the states
forming a band and provides valuable clues for the as-
signment of states; values for this term for levels of in-
terest in Sm'®® and Sm'% are shown in Table VII. U2
varies in a smooth way from 0 to 1 with the level order-
ing over a space of about 1 MeV.

Although angular distributions were not taken, which
could have allowed a determination of /, and absolute
cross sections are not well known, which would have
allowed a direct determination of C,2 nevertheless,
relative intensities of states at the angles observed can,
in some cases, provide sufficient information for assign-
ment of certain of the single-particle bands as discussed
in Sec. IV.

One can feel confident that a rotational structure will
be found in Sm!% and Sm'#, since it is already well
established® that Sm'** and Sm'% display properties of
deformed nuclei. Sm'*! is, however, in an ambiguous
position since it lies between a spherical nucleus Sm!55
and the deformed nucleus Sm'® (although present decay
studies of Sm'*! have been interpreted by some investi-

% W. Tobocman, Phys. Rev. 115, 98 (1959).

#W. R. Smith and E. V. Ivash, Phys. Rev. 128, 1175 (1962).

% Nuclear Data Sheets, compiled by K. Way ef al. (Printing and
Publishing Office, National Academy of Science—National Re-
search Council, Washington 25, D. C.)
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TaBLE VII. C 2 coefficients for the levels considered.

J
Nilsson
orbital 3 %

3 7 3 11/2 13/2

0.2 ~0 0.007 0.001 0.120 0.003 0.869

i+ [65118=(g3 ~0 0.021 0.005 0.200 0.008 0.756
s sy {02 0.067 0.003 0.551 0.323 0.058

s o105 o o S o

0.2 0.002 . . . .

i+ [642]8=1{j3 0.004 0.003 0.136 0.013 0.843
s rsaz1so]02 0.058 0.134 0.771 0.036
§—[523]8=193 0.074 0.076 0.789 0.061
21152102 0.258 0.082 0.236 0.197 0.209 0.019
i-[521]8=1p3 0.249 0.024 0.182 0.231 0.269 0.045
(11/2)— [30515={02 1000

gators? in terms of rotational structure). We therefore
begin the discussion of these nuclei with Sm'% and Sm!%3.

Ground-State Rotational Band Assignments

For nuclei with a deformation 6=+0.2 to 0.3 and
N=911t093 the orbitals 3+ (651), 5+ (642),3— (521),
and $— (523) are expected to be grouped closely enough
to be either the ground state or located within the first
500 keV of excitation. The ground-state spin of Sm!%
is well established experimentally® as §. The expected
orbital for a deformation §=0.2 to 0.3 from the Nilsson
scheme shown in Fig. 9 is the §— (521) state. However,
our data do not support such an assignment for the
Sm!% ground state. This orbital would be strongly ex-
cited by the (d,p) reaction [according to the vector-
addition, Nilsson coefficient sum (see Table VII) and
the low ! value], whereas the ground state (or, in any
case, the highest observed Q value) in the Sm!%2(d,p)-
Sm!%? spectra is very weak. For comparison purposes,
one can examine the Sm!*(d,p)Sm!% spectra (where
target thickness and beam exposure is about the same),
where the ground state transition is much stronger;
the Sm!% ground state is assigned as the $— (521)
orbital. In making the latter ground-state assignment,
we also considered the higher levels in the band; the
$— should be missing (and in fact is not seen) and the
Z- state should be fairly intense (as observed). At this
point we can make use of the known?® moment of inertia
for this band from band structure in the neighboring
nuclei Gd'*s and Gd'¥; this implies a §— to 7— spacing
of 130 to 145 keV. In Sm!% this spacing is 128 keV, which
is slightly less than for Gd!*’ (these are both N=93
nuclei). A weak state at 227 keV in Sm!%® is then con-
sistent with the energy and approximate intensity of
the $— rotational state in this band. The lack of preci-
sion in our excitation energies does not allow a deter-
mination of small deviations from the rotational 7 (/+1)
sequence.

The excellent agreement of the $— (521) band in

3 A. Cabezas, E. Lipworth, R. Marrus, and J. Winocur, Phys.
Rev. 118, 233 (1960).

Sm!%® with expectations gives us confidence that the
very weak ground-state group for Sm!% cannot be the
same orbital. By comparison with Gd!%5 (¥ =91), the
2 to 7 energy spacing should be approximately 140 to
146 keV. The two pairs of low-lying levels which fulfill
this requirement are the 34 to 177 keV and 125 to 262
keV pairs. The observation of a level at 91 keV does
not favor the 34 to 177 keV combination, since (as was
pointed out in Sm!%%) the §— level in the band would
be expected to go unobserved. We assign the 125-keV
level as §— because of the high intensity of the 262-keV
level (proposed as Z—). No other low-lying state should
be as strong as this one. This assignment is also consis-
tent with the approximate ! values implied by the change
in relative intensities with observation angle. The
ground state of Sm'® must then be the only other
K=3% orbital available; namely the 2+ (651) Nilsson
orbital. Since its (d,p) strength should be negligibly
weak in the Nilsson scheme, a small mixing of AN,=
+2 must be invoked to account for its observation in
these experiments.

The 3— (521) Band

As discussed above, this orbital is located at 125 keV
in Sm!'® and is the ground state for Sm!%5. The two v
rays from Pm!% — Sm!® of 125 keV and 180 keV?® are
then easily explained as E1 transitions to the ground
state following an allowed 3 decay. We may expect that
U2=0.5. Then, since the C,? term for the Z— rotational
state has only a small dependence on deformation, we
assume it has the value 0.55 for both nuclei. Using this
as a calibration intensity, and getting the relative single
particle intensities of the different ! values from Fig. 8,
a comparison of the experimental (d,p) intensities with
the theoretical values can be made for the other assigned
levels in the nucleus. The process may be started with
the other members of the §— (521) band and the results
are shown in Fig. 10. The agreement is satisfactory.

The 3— (521) Band

According to the Nilsson scheme and the tabulated
C,* factors, a very strong set of states should be ob-
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Fi16. 10(a). Comparison of observed (d,p) intensities (open bars) with theory (solid bars) for Sm152(d,$)Sm?% at 45°. It was assumed
that U;2=0.5 and = +-0.23. The experimental results were normalized to the theoretical intensity for the 698-keV level. (b). Comparison
of observed (d,p) intensities (open bars) with theory (solid bars) for Sm!**(d,»)Sm!55 at 45°. It was assumed that U;2=0.5 and that =
+0.30. The experimental results were normalized to the theoretical intensity for the 128-keV level.

served somewhere between 400- and 900-keV excitation,
corresponding to the $— (521) band. The 3 — member
should, in fact, be the most intense single peak in the
(d,p) spectrum. These bands are clearly observed to
have their 2— band head located at 824 keV in Sm!%?
and 698 keV in Sm!%. The higher excitation energy for
this state in Sm'*® may be a consequence of the higher
deformation depressing the ground state more than the
1— (521) orbital. Studies of other deformed nuclei (see
for example Ref. 23) show that the relative spacing of
orbitals may vary by several hundred keV from one
isotope to another. The decoupling parameters for these
two bands were found to be consistent with the trend
previously noted in Ref. 23 for the 3— (521) band and
we show in Fig. 11 the dependence of a and 34%/4 on the
atomic weight, including these data. The theoretical
(d,p) intensities are compared with experiment in Fig.
10.

The $— (523) Band

The theoretical intensities obtained from the C,?
factors indicate that among the low-lying bands, only
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the $— (523) band should have appreciable intensity
to its first three rotational states. The relative inten-
sities and rotational J(/41) energy systematics should
then allow its identification. Consideration of the latter
properties then implies that this orbital lies at 322 keV
in Sm'% and at 338 keV in Sm!%5. The parameter 3429
is consistent with neighboring nuclei (though slightly
larger) and the relative intensities for the /=%, J=1,
and J=3 band members are compared with theory in
Fig. 10. The smaller moment of inertia probably reflects
the easier deformability, because of greater neutron
number, of the neighbors (Dy, Er, Yb) where this band
has been previously observed.

Other Bands

In Sm!® the only other orbital expected in the first
500 keV of excitation is the §4 (642) band. Although
the -+ (651) orbital is apparently the ground state
for Sm'%, its dependence on deformation is so large that
it should be widely displaced in energy from the
$— (521)Sm' ground state. Because of the U2 de-
pendence, this energy displacement will also decrease
the intensity of the various members of the associated
rotational band. Similar considerations hold in Sm!® for
the other orbitals below the 4 (651). The predicted
C,* theoretical factors for the $+ (642) indicate that
only the 3+ member should show up with a measurable
intensity. The approximate / value and relative intensity
for the 151-keV level in Sm!% indicate that it is this
3+ level. Some very weak peaks observed in one of the
Sm!#(d,p)Sm!%® spectra may then be the 4+ and I+
members of this band. The §+ (642) orbital would be
expected to lie within 100 keV of the 3— (521) orbital
in Sm'. The moment of inertia is close to the value
found for other deformed nuclei.

In Sm' the §+ (642) band is also to be expected to
lie very near the §+ (651) ground state. Since they are
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TasLE VIII. Summary of the results of the RPC mixing effects on the 34 [651] and §+ [642] bands,
for a mixing parameter 4;=9.8 keV.?

Original
specification Mixing®
Energy® of intrinsic amplitudes »

(keV) Jr wave function a b Cs (oF (Cs¥exp
0 24 3+ [651] +1.0 0 +0.031 0 0.035
36 24 34 [651] +0.89 —0.455 +0.100 0.010 0.100
91 4 24 [642] +0.455 +0.89 +0.125 0.015 0.035

(104) I+ 3+ [651] +0.86 —0.51 —0.032 ~0 ~A0

(162) I+ 5+ [642] +0.51 +0.86 —0.087 0.008 ~0
176 3+ 3+ [651] +0.85 —0.52 +0.200 0.040 ~0.50
(270) 3+ 3+ [642] +0.52 +0.86 +0.551 0.300 Obsc.

a where Ar=#2/2go Ziaa’An’(B+1)Aa (k) (688 [(I —A) I +A+1)]/2+48p4"). The indicated sum is 6.35 from the coefficients in Nilsson’s paper. This
implies #2/2go =1.54 keV. The fact that an exact fit cannot be obtained for any value of Ax implies mixing from other bands unobserved here.
b The perturbed energies are given by E(J) =4{[Ex(J) +Er+1(J) ] £[(Ex1(J) —Ex(J))2+4Ax2(J —k) (J +k +1) 12}, where Ax =| (k| %2/29oj- |k +1)].

¢ where yJ =A¥Jk +bfiks1.

both positive parity and K= K’+1, a rotation-particle-
coupling (RPC) effect may be expected. Kerman®” has
treated states in W!8 in this manner and we have fol-
lowed the method developed in Ref. 37 in our analysis
of the mixing of the $+ (651) and §+4 (642) bands in
the present case. The result of this mixing leads to the
following: (1) The rotational 7(/+41) systematics are
disturbed ; the £+, 2+, and $+ members of each band
are pushed apart. (2) The (d,p) strength of the §+ and
2 + members of the § +(651) and the §+ (642) rota-
tional bands is modified by the mixing. (3) Neither band
had appreciable strength in the 7+ member and this is
also true for the mixed states. It seems probable that
the neglected mixing effects from the N =4 oscillator
shell account for the disagreement of the predicted
(d,p) intensities for the § 4+, § 4, and § + levels with
experiment. The 7152 shell, which is closer to the N=4
shell due to the spin-orbit splitting, might be expected
to show such effects. The most noticeable effect due to
this mixing would be on the smallest C; coefficients.
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Fi1aG. 12. Effects of rotation-particle coupling in Sm?%. Excitation
energies are on the left and Jr assignments are on the right.
Dotted lines indicate unperturbed positions, solid lines indicate
observed positions, and dot-dash lines indicate postulated levels
too weakly excited to be observed in this study.

37 A. K. Kerman, Kgl. Danske Videnskab. Selskab, Mat. Fys.
Medd. 30, No. 15 (1956).

Figure 12 and Table VIII summarize the results of the
(RPC) calculation for the mixing of these two bands,
showing the original level positions, final positions,
(d,p) intensities, and mixing coefficients.

In the above interpretation there remains a level at
65 keV in the spectrum for Sm'% that is unaccounted for.
The observed relative intensity is very large toward
backward angles compared to the neighboring levels.
We suggest that its approximate / value (4 to 5) and
intensity imply that it is the 11/2 — (505) orbital. It is
interesting to note that none of the v transitions ob-
served in the reaction Sm!%2(%,y)Sm!* can be fitted to
this level, although our interpretation of the Sm!% level
structure accounts for most of them as E2, E1, or M1
transitions. Therefore, an assignment of 11/2— to this
level is consistent with all the data. The C,* factor in
this case should be 1, and the observed value (based
on the assumption of C,2=0.25 for the 698-keV level)
is 1.540.5. The rotational levels in the band built on
the 11/2 — (505) would not be observed since C,2=0
and [>7.

It is difficult to interpret the other states observed
at higher excitation energies in these nuclei on the basis
of the present information. The question of vibrational
states remains open.
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F16. 13. A level scheme for Sm'® showing the assigned band
structure. The dashed level at approximately 270 keV would have
been hidden under the strong 262-keV level. The Nilsson assign-
ment is given to the left of each assigned band.
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Fic. 14. A level scheme for Sm!% showing the assigned band
structure. Dashed levels were extremely weak and only tentatively
observed in one or two of the spectra. The Nilsson assignment is
given to the left of each assigned band.

The band interpretations for Sm'® and Sm!% are
shown in Figs. 13 and 14. The band head energies and
moments of inertia given in Table IX compare well

TasLE IX. Observed moments of inertia, excitation
energies and decoupling parameters.

E, 3#2/9
Orbital Nucleus  (keV) (keV) s
54 [651] Sm1% 0 (60)=
11/2— [(505] Sm?%3 65 -ee
3— [521] Sm13 125 68.5
Sm1%5 0 64.0
-+ [o42] Sm!% ©On=  (67)®
Sm155 25 51.0
53— [523] Sm1% 322 77.0
Sm?%5 338 76.0 .
31— [521] Sm!?5 698 82.2 +0.30
Sm1% 824 90.5 +0.35

a These values are based on the RPC calculation of interaction between
the 3 + [651] and § + [642] orbitals discussed in the text.

with those for other deformed rare-earth nuclei. It seems
likely that the observed departures of the moments of
inertia from those for the neighboring nuclei are due to
RPC coupling which, for relatively distant bands,
merely decreases 3%%/4 for the lower band and increases
it for the upper band.

Sm15l

1t seems highly probable that in this nucleus spherical
and deformed nuclear shapes and their associated levels
are competing for the ground state (see Sec. VII). While
detailed spectroscopic assignments are possible for the
neighboring nuclei Sm!'%® and Sm'%, this is expected to
be considerably more difficult in Sm'®! since the spec-
troscopy of spherical odd-4 nuclei is not well under-
stood. Perhaps the most direct method of study would
be the reaction Sm'*°(d,p)Sm'® combined with Sm!52-

THE ODD-4

ISOTOPES OF Sm B 1495
(d,/)Sm*®; it might be expected that the former would
favor formation of spherical states whereas the latter
would excite deformed states preferentially. [Such shape
effects may have been observed recently in the reaction
Sm!%0(¢,$)Sm!%]. However, (d,f) data are not yet
available.

On the basis of these (d,p) data it is possible to make
only a few comments on the levels in Sm'®., First, the
previous interpretation by Harmatz, Handley, and
Mihelich of a level at 168 keV as the $— (521) Nilsson
orbital seems to be supported by these data. We observe
an intensity for this level (Q=43203 keV) consistent
with the assigned orbital and, in addition, observe a
more intense state at 305 keV (Q=+3062 keV) which
can be interpreted as the Z— rotational state in this
band. The relative intensities and the moment of inertia
are consistent with the other observations on this band
in Sm'%® and Sm?!%. No definitive statement can be made
about the other assignments of Ref. 23 on the basis of
these data, because of the uncertainty of the coupling
scheme and low intensity of the states. It appears, how-
ever, that the state we observe at (Q=-43309 keV)
cannot be either of the two levels observed previously
at 65.8 and 69.7 keV, since they should have been excited
only weakly in the (d,p) reaction. It seems likely that
since it is so strongly excited, this is a spherical state,
and therefore might not have been observed in the
previous decay work.

Sm'4” and Sm!4?

The ground states of Sm'¥” and Sm4® are known to be
z— and in the reaction Sm!8(d,p)Sm!* this state is
strongly excited. This would be expected in a shell-
model interpretation. Although Sm!¢ is not available
as a target, (d,p) on Sm' shows a strong (d,p) cross
section to the Z— ground state of Sm!*5 and we can be
reasonably certain that the three nuclei Sm™5, Sm¥7,
and Sm™® have ground states well described by the shell-
model and seniority coupling.

In Sm"¥(p,p")Sm! it is possible to exploit to some
extent the predominantly direct nature of the interac-
tion [known to be mostly direct from (p,p’) experi-
ments®® on other samarium nuclei], by describing the
excited states as coupling of an fy/, neutron to the 2+
vibrational state of Sm'®. This approach has had success
in other nuclei.?® The 24 state of Sm6 lies at 748 keV
and by coupling fy» to it we can obtain five states:
§—,5—,%—, 3—, and 11/2—. The center of gravity of
these states, defined as

; E;(27+1)/2To+1) 2T oret+1),

should be at about 750 keV, they should all be charac-
terized by /=2 distributions, and their relative cross

% R. A. Kenefick and R. K. Sheline, Phys. Rev. 135, B939
(1964).

®'F. Perey, R. J. Silva, and G. R. Satchler, Phys. Letters 4, 25
(1963).
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TasBLE X. Relative intensitites for Sm!47(p,’)Sm!¥" compared with the surface phonon and the f7/5® models.

Level Energy 1223° 133°
no. (keV) exp Iy 2 Texp Iy Tphonen
1 121 4.5 4.5+ 2.95 2,958 3
2 198 2.0 2.00 2.00 2.0* 2
3 708 Obsc. 4.5 5.65 (J=11/2) 4 (J=3
S (=3
6 (J=11/2)
4 802 0.5 Obsc.
5 919 1.1 0.9
6 1020 Obsc. 1.45
7 1053 2.2 1.5
8 1097 3.8 3.16 (J=%) 43 2.86 (J=%) 4 (J=1)
9 1162 0.90 0.7
10 1214 0.20 0.16
11 1310 2.2 Obsc.

s The intensity of the 198-keV level was set arbitrarily at 2.0. The predicted intensity of the (f72)® model was fitted to levels 1 and 2 in order to fix

o4/o2 and oe/o2.

sections should be proportional to (274 1). We compare
in Table X the relative intensities of the levels in
Sm™"7(p,p")Sm™” with these predictions.

An alternative approach is that used by Funsten
et al.,® in analyzing the reaction V5 (p,p")V® at 19 MeV
[V is also an (f72)* configuration]. Then in DWBA
the inelastic cross sections are given by

do 2J4+1 M
—= Vil —aif),
aQ 2741 7 2041

where J; and J; are the final and initial spins, V, is
a two-body interaction depth, and M2 is the integrated
angular part of the interaction matrix element, summed
over the allowed /’s. Since we do not have angular dis-
tributions it is only possible to interpret the character
of states up to a necessary, but not sufficient, specifica-
tion. However, some tentative interpretations can be
made on this basis. The M,’s are given in Ref. 5 for
the excited states $, 5, 3, 11/2, and 15/2. Assuming that
such a description is valid, it is possible to obtain the
ratio ¢4/o; from the known $— and $— states at 121
and 198 keV in Sm'7 since the contribution from /=6
in the former cross section is so small. After obtaining
the o4/02 ratio from the observed cross sections for the
first two excited states, the relative intensities for the
other »=23 states are calculable. The relative cross sec-
tions are given by

o3j2=4[(0.065) (03/5)+ (0.117) (04/9) ],
52=6[ (0.185) (s2/5)+ (0.009) (¢4/9)

+(0.024) (s6/13) ],
a972=10[ (0.031) (a2/5)+ (0.097) (¢4/9)
-+ (0.0184) (04/13) ],
o1172= 12[ (0.084) (¢2/5)+ (0.0293) (04/9)
+(0.039) (0/13)],

o15/2=16[ (0.034) (04/9)+ (0.0573) (55/13) .

Neglecting the o6 term in the o5/ cross section, we ob-

tain g4/a,=0.45 (at 122°) and 04/02=0.9 (at 133°). The
oe term is important only for the 15/2— state, and we
obtain upper and lower limits for o152 by letting g¢/o4=1
and 0, respectively. The results are compared with the
data in Table X. The agreement of theory with experi-
ment is not particularly good for either the (f72)® or the
phonon approach. However, it does appear from these
data that the level at 708 keV has a Jr value of Z— to
11/2— and the 1097-keV level has a Jr value of Z— or
$—. It is interesting to note that both these levels were
unobservable in the studies of the decay of Eu, al-
though other high spin levels were populated. A recent
pairing-model calculation® predicts a Z— level at 622
keV, which is reasonably close to the most intense in-
elastic level (708 keV). The octupole state is known? to
lie at 1165 keV in Sm™8, and coupling to this core state
would produce a large number of additional states which
would be excited in (p,p") reactions. Therefore, it is
impossible to make any comments concerning the other
observed levels.

We may approach the levels of Sm*® on the basis of
the (f72)~® configuration. Then the possible states
should be similar to those for Sm'?, except for the effects
of the residual interactions. If we take the Sm8 nucleus
as a pure (f72)* configuration with seniority »=0 then
the stripping amplitudes to the various states may be
calculated. Clearly, since »=0, in the target, only the
v=1, Jr=7— state in Sm"® nucleus can be excited.
The ground state is known to be — and is very intense
in the (d,p) spectrum. Therefore, we have taken its
relative intensity as a representative /=3 transition in
Fig. 8(b). The observed trend of relative intensity for
the doublet at 277-285 keV indicates an ! definitely
greater than 3 and is thus quite consistent with previous
assignments of §— for these states. However, the data
do not support a high /-value assignment to the 350-keV
level. An /<3 is indicated for this level. A large number

“F. J. Schima, Doctoral thesis, University of Notre Dame,
1963 (unpublished).
4 0. Hansen and O. Nathan, Nucl. Phys. 42, 197 (1963).
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of levels of apparent high and low / value were observed
for this nucleus [see Fig. 8(b)], but their interpretation
will await more definite evidence than is presently
available.

Sm145

Since the (d,p) reaction corresponds to dropping a
neutron into the target configuration, which here is
closed in neutrons at N=2382, we should be seeing the
single-particle neutron states expected in the shell
model. Considerable previous work has been done®#
on the neighboring N=82 nuclei (Ba®%, Ce’, and
Nd*) for the (d,p) reaction and has established energy
splitting which can be used to discuss our results for
Sm'(d, p)Sms.

From the previous (d,p) work and the decay work it
is clear that the ground state and 894-keV states so
strongly excited in Sm'(d,p)Sm!® are the f7,» and
P32 single-neutron states. Our observed spacing com-
pares with 650 keV for Ba®® 670 keV for Ce'¥, and
718 keV in Nd'8, The (d,p) excited state at 1108 keV
seems to correspond to the second $— (presumably
p3/2) state which is found at 1100 keV in Ba'® and the
doublet 1090-1140 keV in Ce'l. The observed energy
spacings and relative intensities are reasonable and con-
sistent with these assignments. The 1003-keV state,
which is very weakly excited in the (d,p) spectra, is
found to decay by M1 radiation to the $— 894-keV
state,"! which means itis3—, 23—, or §— in nature. The
only analogous weakly excited state in the other two
nuclei is the proposed § level at 1500 keV in Ce!l. Angu-
lar distributions would be necessary to confirm this
hypothesis. The other very strong states in the (d,p)
spectrum occur at 1611, 1665, 1971, and 2002 keV. The
second and fourth of these are also (within the estimated
energy error) observed in the decay of Eul‘i5 and from
the decay are limited to £, 2, 7, and $ to $ spins, respec-
tively. As such they can arise only from the fs/2 or 8o
single-neutron shell, model orbitals. A more exact assign-
ment cannot be made on the basis of the present
information.

VII. CONCLUSIONS

One of the results from this study of level systematics
in the Sm isotopes is evidence indicating that spherical
and deformed nuclear shapes may exist close to the
ground state in Sm!%. Although it is normally assumed
that states in a given nucleus have a common character
and common shape, Mottelson and Nilsson* have sug-
gested that quite different prolate deformations may
occur within the same nucleus, particularly in the region
of 90 neutrons. The forbiddenness of the 50416 keV

“ R. H. Fulmer, A. L. McCarthy, and B. L. Cohen, Phys. Rev.
128, 1302 (1962).
(1;365) W. Bingham and M. B. Sampson, Phys. Rev. 128, 1796
#“ B. R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab.
Selskab, Mat. Fys. Skrifter 1, No. 8 (19 9).
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Fic. 15. Levels of even-even Sm isotopes. Bold-faced lines em-
phasize Q- states. The sets of spherical and deformed 04 states
are connected by solid lines. Spherical and deformed vibrational
0 states are connected by dashed lines. The data are taken from
Refs. 38, 46, and 6

M3 transition of the 9.3 hour isomer of Eu!®? has been
interpreted in these terms. In O!° there is evidence®
of the existence of spherical, prolate, and oblate shapes
at 0, 6.06, and 11.25 MeV, respectively. It is therefore
not unreasonable to look for different shapes and their
associated spectra in the same nucleus here in this tran-
sition region. There exist two sets of evidence for the
presence of both deformations in Sm!® at low excitation.

(1). Figure 15 presents the levels for even-even Sm
nuclei. Data are mostly obtained from Refs. 6, 35,
and 38. However, the level observed at 1090 keV in the
very important recent experimental work of Hinds e
al.,*¢ is not only an important new 0+ state, but the
cross section observed in the (4,p) reaction is strong
evidence for a spherical character. A state at approxi-
mately 1100 keV in Sm!® is inferred from the calcula-
tions of Bes and Szymanski.#” We associate the previ-
ously observed’®8.49 04- level at 1256 keV with this
theoretically predicted state because the previous study
of the reactions Sm!¥(d,p)Sm!% and Sm!5(p,p’)Sm!50
showed no trace of excitation of this level. Excitation
of such a deformed state from these spherical targets is
expected to be strongly inhibited because of the large
change in shape. Solid lines have been drawn in Fig. 15
connecting the spherical ground states up to Sm?%, and
then up to the 1090-keV state in Sm'%%. Conversely, the
solid line connecting the prolate deformed states sweep
down from Sm'% and become the ground states in Sm!%,

4 J. Borysowicz and R. K. Sheline, Phys. Letters 12, 219 (1964).

46 S. Hinds, J. H. Bjerregaard, O. Hansen, and O. Nathan Phys.
Letters 14, 48 (1965).

“D. R. Bes and Z. Szymanski, Nucl. Phys. 28, 42 (1961).

4 R. A. Ricci, R. Van Lieshout, G. B. Vingiani, S. Momaro, and
B. Van Noouen Nucl. Phys. 32, 490 (1962).

4 L. V. Groshev, A. M. Demldov V. A. Ivanov, V. N. Lutsenko,
and V. L. Pelekhov, Nucl. Phys. 43 669 (1963).
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F16. 16. Double-neutron separation energies (S;,) for even-
even (dashed line) and odd-4 (solid line) Sm isotopes plotted
against neutron number. Data are taken from Refs. 6, 38, and
50, as well as this paper. There is approximate agreement between
the (d,p) Q values of Refs. 6, 38, and this paper and those of Ref.
50. The S;, from Ref. 50 are 78 and 44 keV lower for Sm!¥ and
Sm!%®, respectively, than those obtained here. Although these dif-
ferences are greater than either set of probable errors, they do not
in any way effect the conclusions drawn here.

Sm!# etc. Thus we see that the transition from Sm!50
to Sm!® is quite abrupt. The 89-neutron nucleus Sm?!%,
where the deformed and spherical lines cross in Fig. 15,
might then be expected to display both spherical and
deformed shapes and associated spectra close to the
ground state.

(2). Discontinuities in the two-neutron separation
energies (S;,) are plotted in Fig. 16. These discontinui-
ties are evidence for a change in the shape and character
of ground states. Barber ef al.,5 have recently published
San for the even-4 Sm isotopes. These data together
with the S,, for odd-4 Sm isotopes are plotted in Fig.
16. In addition to the fact that the discontinuity is more
abrupt in the odd-4 than in the previously studied
even-even Sm isotopes, it occurs between Sm!®! and
Sm!® rather than between Sm!? and Sm!%!. The relative
continuity between Sy, of Sm!® and the lighter sperical
odd-4 Sm isotopes suggests that either the ground state
of Sm'¥! is spherical or that a spherical state lies close
to the ground state in this nucleus. It is also interesting
to note that the trend in 2-neutron separation energies
is reversed before and after the onset of deformation.
This effect may be due in part to the fact that odd-4
nuclei have a greater deformation than their even-even
neighbors. The data for these two-neutron separation
energies are presented in Table XI.

Of course, the most convincing evidence would be the
complete identification and spectroscopic assignment
of each state in Sm!*—some to a spherical shape and
others to a deformed shape. The possibility of perform-
ing (d,p) and (d,f) reactions from a spherical and de-

®R. C. Barber, H. E. Duckworth, B. G. Hogg, J. D. Mac-
dougall, W. McLatchie, and P. Van Rookhuyzen, Phys. Rev.
Letters 12, 505 (1964).

AND R. K.

SHELINE

TasLE XI. Two-neutron separation energies for the Sm iso-
topes. Data are taken from Refs. 6, 38, and 50, and also from this
work.

Two-neutron separation

Nucleus energy (S2,) (in MeV)
Sm4é 15.168+0.032
Sm!¥7 14.7824-0.035
Sm!8 14.51740.030
Sm14? 14.0184-0.015
Sm!150 13.8624-0.013
Sm!5! 13.5834-0.017
Sm!52 13.8424-0.005
Sm!53 14.11840.013
Sm!%4 13.7944-0.005
Sm!5% 13.728+0.013

formed target, respectively, leading to the common
89-neutron species, has been previously suggested in
this paper. Such a possibility exists for study of Nd™?,
Sm!s! Eu!®? and Gd!'*. Experiments on Nd'¥¢ and Eu!®
are now being performed at Florida State University.
It seems that levels associated with spherical, prolate,
and oblate shapes can all exist in a given nucleus. The
energetic threshold for the appearance of these shapes
will vary from nucleus to nucleus, making a set of en-
ergy surfaces as a function of neutron and proton num-
ber. These energy surfaces for the spherical and prolate
deformed shapes appear from the above discussion to
intersect very close to the ground state in Sm!®, and
this would hold true for other 89-neutron species. The
implications in terms of greater richness of spectro-
scopic detail and for such phenomena as the nuclear
Franck-Condon principle are indeed intriguing.

This study of the odd-4 Sm isotopes has also yielded
detailed spectroscopic assignments, particularly for
Sm!® and Sm!'%®, A summary of this spectroscopic in-
formation is as follows:

(1) These data for Sm'** are in substantial agreement
with the previous studies of other V=83 nuclei based
on a single-particle interpretation.

(2). A qualitative interpretation of the levels in Sm’
is possible using either an excited core coupled to an
f1/2 neutron or by using the (f7)? configuration. How-
ever, these data are too sketchy to do more than sug-
gest a few high-spin possibilities based on either of these
configurations. In any case, the number of low-lying
levels is far in excess of these simple predictions.

(3). Detailed spectroscopic assignments for Sm!s! are
difficult as described above. However, the existence of
both spherical and deformed shapes low in the excita-
tion spectrum seems to be indicated.

(4). Detailed spectroscopic assignments in Sm!® and
Sm!% have been made. The characteristic (d,p) intensi-
ties of members of rotational bands, together with
energies of these levels, and the systematics of other
deformed odd-A4 nuclei, have made possible these as-
signments. Definite evidence was found for the assign-
ment of the §— (521), §— (523), and 3— (521) orbitals



LEVEL STRUCTURE OF THE ODD-4

in Sm!'¥ and Sm!%, Systematics of the moments of
inertia and the decoupling parameter, where applicable,
have been studied. A surprising increase in the param-
eter 3/%/9 for the 1— (521) band has been found in
going from Sm!® to Sm!%. Of particular interest is the
tentative assignment of the previously unidentified
11/2— (505) state in Sm!®. The depopulation of this
state is hypothesized to account for the sudden onset of
deformation at N=90. Identification of the expected
positive-parity states in Sm'® and Sm!%® has proved
difficult. The primary cause of the difficulty is to be
found in the very small amplitudes for the low-l-value
spherical-oscillator base vectors in the deformed intrin-
sic wave functions, in the case of positive parity. This
caused considerable difficulty in the interpretation of
Sm!%¥ where the positive-parity states are of crucial
importance. Although the level scheme proposed here
for Sm!% is not completely satisfactory concerning the
(d,p) intensities to the low-lying 3+ (651) and 5+
(642) states (see Sec. VI), it is fairly consistent with
the available (#,y) and Pm!® decay data and also with
the expected locations of the Nilsson orbitals for V' =91.
A large number of alternative level schemes for Sm!%,
involving for example the 3+ (660) or $— (532) orbitals
and the possibility that the ground state was not ob-
served by (d,p), were carefully considered and rejected
as not consistent with all the known data. A calculation
of the magnetic moment for the assigned 3+ (651)
orbital in the strong-coupling limit gives u=—0.36
(8=-0.3) and p= —0.24 (6=+0.2) nuclear magnetons
using Nilsson’s base vectors. These are closer to the
experimental value’® of —0.055 that the calculated
values of —0.54 (6=+0.3) and —0.31 (6=+0.2) for
the §— (521) orbital. The discrepancy between theory
and experiment perhaps indicates an inaccuracy in
Nilsson’s 4 .;a coefficients; this could also account for
the observed discrepancies in the (d,p) intensities to the
positive-parity states. Assignment of the Sm!%® ground
state as the 34 (651) orbital does not necessarily
change the shape arguments used to explain® the decay
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of Sm'® to Eu'® although the most intense 8 transitions
become a-h (allowed-but-hindered) in character. This
is not inconsistent with the log ft values. In particular,
a-h character is much more consistent with the log
ft=1.3 ground-state 8 branch than the 14 previous
characterization (there are no other known 1/ transi-
tions with log ft<8). The observation of the §4 (651)
ground state, the poor agreement of the (d,p) intensities
to the $4 (651) and §+ (642) RPC-interacting bands
with the predictions of the Nilsson coefficients, and the
unreasonably small value of #2/2d, implied by the A,
parameter using the Nilsson coefficients may indicate
that these coefficients are not accurate in the case of
the 4132 orbits. Available evidence?® on the RPC inter-
action between the 3+ (651) and $+ (642) bands in
Gd!%5 also supports this possibility. It is tentatively
suggested that the unusually large splitting of the 73/
and 7,1/, orbitals is responsible. The 7,32 orbital is de-
pressed until it is approximately equally distant from
the V=4 states and the other N =6 states. This requires
inclusion of the N =4 states in calculations of the 4 ,;,
amplitudes. Furthermore, since some of the N=4 con-
tributions to the A, would be of opposite sign, the
factor (k|J_|k+1) would be reduced and then might
imply a physically reasonable #2/24, for the RPC in-
teraction. There is, of course, the possibility of inaccu-
rate N=6 coefficients caused by imperfect values for
C and D in the Hamiltonian terms C(l s) and D(1 I).

It is felt that the question of spherical versus de-
formed states in V=89 nuclei and more far-reaching
calculations of the nature of orbitals arising from the
1132 multiplet are topics worthy of further investigation.
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